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Elizabeth Gould

Richard Gilbertson

Thomas Graf

Markus Grompe

Konrad Hochedlinger

Rudolf Jaenisch

Craig Jordan

Gordon Keller

Arnold Kriegstein

Tsvee Lapidot

Ruth Lehmann

Ihor Lemischka

Linheng Li

Haifan Lin

Olle Lindvall

Erika Matunis

Ronald McKay

Doug Melton

Hanna Mikkola

Freda Miller

Sean Morrison

Christine Mummery

Huck Hui Ng

Hitoshi Niwa

Hideyuki Okano

Stuart Orkin

Emmanuelle Passegué
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Cell Stem Cell

Editorial

Lineage Tracing across 10 Years

Think back to where you were and what you were doing 10 years

ago. Maybe you were in graduate school, maybe even high

school, or perhaps you had just started your first lab and were

working out how to transition from being a postdoc to being a

leader of a scientific team. It’s likely that a lot has changed for

you in the intervening time. For us at Cell Stem Cell the same

is also true. Ten years ago during May (the time of writing both

this editorial and the very first one), we were working frantically

to finalize the content for our launch issue. For editors, espe-

cially, but also for the entire team, launching a new journal is

an exciting but very stressful experience. We are a little frantic

again this year, too, putting together all of thematerials and plans

for this tenth anniversary issue, but this time against the back-

drop of a wealth of material to look back on and digest.

When we started talking within the editorial team about a

theme to use for our tenth anniversary, we focused on thinking

how we could best showcase the great science we’ve had the

pleasure to publish, and the ways in which all of these important

contributions have helped to build and advance the field. Work-

ing from an idea that came from a colleague (credit where

credit’s due!), we were inspired by the concept of ‘‘Lineage

Tracing,’’ based on both the obvious connection to the stem

cell field and the way new scientific discoveries build on those

that came before. We took this theme and ran with it, and we

have put together a variety of articles from a range of different

contributors that we hope will showcase how the work that

we’ve published has fit into and helped advance the field overall.

We have four overall article types in our special journal feature,

each of which highlights the ‘‘lineage’’ associated with some of

our most widely appreciated papers in a distinct way. We based

our selection of papers on a combination of citation information,

download data, and, particularly for the more recent examples,

collaboration with PLUM Analytics to look at readership and

sharing. We then organized the papers into topical themes that

we felt represent some of the key overall interest areas that

have developed over the past 10 years, and we selected an

approach for highlighting how the Cell Stem Cell studies fit in.

For a series of Voices articles, we chose three papers from

each of five topical areas—cancer stem cells, disease modeling,

aging, epigenetics, and single-cell technology—and asked a

scientist who cited each paper to write about how the work

contributed to the development of their thinking. For three

topics—organoid technology, reprogramming, and genome

editing—we asked one author each from three of ourmost prom-

inent papers to contribute to a Q&A discussing the current ques-

tions and future directions in these rapidly moving areas.

Because we understand that many stem cell researchers are

motivated by the potential for their work to ultimately help

patients, we have also included a Profile that illustrates this

type of trajectory by focusing on two Cell Stem Cell papers

that formed the underlying basis of biotech startup journeys

leading to clinical trials using modified RNA technology and

cell transplantation. Lastly, to go behind the scenes for one of

our most exciting recent papers and show just how much dedi-

cation and coordination went into it on all sides, we asked

Hongjun Song, Guo-Li Ming, and Hengli Teng to put together a

Backstory article about the work that led up to their 2016 paper

on Zika infection of neural progenitors. This paper formed one of

the major underpinnings of the subsequent CDC declaration

about the link between Zika and microcephaly. We have two

different forms of this Backstory article, one in the standard

journal format that is relatively conventional, and then an

enhanced, more immersive version online with additional images

and embedded videos. This approach is a new experiment for

us, so we’d love to hear from you if you enjoy it and would like

to see more. You can pick up a print copy of this special issue

at our booth, #719, at the ISSCR 2017 Annual Meeting, along

with a copy of our latest ‘‘Best Of’’ edition in your delegate

bag. There will also be a digital edition of the entire issue on

our dedicated anniversary website, which will go live before

the ISSCR meeting.

Returning to online presentation, we would also like to high-

light the interactive data visualization, or i3, that will form the

cornerstone of our anniversary website, our cover image, and

the theme for our ‘‘Pin to Win’’ badges at ISSCR 2017. The i3

is also part of the lineage tracing theme, and the underlying

inspiration for the approach that we took in fact comes from rep-

resentations of clonal analysis of hematopoiesis. The data being

represented are Scopus citations of Cell Stem Cell papers year

by year since launch. We chose to focus on research papers,

and we then categorized them by stem cell type and organism.

Using those parameters, you will be able to navigate around our

online tool to look at the citation contribution of specific areas

and stem cell types over time as the journal and field has devel-

oped, and even at specific authors or papers.Cell Stem Cell is of

course just one journal of the many that publish stem cell

papers, and citations are also only one measure of field size

and interest. However, we often hear feedback that Cell Stem

Cell is a ‘‘must read’’ journal for the stem cell community and

that it mirrors the way the field is changing and evolving. So,

we’d like to think that in addition to chronicling the evolution

of Cell Stem Cell itself, this visualization also gives a window

into the ways that the stem cell field has developed over time.

We’re already seeing some surprising things from navigating

around the tool as we set it up and we hope that you will be

able to help us figure them out!

Many, many people deserve thanks for their contributions to

the success of Cell Stem Cell and the role the journal plays in

the stem cell community. Within Cell Press we’ve had a wonder-

ful team of scientific editors, assistants, production editors,

marketing managers, and designers. Beyond that we of course

owe a tremendous debt of gratitude to all of the authors who

chose to send their work to us or to write review articles, and

to the reviewers who gave us invaluable feedback that helped

us both select which articles we choose to publish and improve

the quality of the ones that do appear. Our advisory editorial

board members have been a fantastic source of support and

input as well, and they have helped us shape the journal and

its contribution to the field. We have also very much appreciated

our ongoing partnership with the ISSCR and their support of

Cell Stem Cell 20, June 1, 2017 ª 2017 Published by Elsevier Inc. 733



Cell Stem Cell as an affiliated journal. More proximally, we’d like

to thank Thermo Fisher for their support of our anniversary web-

site and overall feature.

The stem cell field has changed a lot in the past decade, and

although 10 years ago the reprogramming field was already

starting to take off, many other areas that are important now,

such as organoid technology, CRISPR/Cas9 genome editing,

and single-cell sequencing analytics, weren’t on the radar or

even in existence. If history is anything to go by, we can expect

many more new developments and exciting changes in the

future as stem cell research continues to grow and evolve.

Here at Cell Stem Cell we all very much look forward to seeing

what the next 10 years will bring.

Sheila Chari
Anh Nguyen
Jonathan Saxe
Deborah J. Sweet
Editorial Team, Cell Stem Cell

http://dx.doi.org/10.1016/j.stem.2017.05.017
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Previews

Gli-fully Halting the Progression of Fibrosis

Christian F. Guerrero-Juarez1,2,3 and Maksim V. Plikus1,2,3,*
1Department of Developmental and Cell Biology, University of California, Irvine, CA 92697, USA
2Sue and Bill Gross Stem Cell Research Center, University of California, Irvine, Irvine, CA 92697, USA
3Center for Complex Biological Systems, University of California, Irvine, Irvine, CA 92697, USA
*Correspondence: plikus@uci.edu
http://dx.doi.org/10.1016/j.stem.2017.05.003

Activating triggers, selective markers, and the residual regenerative potential of scar-formingmyofibroblasts
are largely determined by their origin. In this issue of Cell Stem Cell, Schneider et al. report that bone marrow
myofibroblasts derive from Gli1+ mesenchymal stromal cells and that a Gli inhibitor targets them for elimina-
tion in mice and humans, ameliorating fibrosis.

Tissue damage response pathways

commonly summon myofibroblasts, the

principal scar-forming cells. Owing to

their rapid proliferation and extracellular

matrix-making abilities, myofibroblasts

can produce new tissue in a short period

of time. However, such speed comes at

the expense of quality, as scar tissue

can only partially, if at all, substitute for

normal tissue functions. Injuries such as

skin wounds can trigger limited fibrosis,

guided by normal wound healing mecha-

nisms. However, fibrosis can take a

sinister turn in diseases with a prominent

inflammatory component, which elicit

long-lasting and aggressive myofibro-

blast activation. In such instances, the

continuously expanding myofibroblast

population competes with and, ultimately,

outcompetes normal resident cells,

leading to a precipitous and even life-

threatening loss of organ function. Until

recently, myofibroblasts were thought to

maintain a stable differentiated state

after scar formation. This idea largely

shaped the direction of anti-scarring

strategies aimed at either suppressing

myofibroblast activation or selectively

eliminating them from tissues. Recent

studies on skin wound healing (Plikus

et al., 2017) and lung fibrosis (El Agha

et al., 2017) are shifting this paradigm

by showing that myofibroblasts remain

plastic and can naturally convert into

other tissue-specific cell types.

Some of the key aspects of the

myofibroblasts’ biology, including their

signaling sensitivity and residual regener-

ative potential, are shaped by their

origin. In this respect, lineage studies on

myofibroblast precursors are critical for

increasing our understanding of the natu-

ral history of fibrosis and its potential

treatment avenues. In this issue of Cell

Stem Cell, Schneider et al. (2017) report

that mesenchymal stromal cells (MSCs)

are the major contributors toward myofi-

broblasts in diseased bone marrow.

These fibrotic progenitors can be faithfully

traced and therapeutically targeted on

the basis of their expression and activity

of Gli1, a transcriptional activator of

the Hedgehog signaling pathway. By

coupling an established mouse model

for bone marrow fibrosis with a Gli1-spe-

cific genetic tracing tool, the authors

show that Gli1+ MSCs give rise to approx-

imately half of all contractile myofibro-

blasts. Furthermore, selective depletion

of genetically marked Gli1+ cells with

diphtheria toxin largely halts the progres-

sion of bone marrow fibrosis and pre-

serves its major functions, including

near-normal hemoglobin output levels.

Expression profiling suggests a hetero-

geneous composition of the Gli1+ pool of

cells, with two-thirds of them localizing

near the bone surface of the marrow and

the remainder in the perivascular space,

along the length of arteriolar and sinusoid

vessels.

What is the lineage identity of Gli1+

MSCs under physiological conditions?

A diverse constellation of mesenchymal

cell types falls under the umbrella of

bone marrow MSCs. Principal MSCs

reside on arteriolar and sinusoid vessels,

and in both locations they express distinct

sets of markers and are associated with

quiescent and activated hematopoietic

stem cells, respectively. Perivascular

MSCs also give rise to osteoprogenitors

that relocate toward the bone surface of

the marrow and generate mature osteo-

blasts. Other MSC derivatives include

CAR cells, adipogenic precursors, and

their differentiated progenies. Curiously,

ablation of Gli1+ cells in the normal bone

marrow does not lead to noticeable alter-

ations in hematopoiesis (Schneider et al.,

2017). This is intriguing and contrasts

with the results of perivascular Nestin+

MSC depletion, which leads to a notable

reduction in the marrow’s hematopoietic

stem cells (Méndez-Ferrer et al., 2010).

Thus, on the basis of their marker profile,

their distribution within the bone marrow,

and their apparent dispensability for

normal hematopoietic stem cells, scar-

prone Gli1+ cells appear to encompass

a spectrum of mesenchymal cell types.

This spectrum ranges from some, but

not all, perivascular MSCs to many

bone-lining cells, including osteoprogeni-

tors and possibly CAR cells, and even adi-

pogenic precursors (Figure 1). Consistent

with the latter possibility, adiponectin, an

adipose-specific hormone, is one of the

top differentially downregulated genes in

Gli1+ bone marrow cells upon fibrosis.

Is Gli1 more than just a convenient

marker for pro-fibrotic bone marrow pro-

genitors? Schneider et al. (2017) showed

that Hedgehog pathway signaling is

an attractive double-prong therapeutic

target in myelofibrosis. Pharmacologically

antagonizing Gli proteins using a small-

molecule inhibitor significantly reduces

the size of both the malignant hemato-

poietic clone (corroborating previous

studies) and the myofibroblast popula-

tion. Mechanistically, the Gli inhibitor ap-

pears to exert its anti-fibrotic activity by

inducing apoptosis of Gli1+ progenitors

(Figure 1). These findings add to the

growing evidence for the therapeutic po-

tential of Hedgehog pathway inhibition in

treating tissue fibrosis, including such

in the liver, kidney, and lung (reviewed
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in Hu et al., 2015). Since

many mesenchymal cell

types in different organs

readily respond to Hedge-

hog signaling, its inhibition

might represent a broadly

applicable, emerging anti-

scarring strategy. However,

caution should be exercised

given that cellular targets

and downstream effects

of Hedgehog pathway are

versatile, and in some in-

stances, such as in the heart

attack model (Kusano et al.,

2005), activation rather than

suppression of Hedgehog

signaling limits the extent of

fibrosis by enhancing heart

muscle cell survival at the

sites of injury. In the future,

cell-type-specific targeting of

Hedgehog pathway compo-

nents will help to minimize

off-target effects.

How do myofibroblast

sources compare between

bone marrow and other or-

gans? Perivascular cells with

MSC properties significantly

contribute to fibrosis in mus-

cle, fat, skin, heart, kidney, lung, and liver

(reviewed in Iwayama et al., 2015) and

activate Gli1 inmany of these organs (Kra-

mann et al., 2015). Non-perivascular myo-

fibroblast sources have also been identi-

fied, such as in the lung and in the skin.

Many lung myofibroblasts originate from

lipofibroblasts, a type of lipid droplet-

rich stromal cell, and upon spontaneous

resolution of fibrosis, contractile cells

de-differentiate back into lipofibroblasts

(El Agha et al., 2017). Although skin

wound myofibroblasts are typically non-

adipogenic, they can regenerate new ad-

ipocytes in response to signals produced

by hair follicles (Plikus et al., 2017), sug-

gesting cell fate reprogramming as the

basis for fat regeneration. Additional

tracing studies are necessary to define

the lineage history of regeneration-

competent myofibroblasts and reveal

common themes for myofibroblast plas-

ticity across different organs and fibrosis

models. Regeneration from myofibro-

blasts, either spontaneously or induced,

is highly attractive as an anti-fibrotic strat-

egy that can restore organ functions.

Indeed, two recent papers in Cell Stem

Cell on liver fibrosis (Rezvani et al., 2016;

Song et al., 2016) show that viral vectors

expressing hepatic transcription factors

can directly reprogram myofibroblasts

into new hepatocytes in vivo. In the future,

bone marrow fibrosis can likely be treated

by the reprogramming of

myofibroblasts toward their

original identities, efficiently

restoring depleted hemato-

poietic stem cell niches.
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Figure 1. Distribution and Identity of Gli1+ Progenitors of Scar-
Forming Myofibroblasts in the Bone Marrow
Gli1+ mesenchymal stromal cells (light blue cells) distribute widely across the
bone marrow niche and likely incorporate several distinct cell types, including
perivascular cells (along the red-colored vessels) and bone-lining cells (at the
top of the image). Questionmarks denote cellular identities that require further
confirmation. The activation of a scar-forming phenotype in Gli1+ cells is
driven and amplified by cytokines (red arrows) secreted by abnormal mega-
karyocytes (dark blue cells) and myofibroblasts (purple cells), respectively. Gli
inhibitor reverses fibrosis by targeting Gli1+ cells and their myofibroblast
progenies for apoptosis.
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Several protocols have managed to reset human primed PSCs to the naive state. In this issue of Cell Stem
Cell, Collier et al. (2017) report a set of surface markers that identify which cells are susceptible to resetting
and suggest a potential roadmap for the acquisition of naive pluripotency.

The naive and primed states of pluripo-

tency are believed to model the pre-im-

plantation and post-implantation epiblast,

respectively. Implantation is associated

with extreme changes in the genetic and

epigenetic profiles, as well as the differen-

tiation propensity of epiblast cells. The

naive state, which is found in mouse

pluripotent stem cells (mPSCs), refers to

cells with higher self-renewal capacity

and the potential to generate chimeras

in pre-implantation stage blastocysts,

which can generate germline transmitted

pups (Ying et al., 2008). In contrast, the

primed state describes PSCs that have

less self-renewal capacity and are sensi-

tive to lineage cues. In normal develop-

ment, it is assumed that the epiblast will

transition from the naive to the primed

state, but it has not been established

that PSCs undergo these same develop-

mental transitions (Nichols and Smith,

2009). Unlike mPSCs, human PSCs

(hPSCs) cultured under standard condi-

tions feature properties consistent with

the primed state. Using mPSCs as the

template, only recently have protocols

successfully reset hPSCs to the naive

state (Takashima et al., 2014; Theunissen

et al., 2014). Although these cells are not

perfect replicas of pre-implantation epi-

blasts, they make the best human cell

models we have for the pre-implantation

stage. The creation of naive hPSCs shows

that it is possible to modulate the pluripo-

tency network through use of different

culture conditions. However, our under-

standing about the initial events that shift

the cell into the naive state (i.e., emerging

naive cells) is limited. In this issue of Cell

Stem Cell, Collier et al. (2017) reveal an

unexpected list of surface proteins that

mark this entry. Excitingly, because the

study observes live cells, the list enables

purification of early naive cell precursors

from heterogeneous cell populations dur-

ing resetting. Knowledge of these surface

proteins also enables the study of pre-

cursor cell characteristics and suggests

that re-culturing will facilitate cell-fate

tracing (Figure 1).

The authors analyze naive and primed

hPSCs by screening against two com-

mercially available cell surface protein

antibody panels. They find four surface

proteins specific to the naive state (CD7,

CD75, CD77, and CD130) and three sur-

face proteins specific to the primed state

(CD24, CD57, and CD90). Among the four

naive markers, only one, CD130, is exclu-

sively expressed in the inner cell mass

(ICM) and another, CD7, is not expressed

in the blastocyst at all. Further investiga-

tion simplified the list to just CD75(+),

CD130(+), CD24(�), and CD57(�) and

enabled the authors to detect emerging

naive cells with an efficiency comparable

to that resulting from the use of all seven

markers.

Using these markers and FlowSOM

analysis, the authors prepare self-orga-

nizing maps that can distinguish the

pluripotent populations and investigate

thedynamicsof the twopluripotent states.

The expression patterns over the first ten

days show correlation between the two

marker groups. Each day that is analyzed

has a particular protein signature, which

suggests a potential roadmap for the

acquisition of naive pluripotency by

sequentially targeting these early-stage

events. The extraction of the network

dynamics also provides a platform to

compare the many different resetting pro-

tocols, which produce naive PSCs pos-

sessing distinctive omics signatures.

From a developmental perspective,

emerging naive cells can provide a model

to investigate many unresolved questions

during the moments of implantation.

X chromosome inactivation is associated

with the primed state, but the mecha-

nisms responsible remain elusive (Sa-

hakyan et al., 2017). In emerging naive

cells, X chromosome reactivation is

found only at the late stage, well after

the expression of emerging naive cell

surface markers and indicative of full

maturation. RNA sequence analysis

also shows that emerging naive cells

have a transcriptome and transposable

elements consistent with mature naive

expression after re-culture. These find-

ings may suggest that resetting involves

waves of events akin to cell reprogram-

ming to the pluripotent state (Polo et al.,

2012) and that cells in which early waves

are not completed fail to show X chromo-

some reactivation or proper gene expres-

sion. Consistent with this idea, excluding

CD75 from the list enabled the identifica-

tion of cells that are partially reset, which

suggests that CD75 marks the later stage

of the resetting process. Continuing this

analogy with cell reprogramming, reset-

ting should not be viewed as a reversal

of development, meaning that interme-

diate stages are not necessarily reflective

of events in the opposite direction.

Out of the fourmarkers, CD7 is themost

puzzling because it is not detected in the

ICM. Contributing to its unusual appear-

ance is that CD7 shares temporal expres-

sion dynamics with CD130. It would be

interesting to compare CD7 expression

in naive PSCs derived directly from

epiblast and naive PSCs derived from

resetting (Guo et al., 2016). The RNA

sequence data in Guo et al. (2016) sug-

gest that CD7 is expressed in embryo-

derived naive PSCs at the RNA level, but

whether it is expressed at the protein level
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needs to be assessed. CD7 expression in

naive PSCs prepared without the reset-

ting step would suggest that CD7 inter-

acts with signals that bestow the cell

with self-renewal capacity in vitro, and

discovery of these signals should have

implications on regeneration. An absence

of expression, on the other hand, would

demand a reassessment of our definition

of pluripotency, since the starting point

would appear to influence the character

of naive PSCs.

Resetting protocols have provided a

binary view of pluripotency but have

left many unanswered questions about

the dynamics between the two states.

The discovery of surface receptors

that mark the beginnings of the reset-

ting network will help reveal the mo-

lecular events that determine the plurip-

otency of PSCs. The four markers in

this new study are located distinc-

tively in the embryo, suggesting that

various parts of the embryo contribute

to the pluripotency of the epiblast.

Combining the list with in vitro assays

for embryo self-assembly may provide

clues on the roles of these different

embryonic regions on pluripotency

maintenance (Deglincerti et al., 2016;

Shahbazi et al., 2016).
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Figure 1. Dynamics of Resetting Primed PSCs to Naive PSCs
During the resetting of primed PSCs to naive PSCs by 2i/L+DOX or 5i/L/A, CD24/CD57/CD90 (orange) are
downregulated and CD7 (purple) and CD75/CD77/CD130 (blue) are upregulated, marking emerging naive
PSCs. For complete maturation of the naive state, more passages are required under t2i/L+PKCi or 5i/L/
FA such that emerging naive PSCs show proper global gene expression, transposable element expres-
sion, and X chromosome reactivation. On the flip side, during differentiation from naive to primed PSCs,
surface markers are shifted in a reverse manner over the 10 days. CD7 is not expressed in ICM, nor is it
clear if CD7 is expressed in embryo-derived naive PSCs.
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Marrow adipose tissue (MAT) is a specialized adipose tissue with endocrine function found in bone marrow.
In this issue ofCell StemCell, Ambrosi et al. (2017) identify a stem cell population in the bonemarrow that can
give rise to both osteogenic and adipogenic MAT precursors and is regulated by diet and aging and affects
bone functionality.

Since the discovery of leptin in 1995,

adipose tissue has received increasing

attention as an endocrine organ, which

orchestrates metabolism through cross-

talk with many different tissues. Adipo-

cytes can be found in various depots

throughout the body and recent evidence

suggests that different depots fulfil

different functions. Adipose tissue inside

the bone marrow (MAT) had already

been described histologically in 1922 (re-

viewed in Scheller and Rosen, 2014). The

distribution of MAT is dynamic during

development and can increase as a

result of diverse triggers such as obesity,

caloric restriction, or aging. Earlier

studies already suggested that the MAT

precursor is distinct from the white adi-

pose tissue (WAT) precursor, but so far,

no detailed analysis of adipose stem

cells inside bone marrow has been re-

ported (Scheller et al., 2016). In this issue

of Cell Stem Cell, Ambrosi et al. identify a

new stem cell population in bone marrow

that can give rise to both osteogenic and

adipogenic precursors and which is

regulated by diet and aging (Ambrosi

et al., 2017). Using a FACS-sorting

approach for bone-marrow-derived stro-

mal cells, with a particular focus on cell

populations of surface markers that

have been described in the adipose field

(M€uller et al., 2015), they identified a cell

population that is negative for the he-

matopoietic lineage markers (CD45 and

CD31), positive for accepted adipose

precursor markers such as Sca1 and

CD24, and can give rise to both adipo-

cytes and osteocytes (Figure 1). These

precursor cells can further differentiate

into a CD45– CD31– Sca1– PDGRFa+

cell type, which is committed to an oste-

ogenic fate (OPC), and a terminally

committed CD45– CD31– Sca1+ CD24–

adipocyte precursor cell (APC), which

can give rise to a CD45– CD31– Sca1–

Zfp234+ fat precursor. In a set of

elegant lineage tracing experiments

using various Cre lines, the authors

demonstrate that the multipotent CD45–

CD31– Sca1+ CD24+ precursors are

of mesenchymal, non-endothelial, and

non-hematopoietic origin and proliferate

in response to an HFD stimulus, as has

been shown for epididymal APCs

(Wang et al., 2013). Interestingly, this

effect seems to be more pronounced

in aged mice and might explain the

observed increase in MAT in aging

(Scheller et al., 2016).

The hematopoietic niche, a cellular mi-

croenviroment inside the bone marrow

necessary for the maintenance of stem

cells, is known to be functionally depen-

dent on mesenchymal stromal cells

(Kfoury and Scadden, 2015). As

increased MAT has been linked to both

decreased function of the hematopoietic

niche and decreased bone density

(Naveiras et al., 2009), Ambrosi et al. per-

formed hematopoietic repopulation as-

says to analyze whether the identified

APCs contribute to this phenomenon. In

agreement with the reported effect of

MAT, APC transplantation significantly

reduced hematopoietic progenitor fre-

quency and CD45+ cell repopulation,

but somewhat unexpectedly, the multipo-

tent CD45– CD31– Sca1+ CD24+ had an

opposite effect, increasing hematopoietic

cells and repopulation. Based on the data

presented, it remains to be investigated

whether the negative effects on the he-

matopoietic niche are mediated by the

increased presence of APCs or directly

by MATs. Irradiation/repopulation is

known to trigger increased MAT indepen-

dently of the type of precursor population

injected (Naveiras et al., 2009), and the

authors show that mice had increased

MAT content after they were injected

with adipose precursors, which suggests

that the effect could come from mature

MATs rather than from APCs. On the

other hand, since both the multipotent

precursor pool and the functionality of

the hematopoietic niche decrease with

age, it is possible that these cells might

act as a functional component of the he-

matopoietic niche.

To further substantiate the results, the

authors also tested the effect of all

four different precursor populations on

bone fracture healing. As expected,

APCs significantly decreased mineral

bone density and impaired healing,

whereas the multipotent and OPC popu-

lations showed no effect, suggesting

that either fracture healing is already

maximal in normal bone or that the num-

ber of precursors is not as relevant as

the correct signaling environment. Inter-

estingly, dipeptidyl peptidase-4 (Dpp4)

is significantly enriched in the adipo-

genic populations and inhibiting Dpp4

reverses the negative effects of adipo-

genic cells on bone regeneration. In

the bone fracture paradigm, the APCs

mostly did not differentiate into adipo-

cytes but produced fibrous tissue,

whereas the osteogenic precursors

became bone and cartilage. Given the

extensive literature on Dpp4 and bone

density (Monami et al., 2011), Dpp4

secreted from APCs might be a prom-

ising candidate to target for improved

bone healing. However, as Ambrosi

et al. show decreased numbers of

APCs in aging, and since the amount

of MAT increases with age while bone

density decreases, it remains to be

seen whether Dpp4 from MAT or APCs

is the main culprit.

Another open question, which would

link the discovery of Ambrosi et al. to
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adipose tissue development

in general, is whether the

identified CD45– CD31–

Sca1+ CD24+ population as

well as the committed

daughter populations in bone

marrow are identical to the

white or brown adipose tissue

precursors. In WAT, lineage

tracing revealed an adipocyte

progenitor to be positive for

CD45� CD31� PDGRFa+, a

population which is almost

completely positive for Sca1

and CD34 and negative for

CD24 (Lee et al., 2012). It

might indeed be possible

that this population aligns

with the CD45– CD31– Sca1+

CD24–, committed APC pop-

ulation, given the similarity in

response to an HFD stimulus

(Wang et al., 2013). As

mentioned above, the multi-

potent CD45– CD31– Sca1+ CD24+ popu-

lation responded to the adipogenic stim-

ulus of HFD feeding in old mice, while

their baseline numbers were actually

significantly lower than in young mice.

Since the APC niche in WAT has been re-

ported to deteriorate in aged mice (Kim

et al., 2014), it is possible that age-depen-

dent signals affect the MAT and WAT

niche in opposite ways.

Taken together, the results of Ambrosi

et al. provide a thorough analysis of

adipose precursors in the bone marrow.

Their data identify a stem cell popula-

tion with adipogenic and osteogenic

potential as a functional component of

the hematopoietic niche regulated by

age and diet, and they show that its

adipose-committed daughter cell popu-

lations modulate both mechanical and

niche functions of the bone

in a negative way.
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Figure 1. Adipose Precursor Hierarchy in the Bone Marrow
Multipotent CD45– CD31– Sca1+ CD24+ precursors (top) increase hemato-
poietic niche function and give rise to CD45– CD31– Sca1– PDGRFa+

osteogenic and CD45– CD31– Sca1+ CD24– adipogenic precursors, which
can differentiate into CD45– CD31– Sca1– Zfp234+ preadipocytes and
mature marrow adipocytes. Both adipogenic precursors and mature
adipocytes decrease hematopoietic niche functionality and bone mineraliza-
tion/healing potential.
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In Cell Reports, Liu et al. (2017) investigate mechanisms for how pluripotent stem cells maintain their identity
during cell division. They show that the histone mark H3K27ac and pluripotency transcription factors remain
associated with mitotic chromatin in ESCs and during iPSC reprogramming, demonstrating the importance
of mitotic bookmarking in pluripotency.

During mitosis, it is challenging for all

dividing cells to maintain their identity,

including embryonic stem cells (ESCs).

ESCs have a rapid cell cycle and a short

G1 phase. Each G1 phase is a critical

period to initiate new transcriptional pro-

grams (Dalton, 2015), since most tran-

scription factors (TFs) dissociate from

condensed chromatin during the last

M phase (Mitosis). Therefore, an impor-

tant unresolved question is how to main-

tain the pluripotent identity of ESCs after

each cell cycle. It is reported that some

pioneer TFs remain bound to specific re-

gions in mitotic chromatin, such as

FOXA1 in adult liver cells (Caravaca

et al., 2013) and GATA1 in hematopoietic

cells (Kadauke et al., 2012). These so-

called mitotic bookmarking TFs are crit-

ical for maintaining the cell-type-specific

transcription programs through the cell

cycle. In a recent issue of Cell Reports,

Apostolou and colleagues (Liu et al.,

2017) discover that enhancers of pluripo-

tency-related genes in ESCs are book-

marked by OCT4, SOX2, and KLF4

(OSK) and histone 3 lysine 27 acetylation

(H3K27ac), while promoters of house-

keeping genes are bookmarked by

H3K27ac throughout the cell cycle. They

further employ an elegant cell-cycle-

dependent temporal OCT4 degradation

model demonstrating that activity of

OCT4 in M-to-G1 transition is important

for both the maintenance and establish-

ment of pluripotency.

The ESC pluripotent state is main-

tained by well-known master TFs, which

act collaboratively in driving pluripotency

transcriptional programs, and several are

important mitotic bookmarking factors for

ESC self-renewal (Deluz et al., 2016;

Festuccia et al., 2016; Teves et al.,

2016). Using live-cell imaging and

in vitro biochemical assays, these studies

demonstrate that pluripotency TFs OCT4,

SOX2 (Deluz et al., 2016; Teves et al.,

2016), and ESRRB (Festuccia et al.,

2016) associate with the mitotic chro-

matin and function as mitotic book-

marking factors. However, it is still

unknown how these bookmarking TFs

coordinate with epigenetic features such

as histone marks in mitosis. In the current

study, Liu et al. (2017) first survey the

abundance of specific histone modifica-

tions on mitotic chromatin. They find

that the histone methylation marks

H3K27me3 and H3K9me3 are highly

retained during mitosis, and bookmarking

for the repressive regions by these marks

is important because the associated

repressors dissociate from condensed

chromosomes in mitosis (Egli et al.,

2008). By contrast, H3K27ac is the only

histone acetylation mark enriched in

mitotic chromatin. Thus, Liu et al. (2017)

profile the genome-wide mitotic retention

of H3K27ac in asynchronous and mitotic

ESCs using the chromatin immunopre-

cipitation and sequencing (ChIP-seq)

technique. Compared to the H3K27ac

profile in asynchronous cells, they

discover that H3K27ac is enriched at en-

hancers of pluripotency-related genes

and at promoters of housekeeping genes

in mitotic ESCs. This observation is

significant, because most studies on

mitotic bookmarking merely focus on

cell-specific TFs. By comparing the

H3K27ac peaks of ESCs to those of an

erythroblast, the authors further reveal

that commonly bookmarked H3K27ac

peaks are related to promoters of genes

with roles in fundamental cellular pro-

cesses among different cell types, sug-

gesting that promoter enrichment of

H3K27ac is cell-type independent.

Following the same strategy, Liu et al.

(2017) investigate the protein retention at

mitotic chromatin, revealing that pluripo-

tency TFs are significantly enriched,

which is in agreement with previous

studies (Deluz et al., 2016; Festuccia

et al., 2016; Teves et al., 2016). Further

studies of the OSK ChIP-seq profiles be-

tween mitotic and interphase ESCs

confirm that a large proportion (�25%–

60%) of the OSK peaks are maintained

during mitosis. Interestingly, about

�40%–50% of typical enhancers and

60% of super enhancers identified in

ESCs remain bookmarked by these TFs,

suggesting that ESC identity is main-

tained by the enhancer landscape that is

bookmarked by TFs and H3K27ac. How-

ever, there are also some discrepancies

between the current study and previous

work. SOX2, for example, is reported to

be only retained on a small number

(<1%) of ChIP-seq peaks during mitosis

(Deluz et al., 2016). This discrepancy

may be caused by a fixation artifact,

which is a phenomenon whereby a TF ap-

pears excluded from chromosomes after

chemical fixation but is highly enriched

on mitotic chromosomes as determined

by fixation-free techniques such as fluo-

rescence imaging (Teves et al., 2016).

So far, formaldehyde-based crosslinking

is still a standard step in ChIP experi-

ments; therefore, all published ChIP-seq

data in mitotic cells, including that of the
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current study, may underestimate the

binding intensity of any given TF. Indeed,

by using a fixation-free ATAC-seq

method, Teves et al. (2016) find that

global SOX2 occupancy is quantitatively

similar between asynchronous and

mitotic cells. Therefore, an advanced

technique is still necessary to overcome

the limitations of ChIP for an unbiased

study of bookmarked TFs at target DNA

regions.

By introducing an elegant system that

specifically degrades OCT4 in the M-to-

G1 transition, Liu et al. (2017) demon-

strate that OCT4 activity in M-to-G1

transition is required for reprogramming

the somatic cell fate to a pluripotent

state. However, using the same cell-

cycle-dependent degradation system,

Deluz et al. report that SOX2, another

bookmaking TF that is a close partner

of OCT4, is dispensable for reprogram-

ming (Deluz et al., 2016). The disparate

reported roles of OCT4 and SOX2 in

reprogramming may be due to technical

differences from the two independent

studies or may suggest that OCT4 is

a dominant gatekeeper compared to

SOX2 in successful reprogramming

(Sterneckert et al., 2012). Interestingly,

the bookmarking OSK TFs in this

study ‘‘coincidentally’’ match the three

pluripotency-related Yamanaka factors,

while the fourth TF, c-MYC, mainly

facilitates cell division. During the G1

entry of a cell cycle, bookmarking OSK

TFs gradually initiate the pluripotency

gene transcription program after each

cell division in the progression of reprog-

ramming (Koche et al., 2011). Therefore,

the work by Liu et al. (2017) strongly

suggests that bookmarking TFs and

mitosis are two requisites for cell-fate

change and reprogramming by Yama-

naka factors.

How cells faithfully maintain their iden-

tity during mitosis is a central question in

developmental biology. The study by Liu

et al. (2017) offers a synthetic view on

the role of both histone marks and TFs in

bookmarking pluripotent stem cell iden-

tity (as illustrated in Figure 1). This work

thus advances our knowledge on how

cell fate choices are implemented in

ESCs and during early development,

which is possibly applicable to adult and

cancer stem cells under developmental

and oncogenic processes.
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Figure 1. Mitotic Bookmarking for Maintaining Stem Cell Identity
During mitosis of embryonic stem cells (ESCs), most regions are occupied by condensed chromatin without transcription factor (TF) binding. However, some
regions are bookmarked by histone mark H3K27ac and pluripotency TFs, OCT4, SOX2, and KLF4 (OSK), to maintain ESC identity. Liu et al. (2017) demonstrate
that OSK together with H3K27ac are important for bookmarking enhancers of pluripotency genes (as illustrated in bookmarked region A), while H3K27ac (with
other bookmarking TFs) is important for bookmarking promoters of housekeeping genes (as illustrated in bookmarked region B).
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Elimination of self-renewing cancer stem cells (CSCs) is necessary to permanently eradicate malignant
tissues. In a recent article in Nature, de Sousa e Melo et al. (2017) reveal that intestinal tumors can contain
dynamic pools of functionally distinct CSC populations, which seem to interconvert depending on the host
tissue microenvironment.

Historically, tissues whose turnover and

regeneration are sustained by stem

cell populations have been modeled

assuming a hierarchical organization of

their developmental program, usually

depicted as a genealogic tree. Among

the unintended consequences of such

visual representation is the common

assumption that stem cell populations

are, for the most part, homogeneous

(i.e., composed by a unique cell type)

(Figure 1A). This idea is also commonly

extended to cancer biology. Malignant

tissues often act as histological ‘‘carica-

tures’’ of the normal tissues from which

they originate and are sustained in their

growth by malignant cells with self-

renewal and multi-lineage differentiation

capacity, termed cancer stem cells

(CSCs) (Dalerba et al., 2007, 2011). From

a therapeutic point of view, the elimina-

tion of CSCs is necessary to disable a

tumor’s capacity for unlimited growth.

Due to common assumptions about the

homogeneous identity of stem cell pop-

ulations, it is also commonly assumed

that, in order to eradicate CSC activity,

it might be sufficient to eliminate only

one cell type (Figure 1B). A recent study

published in Nature by Frederic de

Sauvage and colleagues (de Sousa e

Melo et al., 2017) challenges this assump-

tion by showing that intestinal tumors

can contain multiple, functionally distinct

CSC populations.

In the last decade, increasing evidence

progressively strengthened the idea that,

in many normal tissues, stem cell popu-

lations might represent a heterogeneous

pool encompassing different cell types

in a dynamic equilibrium (Cai et al.,

2017) (Figure 1C). In the mouse intestinal

epithelium, for example, stem cell activity

is observed at the bottom of intestinal

crypts in rapidly dividing cells that ex-

press leucine-rich repeat-containing G

protein-coupled receptor 5 (Lgr5) (Barker

et al., 2007). Remarkably, however, the

selective elimination of Lgr5+ cells in vivo

does not appear to substantially per-

turb tissue homeostasis, suggesting

that their loss can be compensated by

the dynamic recruitment of a different

(Lgr5neg) stem cell population, which,

among other things, is also capable of

generating new Lgr5+ cells (Tetteh

et al., 2016; Tian et al., 2011; Yan et al.,

2012; Asfaha et al., 2015). Such Lgr5neg

stem cells, on the other hand, appear

unable, in and of themselves, to support

the rapid regeneration of the intestinal

epithelium in the case of catastrophic

events (e.g., widespread epithelial dam-

age by high-dose radiation), which re-

quires the presence of rapidly dividing

Lgr5+ cells (Metcalfe et al., 2014). The

extent by which these complex func-

tional responses are mirrored in malig-

nant tissues, and are relevant to the

design of anti-tumor drugs, has hitherto

remained unclear.

In their recent article, de Sousa e Melo

and colleagues report the results of a

very elegant study in which they tested

the therapeutic benefits of selectively

ablating Lgr5+ cells in a mouse model

of intestinal cancer (de Sousa e Melo

et al., 2017). The authors used, as a

model system for their investigations, a

collection of transformed, malignant or-

ganoid lines, which they established

from the small intestinal epithelium of

mice genetically engineered to express

the human diphtheria toxin receptor

(DTR) under the transcriptional control

of their endogenous Lgr5 promoter re-

gion (Lgr5DTR), a trait that allows the

rapid and selective ablation of Lgr5+ cells

by administration of diphtheria toxin (DT).

To induce malignant transformation in

their primary organoids, the authors

used two stratagems: (1) they estab-

lished such cultures from mice that, in

addition to the Lgr5DTR locus, carried

mutated variants of the Apc tumor-

suppressor gene (Apcmin) and the Kras

oncogene (KrasG12D); and (2) they used

CRISPR-Cas9 technologies to intro-

duce inactivating mutations in the Trp53

and Smad4 tumor-suppressor genes.

Organoid cultures selected to carry

oncogenic mutations in all four targeted

genes (Apc, Kras, Trp53, and Smad4)

acquired the capacity to form rapidly

growing tumors when injected subcuta-

neously, and to spontaneously metasta-

size to the liver when transplanted ortho-

topically (i.e., in the rectal mucosa).

In a first round of experiments, the

authors tested whether the selective

elimination of Lgr5+ cells by DT adminis-

tration was able to induce the regression

of subcutaneous tumors. The results

showed that elimination of Lgr5+ cells

was associated with an arrest in tumor

growth, but not with a reduction in tu-

mor size. This outcome was somewhat

expected, as only a subset of tumor

cells was known to express Lgr5. More

remarkably, however, the results also

showed that as soon as DT adminis-

tration was discontinued, Lgr5+ cells

started to reappear within the malig-

nant lesions, as tumor growth rapidly

resumed. In a second round of experi-

ments, the authors tested whether the

selective elimination of Lgr5+ cells by

DT administration was able to prevent

the formation of liver metastases in
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mice that received injections of trans-

formed organoids in either the rectal mu-

cosa or the portal vein. The results

showed that, in both cases, elimina-

tion of Lgr5+ cells prevented the growth

of liver metastases. Once again, this

outcome was somewhat expected, in

part because it mirrored the arrest in

tumor growth observed in subcu-

taneous tumors, and also because the

authors observed that, in this model,

liver metastases were enriched with a

higher percentage of Lgr5+ cells, espe-

cially in the earlier stages of their initial

establishment. Contrary to what was

observed in subcutaneous tumors, how-

ever, discontinuation of DT adminis-

tration did not result in rapid resump-

tion of metastasis growth, even in mice

that received malignant organoids by

portal vein injection and that contained

clear micro-metastases in the liver

parenchyma.

Taken together the results of this

study advance our understanding of

cancer biology in two very meaningful

ways: (1) they show that, in at least

some tumor models, the CSC pool

might encompass different cell pheno-

types in dynamic equilibrium with each

other, and that eliminating only one,

though able to profoundly disrupt tumor

growth, might be unable to permanently

eradicate the disease (Figure 1D); and

(2) they suggest that the potential

inter-conversion between different CSC

phenotypes might be affected by the

local micro-environment in which the

tumor is growing (e.g., liver versus

subcutaneous tissue). These two con-

cepts have important implications for

the design of anti-tumor therapies. On

one hand, they suggest that drugs

targeted at malignant sub-populations

with CSC properties can have impor-

tant therapeutic effects, which can

vary in magnitude between primary

and metastatic tumors depending on

how permissive their host tissue is to

the dynamic interconversion between

CSC phenotypes; on the other hand,

drugs aimed too narrowly at only one

CSC phenotype might translate to only

transient, short-lived clinical benefits

and eventually fail to cure patients.

Although these concepts increase the

level of complexity for developing new

cancer treatments, it is exciting to envi-

sion a not-too-distant future when,

thanks to our improved understanding

of the systems biology that governs

the growth, multi-lineage differentia-

tion, dynamic turnover, and regenerative

response of tumor tissues, we will

be able to measure the effects of

different anti-tumor drugs on different

phenotypic subgroups of CSCs, and

eventually design drug cocktails able

to simultaneously poison them all.
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Figure 1. Hierarchical Models of Tissue Development and Their Theoretical Implications for
the Efficacy of Anti-tumor Treatments
(A) Historically, tissues whose turnover is sustained by stem cell populations are modeled assuming a
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From Cell Stem Cell to Clinical Trials:
The Biotech Journey of Two Papers

How many of the authors who publish in

Cell Stem Cell dream that their work will

eventually wind up in the clinic? Probably

quite a few. In the 10 years since its

launch, Cell Stem Cell has featured

many innovative discoveries, and several

of them have gone on to become the

seeds of burgeoning biotechnology com-

panies with therapeutic aspirations. Two

scientists who have seen that happen

are Benjamin Reubinoff (Figure 1) and

Derrick Rossi (Figure 2), both of whom

led the clinical translation of technologies

that made their public debut in Cell

Stem Cell.

Moderna Therapeutics, the RNA-

manufacturing startup that has grown

into the most highly valued private

biotechnology company ever, can trace

its roots toDerrickRossi’s studypublished

in Cell Stem Cell in 2010 (http://www.cell.

com/cell-stem-cell/fulltext/S1934-5909

(10)00434-0). Although Moderna is

currently focusing its efforts on anti-viral

vaccines, its core technology—modified

RNA—started as a more efficient method

for inducing pluripotency and differenti-

ating stem cells. The initial studies were

geared toward basic research, but Mod-

erna recognized and pursued a diverse

array of potential clinical applications. On

theother hand, the Israeli stemcell therapy

company Cell Cure Neurosciences (Cell

Cure) is currently tackling macular degen-

eration with a stem cell therapy that

evolved from work that Benjamin Reubin-

off and his partner, Eyal Banin, published

in Cell Stem Cell in 2009 (http://www.cell.

com/cell-stem-cell/fulltext/S1934-5909

(09)00336-1). Cell Cure hopes that trans-

planting stem-cell-derived retinal cells

into affected patients will help slow the

process of this disease. Both of these

companies moved from original research

findings to initial clinical trials in about the

same time frame, but they took very

different routes to get there and learned

different lessons along the way.

Cell Cure founder and chief scientific

officer Benjamin Reubinoff of Hadas-

sah-Hebrew University Medical Center

has worked toward using stem cells in

medicine since the 1990s. ‘‘Being a

physician scientist, conducting research

that has a potential for clinical applica-

tions has always been my focus,’’ he

says. After earning his M.D. in Israel,

Reubinoff pursued a Ph.D. at Monash

University in Australia, where he gained

at-the-bench experience working in one

of the first groups to derive stem cells

from human embryos. Upon returning to

Jerusalem, Reubinoff continued to work

on stem cells, specifically motivated by

the idea of developing stem cell lines

that could be differentiated into clinically

useful cells.

However, he quickly discovered that

developing clinical-grade lines would

require many changes to the original pro-

tocols. Standards for manufacturing clin-

ical biological agents are stricter than

the standards for research-grade cell

lines, requiring Reubinoff and colleagues

to find alternatives to the animal-derived

reagents that labs were using at the

time. ‘‘People [did] not foresee this, but

this was really a big hurdle,’’ Reubinoff

says. However, after many ‘‘work-inten-

sive adjustments,’’ they were able to

derive three clinical-grade stem cell lines.

The next step was then choosing a dis-

ease where stem cell-derived cells might

make a difference.

Choice of ‘‘indication’’—medical speak

for the problem that a medicine or thera-

peutic technique is meant to address—

can make or break an emerging biotech-

nology. Picking a rare disease with a

small market will likely discourage inves-

tors, while choosing a disease that

already has well-established treatments

may prompt investors to balk at spending

money on an unproven alternative. Dis-

eases that are poorly understood or

have too many moving parts can lead to

strings of failed experiments that exhaust

funding. Reubinoff needed a widespread

but hard-to-treat disease, where an infu-

sion of new cells would likely make a

functional difference in the clinic. He

and his team considered Parkinson’s,

diabetes, and multiple sclerosis as poten-

tial indications, but for all of those condi-

tions, it was challenging to produce pure

populations of functional differentiated

cells in large enough quantities for stem

cell therapy.

Instead, in collaboration with Eyal

Banin, Director of Hadassah’s Center for

Retinal and Macular Degeneration, they

became interested in age-related macular

degeneration (AMD), which is the leading

cause of blindness in people over 65.

AMD is a disease of the eye’s retina,

where the retinal pigment epithelial (RPE)

cells that support retinal vision cells are

damaged or die. The most common

form of AMD—dry AMD—currently has

no FDA-approved treatment. Reubinoff

and Banin believed that if they could

differentiate their stem cells into RPE

cells, transplanting those healthy RPE

cells into aging retinas might halt or slow

the progression of AMD, and thus offer a

clinical treatment for millions affected by

this disease.

After several years of research, they

were able to differentiate human embry-

onic stem cells into RPE cells and trans-

plant those RPE cells into a rat model of

retinal degeneration, where they rescued

retinal structure and function. That study,

published in Cell Stem Cell in 2009,

marked a turning point: the RPE cell proj-

ect was transferred to the biotech com-

pany Cell Cure Neurosciences, then a

subsidiary of Embryonic Stem Cell Inter-

national Pte Ltd. Cell Cure Neurosci-

ences had been founded in 2005 with

the goal of developing cell transplanta-

tion therapies for neurodegenerative con-

ditions, but RPE cell transplantation

seemed to be a promising lead, and the

company made a change in direction.

Reubinoff and Banin continued to super-

vise the research there, but the next hur-

dle was generating funding for further

studies.

‘‘While academic grants and philan-

thropic donations supported the proof-

of-principle preclinical studies that we

performed and [that] were published in

2009 in Cell Stem Cell, I think that exten-

sive governmental and commercial in-

vestment is needed for translation to the

clinic,’’ says Reubinoff.

Luckily, the Israeli government saw

stem cell therapy as an area where Israel
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might be able to distinguish

itself scientifically and was

actively pushing for more

stem cell therapy research.

Reubinoff says that both gov-

ernment and private funding

were crucial for continuing

the experiments, even though

both sources of funding can

be volatile. In 2010, Cell

Cure’s ability to sustain itself

financially was waning, but

in a fortunate development,

BioTime, Inc. bought out Cell

Cure’s parent company and

injected additional funding to

keep the project going.

Today, the RPE cell treatment—which

Cell Cure has branded as ‘‘OpRegen’’—

is in phase I/IIa clinical trials to assess

safety, led by Banin. In OpRegen, the

RPE cells are suspended in liquid that

can be injected into the subretinal space

in the eye, causing less damage than

surgically implanting a scaffold with the

cells would. Reubinoff says that the initial

findings for OpRegen are encouraging:

so far there have been no major adverse

reactions, and the cells seem to be able

to engraft and persist in the subretinal

space for at least 1 year. The next round

of trials will assess whether the OpRegen

cells preserve or improve retinal function,

as well as continue to monitor their

safety.

Moderna Therapeutics, by contrast, is

not a stem cell therapy company at all,

even though the proof of concept for

Moderna’s RNA modification technology

came out of a stem cell lab at Boston

Children’s Hospital. The origins of the

company trace back to an entirely

different pioneering stem cell technology.

When the Nobel-Prize-winning induced

pluripotent stem cell (iPSC) paper by

Shinya Yamanaka and colleagues came

out in 2007, stem cell researcher Derrick

Rossi and his colleagues were floored

by the advance but also curious about

whether there might be safer or more

efficient ways to induce pluripotent stem

cells. They thought it might be possible

to reprogram cells with messenger-

RNAs encoding the reprogramming

‘‘Yamanaka factors,’’ but when cells’

anti-viral defenses detect foreign mRNA,

most cells self-destruct. However,

research from Katalin Karikó and Drew

Weissman at the University of Pennsylva-

nia suggested that RNAs with artificial

base pairs might be able to side-step

cells’ anti-viral responses, so Rossi’s

team decided to try using artificial RNAs

with modified base pairs to encode re-

programming factors.

The initial results seemed almost too

good to be true. The modified mRNA

worked ‘‘literally on the first experiment,’’

Rossi recalls. A few months later, Rossi’s

lab succeeded in using modified RNAs

to make iPSCs and differentiate them

into muscle cells. ‘‘In that one paper,

we had made GFP, RFP, the four canoni-

cal reprogramming factors, LIN28, and

MyoD,’’ Rossi says. ‘‘In one paper, we

had made eight different modified RNAs

encoding eight different proteins, but the

possibilities are limitless. You can make

any protein. You can basically just encode

a new sequence.’’

Almost immediately, biological supply

makers began approaching Rossi about

licensing the technology for use in stem-

cell-inducing kits. ‘‘What surprised me

about that was that none of these people

said, ‘Hey! We’d really like to use your

technology for making proteins,’’’ says

Rossi. ‘‘And that’s what the technology

does! I mean, we used it to make reprog-

ramming proteins, but you could use it to

make any protein.’’ Eventually, Rossi

decided that launching his own biotech

company would let him explore the full

range of possibilities.

Rossi sought out a co-founder with

extensive experience in building biotech

companies around technology from basic

research labs and teamed with MIT’s Bob

Langer, who has founded over two dozen

companies. Then the newly established

Moderna began to court funding from

angel investors and venture

capitalists (VCs). Naturally,

one of the first questions from

most VCs was: what disease

will these RNAs be used to

treat? Rossi’s lab had

managed to make mRNAs for

several dozen different pro-

teins within the span of

3months, so he was very opti-

mistic about the technology’s

versatility. ‘‘I said, ‘Oh, maybe

wecangoafter 25or50 indica-

tions.’ And all of these guys,

these seasoned VCs, in the

room looked at me like I was

a total nutjob,’’ Rossi says.

In the end, Moderna’s founders

decided to focus on refining the RNA

platform. ‘‘You develop your platform

so that your platform is as great as it

could possibly be,’’ says Rossi. ‘‘Then

focus on the killer apps. The killer apps

are your disease programs, which they’ve

been doing now for the past 3–4 years and

getting clinical programs going.’’

Now that Moderna has achieved billion-

dollar ‘‘unicorn’’ start-up status twice

over, the company does develop dozens

of modified RNAs in parallel, just as Rossi

initially suggested. Moderna is known for

filing massive patents that are essentially

bundles of modified RNAs for hundreds

of proteins. But Rossi is the first to admit

that the tale of the modified RNA and

Moderna is a ‘‘crazy unicorn story’’ and

therefore an atypical case. For scientists

who are considering taking their research

in a translational direction, he advises

focusing their efforts on approaches

that, if successful, would provide the

greatest value to patients.

Rossi spent 3 years on Moderna’s

board of directors and 4 years on its sci-

entific board before cutting ties to the

company so he could focus on other ven-

tures. Moderna was his first company, but

he has since co-founded a stem cell

transplantation start-up called Magenta

Therapeutics and a CRISPR therapeutics

company called Intellia. He is also

currently working on three new biotech

ventures that are as yet undisclosed.

Rossi notes that as Moderna became

more focused on clinical applications,

their research moved away from his core

areas of expertise. ‘‘It’s not uncommon

for academic founders to have their time

and place where they contribute value,

Figure 1. Benjamin Reubinoff and the GoodManufacturing Practice
Grade Facilities of Cell Cure Neurosciences for Production of
Retinal Pigment Epithelium Cells
ª 2017 Cell Cure Neurosciences. All rights reserved.
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and that’s often early in the

phase of the company and

less so in the later phases of

the company,’’ says Rossi.

‘‘But there [are] also people

who stay on and contribute.’’

Today, Moderna is making

its first forays into human clin-

ical trials with RNA vaccines

against viruses such as Zika

and the flu. Finding ways to

safely deliver mRNA drugs

will likely be the company’s

next hurdle.

So what does it take to get a tech-

nique from basic stem cell research into

the clinic? First, understanding your

technology’s promises and limitations is

crucial, because it allows you to target

areas where the technique can make a

real difference. ‘‘You have to focus,’’

says Rossi. ‘‘Originally I thought about

doing both stem cell biology and thera-

peutics. That’s unrealistic, and it’s some-

thing I didn’t know then. Moderna

made the focus, and it focused on thera-

peutics because it’s a real market.’’ Will-

ingness to court venture capital is also

important, both Rossi and Reubinoff

noted. There are challenges and chal-

lenging personalities in the VC space,

but there are few substitutes for VC fund-

ing. When approaching VCs, the aca-

demic scientists’ job is to clearly and

succinctly present the technology, its

potential uses, and why it stands out

from the crowd.

Promising areas in biotech tend to yield

multiple companies, which often end up

competing with each other for funding.

RNA therapeutics startups like RaNA

Therapeutics and CureVac are already

direct competitors to Moderna, and

‘‘there will be more,’’ according to Rossi.

However, the presence of other therapies

with similar mechanisms can also be a

boon to biotech company founders.

‘‘The fact that embryonic stem cells are

now approaching the clinic in a few pro-

jects. may make it easier to cross the

Valley of Death and persuade potential in-

vestors that the valley is not so deep,’’

says Reubinoff.

Basic science researchers looking to

translate their findings into clinically useful

therapies must familiarize themselves

with the regulatory landscape. ‘‘Transla-

tion of hESCs from basic research to a

clinical transplantation trial is a complex

area that requires specific knowledge

that I was not familiar with as

a basic scientist,’’ says Reu-

binoff. ‘‘I feel that I have been

fortunate to learn and over-

come the great scientific, reg-

ulatory, and financial chal-

lenges of translating human

embryonic stem cell basic

research findings into a clin-

ical trial.’’

Rossi echoes that senti-

ment, saying, ‘‘Without ques-

tion, basic research and trans-

lational start-up[s] have.
different mindset[s]. But this means that

there is so much to learn—and indeed

I learned a great deal from founding

Moderna that has informed how I’ve

thought in subsequent companies that

I have and continue to be involved in

founding.’’

As these stories both illustrate, the path

from paper to product is often not

straightforward, and can involve quite a

lot of adaptation and a certain degree of

luck along the way. But, the rewards are

also clear, in terms of technological devel-

opments and, ultimately, positive impact

on patients. ‘‘It’s very exciting to see

work that we have published move for-

ward and reach the point where it’s being

used in clinical trials,’’ says Cell Stem Cell

Editor-in-Chief Deborah Sweet. ‘‘I look

forward to seeing many more of our

papers get picked up for development

and move beyond the bench and into

the therapeutic arena.’’

Diana Crow1,*
1Cambridge, USA

*Correspondence: dcrow@cell.com
http://dx.doi.org/10.1016/j.stem.2017.
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Figure 2. Derrick Rossi and the Moderna Preclinical mRNA
Production Facility
ª 2017 Moderna Therapeutics. All rights reserved.
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Racing to Uncover the Link
between Zika Virus and Microcephaly
Guo-li Ming, Hongjun Song, and Hengli Tang

In this Backstory, we give a behind-the-scenes account of the collaboration leading to our 2016
paper on Zika virus (ZIKV) infection of neural progenitor cells (http://www.cell.com/cell-stem-cell/
fulltext/S1934-5909(16)00106-5). It was one of the first clues into how ZIKV could be causing birth
defects in babies from infected mothers.

The Problem
In 2015, a surge in cases of newborn brain defects that coincided with the outbreak of Zika virus
(ZIKV) in Brazil captivated the world’s attention. Researchers first discovered ZIKV in the blood of
a rhesus macaque in the Ziika forest of Uganda in 1947 and re-isolated it from Aedesmosquitoes
from the same geographic area a year later. Even though ZIKV had subsequently spread to the
Asia-Pacific region, it only caused sporadic outbreaks and remained under the radar of clinicians,
scientists, and the general public for over half a century until the recent outbreaks in South
America. Historically, ZIKV had not been linked to any birth defect so scientists initially thought
that the sudden rise in newborn brain defects in South America was related to environmental

Clockwise from top left: teammembers from Johns Hopkins (left to right: Kimberly M. Christian, Guo-li Ming,

Hongjun Song, and Xuyu Qian), Florida State (Sarah Ogden, Ruth Didier, Hengli Tang, Emily M. Lee, and

Christy Hammack), and Emory (Feiran Zhang, Yujing Li, Peng Jin, and ZhexingWen, a fellow from Guo-li’s lab

and now an assistant professor at Emory) and FSU’s Sarah Ogden working in the lab
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factors. As the number of cases of both ZIKV infection andmicrocephaly grew, the suspicions that
they were linked did as well. The World Health Organization (WHO) eventually declared a Public
Health Emergency of International Concern (PHEIC) on February 1, 2016.

The brain defects came in the form of microcephaly, which is a condition in which a baby is born
with an abnormally small head. This leads to long-lasting deficits in brain development and
typically requires lifelong medical attention. Previous studies in the field had mostly focused on
genetic causes ofmicrocephaly, and a handful of risk genes had been identified. At the heart of the
ZIKV crisis was the question of whether there is a causal link between ZIKV infection of pregnant
mothers and microcephaly in their babies. We urgently needed the answer to this question, given
its public health implications.

At the time, two of our collective laboratories led by Guo-li Ming and Hongjun Song at the Johns
Hopkins University School of Medicine had been studying developmental brain disorders for over
a decade. Using a miniaturized spinning bioreactor developed by three high school interns in our
labs, we (Guo-li and Hongjun) had developed a human induced pluripotent stem cell (hiPSC)-
based 3D brain organoid system by late 2015, which we thought could be a perfect experimental
model system for addressing whether ZIKV causes microcephaly. The problem was that our labs
had no access to and no experience working with ZIKV. In December 2015, we approached Wei
Zheng, at the National Centers for Advancing Translational Sciences, who had previously worked
on a drug screen for Ebola virus, but together we were not able to find a live ZIKV strain. Without a
live strain, we determined that an alternative option would be to synthesize the cDNA for each of
the encoded viral proteins and test their function in the organoid system. However, it would be
entirely possible that (1) ZIKV does not affect brain development; or (2) ZIKV indirectly impacts the
nervous system, such as via inflammation outside of the nervous system.

Meanwhile, the third group in our collaboration, headed by Hengli Tang at Florida
State University, had been working on Hepatitis C viruses for the past decade, but
we (the Tang lab) had just shifted our research focus to flaviviruses, specifically
Dengue virus. In December 2015, we were geared up to produce a large batch of
Dengue virus in amosquito cell linewhen the news of ZIKV re-emergence broke, so
we instead redirected several flasks of the mosquito cells to amplify the ZIKV virus.
With thevirus inhand,wewerecuriousabout the typeofhumancellsZIKV infects, as
we recognized the importance of neural cells in this line of inquiry. However, we
faced a significant hurdle: we had no experience with neural system analysis.

For a video introducing the lead researchers and the global health crisis that they
addressed, visit the article online at http://www.cell.com/cell-stem-cell/fulltext/
S1934-5909(17)30175-3.

Our Collaborative Approach
All three of us (Guo-li, Hongjun, and Hengli) felt an increasing sense of urgency
when the WHO announced the PHEIC regarding ZIKV, microcephaly, and other
neurological disorders on February 1, 2016. After this announcement, both of our teams inMaryland
and our team in Florida became increasingly anxious to find the missing parts to complete a
meaningful study. The three of us were in graduate school together in the Biological Sciences
Program at University of California, San Diego and have since remained friends, spending some
family vacations together. Over the years, we had discussed the idea of collaborating, but there just
wasn’t an opportunity to work together on a truly cohesive project. Hengli was planning to apply for
an exploratory grant from the National Institutes of Health to support his new study on ZIKV and
reached out to Hongjun for a collaboration letter on February 4, 2016.Withinminutes of sending the
email with ‘‘Zika’’ in the subject line, Hengli received a call fromHongjun. By the next day, our teams
had ironed out a detailed plan to combine forces from three labs to ask two very simple, but very
critical, questions: Does ZIKV directly infect neural cells during fetal brain development? If it does,
what is the impact? We also decided to first perform a pilot experiment with ZIKV using 2D
monolayer cultures to askwhether the virus infects cells in the neural lineage, followed by a 3Dbrain
organoid study to test whether ZIKV induces a microcephaly-like phenotype.

For a video describing how the team discovered that ZIKV causes neural defects, visit the article
online at http://www.cell.com/cell-stem-cell/fulltext/S1934-5909(17)30175-3.

At the heart of the ZIKV
crisis was the question
of whether there is a
causal link between
ZIKV infection of
pregnant mothers and
microcephaly in their
babies. We urgently
needed the answer to
this question, given its
public health
implications.
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Because of the intricacies in handling human iPSCs for targeted neural differentiation in 2D and 3D
culture conditions, as well as the lack of clarity about how to handle ZIKV safely, we couldn’t
simply send materials from one lab to another for all the experiments. We needed the personnel
with themost experience on site to perform specific parts of the experiments. On the neurobiology
side, Zhexing Wen, a research associate at the time in the Ming lab (now an assistant professor at
Emory), had developed a very efficient approach to differentiate hiPSCs into a largely uniform
population of human cortical neural progenitor cells (hNPCs), which can subsequently be differ-
entiated into cortical neurons. Xuyu Qian, a biomedical engineering graduate student in the Song
lab, together with a postdoctoral fellow in the Ming lab, Ha Nam Nguyen, had developed the
3D forebrain organoid system. On the virology side, two senior Ph.D. graduate students in the
Tang lab, Christy Hammack and Sarah Ogden, had expertise in flavivirus propagation and
amplification andwere ready to apply their knowledge toward this timely and exciting new project.
After making sure he created sufficient hiPSCs and hNPCs for shipment to the Tang lab, Zhexing
booked his flight to FSU on February 8. The first batch of cells was shipped from JHU to FSU on
February 9, and Zhexing arrived in Hengli’s lab on February 10 to start the first set of experiments
with Christy and Sarah.

The ‘‘Ah Ha!’’ Moment
The first big moment of discovery came on Monday morning, February 15, 2016,
when Sarah was looking through a fluorescence microscope at various cells
exposed to ZIKV. She and Christy had come to the lab very early that morning to
finish staining the cells with an antibody that recognizes the ZIKV envelope
protein. Although hESCs and hiPSCs showed very little positivity for the ZIKV
envelope antigen, they saw a substantially high infection rate for hNPCs under the
same conditions. The staining showed the classic ‘‘virus factory’’ pattern for
typical flaviviruses that assemble on ER-derived intracellular membranes.
Importantly, the differentiated neurons from the same batch of hNPCs also
showed a much lower susceptibility to the virus, suggesting a preferential
targeting of hNPCs. As the Ming/Song labs had already shown that these hNPCs
are forebrain-specific and representative of the cells responsible for generating
cortex during early development, this singular result stood out as the first piece of
experimental evidence for linking ZIKV infection to a brain-development defect. Hengli
immediately relayed these exciting results to the JHU team andwe all realized that this preferential
infection of hNPCs, discovered in what were initially planned as a pilot experiment, would be of
immediate interest to the research community and the public. Our teams followed up on these
initial results and found that ZIKV induces cell cycle arrest, and causes growth defects and
apoptosis of hNPCs, which further boosted the confidence of this link between ZIKV and brain
developmental defects.

The 3 a.m. Morning Call
We didn’t get a 3 a.m. call, exactly, but we did need to mobilize and recruit additional team
members at a moment’s notice. Once we saw the first results of hNPC infection and neural

Experimental planning to simultaneously test a large number of conditions

Because of the
intricacies in handling
human iPSCs . [and]
lack of clarity about how
to handle ZIKV safely .
[w]e needed the
personnel with the most
experience on site to
perform specific.
experiments.
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development deficits by ZIKV, wewanted to investigate the underlyingmolecular mechanismwith
transcriptome analysis. But how could we get RNA-seq done in a rapid time frame?Wewere lucky
to catch Peng Jin, a longtime collaborator of the Song/Ming labs, on the ski slopes at Keystone,
Colorado. He quickly arranged for his lab members and sequencing machine to be ready to
receive samples and prepare for libraries, sequencing, and bioinformatics analysis at Emory
University. In the end, all of the transcriptome analyses were completed in less than 4 days,
instead of the weeks to months it normally takes.

The Publication Process
By February 16, 2016, after repeating the experiments again and seeing
consistent results, we saw that we might have an important story to tell. Where
should we submit the manuscript? Because of the global health emergency,
Cell Press initiated a special policy for ZIKV-related manuscripts with an
expedited reviewing process and limits on requiring additional experiments. We
felt that our study could make a major impact on the scientific community by
establishing a humanized model for ZIKV infection in the context of micro-
cephaly, and that this model could be used to investigate underlying mecha-
nisms and furthermore, to screen for drugs. Based on our exciting results in
hNPCs, Cell Stem Cell appeared to be the perfect place for it! Hongjun had a
phone conversation with the editor Christina Lilliehook on February 18 and she
immediately lined up three reviewers who agreed to review the manuscript. We
submitted our manuscript at 12:30 a.m. on February 24. By 7:05 a.m. the same day, the
manuscript was sent out for review, and reviewers’ comments came back within 2 days.
The reviewers were quite positive about our manuscript; however, they questioned the
strength of our conclusion on the specificity of ZIKV infection for hNPCs compared to other cell
types and requested some additional data and clarification. Luckily, we had accumulated
additional data within this short reviewing period that could answer many of the questions. On
the other hand, we did not have time to perform more controlled experiments to test the
specificity of ZIKV infection among different cell types. We sent our response letter to Christina
on Sunday morning, February 28. After a conference call with all PIs and Christina in the
afternoon, along with multiple email exchanges among Christina, Debbie Sweet (the Editor-
in-Chief of Cell Stem Cell), and us, we decided to drop our claim that ZIKV targets neural
progenitors and reframed our conclusions to focus solely on our evidence that ‘‘ZIKV infects
human neural progenitors.’’ Thinking back, we were glad that we were conservative in making
our conclusions based on solid evidence. Although many later studies from other independent
groups demonstrated that our initial assertion was correct, including our own data from brain
organoid experiments, the reviewers were right that we did not have sufficient evidence at the
time. We submitted our revised manuscript during the night of February 28, and it was
accepted the next day.

Control organoid, left, and ZIKV-infected organoid, right

The success of this
study was only possible
with a seamless
collaboration of groups
with different and
valuable expertise, as
well as their perfect
execution of a well-
thought-out game plan.
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Seamless Execution
Looking back, a key to the success of the project in such a short time frame was that our teams
collectively planned all of the requisite experimentsmeticulously ahead of time and executed them
in a parallel and staggered fashion. For example, we prepared several different cell types for
testing, including different lines of pluripotent stem cells (hESCs and hiPSCs from different
subjects), hNPCs, neurons, and other standard cell lines. To test a large number of conditions
simultaneously, we scaled up both virus and cell production to meet the need. Also, to ensure
that we could perform the proper number of independent experiments, Zhexing continuously
generated and shipped hNPCs from JHU to FSU on a daily basis. The coordination of four labs at
three universities at three different locations was seamless.We also had a lot of luck on our side as
nearly all of the experiments worked better than we imagined, not just the first time, as happens so
often, but also inmultiple repeating experiments. Finally, there was no substitute for the time spent
by all themembers of the team. The virology team, Christy and Sarah, spent countless hours, both
night and day, setting up the infections, collecting samples, and searching for images of infection
into the wee hours of the morning. The hNPC expert, Zhexing, took round-trip flights within the
same day just to make sure the hNPCs were seeded properly, and the RNA-seq team performed
their tasks around the clock. Text messages were constant among fellows across different sites:
What solution to use? When to fix the cells? When should we expect to receive the antibody
shipment? We, the PIs, then spent evenings teleconferencing and revising drafts throughout
the night.

Lessons Learned
Our collective work, which was published online on March 4, 2016 (http://www.cell.com/
cell-stem-cell/fulltext/S1934-5909(16)00106-5), received tremendous attention, both in the
scientific field and from the general public. It was the leading headline out of all Google news for
6 hours in the afternoon, featured on the front page of the New York Times and The Washington
Post, and highlighted on the NIH Director’s blog a few weeks later. One crowning moment was on
April 13, 2016, when the Center for Disease Control (CDC) announced, with an unprecedented
speed, that ZIKV causes microcephaly. Our study, along with related basic and clinical findings,
contributed to the CDC’s decision to make this impactful announcement. Throughout all this
excitement, we were pleased that our unbiased experimental approach, as well as careful
interpretation of our data that avoided overstating our findings and conclusions, pleased both
our scientific peers and the general public.

The success of this study was only possible with a seamless collaboration of groups with different
and valuable expertise, as well as their perfect execution of a well-thought-out game plan. This
initial success has led to an expansion of our collaborative research, with a number of new groups
participating in series of follow-up studies, including demonstration of microcephaly-like deficits
in human brain organoids, a drug repurposing screening withWei Zheng at NCATs, animal studies
with Zhiheng Xu at Institute of Genetics and Developmental Biology at Chinese Academy of
Sciences, and studies of other flaviviruses, such as Dengue virus and West Nile virus, with Margo
Ann Brinton at Georgia State University. Meanwhile, many scientists around the world have joined
the effort to address the impact of ZIKV on the nervous system. Findings similar to ours have
been independently reported and the field continues to advance at hyper-speed because the
consequences of ZIKV infections can be so dire and the potential benefits of the research are
so clear.
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Looking Back: Cancer Stem Cells

Over the past decade, our growing understanding of cancer stem cell characteristics and function
continues to guide innovative new treatments to eradicate cancer. For our tenth anniversary,
we asked authors who cited a selection of our most popular papers in this area about the broad
influences these studies have had.

Chemoresistance in CSCs

Catherine A. O’Brien
Princess Margaret Cancer Centre

On ‘‘Colon Cancer Stem Cells Dictate

Tumor Growth and Resist Cell Death

by Production of Interleukin-4,’’ by

Todaro et al., Cell Stem Cell 1 (4), 389–

402, October 2007.

In 2007 the field of cancer stem cell (CSC)

research in solid tumors was still nascent, with

CSCs recently identified in breast cancer, glio-

blastoma, and colorectal cancer. The CSC

concept suggested that all tumor cells were

not equal and more importantly, those cancer

cells driving tumor growth could be prospec-

tively isolated and studied. The work by Todaro

et al. demonstrated that CSCs are largely inert

to chemotherapeutic drugs. They found that

CD133+ CSCs, unlike their CD133� counter-

parts, produced IL-4, which acted in an auto-

crine manner to protect CD133+ cells from

chemotherapy-induced apoptosis. They went

on to demonstrate that adding an anti-IL-4

antibody to standard-of-care chemotherapy

eliminated the selective advantage of the

CD133+ cells. In the years since there have

been innumerable publications trying to deci-

pher the molecular drivers of chemoresistance

in CSCs. Indeed, spurred on by the Todaro

et al. paper, my own group decided to study

additional signaling molecules driving CSC

chemoresistance. Researchers in the field

continue to build on the initial groundbreaking

findings of Todaro et al., and although the

CSC field has evolved significantly over the

past decade, understanding the mechanisms

driving CSC chemoresistance remains one of

the key questions in the field.

Stem Cell Markers in Cancer

Kornelia Polyak
Dana-Farber Cancer Institute

On ‘‘ALDH1 Is a Marker of Normal

and Malignant Human Mammary Stem

Cells and a Predictor of Poor Clinical

Outcome,’’ by Ginestier et al., Cell

Stem Cell 1 (5), 555–567, November

2007.

Stem cells are critical for the development and

maintenance of organs and serve as the cell-

of-origin for a subset of tumors. Their charac-

terization requires reliable markers for their

identification. Ginestier et al. described alde-

hyde dehydrogenase activity and ALDH1 as

a marker for normal human mammary epithelial

stem cells and for breast-tumor-initiating cells

(a.k.a. cancer stem cells, or CSCs) and also

showed that a high fraction of ALDH1+ cells in

breast tumors is associated with poor outcome.

Building on this work, we and others subse-

quently explored ALDH1 as a potential marker

of cells with stem cell-like features in a broader

range of normal and neoplastic tissue types.

Results in most normal tissues confirmed that

stem cells have higher ALDH1 activity and that

this plays a role in protecting cells from toxins

and differentiation-inducing stimuli. However,

findings inavarietyof tumorsweremore variable

and imply that the expression of ALDH1 is more

strongly associated with tumor subtype (e.g.,

basal-like subtype in breast cancer) and activity

of certain genes (e.g., HER2) than CSC char-

acteristics. Thus, our further study of ALDH1

indicates that while it may be a useful bio-

marker reflecting phenotypic heterogeneity

within tissues, it is not specific for and sufficient

to define a stem cell-like state.

What Is a Cancer Stem Cell?

Ben Z. Stanger
PerelmanSchoolofMedicine,UniversityofPennsylvania

On ‘‘Distinct Populations of Cancer

Stem Cells Determine Tumor Growth

and Metastatic Activity in Human

Pancreatic Cancer,’’ by Hermann

et al., Cell Stem Cell 1 (3), 313–323,

September 2007.

Controversy over the existence and relevance of

cancer stemcells (CSCs) derives in part from the

assays used to identify them. Experimentally,

CSCs are usually recognized by their ability to

form tumors upon transplantation, an approach

that leaves unanswered the issue of whether

they also drive self-renewal in situ. In the context

ofmetastasis,however, tumor-initiatingcapacity

(TIC) is a useful functional readout. In their 2007

paper, Hermann et al. studied the determinants

ofmetastasis inpancreaticcancer, a highly lethal

and metastatic disease, and found that CD133

marks cells with enhanced TIC. When they

further subdivided the CD133+ pool into two

subpopulations (based on CXCR4 expression),

the resulting tumors were equivalent in all but

one respect: the CD133+CXCR4+ cells gave

rise to metastases while the CD133+CXCR4�
cells did not. The implication of this work—

regardless of one’s definition of CSCs—is that

phenotypically distinct tumor cells have radically

different functional properties, a concept that

also goes by the less contentious term ‘‘tumor

heterogeneity.’’ The question prompted by this

work, which still endures, is how to leverage

these differences in phenotype and function

for clinical benefit—a problem best solved

with animal models that can mimic this cellular

variation.
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Looking Back: Epigenomics

Our understanding of how changes in epigenomics facilitate reprogramming and lineage specifica-
tion has grown extensively over the last decade. For our tenth anniversary, we asked authors who
cited a selection of our most popular papers in this area about how these studies influenced their
work and the field.

Epigenetic Memories of Fate

Duanqing Pei
GIBH, Chinese Academy of Sciences

On ‘‘Epigenetic Memory and Preferen-

tial Lineage-Specific Differentiation in

Induced Pluripotent Stem Cells Derived

from Human Pancreatic Islet Beta

Cells,’’ by Bar-Nur et al., Cell Stem Cell

9 (1), 17–23, July 2011.

Cell fate is governed by epigenetic mecha-

nisms, but the extent to which a cell’s

epigenetic landscape shifts during reprog-

ramming and differentiation remains unclear.

Nissim Benvenisty and colleagues provided

significant insights into this question when

they derived iPSCs from human beta cells.

Those iPSCs retained residual yet significant

epigenetic features of their cell of origin,

which seemed to provide an advantage for

re-differentiating those iPSCs back into

insulin-producing beta cells.

In our own studies of reprogramming, we

have often encountered a pre-iPSC interme-

diate state (first described by Jose Silva and

Austin Smith). It became clear to us that this

state results from incomplete reprogram-

ming due to excessive H3K9me3 marks, re-

minding us of Bar-Nur et al. We addressed

a question complementary to their findings

and found that residual epigenetic features

could be reduced by vitamin C-dependent

H3K9me3 demethylases. In addition to

providing mechanistic insights into reprog-

ramming, a deeper understanding of persis-

tent epigenetic marks during iPSC reprog-

ramming might allow us to eliminate

epigenetic memory to enhance generation

of desired cell fates from a broader range

of starting cell types.

Defining the Epigenome

Hendrik (Henk) G. Stunnenberg
Radboud University

On ‘‘Distinct Epigenomic Landscapes of

Pluripotent and Lineage-Committed

Human Cells,’’ by Hawkins et al., Cell

Stem Cell 6 (5), 479–491, May 2010.

The 2010 publication by Hawkins et al. is

one of several seminal studies that unequiv-

ocally showed that cells with distinct func-

tions and differentiation state—in this case,

human embryonic stem cells and primary

fibroblasts—have distinct epigenomes. The

study implied a crosstalk among different

histone marks and between certain histone

marks and DNA methylation, and it sparked

our collaborative study with the Meissner

laboratory showing that DNA methylation

prevents H3K27me3 deposition.

Furthermore, the study inspired me and

many of my colleagues to take up the chal-

lenge of comprehensively charting the epi-

genomes of human cell types in health and

disease to provide valuable resources for

the community. The great promise of our

large-scale endeavors was to illuminate the

nature of cell-specific epigenome states in

relation to their cell-type-specific biology

and the variation between individuals, as

well as to ultimately unveil etiologic path-

ways in disease. Studies have now revealed

that the epigenome is not merely a reflection

of the present state of the cell, but also likely

contains imprints of that cell’s progenitor

history and its potential to respond to

intrinsic and extrinsic cues in the future.

Stem Cell Genomes in 3D

Howard Y. Chang
Stanford University

On ‘‘3D Chromosome Regulatory Land-

scape of Human Pluripotent Cells,’’ by Ji

et al., Cell Stem Cell 18 (2), 262–75,

February 2016.

In every humancell, 2mofDNA ispacked into

about a 10-micron-diameter nucleus. The

genome is extensively folded yet packaged

to allow the right genes to be turned on in

the right cell types. Ji et al. mapped the 3D

DNA loops associated with cohesin, a ring-

shaped protein complex, in human ESCs

(hESCs). This work laid the foundational idea

of hierarchical genome folding and showed

that a broad 3D architecture is established in

hESCs, conserved in evolution, and largely

invariant as cells differentiate. Within neigh-

borhoods of DNA loops, enhancers and

gene promoters contact to turn on genes,

which thendynamicallychangewithcell fates.

This work inspired and challenged our

ideas about genome folding. Is the 3D land-

scape really invariant in different cell types,

and is the foundational landscape in hESCs

sufficient to interpret disease-associated

DNA elements? Many inferences in Ji et al.

depended on the number of DNA sequence

reads supporting each fold. We were

inspired to develop HiChIP, a sensitive

method that maps 3D genomes in primary

human cells. We found that disease-associ-

ated mutations perturb enhancer contacts

with gene promoters and show that the

genomic neighborhoods described by Ji

et al. provide essential roadmaps to under-

stand human development and disease.
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Looking Back: Disease Modeling

Over the past decade, the growth of stem cell-based models of human disorders has contributed to
noveldrugdiscoveryandprecisionmedicinepossibilities.Forour tenthanniversary,weaskedauthors
whocitedaselectionofourmostpopularpapers in this areaabouthow thesestudies influenced them.

Engineered Microenvironments

Molly S. Shoichet
University of Toronto

On ‘‘Human iPSC-Derived Oligodendro-

cyte Progenitor Cells Can Myelinate and

Rescue a Mouse Model of Congenital

Hypomyelination,’’ by Wang et al., Cell

Stem Cell 12 (2), 252–264, February

2013.

Oligodendrocte progenitor cells (OPCs) have

generated a lot of excitement in thosewho study

spinal cord injury (SCI), such as Asterias Bio-

therapeutics (who have an ongoing clinical trial)

and the Goldman group, whose 2013 paper

showed that human induced pluripotent stem

cell-derived OPCs promote re-myelination in

dysmyelinated shiverer mice. We too were

excited by the promise of these cells and investi-

gated their potential in a rat model of traumatic

SCI. Faced with big challenges of the field—cell

survival, differentiation, and integration—we

focused on the role of the microenvironment.

In F€uhrmann et al., our paper published last

year in Biomaterials, we asked whether we

could achieve greater success in cell survival

and differentiation by transplanting the cells

in a hydrogel modified with cell adhesion

peptides and cell differentiation/survival factors.

While Wang et al. differentiated their cells for

4–5 months in vitro, we wondered if we could

mature them in vivo with this engineered micro-

environment. The answer to all of our questions

was yes: we achieved greater survival and oligo-

dendrocyte maturation with the hydrogel; yet,

without it, the cells remained tumorigenic. As

Goldman and we have shown, human stem cell

fate can be guided in vitro and in vivo, but cell

maturation is slow, following the timeline of

normal human development.

Forensics for Diseased iPSCs

Bruce R. Conklin
Gladstone Institute, San Francisco

On ‘‘Epigenetic Regulation of Phos-

phodiesterases 2A and 3A Underlies

Compromised b-Adrenergic Signaling

in an iPSC Model of Dilated Cardiomy-

opathy,’’ by Wu et al., Cell Stem Cell

17 (1), 89–100, July 2015.

If Sherlock Holmes were alive today he might

be found searching for the fingerprints of

disease in induced pluripotent stem cells

(iPSCs). Although we first assumed that

modeling arrhythmias in iPSC cardiomyocytes

would provide an easy target for investigation,

we were challenged to quantify the chaotic

arrhythmic signals that emerged from a dish

of cells. Dilated cardiomyopathy (DCM) was

thought to be a much more difficult target since

the disease arises in adults, and iPSC-derived

tissue is immature. Surprisingly, DCM has

been much more compliant to investigation

than we imagined. Wu et al. moved our field

forward by applying a new standard of iPSC

forensics. It was remarkable how a single

mutant cell line yielded phenotypes in imaging,

contractile function, and epigenetic changes.

This pioneering study helped to inspire inves-

tigators world-wide to fingerprint a growing

list of disease gene mutations. Using new

genome editing methods, we can now routinely

compare an allelic series of iPSC-derived

tissues (e.g., cardiac, neural, and immune)

that each differ by as little as a single base

pair. It could still take years before we can

declare, ‘‘The butler did it!’’ but finding the

molecular targets of genetic disease could

be the first important step in devising new

therapies.

Hidden Ab in Alzheimer’s

Tracy Young-Pearse
Brigham and Women’s Hospital

On ‘‘Modeling Alzheimer’s Disease

with iPSCs Reveals Stress Pheno-

types Associated with Intracellular Ab

and Differential Drug Responsiveness-

Disease Modeling and Drug Screening,’’

by Kondo et al., Cell Stem Cell 12 (4),

487–496, April 2013.

Multiple lines of evidence suggest that Ab is

central to Alzheimer’s disease (AD) pathogen-

esis. However, Ab plaque load doesn’t corre-

late well with symptom progression, raising

the question of whether Ab oligomers (‘‘hidden’’

during sole measurements of plaques) are

doing the damage. Kondo et al. compared

neural cells derived from iPSCswith two familial

AD mutations, APP V717L or APP E693D, or

cells from two sporadic AD subjects. In agree-

ment with prior studies of many familial AD

(fAD) mutations, V717L elevated extracellular

levels of Ab with increased proportion of longer

Ab. Intriguingly, neurons from E693D and one

sporadic AD (sAD) subject showed decreased

extracellular Ab and elevated intracellular Ab

oligomers. At the time, our group was studying

another fAD APP mutation and we observed an

effect on Ab identical to that observed with

V717L. While the congruence of this data was

encouraging, the differences reported with

E693D and sAD cells changed our way of

thinking about the potential for Ab to take

multiple routes to pathology and inspired our

ongoing studies of dozens of sAD lines to inter-

rogate AD heterogeneity. Importantly, one goal

to model AD was to create plaques in a dish.

This and other studies suggest that attention

is shifting instead to Ab oligomers as the critical

feature to study in our cellular models.
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Looking Back: Aging and Regeneration

Developing our understanding of how stem cell decline contributes to aging and its associated
diseases promotes promising approaches to enhance stem cell regenerative capacity. For our
tenth anniversary, we asked authors who cited a selection of our most popular papers in this
area about the broad influences these studies have had.

Decoding HSC Aging Signatures

Catriona Jamieson
University of California, San Diego

On ‘‘Epigenomic Profiling of Young

and Aged HSCs Reveals Concerted

Changes during Aging that Reinforce

Self-Renewal,’’ by Sun et al., Cell Stem

Cell 14 (5), 673–688, May 2014.

The study of cell-autonomous hematopoietic

stem cell (HSC) and progenitor cell aging mech-

anisms has been hampered by the relative

paucity of cells in these populations. However,

recent advances in RNA sequencing and epige-

nomic technologies have enabled a compre-

hensive analysis of these relatively rare subpop-

ulations. By profiling the transcriptome, DNA

methylome, and histone modifications in young

and aged mouse HSCs, Professor Goodell and

colleagues made the seminal discovery that

reduced TGFb signaling and increased DNA

methylation altered aged HSC maintenance.

This pivotal study provided the requisite biologic

insight for our subsequent whole-transcriptome

RNA-sequencing-based splicing analysis of

young and aged human hematopoietic stem

and progenitor cells. As a consequence, we

were able to discern splice isoform signatures

of benign versus malignant human HSC and

HPC aging that highlighted the unique thera-

peutic vulnerability of leukemia stem cells

(LSCs) to a selective splicing modulator (Crews

et al., Cell Stem Cell, 2016). In keeping with the

paper by the Goodell group, we found that

regulated reinforcement of self-renewal is an

essential property of aged HSCs and can

be used to distinguish them specifically from

LSCs, thus guiding future diagnostic and thera-

peutic LSC eradication strategies.

CNS-Immune Rejuvenation

Saul Villeda
University of California, San Francisco

On ‘‘Rejuvenation of Regeneration in

the Aging Central Nervous System,’’

by Ruckh et al., Cell Stem Cell 10 (1),

96–103, January 2012.

Restoring regenerative capacity in the aging

central nervous system (CNS) provides an

exciting approach to counteract functional

decline in the elderly. In their 2012 paper,

Ruckh et al. used a toxin-induced demyelin-

ation mouse model in combination with hetero-

chronic parabiosis (in which the circulatory

systems of a young and old animal are joined)

to investigate whether exposure of aged oligo-

dendrocyte precursor cells (OPCs) to a young

systemic environment could rejuvenate remye-

lination in the aged CNS. The authors demon-

strated that young circulating macrophages

infiltrating the aged spinal cord reversed

impairments in remyelination by promoting

OPC proliferation and differentiation to oligo-

dendrocytes. These findings, in the context of

a growing body of work, challenge presup-

posed dogma that the aged CNS is limited in

its ability to combat the effects of aging due

to a lack of inherent regenerative capacity.

More broadly, this study highlights CNS-

immune interactions as potential mechanisms

mediating CNS rejuvenation. Indeed, several

investigations have since been prompted by

this study in the burgeoning field of neuroimmu-

nology, with a focus on identifying individual

circulating immune cells and factors in blood

as potential targets to reverse brain aging.

Human Aging in a Dish

Clara I. Rodrı́guez
BioCruces Health Research Institute

On ‘‘Human iPSC-Based Modeling

of Late-Onset Disease via Progerin-

Induced Aging,’’ by Miller et al., Cell

Stem Cell 13 (6), 691–705, December

2013.

The study of the human aging process

is hampered by its complexity and the use of

animal models with species-specific patterns

of aging. Relevant experimental models of

human aging without interspecies discrep-

ancies are needed in order to understand the

molecular mechanisms governing this process.

Miller et al. published a brilliant study in Cell

Stem Cell demonstrating that the expression

of an aberrant precursor of the Lamin A protein,

named progerin, is essential to reveal late-

onset aging features in disorders that require

both aging and genetic predisposition. This

idea was a key point in our research and sup-

ported our findings in which the pathological

accumulation of another precursor (prelamin

A) of the same protein triggers early-onset

aging features in human adult stem cells. The

confluence of Miller et al. and our work, which

emulate late and early aging stages in vitro

and in vivo, respectively, demonstrates the

relevance and potential of experimental models

covering the age spectrum. Moreover, Miller

et al.’s groundbreaking approach opened up

previously unrecognized avenues of iPSC

research, and it paved the way for new experi-

mental models of aging, which have been and

will continue to be vital in understanding the

human aging process.
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Looking Back: Single-Cell Analysis

Over the past few years, burgeoning single-cell analyses platforms have unlocked access to previ-
ously unobtainable biological information about stem cell populations. For our tenth anniversary,
we asked authors that cited a selection of our most popular papers in this area about how these
studies influenced their work and the field.

Empowering Stem Cell Studies

Guangdun Peng
SIBCB, Chinese Academy of Sciences

On ‘‘Combined Single-Cell Functional

and Gene Expression Analysis Resolves

Heterogeneity within Stem Cell Popula-

tions,’’ by Wilson et al., Cell Stem Cell

16 (6), 712–724, June 2015.

The advent of single-cell gene expres-

sion analysis, particularly single-cell RNA

sequencing, has revolutionized the study of

stem cell heterogeneity in an unbiased

manner. When it’s combined with conven-

tional functional characterization, novel

properties of cells or novel cell types can

be elucidated in unprecedented detail. Wil-

son’s work details an insightful exploration

of self-renewing HSCs by integrating flow

cytometric index sorting, single-cell anal-

ysis, and functional validation. Their work

shows that while FACS index-sorting based

on widely used surface markers enriches

for HSC populations with decent functional

purity, a high degree of diversity within the

isolated cell groups can be distinguished

by single-cell analysis. This experimental

paradigm suggests caution in characterizing

stem cells in complex tissue environments.

In our work, we therefore added a spatial

dimension, via laser-capture microdissec-

tion of discrete cell populations, to the tran-

scriptomic analysis of mouse gastrulation

to provide a high-resolution analysis of cell

fate allocation in their native context. By inte-

grating such positional information we hope

to address some of the complications arising

from heterogeneity within morphologically

indistinguishable stem cell populations high-

lighted by Wilson et al.

Cascading Cell Lineages

Boaz P. Levi
Allen Institute for Brain Science

On ‘‘Single-Cell RNA-Seq with Waterfall

Reveals Molecular Cascades underlying

Adult Neurogenesis,’’ by Shin et al., Cell

Stem Cell 17 (3), 360–372, September

2015.

The diversity of cell types in the brain and the

origins of those cell types have fascinated

biologists for more than a century. Single-

cell transcriptomics now allows biologists

to classify cell types based on the high-

dimensional gene expression profiles of

single cells. Shin and colleagues were

some of the first to use single-cell RNA-seq

to analyze the process of neurogenesis.

Nestin+/� hippocampal cells were isolated

and their gene expression profiles were

used to organize the cells into a ‘‘pseudo-

time,’’ a predicted ontogenetic trajectory,

using a new pipeline of algorithms they

named Waterfall. This paper was influential

in our group in three ways: (1) it shows, along

with other groups, that single-cell gene

expression data could be used to infer

lineage trajectories; (2) it laid the challenge

to develop algorithms to generate pseudo-

times that model lineage bifurcations; and

(3) it identified newmarkers for hippocampal

progenitors that were later also found to

mark outer radial glia from the developing

human neocortex, suggesting a conserved

molecular mechanism. This paper stands

as a landmark in the fields of single-cell tran-

scriptomics and neurogenesis by generating

a new way to analyze developmental trajec-

tories with Waterfall and building a deeper

understanding of neurogenesis.

Hunting for Progenitors

Wuming Gong
Lillehei Heart Institute, University of Minnesota

On ‘‘De Novo Prediction of Stem Cell

Identity using Single-Cell Transcriptome

Data,’’ by Gr€un et al., Cell Stem Cell 19

(2), 266–277, August 2016.

Revealing progenitor cell populations and

reconstructing lineage hierarchies are the

most challenging aspects of single-cell tran-

scriptome studies, due to high levels of

heterogeneity and technical noise within

single-cell RNA-seq data. Recently, Gr€un

et al. developed a novel algorithm called

StemID that accurately identifies stem cells

in single-cell transcriptomic datasets. They

first inferred lineage trees using guided

topology based on robustly determined cell

types and then ranked each individual cell

according to a quantitative StemID score

that took into account both the positions on

the inferred lineage tree and the uniformity

of the transcriptome. Thus, StemID provides

a unique approach to detect rare stem cells

across multiple developmental lineages in

relation to other pseudotime inference

algorithms for deriving differentiation trajec-

tories. We were inspired to develop

a complementary approach that does not

require prerequisite knowledge of such

trajectories, and we recently reported

a methodology based on metagene entropy

that also accounts for dropout events in the

dataset. While these approaches each

have advantages and disadvantages, they

highlight the power of single-cell RNA-seq

for studying development and stem cell

biology.
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Advances in Organoid Technology: Hans Clevers,
Madeline Lancaster, and Takanori Takebe

In an interview with Cell Stem Cell for our tenth anniversary, Drs. Hans Clevers, Madeline Lancaster, and Ta-
kanori Takebe discuss the most exciting organoid applications, remaining hurdles to more widespread tech-
nology adoption, and promising opportunities.

What major breakthroughs in
organoid technologies have most
inspired your research? What do
you find most exciting about
this field?
HC:Our attempts to grow adult stem cells

were inspired by Howard Green who

described the first long-term culture of

normal human keratinocytes in 1975.

As in the epidermis, cell division was

confined to the basal layer, while superfi-

cial layers consisted of terminally differen-

tiating keratinocytes that developed a

cornified cell envelope. This led to the

first successful treatment of two third-de-

gree burn patients with cultured autolo-

gous keratinocyte sheets in 1980. What

has amazed me is that—despite Green’s

experiments—it was generally believed

at the time of our first mini-gut experi-

ments some 30 years later that adult

stem cells cannot be grown in culture.

We noted that gut stem cells divide every

day. Combined with Green’s example,

this convinced Toshi Sato to try to grow

the gut stem cells in a dish, even if his

fellow postdocs strongly advised him

against the project.

ML: I would say that the work of Yoshiki

Sasai and Hans Clevers’ labs in particular

had the biggest influence on my work and

the development of our cerebral organoid

method. Beforewe got started in this field,

the Sasai labwasworking on neural differ-

entiation in vitro and trying to model it as

close to in vivo as possible. Yoshiki Sasai

was truly a pioneer in this field and tragi-

cally is no longer with us, but his work

will continue to influence ours and the

field in general. Hans Clevers’ lab was

the first to describe a true organoid as

we define it today, namely the de novo

development of 3D self-organizing tissue

in vitro from stem cells. He and Toshiro

Sato used an extracellular matrix gel,

called Matrigel, to do so. This work

inspired us to test Matrigel for 3D neural

differentiation, and it similarly led to the

development of beautiful brain organoids.

Within the brain organoid field, disease

modeling applications have perhaps been

the most successful, showing that neural

organoids can model a broad array of

neurodevelopmental disorders such as

microcephaly, autism, lissencephaly,

and more recently Timothy syndrome.

They have even been used to investigate

Zika virus infection and its effects on fetal

brain development. But we are also very

interested in using brain organoids to

study more specifically human brain

development, as compared with other

species. For the first time we can now

ask, what makes our brains special or

different? That gets me very excited!

TT: Organoids provide really exciting

opportunities, because they can serve

as a converging platform for evolving

technologies such as gene editing, bioen-

gineering, imaging, optogenetics, next-

generation sequencing, and artificial intel-

ligence, so that we can ask previously

inaccessible questions, especially in hu-

mans. It reminds me of the concept of

the singularity, which is a well-known hy-

pothesis in the artificial superintelligence

field that would result in an exponential

technological advancement. However, in

this case, it would be the singularity

around organoid technology.

Dr. Sasai and his colleagues’ series of

organoid technologies embody this sin-

gularity very well. His proposed concept,

cytosystems dynamics, resolved the

controversial developmental mechanism

of eye cupmorphogenesis with organoids

by introducing gene editing, in toto imag-

ing, physical measurement, and mathe-

matical modeling approaches.

What do you view as the main
advantages of 3D organoids over 2D
cultures? What are some specific
applications or biological questions
that can only be addressed with
either 3D cultures or 2D cultures?
ML: It’s always important to ensure that

you use the best method for the question

at hand. In that respect, I think 3D and 2D

methods are very complementary. 3D or-

ganoids excel at recapitulating complex

processes of tissue morphogenesis,

Hans Clevers
Hubrecht Institute, Netherlands

Madeline Lancaster
MRC Laboratory of Molecular Biology

Takanori Takebe
Cincinnati Children’s Hospital
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such as cell movements and differentia-

tion, in a spatially restricted confirmation

that mimics the organ in vivo. However,

because these self-organizing processes

lack the external guidance that is present

in an embryo, there are a lot of stochastic

processes at play, and therefore a high

level of heterogeneity. 2D cultures instead

provide a more homogeneous configura-

tion, and certain 2D cultures, like neural

rosettes, can actually still recapitulate

the cellular population and stem cell

lineage, allowing investigation of cell fate

in a simpler format. Thus, 2D systems,

at least for now, are more appropriate

for higher-throughput applications that

require homogeneity from well to well,

such as drug screening.

TT: The main advantage of organoids

is their structural sophistication, which

encompasses multiple lineages through

a self-driven or nature-mimicking pro-

cess. This self-organization enables us

to investigate questions related to devel-

opmental morphogenesis and model

higher-order human organ functions,

facilitating mechanistic understanding of

human physiology.

Organoids can also be useful in future

drug screening applications for assessing

efficacy and safety. For instance, hepato-

toxicity, which is one leading cause of

drug attrition, is often accompanied by

dysfunction in the bile transport system,

but it is difficult to predict or model these

events in an animal or 2D human cell

model. These challenges can be poten-

tially addressed with the use of a special-

ized organoid.

Transplantation of organoids also ap-

pears very promising. Several organoid

transplants that have already demon-

strated efficacy against dysfunctions

have been reported in the endocrine sys-

tem, gut, and liver, which are organs

where it is often difficult to achieve thera-

peutic efficacy with 2D-derived cell

transplantation.

HC: The first classical 2D cell lines,

such as HeLa, were established some

60 years ago. Such cell lines are almost

invariably derived from cancers rather

than from healthy tissue. Even so, suc-

cess rates of establishing new 2D cell

lines have been exceedingly low. 3D orga-

noid technology has now been developed

for a large series of healthy as well as

diseased human tissues. This offers a

unique opportunity in that organoids can

be established from any healthy or

diseased individual. The consequent 3D

organoids can serve as avatars of the

pertinent patient: many drugs can be

tested simultaneously on the organoids,

after which the best drug is then given to

the patient. This approach is already prac-

ticed for cystic fibrosis patients in the

Netherlands.

Variability seems to be a key issue
when it comes to building complex
3D structures. What do you think
are the biggest challenges to
producing organoids at scale and in
a standardized manner, and do you
have any thoughts on how this can
be addressed?
TT: The cell source is very important, and

in order to reduce variability, it may be

helpful to use defined progenitors rather

than pluripotent stem cell aggregates.

Also to minimize variability, the culture

medium and matrix needs to be well-

defined. These cell culture optimization

efforts will likely be boosted by high-

resolution non-invasive sensing technol-

ogy (monitoring parameters such as

morphology, temp, pH, oxygen, proteins,

etc.) coupled with amachine learning pro-

cess. In terms of producing organoids at

scale, at least partial automation will be

required. Either automation or other inno-

vations will be necessary for optimizing

target tissue isolation, since current

methods involve time-consuming manual

dissection or low-throughput sorting.

Furthermore, there have been few efforts

into improving delivery logistics, such as

optimizing the preservation and transport

of organoids, but this parameter will be

very important in future efforts.

However my overall impression is that

the critical problem is not the approach

of how we can address this, but more

the recruitment of the best person to

work on this crucial, yet possibly low-

hanging-fruit, process. Methods to incen-

tivize or cultivate the people dedicated to

this goal are a real challenge. This may be

resolved through greater collaborations

with government and industry.

HC: I would argue that inter-organoid

variability is a particular issue for organo-

ids derived from pluripotent stem cells

(i.e., ESCs or iPSCs). A typical protocol in-

volves a succession of culture conditions

that mimic fetal development and yield a

variety of end products that each may

represent different parts of—let’s say—

the human brain. Adult stem cell-based

organoids (for instance mini-guts) are

much more homogeneous: they are

immediately formed when the stem cells

are plated and continuously expand as or-

ganoids that retain a constant composi-

tion of stem cells, transit-amplifying

daughter cells, and the various differenti-

ated cell types of the pertinent tissue.

For drug screening purposes, large

batches of organoids can be easily ob-

tained, yet a critical parameter has been

the generation of homogeneously sized

organoids. Seeding of small organoid

fragments followed by brief expansion

and subsequent size-filtering generates

organoid batches that are readily appli-

cable for medium-throughput robotized

drug screening.

ML: Indeed, the strength of organoids,

that they are self-organizing, is also their

weakness. Because they follow intrinsic,

but stochastic, programs of development,

there is a lot of heterogeneity. But organs

in vivo also develop according their own

intrinsic developmental programs and still

reproducibly generate the same overall

shape and structure from individual to in-

dividual. So I think there must be a way to

achieve reproducibility while maintaining

the self-organizing complexity that sets

organoids apart. As a developmental biol-

ogist, I think the most promising way for-

ward will be to try to mimic the surround-

ing embryonic tissue of the developing

organ, and in that way, provide guidance

cues to spatially inform those intrinsic

processes.

What are the ethical considerations
specific to human organoids and
their applications that we need to
keep in mind with this emerging
technology?
ML: Because human neural organoids

allow the study of features and disorders

unique to the human brain, there may be

concern that they could show features of

human cognition and even conscious-

ness. While most neuroscientists would

agree that this is virtually impossible with

the current methods because of their

overall random configuration and lack of

sensory input, who knows what the future

may hold. Perhaps future methods will

enable more complete brain organoids

with proper conformation and sensory

input. Indeed, very recent work has now
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demonstrated the presence of light-sensi-

tive retinal cells capable of stimulating

neural networks within brain organoids.

But I still think it’s highly unlikely that

they would ever be capable of anything

close to human cognition.

HC: The main ethical issue of adult

stem cell-derived organoids surrounds

the indefinite expansion potential of cells

from an individual and the consequent un-

controlled spread of the cells to labs in

academia and industry around the globe.

This is exactly the issue that has plagued

the classical HeLa cell line for decades,

as described by Rebecca Skloot in her

book ‘‘The Immortal Life of Henrietta

Lacks,’’ and also holds for iPSCs.

TT: Depending on the objective, we as

a society should carefully discuss the

relevant ethical issues involved. For

instance, recent progress in modeling

embryogenesis is remarkable, but its po-

tential to give rise to a full conceptus is

of ethical importance and concern.

What additional challenges do you
think need to be addressed as uses
of organoid technology for studying
stem cell biology move toward
therapeutic development and
continue progressing?
TT: Recapitulation of organ-organ con-

nectivity is a fundamental challenge.

Some examples include connections of

liver to biliary tract, kidney to urinary tract,

lung to airway tract, and brain to periph-

eral nervous system. To be more physio-

logically relevant, all tissue needs a func-

tional connection to the neighboring

system.

For therapeutic applications, safety

evaluation is the most challenging. The

ex vivo cultivation process is very artifi-

cial, which entails a risk of abnormal

events at the genetic level. Therefore, we

need to address possible disturbances

to genomic and epigenomic integrity and

whether there is an extent to which this

is acceptable and balanced by therapeu-

tic benefit.

HC: Rapid progress is already being

made in the diagnostic use of patient-

derived organoids for personalized medi-

cine. For therapeutic applications, the

main challenges will be as follows. (1)

The definition of criteria for safety: we

have essentially no experience with thera-

peutic use of stem cells that have been

significantly expanded in vitro. (2) The

development of efficient routes for deliv-

ery of cultured organoids into the recipi-

ent’s affected organ.

ML: At present, organoids derived from

pluripotent stem cells represent early

stages in development, but in order to

investigate disorders that affect the aging

organ, such as neurodegeneration, it will

be important to find a way to mature and

age the cells within these tissues. One

approach has already been developed in

the lab of Lorenz Studer to induce aging

in neurons in vitro by introducing a muta-

tion associated with the premature aging

disorder Progeria.

Another major obstacle is the issue of

nutrient supply. All organoids have a

limited size because they lack vasculature

and rely entirely on the culture media in

which they are bathed. We have been

able to improve nutrient exchange and

quite significantly increase the size of

brain organoids, up to 4–5 mm in diam-

eter, by placing them in a vessel with

agitation. However, this does not replace

the need for blood vessels to deliver nutri-

ents and oxygen to the internal regions of

these tissues. Finding a way to overcome

this hurdle would allow for better recapit-

ulation of later development and would

also be a necessity in developing more

complete organoids.

Do you think any specific
applications or tissue types have
near-term therapeutic potential, for
example in cell replacement?
ML: I see the most immediate therapeutic

potential of organoids in modeling human

disease and testing drug candidates.

Intestinal organoids are already being

used for testing personalized treatments

for cystic fibrosis. This trend of generating

mini-organs from a patient’s own cells for

developing personalized treatments will

certainly increase in the near future. There

is also enormous potential for organoids

in performing more general drug

screening in a truly human system that

more closely mimics the in vivo situation

than typically used cell lines.

TT: A patient battling a disease with no

known cure may be an excellent candi-

date for a near-term organoid transplan-

tation treatment.

It may take a very long while to perfectly

evaluate organoid safety for transplanta-

tion, but in the meantime, many patients

are in desperate need of treatment. Within

a 5 year timeline, my team is planning to

treat children with severe congenital liver

disorders with liver organoid therapy.

HC: Two examples spring tomind. Both

involve sheets of cells that may not be

considered definitive organoids, yet they

come close. (1) Several institutions are

pursuing the generation of retinal pigment

epithelium from pluripotent stem cells for

age-related macular degeneration; trials

are in progress. (2) Stratified epithelia

such as the epidermis and cornea are

already replaced by sheets of epithelium

that are grown from adult stem cells.

Originally developed by Howard Green,

Michele de Luca and co-workers have

carried this work forward.

What do you think are the major
advantages and disadvantages of
organoids over other drug
screening or tissue engineering
technologies such as 3D bioprinting
or organ-on-a-chip?
HC: Organoids harbor the right cells, but

they may lack the macro-architecture of

organs. Engineers can design such

macro-architectures but may be naive in

terms of the stem cell types that should

populate their designs. The ultimate way

forward will blend organoid technology

with bioprinting/engineering approaches.

ML: The biggest strength of organoids

in my view is the fact that they are self-

organizing. Because they essentially build

themselves with little external interfer-

ence, just like an actual organ, they

can recapitulate many of the complex

cellular interactions of the organ they are

modeling. 3D bioprinting and organ-on-

chip technologies are instead engineered

constructs. As a result, they are more

consistent from construct to construct,

and therefore represent good options for

higher-throughput drug screening. How-

ever, being completely manmade and

therefore limited to our own knowledge

about the organ, they may not represent

the full repertoire of cell types or intri-

cacies of the diseased organ. Thus,

although organoids are perhaps not ideal

for high-throughput drug screening, at

least at present, they may represent a

better system for smaller-scale targeted

studies, such as those aimed at under-

standing disease mechanisms and identi-

fying good candidate drug targets.

TT:Organoid formation is a self-depen-

dent process and more importantly, a
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‘‘context’’- dependent process. We need

a lot of intervention at the right time and

location, and with the correct objectives.

However, we often do not pursue enough

opportunities to collaborate with bioengi-

neers. To this aim, we should identify an

engineerable need in our current subopti-

mal process and work toward finding a

solution with bioengineers to dramatically

improve the accuracy and efficiency of or-

ganoid approaches.

Where do you see thefieldmoving in
the next 10 years? Are there
promising technologies that would
be beneficial to combine with
organoids, or are there tissues and
applications that have not been
sufficiently explored?
ML: Certainly the most pressing issue to

be addressed will be that of reproduc-

ibility. This will require increased under-

standing of how organoids develop and

then using that knowledge to control

their development and refine the tech-

nology. In order to not only improve repro-

ducibility but also tackle issues like

vascularization and tissue patterning, we

will need a highly interdisciplinary and

collaborative approach that will require

collaborations across stem cell biology,

bioengineering, and materials science.

For example, microfluidics might provide

a route toward vascularization while novel

materials could provide just the right

environment for tissue patterning. I hope

that we can combine the strongest

qualities of the available technologies

to develop really novel organoid-based

approaches.

HC: We will see the creation of ever

more complex organoids by the incorpo-

ration of non-organ-specific components

such as blood and lymph vessels, ner-

vous elements, immune cells, or the

microbiome. We will see how such com-

plex organoid systems will increasingly

replace animal experimentation and will

allow detailed, experimental analyses of

human (patho-)biology. And we will wit-

ness the continuing integration of stem

cell biology with tissue engineering, even-

tually resulting in the creation of safe,

transplantable (mini-)organs.

TT: Organoid technology can be a

powerful tool for investigating pheno-

typic anthropology. Similarly to studying

fossils, if we are able to study organoids

recapitulating earlier evolved species,

we might be able to learn new methods

for evolving organoid technologies for

specific applications or evolving orga-

noids to have particular desirable char-

acteristics. Another exciting application

is using knowledge gained from other

species to engineer ‘‘hybrid’’ organoids.

For instance, researchers are already

starting to introduce bacteria into orga-

noids, and I imagine that gene editing

efforts to partially model the resilience

of specific species will impact this field.

Lastly, I am also very interested in the

convergence of organoids and digital

technology. I envision that organoids

will start to include micromachines,

which can enable precise detection of

physiological changes or perhaps act

as safeguard switches in vivo after

transplantation. For instance, a digita-

lized drug micro-carrier within a trans-

planted organoid can be induced to

destruct the tissue in a specific location

and time under particular emergent

conditions.
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The Future of Genome Editing:
Kiran Musunuru, Danwei Huangfu, and Stanley Qi

In an interviewwithCell StemCell for our tenth anniversary, Drs. KiranMusunuru, Danwei Huangfu, and Stan-
ley Qi discuss the rapid technological advancements and their scientific, societal, and industrial implications.

Genome editing is a very exciting
and rapidly advancing field. What
inspired you to get involved in this
field and apply it in stem cell
research?
KM: I originally became interested in stem

cell research about 10 years ago because

I wanted to use a human model system to

study the effects of human genetic varia-

tion, particularly the findings of genome-

wide association studies (GWAS). In light

of the poor conservation of noncoding

genomic regions across species, stan-

dard animal models such as mice have

significant shortcomings. Human pluripo-

tent stem cells (hPSCs), which have

normal human genomes and the capacity

to be differentiated into cell types relevant

to diseases, seemed like a promising

model system. However, hPSCs were

only going to be useful if they could be

easily genetically modified; otherwise it

was going to be difficult to discern any

phenotypes resulting from any single ge-

netic variant.

A singular disadvantage of hPSCs at

that time, 10 years ago, was that they

were difficult to genetically modify,

certainly much more difficult than mouse

embryonic stem cells. That has changed

dramatically with the availability of

genome-editing technologies. Over the

past 10 years, I have been working

with each genome-editing tool as it

has emerged—zinc-finger nucleases,

TALENs, and most recently, CRISPR-

Cas9 systems. Now the genetic modifica-

tion of hPSCs for the purpose of disease

modeling has become routine in many

laboratories.

DH: When I started my lab a few years

ago, many people had already started us-

ing hPSCs to model human disease.

However, it was clear that to fully harness

the power of stem cell biology, one needs

a powerful genetic platform in hPSCs.

This motivated us to adopt the emerging

genome editing tools at the time (i.e.

TALENs and CRISPR-Cas) and utilize

them for functional human genetics. In

particular, we have developed iCas9

hPSC lines that inducibly express Cas9

(the iCRISPR system), which offers an

efficient yet simple solution for routine

genome editing to researchers of different

skill levels, and we have now distributed

iCas9 hPSC lines to around 100 labs.

Although we were motivated by the bio-

logical questions that this system could

address instead of the technology itself,

we are pleased to have made some

contribution to genome editing in hPSCs.

SQ: I am a physicist-turned-synthetic-

biologist and bioengineer. My interests in

stem cell research originated from my

background in synthetic biology, focusing

on rational design of the genome to

generate powerful synthetic cell func-

tions. One of my research goals is to one

day precisely control the fate of stem cells

to treat damaged cells or organs via

rational design and engineering. How-

ever, stem cells are very complicated

and hard to control. As it was said in

Confucian Analects, ‘‘A workman must

sharpen his tools if he wants to do his

work well.’’ Better tools and technologies

are needed, and I was inspired to take up

the challenge. Genome editing is a power-

ful tool to precisely engineer stem cells for

disease modeling and for developing

therapeutics.

What do you think are the most
exciting advances and promising
applications of genome editing in
stem cells?
SQ: There are many exciting advances

and promising applications. One exciting

application is the use of genetically engi-

neered stem cells to repair damaged tis-

sues and organs. For example, stem cells

have been used in clinical trials for treating

neurodegenerative diseases such as

Amyotrophic Lateral Sclerosis, curing

joint injury and arthritis, and regenerating

cardiac tissues. Another application is in

the study of disease mechanisms using

patient-derived stem cells. Technologies

such as CRISPR allow us to introduce

genetic mutations or epigenetic modifica-

tions and modulate gene expression in

stem cells for any gene in a high-

throughput manner, which provides

comprehensive approaches for the study
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of disease mechanisms. Yet another

exciting application is to possibly one

day, via genome editing, create ‘‘univer-

sal’’ stem cells that can be used in any

patient without immune rejection for re-

pairing organs. It will be exciting to see

commercialized ‘‘cell drugs’’ using univer-

sal stem cells to regenerate any organ in

any patient.

KM: Disease modeling, without a

doubt. We are now in a good position to

move away from a study design I have

always felt was flawed—comparing un-

matched induced pluripotent stem cell

(iPSC) lines from patients with disease

with those of healthy individuals. There

are simply too many differences with

respect to genetic background, epige-

netics, etc. for such comparisons to be

rigorous. I think they are fine for explor-

atory studies to generate hypotheses,

but not for drawing any firm conclusions

about diseasemechanisms.With genome

editing, it is straightforward to generate

matched isogenic hPSC lines that differ

only with respect to a single genetic

variant. We can now compare apples to

apples to apples, rather than apples to

oranges to pears.

Also exciting is the ability to perform

functional and therapeutic screens with

patient-specific iPSC lines. With genome

editing, it is straightforward to insert

reporter genes into genetic loci of

interest, which enables high-throughput

screening. On the other hand, CRISPR-

Cas9 is well suited to perform locus-

wide or genome-wide screens for genetic

regulatory mechanisms that modify

expression of the reporter genes as a

complementary approach to standard

small-molecule screens. So it is now

within our means to use iPSCs as tools

for precision medicine.

DH: I’mmost excited about three areas.

The first is combining the CRISPR-Cas

technology with the ability of stem cells

to self-renew and differentiate for large-

scale forward genetic screens. One may

be able to take this approach to the next

level by combining genome editing with

single-cell sequencing-based technolo-

gies, using methods such as Perturb-

seq. The second area is further utilizing

the huge amount of information already

available from GWAS and applying

genome editing in hPSCs to identify dis-

ease-causal variants. The third area is

better utilizing genome and epigenome

editing tools to investigate epigenetic

mechanisms, engineer cell fate, and

develop therapeutics.

What do you think are the biggest
challenges associated with
deploying genome editing
technologies toward studying stem
cell biology and developing
therapeutic applications?
DH: First, precision editing remains rela-

tively inefficient, and this constrains

therapeutic applications that require

correction of a mutated sequence back

to wild-type in a sufficient number of

cells to achieve a favorable clinical

outcome. Second, the efficiency of using

paired gRNAs to generate large dele-

tions is also relatively low compared to

that of creating indels using single

gRNAs. This can limit large-scale

screening efforts, even though such

screens have been performed. Many dis-

ease-associated genetic variants are

found in the noncoding genome, the

study of which requires deletion of larger

DNA sequences. Finally, to directly cor-

rect disease-causing mutations in a pa-

tient’s somatic cells, one needs to further

optimize the delivery of CRISPR-Cas and

in some cases also ensure spatiotem-

poral precision.

SQ: There are several challenges with

deploying genome editing technologies

in stem cells: efficiency of precise

genome editing, the off-target effects of

editing, the delivery method, and dynamic

control of the engineering process.

At the moment, efficiency of precise

genome editing (accurately deleting, in-

serting, or replacing a genome fragment)

is somewhat low and not suitable for

most therapeutic applications. We are

very good at engineering nucleases,

which are the molecular scissors that

can cut the genome. However, we are still

incompetent at controlling another side of

genome editing: how cells repair the cuts

usingDNA repair systems. Understanding

and manipulating the DNA repair mecha-

nism is key to improving editing efficiency

in the future.

Off-target effects of genome editing

remain a concern for therapeutics. Off-

target editing refers to those undesired,

non-specific mutations that have been re-

ported for all current genome editing

tools. This is particularly a concern for

stem cells, as these cells will actively pro-

liferate and off-target mutations may

cause tumors.

Another limitation is the low efficiency

of delivering genome engineering mole-

cules into stem cells. Aside from viruses,

there are few efficient methods to safely

and robustly deliver genetic materials

into different types of stem cells.

Finally, a future goal is to achieve

controllable genome editing in stem cells.

Is it possible to modify the genome of

stem cells only at a certain stage during

stem cell differentiation? How can we

reverse the modifications when we no

longer need them? Currently, genome en-

gineering methods for epigenetic or

transcriptional regulation of the genome

provide more control over reversibility

and inducibility.

KM: As anyone with a working knowl-

edge of genome editing can tell you, it is

much harder to introduce a precise ge-

netic alteration into cells than it is to

simply knock out a gene or a noncoding

regulatory element. If we want to rigor-

ously study complex, polygenic diseases,

we really need to be able to make a num-

ber of precise genetic alterations all at one

time. Genome-editing technologies have

not yet developed to the point where

that is feasible.

What are your views on sharing
human genomic data for research
purposes, andwhat do you think are
practical approaches for sharing?
SQ: Some major benefits for sharing hu-

man genomic data are to promote

engagement of the whole scientific com-

munity, encourage transparency in

research, avoid redundant work, and

enhance the efficiency of developing

new therapies to improve human health.

As it takes massive effort to generate,

store, and analyze human genomic data,

sharing among the scientific community

allows discovery of new disease mecha-

nisms and treatment using data science.

The practical approaches should be

under tight regulation and managed by

funding agencies, research institutions,

and research labs themselves. Misuse of

personal genomic data violates privacy,

security, and human rights. For example,

it is important to consider how we can

protect personal privacy and prevent ge-

netic discrimination by employers and in-

surance companies. However, it may be

difficult to share data across different
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countries with varying regulations. One

approach might be jointly drafted guide-

lines by the US FDA and its equivalents

in the EU/China/Japan.

KM: Human genomic data should be

openly available to all interested investi-

gators, with the appropriate patient

protections in place. I believe that

‘‘ownership’’ of genomic data lies more

with the patients from whom the data

were obtained, rather than the funders,

the investigators, and the journals. I think

that current initiatives to make such

data broadly available, with minimal

impediments, are a step in the right

direction.

DH: Sharing human genomic data is of

critical importance as long as we ensure

the privacy of the subjects. I’m not an

expert in this area, but a lot of effort needs

to be devoted to make sure that the data

are secure and not misused. On the other

hand, we need to make sequence data

available along with the clinical symptoms

from the associated patient for disease

studies. Ideally one needs an integrated

system for data sharing so that if a

researcher is interested in type 2 dia-

betes, all genomic data associated with

type 2 diabetes patients are available in

one place. We need to make the data

easily accessible so that they can be uti-

lized not only by experts, but also the

larger scientific community. To facilitate

data access by the scientific community,

user-friendly computational tools need

to be developed and made available

along with the shared genomic data, and

we need to provide training, ranging

from basic to advanced levels, tailored

to scientists with different skills, back-

grounds, and needs.

There are ongoing debates about
gene editing in the embryo, such as
if and when it is permissible. What
are some ethical considerations
that you think need to inform future
decision-making on these issues?
DH: With rapid technological develop-

ment and innovation, gene editing in hu-

man embryos will be efficient and safe

enough one day. So the question is shall

we do this if all technical issues are

addressed, and for what purpose. One

may argue that we need to edit human

embryos to understand early human

development, which may help us to find

ways to prevent early pregnancy miscar-

riage or perhaps simply to unlock the

mystery of life. One may also argue that

it’s important to correct disease-causing

mutations, so that a healthy baby can be

born, whereas the alternatives would be

either to do nothing or to conduct preim-

plantation genetic diagnosis and discard

embryos that carry the mutation. One

may even argue that we can edit human

embryos to give them a desirable trait,

say a genetic trick that makes humans

live longer. Finally, we might also debate

about editing germ cells in an adult, and

consider in what ways the latter differs

from editing embryos or editing adult

somatic cells. There will be different

answers and strong feelings from people

when discussing these questions. I think

it’s important to keep the discussion

open regardless of our personal views.

To me, it’s important to weigh the gain

versus the risk and consider the impact

on the patient as well as that on society

at large.

KM: To me, it is a question of whether

the benefits outweigh the harms. Potential

benefits include the expansion of human

knowledge (for example, learning more

about early human development by

studying the consequences of genemodi-

fication in embryos in vitro) and the

reduction of human suffering (preventing

grievous genetic disorders for which there

is no cure or treatment). Potential harms

include the exacerbation of social in-

equalities (the wealthy could use genome

editing to have healthier children, whereas

others might not have access to the tech-

nology), degradation of human dignity

(the unfettered ability to edit embryos

could create the perception of the com-

moditization of human life), and unin-

tended consequences, such as rendering

the population more vulnerable to global

health threats (if certain genetic variants

viewed as beneficial are spread widely

through the population via genome edit-

ing but turn out to increase susceptibility

to a pathogen). Reasonable people can

disagree on the relative importance of

these issues.

SQ: There are several ethical consider-

ations: under what circumstances we can

perform gene editing? Is it for disease

treatment, and if so, what kind of diseases

and interventions are permissible? Who is

allowed to perform this embryonic gene

editing? How do we control the engineer-

ing procedure?

We also need to discusswhat is consid-

ered a ‘‘disease.’’ While there are many

truly heart-breaking genetic ailments,

things such as height or intelligence are

more open to debate. Then there are the

less acute disease areas, such as near-

sightedness, high body mass index, etc.

I think these questions should be dis-

cussed thoroughly by multi-national orga-

nizations, such as the WHO or a special

commission at the UN. Scientists can

certainly significantly contribute to the

conversation, but the discussions on the

ethical implications need to involve a

much broader set of stakeholders.

Legal and regulatory
recommendations vary widely
around the world, and countries
such as China and the UK currently
have policies that are generally
permissive toward embryo
modification. What do you think
other countries grappling with this
issue could learn from these early
models?
DH: The responsibility of scientists in my

view is to inform the public about the sci-

ence. Any policy regarding human em-

bryos should ideally be a result of open

discussion among the public, with the sci-

entists and ethicists providing the infor-

mation and the framework for making

the decision. During the discussion, we

should be aware that the technology is

quickly evolving, as are people’s views.

SQ:Gene editing in embryos is not spe-

cific to one particular country or race, but

it is rather a global opportunity and a chal-

lenge faced by all humankind. This topic

should be discussed not only at the sin-

gle-country level, but at the global level,

and should be coordinated to the best

possible extent among countries. A joint

international committee can be organized

to discuss the matter.

KM: I am not sure that there are larger

lessons to be drawn from the examples

of China and the UK, except perhaps

that there will be some societies that are

going to forge ahead with embryo modifi-

cation, because they perceive benefits to

be gained, and there will be some soci-

eties that will be reluctant to do so. If there

are indeed substantial net benefits to

be gained from embryo modification—

which remains to be seen—then the citi-

zens of non-permissive societies will be

disadvantaged.
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What do you view as the biggest
challenges to commercialization of
genome editing technology?
SQ: Genome editing is a platform tech-

nology and a procedure to achieve a

goal. When we talk about commercializa-

tion, genome editing is still not a com-

plete solution or a standalone system. It

needs to be combined with other tech-

nologies, such as novel gene delivery

techniques, cell engineering, immuno-

therapy, bioinformatics, and bioproduct

processing. As gene editing technology

is becoming ever more ubiquitous, true

commercial potential will come when

academia and industry determine how

to integrate the multitude of technologies

together. While it’s great to have these

genetic tools at our disposal, at the end

of the day, industrial partners need to

put patient needs first and move the

scientific invention beyond academic

laboratories.

KM: The biggest challenge is that the

genome editing field reflects intellectual

contributions from a large number of in-

vestigators. It is devilishly difficult to fairly

parcel out credit (and, by extension, intel-

lectual property) to any single individuals

or institutions. Over and over again we

have seen multiple groups hitting upon

the same advances at the same time.

The TALEN ‘‘code’’ was published simul-

taneously by two groups. The demonstra-

tion of programmable CRISPR-Cas9

activity in vitro was published indepen-

dently by two groups within months of

each other. The first reports of CRISPR-

Cas9 genome editing in eukaryotic cells

came from five groups, all published in

January 2013.

DH: I think this is quite exciting. From

my point of view as a scientist, one

challenge is to make sure that we

reward technological innovation, yet at

the same time not allow commercializa-

tion to prevent future innovation. In

thinking about patients and regulation, a

big challenge is how to ensure safety

while also taking into account the urgent

need for treatment and balancing cost

effectiveness.

What do you hope to see
accomplished within the field in the
next 10 years?
DH: I’m optimistic that therapeutic ap-

proaches will be developed based on

either the transplantation of genome- or

epigenome-edited (stem) cells or direct

editing of an adult patient’s somatic cells

(including cancer cells). In terms of dis-

ease models, I believe genome and epi-

genome editing tools, when used in

appropriate model systems, will enable

us to better recapitulate the genetic and

epigenetic changes that occur with dis-

ease. I believe we will continue improving

disease models. For instance, we already

have mice with a humanized immune sys-

tem, and I’d like to think similar or better

models would become available for other

organ systems.

SQ: Regenerative medicine brings so

much promise and hope for curing dis-

eases that have inflicted human society

for thousands of years. With the com-

bined power of stem cell therapy and

genome editing, I hope to see a dozen dis-

eases become curable within the next

10 years. I hope to see that every child is

born and grows up healthy. I hope that

no more parents have to experience

what American talk-show host Jimmy

Kimmel had to go through with his son,

who was born with serious cardiac

defects.

KM: Much of the work published in the

genome editing field has focused on tool

development. While this work is obviously

very exciting, rather less attention has

gone to the use of the tools to actually

answer biological questions. For the

most part, the studies that have been

published so far fall in the ‘‘proof of princi-

ple’’ category. I am keen to see genome

editing used to greatly expand our under-

standing of human biology and disease

over the next 10 years.
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Opportunities in Reprogramming:
Fred Gage, Kristin Baldwin, and Hongkui Deng

In an interview with Cell Stem Cell for our tenth anniversary, Drs. Fred Gage, Kristin Baldwin, and Hongkui
Deng discuss exciting breakthroughs and remaining challenges in the fields of iPSC reprogramming, direct
reprogramming, and in vivo reprogramming.

What do you think have been the
most exciting breakthroughs that
have shaped the field of iPSC
reprogramming?
FG: I am still struck by the fact that re-

programming of somatic cells to iPSCs

even works at all, much less that it is so

robust and reproducible in almost every-

one’s lab. Importantly, the process is

effective in many different somatic cells

types, not just fibroblasts, with similarly

robust results, and the fact that it is effec-

tive in essentially all species, especially

humans, has been critical.

What has been essential to the field of

neuroscience has been the development

of protocols that can induce the differenti-

ation of iPSCs to essentially any lineage

with remarkable fidelity. Finally, reports

that, in many cases now, endopheno-

types of a variety of human diseases

have been captured or reproduced, at

least to some extent, using iPSCs in vitro

have changed the landscape for human

disease modeling.

KB: In my opinion, nothing can top the

original discovery by the Yamanaka lab

that transient expression of small sets of

transcription factors can stably convert a

differentiated cell into induced pluripotent

cells. Since his discovery, these cells

have passed the most stringent tests for

pluripotency by generating fertile live ani-

mals derived entirely from iPSCs, and

now iPSCs have been used in the clinic,

with more trials likely upcoming. The

numerous studies showing that reprog-

ramming works robustly in many species,

using multiple methods and across

several lineages, have together fueled a

conceptual shift in our thinking about cell

fate stability and plasticity that I think will

have a long-term impact on biology in

general.

HD: I am excited by the paradigm

shift in reprogramming that has led to

successful direct reprogramming of

many cell types, as well as novel ap-

proaches to improve reprogramming,

such as by mRNA or chemically induced

approaches. I am also enthusiastic about

the accelerated progress in regenerative

medicine, particularly in the areas of dis-

ease modeling, drug discovery, and clin-

ical trials, as well as our improved deeper

mechanistic understanding of how to

modulate cell fate.

What are some applications where
you think universal iPSC-derived
cell sources are more appropriate
than autologous approaches with
iPSC-derived cells?
HD: Compared with autologous iPSC-

derived cells, which are costly and time-

consuming, universal iPSC-derived cells

may be more appropriate for the develop-

ment of industrialized therapies because

large amounts of ready-to-use cells can

be produced at a lower cost for patients

with a variety of conditions.

For example, compared to T cells

derived from autologous iPSCs, universal

iPSC-derived T cells aremore appropriate

for developing chimeric antigen receptor

(CAR) T cell cancer therapy. Techniques

to generate stable iPSC lines with mini-

mized immunogenicity by disrupting

TCR and HLA class I genes, in combina-

tion with genome editing to achieve tar-

geted integration of CAR structure, have

held great promise for providing unlimited

cell resources of universal CAR-T cells.

In principle, based on the combination

of these strategies, large amounts of

high-quality, pre-prepared universal CAR

iPSC-derived T cells can be prepared for

most patients in a timely manner.

FG: I think the development of a univer-

sal iPSC-derived cell source or bank will

bemost useful as a therapeutic transplan-

tation application. One could consider

transplantation in the realm of personal-

ized medicine, but for major diseases

where transplantation may be a therapeu-

tic option, a universal cell source is more

likely, given the large number of potential

patients. In those cases, the universal

cell may be edited or modified to have

universal properties for immune compe-

tency, regulated gene expression, sur-

vival, and migration, or it may even be
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edited to express a regulated death

switch for safety.

KB: In cases where iPSC-based thera-

pies need to be available rapidly or at a

reduced cost, developing a validated

and genomically sequenced set of univer-

sal lines would seem preferable. In cases

where immunologic rejection is a major

concern, such as a long-term transplant

in a patient who cannot tolerate immuno-

suppression, it may make more sense to

derive and genomically profile a set of

patient-specific iPSCs, then select lines

with the least predicted genomic risk.

What do you think are the most
exciting advances and
opportunities in direct
reprogramming to progenitor cell
populations?
KB: The opportunities for direct reprog-

ramming to progenitor populations are

potentially to enable more rapid produc-

tion of cells that canmimic developmental

sequences without requiring the long cul-

ture periods necessary to differentiate

iPSCs along an entire developmental tra-

jectory. This could simultaneously limit

variability in cell type production and

reduce the chances for accumulating un-

wanted mutations or epigenetic variation

in the desired cell types. Compared

to direct reprogramming into terminally

differentiated cell types, these methods

may offer improved scalability.

FG: The direct programming methodol-

ogy is becoming more efficient and reli-

able and this has allowed its systematic

improvement and development. In partic-

ular, methods are being generated to

direct the fate of somatic cells to specific

lineages with functional characteristics

similar to, but not exactly like, the cells

in vivo. In addition, the application of the

method in vivo means that somatic cells

in a living organism can be directly re-

programmed to another cell type.

Ensuring the completeness and safety of

this remarkable procedure will require

more work, but the initial observations

are very intriguing and promising. Specif-

ically, I think the ability of direct reprog-

ramming to capture some age-related

molecular features of an individual is

very encouraging for studying age-related

diseases.

HD: During the past 10 years, it has

been exciting to see direct reprogram-

ming strategies generate several different

progenitor cell populations; however,

clinical application of these cells is amajor

challenge.

Thus, direct reprogramming ap-

proaches for making hematopoietic stem

and progenitor cells (HSPCs) in vitro are

particularly exciting, because HSPCs

have been widely applied in clinical set-

tings to treat various blood diseases. As

a result, there has been a huge demand

for donor HSPCs with a matching HLA

type to avoid immune rejection in HSPC

transplantation, which is still a challenge

today. Once HSPCs can be generated

in vitro through direct reprogramming,

we can treat patients with autologous

HSPCs that are derived from their own so-

matic cells, thereby achieving safe and

efficient HSPC transplantation. Impres-

sively, significant advances have already

beenmade toward this goal. For example,

researchers have recently generated

engraftable mouse HSPCs by direct

reprogramming.

In your view, what are the biggest
challenges to achieving greater
maturation of directly
reprogrammed cells and cells
obtained through directed
differentiation of iPSCs? How do
you think they can be addressed?
HD: Currently, the biggest challenges to

achieving greater maturation of in-vitro-

generated cells include our poor mecha-

nistic understanding of cellular functional

maturation and the lack of appropriate

in vitro culture systems for functional

maintenance of cells. The field has also

struggled to identify biomarkers and

establish evaluation criteria for functional

maturation. These key issues may be ad-

dressed via detailed analysis of the in vivo

developmental process of desired cell

types, whichmay providemolecular road-

maps and reliable biomarkers for opti-

mizing in vitro iPSC differentiation.

In addition, we need to study the funda-

mental principles of functional maturation

and maintenance of cells in their in vivo

niches. One way that we can mimic the

in vivo microenvironment of cells is to

create an artificial niche using organoid

or 3D culture systems. Alternatively, one

could first generate progenitors of

the desired cell type in vitro, and then

achieve functional maturation by intro-

ducing them into the appropriate in vivo

microenvironment.

KB: The answer to this question de-

pends on the molecular mechanisms of

cell maturation and aging. However, we

know very little about these mechanisms,

possibly due to the inherent diversity of

cell types, which makes it difficult to

distinguish maturation-specific signa-

tures from other sources of transcriptional

variation. Whether maturation reflects an

active transcriptional program that can

be mimicked with reprogramming factors

or reflects a stochastic set of changes re-

mains unknown. We also do not know

whether each cell enacts an individualized

maturation program or whether some

aspects of cellular maturation and aging

are more universal. We may be able to

recapitulate regulated maturation pro-

grams through the use of appropriate re-

programming factors, and new methods

in transcriptomic and epigenetic profiling

may help us better define what we hope

to mimic in reprogrammed cells. On the

other hand, aspects of aging and matura-

tion caused by cellular ‘‘decay’’ may likely

require more time in the dish or exposure

to stimuli such as stress or oxidizing

agents.

FG: I think that some of the biggest

issues with regard to the direct program-

ming process deal with their use in re-

searching and examining early-event

fate choice decisions. This may be partic-

ularly true in the case of modeling neuro-

developmental disorders, where direct

reprogramming may miss an early event

that is causal in the emergence of subse-

quent phenotypic variations. Developing

procedures to directly program cells to

specific cell fates and different stages of

maturation would allow for more accu-

rately determining when a mechanistic

event occurred that resulted in subse-

quent phenotypes. This targeting of

specific, often intermediate, stages of

development will likely be important for

studying disease mechanisms.

Do you see either of these
approaches as having distinct
advantages or disadvantages for
disease modeling? If so, what
are they?
FG: iPSC reprogramming has the advan-

tage and consequence of erasing many

of the epigenetic marks established within

a somatic cell during the course of the life-

time of the individual. This is an advantage

in that it allows the examination of the

Cell Stem Cell

Q&A

768 Cell Stem Cell 20, June 1, 2017



genetic features of an individual’s reprog-

rammed cells without as much interfer-

ence from the unique epigenetic history.

However, in many diseases like Parkin-

son’s disease and Alzheimer’s disease

that are age related, one may want to

take into consideration the genomic

changes that occur with age as well in

order to examine what role an individual’s

epigenetic background has played with

regards to the initiation and progress of

the disease. In such studies, the direct re-

programming process seems to better

capture these age-related events.

HD: The advantage of iPSC-based dif-

ferentiation is its ability to generate large

numbers of cells for disease modeling,

particularly drug screening. Compared

to traditional disease models, iPSC-

based disease models, particularly orga-

noids, are advantageous in mimicking

disease phenotypes that occur in the

early process of natural organ develop-

ment. In terms of disease modeling, the

most significant advantage of direct

reprogramming over iPSC-based ap-

proaches is the preservation of aged sig-

natures. This unique advantage makes

direct reprogramming more appropriate

for modeling some adult disease pathol-

ogy in vitro.

KB: The source of cells for disease

modeling must be tailored to the problem

one wishes to study. This is a challenge in

diseases of unclear etiology. For example,

if one form of autism arises from a defect

in the transition from a neural stem cell to

a neuron, while another primarily affects

synapse assembly in mature neurons,

iPSC-based differentiation might be

called for in the first case, while direct re-

programming would be perhaps more

useful in the second. Advantages of

iPSC-based protocols are that they

appear to recapitulate normal develop-

ment and are scalable. Advantages of

direct reprogramming approaches are

that they aremore rapid, and in our hands,

much more reproducible with respect to

neuronal subtype identity than iPSC-

based differentiation.

Do you think there are some
applications where direct
reprogramming might eventually
replace the use of iPSC-derived
cells? If so, which ones?
KB: Direct reprogramming is already be-

ing used to produce an increasing number

of distinct cell types and lineages for use

in understanding mechanisms governing

cell fate and cellular vulnerability to dis-

ease. However, we still need to under-

stand how to best determine which direct

reprogramming methods most faithfully

recapitulate the aspects of cellular iden-

tity that we wish to study.

HD: Compared to iPSC differentiation,

direct reprogramming could be more

beneficial for applications consisting of

cell replacement for regenerative medi-

cine, particularly in the context of in vivo

reprogramming, because it bypasses the

risks of residual undifferentiated iPSCs

and avoids potential immunologic rejec-

tion and cell dysfunction during cell

transplantation. Under certain conditions,

direct reprogramming not only restores

functional tissue but also removes scar

tissue, such as the conversion of

fibrotic fibroblasts into functional cardio-

myocytes after heart injury. Further-

more, in vivo niches may facilitate the

functional maturation of directly reprog-

rammed cells.

FG: In cases of modeling human dis-

eases that are age dependent, like Alz-

heimer’s and Parkinson’s disease, direct

reprogramming may have an advantage

in that it better preserves the epigenome,

therefore allowing the examination of the

interface or interaction between age and

disease. However, even in this case, the

additional use of iPSCs will be helpful in

separating out the effects of age from

those of disease.

In your view, which reprogramming
applications seem closest to
successful clinical adaptation?
Conversely, are there any lesser-
explored applications and tissues
that you would like to see the
technology address?
FG: The iPSC reprogramming technology

has had a longer pre-clinical test period

and is, in my understanding, closer to clin-

ical application; in fact, I believe that the

first patients have been transplanted

with iPSC-derived cells. The combination

of iPSCs together with organoid prepara-

tion has begun but, with further advances

in the development of organoids, as

well as direct reprogramming and iPSC

generation, it may be even more useful

in disease modeling. New and improved

methods are needed to recapitulate

human physiology in a 4-dimensional

context by monitoring the growth and

maturation of cells and tissues over time

to ensure a better representation of

healthy and diseased processes.

KB: Some of our work has focused on

understanding the potential genomic risk

of using reprogramming-derived cells in

the clinic. Given the current uncertainty

around these questions, I would explore

applications in diseases for which no

treatments exist or for which monitoring

of cells is relatively simple. In theory,

directly reprogrammed terminally differ-

entiated cells should present a reduced

risk to the patient since they have not

been pluripotent and cannot divide. How-

ever, to my knowledge this has not yet

been tested experimentally.

HD: The most important issue that

needs to be solved for clinical adaptation

is cell functionality and safety. Compared

to other cell types with therapeutic poten-

tials, iPSC-derived human hepatocytes

and b cells have been engineered to avoid

risks associated with cell transplantation,

thus I consider these cell types to be

closest to clinical application.

Human hepatocytes generated by iPSC

differentiation or direct reprogramming

can be placed within bioartificial extracor-

poreal liver support systems to treat

patients with acute liver failure. b cells

generated from iPSCs can be encapsu-

lated in an immuno-isolation device that

can block the infiltration of immune cells

and allow nutrient exchange; thus, the

transplanted cells can be easily removed

from patients’ bodies.

At its onset, iPSC reprogramming
was not always efficient, but the
technology dramatically improved
over time with dedicated research.
Are there any lessons we can learn
from the early days of iPSC
reprogramming that can inform our
efforts to improve direct
reprogramming protocols?
FG: The use of integrating viruses to

deliver the reprogramming genes was an

essential first step, but the subsequent

development of non-integrating vectors

and further still the development of non-

viral, chemical methods for reprogram-

ming have been important and useful for

a variety of reasons. These non-invasive

methods are being developed for direct

reprogramming and I believe will also be

very useful in the future.
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KB: For iPSCs, efficiency has not really

been a barrier, since the source of donor

cells is usually plentiful and the iPSC lines,

once generated, can be expanded indefi-

nitely. Efficiency still seems to depend pri-

marily on some inherent characteristics of

the donor cell population and effective de-

livery to reprogramming inducers. It is not

clear whether coaxing the resistant donor

cells to reprogram would be beneficial.

When applying direct reprogramming to

produce differentiated cell types that do

not divide, low efficiency can be a prob-

lem. The low efficiency of direct reprog-

ramming also impedes efforts to uncover

the mechanisms that lead to successful

versus unsuccessful reprogramming. Sin-

gle-cell profiling approaches and more

thorough profiling of reprogrammed cells

may resolve this problem. Finally, the suc-

cessofmost reprogrammingmethodshas

relied on developmental biology studies of

differentiation in vivo. However, the fact

that it is possible to generate cells of a

related or similar subtype using different

methods suggests that our understanding

of the full scope of mechanisms and po-

tential uses for reprogramming is likely

incomplete. I predict that the use of unbi-

ased methods to interrogate reprogram-

ming will uncover new ways to generate

different cell types of interest and enable

the generation of cell types about which

little is known, which will greatly enhance

the future impact of the field.

HD: By thoroughly investigating the

mechanism of iPSC induction, we

have discovered many reprogramming

boosters and barriers, the regulation of

which has dramatically improved iPSC re-

programming efficiency. Importantly, the

central roles of epigenetic regulators in

cell fate conversion have been revealed

in iPSC reprogramming, which may be

important regulators in direct reprogram-

ming as well.

On the other hand, disrupting the regu-

latory network of the original cells at the

early stage of reprogramming improves

the efficiency of iPSC reprogramming,

which may also facilitate the direct re-

programming process. Finally, studies in

iPSC reprogramming indicate that culture

media and microenvironments may pro-

vide important regulatory signals that

affect cell fate decisions. Optimization of

the culture condition for the converted

cells at the final stage of direct reprogram-

ming may further promote reprogram-

ming efficiency.
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SUMMARY

Aging and obesity induce ectopic adipocyte accu-
mulation in bone marrow cavities. This process is
thought to impair osteogenic and hematopoietic
regeneration. Here we specify the cellular identities
of the adipogenic and osteogenic lineages of the
bone. While aging impairs the osteogenic lineage,
high-fat diet feeding activates expansion of the
adipogenic lineage, an effect that is significantly
enhanced in aged animals. We further describe
a mesenchymal sub-population with stem cell-like
characteristics that gives rise to both lineages and,
at the same time, acts as a principal component of
the hematopoietic niche by promoting competitive
repopulation following lethal irradiation. Conversely,
bone-resident cells committed to the adipocytic
lineage inhibit hematopoiesis and bone healing,
potentially by producing excessive amounts of
Dipeptidyl peptidase-4, a protease that is a target
of diabetes therapies. These studies delineate the
molecular identity of the bone-resident adipocytic
lineage, and they establish its involvement in age-
dependent dysfunction of bone and hematopoietic
regeneration.

INTRODUCTION

The adipocyte-enriched yellow bone marrow develops during

aging and obesity, and it may contribute to a dysfunction of

the osteogenic and hematopoietic niches of long bones. Accord-

ing to recent data, increased marrow adipose tissue (MAT) in

obese individuals is correlated with osteoporosis and increased

fracture risk (Fazeli et al., 2013; Schwartz, 2015). Similarly, type II

diabetes has been linked to reduced bone quality (Carnevale

et al., 2014). However, a causal relationship has not been fully

established, as mice fed a high-fat diet also showed a rapid

increase in MAT while bone parameters remained unaffected

(Doucette et al., 2015). Nevertheless, marrow adipogenesis is

associated with impaired hematopoiesis (Naveiras et al., 2009).

Several seemingly opposing influences, such as aging and

obesity but also caloric restriction and anorexia, irradiation ther-

apy, thiazolidinediones, and glucocorticoids, promote the accu-

mulation of MAT (Devlin and Rosen, 2015). Two types of MAT

have been described: the constitutive MAT (cMAT), localized

around the growth plates, and regulated MAT (rMAT), which ac-

cumulates later in life and in response to high-fat feeding (Schel-

ler et al., 2015).

It has been proposed that MAT progenitors are radio-resis-

tant, non-hematopoietic cells with a mesenchymal origin (Berry

et al., 2015). Mesenchymal stromal cells (MSCs) are capable

of giving rise to osteoblasts, chondroblasts, and adipocytes

(Fridenshteĭn et al., 1968). Lineage tracing has linked the devel-

opmental origin of MSCs to Osterix1 (Osx1)-expressing cells

in neonatal bone marrow (Mizoguchi et al., 2014) and to cells

expressing Leptin receptor (LepR) in adult bone marrow

(Zhou et al., 2014). Concomitantly, Leptin signaling regulates

MAT formation and osteogenesis in adult mice (Yue et al.,

2016). Subsets of bone marrow MSCs, such as C-X-C motif

chemokine (CXCL)12-abundant reticular (CAR) cells, provide

essential maintenance signals for the hematopoietic stem

cell niche (Mendelson and Frenette, 2014; Morrison and Scad-

den, 2014).

The involvement of MAT in local osteogenic and immunomod-

ulatory processes as well as systemic metabolism emphasizes

the necessity to further investigate the adipogenic potential of

bone marrow mesenchymal cells. Using a combination of flow

cytometry and genetic lineage tracing, we delineate consider-

able cellular heterogeneities, and we identify distinct subsets

of mesenchymal cells within the bone marrow cavity of the

long bones in male mice. Specifically, we describe a multipotent

population with stem cell-like properties residing within the

perivascular niche that gives rise to unilaterally committed
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sub-populations of osteochondrogenic and adipogenic lineages

under in vitro and in vivo conditions. Adipocytic cells significantly

impair hematopoietic repopulation and bone fracture healing.

This latter effect is mediated by secreted Dipeptidyl peptidase-4

(DPP4), an important target of anti-diabetes treatments (Lamers

et al., 2011; Marguet et al., 2000). These findings altogether sup-

port the hypothesis of a deteriorative role of MAT in bone health

and hematopoiesis.
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Figure 1. Bone Marrow-Resident Mesen-

chymal Cells Display Functional Hetero-

geneity

(A and B) Flow cytometric separation of

CD31�CD45� cells by Sca1 selection, followed by

(B) Oil Red O (adipogenesis), Alizarin Red S (os-

teogenesis), and Alcian Blue (chondrogenesis)

staining of Sca1+ and Sca1� cells differentiated

under the corresponding conditions.

(C and D) FACS analyses (as in A) of CD31�CD45�

Sca1+ cells separated by CD24 expression, and (D)

subsequent differentiation of cells (as in B).

(E) Representative image of clonal analysis with

feeder cells by co-staining of clone 19-derived

tdTomato+ cells with Perilipin, Osteocalcin, or

Aggrecan to show lineage-specific differentiation

potential.

(F) In vivo luciferase imaging (top panels) and

macroscopic identification (arrows; lower panels)

of transplants 8 weeks after sternal subcutaneous

(s.c.) injection of the indicated cell populations

isolated from repAdiLuc mice.

(G) Microscopy of corresponding Movat-Pen-

tachrome stains (yellow, mineralized structure;

blue, cartilage; purple, nuclei. Scale bars, 30 mm.

See also Figures S1–S3 and Tables S1–S4.

RESULTS

Identification of the Bone
Adipocytic Lineage
To delineate the heterogeneous compo-

sition of the mesenchymal lineage of the

bone, we used flow cytometry as re-

ported in adipose tissues and bone (Mor-

ikawa et al., 2009a; Rodeheffer et al.,

2008; Schulz et al., 2011; Tang et al.,

2008). To this end, we isolated distinct

populations of non-hematopoietic (Clus-

ter of differentiation [CD]45�), non-endo-
thelial (CD31�) cells that could be subdi-

vided by expression of Stem cell antigen

(Sca)1 into two subsets of culture-

adherent fibroblasts also expressing the

surface receptor platelet-derived growth

factor-a (Pa; Figures 1A and S1A–S1C).

During in vitro differentiation, CD45�

CD31�Sca1+ cells exhibited a highly adi-

pogenic but limited osteochondrogenic

potential. CD45�CD31�Sca1� cells, in

turn, were non-adipogenic but markedly

osteochondrogenic (Figure 1B).

Consistent with white adipose tissue (Berry and Rodeheffer,

2013; Rodeheffer et al., 2008), we isolated a population of unilat-

erally committed adipogenic progenitors that was CD45�CD31�

Sca1+CD24� and a CD45�CD31�Sca1+CD24+ population that

displayed tri-lineage differentiation potentials (Figures 1C and

1D). Colony-forming unit (CFU-F) potentials and in vitro recovery

rates were highest in fibroblastic cells expressing Sca1 and/or

Pa and were highest in the CD45�CD31�Sca1+Pa+CD24+
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subset (Figures S1D and S1E). CFU-F potential was enriched in

the osteogenic CD45�CD31�Sca1�Pa+ population but absent

in CD45�CD31�Sca1�Pa� cells. Separation of the osteogenic

CD45�CD31�Sca1�Pa+ population by CD24 expression was

also possible, but these subsets showed identical differentiation

capacities (Figures S1F and S1G). Similarly, the CD45�CD31�

Pa�Sca1� cells were mostly CD24+ but were non-CFU-F (Fig-

ures S1D and S1H). Importantly, two separate clonal analyses

of the tri-potent CD45�CD31�Sca1+CD24+ population revealed

a marked homogeneity of a multipotent phenotype, where 64 of

68 (94%) and 45 of 54 (83%) clones were able to differentiate into

all three lineages when cultivated in the presence or without sup-

porting feeder cells, respectively (Figures 1E and S1I; Table S1).

The somewhat lower homogeneity in the feeder-free assay could

be due to technical differences, such as replicative senescence,

but it could also mean that this population relies on exposure to

trophic signals from the microenvironment to retain long-term

multipotency.

The transcription factor zinc-finger protein (Zfp)423 labels adi-

pogenic cells in white adipose tissue (WAT) (Gupta et al., 2012).

Surprisingly, but consistent with the initial report using a Zfp423-

driven EGFP reporter strain (Zfp423-EGFP), Zfp423-EGFP+

(Zfp423+) cells occurred as a small sub-population of <1%

within the CD45�CD31�Sca1� population, while all adipogenic

CD45�CD31�Sca1+ cells were GFP� (Figure S1J). This small

subset of adipogenic cells was likely not initially detected due

to a dilution effect within the strongly osteochondrogenic cell

fraction (Figure 1B). In culture, CD45�CD31�Sca1�Zfp423+ cells
maintained GFP expression before and after differentiation into

adipocytes (Figure S1K). In contrast, all CD45�CD31�Sca1+

cells uniformly acquired GFP expression only during differentia-

tion, a process that correlated with a concomitant loss of Sca1

expression (Figures S1K–S1N).

In Pa-EGFP reporter mice, multipotent cells and osteogenic

progenitors were more abundant in the metaphysis compared

to the diaphysis, whereas adipogenic progenitors were evenly

distributed. Further analyses of Pa, Sca1, and CD24 expression

localized osteogenic progenitors to the endosteum. The majority

of multipotent and adipogenic progenitors cells resided in a non-

endosteal localization within 40 mmof the bone surface, and it re-

vealed a perivascular association of all non-endosteal Pa+ cells

to blood vessels of <10 mm in diameter (Figures S2A–S2E). These

findings suggest different micro-anatomical localizations of

these functionally distinct cell populations and a preferential as-

sociation of perivascular multipotent and adipogenic cells to

L type vessels, while the distribution of endosteal osteogenic

cells resembles more closely localizations of H type endothelium

(Itkin et al., 2016; Kusumbe et al., 2014). Consistent with the pref-

erential occurrence of adipocytes in the bone tips of youngmice,

Zfp423+ cells mainly localized to metaphyseal regions of the

bone, and they labeled a subset of blood vessel-associated pro-

genitors alongside all mature adipocytes of the marrow cavity

(Figures S2F–S2H).

Together, these findings indicate the presence of at least four

distinct cell populations in defined micro-anatomies within the

bone: a tri-potent, perivascular population with stem cell-like

characteristics (CD45�CD31�Sca1+CD24+), two functionally

and anatomically distinct progenitor populations that are fate-

committed toward either the osteochondrogenic (CD45�CD31�

Sca1�Pa+) or adipogenic (CD45�CD31�Sca1+CD24�) lineages,
and a more mature CD45�CD31�Sca1�Zfp423+ adipocyte pre-

cursor stage. All four populations were present in different bone

compartments (Table S2) and all CD45�CD31�Sca1+ cells were

adipogenic (Figure S2I). No correlations between MAT occur-

rence and cell frequencies were evident, and we conclude that

regulatory signals, such as leptin, may determine the progres-

sion into mature adipocytes. Since Sca1+ adipogenic progeni-

tors are also more evenly distributed compared to mature

Zfp423+ cells (Figures S2B and S2H), this implies that signals

preventing adipogenic maturation could be differentially distrib-

uted within the bones of young mice.

To test in vivo differentiation potentials, we generated a triple-

transgenic mouse strain carrying alleles of the Zfp423-EGFP

reporter, Adiponectin (Adipoq)-Cre, and a luciferase reporter

within the Rosa26 locus that is only expressed after Cre-medi-

ated recombination, e.g., in mature adipocytes (repAdiLuc, Fig-

ure S2J), and we generated a second strain with constitutive

red fluorescence (mTmG reporter allele) crossed to the

Zfp423-EGFP reporter (reptdTom; Figure S2K). Fresh cells of all

four populations isolated from repAdiLuc or reptdTom by fluores-

cence-activated cell sorting (FACS) (Figure S2L) were trans-

planted into the sternal region of B6/Albino mice. After 8 weeks,

in vivo imaging of luciferase and Perilipin immunofluorescence

(IF) showed that transplants of the CD45�CD31�Sca1+CD24�

and CD45�CD31�Sca1�Zfp423+ adipogenic populations

consistently gave rise to bona fide mature adipocytes, while

in vitro osteogenic CD45�CD31�Sca1�Pa+ cells did not (Figures

1F, 1G, S3A, and S3B). Interestingly, CD45�CD31�Sca1+CD24+

cells gave rise to luciferase-positive and -negative transplants

(Figure 1F). Movat-Pentachrome staining of luciferase-negative

tissues of CD45�CD31�Sca1+CD24+ and CD45�CD31�Sca1�

Pa+ cells revealed bone-like osteochondrogenic/mineralized

structures but never adipocytes (Figures 1G and S3C). Consis-

tent with this observation, intratibial injections of the four cell

populations showed that only CD45�CD31�Sca1+CD24+,
CD45�CD31�Sca1+CD24�, and CD45�CD31�Sca1�Zfp423+

cells, but never CD45�CD31�Sca1�Pa+, gave rise to Zfp423+

adipogenic cells in their endogenous microenvironment (Fig-

ure S3D). Moreover, only CD45�CD31�Sca1+CD24+ transplants
were able to give rise to adipogenic CD45�CD31�Sca1+CD24�

cells (Figure S3E). In summary, these findings reveal a multi-line-

age potential of the CD45�CD31�Sca1+CD24+ cell population

that can give rise to a lineage of fate-committed adipogenic pro-

genitor cells (APCs: CD45�CD31�Sca1+CD24�) that, in turn,

give rise to a more mature pre-adipocyte (preAd: CD45�CD31�

Sca1�Zfp423+) and that, in parallel, could yield a population of

unilaterally committed osteochondrogenic progenitor cells

(OPCs: CD45�CD31�Sca1�Pa+), under in vitro and vivo condi-

tions (Tables S3 and S4).

Osteo-Adipogenic Cell Populations Derive from a
Mesenchymal, Non-endothelial, Non-hematopoietic
Lineage
To determine the developmental lineages of these four cell pop-

ulations, lineage tracing was performed using mouse strains ex-

pressing Cre-recombinase under the control of promoters to

mark hematopoietic (Vav1), endothelial (Cdh5 and Tek/Tie2), or

mesenchymal (Prx1 and Pa) cells, or mature adipocytes (Adipoq)
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that were crossed to themTmG-reportermouse strain (Berry and

Rodeheffer, 2013; Krueger et al., 2014). IF and flow cytometric

analysis revealed a non-hematopoietic, non-endothelial, but

mesenchymal lineage for the bone marrow-resident cells with

purely adipogenic (APCs, adipocytes) or osteogenic (bone lining,

osteocytes) potentials, which was also true for the CD45�

CD31�Sca1+CD24+ stem cell-like population with tri-lineage po-

tential (Figures 2A–2C).

As shown in previous reports on adipose tissues, CD45+ he-

matopoietic cells were exclusively traced by Vav1-Cre, whereas

CD31+ cells did not trace to the expected Cdh5-Cre endothelial

origin but rather to the Vav1-Cre hematopoietic driver (Figure 2D)

(Berry and Rodeheffer, 2013). Unexpectedly, only �50% of

marrow adipocytes and CD45�CD31�Sca1+ APCs weremarked

by the Pa-Cre driver (Figure 2), contradicting our data from the

Pa-EGFP reporter and also from the FACS analyses (Figure S3F),

but consistent with previous reports of incomplete recombina-

tion by this Cre strain (Krueger et al., 2014; Zhou et al., 2014).

Lastly, comparing the developmental lineages of adipogenic

progenitors in Prx1-Cre:mTmGmice revealed labeling of inguinal

WAT (iWAT) and skeletal muscle-resident CD45�CD31�Sca1+

cells that were comparable to bone, while brown adipose tissue

(BAT) and epididymal WAT (eWAT) progenitors displayed almost

no labeling (Figure S3G). Moreover, gene expression patterns of

in-vitro-differentiated progenitors from bone resembled most

closely those derived from iWAT, with similar adipogenic

differentiation capacity and expression of general adipogenic

genes Peroxisome proliferator-activated receptor-g (Pparg)

and CCAAT/enhancer-binding protein-a (Cebpa) and absent or

low expression of BAT markers Uncoupling protein-1 (Ucp1)

and Cell Death-Inducing DFFA-Like Effector A (Cidea) (Figures

S3H–S3M), altogether indicating that the marrow adipocytic

lineage is more closely related to white rather than brown

adipocytes.

The Adipocytic Lineage Responds to Diet and Aging
We next examined gene expression in femora and tibiae from

young (2 months) and old (25 months) mice. Consistent with

previous reports (Devlin and Rosen, 2015), expression of adipo-

genic marker Pparg was increased in old bones. However, adi-

pogenic potential of CD45�CD31�Sca1+ progenitors isolated

from old bones was unchanged. Conversely, osteogenic marker

Osterix (Osx/Sp7) expression was significantly reduced, as was

osteogenic capacity of CD45�CD31�Sca1� progenitors (Figures

S4A–S4C). Next, mice of both ages were fed a high-fat diet for

either 24 hr (1dHFD) or 10 days (10dHFD). Accumulation of

MAT was more pronounced in old animals after 10dHFD, while

loss of trabecular bone was observed in aged animals indepen-

dent of diet (Figure 3A). FACS analysis of young bones revealed a

significant induction of CD45�CD31�Sca1+CD24+ and APC fre-

quencies after 1dHFD that were no longer apparent in 10dHFD

mice, suggesting that the rapid induction of adipocytic progeni-

tor proliferation is a mechanism of short-term adaptation to diet

(Figures 3B and S4D). In mice aged 25 months, the same 1dHFD

stimulus significantly increased the multipotent CD45�CD31�

Sca1+CD24+ and APC populations by �3- and 2-fold, respec-

tively (Figure 3B).

BrdU incorporation was tested in young and 15-month-old

Zfp423-EGFP mice, and it was significantly induced in multipo-

tent CD45�CD31�Sca1+CD24+ cells and APCs, an effect that

was more pronounced in APCs from old mice (Figure 3C).

Conversely, the OPC population was not affected by 1dHFD

(Figures 3B and S4E) and even showed a reduction in frequency

and proliferation rates upon 10dHFD, an effect that was

restricted to young animals (Figures S4D and S4F). In a cohort

of aged, 15-month-old Zfp423-EGFP mice, cell frequencies of

the Zfp423+ preAds were significantly enhanced after 1dHFD,

an effect that was significantly less pronounced in young

animals (Figure 3D). Taken together, these findings on the

bone-resident progenitor lineages could explain the enhanced

accumulation of MAT observed during aging and in response

to dietary cues.

Distinct Effects of Multipotent Cells and Committed
Adipogenic Cells on Hematopoietic Reconstitution
Previous work has suggested a negative effect of MAT on hema-

topoiesis (Naveiras et al., 2009). To test this more directly,

competitive repopulation assays after a dose of lethal irradiation

(Luo et al., 2015) were performed after intratibial transplantation

of the four cell populations (Figure 4A). As expected after irradi-

ation (Scheller and Rosen, 2014), increased amounts of adipo-

cytes were observed in all groups after 5 weeks, an effect that

was more pronounced after transplantation of fate-committed

APCs and Zfp423+ preAds (Figure 4B). In full support of the ster-

nal transplantation data, donor-derived (tdTomato+) adipocytes

were only observed when multipotent CD45�CD31�Sca1+

CD24+ cells, APCs, or preAds, but not OPCs, were transplanted

(Figure 4C). FACS analysis of bone marrows showed that donor-

derived progenitors were retained 5 weeks after irradiation/

transplantation, indicating long-term survival (Figure 4D, upper

panels). Expression of Zfp423-driven EGFP was readily detect-

able in all marrows except after OPC transplants. All cells

from the Zfp423+ preAd transplants maintained GFP expres-

sion, indicating no reversion ability toward GFP� stages,

whereas transplants of CD45�CD31�Sca1+CD24+ and APCs

were only partially GFP+, indicating that these cells maintained

their original identity but also gave rise to maturing Zfp423+ pre-

Ads (Figure 4D, middle panels). Consistent with our initial char-

acterization, Zfp423+ cells no longer expressed Sca1 or CD24

(Figure 4D, lower panels).

Tibiae that had received adipogenic transplants (APCs or pre-

Ads) 5 weeks prior to analysis showed significant reductions in

cellularity but no change in overall bone marrow chimerism (Fig-

ures 4E and 4F). No differences in any of these parameters were

observed in contralateral tibiae and regarding donor-derived

myeloid and lymphoid cells, blood chimerism, or splenic he-

matopoietic progenitor cells, as these latter cells may also orig-

inate from other, non-injected bone sites (Figures 4E, 4F, and

S5A–S5D). Importantly, frequencies of hematopoietic lineage

(Lin)�Sca1+c-Kit+ hematopoietic progenitor cells (LSK cells)

and repopulation with donor-derived (CD45.1+) CD34� long-

term (LT)-LSK and CD34+ short-term (ST)-LSK cells were signif-

icantly reduced after adipogenic transplants (Figures 4G–4I).

A similar trend of impaired hematopoietic reconstitution was

observed after transplantation of APCs in a separate long-term

reconstitution experiment 16 weeks after irradiation, but it did

not reach statistical significance (Figures S5E–S5G). Over the

course of long-term reconstitution, no differences in blood
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chimerism or blood lymphoid or blood myeloid cells were

observed in animals transplanted with APCs (Figures S5H–

S5J). FACS analysis revealed that transplanted cells were re-

tained, and it confirmed that only CD45�CD31�Sca1+CD24+

and APCs gave rise to Zfp423+ preAds, albeit at markedly lower

frequencies (Figure S5K).
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Figure 2. Lineage Tracing of MAT Reveals a Mesenchymal, Non-endothelial, Non-hematopoietic Lineage

(A) Representative merged IF images of bone-resident adipocytes from the indicated Cre-mTmG reporter mouse strains (green, EGFP; red, Perilipin; blue, DAPI).

(B) Reporter analysis of bone lining cells and cortical bone-resident osteocytes (blue arrows; green, GFP; red, tdTomato; blue, DAPI).

(C) FACS analysis of tdTomato+ and GFP+ cells in the CD45�CD31�Sca1+ population (percentages represent average values).

(D) Quantification of GFP+ bone-resident adipocytes, bone lining cells, and osteocytes by image quantification and flow cytometric analysis of bone stroma cells

populations (n = 3–4 mice/genotype). Mean ± SEM. Scale bars, 10 mm.

See also Figure S3.
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In contrast to adipogenic cells, transplantation of the multipo-

tent CD45�CD31�Sca1+CD24+ population led to significantly

increased repopulation with donor-derived LT-LSKs and ST-

LSKs in tibiae at 5 and 16 weeks after irradiation, while overall

bone marrow cellularity remained unchanged (Figures 4E–4I

and S5E–S5G). Consistent with a potential involvement of

this population in hematopoietic recovery, its relative frequency

was transiently elevated after irradiation (Figure S5L). Taken

together, these analyses further establish the developmental hi-

erarchy among the four cell populations, and they reveal the po-

tential of the CD45�CD31�Sca1+CD24+ multipotent cells to give

rise to the adipocytic lineage under pro-adipogenic stimuli and at

the same time produce signals that support hematopoietic

regeneration, whereas adipogenic cells significantly attenuate

reconstitution.

The Adipocytic Lineage Inhibits Bone Regeneration
To determine the pathophysiological role of the adipocytic line-

age during bone healing, all four populations isolated from re-

ptdTommice were transplanted into the vicinity of a stabilized tibia

fracture and analyzed after 14 days (Figures 5A, upper panels,

S6A, and S6B). The mCT quantification showed a significant

decrease of total bone mineral density (BMD) at the fracture

site following transplantation of adipogenic populations when

compared to the no-cell control group (Figures 5A, middle

panels, and 5B). Histomorphometric analysis of fracture/

callus sites indicated reduced areas of mineralized tissue and

increased amounts of cartilaginous tissues following transplan-

tation of the adipogenic populations, e.g., APCs and preAds,

compared to all other groups (Figures 5A, lower panels, and

5C–5E). Due to the lineage restrictions shown in the cell culture

and sternal transplants, these observations likely indicate de-

layed healing and, thus, that the cartilaginous structures are

entirely derived from the host in the adipogenic transplant

groups. Aside from adopting an adipogenic fate after intratibial

injection (Figure S3D), multipotent CD45�CD31�Sca1+CD24+

and the two adipogenic populations produced some fibrous tis-

sue, whereas only multipotent CD45�CD31�Sca1+CD24+ and

OPCs contributed to chondrogenic and osteogenic structures

(Figures S6C–S6G). These observations indicate a negative reg-

ulatory role of adipocytic cells during fracture healing, further es-

tablishing the detrimental role ofMAT in aged bone homeostasis.

DPP4 Released from MAT Inhibits Bone Healing
To identify potential negative regulators of regeneration pro-

cesses, RNA sequencing (RNA-seq) was used to further charac-

terize the molecular identity of all four populations (Figures S7A

and S7B). Principal-component and hierarchical clustering ana-

lyses clearly supported the distinct nature of each population,

providing a second line of evidence for the lineage restriction

of adipogenic commitment of the closely related APC and preAd

populations (Figures 6A–6C). Differential expression (DE) anal-

ysis produced several sets of known and potential new candi-

date genes to define each population (Figures 6D–6G; Table

S5). For instance, canonical stem cell markers (e.g., Nog, Il1rn,

andMyc) were enriched in the CD45�CD31�Sca1+CD24+ multi-

potent stem cell population (Figure 6D). Moreover, signals

known to regulate hematopoietic stem cell (HSC) quiescence

and maintenance (e.g., Cxcl12, Kitl/Scf, and Vcam-1), showed

the highest expression in this population, along with the highest,

but not exclusive, expression level of LepR that was also ex-

pressed in the other cells types. The OPC population expressed

the classical osteogenic (e.g., AlpI, Dmp1, and Col1a1/2) and

chondrogenic markers (e.g., Acan, Col2a1, and Sox9), as well

as previously described skeletal stem cell markers (Itga5 and

CD200), at elevated levels (Figure 6E; Table S5) (Chan et al.,

2015). The adipogenic populations expressed high levels of

markers that have been linked to the adipocytic lineage (i.e.,

Cd34, Ebf2, and Dpp4) (Avogaro et al., 2014; Rodeheffer et al.,

2008; Wang et al., 2014) or adipocyte differentiation (i.e., Vim,

Ppara; Figures 6F and 6G) (Franke et al., 1987; Goto et al.,
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Figure 3. Aging and High-Fat Diet Stimulate Expansion of the Adipo-

cytic Lineage

(A) H&E stains of femora from male mice aged 2 (young) or 25 months (old)

maintained on standard diet (SD) or high-fat diet (HFD) for 24 hr (1dHFD) or

10 days (10dHFD).

(B) Relative quantifications of CD31�CD45�Sca1+CD24+, APC, and OPC

populations in young and 25-month-old mice on SD (white bars) compared to

1dHFD (gray bars, applies to all panels) (n = 9).

(C) BrdU incorporation into CD31�CD45�Sca1+CD24+ and APCs from young

and 15-month-old mice on SD or 1dHFD (n = 7–9).

(D) Quantification of GFP+ cells in 2-month- and 15-month-old male Zfp423-

EGFP reporter mice on SD or 1dHFD (n = 6). Graphs show cumulative data

from at least two independent experiments. Mean ± SEM; *p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001. Scale bar, 100 mm.

See also Figure S4.
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Merged IF: tdTomato, Perilipin, DAPI
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(legend continued on next page)
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2011). As expected, expression of Zfp423 was highest in

Zfp423+ preAds (Figure 6F). Thus, our RNA-seq analysis

confirmed the cellular characteristics of the four populations,

and it establishes the CD45�CD31�Sca1+CD24+ multipotent

stem cell population as a population expressing elevated levels

of Cxcl12 and Lepr that are important regulators of HSCs and

osteogenesis (Greenbaum et al., 2013; Yue et al., 2016).

To identify signals that could mediate the negative effects of

adipogenic cells on bone healing, we screened the dataset for

secreted factors that were significantly enriched in the adipo-

(D) Fate analyses of transplanted cells. CD45�CD31�tdTomato+ cells (red squares, top row) were gated for expression of GFP (green squares, Zfp423-EGFP

reporter; middle row). Zfp423+ cells were then assessed for expression of surface markers Sca1 and CD24 (bottom row).

(E–G) Bone marrow cellularity (E), marrow chimerism (F), and donor-derived (G) LSK cells in injected and contralateral tibiae 5 weeks after irradiation.

(H and I) Donor-derived LT-LSK (H) and donor-derived ST-LSK (I) hematopoietic stem cells in injected tibiae. Mean ± SEM (n = 7); p < 0.05: a, versus no cells; b,

versus OPC; c, versus CD31�CD45�Sca1+CD24+; d, versus APC; and e, versus preAd.

See also Figure S5.
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Figure 5. The Adipocytic Lineage Inhibits

Bone Healing

(A) Red fluorescence in tibiae (top panels), mCT

images (middle panels), and representative

Movat-Pentachrome stains (lower panels; yellow,

mineralized bone; red, new bone; blue, cartilage;

purple, nuclei) of fracture calluses 14 days after

fracture and intratibial injection of the indicated cell

populations.

(B) Total bone mineral density (BMD) by mCT

(n = 6).

(C–E) Histomorphometry of mineralized bone vol-

ume (BV) and non-mineralized callus (C) as fibrous

tissue (FV) (D), and cartilage tissue (CV) volumes

(E), all normalized to total callus volume (TV) (n = 8).

Mean ± SEM; p < 0.05: a, versus no cells; b, versus

OPC; and c, versus CD31�CD45�Sca1+CD24+.
Scale bar, 100 mm.

See also Figure S6.

genic populations. Among the most

significantly regulated secreted factors

was the gene encoding for Dipeptidyl

peptidase-4 (Dpp4), a protease shed

from the plasma membrane that is an

important target of clinical diabetes treat-

ments (Figure 7A) (Avogaro et al., 2014;

Marguet et al., 2000). Consistent with the

RNA-seq data, CD26 (the membrane-

bound form of DPP4) was enriched on

the surface of adipogenic cell popula-

tions, and only CD45�CD31�Sca1+

CD24+ and APCs, but not OPCs, released

DPP4 into the medium after adipogenic

differentiation (Figures S7C and S7D).

Expression of Dpp4 was increased in

distal tibiae of old mice that contain most

ectopic adipocytes, and explant cultures

of old tibiae released greater amounts of

DPP4 (Figures 7B and 7C). While treat-

ment of CD45�CD31�Sca1+CD24+ and

APCs with the DPP4 inhibitor sitagliptin

had no effect on adipogenesis, it significantly enhanced osteo-

genic gene expression and mineralization of multipotent

CD45�CD31�Sca1+CD24+ and OPCs during osteogenic differ-

entiation (Figures 7D, 7E, S7E, and S7F). While no positive effect

was found in untreated OPC transplants (Figure 5), the improved

OPC function following sitagliptin may serve to promote bone

healing. Exposure to recombinant DPP4 slightly impaired osteo-

genic, but did not alter adipogenic differentiation (Figures S7G–

S7J). Treatment of mice with two DPP4 inhibitors, Diprotin A

and sitagliptin, significantly accelerated tibia fracture healing
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(Figures S7K and S7L), and intraperitoneal (i.p.) injections of sita-

gliptin for 9 days significantly increased the frequency of osteo-

genic progenitors while decreasing the frequency of APCs in

non-fractured tibiae (Figure 7F). Administration of sitagliptin

was sufficient to abolish the negative effects of transplanted adi-

pogenic cells on bone healing while surprisingly promoting bone

healing after OPC transplants (Figures 7G–7I). Lastly, transplan-

tation of Dpp4-deficient APCs similarly prevented the inhibitory

effects of APCs on fracture healing (Figures 7J–7L).

DISCUSSION

Marrow adipogenesis is a highly regulated process that re-

sponds to a variety of endocrine signals, dietary cues, and
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Figure 6. RNA-Seq Defines the Cellular Identities of Bone-Resident Sub-populations

(A–C) The principal-component analysis (PCA; A), correlations scores (B) of the top ten genes driving PC1 and PC2 in (A), and hierarchical clustering analyses (C)

of RNA-seq from all four cell populations.

(D–G)Heatmapsof selecteddifferentially expressed (DE)genes, dividedbycandidates reported in the literature (known,asterisks indicatenosignificantDEbetween

individual groups) and novel markers, enriched in CD31�CD45�Sca1+CD24+ (D), OPC (E), APCs and preAds combined (F), and APC or preAd (G) cell populations.

See also Figure S7 and Table S5.
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Figure 7. DPP4 Inhibition Reverses the Negative Effects of Adipogenic Cells on Bone Regeneration

(A) Gene expression intensities of Dpp4 from RNA-seq analysis.

(B) Dpp4-mRNA levels in whole proximal and distal tibiae of young (2 months) and old (15 months) male mice (n = 5).

(C) DPP4 secretion by whole tibia explants from young and old mice (n = 4).

(D and E) The mRNA levels (D) of Runx2 and Osterix (Osx/Sp7) and Alizarin Red S staining and quantification (E) of CD45�CD31�Sca1+CD24+ and OPCs either

treated with PBS (control, white bars) or sitagliptin (100 mM, black bars) during osteogenic differentiation (n = 3). Scale bars, 30 mm.

(F) FACS analysis of OPC, CD45�CD31�Sca1+CD24+, and APC cell frequencies in tibiae frommale mice either i.p. injected with PBS (white bars) or sitagliptin for

9 days (black bars; n = 9–10). Mean ± SEM; *p < 0.05, **p < 0.01, and ****p < 0.0001.

(G–I) Representative Movat-Pentachrome stains (G) of fracture calluses from control PBS-treated mice that received osteogenic (PBS/OPC) or adipogenic

(PBS/APC) intratibial transplants and animals treated with sitagliptin for 1 week after fracture and receiving the same transplants of osteogenic (Sita/OPC)

(legend continued on next page)
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pathologies (Scheller and Rosen, 2014), reflecting the necessity

of a highly adaptive reservoir of stem/progenitor cells. Our study

establishes a unidirectional developmental hierarchy of the bone

marrow adipocytic lineage from a multipotent CD45�CD31�

Sca1+CD24+ stem cell-like population toward distinct progenitor

cell populations with unilaterally committed osteochondrogenic

or adipogenic fates. Our results further suggest that adipogenic

progenitors irreversibly mature toward a preAd stage: while

APCs can maintain their identity they also give rise to Zfp423+

preAds that cannot revert to Sca1+Zfp423� progenitors. This

unidirectional process enables the definition of two distinct

maturation stages that subsequently differentiate into mature

Zfp423+ marrow adipocytes. These findings are consistent

with recent studies that have defined the heterogeneity of

mesenchymal cell populations in WAT and BAT in some detail

(Berry and Rodeheffer, 2013; Gupta et al., 2012; Rodeheffer

et al., 2008; Schulz et al., 2011). The adipocytic as well as

osteochondrogenic populations of the bone derive from a

mesenchymal and non-hematopoietic, non-endothelial lineage.

Previous work has also shown that neural crest-derived, Nestin+

cells are the likely developmental origin of the adult mesen-

chymal cells described here (Isern et al., 2014; Morikawa et al.,

2009b; Nagoshi et al., 2008; Takashima et al., 2007).

Our data on developmental lineages, differentiation capacity,

and adipocyte phenotype suggest that marrow-resident adipo-

cyte progenitors more closely resemble white, rather than

brown, adipogenic cells. This is consistent with previous reports,

but it does not rule out specific differences in endocrine function

between WAT and MAT (Scheller and Rosen, 2014). However,

our RNA-seq analysis shows that several genes enriched in

bone-resident preAds are also expressed in committed brown

pre-adipocytes (e.g., Ebf2, Entpd2, Fam129a, and Acy3) (Wang

et al., 2014), which would support at least some potential similar-

ities to the BAT lineage (Krings et al., 2012).

A high-fat diet rapidly increases expansion of the adipogenic,

but not the osteochondrogenic lineage. This induction is more

pronounced in aged bone marrow. Whether aging also affects

expansive capacities of subsets of adipose tissue-resident pro-

genitors remains to be determined, but our data clearly suggest

that this process may be involved in the pathogenic processes

related to MAT accumulation. This observation is supported by

a report on leptin-mediated regulation of diet-induced adipogen-

esis in the bone marrow (Yue et al., 2016). Of note, decreased

numbers of OPCs after high-fat diet feeding were only observed

in young animals, which could be due to leptin resistance as

observed in aged animals (Gabriely et al., 2002) but which would

also suggest that expansion of adipogenic cells may not be

exclusively leptin dependent.

Sca1+ cells, e.g., the multipotent CD45�CD31�Sca1+CD24+

population, as well as APCs, associate to L type vessels that

are known to host HSCs (Sivaraj and Adams, 2016) and occur

in the vicinity of the endosteum and could, thereby, readily affect

the hematopoietic niches or contribute to osteogenic processes.

Interestingly, a multipotent differentiation potential of at least

partially overlapping populations of bone-resident populations,

such as PaS (Sca1+Pa+) cells, cells expressing LepR, or Nes-

tin-expressing stromal cells, has been described before (Mén-

dez-Ferrer et al., 2010; Morikawa et al., 2009a; Yue et al.,

2016; Zhou et al., 2014), but these populations overlap at least

partially with several of the populations described here.

For instance, almost all LepR+ cells are Pa+ and contain all

CD45�CD31�Sca1+ cells (Zhou et al., 2014). Our clonal analysis

of CD45�CD31�Sca1+CD24+ cells identified this population as a

highly homogeneous pool of multipotent cells, indicating addi-

tional enrichment in this stem cell-like sub-population. In support

of this observation, clonal analysis of PaS or LepR+ cells showed

multipotency only in a smaller subset of clones that may have

derived from sub-populations expressing CD24 (Morikawa

et al., 2009a; Zhou et al., 2014). Importantly, the multipotent

stem cell-like population also promotes hematopoietic repopu-

lation and is enriched for cells expressing the hematopoiesis

maintenance cytokine CXCL12 (Greenbaum et al., 2013; Zhou

et al., 2014). In comparison to the other three cell types defined

in our study, we find that CD45�CD31�Sca1+CD24+ multipotent

cells also express the highest levels of Lepr and other pro-

hematopoietic signals, such as Kitl/Scf and Vcam1, and, thus,

could represent a further purification step of a mesenchymal

stem cell that supports hematopoiesis (Ding et al., 2012; Lewan-

dowski et al., 2010). In summary, while we cannot exclude that

several independent adipogenic and osteogenic lineages exist

in bone, our study strongly suggests that the CD45�CD31�

Sca1+CD24+ cell type, the skeletal equivalent of previously

described adipocyte stem cells in WAT (Rodeheffer et al.,

2008), can give rise to populations unilaterally committed to

either lineage and provides maintenance signals essential for

the hematopoietic niche.

Consistent with previous reports (Chan et al., 2015; Steenhuis

et al., 2008), we describe a committed OPC population that may

at least partially arise from the CD45�CD31�Sca1+CD24+ multi-

potent stem cells. Comparison of expression signatures sug-

gests these correspond to previously described skeletal stem

cells (Chan et al., 2015), which have been proposed to be one

of two distinct skeletogenic stem cell populations contributing

to post-natal development of bone (Worthley et al., 2015). In

our study, Grem1 mRNA was detected in all populations but

was highest in the multipotent cells. While Worthley et al. (2015)

clearly showed thatGrem1+ cells aremostlyCD45�CD31�Sca1�

skeletal stemcells, a small subset ofGrem1+cellswasalsoSca1+

and could thus also mark the multipotent stem cell-like popula-

tion we describe here. Further work is required to determine the

extent to which CD45�CD31�Sca1+CD24+ cells contribute to

the osteogenic lineages in embryonic and adult stages.

Ectopic adipocyte accumulation in the bone marrow cavity

is believed to contribute to age-related impairment of bone

or adipogenic (Sita/APC) cells. Fracture callus total volumes (TVs) were analyzed for mineralized callus volume (H, BV/TV) and fibrous tissue volumes (I, FV/TV)

(n = 5–7).

(J–L) Representative Movat-Pentachrome stains and histomorphometric analyses (as in G–I) of fracture calluses 14 days after injury from mice that received

osteogenic (OPC) or adipogenic (APC) intratibial transplants from either DPP4-KO or wild-type (WT) animals (n = 9). Mean ± SEM; p < 0.05: a, versus PBS or WT/

OPC; b, versus PBS or WT/APC; c, versus sitagliptin or DPP4-KO/OPC; and d, versus sitagliptin or DPP4-KO/APC. Scale bars, 100 mm.

See also Figure S7 and Table S6.
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regeneration and hematopoiesis (Carnevale et al., 2014; Fazeli

et al., 2013; Le et al., 2016; Naveiras et al., 2009; Schwartz,

2015). An increased risk for fractures and complications, such

as non-unions, is associated with aging- and obesity-induced

MAT accumulation (Nuttall and Gimble, 2004). Bone healing is

tightly regulated with an initial inflammatory phase, followed by

cartilaginous callus formation, the deposition of a fibrous matrix,

and subsequentmineralization through osteogenic cells (Einhorn

and Gerstenfeld, 2015). We here identify the cellular basis for the

pro-adipogenic shift observed during high-fat diet feeding and

aging. Cells committed to the adipogenic lineage not only in-

hibited bone healing but also acute hematopoietic reconstitu-

tion. The limited negative effect of the adipocytic lineage during

long-term hematopoietic recovery further suggests that the lack

of a pro-adipogenic stimulus is beneficial to bone homeostasis.

Follow-up studies will have to determine whether these effects

are also true for distinct processes, such as bone remodeling

as opposed to bone healing, and subtypes of healthy and path-

ological MAT (Cawthorn et al., 2014; Scheller et al., 2015) and

whether sex-specific differences occur as only male mice were

analyzed in this study. A potential mediator of such detrimental

effects on bone homeostasis is DPP4, as it was recently shown

to impair hematopoietic recovery and bone health (Broxmeyer

et al., 2012; Kim and Cho, 2016; Monami et al., 2011). Our results

provide mechanistic insights into the beneficial effects of DPP4

inhibitors during bone regeneration by targeting the adipocytic

lineage, and they potentially link MAT as a source of DPP4 to

the pathophysiology of systemic insulin resistance. In summary,

we here delineate the ontology of MAT and the adipocytic line-

age, which exerts negative effects on bone healing and hemato-

poiesis. These findings suggest that MAT accumulation causes

the age-related dysfunction of the bone marrow niches and

can be implicated in multiple pathological processes that inter-

fere with appropriate maintenance of bone tissue repair and

the hematopoietic system.
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SUMMARY

Bone marrow fibrosis (BMF) develops in various he-
matological and non-hematological conditions and
is a central pathological feature of myelofibrosis.
Effective cell-targeted therapeutics are needed, but
the cellular origin of BMF remains elusive. Here, we
show using genetic fate tracing in twomurinemodels
of BMF that Gli1+ mesenchymal stromal cells (MSCs)
are recruited from the endosteal and perivascular
niche to become fibrosis-driving myofibroblasts
in the bone marrow. Genetic ablation of Gli1+ cells
abolished BMF and rescued bone marrow failure.
Pharmacological targeting of Gli proteins with
GANT61 inhibited Gli1+ cell expansion and myofibro-
blast differentiation and attenuated fibrosis severity.
The same pathway is also active in human BMF,
and Gli1 expression in BMF significantly correlates
with the severity of the disease. In addition,
GANT61 treatment reduced the myofibroblastic
phenotype of human MSCs isolated from patients
with BMF, suggesting that targeting of Gli proteins
could be a relevant therapeutic strategy.

INTRODUCTION

Bone marrow (BM) fibrosis is characterized by the increased

deposition of reticulin fibers or collagen fibers. A number of he-

matologic and non-hematologic disorders are associated with

increased BM fibrosis (Kuter et al., 2007), which is a central path-

ological feature and World Health Organization major diagnostic

criterion of myelofibrosis (MF). MF refers to BCR-ABL1-negative

myeloproliferative neoplasms (MPNs) (Tefferi et al., 2007). The

majority of patients with MF carry mutations that activate JAK-

STAT signaling; 60% of patients with MF harbor the JAK2V617F

mutation, �30% carry a calreticulin mutation (CALR), and 8%

carry amyelo-proliferative leukemia virus oncogene (MPL) muta-

tion (Klampfl et al., 2013; Levine, 2012; Levine and Gilliland,

2008; Nangalia et al., 2013; Tefferi et al., 2014). Primary myelofi-

brosis (PMF) is the least common of the three classic MPNs;

however, it is themost aggressive and is associated with a signif-

icantly shortened survival (Mehta et al., 2014; Tefferi, 2011). PMF

is characterized bymalignant clonal hematopoiesis, BM fibrosis,

extramedullary hematopoiesis, splenomegaly, and abnormal

cytokine expression leading to significant systemic symptoms,

risk of transformation to acute leukemia, and reduced survival.

Although the somatic mutations that drive the development of

MPN have been largely defined, the cellular targets of BM

fibrosis still remain obscure. In MPN, mesenchymal stromal cells

(MSCs), key components of the hematopoietic stem cell (HSC)

niche, have recently been shown to acquire a secretory, extra-

cellular matrix remodeling phenotype and lose their hematopoi-

esis-supporting capacity (Schneider et al., 2014). A recent study

using a knockin Jak2V617F MPN mouse model demonstrated

that MPN progression in the bone marrow creates neuropathic

changes in the BM niche, which affect the activity of perivascular

MSCs and alter the function of the HSC niche (Arranz et al.,

2014). Identifying the cells that drive the development of a fibrotic

BMnichewith its detrimental consequences for themaintenance

of HSCs is a prerequisite for the development of novel targeted

therapeutics.
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Multiple genetic-fate-tracing studies have been performed to

elucidate the cellular origin of fibrosis driving myofibroblasts in

solid organs (Kramann et al., 2013). The recent identification of

perivascular Gli1+ MSC-like cells as a major cellular origin of or-

gan fibrosis and as a relevant therapeutic target to prevent solid

organ dysfunction after injury provides significant potential to

identify the origin of fibrosis-driving cells in BM fibrosis (Kramann

et al., 2015b; Schepers et al., 2015). Given that the Hedgehog

(Hh) signaling pathway regulates mesenchyme cell fate during

development and in view of growing evidence implicating a crit-

ical role for Hh in solid organ fibrosis and cancer (Aberger and

Ruiz I Altaba, 2014; Kramann et al., 2013), these findings provide

a rationale for potential targeting of the Hh pathway in BM

fibrosis.

Currently, the clonal myeloid neoplasm is the primary thera-

peutic target in MPN, and the only potentially curative therapy

for patients with PMF is allogeneic HSC transplantation, a

high-risk procedure with significant associated morbidity and

mortality. Establishing new modalities to directly block the

cellular changes occurring in the malignant BM niche, including

the inhibition of aberrant MSC differentiation into fibrosis-driving

cells, could have a substantial therapeutic impact in the treat-

ment of BM fibrosis.

RESULTS

Perivascular and Endosteal Localization of Gli1+ Cells in
the BM Niche
Having identified Gli1 as a faithful marker for fibrosis-driving

MSCs in solid organs (Kramann et al., 2015b), we sought to char-

acterize Gli1+ cells in the BMnichemore thoroughly. Gli1CreERt2

driver mice were crossed to a tdTomato reporter for inducible

genetic labeling. Gli1+ cells in the BM either align against bone

(Figure 1A) or are associated with the vasculature (Figures 1B

and 1C). Quantification of Gli1+ cell distribution in bigenic

Gli1CreER;tdTomato mice indicated that the majority of Gli1+

cells reside in the endosteal niche, whereas a smaller fraction

are associated with BM sinusoids and arterioles (Figure 1D).

Clearing of a sternal bone with deep imaging of the BM further

illustrated the endosteal and perivascular localization of Gli1+

cells (Figures S1A and S1B). We next assessed the expression

of markers that have been reported for stromal and perivascular

cells by immunostaining and confocal microscopy. We observed

high CD105 and moderate NG2 expression in perisinusoidal and

periarteriolar Gli1+ cells, while expression of both markers was

almost absent in endosteal Gli1+ cells (Figures 1E–1G). Nestin

expression was detected in many endosteal and perivascular

Gli1+ cells; however, we also observed Gli1+ cells in both niches

that did not co-express nestin (Figure 1H). Of note, we did not

detect leptin receptor expression in Gli1+ cells (Figure S1C).

While we detected sympathic innvervation of periarteriolar and

to a lesser extent perisinusoidal Gli1+ cells, endosteal Gli1+ cells

did not show adjacent sympathic nerves (Figure 1I). Similarly,

many perivascular, but not endosteal, Gli1+ cells were adjacent

to Schwann cells (Figure 1J). We further studied the surface

profile of Gli1+ cells isolated from bone chips of bigenic

Gli1CreER;tdTomato mice by flow cytometry. We observed

high expression of pericyte markers such as CD73, mesen-

chymal markers such as platelet-derived growth factor receptor

alpha PDGFRa (CD140a), and the mesenchymal stem cell

markers CD105, CD44, CD29, Sca1, and CD51, but we did not

observe expression of the endothelial cell lineage marker CD31

(Figures 1K and S1D). To study Gli1 expression in human BM,

we validated Gli1 staining in human glioblastoma multiforme tis-

sue that had been EDTA treated (Figure S1E). Immunostaining of

human BM indicates Gli1 expression in spindle-shaped stromal

cells (1) aligning the bone (endosteal niche) or (2) associated with

the vasculature (Figure 1L). Image quantification of human BM

localization demonstrated that 68.1% ± 2.7% of Gli1+ cells are

in the endosteal region and 31.9% ± 2.7% are in the perivascular

region, which is comparable to the findings in murine BM.

Co-staining for nestin and Gli1 indicated co-expression in

some, but not all, Gli1-expressing cells (Figure S1F), whereas

leptin receptor and NG2 were not expressed (Figure S1F).

When isolated from human BM, Gli1+ cells express CD90,

CD105, and nestin, consistent with their pericyte/MSC origin

(Figures 1M and S1G).

Gli1+ Cells Are Myofibroblast Precursors in MF
To determine if Gli1+ cells have a fibrosis-inducing role in BM

fibrosis, we performed genetic-fate-tracing experiments in amu-

rine model of thrombopoietin (ThPO)-induced MF (Villeval et al.,

1997; Yan et al., 1996). To trace the fate of Gli1+ cells, bigenic

Gli1CreERt2+/�;tdTomato+/� recipient mice received tamoxifen

to induce cell-specific expression of the tdTomato fluorochrome

and were subjected to lethal irradiation followed by transplanta-

tion of ThPO-overexpressing or control BM (Figures 2A and 2B).

We transduced hematopoietic stem and progenitor cells from

Figure 1. Gli1+ Cells Reside in the Perivascular and Endosteal Bone Marrow Niche in Humans and Mice

(A) Representative images of bone marrow (BM) from bigenic Gli1CreERt2;tdTomato mice 10 days after tamoxifen application (3 3 10 mg per os [p.o.]). Bright-

field (BF) and Fetuin-A-stained images. Scale bars, 50 mm.

(B) Representative images of the perivascular BM niche. Scale bars, 50 mm.

(C) Z stack analyses of the perivascular BM niche. Scale bar, 50 mm.

(D) Distribution of Gli1+ cells in the endosteal (endost), perisinusoidal (perisin), and periarteriolar (periart) niche (mean ± SEM).

(E–H) CD105, NG2, and nestin expression by Gli1+ cells in the endosteal, perisinusoidal, and periarteriolar niche (mean ± SEM). Arrows indicate co-expression in

Gli1+ cells, and arrowheads indicate no expression in Gli1+ cells. Scale bars represent 50 mm in (E) and (F) and 25 mm in (G) and (H).

(I) Representative z stack images and quantification of Gli1+ cell innervation by tyrosine hydroxylase (TyrHydr)-positive sympathic nerve fibers (mean ± SEM).

Scale bars, 25 mm.

(J) Representative z stack image and quantification of Gli1+ cells adjacent to glial fibrillary acidic protein (GFAP)-expressing glia cells. Scale bars, 25 mm.

(K) Surface expression pattern of tdTomato+ cells from bigenic Gli1CreERt2; tdTomato mice as assessed by flow cytometry (mean ± SEM).

(L) Representative images of human BMs stained for Gli1. Arrows indicate Gli1 expressing cells. Scale bars, 50 mm.

(M) Surface expression profile of human Gli1+ MSCs (mean ± SEM).

See also Figure S1.
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Figure 2. Gli1+ Cells Expand and Become Myofibroblasts in ThPO-Induced BM Fibrosis

(A) Scheme bigenic Gli1CreER;tdTomato mice.

(B) Experimental design: bigenic Gli1CreER;tdTomato mice were injected with tamoxifen (33 10mg p.o.) at 8 weeks of age, lethally irradiated at 10 days after the

last tamoxifen dose, and received c-kit-enriched HSCs from WT littermates expressing either thrombopoietin cDNA (ThPO; n = 5, three males) or control cDNA

(control, n = 5, three males; both lentiviral SFFV-iGFP vector backbone). Mice were sacrificed at 56 days after transplantation.

(legend continued on next page)
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Gli1CreERt2�/�;tdTomato�/� (wild-type [WT] littermates) with

ThPO-overexpressing cDNA (pRRL.PPT.SFFV.Thpo.iGFP) or

control (pRRL.PPT.SFFV.MCS.iGFP). The irradiation was per-

formed at least 10 days after the last tamoxifen dose to eliminate

any possibility of Cre recombination after injury.

ThPO overexpression induced significant myeloproliferative

features, including thrombocytosis and leukocytosis (Fig-

ure S2A). Hemoglobin (Hb) decreased over time in ThPO-over-

expressing mice, and the percentage of ThPO-GFP+ overex-

pressing cells in these mice (gene marking) also significantly

decreased, suggesting the replacement of hematopoietic cells

in the BM by fibrosis (Figures S2A and S2B). The decrease of

marrow hematopoiesis was accompanied by extramedullary he-

matopoiesis with a significant increase in spleen weight (Fig-

ure S2C) and the presence of lineagelowSca1+ckit+ hematopoiet-

ic stem and progenitor cells in the spleen (Figure S2D). Trichrome

staining indicated marked remodeling of the spleen, but without

development of collagen fibrosis (Figure S2E).

The BM of ThPO-overexpressing mice showed abundant

reticulin and trichrome+ fibrosis (Figures 2C, S2F, and S2G).

Flow cytometric analysis of the genetically marked tdTomato+

population and GFP+ hematopoiesis demonstrated a significant

increase in the frequency of Gli1+ stromal cells in the BM cavity

in ThPO-induced MF (Figure 2D). Interestingly, while Gli1+ cells

express markers of both MSCs and osteoblastic lineage cells

(OBCs), primarily MSC-marker-expressing Gli1+ cells expanded

in fibrosis (Figure 2E).

Confocal imaging further demonstrated that Gli1+ cells

are activated by the malignant hematopoietic clone, undergo

tremendous expansion, and acquire expression of alpha smooth

muscle actin (a-SMA), indicating myofibroblast differentiation

(Figures 2F–2H and S2H). Of note, quantification indicated that

approximately half of all myofibroblasts were derived from the

Gli1 lineage (Figure 2H). Quantification of Gli1+ cell distance to

bone and endothelial cells by image analysis showed that Gli1+

cells are mobilized from their endosteal and perivascular niche

(Figure 2I).

Genetic Ablation of Gli1+ Cells Abolishes MF and
Rescues BM Failure
We next asked if Gli1+ cells are required for the development of

BM fibrosis and whether genetic ablation of Gli1+ cells affects

fibrosis severity and BM function. We generated a mouse model

with inducible Gli1+ cell-specific expression of the human simian

diphtheria toxin receptor (iDTR) Gli1CreERt2+/�;iDTR+/� (Fig-

ure 3A). In this model, Gli1+ cells express the iDTR after tamox-

ifen-induced recombination and subsequent diphtheria toxin

(DTX) injection will specifically ablate the Gli1+ cell population,

but not other cells, as normal mouse cells lack expression of a

DTX receptor. Bigenic Gli1CreERt2+/�;iDTR+/� mice received

tamoxifen and underwent BM transplantation, receiving ckit+ he-

matopoietic stem and progenitor cells (HSPCs) expressing either

the empty vector or ThPO-overexpressing cDNA from WT litter-

mates. Mice were randomized on Hb levels at 4 weeks after BM

transplantation and received DTX (50 ng/kg bodyweight) in order

to ablate the Gli1+ cells or vehicle as a control (Figure 3B).

Mice that received ThPO-overexpressing marrow in the pres-

ence of Gli1+ cells (ThPO + vehicle) developed a severe BM

fibrosis, as indicated by a significant decrease in Hb levels

over time, replacement of hematopoietic cells in BM and spleen

by reticulin fibrosis, and significant splenomegaly, while white

blood cell and platelet counts were not affected (Figures 3C–

3F and S3A). Ablation of Gli1+ cells completely abolished this

fibrotic phenotype (ThPO + DTX; Figures 3C–3F) as determined

by stabilization of Hb levels, complete absence of reticulin

fibrosis in BM and spleen, normalized spleen weights, and

reduced osteosclerosis (Figures S3B and S3C). mRNA expres-

sion of iDTR further demonstrated significant expansion of

Gli1+ cells in ThPO-induced BM fibrosis with sufficient ablation

following DTX injection (Figure 3G). Genetic ablation of the

Gli1+ cell population also reduced the fibrotic readouts a-SMA,

collagen 3a1 (Col3a1), and fibronectin (Figures 3H–3J), which

were all significantly increased following ThPO overexpression

in the BM.

These experiments provide the first in vivo functional evidence

that Gli1+ cells are fibrosis-driving cells in BM fibrosis and repre-

sent a novel cellular target. Importantly, the ablation of Gli1+ cells

in normal hematopoiesis (control + DTX) did not have detrimental

effects on differentiated lineages (Figures S3D–S3H) or HSPCs

(Figure 3K). Furthermore, we did not observe a significant effect

of Gli1+ cell ablation on marrow vascularization (CD31 surface

area), sympathic nerve fibers (tyrosine hydroxylase surface

area), or glia cells (GFAP surface area) (Figures S3I–S3K).

Pharmacological Targeting of Gli1+ Cells with GANT61
Ameliorates MF
We next askedwhether Gli1+ cells can be targeted pharmacolog-

ically in a more physiological MF model. As 60% of patients with

MFharbor the JAK2(V617F)mutation,we introduced themutation

ina retroviral vector (MSCV-IRES-GFP [MIG]) inckit+HSPCs (Wer-

nig et al., 2008). Gli antagonist 61 (GANT61) was identified in a

screen to be a direct small-molecule compound inhibitor of Gli

(C) Representative images of reticulin-stained BM from the control and ThPO groups 56 days after transplantation. Scale bars, 200 mm.

(D) Representative flow cytometric plots and quantification of tdTomato+ cells in the BM of the control and ThPO groups 56 days after transplantation. **p < 0.01

by t test (boxplot and whiskers, minimum to maximum).

(E) Representative flow cytometric plots and quantification of the contribution of tdTomato+ cells toMSCs, andOBCs contained in the endosteal (lin�/CD45�) BM
stromal fraction in the control and ThPO groups 56 days after transplantation. MSCs are tdTom+lin�CD45�CD31�Sca1+CD51+; OBCs are tdTom+lin�CD45�

CD31�Sca1�CD51+; **p < 0.01 by t test (boxplot and whiskers, minimum to maximum).

(F) Representative confocal images of BM from the control and ThPO groups. Scale bars, 50 mm.

(G) Representative images from the control and ThPO groups stained for alpha smooth muscle actin (a-SMA). Scale bars represent 50 mm (20 mm in inserts).

(H) Image quantification from the control and ThPO groups stained for alpha smooth muscle actin (a-SMA). *p < 0.05, ***p < 0.001 versus the control group by

t test.

(I) Representative images of BM from the control and ThPO groups stained for Fetuin A (left) and CD31 (right). The distance of Gli1+ cells to bone (Fetuin A+) and

vasculature (CD31+) was quantified. **p < 0.01 by t test; data represent mean ± SEM. Scale bars, 25 mm.

See also Figure S2.
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proteins (Lauth et al., 2007) and is apromising treatment of fibrosis

in lung and kidney (Kramann et al., 2015a; Moshai et al., 2014). To

elucidate whether pharmacologic inhibition of Gli proteins is a

therapeutic strategy in MF, we performed a genetic-fate-tracing

experiment of Gli1+ cells in a Jak2(V617F) MF model combined

with GANT61 treatment. Bigenic Gli1CreERt2+/�;tdTomato+/�

Figure 3. Genetic Ablation of Gli1+ Cells Abolishes BM Fibrosis and Rescues ThPO-Induced BM Failure

(A) Scheme bigenic Gli1CreERt2;iDTR.

(B) Bigenic Gli1CreERt2;iDTR mice received tamoxifen (33 10 mg p.o.) and were lethally irradiated at 10 days after the last tamoxifen dose and transplanted with

23 105 c-kit purified BM cells fromWT littermates transduced with either control or ThPO cDNA. Mice were injected with diphtheria toxin (DTX) in order to ablate

Gli1+ cells (50 ng/kg body weight intraperitoneally [i.p.]) or vehicle (PBS) as indicated (control + vehicle n = 3, two males; control + DTX n = 4, two males; ThPO +

vehicle n = 9, five males; ThPO + DTX n = 6, four males).

(C) Time course of hemoglobin counts (mean ± SEM). *p < 0.05 by t test.

(D) Representative H&E- and reticulin-stained images from spleen and BM. Scale bars, 300 mm.

(E) Scoring of reticulin fibrosis grade (mean ± SEM). ***p < 0.001 by Kruskal-Wallis test with Dunn’s multiple comparison.

(F) Spleen weight relative to body weight among the groups (mean ± SEM). ***p < 0.001 by one-way ANOVA with post hoc Tukey test.

(G) mRNA expression of the simian diphtheria toxin receptor (iDTR) (mean ± SEM). *p < 0.05 **p < 0.01 by one-way ANOVA with post hoc Tukey test.

(H) Relative mRNA expression for the fibrotic readout a-SMA (mean ± SEM). **p < 0.01, ***p < 0.001 by one-way ANOVA with post hoc Tukey test.

(I) Relative mRNA expression for the fibrotic readout Col3a1 (mean ± SEM). **p < 0.01, ***p < 0.001 by one-way ANOVA with post hoc Tukey test.

(J) Relative mRNA expression for the fibrotic readout fibronectin (mean ± SEM). **p < 0.01, ***p < 0.001 by one-way ANOVA with post hoc Tukey test.

(K) Analysis of the HSC compartment, defined as long-term (LT; linlowSca1+ckit+CD48�CD150+) and short-term (ST; linlowSca1+ckit+CD48�CD150�) HSCs and

multipotent progenitor cells (MPPs; linlowSca1+ckit+CD48+CD150�) in the BM within the four different groups (mean ± SEM), ns, non-significant by one-way

ANOVA with post hoc Tukey test.

See also Figure S3.
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Figure 4. Gli1+ Cells Are Myofibroblast Precursors in JAK2(V617F)-Induced MF and Can Be Targeted Pharmacologically by GANT61

(A) Bigenic Gli1CreERt2;tdTomato mice received tamoxifen (3 3 10 mg p.o.) and were lethally irradiated 10 days after the last tamoxifen dose and transplanted

with 23 105 c-kit purified BM cells fromWT littermates that had been transducedwith either control (n = 10) or Jak2(V617F) (n = 10) cDNA (bothMCSV-IRES-GFP

retroviral backbone vector). Mice were injected with GANT61 (50 mg/kg body weight) or vehicle (corn oil/ethanol) every other day between 8 and 17 weeks after

transplantation (control + vehicle n = 3, two males; control + GANT61 n = 5, three males; Jak2(V617F) + vehicle n = 4, three males; Jak2(V617F) + GANT61 n = 4,

three males).

(B) Grading of reticulin fibrosis (mean ± SEM). ***p < 0.001 versus all other groups by one-way ANOVA with post hoc Tukey test.

(C) Spleen weight was determined as a percentage of the body weight (mean ± SEM). *p < 0.05, **p < 0.001 by one-way ANOVA with post hoc Tukey test.

(D) Representative images of sternal bones. Scale bars, 50 mm (inserts, 25 mm).

(E) Quantification of all a-SMA-expressing cells (a-SMA+), Gli1 cells (tdTom+), and Gli1-derived myofibroblasts (a-SMA+/tdTom+) in the BM of mice trans-

planted with Jak2(V617F) (Jak2) or control that have been treated with GANT61 or vehicle (mean ± SEM). ***p < 0.001 by one-way ANOVA with post hoc

Tukey test.

(legend continued on next page)
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mice received tamoxifen andwere transplantedwith BMofWT lit-

termates retrovirally transduced with either WT Jak2 control vec-

tor or Jak2(V617F). Treatment with either GANT61 or vehicle was

initiated at 8 weeks after onset of the disease in the Jak2(V617F)

group (Figures 4A and S4A). Mice were randomized based on

Hb levels to receive either GANT61 or vehicle every other day.

Mice transplanted with Jak2(V617F) had significantly elevated

Hb levels compared to the control groups (Figure S4A), reflecting

erythroid hyperplasia, while treatment with GANT61 rescued this

phenotype with a significant decrease in Hb to levels compara-

ble to the control groups. Analysis of BM at 17 weeks after trans-

plantation showed a significant expansion of genetically tagged

Gli1+ cells with development of reticulin fibrosis and splenomeg-

aly (Figures 4B–4F, S4B, and S4C) in Jak2(V617F)-transplanted

mice compared to WT controls.

Co-staining with a-SMA demonstrated that Gli1+ cells differ-

entiated into myofibroblasts and represented a significant part

of the myofibroblast population (Figures 4E, 4F, and S4C).

Notably, treatment with GANT61 resulted in significantly

reduced numbers of Gli1+-tdTomato+ and Gli1+-tdTomato+-

aSMA+ cells and abolished the development of reticulin fibrosis

(Figures 4B–4F, S4B, and S4C). Distancemeasurements of Gli1+

cells to bone and endothelial cells revealed that the presence of a

Jak2(V617F) hematopoietic clone resulted in Gli1+ cell mobiliza-

tion from both the endosteal and the perivascular niche, which

was ameliorated by GANT61 treatment (Figures S4D and S4E).

Moreover, while Jak2(V617F) transplantation resulted in signif-

icantly increased spleen weight and numbers of long-term HSCs

(LT-HSCs), multipotent progenitor cells (MPPs), and erythroid

progenitors, as is typical for polycythemia vera (PV), GANT61

reversed this phenotype (Figures 4G, S4F, and S4G) suggesting

an effect of GANT61 on both Gli1+ cells and the malignant

hematopoietic clone. To assess the relative effect of GANT61

treatment on Jak2(V617F)-expressing hematopoietic cells, we

treated transduced (GFP+) and non-transduced (GFP�) c-kit+

HSPCs in vitro. GANT61 specifically reduced Jak2(V617F)-ex-

pressing cells and induced significant apoptosis (Figures 4H

and S4H). We analyzed the downstream effects of Jak2(V617)

and observed a significant downregulation of STAT5 phosphor-

ylation by GANT61 treatment (Figure 4I). Jak2(V617F) induced

expression of the phosphatidylinositol-3-kinase (PI3K), which

was also inhibited by GANT61 treatment (Figure 4J). As the

PI3K/Akt axis was shown to activate Gli in a non-canonical

fashion, we analyzed Akt and Gli1 expression. Jak2(V617F) in

HSPCs induced increased (but not significant) expression of

both Akt and Gli1, which had a tendency to be decreased by

GANT61 treatment (Figure 4J).

These data suggest that targeting Gli proteins by GANT61 is a

novel therapeutic approach in MF that affects the expansion of

bothMF-driving Gli1+ myofibroblasts and themalignant hemato-

poietic clone.

Gli1+ Cells Undergo Distinct Transcriptional Changes in
BM Fibrosis
To determine whether and how Gli1+ stromal cells are altered in

BM fibrosis, we performed RNA sequencing on sort-purified lin-

eage�GFP�Gli1-tdtom+ cells from controls and ThPO-overex-

pressing mice with BM fibrosis (at 10 weeks after BM transplan-

tation). Principal-component and hierarchical cluster analyses

revealed that Gli1+ cells in BM fibrosis are drastically distinct

from Gli1+ cells in homeostasis (Figures 5A and 5B). Statistical

analysis revealed that 1,597 genes were differentially expressed

between theGli1+ cells in control conditions andGli1+ cells in BM

fibrosis (0.5-log2-fold, Benjamini Hochberg false discovery rate

[FDR] corrected p value = 0.05), with 924 upregulated and 673

downregulated genes. To uncover differentially altered mecha-

nisms in the Gli1+ stromal cells in BM fibrosis and potential path-

ways of activation by themalignant hematopoietic clone, we per-

formed gene set analysis using PIANO (V€aremo et al., 2013) with

a pathway collection adapted for mouse (Bares and Ge, 2015).

We found upregulated pathways that play a critical role not

only in cytokine-cytokine receptor interaction but also in the

inflammatory response, specifically the leukotriene (LOX) and

prostaglandin (COX) pathways, both of which use the same pri-

mary precursor, arachidonic acid (Figures 5C and S5). There is

evidence that BM stromal cells actively metabolize arachidonic

acid and that metabolites are important for the regulation of

hematopoiesis (Abraham et al., 1991). Differential gene expres-

sion analysis demonstrated that megakaryocyte-associated

genes were significantly upregulated, in particular the chemo-

kine Cxcl4 (cytokine-cytokine receptor interaction pathway; Fig-

ures 5C and 5D), which has been implicated to play a role in

fibrosis (Burstein et al., 1984; van Bon et al., 2014; Zaldivar

et al., 2010) and HSC regulation (Bruns et al., 2014). In addition,

we identified Cxcl4 among 4 upregulated cytokines in a cytokine

array from medium supernatant of both ThPO and Jak2(V617F)-

overexpressing HSPCs (Figure 5E).

In line with previous studies of niche cells in BM fibrosis

(Schepers et al., 2013), we found altered expression of many

HSC-regulatory genes and cytokines, including a broad

(F) Representative flow cytometric plots and quantification of Gli1+ cells within the lineage depleted BM (mean ± SEM). *p < 0.05 by one-way ANOVAwith post hoc

Tukey test.

(G) Analysis of long-term (LT; linlowSca1+ckit+CD48�CD150+) and multipotent progenitor cells (MPP, linlowSca1+ckit+CD48+CD150�) as well as erythroid cells

(Gr1�CD11b�CD3�CD19�Ter119+) by flow cytometry (mean ± SEM). *p < 0.05, **p < 0.01 by one-way ANOVA with post hoc Tukey test.

(H) c-kit+ purified HSPCs fromWTmice were transduced with either control or Jak2(V617F) cDNA (both MCSV-IRES-GFP retroviral backbone vector). 48 hr after

transduction, cells were treated with GANT61 or vehicle. Genemarking (GFP+) was quantified by flow cytometry 48 hr after treatment. ***p < 0.001 versus all other

groups by one-way ANOVA with post hoc Tukey test (mean ± SEM).

(I) Quantification of the mean fluorescence intensity (MFI) and representative flow cytometric analysis of levels of phospho-STAT5 (p-STAT5) in c-kit+ cells

transduced with Jak2(V617F) or control (GFP+) 48 hr after treatment with GANT61 or vehicle. GFP+ cells are shown in the histogram. ***p < 0.001 versus all other

groups by one-way ANOVA with post hoc Tukey test (mean ± SEM).

(J) c-kit+ purified HSPCs were transduced with Jak2(V617F) or control cDNA, sort-purified by GFP expression 48 hr after transduction, and treated with GANT61

or vehicle 24 hr later. 24 hr after treatment, cells were harvested for RNA isolation and qRT-PCR. Relative mRNA expression for PI3K, Akt, and Gli1 is shown.

*p < 0.05; ns, non-significant by one-way ANOVA with post hoc Tukey test (mean ± SEM).

See also Figure S4.

792 Cell Stem Cell 20, 785–800, June 1, 2017



(legend on next page)

Cell Stem Cell 20, 785–800, June 1, 2017 793



downregulation of HSC retention factors, particularly Cxcl12

(Figures 5C and 5F).

We further observed increased metabolic activity in Gli1+ stro-

mal cells in BMfibrosis (Figure 5C), particularly in fatty acidmeta-

bolism. PPARy, the master switch of lipogenic differentiation in

MSCs, was further significantly induced in BM fibrosis and was

recently described to play a role in pulmonary fibrosis (El Agha

et al., 2017). To identify a potential lipogenic phenotype of

Gli1+ MSCs in BM fibrosis, we performed co-staining with the

neutral lipid stain (LipidTOX). We observed sparsely LipidTOX-

positive Gli1+ cells in BM from ThPO-overexpressing mice

(Figure 5G).

Based on previously published data and our findings, we pro-

pose a model of abnormal release of Cxcl4 from a-granules from

atypical megakaryocytes and platelets in MPN (Vannucchi et al.,

2005) (Figure 5H). In turn, Cxcl4 as a CXC chemokine contributes

to the activation of Gli1+ cells and their transdifferentiation into

a-SMA+ myofibroblasts and later to expression of Cxcl4 in

Gli1+ cells. In fibrosis progression, thrombin and collagen

contribute to the activation of arachidonic acid metabolism,

which transforms stromal cells into inflammatory, metabolically

active cells that lose their hematopoiesis-supporting capacity,

further contributing to abnormal hematopoiesis in MPN

(Figure 5H).

To validate the RNA-sequencing findings and dissect the

direct interaction of stromal cells and hematopoietic cells in

BM fibrosis in vitro, we co-cultured ThPO-overexpressing

c-kit+ HSPCs and Gli1+ isolated stromal cells. As GANT61 ame-

liorates BM fibrosis, we further tested the effect of GANT61 treat-

ment on differentially expressed genes (Figure 6A). The co-cul-

ture with ThPO overexpressing HSPCs significantly induced

expression of Cxcl4 in stromal cells, which was completely

normalized by GANT61 treatment. Endothelin 1 and MMP9 as

pro-fibrotic readouts associated with increased Cxcl4 expres-

sion in organ fibrosis (van Bon et al., 2014), were significantly up-

regulated in stromal cells exposed to ThPO overexpressing

HSPCs and were normalized after GANT61 treatments (Fig-

ure 6A). ALOX12 and PPARy as targets of activated arachidonic

acid were upregulated in stromal cells in the presence of ThPO

overexpressing HSPCs and normalized by GANT61 treatment.

As previous studies suggested that GANT61 leads to apoptosis

and cell cycle arrest, we analyzed the anti-apoptotic gene Bcl2

and the cyclin-dependent kinase inhibitor p21. Bcl2 was signifi-

cantly decreased after treatment with GANT61 and p21 signifi-

cantly induced, suggesting that GANT61 induces apoptosis

and might affect cell-cycle (Figure 6A).

We validated in co-culture experiments that the exposure of

Gli1+ cells with ThPO overexpressing HSPCs induces differenti-

ation into a-SMA+ myofibroblasts and that GANT61 inhibits the

differentiation or induces apoptosis in differentiated cells (Fig-

ure 6B). We analyzed apoptosis in Gli1+ and Gli1� stromal cells

and confirmed that GANT61 induces apoptosis specifically

in Gli1+ stromal cells (Figure 6C). GANT61 further induced

apoptosis in hematopoietic cells, suggesting that part of the

positive effect of GANT61 in BM fibrosis can be explained by

reduction of the malignant hematopoietic clone (Figure 6D).

Interestingly, we observed a direct effect of GANT61 on

megakaryocyte ploidy, suggesting inhibition of megakaryocyte

maturation (Figures 6E and S6). These data further validate

that GANT61 affects both Gli1+ stromal cells and the malignant

hematopoietic clone.

Cxcl4 Is Necessary and Sufficient for the Migration of
Gli1+ Stromal Cells and Induces Their Myofibroblastic
Differentiation
To confirm that Cxcl4 induces migration and myofibroblastic dif-

ferentiation of Gli1+ cells, we exposed Gli1+ cells to recombinant

Cxcl4 and analyzed myofibroblast differentiation and cell migra-

tion toward a Cxcl4 gradient. Recombinant Cxcl4 (rCxcl4) signif-

icantly induced myofibroblast differentiation of Gli1+ cells com-

parable to induction with transforming growth factor b (TGF-b),

a known stimulus for differentiation of MSCs into myofibroblasts

(Figure 6F). In a chemotactic migration assay, Cxcl4 significantly

increased the migration of Gli1+ cells toward the rCxcl4 gradient

(Figure 6G). Having established that Cxcl4 inducesmigration and

myofibroblast differentiation of Gli1+ cells, we sought to confirm

the hypothesis that Cxcl4 in hematopoietic cells in BMfibrosis in-

duces the migration and differentiation process of Gli1+ stromal

cells. We tested if genetic knockout of Cxcl4 in hematopoietic

cells can ameliorate the migration and myofibroblastic differ-

entiation of Gli1+ cells. We performed a migration assay with

Gli1+ cells on a transwell membrane and hematopoietic cells iso-

lated from Cxcl4�/�mice andWT controls, expressing control or

ThPO cDNA, in the lower compartment as a chemotactic

gradient (Figure 6H). Themigration of Gli1+ cells was significantly

increased in the presence of ThPO-overexpressing cells and

Figure 5. Gli1+ Cells in BM Fibrosis Are Transcriptionally Distinct from Gli1+ Cells in Homeostasis

Bigenic Gli1CreER;tdTomato mice were injected with tamoxifen (33 10mg p.o.) at 8 weeks of age, lethally irradiated at 10 days after the last tamoxifen dose, and

received c-kit enriched HSCs fromWT littermates expressing either thrombopoietin cDNA (ThPO; n = 5, three males) or control cDNA (control, n = 4, three males;

both lentiviral SFFV-iGFP vector backbone). Mice were sacrificed at 70 days after transplantation. Gli1+ cells were sort purified as lin�GFP�tdTomato+ and

subjected to RNA sequencing.

(A) Principal-component analysis (PCA).

(B) Heatmap representation with hierarchical clustering.

(C) Significantly directional enriched (median FDR > 0.05) pathways.

(D) Fragments per kilobase of exon per million fragments mapped (FPKM) values of CXCL4 in control and ThPO group (mean ± SEM).

(E) Cytokine analysis in serum and cytokine-free medium supernatant of ckit+ cells expressing ThPO or control (lentiviral SFFV-iGFP vector backbone) or

Jak2(V617F) or control (both MCSV-IRES-GFP retroviral backbone) (n = 2).

(F) FPKM value of stromal-derived factor 1 (SDF-1/CXCL12) in the control and ThPO groups (mean ± SEM).

(G) Representative images of BM from Gli1CreERt2;tdTomato mice transplanted with BM from WT littermates expressing either ThPO or control cDNA stained

with the neutral lipid staining LipidTOX. Scale bars, 50 mm. Arrow indicates LipidTOX-positive Gli1+ cells.

(H) Model for Gli1+ stroma-hematopoiesis interactions in BM fibrosis.

See also Figure S5.
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Figure 6. Cxcl4 Induces Migration and Myofibroblastic Differentiation of Gli1+ Cells

(A–E) tdTomato-Gli1+ stromal cells co-cultured with c-kit+ HSPCs expressing either thrombopoietin cDNA (ThPO) or control cDNA (control vector) were treated

for 24 hr with vehicle or GANT61. CV, control vector and vehicle; CG, control vector and GANT61; TV, ThPO overexpression and vehicle; TG, ThPO over-

expression and GANT61. (A) Relative mRNA expression in tdTomato-Gli1+ stromal cells is shown for platelet-factor 4 (Cxcl4), endothelin 1, matrix metal-

loproteinase 9 (MMP9), arachidonate 12-lipoxygenase (ALOX12), peroxisome-proliferator-activated receptor gamma (PPARy), B cell lymphoma gene 2 (Bcl2),

and p21. **p < 0.01, ***p < 0.001 by one-way ANOVA with post hoc Tukey test (mean ± SEM; n = 3). (B) Quantification of Gli1+a-SMA+ myofibroblasts in stromal

cells co-cultured with HSPCs (expressing control or ThPO cDNA) and treated with GANT61. *p < 0.05, **p < 0.01 by one-way ANOVA with post hoc Tukey test

(mean ± SEM; n = 3). (C) Quantification and representative flow blots of early apoptosis (AnnexinV+7AAD�) in td-Tomato+ and td-Tomato� stromal cells co-

cultured with HSPCs and treated with GANT61. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA with post hoc Tukey test (mean ± SEM; n = 3). (D)

Quantification of early apoptosis (AnnexinV+7AAD�) in c-kit+ HSPCs (expressing control or ThPO cDNA) co-cultured with stromal cells. *p < 0.05, **p < 0.01 by

one-way ANOVA with post hoc Tukey test (mean ± SEM; n = 3). (E) Representative histogram showing ploidy in CD41+ ThPO-overexpressing megakaryocytes

treated with GANT61 or vehicle. Representative data from one of three experiments.

(F) Flow cytometric quantification of a-SMA+ in stromal cells treated with recombinant platelet factor 4 (rCxcl4) or TGF-b as a known stimulus for myofibroblastic

differentiation (or respective controls). *p < 0.05, **p < 0.01 by t test (mean ± SEM; n = 3).

(G) Quantification of migration of tdTomato-Gli1+ stromal cells toward an rCxcl4 or control (DMSO) gradient. AU, arbitrary unit (mean ± SEM); **p < 0.01 by t test

(n = 2).

(H) Schematic, representative flow blots and quantification of tdTomato+ Gli1+ migration toward c-kit+ HSPCs isolated from Cxcl4�/� mice or wild-type (WT,

Cxcl4+/+) controls (Cxcl4+/+) expressing either ThPO or control cDNA (GFP+). **p < 0.01 by one-way ANOVA with post hoc Tukey test (mean ± SEM; n = 3).

(I) Schematic and quantification of a-SMA+ myofibroblast differentiation (flow cytometry) of tdTomato+ Gli1+ stromal cells co-cultured with c-kit+ HSPCs isolated

from Cxcl4�/� mice or WT controls expressing either ThPO or control cDNA (GFP+). *p < 0.05, **p < 0.01 by one-way ANOVA with post hoc Tukey test (mean ±

SEM; n = 3).

See also Figure S6.
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Figure 7. Increased Gli1 Frequency Correlates with Fibrosis Grade in Human BMs and Can Be Targeted Pharmacologically

(A) Representative images of human BM biopsies from control patients (MF = 0) and patients with MF stained for Gli1. *, sinusoids; #, amorphous matrix. Scale

bars, 200 mm.

(B) Quantification of Gli1+ cell frequency in human BM from healthy control patients (healthy) and MPN patients. Three high-power fields (HPF) (4003) were

counted for each patient and the mean value calculated; each dot represents one patients (n = 33 control; n = 60 MPN patients; ***p < 0.0001 by t test;

mean ± SEM).

(C) Correlation of Gli1+ cell frequency and MF grade in human BM (mean ± SEM). The MF/reticulin grade was graded by hematopathologists at different

institutions. Each dot represents one patient. ET, essential thrombocythemia; PCV, polycythemia vera.

(D) Relative mRNA expression of Gli1 and the fibrotic readouts a-SMA, Col3a1, collagen1a1 (Col1a1), and fibronectin (FN) in MSCs isolated from BM of patients

with MPN (n = 4) or healthy controls (control, n = 4). *p < 0.05, **p < 0.01 by t test (mean ± SEM).

(E) Representative images of human MSCs from BM biopsy specimens taken from patients with myeloproliferative neoplasia (MPN-MSCs; n = 4) or healthy

controls (control MSCs; n = 4) stained for a-SMA and Gli1 24 hr after treatment with GANT61 (10 mM) or vehicle (VEH; DMSO). **p < 0.01 by one-way ANOVAwith

post hoc Tukey test. Scale bars, 20 mm.

(F) Relative Gli1 and a-SMA expression in humanMSCs from healthy donors (control) andMPN patients after treatment with GANT61 (n = 4 each) or vehicle (VEH;

DMSO) (n = 4 each). **p < 0.01 by one-way ANOVA with post hoc Tukey test.

(legend continued on next page)
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almost absent in conditions with Cxcl4�/� hematopoietic cells as

the chemoattractant, demonstrating that Cxcl4 is necessary for

the migration of Gli1+ stromal cells induced by ThPO-overex-

pressing HSPCs (Figure 6H). We next analyzed whether the ge-

netic knockout of Cxcl4 in hematopoietic cells had an effect on

Gli1+ myofibroblasts in a direct co-culture model. The absence

of Cxcl4 in hematopoietic cells ameliorated myofibroblastic dif-

ferentiation, but did not completely inhibit the differentiation pro-

cess (Figure 6I), indicating that myofibroblastic differentiation

results from multiple cytokines secreted by the hematopoietic

clone. In summary, these data show that Cxcl4 in the hematopoi-

etic clone is a strong chemotactic factor and contributes to

fibrotic transformation.

Gli1+ Cells Expand in Human MPN and Can Be Targeted
Therapeutically
Given that Gli1+ cells are important myofibroblast progenitors

and show efficacy as a therapeutic target in two distinct mouse

models of MF, we next asked whether the same pathway is

active in human MF. BM punch biopsy specimens were

collected from MPN patients (n = 60) and age-matched, normal

BM biopsy specimens without a primary hematological disease

were collected from healthy controls (n = 33). Specimens were

stained for reticulin and scored blindly by pathologists for the

severity of MF and Gli1 expression (Figures 7A and S7A; Table

S1). Gli1+ cells aligned the bone and sinusoids in healthy controls

as demonstrated in Figure 7A. Comparable to the findings in

murineMPNmodels, the frequency of spindle-shapedGli1+ cells

significantly increased in MPN (Figures 7A and 7B). Gli1+ cells

were diffusely present in the hematopoietic marrow, and their

localization was not restricted to the endosteal and vascular

niche. Gli1+ cells were found in cellular areas or positioned within

amorphous matrix deposits (Figure 7A). The frequency of Gli1+

cells positively correlated with an increase in reticulin grading

of MF, independent of the MPN classification (Figure 7C). The

frequency of Gli1+ cells did not correlate with JAK2(V617F) or

calreticulin gene (CALR) mutation status (Figure S7B), sug-

gesting a common pathobiological pathway that regulates the

interactions among the malignant hematopoietic clone, atypical

megakaryocytes, and their niche.

Next, we isolated MSCs from BM biopsy specimens of MPN

patients (MPN-MSC; n = 4) and healthy control donors (n = 4).

Interestingly, we observed upregulation of both Gli1 and a-SMA

mRNA in MSCs from MPN patients when compared to MSCs

of healthy donors, as observed in murine models (Figure 7D).

MSCs from MPN patients also upregulated mRNA expression

of extracellular matrix proteins such as collagens and fibronectin

(Figure 7D). Cells with myofibroblast morphology were only

observed in MPN, as shown by staining of a-SMA+ stress fibers

(Figure 7E), a-SMA gene expression (Figure 7F), and an a-SMA

population by flow cytometry (Figure 7G). Strikingly, treatment

withGANT61 significantly reduced both a-SMAandGli1-expres-

sion in MPN-MSCs at the protein and gene expression levels

(Figures 7F and 7G). We observed a significant increase in

apoptosis (AnnexinV+7AAD�) specifically in MPN-MSCs treated

with GANT61 (Figure 7H). These results suggest that GANT61 in-

duces apoptosis in Gli1-expressing myofibroblasts. Expression

of the MSC marker nestin has been shown to be significantly

reduced inMPN (Arranz et al., 2014).Weasked howGli1 and nes-

tin expression are related in myelofibrotic transformation.

Flow cytometry confirmed that Gli1 cells express nestin under

steady-state conditions and that nestin expression is lost

in MPN, whereas Gli1 expression is increased, indicating that

Gli1 promotes the myelofibrotic transformation (Figure 7I). In

summary, these data suggest that targeting Gli1+ MSCs by

GANT61might be a potential novel therapy in humanBMfibrosis.

DISCUSSION

Our studies strongly suggest a critical role for Gli1+ stromal cells

in the pathogenesis of BM fibrosis. Genetic ablation and phar-

macological targeting of Gli1+ cells in two mouse models of

BM fibrosis/MF and in human samples reversed the myofibro-

blast phenotype andmatrix production, two central mechanisms

in the progression of BM fibrosis.

Most investigators agree that myofibroblasts cause fibrosis

across different organ systems, although the functional contribu-

tion of myofibroblasts in BM fibrosis remained unclear. Electron

microscopy studies from the last century suggested an increase

of myofibroblasts in human BM fibrosis (Biagini et al., 1985;

Thiele et al., 1991). Our inducible genetic-fate-tracing data and

ablation studies show a functional contribution of Gli1+ stromal

cells as progenitors of myofibroblasts in BM fibrosis. The fact

that genetic ablation of Gli1+ cells abolishes BM fibrosis and re-

stores hematopoiesis indicates that Gli1+ MSCs are a promising

cellular therapeutic target.

Frenette et al. reported Nesperi cells: periarteriolar Nestin GFP+

(bright) cells along arterioles that co-express NG2 and are asso-

ciated with sympathic nerves and GFAP+ glia (Kunisaki et al.,

2013; Méndez-Ferrer et al., 2010). They further report Nesreti

cells: Nestin-GFP+ (dim) cells aligned with sinusoids and co-

expression of leptin receptor. While there might be an overlap

of periarteriolar Gli1+ cells and Nesperi cells, we did not observe

leptin receptor expression in Gli1+ cells (Figure S1C). The major-

ity of Gli1+ cells in the endosteal niche were not associated

with GFAP+ glia or sympathic nerve fibers and only partially

expressed nestin. Thus, these cells might be partially distinct

from the reported nestin+ populations.

Gli1+ cells have trilineage (multipotent) differentiation poten-

tial, including osteogenic differentiation (Kramann et al.,

2015b). A subpopulation of Gli1+ MSCs expresses CD51 (and

Sca1low), the marker combination for OBCs. Schepers et al.

(G) Flow cytometric quantification of a-SMA after treatment with GANT61 (n = 3 each) or vehicle (VEH; DMSO) (n = 3 each). ***p < 0.001 by one-way ANOVA with

post hoc Tukey test.

(H) Flow cytometric quantification and representative flow blots of Annexin V staining after treatment with GANT61 (n = 4 each) or vehicle (VEH; DMSO) (n = 4

each). ***p < 0.001 by one-way ANOVA with post hoc Tukey test.

(I) Representative images and flow cytometric plots of MSCs from healthy donors (control) and MPN patients co-stained for Gli1 and nestin (mean ± SEM). Scale

bars, 20 mM.

See also Figure S7 and Tables S1 and S2 for patient characteristics.
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elegantly demonstrated that OBCs are derived from multipotent

stromal cells and that the BCR-ABL+ clone in chronic myeloge-

nous leukemia (CML) leads to expansion of OBCs, resulting in

matrix production, BM fibrosis, and trabecular thickening

(Schepers et al., 2013). We hypothesize that Gli1+ cells are pre-

cursor cells for myofibroblasts and OBCs, providing a mecha-

nistic basis for MF and preceding osteosclerosis.

It was recently shown that HSCs carrying a JAK2(V617F) mu-

tation induce significant neuroglial damage, reduction of nestin+

MSCs, and Schwann cell death that contributes to the pathogen-

esis of the disease by causing a neuropathic changes (Arranz

et al., 2014). Both Schepers et al. and Arranz et al. point to the

potential for the microenvironment as a critical cooperator in

the malignant process in MPN and emphasize a two-way pertur-

bation process required for MPN. HSCs acquire a mutation (e.g.,

JAK2-V617F, BCR-ABL mutation) that leads to cell expansion

and the mutant HSC perturbs the BM niche, which further drives

HSCs into neoplasia. It remained an open question which cells

are the origin of BM fibrosis. We demonstrate that in steady-

state conditions, a subfraction of Gli1+ cells co-express nestin+.

Upon myelofibrotic transformation, Gli1+ cells expand while

nestin+ cells decrease, suggesting that neuropathic changes

lead to dysregulation of the niche accompanied by unregulated

expansion and myofibroblast differentiation of Gli1+ MSCs.

30 years ago, studies indicated that abnormal megakaryo-

cytes in MF stimulate the proliferation of fibrosis-driving fibro-

blasts, partially mediated by Cxcl4 (Burstein et al., 1984). A cen-

tral role of Cxcl4 in fibrosis was confirmed in solid organs, and it

was demonstrated that Cxcl4 is not only secreted by activated

platelets but also plasmacytoid dendritic cells and fibroblasts

(van Bon et al., 2014; Zaldivar et al., 2010). We demonstrated

that Cxcl4 in MPN HSPCs induces migration of Gli1+ stromal

cells and myofibroblastic differentiation. We further observed

significant downregulation of the chemokine stromal cell-

derived factor 1 (SDF-1) (CXCL12), in line with previous studies

characterizing niche cells in MPN (Arranz et al., 2014; Schepers

et al., 2013). Deletion of Cxcl12 in stromal cells was shown

to increase circulating platelets (Arranz et al., 2014; Tzeng

et al., 2011). Based on our data and previous studies, we pro-

pose that Gli1+ stromal cells are activated from their niche by

atypical platelets/megakaryocytes (mediated by Cxcl4), which

leads to a cascade of myofibroblastic differentiation, metabolic

reprogramming, and downregulation of CXCL12.

Currently, the standard therapies used to treat MF can be

divided into two categories: clonal eradication or targeting BM

fibrosis. In PMF, the only therapy with a curative potential is allo-

genic HSC transplantation (Rondelli et al., 2005). With the intro-

duction of selective JAK inhibitors over the last 10 years, initial

expectation of clonal suppression as measured by elimination

of molecular and karyotypic abnormalities was dampened by

the observations of persistent clonal hematopoiesis and unal-

tered MPN BM pathological features. Although JAK inhibitors

have been shown to improve patient constitutional symptoms

and reduce splenomegaly, JAK inhibitor monotherapy does not

significantly reduce mutant allele burden in the majority of MPN

patients (Harrison et al., 2012, 2016; Verstovsek et al., 2012).

The therapeutic window for JAK inhibitors is limited due to the

essential role of the JAK-STAT signaling pathway in normal he-

matopoiesis, which has been observed in the clinic, where these

inhibitors have been associated with dose-limiting toxicities.

Therefore, there is a need to identify additional pathways that

might be involved in the development and maintenance of

MPN mutant clones, which could be targeted in combination

with JAK2 for improved therapeutic benefit.

An increase in the expression of Hh target genes has been

observed in granulocytes isolated from MPN patients (Bhagwat

et al., 2013). So far, the exact role of the Hh pathway inMF and its

contribution to BM fibrosis is not fully understood. Here, we

show that Gli1-expression is significantly increased in stromal

cells from MPN patients and that Gli1+ MSCs are activated

from their niche in the BM upon expansion of themalignant clone

andmigrate into the hematopoietic marrow, where they differen-

tiate into matrix-producing myofibroblasts. Combinations of

JAK2 inhibitors with inhibitors of the Hh pathway could provide

an avenue of targeting stem cell-derived clonal myeloprolifera-

tion (which evades JAK2-targeted monotherapy). Preclinical

and clinical data suggest that Hh pathway inhibitors have thera-

peutic activity in MF. To date, only smoothened (SMO) inhibitors

have been tested in MF, with varying success (Sasaki et al.,

2015). We hypothesize that Gli proteins in Gli1+ cells can be

activated independent of canonical Hh signaling, explaining

the mixed response in patients with MF (e.g., by PI3K/AKT

signaling). Our data provide a rationale for the use of Gli1+ cells

for targeted therapy in BM fibrosis, either as monotherapy or in

combination with other agents.
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SUMMARY

Highly proliferative Lgr5+ stem cells maintain the in-
testinal epithelium and are thought to be largely ho-
mogeneous. Although quiescent intestinal stem cell
(ISC) populations have been described, the identity
and features of such a population remain controver-
sial. Here we report unanticipated heterogeneity
within the Lgr5+ ISC pool. We found that expression
of the RNA-binding protein Mex3a labels a slowly
cycling subpopulation of Lgr5+ ISCs that contribute
to all intestinal lineages with distinct kinetics. Sin-
gle-cell transcriptome profiling revealed that Lgr5+
cells adopt two discrete states, one of which is
defined by a Mex3a expression program and rela-
tively low levels of proliferation genes. During
homeostasis, Mex3a+ cells continually shift into the
rapidly dividing, self-renewing ISC pool. Chemo-
therapy and radiation preferentially target rapidly
dividing Lgr5+ cells but spare the Mex3a-high/
Lgr5+ population, helping to promote regeneration
of the intestinal epithelium following toxic insults.
Thus, Mex3a defines a reserve-like ISC population
within the Lgr5+ compartment.

INTRODUCTION

The small intestine is the fastest self-renewing tissue in mam-

mals (Clevers, 2013). Cells are generated within invaginations

of the epithelium called crypts, migrate rapidly toward the

surface, and die at the tip of finger-like protrusions known as villi.

This whole process takes less than a week. In homeostasis, cell

loss in the villi is compensated by continuous cell production in

crypts. The rapid cellular turnover of the intestine is powered

by Lgr5+ intestinal stem cells (ISCs) that reside at the bottom-

most positions of the crypts (Barker et al., 2007). Lgr5+ cells

actively proliferate and give rise to progenitors that differentiate

as they reach the top of the crypts. Large numbers of absorptive

cells (enterocytes) and mucosecreting cells (goblet cells) that

populate the intestinal epithelium are generated by amplification

of the progenitor pool through several rounds of cell division

before differentiation. A subset of progenitor cells undergoes

differentiation to Paneth cells, which remain intermingled with

Lgr5+ cells at the base of the crypt. In addition, the small intes-

tine contains three low-abundance cell types: enteroendocrine

cells, which are hormone-secreting cells scattered throughout

the crypts and villi; microfold (M) cells, which line the Peyer

patches and initiate mucosal immunity; and tuft cells, which

are dedicated to sensing and triggering responses to helminth

parasites. Enteroendocrine, M, and tuft cells in the intestine

represent less than 1 epithelial cell in every 100.

Lgr5+ ISCs proliferate as a homogeneous cell pool (Snippert

et al., 2010), with a rate of about one division per day (Barker

et al., 2007). Such a high proliferation rate renders Lgr5+ ISCs

sensitive to DNA and cytostatic damage (Tao et al., 2015).

Despite single-cell profiling supporting the absence of heteroge-

neity in the Lgr5+ cell population (Gr€un et al., 2015), the intestine

displays a remarkable capacity to recover from these insults,

suggesting the existence of reserve or facultative stem cells in

a relatively quiescent state. Numerous studies have proposed

that quiescent ISCs occupy the +4 crypt position and express

markers such as Bmi1, mTert, Lrig1, or Hopx (Montgomery

et al., 2011; Powell et al., 2012; Takeda et al., 2011; Yan et al.,

2012). However, the existence and identity of such quiescent

ISCs have been largely controversial (Muñoz et al., 2012) and

remain a matter of debate. It was also shown that, upon damage

of the Lgr5+ pool, committed progenitor cells undergo dediffer-

entiation and act as facultative stem cells by regenerating the

ISC compartment. For example, Alpi+ enterocytes act as facul-

tative stem cells upon genetic ablation of Lgr5+ cells (Tetteh

et al., 2016). Likewise, crypt progenitors that express the Notch

ligand Dll1 give rise to secretory cells under homeostatic condi-

tions, but they produce Lgr5+ ISCs upon radiation-induced
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damage of the intestine (van Es et al., 2012). Secretory cell

progenitors are slow-proliferating, retain DNA labels, and are

relatively resistant to chemotherapeutic drugs (Buczacki

et al., 2013).

Mex3a belongs to the Mex3 family that, in mammals, contains

four members encoded by different genes: Mex3a, Mex3b,

Mex3c, and Mex3d. Mex3 proteins have highly conserved RNA

binding domains and a C-terminal RING finger domain with E3

ubiquitin ligase activity (Buchet-Poyau et al., 2007). The role of

Mex genes in mammals is largely unknown, but their

C. elegans homolog, mex3, is required for germline stem cell

identity and maintenance (Ciosk et al., 2006), and human

MEX3A has been correlated to stemness in colon cancer cell

lines (Pereira et al., 2013). Here we report that Mex3a labels a

subpopulation of slowly proliferating progenitor cells located

around the +3/+4 crypt position. Under homeostatic conditions,

Mex3a-high cells give rise to cells that differentiate into all intes-

tinal lineages with low output. A substantial proportion of Mex3a-

high cells also produce rapidly proliferating ISCs in homeostasis.

Upon damage of the intestinal epithelium with chemotherapy or

irradiation, Mex3a-high cells are spared, and a larger proportion

of this population contributes to regeneration of the rapidly prolif-

erating ISC pool.

RESULTS

Characterization of Mex3a-Expressing Intestinal Cells
We compared the specific transcriptional programs of ISCs of

the mouse small intestine (Muñoz et al., 2012), mouse large in-

testine, and human colon (Jung et al., 2011) (Figure S1A; Table

S1). These three sets of ISCs were characterized by expression

of canonical intestinal stem cell markers such as Lgr5 (Barker

et al., 2007), Ascl2 (van der Flier et al., 2009), EphB3 (Batlle

et al., 2002), and Smoc2 (Muñoz et al., 2012). We focused our

attention on the RNA binding proteinMex3a, whichwas enriched

in the three types of ISCs, but it had not been studied previously

in the intestine. We confirmed by qRT-PCR that Mex3a was up-

regulated in human and mouse ISCs (Figure S1B). By RNAscope

in situ hybridization (ISH) on small intestine tissue, we found that

Mex3a mRNA was restricted to crypt base columnar cells

(CBCs) (Figure 1A). Most CBCs displayed low levels, but about

half of the crypts in each histological section contained one to

three CBCs with relative higher Mex3a mRNA abundance (Fig-

ure 1B). Quantification revealed that Mex3a-high cells were pref-

erentially located at the crypt position +3 near the boundary of

the Paneth cell compartment (Figure 1C). To functionally analyze

the population of cells that express Mex3a, we generated mice

bearing a transcriptional reporter cassette knocked in at the start

codon of the Mex3a locus. The reporter cassette consisted of

tdTomato and CreERT2 cDNAs separated by self-cleavage

T2A peptide (Figure 1D; Figure S1C). We termed this mouse

strain Mex3aTom-CreERt2/+ (hereafter referred to as Mex3aTom/+).

Mex3aTom/+ mice were born at Mendelian ratios, had normal

lifespans, were fertile, and showed no overt phenotype. Analysis

of reporter expression in the small intestine revealed Tomato-pos-

itive (Tom+) cells positioned at the crypt base. The expression of

the reporter was low, which is in agreement with the low endoge-

nous levels of Mex3a mRNA detected by qRT-PCR and ISH. We

observed that cells with higher Tomato levels were located most

frequently near uppermost Paneth cells; i.e., the +3/+4 crypt re-

gion (Figure 1D). In flow cytometry analysis of dissociated crypt-

enriched epithelial cells, approximately 4% were Tom+. We

defined the Tom-high cell population as the top 20% brightest

cells of the Tom+ fraction, which correspond to about 1% of all

crypt cells (Figure 1E). Given that each crypt is formed by 200–

300 epithelial cells, this threshold coincides with two to three

Tom-high cells per crypt, which is roughly the frequency of

Mex3a-high cells observed by ISH. Indeed, Tom-high cells ex-

pressed the highest levels of Mex3a mRNA (Figure 1F).

Genes driven by WNT signaling in ISCs, such as Lgr5, Ascl2,

Axin2, Fzd2, or Smoc2, were expressed at similar levels in

Mex3a-high compared with Mex3a-low cells, whereas Mex3a-

negative (neg) cells displayed severalfold lower expression (Fig-

ure 1F). In contrast, expression of markers of mucosecreting and

enterocyte differentiation was highest in theMex3a-negative cell

population (Figure 1G). We also assessed the expression of

putative +4 ISC markers. We observed a small but consistent

enrichment in Bmi1 and Tert in Mex3a-high cells (Figure 1H).

To further define the phenotype of Mex3a-expressing cell popu-

lations, we performed transcriptomics of Mex3a-high, -low, and

-neg cells (Table S2). Gene ontology analysis showed that

Mex3a-high cells were enriched in genes encoding secretory

cell functions and hormone metabolic processes and also in

genes that negatively regulate the cell cycle (Figure 1I; Table

S3). This profile differed substantially from that of Lgr5-high cells,

which were characterized by expression of genes that promote

mitosis, Wnt signaling, and biosynthetic processes, as reported

previously (Figure 1I; Table S3; Muñoz et al., 2012).

Figure 1. Characterization of Mex3a-Expressing Intestinal Cells

(A) ISH of Mex3a expression in mouse small intestine. Left: representative staining of Mex3a in proximal mouse small intestine. Scale bar, 50 mm. Right: high

magnification of a small intestine crypt stained forMex3amRNA expression. The position of crypt-base columnar cells is shown. Red arrowheads point toMex3a-

high CBCs, and black arrowheads point to Mex3a-low CBCs. Blue Ps refer to Paneth cells. Scale bar, 20 mm.

(B) Frequency of Mex3a-high cells per crypt (n = 72 crypts).

(C) Frequency of the position of Mex3a-high cells in small intestine crypts (n = 51 Mex3a-high cells in 72 crypts).

(D) Design and expression of the Mex3a reporter allele. Left: a tdTomato/T2A/Cre-ERT2/bGHpolyA cassette was inserted in the translation start site of Mex3a.

This construct results in a transcriptional reporter for Mex3a expression driving a tdTomato protein and a tamoxifen-inducible Cre recombinase. Right: immu-

nofluorescence against tdTomato in the small intestine of a Mex3aTom/+ mouse. Scale bar, 20 mm.

(E) Representative fluorescence-activated cell sorting (FACS) profile of dissociated small intestine crypt cell preparations from Mex3aTom/+ mice. Mex3a-high

cells are defined as the top 20% of the Tomato+ population. The frequency of populations is referred to the number of viable epithelial cells.

(F–H) Relative expression of known ISC genes (F), abundant lineage genes (G), and putative crypt +4 cell marker genes (H) in Mex3a populations. Bars depict the

mean and upper/lower limits of relative expression determined by qRT-PCR obtained from a representative sorting experiment.

(I) Selected gene ontology (GO) biological processes enriched in Mex3a and/or Lgr5 signatures. GO category enrichment and statistical analysis were performed

using the Database for Annotation, Visualization and Integrated Discovery (DAVID) analysis platform.
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Mex3a-High Cells Are Slow Proliferating
In agreement with the expression of a gene program of negative

regulation of cell proliferation in Mex3a-high cells, we confirmed

high levels of the cyclin-dependent kinase inhibitors p57

(Cdkn1c) and p21 (Cdkn1a) in Mex3a-high cells (Figure 2A). To

study the proliferative status of Mex3a-expressing cells in vivo,

we interrogated Cyp1a1::H2B-YFP mice, which express H2B-

YFP under the control of the beta-naphthoflavone-inducible

Cyp1a1 promoter in all epithelial intestinal cells except in Paneth

cells. In pulse-chase experiments, only long-lived slowly prolifer-

ating cells retain the H2B-YFP label after 10 days of induction

with beta-naphthoflavone (Buczacki et al., 2013). Label-retaining

cells (LRCs) were characterized by elevated levels of bothMex3a

and Lgr5 (Figure 2B). Analysis of the transcriptomes of LRCs re-

vealed 68 genes specifically upregulated in LRCs (H2B-YFP+

compared with H2B-YFP� cells and Paneth cells; Table S4).

This LRC signature was very significantly enriched in Mex3a-

high cells (Figure 2C). We confirmed expression of LRC-specific

genes such as Rfx6 and Peg3 by qRT-PCR in Mex3a-high cells

(Figure 2D).

To functionally validate the association of Mex3a-high cells

with LRCs, we crossedCyp1a1::H2B-YFPmicewithMex3aTom/+

mice and analyzed the distribution of the two reporters in com-

pound mice. We had previously demonstrated that high surface

abundance of the receptor tyrosine kinase EphB2 identifies cells

at the bottommost positions of the crypt and enables the isola-

tion of ISCs from mouse and human intestine (Jung et al.,

2011; Merlos-Suárez et al., 2011). Pulse-chase experiments

demonstrated that Mex3a-high/EphB2-high cells retained

H2B-YFP compared with the Mex3a-neg/EphB2-high cell popu-

lation (Figures 2E and 2F). Within H2B-YFP-retaining cells, LRC

gene expression was largely restricted to the Mex3a-high popu-

lation (Figure S2A). We also performed classical DNA labeling of

proliferative cells using the nucleotide analog 5-ethynyl-20-deox-
yuridine (EdU) (Figure 2G). These experiments confirmed that

Mex3a-high cells retained about 15-fold more EdU than

Mex3a-neg cells 10 days after labeling (Figure 2H). From these

experiments, we concluded that Mex3a marks a population of

slowly proliferating cells within the crypt base.

Lineage Tracing from Mex3a-High Cells
We next sought to analyze the contribution of Mex3a-high cells

to intestinal homeostasis (Figure 3). To this end, we crossed

Mex3aTom/+ mice to Rosa26 mTmG mice (Muzumdar et al.,

2007). In this mouse model, induction with tamoxifen switches

on the activity of Mex3a-driven CreERT2, which, in turn, acti-

vates the expression of membrane-bound GFP (GFP) in

Mex3a-expressing cells and their progeny. In parallel, we

analyzed the dynamics of Lgr5+ cells using Lgr5GFP/+;

Rosa26RLacZ mice (Figure S3A). These experiments were per-

formed under conditions that trigger recombination in one cell

per crypt. We focused our analysis on the small intestine and first

established the initial position of Mex3a-derived clones. 36 hr af-

ter induction, around 80% of clones were located just above or

below the uppermost Paneth cells, within the crypt +3/+4 region

(Figure 3A). Lineage tracing from the Lgr5GFP/+ mice showed a

distribution of labeled cells complementary to that observed

in Mex3aTom/+ mice at this early time point; i.e., 80% of LacZ+

cells were positioned at the crypt base, whereas the rest

marked +3/+4 crypt cells (Figure 3A). Thus, the initial position

of Mex3a+ clones coincided approximately with that of cells ex-

pressing the highest levels of Mex3a mRNA (Figures 1A and 1D).

However, we could only find about one recombined (GFP+) cell

every 700 crypts, and this frequency remained in a similar range

over the first month of tracing despite the progressive increase in

clone size (Figure 3B). Thus, recombination of the Rosa26mTmG

reporter allele only occurred in a small fraction of Tomato-

CreERT2-expressing cells, which probably reflects poor Cre

recombinase activity as a result of low expression of the

Mex3a locus. Nevertheless, we confirmed that creERT2 mRNA

was largely restricted to Mex3a-high cells (Figure S3B), implying

that most traces originate from this population. We also found

that clones arising 3 days after tamoxifen induction, which

weremostly composed of one or two cells, retained higher levels

of Mex3a and p57 mRNA compared with non-recombined cells

(Figure S3C). To overcome the limitations imposed by the low

frequency of recombination and capture the behavior of the

whole Mex3a+ cell population, we assessed a large number of

clones for each time point in subsequent experiments (n = 56–

331 clones; Figure 3B).

Clones generated by Mex3a+ cells increased progressively in

size but displayed slow growth kinetics compared with those

produced by Lgr5+ cells (Figures 3C and 3D). At 3 days of

tracing, around 80% of GFP+ clones in Mex3aTom/+ mice ap-

peared as one or two labeled cells around the crypt +3/+4 region

(Figure 3C and examples in Figure 3G). At 7 days, approximately

50% of clones were still composed of one or two cells, whereas

only one-third had expanded beyond 20 cells (Figure 3C and

Figure 2. Mex3a Expression Identifies Intestinal Label-Retaining Cells

(A) Mex3a identifies cells with elevated expression of p21 and p57. Expression of the cell cycle inhibitors Cdkn1a (p21/WAF1) and Cdkn1c (p57/KIP2) in Mex3a

populations is shown. Bars depict the mean and upper/lower limits of relative expression obtained from a representative sorting experiment.

(B) Mex3a is enriched in crypt-base label-retaining cells. Lgr5 and Mex3a expression data in label-retaining (YFP+) versus proliferative (YFP�) cells are shown.

Bars depict the mean and upper/lower limits from a representative qRT-PCR.

(C) Gene set enrichment analysis (GSEA) of the LRC gene expression signature (Table S4) in Mex3a-high versus Mex3a-low cells.

(D) qRT-PCR of the LRC genes Rfx6 and Peg3 in Mex3a populations. Bars depict the mean and upper/lower limits of relative expression obtained from a

representative sorting experiment.

(E) Experimental protocol. Mex3aTom/+/Cyp1a1::H2B-YFP compound reporters were generated, and LRCs were followed by chasing for 10 days after induction.

To ensure the analysis of ISC-enriched cells, EphB2 staining was incorporated. Shown are representative FACS plots of LRCs (YFP+) in Mex3a-high andMex3a-

neg cells.

(F) Quantification of the distribution of LRCs in Mex3a-high and Mex3a-neg cells. ***p < 0.001 in a two-tailed t test (n = 3 mice). Bars depict the mean ± SEM.

(G) Experimental design to follow EdU retention. EdU was injected into Mex3aTom/+ mice, and, 10 days later, Mex3a-high and Mex3a-neg cells were sorted and

stained for the presence of EdU by FACS. Shown are representative FACS plots of EdU retention in Mex3a-high (left) and Mex3a-neg cells (right).

(H) Quantification of the retention of EdU in Mex3a-high and Mex3a-neg cells. **p < 0.01 in a two-tailed t test (n = 3 mice). Bars depict the mean ± SEM.
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examples in Figure 3H). At this time point, most clones within

crypts remained localized at the +3/+4 position (Figure 3E) and

included one or two CBCs (Figure 3F). In contrast, Lgr5+ cells

generated clones that, after 7 days, appeared as ribbons of cells

that expanded from the crypt base up to the villus tip (Figure 3D

and examples in Figure S3E). This pattern is generated by the

rapid and continuous proliferation of ISCs as described else-

where (Barker et al., 2007; Lopez-Garcia et al., 2010). Impor-

tantly, we did not observe a single ribbon in Mex3aTom/+ mice

at 7 days of tracing, implying that we did not initially mark any

fast-dividing ISCs. However, ribbons equivalent to those

observed in Lgr5GFP/+ mice appeared after 14 days of tamoxifen

induction and progressively became more abundant up to a

point where they were the only clone type present at 28 days

(Figure 3C and example in Figure S3E). Quantification of clone

number per crypt indicated that the frequency decreased

progressively until day 28 to then stabilize, coinciding with the

preponderance of ribbon clones (Figure 3B). Analysis of clone

position in Mex3aTom/+ mice showed that the majority migrated

into the villus over a period of 2 weeks, but some clones re-

mained in the crypt even after 14 days (Figure 3E). These delayed

clones may result from either slow cell migration or simply repre-

sent new clones generated by traced Mex3a+ cells. Altogether,

these observations suggest that Mex3a labels a population of

slowly dividing progenitor cells. The emergence of ribbon clones

2 weeks after tamoxifen induction implies that a substantial frac-

tion of Mex3a+ cells or their progeny gives rise to rapidly prolif-

erating ISCs under homeostatic conditions.

We next studied the cell composition of the clones formed by

Mex3a+ cells. 3 days post-induction, the majority of single cells

and small clones were located within the crypt. None expressed

differentiationmarkers (n = 59 clones; Figure 4A). At 1week, 60%

of clones had migrated into the upper region of the crypt and the

villus (Figure 3E). Villus clones formed by one or two cells

expressed DCLK1, CHGA, or ANPEP, implying differentiation to-

ward tuft, enteroendocrine, or adsorptive lineages, respectively

(examples in Figure 4B and Figure S4A). Multi-cell clones

(3–20 cells) were composed of both absorptive (ANPEP+) and

mucosecreting cells (MUC2+) (examples in Figure 4C). Six

clones of 241 analyzed contained Paneth cells located at the

crypt base (examples in Figure S4B). Quantification revealed

approximately a 3:1 ratio of absorptive versus secretory cell dif-

ferentiation (Figure 4D). Clones that, after 7 days, remained posi-

tioned near the crypt base did not express differentiation makers

(examples in Figure 4E and Figures S4C and S4D). From these

results, we conclude that, similar to Lgr5+ ISCs, Mex3a-high

cells generate multilineage progeny, albeit with low output.

Mex3a Is Expressed in a Subset of Lgr5+ Cells
To explore the relationship between the Mex3a+ and Lgr5+ cell

populations, we crossed Mex3aTom/+ mice with the Lgr5GFP/+

strain (Barker et al., 2007) and analyzed the distribution of the

two fluorescent reporters in crypt cells of the small intestine. Pre-

vious studies had shown that Lgr5-high cells represent ISCs,

whereas Lgr5-low cells are early transient amplifying cells (van

der Flier et al., 2009). GFP-negative cells are not informative of

Lgr5 mRNA as a result of mosaicism in transgene expression

in these mice (Schuijers et al., 2014). We thus limited our

analyses to the distribution of Mex3a-Tomato within the Lgr5-

GFP+ gate. Lgr5-high/Mex3a-high cells represented around

5% of total GFP cells, and Lgr5-low/Mex3a-high cell repre-

sented around 4% of total GFP cells (Figure 5A; Figure S5A).

Thus, one in every five Lgr5-high and one in every 16 Lgr5-low

cells are Mex3a-high.

We measured expression of marker genes by qRT-PCR

across the six cell populations defined by Mex3a-Tomato and

Lgr5-GFP levels (Figures 5B–5D; Table S5). ISC-specific and

WNT-driven genes were elevated in Lgr5-high cells regardless

of Mex3a expression. Mex3a mRNAs were highest in Mex3a-

high/Lgr5-high cells (Figure 5B). Paneth cell-specific genes

such as Defa and Lyz1 were expressed in Mex3a-high/Lgr5-

high cells (Figure 5D), but the levels of these genes were

80-fold lower in Mex3a-high cells than in mature Paneth cells

(Figure S5C). Consistent with our previous data, Mex3a-high

cell populations contained 2- to 3-fold more Bmi1 mRNA

(Figure S5B).

The Lgr5-low cell population was characterized by reduced

expression of ISC/WNT genes and elevated levels of markers

of intestinal differentiation, as reported previously (Figures 5B

and 5C; van der Flier et al., 2009). Mucosecreting (Muc2+/

Tff3+) and absorptive progenitor cells (Alpi+) were captured in

Lgr5-low/Mex3a-low and Lgr5-low/Mex3a-neg gates, implying

that these cells represent transient amplifying cells (Figure 5C).

Dll1+, a marker of secretory precursors, was within the limit of

detection, but it did not show differential expression between

subpopulations (Figure S5B). Interestingly, the Lgr5-low/

Mex3a-high cell population expressed genes characteristic of

low abundant lineages: tuft cells (Dclk1), enteroendocrine cells

Figure 3. Lineage Tracing from Mex3a-High Cells Shows a Distinct Behavior from Lgr5-High Cells

(A) Initial clone position in Mex3a- and Lgr5-driven lineage tracing. Shown are representative images of a Mex3a GFP+ cell in position +3 (far left), Mex3a GFP+

cell in position +4 (left), and an Lgr5 LacZ+ cell in position +2 (right) after 36 hr of induction. Scale bars, 20 mm. Far right: position of Mex3a (n = 45) and Lgr5 (n = 55)

early clones.

(B) Frequency of small intestine Mex3a-derived clone number / 1,000 crypts over time. Numbers within bars are the total number of clones observed at each time

point and used for subsequent analysis. Data were obtained frommore than three mice (with more than five independently stained sections per mouse) per time

point. Bars depict mean ± SD.

(C) Clone size distribution over time in small intestine Mex3a-driven tracing. Data are presented for tracing after 3 (n = 146 clones), 7 (n = 302 clones), 14 (n = 331

clones), 21 (n = 65 clones), 28 (n = 61 clones), and > 180 days (n = 56 clones).

(D) Comparison of clone size distribution after 7 days of tracing for Mex3a (n = 302) and Lgr5 (n = 72 clones).

(E) Distribution of Mex3a-derived clones in crypts or villi over time. At least 100 independent clones were scored per time analyzed.

(F) Number of labeled CBCs in 7-day clones fromMex3a-derived (n = 52 clones) and Lgr5-derived (n = 61 clones) tracing. Only clones observedwithin crypts were

included in the analysis.

(G and H) Representative images of Mex3a-derived clones after 3 days of tracing (G). Scale bar, 20 mm. Also shown are representative images of Mex3a-derived

clones after 7 days of tracing (H). Scale bar, 20 mm.
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Figure 4. Mex3a-High Cells Are Multipotent

(A) Early Mex3a-derived clones do not express differentiation markers. Shown are representative examples of 3-day GFP+ clones co-stained for markers of

Paneth (LYZ1, far left), enteroendocrine (CHGA, left), tuft (DCLK1, right), or absorptive cells (ANPEP, far right). Arrowheads point toward differentiated cells. Scale

bars, 20 mm.

(B–D) 7-day Mex3a-derived clones present multilineage differentiation. Scale bars represent 20 mm.

(B) Examples of one to two cell clones positive for tuft (left) and enteroendocrine (center) and enterocyte (right) markers.

(C) Examples of multicellular clones with secretory (left) and absorptive (right) cells. Arrowheads point toward GFP+ differentiated cells of the specified lineage.

Note that multicellular clones are composed of more than a single lineage (red arrows). Scale bars, 20 mm.

(legend continued on next page)
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(Chga), and M cells (Spib) (Figure 5D). Altogether, these expres-

sion patterns indicate that Mex3a-high/Lgr5-high cells resemble

ISCs with an incipient expression of genes characteristic of both

Paneth and rare secretory cells. Of note, most of the clones

observed in lineage tracing experiments using the Mex3aTom

driver probably originated from theMex3a-high/Lgr5-high popu-

lation, as inferred from the observation that these cells ex-

pressed the highest levels of creERT2 (Figure 5B).

We next assessed the clonogenic potential of Mex3a/Lgr5

subpopulations, using as readout their ability to form in vitro

organoids (Sato et al., 2009). As reported previously, Lgr5-high

cells showed the highest organoid-forming capacity in media

supplemented with RSPO1, epidermal growth factor (EGF),

and NOGGIN (Sato et al., 2009). We found, however, that

Mex3a-high/Lgr5-high cells formed 3-fold and 10-fold more or-

ganoids than Mex3a-low/Lgr5-high and Mex3a-neg/Lgr5-high

cell populations, respectively (Figures 5E and 5F). Organoids

generated fromMex3a-high/Lgr5-high cells contained all intesti-

nal lineages (Figure 5G) and could be maintained during multiple

passages (n = 8), implying self-renewal andmultilineage differen-

tiation potential. Finally, to test whether Mex3a-high/Lgr5-low

cells could gain clonogenic potential under conditions that

promote self-renewal, we enforced WNT and NOTCH signaling

using CHIR99021 and valproic acid, two small molecules that

maximize signaling from these pathways in the absence of

ligands (Yin et al., 2014). Under these conditions, cells remain

blocked in an ISC-like state, as indicated by the formation of

spheroids, but Mex3a-high/Lgr5-low and Mex3a-low/Lgr5-low

cells remained poorly clonogenic (Figure S5D).

Single-Cell Transcriptomics Identify a Subpopulation of
Lgr5-High Cells Enriched in the Mex3a Signature
The finding that a subset of Lgr5-high cells expressesMex3a and

that Mex3a-high/Lgr5-high cells display slow proliferation ki-

netics implies heterogeneity of the ISC pool. Our data contrast

with a recent single-cell transcriptomic analysis of Lgr5-high

cells (Gr€un et al., 2015) that concluded that this population is

largely homogeneous. Indeed, we reanalyzed the dataset from

Gr€un et al. (2015) and failed to identify an obvious Lgr5+ subpop-

ulation expressing the Mex3a-specific signature. We, however,

reasoned that this negative result might simply be due to under-

representation of the Mex3a population because the dataset

fromGr€un et al. (2015) contained sequences of only 53 individual

Lgr5-high cells at a relatively low coverage (mean of 0.4 million

reads/cell). Therefore, we set out to generate transcriptomic

data for a larger number of Lgr5-high cells at a higher sequencing

depth. To this end, the top 25% of the brightest Lgr5-GFP+ cells

from the small intestine were isolated and loaded into a high-

throughputmicrofluidic chip.We generated single-cell transcrip-

tomic profiles by RNA sequencing of 400 capture sites. Subse-

quently, we excluded both empty capture sites and sites that

contained visually identified cell doublets. Additionally, we

applied stringent quality control filters to further discard cells

showing either low-quality sequencing data or transcript distri-

butions that scored with an elevated probability of belonging

to cell aggregates (see STAR Methods for details). The final

high-quality dataset contained 245 individual Lgr5-high cells

sequenced at an average of 1.8 million reads/cell (Figure 6A).

We identified unique transcripts (using unique molecular identi-

fiers [UMIs]) and assessed cell population distribution using

principal-component analysis (PCA). Unsupervised analysis

grouped Lgr5-high cells into two well defined clusters. Clusters

1 and 2 contained 140 and 105 Lgr5-high cells, respectively (Fig-

ure 6B). The optimal cluster number was not affected by

coverage, as shown by downsampling analysis (Figure S6A),

but a reduction of cell numbers below 50% precluded the iden-

tification of the two Lgr5-high cell populations (Figure S6B). We

estimated that the classification (out-of-bag) error of cells into

the two predefined cell clusters increased upon downsampling

of the number of reads per cell below 20% (Figure S6C). Analysis

of the dataset based on t-distributed stochastic neighbor

embedding (tSNE) also grouped Lgr5-high cells in two clusters

(Figures S6E–S6G). Thus, a minimal number of cells with suffi-

cient coverage is required to identify heterogeneity within the

Lgr5-high cell population.

The ISC-specific genes Lgr5, Smoc2, Olfm4, and Axin2 were

expressed at equal levels in clusters 1 and 2 (Figure 6C). Further-

more, the average level of the Lgr5-GFP-high specific gene

expression signature was equivalent in the two clusters (Fig-

ure 6D; Figure S6E). Therefore, both clusters 1 and 2 contain

bona fide Lgr5-high cells. Lowly expressed genes such as

Mex3a, Tert, or Dll1 were captured with very low coverage in

our dataset (i.e., an average of 0.24, 0.06, and 0.47 UMIs/cell

respectively), which precluded reaching reliable conclusions

about their expression pattern. However, we found that the

Mex3a-high signature was largely upregulated in cells belonging

to cluster 2 (Figure 6E; Figure S6F). Genes upregulated in

Mex3a-high/Lgr5-high cells compared with Mex3a-neg/Lgr5-

high cells were also enriched in cluster 2 (Table S6; Figure S6H).

We found no correlation between expression levels of Lgr5-high

and Mex3a-high signatures (Figure 6F).

The above data imply that cluster 2 contains Lgr5-high cells that

express the gene program characteristics of Mex3a-high cells.

Additionally, the PCA plots showed that the Mex3a gene program

was expressed in a graded manner; this is, it increased as cells

fromcluster 2 separated fromcluster 1 along principal component

1 (PC1). We found that the graded expression of the Mex3a pro-

gram correlated inversely with a signature characteristic of

Ki67+ crypt cells (correlation coefficient [corr], �0.38; p value,

7.83 10�10) (Figures 6G and 6H) obtained fromKi67-RFP knockin

mice (Table S6; Basak et al., 2014), which is enriched in genes

required for mitosis and progression through the cell cycle.

Indeed, clusters 1 and 2 in the PCA and tSNE plots differed in

the expression levels of theKi67 signature (Figure 6G;FigureS6G).

Therefore, as Lgr5-high cells become progressively Mex3a-posi-

tive, they lowered the expression of the proliferation program.

(D) Mex3a-derived clones are composed of both absorptive and secretory cells. A pan-secretory antibody mix (i.e., combined anti-CHGA, anti-DLCK1, anti-

MUC2, and anti-LYZ1 antibodies) and anti-ANPEP to label absorptive cells were used to assess the lineage composition of 7-day Mex3a-derived clones.

(E) A fraction of Mex3a-derived clones remains undifferentiated after 7 days of tracing. Left: a representative undifferentiated clone that is located within the crypt

negative for the pan-secretory antibody mix. Right: representative small GFP clone negative for ANPEP. Scale bars, 20 mm.
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Figure 5. Mex3a-High Cells Are a Subpopulation of Lgr5+ Cells

(A) Representative FACS plot of small intestine Lgr5-GFP+ cells in Lgr5GFP/+; Mex3aTom/+ mice.

(B–D) Characterization of the Lgr5 subpopulations defined in (A) by qRT-PCR analysis of known intestinal cell markers. Shown is the relative expression of ISC

genes (B), abundant-cell lineage genes (C), and rare cell lineage genes (D). Values are normalized to the subpopulation with the highest expression of each gene.

Data represent the mean of four independent sorting experiments. (Full expression data are presented in Table S5).

(legend continued on next page)
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Finally, a recent study has identified a subset of Lgr5-high cells

characterized by incipient expression of makers of both of

absorptive and secretory lineages. It was proposed that these

‘‘primed’’ Lgr5-high cells, termed intestinal bipotent progenitors

(IBPs), may represent ISCs undertaking the first step toward dif-

ferentiation before commitment to either lineage (Kim et al.,

2016). We used genes enriched in IBPs to identify this population

in our dataset and confirmed that a fraction of Lgr5-high cells

expressed markers of both absorptive and secretory lineages.

IBP-like cells were present in both clusters 1 and 2, and, there-

fore, they did not represent a main source of cell heterogeneity

in the PCA (Figure S6I).

Mex3a-Expressing Cells Are Resistant to Both
Chemotherapy and g Radiation
Standard chemotherapy and g radiation treatments are aimed at

killing rapidly dividing cells. A main example is 5-fluorouracil

(5-FU), which blocks thymidine synthesis, thus impeding DNA

replication. g Radiation induces double-strand breaks in all cell

types, albeit with higher toxicity in highly proliferative cells.

Consistent with this notion, treatment of mice with both high-

dose 5-FU and ionizing radiation (IR) significantly reduced the

Lgr5-high cell population (Figures 7A and 7B; Figure S7A). In

contrast, the frequency of Mex3a-high cells increased upon

treatment (Figures 7A and 7B; Figure S7B). Analysis of com-

pound Mex3aTom/+; Lgr5GFP/+ mice showed that Mex3a-high/

Lgr5-high cells were more resistant to 5-FU and IR than Lgr5-

high/Mex3a-low and Lgr5-high/Mex3a-neg cells (Figures 7C

and 7D). Mex3a expression also segregated Lgr5-low cells ac-

cording to their sensitivity to 5-FU and IR. These experiments

also showed that Lgr5-low/Mex3a-neg cells, which represent

the bulk of the transient amplifying compartment, were highly

sensitive to these insults, whereas the relative numbers of

Lgr5-low/Mex3a-high and Lgr5-low/Mex3a-low cells increased

upon treatment (Figures 7C and 7E). Therefore, the majority of

Lgr5-high and Lgr5-low cells that resisted 5-FU expressed

Mex3a. Because we assessed cell numbers 48 hr after treat-

ment, the observed frequencies likely reflect relative survival

rates rather than proliferation and subsequent expansions of

each subpopulation.

We next studied the contribution of Mex3a-high cells to tissue

renewal upon chemotherapy by mapping their fate using lineage

tracing analysis. We did not find significant differences in clone

size or numbers at early time points of treatment (Figures S7C

and S7D). Importantly, 1 week after 5-FU treatment, Mex3a+

cells produced larger clones, including 10% of ribbons that

were never present in untreated mice at this time point (Figures

7F and 7G). All clones produced in control or 5-FU-treated

Mex3aTom/+ mice arose from the +3/+4 crypt region, except for

ribbons that started below within the crypt base (Figure S7E).

Two weeks after 5-FU treatment, the percentage of crypt

base-to-villus ribbons generated by Mex3a-high cells increased

by more than 2-fold compared with controls (Figure 7G). These

patterns fit well with the notion that Mex3a-high cells are not

only relatively resistant to chemotherapy but also contribute to

regeneration of the rapidly proliferating ISC pool after damage.

DISCUSSION

The features and behavior of Mex3a+ cells are unique among

other previously characterized crypt cell populations. Mex3a-

high cells resemble Lgr5+ crypt base columnar cells in that

they express high levels of WNT-driven ISC-specific genes.

However, the progeny of Mex3a-high cells originates largely

from the +3/+4 crypt region and is substantially less abundant

than that produced by the bulk Lgr5+ cell population during

equivalent periods. Mex3a+ cells generatemultilineage progeny,

and, therefore, they do not represent progenitors committed to

particular lineages. Dll1, Dclk1, Ngn3, or Alpi mark short-lived

progenitor cells that differentiate toward particular lineages

(Nakanishi et al., 2013; van Es et al., 2012; Wang et al., 2007).

None of these populations contribute long-term to renewal of

the epithelium under homeostatic conditions. In contrast, a large

fraction of the Mex3a population is recalled to the ISC pool and

regenerates the epithelium over months.

Mex3a-high cells display features reminiscent of crypt LRCs,

originally identified by Potten et al. (1978) and later characterized

by Buczacki et al. (2013). The observation that the H2B-YFP

mark that accumulates in LRCs is inherited by enteroendocrine

and Paneth cells led to the proposal that these cells are precur-

sors of these secretory lineages (Buczacki et al., 2013). Experi-

ments of lineage-tracing using a bipartite Cre recombinase in

which the enzyme is reconstituted only in label-retaining cells

indicated that this cell population does not retain clonogenic

capacity in homeostasis (Buczacki et al., 2013). Similarly to

LRCs, Mex3a-high cells accumulate nucleotide analogs as a

result of their low proliferation rates and display incipient expres-

sion of Paneth cell markers. However, Mex3a-derived clones

contain a larger proportion of absorptive cells, which reflects

the greater abundance of this cell type in the small intestine,

and, therefore, Mex3a+ progeny is not biased toward the secre-

tory lineage. More importantly, unlike the LRCs described by

Buczacki et al., 2013, Mex3a-high cells or their progeny produce

ribbon clones under homeostatic conditions, implying long-term

clonogenic potential. The reasons for the discrepancy between

the behavior of H2B-YFP-retaining cells reported in the previous

study (Buczacki et al., 2013) and that of the Mex3a-high cells

described here are unclear but indicate that these two popula-

tions are not completely overlapping. A potential confounding

effect is the fact that Mex3a-high cells include both Lgr5-high

(E and F) Mex3a-high/Lgr5-high cells are the most efficient in organoid-forming assays.

(E) Representative images of organoid cultures derived from Mex3a/Lgr5 subpopulations.

(F) Quantification of organoid-forming efficiency. Bars depict mean ± SEM (n = 6). *p < 0.05, ***p < 0.001 in a two-way ANOVA followed by Tukey’s multiple

comparisons test.

(G and H) Mex3a-high/Lgr5-high cells self-renew and are multipotent in vitro.

(G) Experimental approach to study self-renewal and multipotency in vitro.

(H) Mex3a-high/Lgr5-high-derived organoids were stained for stem/progenitor cells (EPHB2), enterocytes (ANPEP), enteroendocrine cells (CHGA), Paneth cells

(LYZ1), tuft cells (DCLK1), and goblet cells (MUC2). Arrowheads point toward stained cells within organoids. Scale bars, 20 mm.
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Figure 6. Single-Cell Transcriptomics Identify a Subpopulation of Lgr5-High Cells Enriched in the Mex3a Signature

(A) Left: FACS plot of Lgr5-GFP+ cells obtained from the small intestine of an Lgr5GFP/+ mouse. Right: Experimental pipeline to obtain the single-cell RNA

transcriptomic profile of Lgr5 GFP-high cells.

(legend continued on next page)
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and Lgr5-low populations. Mex3a-high/Lgr5-high cells express

the ISC/WNT program and are highly clonogenic ex vivo. In

contrast, Mex3a-high/Lgr5-low cells are characterized by higher

levels of enteroendocrine and tuft cell genes and give rise to or-

ganoids with very low efficiency. We thus speculate that lineage

tracing from the bipartite cre/H2B present in the previous study

(Buczacki et al., 2013) may largely reflect the behavior of the

Mex3a-high/Lgr5-low population. Testing this hypothesis will

require the generation of genetic tools that enable fate mapping

from each of these two populations.

Single-cell transcriptomic analysis revealed a previously unan-

ticipated heterogeneity of the Lgr5-high cell pool. Our data indi-

cate that two classes of Lgr5-high cells co-exist within the crypt

base. Both are marked by genes that define canonical ISCs,

whereas cluster 2 cells are enriched in the gene program specific

to Mex3a+ cells. The average expression of the Mex3a signature

is anti-correlated with that of Ki67+ progenitor cells, an observa-

tion that fits well with the limited cellular output generated by

Mex3a+ cells in lineage tracing experiments. Nevertheless, the

Ki67 program is not fully silenced in cluster 2 cells, which is in

agreement with Lgr5-high/Mex3a-high cells being slow-prolifer-

ating rather than fully quiescent. Thus, single-cell expression

data reflect, to a large extent, rapid versus slow proliferative

states adopted by ISCs. Based on the graded levels of the

Mex3a-specific gene signature across cluster 2 cells, we specu-

late that some cluster 1 cells may progressively acquire the

slowly dividing Mex3a+ phenotype. Because the Lgr5-driven

creERT2 marks both rapid and slowly proliferating ISCs, lineage

tracing of alleles specific to cluster 1 cells will be required to track

conversion between these two states.

It is important to consider that, as a consequence of their lower

division rates, Mex3a-high cells have a modest contribution to

sustaining the renewal of the epithelium under homeostatic con-

ditions. According to the lineage tracing experiments, individual

cells and small clones derived from Mex3a-high cells last about

2–3weeks, suggesting that this is the approximate lifespan of the

Mex3a-high cell population. These data fit well with the possibil-

ity that slowly proliferating Mex3a-high cells are continuously

displaced by the rapidly dividing ISCs as a result of the neutral

competition dynamics that drive renewal of the intestinal epithe-

lium (Snippert et al., 2010). An alternative explanation for the long

residence time of Mex3a-derived clones in crypts would be that,

over a period of 2 weeks, Mex3a+ cells keep producing new

progeny, which is observed as individual cells or small cell clones

at each experimental time point. Importantly, a fraction of

Mex3a-derived cells is converted to rapidly proliferating ISCs,

as shown by the emergence of crypt base-to-villus clones (‘‘rib-

bons’’) in 2-week tracing experiments. The fact that we never

observed ribbon-like clones before this period implies that

Mex3a-driven creERT2 does not initially mark fast-dividing ISCs.

Finally, Mex3a cells are largely resistant to chemotherapy and

radiotherapy compared with bulk Lgr5+ ISCs (Tao et al., 2015).

This property is likely a consequence of their relatively slow

proliferation rates. In addition, the observation that isolated

Mex3a-high/Lgr5-high cells display enhanced organoid forma-

tion capacity may suggest that this cell population adapts partic-

ularly well to stress conditions such as those present in ex vivo

cultures. We show that, upon 5-FU treatment, the rate of conver-

sion of Mex3a-high cells to ISCs is exacerbated. Mounting

evidence indicates that Dll1+ secretory progenitors (van Es

et al., 2012) and even differentiated enterocytes (Tetteh et al.,

2016) exhibit plasticity and regain stemness upon depletion of

the Lgr5+ pool. However, we argue that reversion of differenti-

ated cells to a stem cell state is probably a rare event that

does not contribute substantially to regeneration of the epithe-

lium after chemotherapy or radiation. Indeed, Metcalfe et al.

(2014) demonstrated that the Lgr5+ cell population is necessary

to regenerate the epithelium upon irradiation. Our experiments

show that chemotherapy and radiation preferentially eliminate

the Mex3a-neg/Lgr5-low cell population, which contains the

bulk of transient amplifying cells in the crypt. In contrast, the

Mex3a+ cell population continues to generate progeny immedi-

ately after 5-FU treatment. Under these conditions, about 40%of

Mex3a-high cells produce ribbon-like clones, implying that a

large proportion contributes to generate the compartment of

fast-dividing Lgr5+ ISCs. Given the fact that Mex3a-high/Lgr5-

low cells show little clonogenic capacity in ex vivo assays, we

favor the idea that resilient Mex3a-high/Lgr5-high cells

contribute the most to regeneration after damage. Therefore,

Mex3a-high cells represent a reservoir of slow-dividing chemo-

therapy- and radiotherapy-resistant Lgr5+ cells.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENT AND RESOURCE SHARING

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

(B) PCA of 245 Lgr5-high cells unbiasedly identifies two distinct clusters of cells. Each point represents a single Lgr5-high cell.

(C) Violin plots of the relative expression of the ISC genes Lgr5, Smoc2, Axin2, and Olfm4 between clusters 1 and 2.

(D) The Lgr5-signature is equally expressed in clusters 1 and 2. Left: mean expression of the Lgr5 signature plotted in each Lgr5-high cell. Lines are drawn on the

edges of clusters to facilitate visualization. Right: boxplots of the relative expression of the Lgr5 signature in clusters 1 and 2. n.s., p > 0.05 in a Kruskal-Wallis test.

(E) The Mex3a-signature is enriched in cluster 2. Left: mean expression of the Mex3a signature plotted in each Lgr5-high cell. Lines are drawn on the edges of

clusters to facilitate visualization. Right: boxplots of the relative expression of the Lgr5 signature in clusters 1 and 2. ***p < 0.001 in a Kruskal-Wallis test with at

least 10% fold change.

(F) There is no correlation between Mex3a and Lgr5 signatures. Shown is the Pearson correlation of the mean expression of the Lgr5 signature with the Mex3a

signature.

(G) The Ki67 signature is enriched in cluster 1. Left: mean expression of the Ki67 signature plotted in each Lgr5-high cell. Lines are drawn on the edges of clusters

to facilitate visualization. Right: boxplots of the relative expression of the Ki67 signature in clusters 1 and 2. ***p < 0.001 in a Kruskal-Wallis test with at least 10%

fold change.

(H) The Mex3a signature is inversely correlated with the Ki67 signature. Shown is the Pearson correlation of the mean expression of the Ki67 signature with the

Mex3a signature.
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Figure 7. Mex3a-Expressing Cells Are Resistant to 5-FU and Radiation

(A) Experimental setup to assess stress response. Mice were treated with either two consecutive doses of 5-FU (100 mg/kg/day) or ionizing radiation (12 Gy in

1 day). Mex3a and Lgr5 populations were analyzed by FACS 48 hr after the final dose.

(B) Mex3a-high cells are more resistant to stress than Lgr5-high cells. Quantification of Lgr5-high (left) and Mex3a-high (right) cells in control (n = 4), 5-FU-treated

(n = 5), and IR-treated (n = 4) treated mice. *p < 0.05, ***p < 0.001 in a one-way ANOVA followed by Tukey’s multiple comparisons test.

(legend continued on next page)
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Jung, P., Sato, T., Merlos-Suárez, A., Barriga, F.M., Iglesias, M., Rossell, D.,

Auer, H., Gallardo, M., Blasco, M.A., Sancho, E., et al. (2011). Isolation and

in vitro expansion of human colonic stem cells. Nat. Med. 17, 1225–1227.

Kim, T.H., Saadatpour, A., Guo, G., Saxena, M., Cavazza, A., Desai, N.,

Jadhav, U., Jiang, L., Rivera, M.N., Orkin, S.H., et al. (2016). Single-Cell

Transcript Profiles Reveal Multilineage Priming in Early Progenitors Derived

from Lgr5(+) Intestinal Stem Cells. Cell Rep. 16, 2053–2060.

Kivioja, T., V€ah€arautio, A., Karlsson, K., Bonke, M., Enge, M., Linnarsson, S.,

and Taipale, J. (2011). Counting absolute numbers of molecules using unique

molecular identifiers. Nat. Methods 9, 72–74.

Lopez-Garcia, C., Klein, A.M., Simons, B.D., andWinton, D.J. (2010). Intestinal

stem cell replacement follows a pattern of neutral drift. Science 330, 822–825.
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SUMMARY

A detailed understanding of the paths that stem cells
traverse to generate mature progeny is vital for eluci-
dating the mechanisms governing cell fate decisions
and tissue homeostasis. Adult stem cells maintain
and regenerate multiple mature cell lineages in the
olfactory epithelium. Here we integrate single-cell
RNA sequencing and robust statistical analyses
with in vivo lineage tracing to define a detailed map
of the postnatal olfactory epithelium, revealing cell
fate potentials and branchpoints in olfactory stem
cell lineage trajectories. Olfactory stem cells produce
support cells via direct fate conversion in the
absence of cell division, and their multipotency at
the population level reflects collective unipotent cell
fate decisions by single stem cells. We further
demonstrate that Wnt signaling regulates stem cell
fate by promoting neuronal fate choices. This inte-
grated approach reveals the mechanisms guiding
olfactory lineage trajectories and provides a model
for deconstructing similar hierarchies in other stem
cell niches.

INTRODUCTION

A fundamental challenge in stem cell biology is to define both the

cell fate potential of a given stem cell and where cell fates are

specified along a developmental trajectory. Moreover, detailed

lineage trajectory maps are necessary for identifying the regula-

tory networks that govern the cell fate transitions underlying tis-

sue maintenance and regeneration and are essential for

designing strategies to manipulate cells for therapeutic applica-

tions. Lineage tracing—a technique for permanently labeling the

descendants of a targeted cell—has long been established as a

powerful tool for elucidating the cell fate potential of progenitor

cells (Dymecki and Tomasiewicz, 1998; Le Douarin and Teillet,

1974; Price et al., 1987; Weisblat et al., 1978; Zinyk et al.,

1998). However, this approach alone cannot readily identify all

intermediate stages in a lineage or pinpoint when, in a branching

lineage, multiple cell fates arise.

Whole-transcriptome profiling of single cells by RNA

sequencing (single-cell RNA-seq) has recently emerged as a

powerful method for discriminating the heterogeneity of cell

types and cell states in a complex population (Wagner et al.,

2016). New statistical approaches have further enabled the

ordering of cells along developmental lineages based on gradual

changes in gene expression detected at the single-cell level

(Trapnell et al., 2014). However, current approaches struggle to

overcome the challenge of identifying where lineages diverge

in more complex branching trajectories of multipotent progeni-

tors, a problem that is only beginning to be addressed (Setty

et al., 2016). Importantly, even the most sophisticated analysis

of single-cell RNA-seq data can only provide predictions that

require independent experimental validation.

Theolfactory epitheliummaintains asteady-state populationof

mature olfactory sensory neurons via continual neurogenesis in

the postnatal animal (Graziadei and Graziadei, 1979b; Mackay-

Sim and Kittel, 1991). Olfactory neurogenesis is normally sus-

tained through differentiation of globose basal cells (GBCs),

which are the actively proliferating neurogenic progenitor cells

in the niche (Caggiano et al., 1994; Graziadei and Graziadei,

1979b; Schwob et al., 1994). Upon targeted destruction of the

sensory neurons or more severe injury to the entire tissue, the

olfactory epithelium can regenerate (Graziadei and Graziadei,

1979a). Following such injury, horizontal basal cells (HBCs)—

the normally quiescent, reserve stem cells of the niche—become

activated to differentiate and reconstitute all major cell types in

the epithelium (Iwai et al., 2008; Leung et al., 2007; Figure 1A).
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With its relative simplicity and experimental accessibility, the

postnatal olfactory epithelium provides an attractive system for

studying the activation and specification events that occur dur-

ing the differentiation of multiple cell lineages from an adult

stem cell. A number of questions relevant to other adult stem

cell niches can also be addressed. For example, although line-

age tracing suggests that cells arising from HBCs transition

through proliferative GBC progenitors to generate olfactory sen-

sory neurons (Leung et al., 2007), it remains unclear whether the

epithelium’s other cell types arise via a common GBC intermedi-

ate. Similarly, characterizing the transitions in gene expression

that occur throughout a developing lineage is a prerequisite for

disentangling the gene regulatory networks that underlie cell

fate decisions.

In the present study, we combined a statistical approach for

making branching lineage assignments from single-cell RNA-

seq data with in vivo lineage tracing to map the developmental

trajectories of the multiple cell lineages arising from the olfactory

epithelium’s HBC stem cell. The firstmajor bifurcation in the HBC

lineage trajectory occurs prior to cell division, producing either

sustentacular (support) cells or GBCs. The GBC lineage, in

turn, branches to give rise to olfactory sensory neurons, microvil-

lous cells, and cells of the Bowman’s gland. Olfactory neurogen-

esis involves an expansion of the progenitor pool via proliferative

Figure 1. Experimental Strategy for Olfactory Stem Cell Lineage Analysis with Single-Cell RNA-Seq

(A) Schematic of the olfactory epithelium describing the constituent cells: horizontal basal cell (HBC, green); globose basal cell (GBC, blue); sustentacular cell

(Sus, pink); olfactory sensory neuron (OSN, purple); microvillous cell (MV, dark blue); Bowman’s gland (yellow).

(B) Immunohistochemistry for the HBC lineage tracer YFP (green) and SOX2 (magenta) shows basal resting HBCs in the wild-type (WT) background (left) and

asynchronous differentiation following Trp63 conditional knockout (cKO) (center and right).

(C) YFP(+) cells were collected by FACS at the indicated times following tamoxifen administration frommice carrying theKrt5-CreER; Rosa26EYFP transgenes and

either the Trp63+/+ (WT) or Trp63lox/lox (cKO) alleles.

(D) Sox2-EGFP(+)/ICAM1(�)/SCARB1(�)/F3(�) cells were collected by FACS; this enriched for the GBC, INP, and MV fates over Sus cells.

(E) Data from both experimental designs were combined, filtered, normalized, clustered, and used in downstream analyses.

Scale bars, 50 mm. See also Figure S1.
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GBCs, but sustentacular cells can instead arise via direct fate

conversion of quiescent HBCs, a process that does not require

cell division. Moreover, the multipotency of HBCs as a popula-

tion reflects independent unipotent cell fate decisions made at

the single-cell level. Finally, we identified and validated canonical

Wnt signaling as a regulator that drives HBCs from quiescence

toward neuronal differentiation. Our combined approach serves

more generally as a model for illuminating and deconstructing

branching lineages that arise from multipotent stem cells.

RESULTS

Experimental Strategy for Analyzing Olfactory StemCell
Trajectories by Single-Cell RNA-Seq
We applied single-cell RNA-seq to identify the cell state transi-

tions during differentiation of olfactory HBC stem cells into prolif-

erating progenitors and mature cell types. HBCs and their

descendants were obtained using two complementary ap-

proaches (Figure 1). In the first, we used inducible Cre-lox line-

age tracing to label HBCs and their progeny. To obtain resting

HBCs (controls), we harvested cell samples 72 or 96 hr following

tamoxifen-induced Cre activation in 3-week-old mice (Fig-

ure 1C). To obtain differentiating cells descended from HBCs,

we used conditional knockout of Trp63 in HBCs to ‘‘release’’

HBCs from their quiescent state (Figures 1B and 1C; Fletcher

et al., 2011). In the second approach, using a Sox2EGFP knockin

reporter gene (Arnold et al., 2011), we purified Sox2-EGFP-pos-

itive, ICAM1-negative, SCARB1/F3-negative cells by fluores-

cence-activated cell sorting (FACS) to obtain a population of

cells enriched for GBCs, later neuronal intermediates, and

microvillous cells over sustentacular cells.

Single-cell RNA-seq was carried out on FACS-purified cells

using the Fluidigm C1 microfluidics cell capture platform fol-

lowed by Illumina sequencing (see STAR Methods for these

and associated statistical methods). Single-cell data from yellow

fluorescent protein (YFP) lineage tracing experiments and Sox2-

EGFP experiments were combined into one dataset, a strategy

designed to maximize the representation of cell states along

the developmental trajectories. Sequencing data from a total of

687 cells (542 from YFP lineage-traced cells and 145 from

Sox2-EGFP-expressing cells) remained after filtering based on

various quality control metrics (Figure 1E).

Clustering and Assignment of Differentiating Cells to
Branching Cell Lineages
Resampling-based ensemble clustering (RSEC) was applied to

the first 50 principal components of the expression matrix to

generate stable and tight clusters, yielding a final repertoire of

13 clusters (Figures S1 and S2; STAR Methods). To visualize

cellular heterogeneity, we projected the data onto two dimen-

sions via t-distributed stochastic neighbor embedding (t-SNE;

van der Maaten and Hinton, 2008), which confirms that our clus-

tering procedure led to well defined, distinct groups (Figure 2A).

Preliminary cell type assignments were made based on the

expression of known and/or validated marker genes for HBCs,

GBCs, immediate neuronal precursors (INP1-3), immature and

mature olfactory sensory neurons (iOSNs and mOSNs), imma-

ture and mature sustentacular cells (iSus and mSus), and micro-

villous cells (MV1 and MV2) (Figure 2B; Figure S2; see STAR

Methods for details). Interestingly, two clusters (DHBC1 and

DHBC2) contain cells in which the canonical HBC stem cell

markers Trp63, Krt5, and Krt14 appear to be variably downregu-

lated from cell to cell (Figure S2), suggesting the existence of

at least one transition state in which HBCs first begin to

differentiate.

Mapping transcriptional changes as cells transition from stem

cells to specialized cell types is essential for understanding the

mechanisms regulating cell and tissue differentiation. In differen-

tiating lineages, cells are thought to undergo gradual transcrip-

tional changes, where the relationship between states can be

represented as a continuous lineage dependent on an underlying

spatial or temporal variable. This representation, often referred

to as pseudotemporal ordering (Trapnell et al., 2014), can pro-

vide a basis for understanding how and when cell fate decisions

are made. The task of assigning and ordering cells in a lineage in

the olfactory HBC stem cell niche is complicated by the require-

ment to accommodate multiple branching cell fate trajectories

that give rise to the multiple cell types. To address this problem,

we applied Slingshot, a statistical framework for inferring

branching lineage assignments and developmental distances

(STAR Methods). Three distinct trajectories were identified,

each starting from the resting HBC stage and leading to the three

defined mature cell types (Figures 2D and 2E). All three trajec-

tories were predicted to pass together through the two transi-

tional HBC stages, at which point the first branching in the line-

age occurs. One path leads to immature and then mature

sustentacular cells (magenta). The other path connects transi-

tional HBCs to GBCs, from which the remaining two lineages

diverge: one to form microvillous cells (blue) and one to form

olfactory sensory neurons (orange). The latter trajectory passes

through GBCs, three discrete stages of immediate neuronal pre-

cursors (INP1–3), and immature olfactory sensory neurons

before concluding in mature olfactory sensory neurons.

Developmental Ordering of Cells in the Neuronal and
Sustentacular Cell Lineages
We next sought to order all cells and analyze transitions in their

transcriptional states as they differentiate to become sustentac-

ular cells and olfactory sensory neurons. Slingshot assigned

developmental positions of cells along the lineage trajectories

(analogous to the concept of pseudotime; Trapnell et al., 2014)

by orthogonal projection of each cell’s principal coordinates

onto its respective curve (displayed as one dimensional plots

in Figures 3A and 3C). From this analysis, it is evident that the

transition from DHBC2 to GBCs entails a relatively large jump

in gene expression space. Similarly, there is a larger gap be-

tween the INP1 and INP2 stages compared with the other tran-

sitions following the GBC stage in this lineage. Such jumps in

developmental distance may represent major transcriptional

changes in which distinct networks of genes are turned on or off.

To gain insight into the coordinated patterns of gene expres-

sion that underlie the cell fate transitions in the neuronal and sus-

tentacular cell lineages, we identified and clustered the most

differentially expressed genes within each lineage (Figure S3;

Table S1; STAR Methods). The average scaled expression pro-

files for the gene clusters in the neuronal and sustentacular cell

lineages are displayed using heatmaps in Figures 3B and 3D,

presented in developmental order according to the predictions
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Figure 2. Statistical Analysis of Single-Cell RNA-Seq Data Predicts Distinct Cell States and Branchpoints in the Olfactory Stem Cell

Trajectory

(A and B) t-SNE plot (perplexity = 10) based on the 500most variable genes showing the separation of the cells into discrete groups congruent with the clustering.

In (A), each circle represents a cell. Cluster medoids are displayed as larger circles with initial assignments of cluster identity based on the expression of a small

number of marker genes (B).

(C) t-SNEs as in (A) and (B) and colored by experimental condition. Differentiation is asynchronous, but cells from the later lineage tracing time points and the

Sox2-EGFP+ cells contribute to more differentiated cell types.

(legend continued on next page)
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made by Slingshot. This comparison highlights the dramatic dif-

ference in coordinated gene expression through developmental

progression in the two lineages. In the neuronal lineage, many

modules of genes are transiently turned on and off, patterns

that contrast with the more gradual wave-like changes in gene

(D and E) Three-dimensional representation of single-cell gene expression profiles based on principal component analysis (D); cells are colored by cluster.

Slingshot predicts an early bifurcation in the lineage trajectories of the neuronal (orange) and sustentacular cell (magenta) lineages, whereas theMV lineage (blue)

is predicted to branch off later of the neuronal lineage from the GBCs (E).

See also Figure S2.

Figure 3. Patterns of Coordinated Gene

Regulation in the Neuronal and Sustentacu-

lar Cell Lineages Reveal Different Strategies

for Differentiation

(A and C) Developmental distance of cells within

each lineage as inferred by Slingshot for the

neuronal lineage (A) and the sustentacular

lineage (C). Mean ± SD of the developmental dis-

tance is indicated for each cluster.

(B and D) Heatmaps displaying the average scaled

expression profile for each gene cluster

(numbered at the left of each row) with cells (col-

umns) ordered according to their developmental

positions within the neuronal (B) and sustentacular

cell (D) lineages. There are numerous step-like

transitions in the neuronal lineage but fewer,

wave-like changes in the sustentacular cell line-

age. The lower row in each heatmap represents a

set of 40 cell cycle-associated (CC) genes.

See also Figures S3 and S4.

expression exhibited by the sustentacu-

lar lineage. Moreover, there is a longer

distance traversed in the neuronal lineage

both in terms of the number of distinct cell

states and the number of genes showing

significant changes at each transition

(Figure S3; Table S2).

Consistent with recent studies (Han-

chate et al., 2015; Saraiva et al., 2015;

Scholz et al., 2016; Tan et al., 2015), our

analysis further reveals that low-level

expression of multiple odorant receptor

(OR) genes per cell commences at the

INP2/3 stage, culminating with high-level

expression of a single OR per cell in

immature olfactory sensory neurons

(Figure S4).

Proliferation Is Restricted to the
GBC and Neuronal Lineage
Numerous studies have demonstrated

that GBCs represent the major prolifera-

tive progenitor cell in the uninjured olfac-

tory epithelium (Caggiano et al., 1994;

Graziadei and Graziadei, 1979b; Schwob

et al., 1994). We therefore examined

the expression of cell cycle-associated

genes (Kowalczyk et al., 2015; Whitfield

et al., 2002; Figure S3) to determine whether and where expan-

sion occurs in the neuronal and sustentacular cell lineages. As

judged by expression of cell proliferation markers, GBCs and

INP1 cells comprise the two actively proliferating progenitor

cell types in the neuronal lineage (Figure 3B; Figure S3). In
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striking contrast, cells progress through the sustentacular cell

lineage without a concerted upregulation of cell proliferation

markers (Figure 3D; Figure S3). Thus, HBCs appear to transdif-

ferentiate into sustentacular cells through a process that does

not require cell division.

Lineage Tracing In Vivo Validates Predicted
Branchpoints in the Olfactory Stem Cell Trajectory
A number of testable predictions can be made from the in silico

branching lineage assignments and developmental ordering of

differentiating olfactory cells shown in Figures 2 and 3. First,

the initial branching of the sustentacular cell and neuronal line-

ages at the transitional HBC stage and in the absence of active

cell proliferation suggests that, when stimulated to differentiate,

each HBC adopts a unique cell fate; i.e., GBC versus sustentac-

ular cell. In this scenario, the multipotency of the population of

HBCs is driven by independent unipotent differentiation events

that occur at the single-cell level. To test this prediction, we per-

formed clonal lineage tracing in vivo. HBCs were labeled and

stimulated to differentiate by induction of Cre recombinase activ-

ity with doses of tamoxifen adjusted to elicit sparse activation of

HBCs in Krt5-CreER; Trp63lox/lox; Rosa26Confetti mice. Animals

were sacrificed 7 and 14 days after tamoxifen induction, and

the expression of fluorescent protein reporters encoded by the

Rosa26Confetti locus was assessed using an anti-GFP antibody.

Representative examples of labeled clones are shown in Figures

4A–4D. Consistent with Slingshot’s prediction that individual

HBCs initially give rise to single lineages, at 14 days of differen-

tiation, 90 of 99 clones contained cells representing either the

combined neuronal/microvillous cell lineage (80, comprising 13

GBC-containing, 56 neuron only, 1 neuron + Bowman’s gland,

9 neuron + microvillous cell only, and 1 microvillous cell only)

or sustentacular cells (10) but not cells from both lineages (Fig-

ure 4E). Clones containing a mixture of sustentacular cells and

neurons comprise the remaining nine clones. Only one labeled

Bowman’s gland was detected among the 99 clones scored

for this analysis; the scarcity of lineage-traced Bowman’s glands

mirrors their apparent absence in our analysis of the single-cell

RNA-seq data, suggesting that these cells arise only rarely

from HBCs in the normal, uninjured epithelium. Similar results

were obtained from clones scored at 7 days of differentiation

(Figure S5).

A second hypothesis based on our analysis with Slingshot is

that sustentacular cells are formed through direct fate conver-

sion from HBCs without cell division, whereas the neuronal line-

age expands via proliferation of GBC and INP1 progenitors.

Indeed, using our sparse lineage tracing strategy, we observed

a marked disparity in the numbers of neurons and sustentacular

cells per clone. At 14 days of differentiation, neuron-containing

clones contained 13.5 ± 1.0 neurons (mean ± SEM) (Figure 4F),

whereas sustentacular cells are present at one to two cells per

clone (1.3 ± 0.1 cells; Figure 4G). The average number of neurons

per clone increases from 7 days (8.8 ± 1.0 cells/clone) to 14 days,

whereas the number of sustentacular cells per clone remains

essentially unchanged over this interval (1.2 ± 0.1 cells/clone at

7 days; compare Figures 4F and 4G with Figure S5). Moreover,

most sustentacular cell-containing clones contain only a single

sustentacular cell, confirming the assignment of the first major

branchpoint in the HBC-derived lineage to an early, non-prolifer-

ative transitional HBC stage. Complementing the predicted line-

age trajectories, these observations provide strong evidence

that HBCs differentiate directly into sustentacular cells in the

absence of cell division. Alternatively, the presence of a single

cell per clonemay reflect proliferation of a sustentacular cell pro-

genitor followed by apoptotic cell death, leaving, on average, a

single mature daughter cell per differentiating stem cell. How-

ever, the very low frequency of activated caspase-3 expression

in YFP lineage-traced cells (0%–0.6%; Figure 4I; Figure S5) is

inconsistent with apoptosis as a significant contributor in the dif-

ferentiation of mature cell types from HBC stem cells (Fletcher

et al., 2011). The presence of two sustentacular cells in aminority

fraction of clones may reflect the proliferative capacity of the

sustentacular cells themselves (Weiler and Farbman, 1998)

and/or the occasional proliferation of resting HBCs (Fletcher

et al., 2011) or transitional HBCs. Consistent with these possibil-

ities, rare proliferating cells can be observed at both the HBC and

late sustentacular cell stages (Figure 3D).

The third major prediction of our branching lineage assign-

ment is that microvillous cells and olfactory sensory neurons

arise from a common sub-lineage that branches at the GBC

stage to give rise to these two cell types. In support of this pre-

diction, nine of ten clones containing microvillous cells also

contain neurons (Figure 4E). Microvillous cells are rare in com-

parison with olfactory sensory neurons (Hansen and Finger,

2008; Jia et al., 2013; Ogura et al., 2011; Yamaguchi et al.,

2014); this difference is reflected by the small number of micro-

villous cell-containing clones detected (12% of neuron-contain-

ing clones) as well as the low number of microvillous cells

present in any givenmicrovillous-containing clone (1.2 ± 0.1; Fig-

ure 4H). These clonal lineage tracing results are complemented

by a similar, non-clonal lineage tracing analysis using a knockin

Ascl1-CreER driver (Kim et al., 2011), which recapitulates

Ascl1’s expression in postnatal GBCs (Figure S4; Manglapus

et al., 2004). Cells lineage-traced 3 weeks after tamoxifen activa-

tion of the Ascl1-CreER driver comprise mainly neurons (98%

of �1,000 cells scored over 3 animals) (Figures 4J and 4L),

with microvillous cells representing �1% of the labeled cells

(Figures 4K and 4L). In addition, cells of the Bowman’s gland—

identified by their expression of Sox9 and assembly into ducts

contiguous with submucosal acini—were also lineage-traced

by the Ascl1-CreER driver (Figure S5), suggesting that cells of

the Bowman’s gland arise from GBC progenitors (see Goss

et al., 2015). We failed to detect any sustentacular cells labeled

by the Ascl1-CreER driver, supporting the prediction that a sec-

ond branching of the lineage occurs at the GBC stage to give rise

to numerous olfactory sensory neurons and occasional microvil-

lous cells but not sustentacular cells.

Coordinated Transcription Factor Networks Associated
with Lineage Progression
To gain a more comprehensive view of the combination of fac-

tors that drive HBCs to form the twomajor OE lineages, we iden-

tified the differentially expressed transcription factors in the

neuronal and sustentacular cell lineages and displayed their

expression profiles by developmental order in their respective

lineages (Figures 5A and 5B; Table S3). The dynamic, step-like

changes in gene expression in the neuronal lineage (Figure 3;

Figure S3) are also observed in the expression of transcription
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Figure 4. Clonal Lineage Tracing In Vivo Validates Branching Lineage Assignment Predictions

(A–D) Example images of clones from Krt5-CreER; Trp63lox/lox; Rosa26Confetti transgenic animals analyzed 14 days following tamoxifen induction of the CreER

driver: neuronal only (A), neuronal and sustentacular (arrow, B), sustentacular cell only (C), and neuronal and microvillous cell (arrowhead, D).

(E) Most clones represent unipotent differentiation events, supporting the prediction that the lineages bifurcate early. The majority of clones contain only cells in

the GBC/neuronal lineage, and just over half of all sustentacular cell-containing clones are composed of only sustentacular cells. Almost all microvillous cells are

found together with neurons. One of 99 clones contained a labeled Bowman’s gland together with neurons.

(F–H) Clone size distribution. The number of neurons in neuron-containing clones (F) is larger, validating that the neuronal lineage contains amplification stages,

whereas the sustentacular cells are usually present as single cells (G). Microvillous cells are usually found as singlets and are typically found in clones together

with neurons (H).

(I) Percentage of Krt5-CreER; Trp63lox/lox; RosaEYFP lineage-traced cells co-labeled with activated caspase-3 at 24, 48, and 96 hr and 7 days following tamoxifen

injection. The low frequency of apoptosis (0%–0.6%) in the HBC lineage is inconsistent with cell death as amechanism to generate clones containing single cells.

(J–L)Ascl1-CreER; Rosa26EYFP lineage tracing 21 days following tamoxifen induction shows that, althoughAscl1-positive GBCs usually form neurons (�98%) (J),

they occasionally form microvillous cells (K). The percentage (mean ± SD) of each cell type formed from lineage-traced cells (1,072 cells from three animals) is

summarized in (L).

Scale bars, 25 mm. See also Figure S5.
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factors. Fewer transcription factors show dynamic expression in

the sustentacular lineage compared with the neuronal lineage

(Figures 5A and 5B; Figure S6).

We next constructed a co-expression network by correlating

differentially expressed transcription factor genes and connect-

ing those with high correlation (Figures 5C and 5D; Figure S6).

The neuronal lineage is composed of three main subnetworks

of transcription factors whose expression is enriched either in

resting and transitional HBCs, GBCs, and INP1 cells or later-

stage neuronal precursors and neurons (Figures 5C and 5E).

In contrast, only one network of transcription factors in the

sustentacular cell lineage is identified using the same criteria

Figure 5. Coordinated Transcription Factor Networks Associated with Lineage Progression

(A and B) Heatmaps of the top differentially expressed (DE) genes for the neuronal (A) and sustentacular cell (B) lineages.

(C and D) Connectivity graphs of the most correlated DE transcription factors for the neuronal (C) and sustentacular cell (D) lineages, colored by the cluster in

which expression is highest; the size of each node indicates magnitude of expression.

(E) Connectivity graph for the neuronal lineage colored by rank across the clusters within the lineage. For each transcription factor, we computed the average

expression in each cluster and color-coded the corresponding node to indicate the cluster with the highest average expression.

See also Figure S6 and Table S3.
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(Figure 5D), consistent with our observation that the sustentacu-

lar cells are closely related to the HBCs at the transcriptional

level. Interestingly, the AP1 transcription factors (Karin et al.,

1997)—previously demonstrated to regulate keratinocyte differ-

entiation (Eckert et al., 2013)—are enriched in the resting and

transitional HBCs (Figure 5; Table S3), suggesting that similar

transcriptional networks may be used to control differentiation

in these two divergent epithelial stem cell niches.

Activation of Canonical Wnt Signaling Is Necessary and
Sufficient to Drive HBC Differentiation into Olfactory
Sensory Neurons
Having identified discrete stages in the differentiating olfactory

lineages, we next sought to identify specific genes and signaling

networks that might govern critical cell state transitions that

occur as HBCs differentiate. We applied gene set enrichment

analysis (GSEA) with rotation tests (Ritchie et al., 2015) to identify

pathways that are enriched in cell clusters based on single-cell

RNA-seq data (Figure S6; Table S4). Among the top hits found

in resting HBCs is the canonical Wnt signaling pathway (Fig-

ure 6A; Figure S6), which has been shown to regulate stem cell

dynamics in other niches (Clevers et al., 2014). Two repressors

of canonical Wnt signaling, Dkk3 and Sfrp1 (Kawano and Kypta,

2003), are enriched in resting HBCs and subsequently downre-

gulated upon HBC differentiation (Figure S6), suggesting that

autocrine or paracrine inhibition of Wnt signaling may promote

HBC quiescence. To test this hypothesis, we activated Wnt

signaling in resting HBCs using the Krt5-CreER driver to condi-

tionally express an activated form of b-catenin (Ctnnb1lox(ex3)

allele) (Harada et al., 1999). Compared with controls (Figure 6B),

activation from one copy of the b-cateninlox(ex3) allele resulted in

the appearance of dysmorphic, globose-like basal cells reminis-

cent of activated HBCs (Fletcher et al., 2011) as well as occa-

sional differentiated neurons (Figure 6C). Strikingly, a genetic

interaction was observed between Trp63 and Wnt signaling in

a sensitized trans-heterozygous b-cateninlox(ex3)/+; Trp63lox/+

background in which HBCs differentiated in a manner similar

to conditional ablation of Trp63 alone (compare Figure 6D with

Figure 6E). In this case, however, HBCs predominantly formed

neurons and proliferative GBC progenitors and very rarely pro-

duced sustentacular or microvillous cells (Figures 6D and 6J).

Figure 6. Wnt Signaling Is Necessary and Sufficient for HBC Activa-
tion to Form Neurons

(A) Wnt signaling pathway gene expression in the resting HBC cluster, color-

coded according to log2 fold-change (log2FC) between the restingHBCcluster

and the other neuronal lineage clusters (‘‘one vs. all,’’ see STAR Methods).

(B–K) The indicated alleles were on a Krt5-CreER; Rosa26EYFP transgenic

background.

(B–E and J) Conditionally activating Wnt signaling via removal of exon 3 of

b-catenin (C) results in HBCs that change shape and begin to differentiate

(compare with cells from heterozygous Trp63lox/+ controls, shown in B).

Coupled with the removal of one allele of Trp63 (D), activation of Wnt signaling

in HBCs induces proliferation and differentiation into neurons, similar to the

Trp63lox/lox phenotype (E). Also shown is quantitation of the effect of activating

b-catenin in the Trp63lox/+ background (J). n = 4 (Trp63lox/+), n = 3 (Trp63lox/+;

b-cateninloxex3/+) 14–21 days post-tamoxifen (DPT); mean is shown in red;

p = 0.01.

(F–I and K) Quiescent HBCs (F) differentiate into neurons (assessed by su-

prabasal position, cell shape, and lack of SOX2 expression) and support cells

after conditional knockout of Trp63 (G). Inhibition of Wnt signaling by condi-

tional knockout of b-catenin in the Trp63lox/lox background decreases the

capacity of HBCs to form neurons (H, I, and K). There are fewer neurons

(assessed by suprabasal position, cell shape, and lack of SOX2 expression) in

the double knockout (14 DPT) (K); n = 3 for each genotype, p = 0.04.

See also Figure S6.
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Furthermore, neurons derived from these Wnt-activated HBCs

failed to fully migrate apically, consistent with the established

role of Wnt signaling in stimulating GBCs to differentiate while

impeding subsequent neuronal maturation (Chen et al., 2014;

Wang et al., 2011).

To test whether Wnt signaling is necessary for activation of

HBC differentiation, we conditionally ablated a floxed b-catenin

allele (Ctnnb1lox/lox) in HBCs using theKrt5-CreER driver. Resting

HBCs appeared normal in the absence of b-catenin (Figure 6F).

Although knockout of Trp63 alone resulted in HBC differentiation

mostly into neurons (Figure 6G), in the Trp63 and b-catenin dou-

ble knockout, HBCs produce fewer differentiated cells and had a

diminished capacity to produce neurons (Figures 6H, 6I, and 6K;

Figure S6); most of the differentiated cells were sustentacular

cells or non-neuronal SOX2+ cells. Taken together, these data

indicate that activation of canonical Wnt signaling is both neces-

sary and sufficient to drive the transition of HBCs from a resting

to an activated neurogenic state in the uninjured epithelium.

DISCUSSION

In this study, we developed an integrated approach using

in silico analysis of single-cell RNA-seq data and in vivo lineage

tracing to illuminate the cell fate potentials of individual olfactory

stem cells and the locations of branchpoints in the olfactory line-

age trajectory. Our combined analysis identified the trajectories

that produce three out of the four major cell types in the olfactory

epithelium: the olfactory sensory neurons, microvillous cells, and

sustentacular cells. Lineage tracing alone further revealed the

origins of cells of the Bowman’s gland. One sub-lineage gives

rise to the niche’s proliferative GBCs, which, in turn, generate

olfactory sensory neurons, microvillous cells, and cells of the

Bowman’s gland. The other sub-lineage generates sustentacular

cells through a differentiation process characterized by fewer

and more gradual transitions that occur in the absence of cell di-

vision. The differences in gene expression and cell state transi-

tions in the neuronal and sustentacular cell lineages are likely

the result of similarly divergent patterns of coordinated transcrip-

tion factor expression in the respective lineages. It is possible

that additional and more subtle transitions in cell states exist

but were not resolved by the present analysis, which was based

on sequencing less than 1,000 cells. Nonetheless, our approach

enabled an analysis of the olfactory HBC stem cell’s fate poten-

tial and the location of branchpoints in the lineage at a level of

detail not possible by either in vivo lineage tracing or single-

cell RNA-seq alone and serves as a model for elucidating com-

plex lineage trajectories in other stem cell niches.

Transitional HBCs Represent a Discrete Cell State in
Which Neuronal versus Sustentacular Cell Fates Are
Specified
Our analysis of single-cell RNA-seq data allowed for the identifi-

cation of previously uncharacterized transitional or activated

states that HBCs first enter upon differentiation, during which

one of two cell fates is adopted. This first transition—comprising

at least two states (DHBC1 and DHBC2)—is manifested by a

subtle shift in gene expression, underscoring the power of sin-

gle-cell RNA-seq to detect cell state changes that would other-

wise elude detection by more conventional approaches based

on the expression of a small number of known marker genes.

Interestingly, the downregulation of the transcription factor

Trp63 is both necessary (Schnittke et al., 2015) and sufficient

(Fletcher et al., 2011) to stimulate HBCs to differentiate. How-

ever, transitional HBCs exhibit highly variable expression of

Trp63 and other genes normally associated with resting HBCs

(e.g., Krt5 and Krt14; Figure S2), suggesting that minor perturba-

tions in Trp63 expression are sufficient to elicit a change in cell

state. Together, these observations are consistent with a model

in which activated HBCs comprise ametastable state that allows

for their transition toward a variety of cell fates. We posit that

transitional HBCs represent a window along the developmental

trajectory during which competing regulatory networks promote

progression down one lineage versus another. What are the

possible mechanisms underlying such a competition?

We propose a model in which the default state of HBC stem

cells is to form sustentacular cells. Accordingly, a signal would

be required to repress the default state and drive the HBCs to

differentiate into GBCs and, subsequently, into neurons. Previ-

ous studies have established the role of Wnt signaling in GBC

proliferation and neurogenesis during injury-induced regenera-

tion in the olfactory epithelium (Chen et al., 2004; Wang et al.,

2011). Herewe demonstrate thatWnt signaling is both necessary

and sufficient earlier in the lineage for HBC activation and spec-

ification of GBC neural progenitors under uninjured, steady-state

conditions. The ability of Wnt signaling to activate quiescent

HBCs to differentiate into proliferative neuronal progenitors is

consistent with its role in stem cell activation and cell fate spec-

ification in other stem cell niches (Choi et al., 2013; Clevers et al.,

2014). Interestingly, HBCs are enriched for NF-kB signaling com-

ponents (Table S4), whereas sustentacular cells strongly ex-

press interleukin-33 (Il33), which is localized to the nucleus of

sustentacular cells (Figure S5). In addition to its proposed role

as an inflammatory cytokine, IL-33 has been shown to antago-

nize the transcription factor RelA/p65, a nuclear factor kB

(NF-kB) effector (Ali et al., 2011). Future studies will be required

to test the hypothesis that nuclear IL-33 promotes the sustentac-

ular cell fate by antagonizing NF-kB signaling.

Multipotency of HBCs at the Population Level Reflects
Individual Unipotent Cell Fate Decisions
How do multiple cell types arise from the population of olfactory

stem cells? We found that individual HBCs mostly generate

clones of cells of a single cell type, with approximately 80% con-

sisting of only cells in the GBC lineage and 10% containing only

sustentacular cells (Figure 4). These findings demonstrate a

common thread with several other stem cell niches in which indi-

vidual stem cells adopt singular cell fates that, in aggregate, un-

derlie multipotency at the population level (Snippert et al., 2010).

Although the majority of individual HBCs appear to restrict

their cell fate choices to a single lineage, about 10% of HBC-

derived clones contain a single sustentacular cell amid a group

of neurons. What can account for the apparent multipotency of

individual HBCs in these cases? Perhaps GBCs occasionally

give rise to sustentacular cells in addition to neurons and micro-

villous cells. However, we failed to detect any sustentacular cells

among �1,000 cells lineage-traced using the GBC-specific

Ascl1-CreER driver under steady-state conditions, although it

is possible that a rare GBC earlier in the lineagemay occasionally
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give rise to sustentacular cells. Alternatively, the occurrence of

mixed neuronal/sustentacular cell clones in our analysis could

reflect plasticity at the transitional HBC stage so that a given acti-

vated stem cell undergoes a self-renewing cell division, leaving

its two daughter cells free to adopt either cell fate independently.

This interpretation dovetails with the suggestion that transitional

HBCs are metastable based on their variable expression of

Trp63, which plays a critical role in maintaining HBCs in the

resting, self-renewing state (Fletcher et al., 2011). It is also

possible that the multipotent clones reflect symmetric self-re-

newingHBCmitosesprior todifferentiation. Indeed,weobserved

elevated expression of cell cycle-associated genes in the occa-

sional resting and transitional HBC (Figure 3), in agreement with

our previous observation that a small percentage of resting

HBCs express the proliferative marker protein Ki67 (Fletcher

et al., 2011). Whatever the case, our observations are consistent

with the idea that certain cell fate decisions may, in fact, remain

reversible during a limited period early in the trajectory.

Direct Conversion of HBC Stem Cells into
Sustentacular Cells
Our analysis also reveals direct conversion of quiescent HBCs to

sustentacular support cells without cell division, an unusual

mode of stem cell differentiation. In contrast, olfactory neurogen-

esis involves an expansion through proliferative GBC and INP in-

termediates. Thus, HBCs generate cells of the two diverging

lineages using dramatically different strategies. Our analysis of

gene expression at the single cell level further indicates that

the developmental distance traversed in the sustentacular cell

lineage is shorter than the distance covered in the generation

of olfactory sensory neurons (Figure 3; Figure S3). In addition

to expanding the number of cells in this lineage, proliferation of

GBCs and INP1 cells may also activate transcriptional networks

by inducing larger-scale, cell cycle-associated chromatin re-

modeling (Ma et al., 2015).

Direct reprogramming of cells to replace damaged or diseased

cells in a tissue has enormous therapeutic potential. Unlikemany

other adult stem cells, HBCs are not actively dividing, a charac-

teristic that allowed us to disentangle fate determination of

HBC daughter cells from cell division. Moreover, the initiation of

HBCdifferentiation intomature cell types is triggered not by over-

expression of a factor but rather by removing one (Trp63). That

removing factors would be an effective strategy for reprogram-

ming is also suggested by the conversion of fibroblasts to cardi-

omyocyte-like cells by miRNA expression (Jayawardena et al.,

2012) andpancreaticacells tob-like cells by inhibitingArx (Court-

ney et al., 2013). Our findings provide an alternative way to view

cell fate transformation in vivo and strategies for inducing trans-

differentiation of cells for therapeutic applications.
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SUMMARY

Inactivating mutations in the thyroid hormone (TH)
transporter Monocarboxylate transporter 8 (MCT8)
cause severe psychomotor retardation in children.
Animal models do not reflect the biology of the
human disease. Using patient-specific induced
pluripotent stem cells (iPSCs), we generated MCT8-
deficient neural cells that showed normal TH-depen-
dent neuronal properties and maturation. However,
the blood-brain barrier (BBB) controls TH entry into
the brain, and reduced TH availability to neural cells
could instead underlie the diseased phenotype. To
test potential BBB involvement, we generated an
iPSC-based BBB model of MCT8 deficiency, and
we found that MCT8 was necessary for polarized
influx of the active form of TH across the BBB. We
also found that a candidate drug did not appreciably
cross the mutant BBB. Our results therefore clarify
the underlying physiological basis of this disorder,
and they suggest that circumventing the diseased
BBB to deliver active TH to the brain could be a viable
therapeutic strategy.

INTRODUCTION

The solute carrier family 16, member 2 (SLC16A2) gene, located

on the X chromosome, encodes monocarboxylate transporter 8

(MCT8), a specific membrane transporter of thyroid hormone

(TH) (Friesema et al., 2003) broadly expressed in the central ner-

vous system (CNS). Inactivating mutations of MCT8 in males

cause serum TH abnormalities and severe neuropsychomotor

impairments (Dumitrescu et al., 2004; Friesema et al., 2004).

The thyroid phenotype includes elevated serum levels of total

and free L-3,30,5-triiodothyronine (T3) and reduced serum levels

of L-3,30,5,50-tetraiodothyronine (thyroxine or T4), as well as

hypermetabolism. This condition, named the Allan-Herndon-

Dudley syndrome (AHDS), was initially described in patients

with sex-linked mental retardation (Allan et al., 1944). The one

published post-mortem analysis of a MCT8-deficient fetus re-

vealed a decrease in T3 and T4 contents in the cerebral cortex

(López-Espı́ndola et al., 2014), indicating that impaired transport

of TH into the CNS may underlie AHDS. However, the exact

mechanisms remain poorly understood.

Various animal models of the disease have been generated

(Dumitrescu et al., 2006; Trajkovic et al., 2007; Vatine et al.,

2013; Zada et al., 2014). Intriguingly, two Mct8 knockout (KO)

mouse strains closely recapitulate the thyroid phenotype, but

they fail to display neurological or behavioral abnormalities (Du-

mitrescu et al., 2006; Trajkovic et al., 2007). When these mice

were made hypothyroid at the neonatal stage, the exogenous

supplementation of T4, but not T3, was able to rescue a mild

phenotype in the cerebellum (Ceballos et al., 2009). This sug-

gests that T4, but not T3, may cross the mouse MCT8-deficient

blood-brain barrier (BBB) through the presence of a mouse-spe-

cific T4 transporter that is absent in human. Several transgenic

models were subsequently generated to identify the mouse-

specific TH transporter. These included KO models of Mct10

(Slc16a10) (M€uller et al., 2014), L-type amino acid transporter
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(Lat2 and Slc7a8) (Núñez et al., 2014), and Organic anion-trans-

porting polypeptide 1c1 (Oatp1c1 and SlcO1c1), either as inde-

pendent KO or with MCT8 (Mayerl et al., 2012, 2014). While most

of these models did not exhibit the desired neurological pheno-

type, the Mct8/Oatp1c1 double KO displayed a severe form of

CNS-specific hypothyroidism, including decreased myelination

and abnormal neuronal differentiation (Mayerl et al., 2014). Inter-

estingly, Oatp1c1 is highly expressed in endothelial cells of the

rodent BBB (Roberts et al., 2008), but not the human BBB

(Uchida et al., 2011), suggesting a crucial differential regulation

of TH transporters among species.

MCT8-deficient patient fibroblasts and human cell lines ex-

pressing wild-type or mutant MCT8 have been used to analyze

TH transport (Visser et al., 2009) and gene expression (Visser

et al., 2010). While these cell models showed some features of

MCT8 deficiency, they do not harbor the characteristics of

affected neural or endothelial cells that are required for a relevant

human cell-based disease model of AHDS. Technologies to

reprogram adult cells back to a pluripotent state, termed induced

pluripotent stem cells (iPSCs) (Takahashi and Yamanaka, 2006;

Yu et al., 2007), provide an unprecedented platform for studying

human genetic disorders (Ebert et al., 2009; Mattis et al., 2015).

Moreover, the development of protocols to differentiate human

pluripotent cells into neural and brain endothelial cells permits

the generation of disease-in-a-dish models for human MCT8

deficiency. These models using relevant brain cell types could

potentially close the gap between inadequate animal models

and the human AHDS condition.

Here we report the results from iPSCs generated from pa-

tients with MCT8 mutations, along with associated controls

and isogenic cell lines engineered using the CRISPR/Cas9 sys-

tem (Li et al., 2013). MCT8-deficient iPSC-derived neural cells

showed diminished TH uptake, however, they still displayed

normal T3-dependent neuronal maturation. This suggested

that, rather than MCT8 transporter deficiency, reduced TH

availability to neural cells may underlie the neuronal-related

phenotypes of AHDS. As the BBB controls TH entry into the

brain, iPSC-derived brain microvascular endothelial cells

were also used to model the diseased MCT8-deficient human

BBB. We demonstrate that T3 transport across the BBB is

dependent on MCT8, likely driving the decreased concentra-

tions of T3 observed in MCT8-deficient brains. In summary,

this study provides the first iPSC-based disease model of the

human BBB, and it shows that the diseased BBB may be the

primary obstacle for T3 transport into the brain, providing

both a critical mechanistic insight and a new tool for future

drug development.

RESULTS

MCT8-Deficient Patient iPSCs Can Be Differentiated
into Neural Cells
Inactivating mutations in the TH transporter have been studied

in animal models, but these models do not precisely represent

the human condition (Heuer and Visser, 2013). To study MCT8

deficiency in a human model, fibroblasts from two severely

affected male patients with MCT8 deficiency (CS58iMCT8 and

CS01iMCT8) were reprogrammed into iPSCs (Figure S1). Control

lines used were CS03iCTR (parental line of CS01iMCT8),

CS02iCTR, CS00iCTR, and CS14iCTR (see Table S1 for

additional information). In addition, isogenic lines in which

MCT8 mutations were induced (CS03iCTRmut) or corrected

(CS01iMCT8cor) using the CRISPR/Cas9 systemwere generated

(Figure S2; Table S2).

MCT8 deficiency leads to critical changes in neural function

that manifest in psychomotor retardation (Dumitrescu et al.,

2004; Friesema et al., 2004). To investigate impairments in hu-

man neural cells caused byMCT8 deficiency, patient and control

iPSCs were differentiated into neural cells (Figure 1A). The iPSC

colonies weremaintained in suspension as free-floating spheres,

previously termed EZ-spheres (Ebert et al., 2013; Shelley et al.,

2014). EZ-spheres contained Nestin+ neural progenitor cells,

which could be differentiated into neural cultures expressing

bIII-Tubulin+ neurons and glial fibrillary acidic protein (GFAP)+

astrocytes that expressed MCT8 (Figure 1B). Western blot

analysis confirmed MCT8 expression in the CS03iCTR control

line as well as in the CS01iMCT8 line that expressed mutated,

nonfunctional MCT8 protein and its corrected isogenic line

(CS01iMCT8cor), but not in the CS03iCTRmut line that was engi-

neered to express a truncated MCT8 protein (Figure 1C). RNA

sequencing (RNA-seq) analysis on differentiated neural cells re-

vealed that these cells not only expressed MCT8 but also other

TH transporters, LAT1 and LAT2, and low levels of OATP1C1

(Figure 1D), with similar levels in control and MCT8-deficient

cells. In addition, assessing iodothyronine deiodinase mRNA

levels revealed that DIO3, but not DIO1 and DIO2, was ex-

pressed (Figure 1E), suggesting that these cells can inactivate

T3 and T4.

MCT8-Deficient Neural Cells Have Reduced TH
Transport but Normal T3-Induced Transcription
MCT8 deficiency may affect neural function by reducing the

cells’ ability to transport TH. As such, TH transport in and out

of iPSC-derived neural cells was quantified using radiolabeled

TH. Notably, compared to both control lines, the MCT8-defi-

cient cell lines exhibited a significant 5-fold decrease in T3 up-

take (p < 0.005; Figure 1F) and a 5-fold decrease in T3 efflux

(p < 0.05; Figure 1G), suggesting that MCT8 plays an important

role in the transport of T3 in and out of neural cells. A sug-

gested major source of T3 in the brain is achieved through con-

version of T4 to T3 in astrocytes by deiodination (Heuer and

Visser, 2013). Therefore, the role of MCT8 in T4 transport in

neural cells was also tested. Compared to both control lines,

the MCT8-deficient lines exhibited a 3-fold decrease in uptake

(p < 0.0001; Figure 1H) and a 4-fold decrease in efflux (p <

0.0002; Figure 1I). Together, these results show that functional

MCT8 expression in neural cells is crucial for the bidirectional

transport of THs.

The main mechanism of TH action is achieved through tran-

scriptional regulation of T3-inducible genes, such as transcrip-

tion factor Kruppel-like factor 9 (KLF9) and transcriptional

co-repressor Hairless (HR) (Dugas et al., 2012). KLF9 and HR

transcription in neural cells was T3 induced in a dose-dependent

manner in concentrations equal to or higher than 0.1 nM in

differentiated control neural cultures (Figures 1J and 1K). Unex-

pectedly, MCT8-deficient neural cells exhibited similar T3 dose-

dependent gene expression, despite their significantly reduced

T3 uptake. This suggests that sufficient T3 was able to cross
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the cell membrane over 48 hr, evenwithout a functional MCT8, to

drive normal T3-dependent transcription.

MCT8-Deficient Neural Cells Maintain Normal Growth
Rates, Differentiation Profiles, and T3-Dependent
Neuronal Maturation
THs affect cell development, through the regulation of prolifera-

tion and apoptosis rates, as well as neuronal and glial differenti-

ation (Bernal, 2000; Williams, 2008). Assessment of neural

cultures with the proliferation marker Ki67 and a Tunel assay

showed that control and MCT8-deficient neural cells had similar

proliferation and apoptosis rates (Figures S3A and S3B).We next

investigated whether the reduced transport of TH in the MCT8-

deficient cell lines would alter the differentiation potential of

EZ-spheres into neurons and astrocytes. Surprisingly, the differ-

entiated neural cell cultures of MCT8-deficient cells and control

cells were similar, with both lines showing �45% Nestin+ neural

progenitors, �10% neurons, and �15% astrocytes (Figure 2A).

Collectively, these results indicate that, at least at this early stage

of neural development, the lack of a functional MCT8 does not
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Figure 1. Properties of iPSC-Derived MCT8-Deficient Neural Cells

(A) Scheme for differentiating iPSCs to neural cultures composed of neural progenitors, astrocytes, and neurons.

(B) Immunocytochemistry on CS03iCTR control line demonstrates that bIII-Tubulin neurons (red) and GFAP glia (red) produce MCT8 protein (green), with a DAPI

nuclei stain (203 magnification).

(C) Western blot confirms MCT8-deficient and functional MCT8 neural cultures produce MCT8, while the mutant isogenic line does not produce detectable

MCT8. GAPDH housekeeping protein used as a loading control.

(D and E) RNA-seq analysis shows RNA expression of (D) TH transporters and (E) deiodinases (DIO) in MCT8-deficient and functional MCT8 neural cultures. Data

are expressed as fragments per kilobase of transcript per million mapped reads (FPKM). There were no significant differences among lines.

(F–I) Accumulation or clearance rates of 1 nM radiolabeled T3 or T4 were quantified inMCT8-deficient and control neural cultures. Levels are expressed as percent

of cellular T3 or T4 normalized to protein amount per minute. (F) T3 uptake (ANOVA, n = 5, p < 0.0077), (G) T3 efflux (ANOVA, n = 5, p < 0.0479), (H) T4 uptake

(ANOVA, n = 4, p < 0.0099), and (I) T4 efflux (ANOVA, n = 3, p < 0.0309) were all significantly reduced in MCT8-deficient neural cells compared to control

neural cells.

(J) qRT-PCR quantification of T3-induced KLF9 gene expression showed a significant linear relationship betweenmRNA expression and T3 concentrations (at 0.1

to 1 nM) for both the healthy control (CS03iCTR, r = 0.99122, p < 0.0001) and MCT8-deficient (CS58iMCT8, r = 0.98346, p < 0.0001) neural cells. No statistically

significant differences were observed in linear regression across cell lines (ANOVA).

(K) qRT-PCR quantification of T3-inducedHRmRNA showed a significant linear relationship betweenmRNA expression and T3 concentrations (at 0.1 to 1 nM) for

both the healthy control (CS03iCTR, r = 0.93436, p < 0.0001) and MCT8-deficient (CS58iMCT8, r = 0.94338, p < 0.0001) neural cells. No statistically significant

differences were observed in linear regression across cell lines (ANOVA).

See also Figures S1–S3 and Tables S1 and S2.
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significantly affect proliferation, apoptosis, or neural cell

differentiation.

We hypothesized that, instead of neural differentiation,

neuronal maturation may be altered in MCT8-deficient cells.

To study T3 effects on neuronal maturation in an MCT8-depen-

dent manner, control and MCT8-deficient neural cultures were

further matured for 30–40 days, rather than only 14 days, in

the presence or absence of T3 (Figure 2B). After 3–4 weeks in

culture, both control and MCT8-deficient neurons that were

differentiated in the presence of T3 displayed a significant in-

crease in spontaneous activity, recorded as spikes per minute

by a multi-electrode array (MEA) system, compared to cultures

without T3 (p < 0.038 [Figure 2C] and p < 0.014 [Figure 2D]).

Moreover, the recorded bursts per minute were also signifi-

cantly increased by T3 in control cells (p < 0.01; Figure 2E),

and they showed a trend in MCT8-deficient cells (Fig-

ure 2F). These results demonstrate, for the first time in human

neurons, that T3 contributes to neuronal maturation. Impor-

tantly, although MCT8 deficiency leads to significantly reduced

uptake of T3, chronic exposure to T3 in the media permits suffi-

cient transport of T3 in MCT8-deficient neural cells and subse-

quent normal neuron maturation.

We next explored what gene clusters may drive the T3-depen-

dent neuronal maturation observed at day 30, when cells

displayed a peak in spontaneous neuronal activity. Global, unsu-

pervised hierarchical gene clustering showed that genes did not

segregate by T3 and/or MCT8 expression (Figure S4A). To deter-

mine whether the T3-based neuronal maturation was correlated

with any changes in T3-induced genes, global gene expression

was compared in control cells differentiated in the presence or

absence of T3 (Figure 2G). This approach revealed a list of

�200 genes that were differentially expressed after T3 exposure,

including 70 upregulated and 40 downregulated by 1.5-fold or

more (Tables S3 and S4, respectively). Ingenuity pathway anal-

ysis of the differentially regulated genes revealed pathways

that are regulated by T3 in human neural cells (Figure S4B),

some of which may correlate with neuronal maturation.

Human Brain Endothelial Cells Can Be Differentiated
from Control and MCT8-Deficient iPSCs
A primary role of the BBB is to regulate the passage of molecules

from the blood into the brain. Therefore, we hypothesized that, in

MCT8 deficiency, TH transport from the blood into the brain may

be disrupted, leading to a lack of neuronal maturation. Murine

A B C D

E F G

Figure 2. MCT8-Deficient Cells Have Normal Differentiation and T3-Dependent Neuronal Maturation

(A) Quantifying immunocytochemistry-stained cells showed that MCT8-deficient and control iPSCs had similar neural differentiation potential into Nestin+

progenitor cells, GFAP+ astrocytes and bIII-Tubulin+ neurons. Error bars represent SD.

(B) Scheme for differentiating iPSCs into neural cultures, in the presence or absence of T3 (100 nM) throughout 30–40 days.

(C) Mean of total spikes/5 min in the MCT8 intact (control) CS02iCTR, CS03iCTR and CS01iMCT8cor lines differentiated in the presence of T3 (solid line) was

significantly higher than in the absence of T3 (dashed line) (ANOVA, n = 3, p < 0.0384).

(D) Mean of total spikes/5 min in the CS01iMCT8, CS58iMCT8 and CS03iCTRmut MCT8-deficient lines differentiated in the presence of T3 (solid line) was

significantly higher than in the absence of T3 (dashed line) (ANOVA, n = 3, p < 0.014).

(E) Mean of total bursts/5 min in the MCT8 intact (control) lines in the presence of T3 (solid line) was significantly higher than in the absence of T3 on the third week

of differentiation (t test, n = 3, p < 0.01).

(F) Mean of total bursts/5 min in the MCT8-deficient lines in the presence of T3 (solid line) was not significantly higher than in the absence of T3 (dashed line).

(G) Volcano plot shows differences of expression patterns in healthy control cells in response to T3 treatment. The dotted lines represent 1.5-fold differentially

expressed genes by paired Student’s t test followed by Benjamini Hochberg correction for multiple comparisons at a false discovery rate (FDR) of 0.1. See Tables

S3 and S4 for complete list.

See also Figure S4 and Tables S3 and S4.
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Mct8 regulates the transport of T3 across the BBB (Ceballos

et al., 2009; Mayerl et al., 2014), but the role of MCT8 at the hu-

man BBB has yet to be investigated. Analyzing RNA-seq data for

MCT8 gene expression in the human brain (Zhang et al., 2016)

demonstrated similar levels in purified human endothelial cells,

astrocytes, and neurons, and to a lesser extent in mature oligo-

dendrocytes, and it was not detected in microglia (Figure 3A).

Immunohistochemistry confirmed MCT8 expression in blood

vessel-like structures in the post-mortem adult human healthy

cerebellum, a brain region that is tightly regulated by TH

signaling during development (Heuer and Mason, 2003) (Fig-

ure 3B). Furthermore, immunofluorescence determined that

MCT8 was co-localized with the BBB Glucose transporter 1

(GLUT1) and expressed in Purkinje cells (Figure 3C).

Since the human BBB expressed MCT8, it was important to

explore the potential role of MCT8 deficiency on human BBB

function. For this, iPSCs were differentiated into brain microvas-

cular endothelial cells (iBMECs) using previously described

methods (Lippmann et al., 2012, 2014) (Figure 3D). Similar to

the post-mortem human brain and purified brain endothelial

cells, iBMECs expressed both MCT8 and GLUT1 (Figure 3E),

demonstrating the relevance of iBMECs to the study of MCT8

function. Western blot confirmed that MCT8 was expressed in

iBMECs that were differentiated from the CS03iCTR control

line, as well as the CS01iMCT8 diseased line and its corrected

isogenic line, but not in the CS03iCTRmut cells (Figure 3F). Global

RNA-seq analysis of control and MCT8-deficient iBMECs gener-

ated from control andMCT8-deficient iPSC lines revealed that all

lines were highly similar on a transcriptome-wide basis (Fig-

ure S5A), indicating the robustness of the iBMEC differentiation

protocol. In addition, iBMECs expressed a similar set of key

BBB genes compared with cultured primary human BMECs

and a majority of those expressed by acutely purified human

brain endothelial cells (88%; Figure S5B; Table S5), indicating

the relevance of iPSC-derived BMECs for studying the human

BBB. Further, principal component analysis revealed that

MCT8 was not a segregating factor in iBMEC differentiation (Fig-

ure S5C). At the individual gene level, the expression profile of TH

transporters showed that, in addition to MCT8, iBMECs ex-

pressed LAT2, MCT10, and high levels of LAT1, and that these

transporters were expressed uniformly in iBMECs derived from

the various iPSC lines (Figure 3G). Importantly, OATP1C1 was

not expressed, as expected in a human-based model. In addi-

tion, iBMECs expressed DIO2 and higher levels of DIO3, but

not DIO1 (Figure 3H). This overall expression pattern of TH-

related genes mirrors the expression in purified human BMECs,

indicating that iBMECs are well suited to studying MCT8

deficiency.

Although transcriptomic analyses suggested a high similarity

in control and MCT8-deficient iBMECs, we wanted to further

assess whether key iBMEC phenotypes were affected by

MCT8 deficiency. The physical barrier presented by the BBB

limits paracellular molecular diffusion, and it is provided by tight

junctions (TJs) between adjacent BMECs (Lippmann et al., 2012,

2014; Pardridge, 2012). All iPSC lines could generate purified

PECAM1+/GLUT1+ iBMEC monolayers with proper junctional

localization of TJ proteins CLAUDIN5 and OCCLUDIN (Fig-

ure 4A). Moreover, RNA-seq showed that the TJ gene expres-

sion was similar across control and MCT8-deficient iBMECs

(Figure 4B). Next, the ability of iBMEC monolayers plated on a

Transwell system to form functionally tight barriers to passive

diffusion was investigated by measuring transendothelial electri-

cal resistance (TEER). Results showed tight monolayers, with

average TEER values of �1,500 U 3 cm2, with no statistically

significant differences in TEER among the lines (Figure 4C).

These findings were supported by measuring statistically indis-

tinguishable paracellular permeability using a fluorescein tracer

and monitoring apical to basolateral flux (Figures 4D and 4E).

Given the robust physical barrier formed by iBMECs, we

analyzed the transport barrier phenotype in the form of drug

efflux transporter activity. The iBMECs derived from each iPSC

line expressed BBB drug efflux transporters P-glycoprotein

(P-gp/ABCB1), breast cancer-resistant protein (BCRP/ABCG2),

and multidrug resistance-associated protein 1 (MRP1/ABCC1)

(Figure S6A), with similar expression levels between lines (Fig-

ure S6B). Moreover, the efflux transporter function in iBMECs

was tested by measuring active efflux through the pumps using

the fluorescent substrates (1) rhodamine 123 for P-gp, (2) FL-

prazosin for BCRP, and (3) carboxymethyl-20,7’-dichlorofluores-
cein diacetate (DCFDA) for MRP, in the presence or absence of

the respective specific inhibitors PSC833 (P-gp), Ko143 (BCRP),

and MK571 (MRP), in an accumulation assay. Increased accu-

mulation in the presence of inhibitors showed that functional

efflux was similar across the control and MCT8-deficient

iBMECs lines, correlating with indistinguishable transporter

expression levels (Figure S6C). In addition, the proliferation

marker Ki67 and a Tunel assay showed that control and

MCT8-deficient iBMECs had similar proliferation and apoptosis

rates (Figures S6D and S6E).

Collectively, these results demonstrate the ability to obtain

robust, functional iBMECs derived from both healthy controls

and MCT8-deficient subjects, and they suggest that MCT8

and/or TH are not necessary for the induction and maturation

of BBB properties during differentiation.

MCT8-Deficient iBMECs Are Defective in T3 Transport
As iBMECs from control and MCT8-deficient patients exhibited

similar BBB genotypes and phenotypes, we next investigated

whether TH transport across the MCT8-deficient iBMECs was

impacted. Measuring the accumulation of radiolabeled T3
showed that MCT8-deficient iBMECs had a significant reduction

in T3 uptake rate compared to control iBMECs (Figure 5A;

p < 0.0001), suggesting that MCT8 functions in transporting T3
into iBMECs. Similar to the neural cells, MCT8-deficient iBMECs

exhibited control-like T3 dose-dependent gene expression,

despite their significantly reduced T3 uptake (Figure S7). T4 up-

take was also significantly impaired in MCT8-deficient iBMECs

(Figure 5B; p < 0.0001). To test whether MCT8-driven effects

on iBMEC uptake could influence the transport of THs across

the BBB, the apical to basolateral transport of radiolabeled T3
or T4 across iBMEC monolayers was measured in a Transwell

system. Notably, MCT8-deficient cells displayed a significant

decrease in overall T3 permeability (Figure 5C; p < 0.0001), while

the transport of T4 across MCT8-deficient iBMECs was not

significantly affected (Figure 5D). The net diffusion rates of T3
and T4 (i.e., the trans-iBMEC component) were assessed by

correcting for paracellular diffusion using a fluorescein tracer.

Corrected permeability indicated that the net trans-iBMEC
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Figure 3. Human Brain Microvascular Endothelial Cells Express MCT8

(A) MCT8 RNA expression in immunopanned purified human cells from the Barres lab database. Data are expressed as FPKM.

(B) Immunohistochemisty of post-mortem cerebellum from a healthy human shows that MCT8 (purple) is expressed in microvessels in the granular cell

layer (GCL), purkinje cell layer (PCL) and in themolecular layer (ML). White arrows denotemicrovessel-like structures. No antibody was used as a negative control

(203 magnification).

(C) Immunofluorescence shows MCT8 protein (green) within Glucose transporter 1 (GLUT1, red)-expressing BMECs (white arrows), and within purkinje cells

(yellow arrows). Scale bar, 10 mm.

(D) Scheme to differentiate iPSCs into BMECs. Colonies are differentiated for 6 days in unconditionedmedia (UM) and then expanded for 2 days in endothelial cell

media (ECM). Differentiated cultures contain mixed colonies of neural and endothelial cells. Colonies are replated onto collagenIV/fibronectin-coated tissue

culture plates or Transwell inserts at day 8 of differentiation, yielding purified iBMEC monolayers.

(E) Immunocytochemistry shows that purified iBMEC monolayers produce MCT8 (green) and GLUT1 (red) (203 magnification).

(F) Western blot confirms purified iBMECs produce MCT8. GAPDH housekeeping protein was used as a loading control.

(G and H) RNA-seq analysis shows RNA expression of (G) TH transporters and (H) deiodinases in purified human BMECs (green bar) and purified iBMECs. Data

are expressed as FPKM. No significant differences were found between MCT8-deficient and control iBMECs. Error bars represent SD.
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permeability of T3 was completely abolished across MCT8-defi-

cient iBMECs (Figure 5E; p < 0.0001), while T4 permeability was

not reduced compared to controls (Figure 5F). These results

demonstrate that MCT8 is critical for the transport of T3, but

not T4, across the BBB model.

Given the striking impact ofMCT8 deficiency on T3 transport, a

mass spectrometry (MS) approach was developed in order to

simultaneously monitor T3 and T4 transport across the BBB.

The iPSCs from healthy controls, MCT8-deficient patients, and

the engineered isogenic lines were differentiated into iBMECs

and plated as monolayers on Transwells. T3 and T4 were added

together to the apical side, and their transport to the basolateral

side was monitored by liquid chromatography-tandem mass

spectrometry (LC-MS/MS). Recapitulating the radiolabeled T3
assay findings, T3 transport in MCT8-deficient cell lines was

significantly lower than in the cell lines expressing nonmutated

MCT8 (Figure 6A). Notably, these findings extended to the

engineered MCT8-corrected line (CS01iMCT8cor), which dis-

played restored T3 transport, and to the MCT8-mutated line

(CS03CTRmut), which now displayed deficient T3 transport.

This highlights that no other transporter present in human

iBMECs can effectively compensate for the lack of MCT8.

MCT8-deficient cells again did not show compromised T4 trans-

port (Figure 6B).

Combining this novel MS-based assay with the BBB disease

model can be used to further examine MCT8 functions, for

instance, the effect of MCT8 on T3 and T4 efflux from iBMECs.

Saturating iBMECs with T3 and T4 and measuring the efflux rates

by LC-MS/MS demonstrated that both T3 and T4 efflux was

significantly decreased in MCT8-deficient cells (Figures 6C

and 6D), suggesting that MCT8 can also function in the efflux

of both THs from iBMECs. Next, bidirectional transport of T3
across iBMECs was tested by comparing the apical-to-basolat-

eral transport (forward [Fwd] direction) with the basolateral-to-

apical transport (reverse [Rev] direction) (Figure 6E). While T3
transport in the reverse direction was low and similar across

all control and MCT8-deficient lines, the presence of MCT8 in

controls or engineered controls clearly led to increased trans-

port in the forward direction compared with the MCT8-deficient

lines (Figure 6F; p < 0.0001). These results indicate that MCT8

A B C

D E

Figure 4. Characterization of Patient-Derived iBMECs

(A) Immunocytochemistry shows the BBB markers PECAM1, GLUT1, CLAUDIN5, and OCCLUDIN in healthy control (CS03iCTR and CSi00CTR) and in MCT8-

deficient (CS01iMCT8 and CS58iMCT8) iBMECs (203 magnification).

(B) RNA-seq analysis depicting RNA expression of BBB marker GLUT1 and TJ molecules in control and MCT8-deficient iBMECs. No statistically significant

differences were observed across cell lines.

(C) Quantification of transendothelial electrical resistance (TEER) showed no statistically significant differences between control (CS03iCTR, CS00iCTR, and

CS01iMCT8cor) and MCT8-deficient (CS01iMCT8, CS58iMCT8, and CS03iCTRmut) iBMECs.

(D) Schematic of the iBMEC monolayers in a Transwell system. Fluorescent or radiolabeled molecules are added to the apical (blood) side, and the diffusion is

monitored on the basolateral (brain) side over time.

(E) Quantification of the paracellular permeability of sodium fluorescein showed no statistically significant differences between control (CS03iCTR, CS00iCTR,

and CS01iMCT8cor) and MCT8-deficient (CS01iMCT8, CS58iMCT8, and CS03iCTRmut) iBMECs. Error bars represent SD.

See also Figures S5 and S6 and Table S5.
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mediates the polarized influx of T3 across iBMECs in the blood-

to-brain direction.

MCT8-Deficient Patient iBMECs Provide a Novel Tool to
Assess Transport of Novel Drugs across the BBB
The characterized MCT8-deficient iBMECs display well-devel-

oped TJs and high TEER that serve to mute nonspecific paracel-

lular transport, as would be the case in vivo. In addition, the

MCT8-deficient iBMECs display a specific disruption of trans-

iBMEC T3 transport. Combined with the MS approach, these

characteristics provide an ideal platform for screening drugs

that could either compensate for T3 deficiency or, alternatively,

influence T3 transport at the BBB. Diiodothyropropionic acid

(DITPA), currently under clinical investigation in MCT8-deficient

patients (Verge et al., 2012), provides rescue of some of the thy-

roid phenotypes. However, it remains unclear whether this TH

analog can improve neurological deficits. For an effective neuro-

A B

C D

E F

Figure 5. MCT8 Role in the Transport of THs

across the BBB

(A) Quantifying uptake rate of radiolabeled T3
(1 nM) showed that MCT8-deficient iBMECs

(CS01iMCT8 and CS58iMCT8) displayed signifi-

cantly lower uptake rates compared to control

iBMECs (CS00iCTR and CS03iCTR) (ANOVA,

n = 4, p < 0.0138).

(B) Measuring T4 (1 nM) uptake rate into iBMECs

showed that MCT8-deficient iBMECs displayed

significantly lower uptake rates than control

iBMECs (ANOVA, n = 4, p < 0.0001).

(C) Measuring T3 transport across iBMECs

showed that the permeability of radiolabeled T3
(1 nM) across MCT8-deficient iBMECs was

significantly lower than control cells (ANOVA, n = 4,

p < 0.0208).

(D) Measuring T4 (1 nM) transport across iBMECs

showed that the permeability of 1 nM radiolabeled

T4 across iBMECs was not significantly different

across cell lines.

(E) After correcting for paracellular diffusion using

a fluorescein tracer, the net permeability or trans-

iBMEC component of radiolabeled T3 was abol-

ished with MCT8-deficient cells and significantly

differed from the T3 transport across control cells

(ANOVA, n = 4, p < 0.0358).

(F) The net permeability of radiolabeled T4 across

MCT8-deficient iBMECs was not significantly

different from controls. Error bars represent SD.

See also Figure S7.

logical treatment, the drug must be able

to cross the human BBB. As such, we

used our LC-MS/MS platform to measure

BBB permeability of DITPA in healthy

control and MCT8-deficient iBMEC

monolayers. DITPA was shown to cross

control and MCT8-deficient iBMECs,

albeit with very low permeability that

was more than 100-fold lower than

that of T3 (Figure 6G). This suggests that

DITPA transport is MCT8 independent

and at a level that can be ascribed to par-

acellular diffusion. Collectively, these data show that iBMEC

monolayers provide a unique platform to test the ability of TH

analogs and future therapeutics to cross the diseased, MCT8-

deficient human BBB.

DISCUSSION

Psychomotor retardation, as seen in AHDS, is critically related to

MCT8 deficiency. Due to the lack of appropriate human models

and the limited availability of MCT8-deficient post-mortem sam-

ples,many studies have addressed this disease using transgenic

animals, but their TH transporter phenotype does not represent

the human phenotype (Dumitrescu et al., 2006; Trajkovic et al.,

2007). As a result, no successful treatment exists for the devas-

tating neurological components of AHDS. The advent of human

iPSCsnowprovides apromising resource to studyAHDS through

the use of patient-derived cells (Mattis and Svendsen, 2011).
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A B

C D
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Figure 6. TH Transport across Patient-Derived and Isogenic-Derived iBMECs by LC-MS/MS

(A) The apical-to-basolateral transport of T3 at 1 nM across MCT8-deficient lines (CS58iMCT8, CS01iMCT8, and CS03CTRmut, denoted by ‘‘b’’) was significantly

lower than in cells containing a functional MCT8 (CS00iCTR, CS03iCTR and CS01iMCT8cor, denoted by ‘‘a’’) (ANOVA, n = 4, p < 0.0001). Pairwise comparisons

showed significant differences between the isogenic lines CS03iCTR and CS03iCTRmut (p < 0.0012) and CS01iMCT8 and CS01iMCT8cor (p < 0.0001).

(B) The apical-to-basolateral transport of T4 at 1 nM across MCT8-deficient lines was not significantly different than transport across cells containing a func-

tional MCT8.

(C) Measuring T3 efflux from iBMECs showed that MCT8-deficient cells (b) displayed significantly lower efflux rates than cells with a functional MCT8 (a) (n = 4,

ANOVA, p < 0.0001). Pairwise comparisons showed significant differences between the isogenic lines CS03iCTR andCS03iCTRmut (p < 0.0027), CS01iMCT8 and

CS01iMCT8cor (p < 0.0053).

(D) Measuring T4 efflux from iBMECs showed that MCT8-deficient cells (b) displayed significantly lower efflux rates than cells with a functional MCT8 (a) (n = 4,

ANOVA, p < 0.001). Pairwise comparisons showed significant differences between the CS01iMCT8 and the CS01iMCT8cor isogenic lines.

(E) Scheme of experimental design. Transport from the apical (blood) side to the basolateral (brain) side corresponds to the forward (Fwd) direction. Reverse (Rev)

direction corresponds to the basolateral to apical transport.

(F) Testing the bidirectional transport of 1 nM T3 across iBMECs showed a statistically significant difference between Fwd and Rev directions in functional MCT8

lines (CS02iCTR, p < 0.03; CS03iCTR, p < 0.03; and CS01iMCT8cor, p < 0.0002) and in CS58iMCT8 (p < 0.01). No significant differenceswere observed across cell

lines in the Rev direction.

(G) DITPA (100 nM) transport across iBMECs did not differ betweenMCT8-deficient and control lines andwas�100-fold lower compared to T3 transport in control

lines. Error bars represent SD.
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Since MCT8 deficiency is primarily a neurological disorder,

this study initially focused on the role of MCT8 in iPSC-derived

neural cultures containing neural progenitors, neurons, and as-

trocytes. The validity of this novel human cell model was sup-

ported by the expression of MCT8, along with additional TH

transporters LAT1, LAT2,MCT10, and lower levels ofOATP1C1,

as well as the main human cerebral deidodinase DIO3 (Kaplan,

1984). Radiolabeled transport experiments showed that the up-

take and efflux of both T3 and T4 were significantly impaired in

MCT8-deficient neural cells, indicating that MCT8 is responsible

for the bulk of the TH transport across neural cell membranes.

However, a low level of T3 and T4 transport was still observed

in MCT8-deficient cells, which may be attributed to the expres-

sion of the additional transporters LAT1, LAT2, and OATP1C1

(Heuer and Visser, 2013; Wittmann et al., 2015).

As TH’s main mechanism of action is achieved through tran-

scriptional regulation of T3-induced genes (Wu and Koenig,

2000), HR and KLF9 expression was assessed. As predicted,

control cells showed elevated mRNA levels of both genes in

response to T3. Intriguingly, despite the reduced T3 transport,

MCT8-deficient cells showed similar dose-dependent T3-

induced gene expression. Furthermore, neural cultures of

MCT8-deficient and control cells displayed similar levels of

differentiation, apoptosis, and proliferation. These indistinguish-

able T3-linked phenotypes in MCT8-deficient cells were unex-

pected, and they suggest that chronic exposure to high levels

of T3 in culturemedium can overcome the lack ofMCT8, possibly

through the function of additional TH transporters. This high-

lights that in vitro cell models with exposure to relatively high

T3 concentrations (0.1–100 nM) do not fully recapitulate the

in vivo conditions with lower picomolar levels of free THs in the

bloodstream.

Subsequent investigation of TH-dependent differences at later

stages of neural development demonstrated that chronic T3
exposure had a prominent effect on neuronal maturation in the

form of increased spontaneous neuronal activity. These results

align with several findings inMCT8 deficiency, including reduced

synaptophysin expression in the post-mortem human brain

(López-Espı́ndola et al., 2014) and neuronal deficiencies

observed in the Mct8/Oatp1c1 double KO (dKO) mouse (Mayerl

et al., 2014) and zebrafishMct8mutant model (Zada et al., 2014).

These findings also extend beyond the scope of MCT8 defi-

ciency, as neuronal maturation is a limiting factor in iPSCmodels

of neurodegenerative diseases (Ho et al., 2016). The effect of T3
on neural gene expression revealed a novel set of T3-regulated

genes in disease-relevant human cells, and it suggests pathways

that can be directly affected by T3 exposure.

Although T3 affected neuronal maturation, the vast similarities

between MCT8-deficient and control neural cells suggest that

the TH-linked phenotypes in AHDS patients may instead be due

to lowered neural exposure to T3. As such, it was critical to assess

the possible dysregulation of T3 transport across the BBB, and,

hence, this study developed a novel iPSC-based model of

diseased humanBMECs. The capability tomodel theMCT8-defi-

cient BBB in human disease in the appropriate genetic back-

groundcanonly bedoneusing the iPSC-basedmodel. Themodel

possessesmanyBBB-relevantproperties (Lippmannet al., 2012),

including physiologically relevant TEER values and efflux trans-

porter activity, and expresses a comparable set of BBB genes

(TJ proteins, ATP-binding cassette [ABC], SLC transporters,

etc.) to those expressed in cultured primary human BMECs and

to BMECs purified from human brain tissue. Finally, the iBMECs

generated from the control and MCT8-deficient lines were very

similarona transcriptome-widebasis.Combined, thesedata sug-

gest that this novel in vitro BBB model can uniquely provide a

reasonable facsimile of the in vivo human BBB in a genetic back-

ground relevant to human MCT8 deficiency.

Human iBMECs expressed LAT1, LAT2, MCT10, DIO3, and

lower levels ofDIO2, similar to purified human BMECs. However,

as previously described (Lippmann et al., 2012), iBMECs did not

express OATP1C1, which, importantly, contrasts with TH trans-

porter expression in rodents and zebrafish (Mayerl et al., 2012;

Roberts et al., 2008; Vatine et al., 2013). As a result, MCT8-defi-

cient iBMECs transported significantly lower levels of T3 in the

blood-to-brain direction compared to controls. This reduced

transport was unlikely due to changes in paracellular perme-

ability, since control and MCT8-deficient iBMECs had no

significant differences in TEERs and fluorescein permeability.

Strikingly, the net transport of T3 across the MCT8-deficient

BBB was completely abolished when corrected for the paracel-

lular route. Moreover, when measuring the bidirectional trans-

port of T3, MCT8 clearly mediated the polarized blood-to-brain

transport of T3. Finally, the T3 transport effects also manifested

in isogenic lines in which the MCT8 deficiency was either gene

corrected in a patient line or mutated in a control line, clearly

demonstrating that MCT8 deficiency alone can severely impact

T3 transport across the BBB. Taken together, these results sug-

gest that, in the human iBMEC model and possibly the human

BBB, MCT8 is the key TH transporter that is capable of trans-

porting T3 across the BBB into the brain and is, therefore, crucial

for delivering T3 to the developing brain, where it is required for

neuronal maturation (Figure 7).

Intriguingly, despite the fact that MCT8 played a role in trans-

porting T4 in and out of iBMECs, T4 transport across MCT8-defi-

cient iBMECs was not significantly affected, suggesting that the

role ofMCT8 in T3 and T4 transport is different at the humanBBB.

In the mouse brain, T4 may cross the BBB via other non-Mct8

transporters and can be converted into T3 by deiodination in as-

trocytes (Heuer and Visser, 2013). Our results suggest that, like in

the mouse, T4 can be transported through alternative trans-

porters.While we confirm that, unlike in rodents,OATP1C1 is ab-

sent in the human BBB, human iBMECs do express LAT1, LAT2,

and MCT10, which may transport T4 (Zevenbergen et al., 2015).

Thus, since MCT8-deficient patients manifest lower free T4
serum concentrations, it is likely that the lower T4 concentrations

observed in the post-mortem MCT8-deficient brain (López-

Espı́ndola et al., 2014) reflect the serum concentrations rather

than abrogated MCT8-mediated transport.

TH research commonly measures TH permeability using ra-

diolabels; however, this is considered an indirect method. There-

fore, this study developed a novel platform combining iBMECs

with an MS assay to measure the transport of THs across the

diseased human BBB. LC-MS/MS is highly accurate and allows

higher content screening since different molecules can be distin-

guished within the same sample. As such, T3, T4, and free iodine

can be distinguished to avoid any possible radiolabeled assay

artifacts. TheMS approach showed that blood-to-brain T3 trans-

port is significantly decreased in the MCT8-deficient BBB,
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corroborating the radiolabeled T3 transport assays. In addition to

the transport of natural thyroid hormones, the iBMEC-MS plat-

form can be used tomeasure the comparative transport of T3 an-

alogs that have been explored to treat MCT8-deficient patients

or to screen for drugs that could restore T3 transport across

the BBB. Since our data suggest that MCT8-deficient neural

cells can mature normally in the presence of T3, one therapeutic

approach may be to activate T3 signaling using BBB-permeable

analogs that can enter the CNS in an MCT8-independent

fashion. As an example, DITPA is a TH analog that can activate

the T3 signaling cascade and has been tested in animal models

and MCT8-deficient patients (Ferrara et al., 2015; Verge et al.,

2012). However, species differences in TH transport mecha-

nisms preclude addressing whether this TH analog would be

transported across the human MCT8-deficient BBB. The

proof-of-concept iBMEC-MS approach showed that, compared

with T3 transport, DITPA is inefficiently transported across the

human BBB in a manner that is MCT8 independent. Moreover,

DITPA had a lower iBMEC permeability than that reported for

BBB-impermeant sucrose using the same iBMEC model (Lipp-

mann et al., 2012). This therefore predicts that DITPA might

have a limited effect on the neurological condition of MCT8 defi-

ciency. However, the lack of neurological improvement in

response to DITPA treatment, which was at doses 1,000-fold

higher than replacement doses of T3, may also be due to the

late treatment initiation of MCT8-deficient patients (at ages of

9–21 months) (Verge et al., 2012). Development of this MS

approach is ongoing in order to test additional TH analog candi-

dates, such as 3,5,30-triiodothyroacetic acid (TRIAC). More

generally, the iBMEC platform holds great potential for high-

throughput screening of molecules that can be delivered into

the human CNS or impact the diseased BBB.

In conclusion, this study describes the first iPSC-based model

of a BBB-related disease in the form of MCT8 deficiency. Dis-

ease-in-a-dish modeling with various CNS cell types provided

a broader picture of the disease that ultimately suggests a new

multicellular mechanism. For the first time, it is shown that hu-

man BMECs have perturbed MCT8 transport of T3 and that

this is a likely cause of neurological symptoms in MCT8 defi-

ciency. Specifically, the results predict that a lack of a functional

MCT8 in the BBB results in the T3 starvation of the brain, which in

turn results in deficient neuronal maturation (Figure 7). This

concept of BBB disease modeling and drug screening can be

further applied to other BBB-related diseases with genetic trans-

porter alterations, such as GLUT1 deficiency (Larsen et al.,

2015). Moreover, several neurodegenerative diseases, such as

Alzheimer’s and Huntington’s diseases (Di Marco et al., 2015),

and amyotrophic lateral sclerosis (Bataveljic et al., 2014) have

been suggested to involve BBB dysfunction. In a parallel paper

(Lim et al., 2017), the authors use a complimentary approach

to interrogate abnormal signaling at the Huntington’s disease

BBB. Together, these reports support the use of iPSCs to

generate clinically relevant models of diseased human BBB. As

such, this iPSC-based model could have far-reaching implica-

tions to advance the understanding and treatment of other

neurological diseases.
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Figure 7. MCT8 Deficiency Leads to

Reduced Transport of T3 from the Blood-

stream into the Brain

To reach the human CNS, T3 crosses from the

bloodstream through the blood-brain barrier

(BBB) via MCT8-dependent transport by brain

endothelial cells. T3 is then transported through

MCT8 (black) and other TH transporters (gray)

expressed on astrocyte and neuronal cell mem-

branes, where it is thought to promote neuronal

maturation. In the MCT8-deficent brain, T3 is un-

able to cross the BBB, resulting in T3 starvation of

the brain, which in turn results in reduced neuronal

maturation.
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SUMMARY

Effective derivation of functional airway organoids
from induced pluripotent stem cells (iPSCs) would
provide valuable models of lung disease and facili-
tate precision therapies for airway disorders such
as cystic fibrosis. However, limited understanding
of human airway patterning has made this goal chal-
lenging. Here, we show that cyclical modulation
of the canonical Wnt signaling pathway enables
rapid directed differentiation of human iPSCs via an
NKX2-1+ progenitor intermediate into functional
proximal airway organoids. We find that human
NKX2-1+ progenitors have high levels of Wnt activa-
tion but respond intrinsically to decreases in Wnt
signaling by rapidly patterning into proximal airway
lineages at the expense of distal fates. Using this
directed approach, we were able to generate cystic
fibrosis patient-specific iPSC-derived airway orga-
noids with a defect in forskolin-induced swelling
that is rescued by gene editing to correct the disease
mutation. Our approach has many potential applica-
tions in modeling and drug screening for airway
diseases.

INTRODUCTION

Directed differentiation of functional lung epithelial cell types

from human pluripotent stem cells (PSCs) holds promise for

in vitro modeling of complex respiratory diseases and for future

cell-based regenerative therapies. Recent studies, including our

own, have demonstrated that a heterogeneous mixture of

diverse lung epithelia accompanied by non-lung lineages

can be simultaneously ‘‘co-derived’’ from PSCs differentiated

in vitro for several weeks or months (Dye et al., 2015; Firth

et al., 2014; Gotoh et al., 2014; Green et al., 2011; Huang

et al., 2014; Konishi et al., 2016; Longmire et al., 2012;

Mou et al., 2012; Wong et al., 2012). However, many pulmonary

diseases, such as cystic fibrosis, have their primary effects

within distinct regions of the lungs and their constituent cellular

subtypes. The heterogeneity of current differentiation outcomes

therefore potentially hampers attempts to apply these PSC-

based models to recapitulate pulmonary disease and test thera-

pies in vitro. While recent cell sorting methods have enabled the

derivation of more homogeneous populations of lung epithelial

progenitor cells or their differentiated progeny from human

PSCs (hPSCs) (Gotoh et al., 2014; Hawkins et al., 2017; Konishi

et al., 2016), the consistent derivation of well-defined, mature

functional lineages from these progenitors for effective disease

modeling has remained challenging, due in part to heteroge-

neous or stochastic differentiation in protocols that can depend

on many weeks or months of cell culture.

One approach to realize the promise of hPSC model systems

for studying diseases affecting specific cellular subtypes is to

engineer in vitro methods that more closely mimic in vivo devel-

opmental cell fate decisions. In contrast to current prolonged

in vitro approaches, in vivo lung development is a tightly

controlled process, where chaotic heterogeneity is minimized

by signaling cascades that act cyclically in a regiospecific

manner during narrow stage-dependent windows of time to pre-

cisely and rapidly promote appropriate cell fates while suppress-

ing alternate fate options. The patterning of early lung epithelial

progenitors in vivo in mouse embryos is a classic example of

this phenomenon, because soon after lineage specification of

primordial lung epithelial progenitors, indicated by emergence

of Nkx2-1+ endoderm, their descendants located at advancing

distal lung bud tips are faced with the fate option of either main-

taining a distal progenitor phenotype or surrendering this fate as

they move away from this distal niche to assume a proximal

airway cell fate (Rawlins et al., 2009). Through these fate deci-

sions, the branching lung airways are patterned post-specifica-

tion along a proximodistal axis, which is canonically defined by

the expression of key transcription factors Sox2 in the proximal

developing airway and tracheal epithelium and Sox9 in the

budding distal tips (Hashimoto et al., 2012; Liu and Hogan,

2002). Because this precise spatiotemporal segregation of

Sox2 and Sox9 as canonical proximal and distal lung markers,

respectively, has been described in developing mouse lungs it

remains somewhat unclear whether these markers may be simi-

larly used as equally faithful proximal-distal epithelial patterning

markers in early human lung development. However, recent

studies have demonstrated low levels of SOX2 in the human

distal lung and high levels in the proximal airways (Kim et al.,

2016; Xu et al., 2016), and a variety of additional markers of prox-

imal and distal epithelial differentiation in humans is emerging in
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single-cell RNA sequencing studies (Xu et al., 2016) to facilitate

the study of airway patterning in early human development.

Recreating the tightly controlled proximodistal patterning

of lung cells during in vitro differentiation of iPSC-derived

NKX2-1+ progenitors has been difficult in part due to the plethora

of developmental signaling pathways that have been described

in mouse models as being important to this process, including

Wnt, FGF, BMP, TGFb, RA, SHH, and Notch signaling (Bellusci

et al., 1997; Cardoso et al., 1997; Chen et al., 2007, 2010; Hashi-

moto et al., 2012; Hyatt et al., 2004;Mucenski et al., 2003; Sekine

et al., 1999; Shu et al., 2005; Weaver et al., 1999, 2000; Zemke

et al., 2009). In particular, it has been noted that these pathways

exhibit high levels of temporal and regional specificity by which

they each promote the migration, differentiation, and maturation

of specific cell types at the expense of others.

Here, we develop an approach for modulating the cell fate de-

cisions of hPSC-derived primordial lung progenitors in a manner

that recapitulates in vivo development, resulting in the synchro-

nized modulation of proximal airway versus distal alveolar

epithelial patterning. Our method significantly differs from prior

attempts (Konishi et al., 2016) by inducing rapid airway differen-

tiation in response to changes in canonical developmental

signaling pathways that act intrinsically on lung progenitors. As

predicted by in vivo mouse genetic models, in human PSC

lung developmental model systems we find the Wnt signaling

pathway to be an over-arching regulator of proximodistal epithe-

lial patterning. Withdrawal of Wnt activation promotes swift

emergence of proximal over distal epithelial fates fromprimordial

NKX2-1+ progenitors, whereas maintenance of Wnt signaling

promotes distal epithelial fates while suppressing proximal fates.

The end result of this approach is the reliable production of

‘‘epithelial-only’’ airway organoids that derive directly from

NKX2-1+ precursors and contain diverse airway epithelial cell

types. Furthermore, when generated from cystic fibrosis pa-

tient-specific iPSC lines, either before or after gene editing to

correct the CFTR genetic lesion responsible for the disease,

these organoids allow precise interrogation of mutant versus

corrected CFTR function through forskolin-induced epithelial

sphere swelling assays. This human developmental model

system thus facilitates disease modeling and drug screening

for a variety of genetic diseases affecting the airway epithelium,

exemplified by cystic fibrosis.

RESULTS

Screening Developmental Signaling Pathways Reveals
Contribution from Wnt and BMP Signaling to
Proximodistal Patterning of hPSC-Derived Lung
Epithelium
To screen for potential mechanisms regulating human lung

epithelial patterning after lung lineage specification, we sought

to employ an in vitro lung development model system that

uses sequential media in a stepwise, stage-specific approach

to recapitulate the lineage specification of relatively undifferenti-

ated (primordial) FOXA2+NKX2-1+ endodermal lung progenitors

via anterior foregut endoderm from mouse or human PSCs (Fig-

ures 1A and S1A) (Hawkins et al., 2017; Huang et al., 2014, 2015;

Longmire et al., 2012). Using this approach, we derived NKX2-1+

lung epithelial progenitors at varying efficiencies from several

hPSC lines, including RUES2 (untargeted) and an iPSC line

(hereafter C17) carrying a GFP reporter targeted to NKX2-1,

the first gene locus activated in developing endoderm at the

time of lung lineage specification (hereafter NKX2-1GFP, Figures

1B and S1B) (Hawkins et al., 2017). Using these lines, we found

that differentiated lung progenitors were enriched for NKX2-1

and FOXA2 expression (Figure S1C) and did not express

appreciable markers of other NKX2-1+ lineages (thyroid, PAX8;

neural, OLIG2) in comparison to neuroectodermal and thyroid

controls (Figure S1C). Nearly 100% of NKX2-1GFP+ cells were

EPCAM+ (Figure S1D) and did not express markers of other

non-endodermal lineages including PDGFRa, CD31, and CD45

(Figure S1E).

Although these NKX2-1GFP+ progenitors are initially undiffer-

entiated or primordial at the time of their emergence in culture

(days 9–15) (Hawkins et al., 2017) further time in culture in media

supplemented with CHIR99021, FGF10, and KGF results in

their differentiation into a heterogeneous population of cells ex-

pressing markers consistent with multiple lung lineages charac-

teristic of both proximal airway and distal alveolar epithelia,

including SOX2, SOX9, TP63, SFTPB, CFTR, SFTPC, FOXJ1,

and SCGB3A2 (Hawkins et al., 2017).

To test whether we could efficiently induce a proximal versus

distal program in iPSC-derived lung progenitors, we modulated

key developmental pathways beginning on day 15 of differentia-

tion in our model system (Figures 1C–1E), and we monitored

changes in SOX2 and SOX9 expression that might suggest coor-

dinated proximal versus distal patterning changes in purified

NKX2-1GFP+ cells within 4 days of treatment. At day 15, post-

lung specification, we cultured cells in a base media of ‘‘low

dose’’ (10 ng/mL) FGF10 to promote proliferation without

strongly inducing patterning (Volckaert et al., 2013). From

this base media, we stimulated the following pathways: Wnt

signaling via the potent GSK3b inhibitor CHIR99021, hereafter

CHIR; FGF signaling using FGF2 or high dose (100 ng/mL)

FGF10; BMP signaling using BMP4; and TGFb signaling us-

ing TGFb1.

We found that conditions containing CHIR resulted in signifi-

cantly decreased SOX2 and increased SOX9 expression in

sorted NKX2-1GFP+ cells, suggesting abrogated proximal and

increased distal patterning within 4 days (day 19; Figure 1E).

Suppression of proximal cell fate by CHIR was further supported

by decreased expression of the highly specific proximal lung

epithelial marker, SCGB3A2. BMP signaling activation also sup-

pressed SOX2 and SCGB3A2 expression while permitting SOX9

expression, although to a lesser extent than Wnt activation. Inhi-

bition of BMP signaling with the SMAD1/5/8 inhibitor, dorsomor-

phin, significantly blocked CHIR-induced distal patterning (CHIR

versus CHIR+Dorso p = 1 3 10�6). Addition of the Wnt inhibitor,

XAV939, had no effect in conditions without CHIR (data not

shown), suggesting low basal Wnt signaling. High dose FGF10

resulted in smaller but statistically significant increased SOX9

expression (Figure 1E). Concordantly, treatment with escalating

doses of FGF10 together with CHIR resulted in additionally

increased distal (SOX9) and decreased proximal (SOX2)

patterning (Figure S1F). In contrast, we found that TGFb

signaling had no significant effect on patterning markers (Fig-

ure S1G). Finally, to ensure the proximalization pattern was not

reliant on FGF stimulation, we compared stimulation with versus
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without CHIR added to media alone (without addition of any

FGF ligands) and found increased expression of SCGB3A2 in

unsorted cells in the no CHIR condition (data not shown).

Taken together, this initial signaling pathway screen sug-

gested that hPSC-derived lung epithelium responds within

4 days to signaling cues, and Wnt activation via CHIR potentially

maintains distal over proximal epithelial patterning early post-

lung specification. These patterning changes in human cells

are consistent with prior mouse genetic studies suggesting

modulation of Wnt activity impacts lung proximodistal patterning

during development (De Langhe et al., 2005; Hashimoto et al.,

2012; Mucenski et al., 2003; Ramasamy et al., 2007; Shu et al.,

2005; Volckaert et al., 2013; Zemke et al., 2009).

Wnt Signaling Is Required in a Stage-DependentManner
for Normal Lung Epithelial Specification
Having identified Wnt signaling as a putative patterning

pathway, we sought to understand more about the stage-

dependent role of this pathway in hPSC lung differentiation.

By comparing iPSC-derived anterior foregut endoderm to puri-

fied NKX2-1GFP+ progenitors at day 15 of differentiation through

unbiased gene set enrichment analysis (GSEA) of their global

transcriptomes, we identified 19/50 gene sets statistically upre-

gulated in day 15 NKX2-1+ progenitors (false discovery rate

[FDR] <0.1), including Wnt/b-catenin signaling (Table S1). Upre-

gulation of the canonical target Wnt genes, AXIN2, NKD1, and

LEF1 and downregulation of the Wnt inhibitor DKK1were partic-

ularly predictive of Wnt activity in this system (Figure 2A). These

changes were maintained until day 28 in NKX2-1+ cells cultured

in media containing CHIR (Figure S2A). The faithfulness of

AXIN2 as a canonical Wnt response reporter in this human sys-

tem was further supported by separate experiments where len-

tiviral overexpression of phosphorylation-incompetent murine

b-catenin (Fuerer and Nusse, 2010) in NKX2-1+ progenitors re-

sulted in upregulation of AXIN2 even in the absence of CHIR

(Figures S2B and S2C). Furthermore, lentiviral TCF reporters

in FG293 cells confirmed that the dose of CHIR used at this

stage and later differentiation (3 mM) was appropriate to induce

Wnt activation without significant cytotoxicity (Figures S2D

and S2E).

Next, we compared the stage-dependent effects of with-

drawal of Wnt signaling pre- versus post-lung specification in

our directed differentiation model using both CHIR and recombi-

nant Wnt3a (Figure S3A). Cells differentiated from anterior fore-

gut endoderm in the presence of CHIR expressed significantly

higher levels of NKX2-1GFP as early as 48 hr after the initiation

of specification in comparison to cells cultured without this com-

pound, and this difference was maintained until at least day 15.

A B C

D E

Figure 1. Wnt and BMP4 Signaling Contribute to Proximodistal Pattering of hPSC-Derived Lung Progenitors

(A) Schematic of directed differentiation protocol from hPSCs to NKX2-1+ endodermal lung progenitors.

(B) Representative day 15 FACS plot showing typical NKX2-1GFP expression in C17 cells.

(C) Experimental approach for testing developmental pathways. BMPi, BMP inhibition using dorsomorphin; TGFbi, TGFb inhibition using SB431542.

(D) Schematic of murine branching lung depicting key proximodistal patterning markers.

(E) qRT-PCR measurement of fold change (2�DDCt) of mRNA expression (compared to day 19 base media) shown for day 0 iPSCs or NKX2-1GFP+-sorted cells

on day 19 after treatment with indicated growth factors from day 15 to day 19. Base media (day 19 control condition without supplements) is defined as fold

change = 1. Arrows indicate conditions containing CHIR99021. Bars represent mean ± SD (Base, +CHIR: n = 6; others: n = 3 biological replicates of independent

wells of a differentiation) *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001 by unpaired two-tailed Student’s t test between test conditions and base.

See also Figure S1.
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NKX2-1GFP expression could not be rescued in cells differenti-

ated without CHIR to day 15 by later CHIR addition, suggesting

that this effect was restricted to a narrow developmental stage

(Figure S3B). Activation of canonical Wnt signaling in response

to CHIR at these time points was verified using lentiviral TCF-

driven reporters, and conditions without CHIR again exhibited

minimal, if any, basal Wnt activity (Figures S3C and S3D).

Together, these results support the conclusion that canonical

Wnt activity is required for in vitro specification of human lung

epithelial progenitors in a narrow window of developmental

competence.

CHIR Withdrawal Post Lung Epithelial Specification
Results in Loss of Distal Lung Patterning and the
Emergence of Proximal Lung Lineages, Including
NKX2-1+TP63+ Basal-like Cells
Next, we tested the effect of sustained versus withdrawn

Wnt signaling on the differentiation repertoire of hPSC-derived

NKX2-1+ progenitors after lung lineage specification. We treated

cells post-specification with CHIR, recombinant mouse Wnt3a,

or neither in a base media of 10 ng/mL FGF10 from day 15 to

day 19 (Figures 2B and S3E). To ensure this treatment correlated

with expected decreases in canonical Wnt signaling activity, we

confirmed reduced lentiviral TCF-driven reporter expression by

day 19 (Figure S3F) as well as reduced expression of the

Wnt signaling responsive genes LEF1, NKD1, and AXIN2 (Fig-

ure 2C). An unbiased comparison between NKX2-1GFP+ cells at

day 15 and at day 19 after culture without CHIR using a Wnt

pathway-specific qRT-PCR array further confirmed this finding

(Figure S3G).

Within 4 days, withdrawal of CHIR resulted in significant

changes in gene expression suggesting emergence of a

proximal airway phenotype concordant with loss of distal cell

fate in NKX2-1GFP+ cells. Specifically, proximal airway markers

SCGB3A2, TP63, and MUC5AC were upregulated and distal

markers SOX9 and ETV5 (Liu et al., 2003) were downregulated

in response toCHIRwithdrawal (Figure 2D). Patterning of individ-

ual NKX2-1+ cells in response to CHIR withdrawal was validated

at the protein level by both immunofluorescence microscopy

and flow cytometry. Triple immunostaining for NKX2-1,

SOX2, and SOX9 nuclear proteins demonstrated that >90% of

NKX2-1+ cells were SOX9+ in the presence of sustained CHIR,

whereas 4 days after the withdrawal of CHIR, <40% of NKX2-

1+ cells maintained detectable SOX9 staining (Figures 2E and

2F). Although NKX2-1+ cells in both conditions contained

>50% SOX2+ cells, CHIR withdrawal resulted in a significantly

higher percentage of cells coexpressing NKX2-1 and SOX2

and a concordant absence of SOX9 in the majority of these

NKX2-1+/SOX2+ cells (Figures 2E, 2F, and S4A). This result

further revealed a number of cells in both outgrowth conditions

simultaneously expressing NKX2-1, SOX2, and SOX9 (Fig-

ure S4B), a triad that has not been observed to date in murine

models of development and may represent a phenomenon

unique to the human lung.

Furthermore, CHIR withdrawal resulted in increased fre-

quencies of cells co-expressing NKX2-1 and TP63 (Figures 2G

and 2H) and a subset of cells co-expressing NKX2-1, TP63,

and K5, a triad unique to airway basal cells (Figure 2I) (Ikeda

et al., 1995; Rock et al., 2009). Cells treated with rhWnt3a during

this same window showed a milder distal patterning response

relative to CHIR treatment (Figures 2C and 2D) with only partial

activation of canonical Wnt activity detected as measured by

AXIN2 expression, concordant with the previously reported

low-level response of human cells to recombinant Wnt (Fuerer

and Nusse, 2010).

CHIRActs Intrinsically on theEpithelium toPatternEarly
Lung Progenitors
Withdrawal of CHIR from day 15 to day 19 resulted in a signifi-

cantly decreased percentage of NKX2-1GFP+ outgrowth by day

19 (Figures S4C and S4D), raising the question of whether non-

lung lineages were outcompeting lung lineages and potentially

contributing to secondary patterning effects in the NKX2-1+ pop-

ulation in the absence of sustained Wnt. We therefore sought to

Figure 2. Withdrawal of Wnt Signaling Activity Post-lung Specification Leads to Increased Proximal Patterning

(A) Gene set enrichment analysis (GSEA) of microarray data indicating the unbiased ranking of Wnt pathway genes differentially expressed comparing iPSC-

derived day 6 (‘‘anterior foregut endoderm,’’ or ‘‘AFE’’) cells and day 15 purifiedNKX2.1GFP+ cells. Arrowheads,Wnt target genes anticipated to bemost predictive

of signaling activity.

(B) Schematic of experiment showing manipulation of Wnt signaling from days 15–19.

(C) qRT-PCR showing fold change in gene expression compared to day 0 (2�DDCt) in day 19 NKX2-1GFP-sorted cells after 4 days treatment ± CHIR or rmWnt3a.

Bars represent mean ± SEM. +CHIR, n = 9 biological replicates of independent wells within multiple differentiations; +rmWnt3a, n = 3. *p % 0.05, **p % 0.01,

***p % 0.001, ****p % 0.0001 by unpaired, two-tailed Student’s t test.

(D) Fold change of mRNA expression in NKX2-1GFP+ cells on day 19 over undifferentiated iPSCs. Unsorted cells were cultured with or without CHIR or rmWnt3a

(SOX2, SOX9) from days 15–19 then GFP+ cells were sorted on day 19. Bars represent mean ± SEM. Biological replicates for each condition: CHIR treatment

SOX2, n = 9; SCGB3A2, TP63, n = 10; SOX9, n = 6; MUC5AC, ETV5, n = 3. For rmWnt3a, n = 3. *p% 0.05, **p% 0.01, ***p% 0.001, ****p% 0.0001 by unpaired,

two-tailed Student’s t test.

(E) Representative immunofluorescence stains of NKX2-1 (green) and SOX2 or SOX9 (red) protein expression with DNA stain (Hoechst; blue) at day 19 with and

without CHIR from days 15–19. Panels are images of the same cells stained for all three markers. Scale bars, 25 mm.

(F) Quantification of NKX2-1, SOX2, and SOX9 coexpression by intracellular flow cytometry (SOX2) or by colocalization calculated from staining in (E) (SOX9).

Bars represent mean ± SD, n = 3 biological replicates. *p = 0.03; ***p = 0.0002 by unpaired two-tailed Student’s t test.

(G) Representative immunofluorescence stains for NKX2-1 (green) and TP63 (red) nuclear protein expression with DNA stain (Hoechst; blue) at day 19 with and

without CHIR from days 15–19. Left panels and right panel: scale bars, 50 mm. Second from right panel: scale bars, 25 mm.

(H) Quantification of NKX2-1 and TP63 colocalization from staining in (G). Bars represent mean ± SD, area from five images each of n = 3 biological replicates.

*p = 0.01 by unpaired two-tailed Student’s t test.

(I) Immunofluorescence of NKX2-1 (green), TP63 (red), and KRT5 (white) at day 19 after culture without CHIR from days 15–19. Arrowheads, triple positive cells.

Scale bars, 50 mm.

See also Figures S2–S4.
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test whether the effect of CHIR manipulation on proximodistal

lung patterningwas intrinsic to lung epithelial cells.We used fluo-

rescence-activated cell sorting (FACS) to purify NKX2-1GFP+

epithelial lung progenitors at day 14 and replated them in

three-dimensional (3D) culture with or without CHIR (Figure 3A)

added to a base media (‘‘DCI’’) that we have previously shown

supports epithelial gene expression in sorted NKX2-1GFP+

PSC-derived cells (Hawkins et al., 2017; Kurmann et al., 2015;

Longmire et al., 2012). By day 20, the sorted cells formed small

spheres coexpressing NKX2-1 and EPCAM (Figures 3B and

3C). Greater than 90% of all outgrowth cells in either culture

condition maintained NKX2-1GFP expression (+CHIR: 98.2% ±

0.5%; �CHIR: 93.4% ± 2.3%) (Figures 3D and 3E), and cells in

each condition formed organoids with no measured statistical

difference in efficiency. Analysis of re-sorted NKX2-1GFP+ cells

at day 20 demonstrated withdrawal of CHIR resulted in downre-

gulation of Wnt pathway markers and concurrent upregulation of

proximal lung genes SOX2, SCGB3A2, and TP63, and downre-

gulation of distal lung genes SOX9 and ETV5 (Figure 3F). These

results suggested that Wnt signaling levels regulate proximodis-

tal patterning of NKX2-1+ lung progenitors via intrinsic actions

on the epithelium.
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Figure 3. Inhibition of Proximal Patterning by Wnt Activation Is Intrinsic to the NKX2-1+ Lung Epithelium
(A) Experimental design for testing CHIR effects on purified NKX2-1GFP+ endodermal lung progenitors.

(B) Live cell fluorescence microscopy on day 20, depicting NKX2-1GFP in iPSC-derived organoids treated with and without CHIR from days 14–20 (6 days post-

sort). Scale bars, 100 mm (left and center panels); 25 mm (right panel). Dashed boxes represent zoom views.

(C) Whole-mount immunofluorescence images of EPCAM (red) and NKX2-1 (green) expression in day 20 organoids. Scale bars, 25 mm.

(D) NKX2-1GFP flow cytometry analysis of organoids on day 20.

(E) Quantification of analysis from (D). Bars represent mean ± SD, n = 3.

(F) Fold change of genes in NKX2-1GFP+ cells on day 20 over undifferentiated iPSCs by qRT-PCR (2�DDCt). Bars represent mean ± SD, n = 3 biological replicates

from independently sorted wells of a differentiation. *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001 by unpaired, two-tailed Student’s t test.
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Recombinant Wnt3a Promotes Sftpc Expression and
Inhibits Proximalization in Nkx2-1+ Mouse ESC-Derived
Lung Progenitors
Next, we sought to test whether the patterning response to

canonical Wnt signaling is conserved in other mammalian

PSC model systems known to respond directly to Wnt ligands.

As we have previously described the use of Wnt3a to drive

lung differentiation in murine PSCs (Kurmann et al., 2015; Long-

mire et al., 2012) (Figure 4A) and because genetic mouse

models demonstrate a role for canonical Wnt signaling in proxi-

modistal patterning (Hashimoto et al., 2012; Mucenski et al.,

2003; Shu et al., 2005), we differentiated a mouse embryonic

stem cell (mESC) line containing an mCherry reporter targeted

to the Nkx2-1 locus (Bilodeau et al., 2014; Kurmann et al.,

2015) (Figure 4B). Following lung lineage specification into

Nkx2-1+ primordial progenitors, on day 14 we replated sorted

A

B C

D

E

F

Figure 4. Mouse Embryonic Stem Cell-Derived Nkx2-1mCherry+ Lung Progenitors Upregulate Sftpc in Response to Wnt3a

(A) Schematic depicting directed differentiation of Nkx2-1mCherry+ cells frommouse embryonic stem cells (mESCs) and transduction of sorted cells with SftpcGFP

reporter lentivirus.

(B) Schematic of targeted Nkx2-1mCherry locus.

(C) Representative flow cytometry plot with gates for day 15 mCherry+ versus mCherry� sort.

(D) Schematic of SftpcGFP lentivirus.

(E) Representative images showing induction of the SftpcGFP reporter in cells from the Nkx2-1mCherry+ outgrowth treated with rmWnt3a.

(F) Fold change of mRNA expression for Sftpc and Scgb1a1 in outgrowth of Nkx2-1mCherry+ versus Nkx2-1mCherry� cells sorted on day 15 and analyzed on day 30

by qRT-PCR (2�DDCt; fold change compared to day 0 mESCs). Bars represent mean ± SD, n = 2 biological replicates.
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Nkx2-1mCherry+ versus Nkx2-1mCherry� cells (Figure 4C) for further

differentiation in sustained versus withdrawn Wnt3a protein. By

transducing these cells with a reporter lentivirus carrying a hu-

man SFTPC promoter driving GFP expression (Longmire et al.,

2012), we then screened for the emergence of lung cells ex-

pressing this canonical distal epithelial differentiation marker

(Figure 4D). By day 18, we observed the emergence of many

clusters of SftpcGFP+ cells deriving from mCherry+-sorted pro-

genitors cultured in the presence of Wnt3a, but few, if any,

detectable clusters in the absence of Wnt3a (Figure 4E). As

accurately predicted by the SftpcGFP reporter, Sftpc mRNA

was expressed at high levels in the presence of Wnt3a and prox-

imal lung marker Scgb1a1 expression was suppressed in these

conditions. In contrast, in the absence of Wnt3a, Scgb1a1

expression was upregulated and Sftpc expression was almost

entirely lost (Figure 4F), findings consistent with our human

PSC model. Importantly, no detectable GFP signal and no Sftpc

or Scgb1a1 mRNA expression was observed arising from

outgrowth of the sorted mCherry negative population in any

condition (Figure 4F). These results provide further evidence

that canonical Wnt activation promotes the differentiation of

distal lung epithelium from PSC-derived Nkx2-1+ lung progeni-

tors while suppressing the proximal lung program and this effect

is conserved across species.

Derivation of Proximal Airway Organoids from Purified
PSC-Derived Lung Epithelial Cells
Having demonstrated that Wnt manipulation acts intrinsically on

NKX2-1+ lung epithelium to induce rapid changes in proximodis-

tal patterning, we sought to develop a ‘‘low-Wnt’’ protocol for the

reproducible and efficient generation and maturation of func-

tional proximal airway organoids from patient-specific lines for

the purposes of disease modeling and the testing of gene thera-

pies. Our results from 2D mESC differentiations (Figure 4) indi-

cated that media containing FGF2 and FGF10 (‘‘2+10 media’’)

to broadly ligate FGF receptors would drive proliferation of

sorted NKX2-1GFP+ lung progenitors while allowing proximal

patterning, results in keeping with our previously published use

of 2+10 media (Longmire et al., 2012). We therefore tested

whether in 3D conditions 2+10 media without CHIR or Wnt3a

would result in proliferation and differentiation of proximalized

human lung epithelial spheres in comparison to previously pub-

lished high-Wnt media containing CHIR as well as FGF10 and

KGF (‘‘CFK media’’) (Hawkins et al., 2017; Huang et al., 2014)

(Figure 5A).

To ensure that organoids originated from an NKX2-1+ progen-

itor population, sorted NKX2-1GFP+ cells were replated and

cultured in both ‘‘high Wnt’’ and ‘‘low Wnt’’ conditions in 3D.

Cells in both conditions initially proliferated and formed epithelial

spheres that maintained variable levels of NKX2-1 expression

(Figures 5B and 5C). However, the spheres that formed in low-

Wnt media expressed significantly higher levels of proximal

airway genes than cells in high-Wnt media, including TP63,

SCGB3A2, SCGB1A1,MUC5B, CFTR, FOXJ1, and SFTPB (Fig-

ure 5D). Although SFTPB has previously been referred to as a

marker specific to type II pneumocytes, it is also highly ex-

pressed in the developing human airway epithelium (Phelps

and Floros, 1988). In contrast, cells cultured in high-Wnt media

again expressed lower levels of proximal lung markers and

higher levels of distal lung markers ETV5 and SFTPC (Figure 5D).

Expression of additional distal alveolar epithelial markers,

ABCA3 and LPCAT1, was also detected in cells cultured in

high-Wnt media (data not shown).

Airway-like epithelial identity of the low-Wnt outgrowth was

supported by immunostaining revealing luminal organoids where

all cells expressed EPCAM and SOX2 and subsets expressed

markers of secretory (SPB+/NKX2-1+; SCGB3A2+/NKX2-1+),

goblet (MUC5AC+NKX2-1�), and basal (NKX2-1+/TP63+/KRT5+)

lung lineages (Figures 5F, 5G, and S5A–S5F). These spheres

were initially primarily secretory and basal in nature and exhibited

low levels of FOXJ1 expression with no observed formation of

multiciliated structures. However, multiciliated epithelial cells

with upregulated FOXJ1, downregulated SCGB1A1, and beating

motile cilia could be generated from these proximalized epithelial

spheres within 2 weeks either in continued 3D culture in the pres-

ence of Notch inhibition with DAPT (Tsao et al., 2009) (Figure 5H;

Movie S1) or after transfer into 2D conditions in air liquid interface

culture (Figures 5I and S5G).

Taken together, these results suggested the proximalized

airway spheres generated in low-Wnt conditions resemble

airway epithelium and provide a mechanistic roadmap by which

hPSC-derived NKX2-1+ lung progenitors can be differentiated to

Figure 5. Generation of iPSC-Derived Airway Organoids via Purified NKX2-1+ Lung Progenitors

(A) Schematic depicting protocol for differentiating organoids from purified NKX2-1GFP+ progenitors.

(B) Representative fluorescence microscopy for NKX2-1GFP expression in organoids cultured in distalizing (Wnt-high; CFK+DCI versus proximalizing (Wnt-low;

2+10+DCI) conditions until day 27. Scale bars, 50 mm.

(C) Quantification of NKX2-1GFP expression in CFK+DCI and 2+10+DCI organoids at day 27 by flow cytometry. Bars represent mean ± SEM, n = 6 biological

replicates from independent wells of multiple differentiations.

(D) Fold change of mRNA expression in day 27 organoids and adult lung control over undifferentiated iPSCs by qRT-PCR (2�DDCt). Bars represent mean ± SEM,

n = 6 biological replicates from independent wells of multiple differentiations. *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001 by unpaired, two-tailed

Student’s t test.

(E) Hematoxylin staining of sectioned organoid.

(F) Representative whole mount immunofluorescence staining for indicated markers. Scale bars, 25 mm.

(G) Representative whole mount immunofluorescence staining for lung basal cell markers. Scale bars, 25 mm.

(H) Fold change of mRNA expression in 2+10+DCI organoids cultured with DAPT or vehicle alone for 2 weeks (days 31–45). Bars represent mean ± SD, n = 3

biological replicates from one differentiation, *p % 0.05 by unpaired, two-tailed Student’s t test.

(I) Representative z projection and orthogonal projections of acetylated alpha-tubulin and f-actin staining of 9-day air-liquid interface culture generated from

replated outgrowth of proximalized organoids. Scale bar, 25 mm (upper panel); 10 mm (lower panel).

(J) Schematic depicting proposed pathways for the generation of proximal or distal lung lineages.

See also Figure S5 and Movie S1.
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diverse lineages of distinct clinical interest (Figure 5J). In

particular, identification of Wnt signaling as a key regulator of

proximodistal patterning is a critical step for the rapid and repro-

ducible generation from hPSC lines of proximal lung epithelial

NKX2-1+/SOX2+ progenitors and their downstreambasal, secre-

tory, or multiciliated progeny.

CFTR-Dependent Forskolin Swelling of Proximalized
Organoids
To test whether the organoids differentiated in our proximalized

lung protocol contained functional epithelia of potential clinical

benefit for cystic fibrosis disease modeling, we next sought to

develop an in vitro quantitative assessment of epithelial CFTR

function using patient-specific iPSC-derived airway organoids.

It has been previously reported in non-lung systems that the acti-

vation of adenylyl cyclase by forskolin induces CFTR-dependent

organoid swelling, providing a robust and quantifiable in vitro

functional readout of this ion channel (Dekkers et al., 2013). To

initially test whether our airway organoids swell in response to

forskolin treatment, we differentiated iPSCs derived from either

a healthy individual (BU3) or two individuals with cystic fibrosis

due to homozygous DF508 CFTR mutations (RC2 202 and RC2

204). To purify NKX2-1+ primordial lung progenitors without

requiring NKX2-1GFP knockin reporters, we used the cell surface

markers CD47 and CD26 to isolate CD47hiCD26� cells that are

highly enriched in NKX2-1+ progenitors by day 15 from all three

lines (Hawkins et al., 2017) (Figure S6A). Importantly, sorted

progenitors from all lines replated from day 15 to days 22–35

showed a similar proximalized patterning response to with-

drawal of CHIR and expansion in 2+10 media as our C17

NKX2-1GFP-targeted line (Figure S6B and data not shown),

suggesting that this protocol reproducibly generates airway or-

ganoids from lung progenitors derived from different hPSC lines

purified using cell surface marker sorting.

By time-lapse microscopy of BU3-derived organoids after

exposure to forskolin, we detected swelling beginning within

60 min, resulting in quantifiable changes in surface area evident

within 3 hr and continuing for at least 20 hr (2.07- ± 0.6-fold at

t = 20 hr, Figures S6C and S6D). In contrast, little, if any, swelling

was observed in either cystic fibrosis line (RC2 202 or RC2 204)

after exposure to forskolin or in BU3 organoids stimulated with

carrier vehicle alone (PBS only: 1.02 ± 0.03, Figures S6C and

S6D). Having observed forskolin-responsive swelling in normal

and not cystic fibrosis patient-derived proximalized organoids,

we sought to establish whether this response was CFTR-depen-

dent. To test this, we used gene edited clones we have previ-

ously generated from both cystic fibrosis lines (Crane et al.,

2015) where one DF508 mutant allele has been corrected to

wild-type sequence (Crane et al., 2015). To compare the two

diseased (DF508/DF508) iPSC lines to their syngeneic heterozy-

gous corrected progeny (DF508/wild-type [WT]), we differenti-

ated all four clones to the lung progenitor stage (Figure 6A) and

purified each differentiated line using our CD47hi/CD26� sort al-

gorithm (Figure 6B) and differentiated the organoids further in our

‘‘low-Wnt’’ media (Figure 6C). After proximalization, the gene

corrected DF508/WT RC2 202 and 204 organoids significantly

swelled in response to forskolin treatment (1.73- ± 0.15-fold

and 1.32- ± 0.09-fold, respectively; average rate of swelling for

RC2 202 = 0.067-fold/hr ± 0.059 in the first 2.5 hr and 0.025-

fold/hr ± 0.013 in the subsequent 22 hr; Figures 6D–6F). These

values were comparable to swelling observed in the normal

(BU3) organoids (Figure S6D). In contrast, the DF508/DF508 ho-

mozygous parental lines again showed no significant swelling in

the same conditions (Figures 6D–6F and S6E; Movies S2 and S3)

Taken together, these results support the conclusion that prox-

imalized iPSC-derived lung organoids contain functional epithe-

lial cells with the potential for in vitro lung-specific disease

modeling and gene correction of cystic fibrosis.

DISCUSSION

Our results demonstrate the directed differentiation of PSCs into

functional airway epithelial cells via an NKX2-1+ progenitor inter-

mediate in response to cyclical modulation of developmental

signaling pathways. Using genetic mouse models to inform

pathway screening during a narrow 4-day window post-lung

specification, we identified Wnt signaling as a potent and key

regulator of proximodistal patterning in both human and mouse

PSC-derived lung epithelium. Our in vitro findings significantly

extend prior observations made in mice in vivo, and suggest

that developing human airway epithelia are similarly patterned

by oscillations in levels of canonical Wnt signaling. For example,

prior published mouse studies emphasize a requirement for Wnt

signaling during the narrow developmental window of lung spec-

ification (Goss et al., 2009; Harris-Johnson et al., 2009) followed

by alterations in Wnt signaling levels to regulate proximodistal

patterning. In particular, it has been demonstrated that Wnt

inhibition in mice promotes increases in proximalization at the

expense of distal lineages (Mucenski et al., 2003; Shu et al.,

2005; Volckaert et al., 2013). In contrast, forced activation of

Wnt signaling maintains distal lung progenitor programs while

suppressing proximalization (Hashimoto et al., 2012; Li et al.,

2009). In some models, forced hyperactivation of canonical

Wnt signaling during mouse lung development blocks club cell

differentiation (Hashimoto et al., 2012) or activates aberrant

gastrointestinal gene expression programs in the lung epithelium

(Okubo and Hogan, 2004). Interestingly, Wnt activation or inacti-

vation in post-natal proximalized mouse lung epithelia does not

result in loss of patterning (Reynolds et al., 2008; Zemke et al.,

2009) in the absence of injury but has been correlated with

airway epithelial dysregulation in adult human smokers (Wang

et al., 2011).

Similarly, we find that although Wnt signaling is essential for

specification of respiratory progenitors from hPSCs, withdrawal

of Wnt post-specification promotes rapid emergence of the

proximal airway program and abrogation of distal lung fate via

a mechanism intrinsic to the NKX2-1+ epithelium. This latter

finding is critical, as previous genetic mouse models have

emphasized both patterning and epithelial branching morpho-

genesis defects in the context of abnormal Wnt signaling. In

contrast, our model provides interrogation of epithelial-specific

effects of Wnt signaling distinct from defects in lung structure

or branching.

In contrast to previously described iPSC protocols using

extended culture conditions to generate cell types of interest

(Gotoh et al., 2014; Konishi et al., 2016), the rapidity and

stage-specificity of Wnt-driven proximodistal airway patterning

strongly supports our interpretation that temporal oscillations
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in signaling pathway activation are a critical component of effec-

tive directed airway differentiation. Building on these findings,

we generated the novel ‘‘low-Wnt’’ protocol presented here for

the derivation of airway organoids from purified NKX2-1+ lung

epithelial progenitors. Although we demonstrate that FGF

signaling does not block the initial proximal patterning of these

A

B C

D

E

F

Figure 6. Functional Assessment of Gene Edited, Cystic Fibrosis Patient-Specific iPSC-Derived Airway Organoids Indicates a CFTR-

Dependent Forskolin Swelling Response
(A) Schematics depicting the generation, gene correction, and differentiation of syngeneic DF508/DF508 and DF508/WT cystic fibrosis patient-derived

hPSC lines.

(B) Representative flow cytometry analysis of intracellular NKX2-1 expression pre- and post-CD47hi/CD26� sorting of uncorrected and corrected cystic fibrosis

iPSC line RC2 204. Middle plots show typical CD47/CD26 sort gating strategy.

(C) Schematic describing post-sort outgrowth of differentiated cells.

(D) Fluorescence microscopy of live (calcein green stained) organoids from pre- and post-corrected iPSC line RC2 202 at time = 0 hr and time = 24 hr post-

forskolin treatment. Scale bars, 100 mm.

(E) Time-lapse phase contrast microscopy of forskolin-treated, gene-corrected (DF508/WT) organoids from RC2 204.

(F) Quantification of normalized swelling area of organoids derived from pre- and post-corrected clones of RC2 202 at time = 0, 3, and 25 hr. Calcein green stained

area for each well set to 1 at time = 0 hr. Bars represent mean ± SD, n = 3 biological replicates from independent wells of a differentiation. p = 0.0038 by unpaired,

two-tailed Student’s t test.

See also Figure S6 and Movies S2 and S3.
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cells, we have not ruled out the possibility that this pathway,

stimulated by FGFs added as trophic factors to our base media,

might contribute to the subsequent differentiation of proximal

cell types within these organoids.

In our characterization and optimization of this ‘‘low-Wnt’’ pro-

tocol, three key features of our approach are unique. First, the

use of an NKX2-1GFP knockin reporter has allowed us to dissect

lineage relationships, establishing that our proximal airway

epithelia derive directly from an NKX2-1+ lung progenitor inter-

mediate. Second, the ability to modulate Wnt signaling in these

purified NKX2-1+ ‘‘epithelial only’’ derivatives allows testing of

intrinsic pathway effects separated from the potentially con-

founding responses of mesenchymal or other NKX2-1� lineages

that are frequently present in unsorted heterogeneous PSC ex-

periments. Third, the rapid, patterned response of our sorted

lung progenitors to withdrawal of Wnt (augmented proximaliza-

tion concordant with loss of distalization within 4 days) suggests

that directed developmental patterning is occurring rather than

the overgrowth of competing proximal lineages that can occur

with prolonged culture periods. While we cannot completely

exclude the possibility that selection of lineage restricted cells,

rather than the patterning of bipotent or equipotent NKX2-1+

day 15 progenitors is occurring in our protocol, the rapidity

of the large-scale changes in SOX9 versus SOX2 expression

patterns in response to Wnt withdrawal argues against this

possibility.

The end result of our approach is the production of a poten-

tially inexhaustible source of human proximal airway organoids.

These luminal structures contain multiple airway epithelial line-

ages and express airway markers at levels comparable to the

adult lung. As predicted by murine models, inhibition of Notch

signaling in these organoids or subsequent 2D air-liquid interface

culture results in ciliogenesis in a subset of cells (You et al., 2002;

Firth et al., 2014; Konishi et al., 2016) and provides evidence for

our conclusion that organoids grown from purified NKX2-1+ lung

epithelial cells in the absence of CHIR represent proximalized

airway progenitors that respond as predicted to developmental

signaling cues.

One important goal of our work is the engineering of clinically

applicable patient-specific in vitro models of airway epithelial

disease and epithelial function. Thus, we have developed cell-

sorting algorithms (CD47hi/CD26�) that enable the isolation of

iPSC-derived NKX2-1+ lung progenitors possessing airway or-

ganoid competence without the need to generate NKX2-1GFP

knockin reporters for each patient-specific line to be studied.

We employ this sorting algorithm and our proximalization

approach to produce patient-specific airway epithelial organoids

both before and after gene editing to correct the CFTR genetic

lesion responsible for cystic fibrosis. These airway organoids

allow in vitro forskolin stimulation assays to analyze CFTR func-

tion in lung epithelial cells. A logical priority in future studies will

be testing whether our patient-specific airway organoid model of

cystic fibrosis more closely recapitulates the airway disease

phenotypes or known person-to-person variability in disease

manifestations compared to previously published and more

invasive models of CFTR function that are based on non-lung

cells, such as primary intestinal cell-derived forskolin-induced

swelling assays (Dekkers et al., 2013). Beyond cystic fibrosis,

the iPSC airway organoid system may also be readily adaptable

for in vitro modeling and drug development for other inherited

diseases of the airway, such as primary ciliary dyskinesia.

In summary, the findings presented here demonstrate the

rapid generation of airway organoids by stage-dependent mod-

ulation of Wnt signaling and proof-of-principle for the utility of

these organoids in lung disease modeling. Thus, we have devel-

oped a human in vitro PSC-based model system able to reveal

basic mechanisms regulating lung developmental cell fate deci-

sions and model airway epithelial diseases with potential clinical

benefit for precision drug screening and regenerative medicine.
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SUMMARY

Human fetal germ cells (FGCs) are precursors to
sperm and eggs and are crucial for maintenance of
the species. However, the developmental trajec-
tories and heterogeneity of human FGCs remain
largely unknown. Here we performed single-cell
RNA-seq analysis of over 2,000 FGCs and their
gonadal niche cells in female and male human em-
bryos spanning several developmental stages. We
found that female FGCs undergo four distinct
sequential phases characterized by mitosis, retinoic
acid signaling, meiotic prophase, and oogenesis.
Male FGCs develop through stages of migration,
mitosis, and cell-cycle arrest. Individual embryos of
both sexes simultaneously contain several subpopu-
lations, highlighting the asynchronous and heteroge-
neous nature of FGC development. Moreover, we
observed reciprocal signaling interactions between
FGCs and their gonadal niche cells, including activa-
tion of the bone morphogenic protein (BMP) and
Notch signaling pathways. Our work provides key in-
sights into the crucial features of human FGCs during
their highly ordered mitotic, meiotic, and gametoge-
netic processes in vivo.

INTRODUCTION

Fetal germ cells (FGCs) are the embryonic precursors of mature

gametes—the sperm and oocytes in mammals (Saitou and

Yamaji, 2012). Therefore, the proper development of FGCs is

crucial for faithfully transmitting genetic information to the next

generation through the germline (Hirasawa et al., 2007; Saitou

and Miyauchi, 2016; Seisenberger et al., 2013; Smallwood and

Kelsey, 2012). Recently, we and other groups have shown that

DNA methylation is comprehensively removed from the genome

in human FGCs, and within 10–11 weeks, the residual methyl-

ation in the germline genome becomes minimal, with only 5%–

7% remaining (median level) (Gkountela et al., 2015; Guo et al.,

2015; Tang et al., 2015; von Meyenn and Reik, 2015). Interest-

ingly, during this global epigenomic reprogramming, the tran-

scriptome of FGCs remains relatively stable from 4–11 weeks

post-fertilization, with only a minor proportion of genes showing

significant expression changes. We also showed that, in a 17-

week female embryo, the majority of FGCs enter meiosis and

show strong gene expression heterogeneity among individual

FGCs (Guo et al., 2015). However, the transcriptome of individual

FGCs in these human embryos has not been systematically

analyzed, and how many subpopulations and developmental

phases exist for human germ cell development remains largely

unknown.

Human FGCs have a unique gene expression network that is

very different from that of mice. For example, mouse early

FGCs express the pluripotency master gene Sox2, whereas hu-

man FGCs do not express it but, instead, express SOX15 and

SOX17 (Guo et al., 2015; Irie et al., 2015; Perrett et al., 2008).

Another difference is that human female FGCs express the X

chromosome inactivation master regulator XIST even after the

inactivated X chromosome is reactivated. In fact, human male

FGCs also express XIST at a significant level, which never occurs

in mouse FGCs (Gkountela et al., 2015). Thus, the transcriptome

of human FGCs needs to be analyzed at single-cell resolution for

a wide range of developmental stages. This analysis will offer a

solid reference dataset and sound basis for the in vitro differen-

tiation of human pluripotent stem cells into FGC-like cells and

provide new clues for further improving their differentiation effi-

ciency in vitro (Chen and Clark, 2015; Irie et al., 2015; Nakaki

et al., 2013; Sasaki et al., 2015; Zhou et al., 2016). Usually, the

germ cells in human embryos before 11 weeks post-fertilization

are called primordial germ cells (PGCs). The germ cells in female

embryos after 11 weeks post-fertilization are called oogonia,
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whereas those inmale embryos are called gonocytes or presper-

matogonia (De Felici and Barrios, 2013; Del-Mazo et al., 2013).

Here, to make it easier to follow, we call all of these germ cells

in human embryos FGCs. The expression pattern of our single-

cell RNA sequencing (RNA-seq) data is accessible at http://

www.singlecell.pku.edu.cn/GermCell.

RESULTS

The Gene Expression Landscapes of Human FGCs and
Their Niche Cells in the Gonads
With ethics approval, we obtained 29 human embryos ranging

from 4–26 weeks post-fertilization (17 female and 12 male em-

bryos; see Figure 1A for details) to systematically investigate hu-

man FGC development and the regulatory relationships between

FGCs and their neighboring niche cells (Methods S1). We used

magnetic-activated cell sorting (MACS) and fluorescence-acti-

vated cell sorting (FACS) to enrich for c-KIT+ FGCs and isolate

larger c-KIT� cells because some FGCs are c-KIT-negative

and are usually larger than gonadal somatic cells at the later

developmental stages (Gkountela et al., 2013; Robinson et al.,

2001). In addition, to elucidate the interaction between FGCs

and their microenvironment cells, we also obtained c-KIT� cells

of various sizes. For the 4-week and 5-week human embryos, we

isolated c-KIT+ FGCs from the aorta-gonad-mesonephros

(AGM) region by MACS. We performed single-cell RNA-seq of

2,579 individual cells. After filtration, we retained 2,167 individual

cells, including 1,490 FGCs and 677 somatic cells, for the subse-

quent analysis (Figure 1A). On average, we obtained approxi-

mately 1.9 million reads for each individual cell. The average

number of genes expressed (transcripts per million [TPM] > 0)

in each FGC cell and each gonadal somatic cell were 7,510

and 5,071, respectively. The average copy number of transcripts

detected in each individual cell was 570,745 for FGC cells

and 379,324 for gonadal somatic cells (Figure S1A; Table S1).

We conducted a down-sampling analysis to verify that the

sequencing depth was enough for the following analyses.

Clearly, even when down-sampling of 30% of the reads, we still,

on average, detected 90% of the expressed genes compared

with using all of the reads, indicating that our sequencing depth

was enough for a subsequent reliable analysis (Figure S1A).

We performed a t-distributed stochastic neighbor embedding

(t-SNE) analysis and clearly identified 17 clusters (Figure 1B).

Based on the expression patterns of the germline-specific

genes, clusters 1–7 are classified as FGCs (Saitou andMiyauchi,

2016). Among them, clusters 1–4 were female FGCs, whereas

clusters 5–7 were male FGCs.

First, we analyzed the gene expression dynamics of the female

FGCs (clusters 1–4). According to the expression pattern of plu-

ripotency and early FGC-specific markers such as POU5F1 (also

known as OCT4) and NANOG, cluster 1 cells were mitotic FGCs

(Figure 1C). We then determined that clusters 2–4 were later-

stage FGCs with much higher expression levels of DAZL and

DDX4 (also known as VASA) than cluster 1 (Figure 1C; Castrillon

et al., 2000; Kee et al., 2009). Notably, cluster 1 female FGCs at

the mitotic stage were isolated from embryos of a wide range of

developmental stages (from 5 weeks to 26 weeks). They were

relatively scattered on the t-SNE plot, suggesting that, even in

the late gestation stage, fractions of the female FGCs remain in

the mitotic stage, expressing early FGC marker genes, and

may retain the potential to replenish the germ cell population.

In addition, in accordance with our previous work, clear cell-to-

cell heterogeneity was observed in this cluster. The cells in clus-

ter 2 were retinoid acid (RA) signaling-responsive FGCs and spe-

cifically expressed the key target of the RA signaling pathway,

STRA8 (Figure 1C; Soh et al., 2015). The cells in cluster 3 were

meiotic prophase FGCs and clearly expressed synaptonemal

complex proteins, such as SYCP1 and SYCP3, and meiotic

recombination proteins, such as SPO11 and PRDM9, which

play a central role in the transcriptional activation of genes during

meiotic prophase (Figures 1C and 2; Figure S2; Soh et al., 2015).

Finally, the cells in cluster 4 were FGCs at the oogenesis stage

and specifically expressed the zona pellucida sperm-binding

protein ZP3 and the oocyte-secreted protein OOSP2 (Figures

1C and 2; Figure S2; Sánchez and Smitz, 2012).

In general, starting at 11 weeks, the gonads from an individual

female embryo contain mitotic phase and RA signaling respon-

sive phase FGCs. From 14 weeks, meiotic prophase FGCs ap-

peared in the embryo ovaries. From 18 weeks, the gonads

from an individual female embryo contain FGCs of all four stages

we identified (mitotic, RA signaling-responsive phase, meiotic

prophase, and oogenesis phase), which is in agreement with

previous studies and our unsupervised hierarchical clustering

analysis (Figure 1B; Anderson et al., 2007; Heeren et al., 2016;

Rajpert De Meyts et al., 2004).

Next, we analyzed the transcriptional characteristics of the

male FGCs (clusters 5–7). The cells in clusters 5 and 6 were

early male FGCs because they specifically expressed POU5F1

and NANOG (Figure 1C). The cells in cluster 7 were late FGCs

because they specifically expressed DAZL and DDX4 (Fig-

ure 1C). 4-week male FGCs were mostly in cluster 5, whereas

both clusters 6 and 7 included FGCs from 9–25 weeks. Based

on the morphological information and their expression profiles,

we classified the cells in cluster 5 as migration phase FGCs,

the cells in cluster 6 as gonadal mitotic phase FGCs, and the

cells in cluster 7 as mitotic arrest phase FGCs. Male and female

FGCs at the mitotic stage (clusters 1 and 6) clearly share similar

expression patterns and are mixed together in the t-SNE plot as

one cluster because, at this stage, no sexual differentiation ap-

peared for FGCs yet (Figure 1B). In contrast to female FGCs of

similar developmental stages, late male FGCs in cluster 7 under-

went mitotic arrest instead of entering meiosis, which hints at the

distinct regulatory mechanism of male and female FGCs for

precise cell fate determination. Collectively, these findings reveal

the unique gene expression programs of female and male FGCs

during human embryonic development.

Furthermore, we also analyzed the niche cells of FGCs—the

somatic cells in the gonads (clusters 8–16). In general, cluster

13 and most of cluster 8 were gonadal somatic cells from fe-

male embryos, whereas clusters 9–15 were gonadal somatic

cells from male embryos. The majority of the cells in cluster 8

were granulosa cells and expressed the granulosa cell-specific

master genes WT1 and FOXL2 (Figure 1D; Figure S1C). A small

fraction of the cells in cluster 8 were from 4-week male and

5-week female embryos, and they expressed PECAM1 (also

known as CD31) and CDH5 (also known as VE-cadherin,

CD144); thus, they are probably endothelial cells in the gonads

(Figure S1C).
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A

B

C

D

Figure 1. Global Patterns of Single-Cell Expression Profiles and Identification of Cell Types

(A) Overview of the FGCs and gonadal somatic cells analyzed in this study.

(B) t-SNE plots of FGCs and somatic cells. Left: cells colored by embryonic status based on weeks post-fertilization. Right: cells colored by the identified cell

types; the labeled numbers indicate the individual clusters: clusters 1–4 for female FGCs, clusters 5–7 for male FGCs, clusters 8–16 for neighboring somatic cells,

and cluster 17 for possibly contaminated cells. See Table S1 for details.

(C) Expression patterns of FGC marker genes exhibited on t-SNE plots; a gradient of gray, yellow, and red indicates low to high expression.

(D) Expression patterns of gonadal somatic cell marker genes exhibited on t-SNE plots.
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Figure 2. Expression Patterns of Cell Type-Specific Genes

Shown are histograms for the relative expression levels (log2[TPM/10+1]) of selectedmarker genes in all analyzed cell types, including four types of female FGCs,

four types of female gonadal somatic cells, three types of male FGCs, and four types of male gonadal somatic cells.
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Figure 3. Dynamic Gene Expression Patterns of Human Female FGCs

(A) t-SNE plots, 3D PCA plots (top left), and heatmap of differentially expressed genes in four phases of female FGCs (bottom left). The enriched GO terms

(biological processes) are shown at the right. The color key from blue to red indicates low to high gene expression levels, respectively. See Table S3 for details.

(legend continued on next page)
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The cells in cluster 9 were Sertoli cells and specifically ex-

pressed WT1 and AMH, two master genes for Sertoli cell devel-

opment (de Santa Barbara et al., 2000). The cells in clusters 10

and 11 expressed ARX and CYP17A1, which are early and late

Leydig cell markers, respectively, suggesting that cluster 10 cells

are Leydig precursor cells, whereas cluster 11 cells are differen-

tiated Leydig cells (Figure 1D).

In addition, cluster 12 were erythrocytes, clusters 13 and 14

were macrophages, clusters 15 and 16 were early T cells, and

cluster 17 were FGCs that were probably contaminated by frag-

ments of hemocytes. We excluded these cells in the subsequent

analyses (Figure S1B).

Dynamic Gene Expression Patterns of Human
Female FGCs
As we mentioned, we have identified four clusters of human fe-

male FGCs: FGCs in the mitotic phase, RA signaling-responsive

phase, meiotic prophase, and oogenesis phase (Figures 1B and

3A). To verify their diversity and dissect the differences in gene

expression patterns, we identified 693, 228, 1,159, and 950

differentially expressed genes among these four clusters,

respectively, and conducted a gene ontology (GO) analysis of

these genes (Figure 3A; Table S3). Oogenesis phase FGC-spe-

cific genes were enriched in the categories of cytoskeleton

organization, hormone-mediated signaling, and microtubule-

based movement, among which were master transcription

factors such as NOBOX and FIGLA (Figure 2; Figure S2). This

pattern indicates that both the microtubule-based and microfila-

ment-based cytoskeleton are reprogrammed when FGCs start

oocyte formation and folliculogenesis (Figure 3A; Sánchez and

Smitz, 2012).

As previously reported, human mitotic phase FGCs highly ex-

pressed pluripotency markers such as POU5F1, LIN28A, SALL4,

andDPPA5 (Figure 2; Figure S2; Houmard et al., 2009). They also

expressed high levels of early germ cell-specific genes such as

PRDM1 (also called BLIMP1), PRDM14, TFAP2C (also known

as AP2g), WNT3, NANOS3, DPPA3 (also known as STELLA),

and SOX17 (Figure 2; Figures S2 and S3C; Bowles et al., 2003;

Julaton and Reijo Pera, 2011). Late FGC marker genes, such

as DDX4, DAZL, TDRD6, and PIWIL2, were expressed in human

RA-responsive phase, meiotic prophase, and oogenesis phase

FGCs (Figure 2; Geijsen et al., 2004; Juliano et al., 2011; Kuramo-

chi-Miyagawa et al., 2004; Saitou et al., 2002). In addition,

meiotic prophase FGCs highly expressed gametogenesis-spe-

cific genes—TEX12, TEX14, BOLL, SPO11, RAD51AP2, and

PRDM9 (Figures 2 and 3B; Figure S2; Houmard et al., 2009;

Soh et al., 2015). Oogenesis phase FGCs expressed ZP3,

NOBOX, OOSP2, GDF9, JAG1, and WEE2, the master genes

that are functionally crucial for oocyte development (Figure 2;

Figure S2; Pepling, 2006; Tomizawa et al., 2012). More interest-

ingly, we found that SOX13 were expressed in human mitotic

phase FGCs, whereas ZGLP1, ANHX, ASB9, and THRA/BTR

were specifically expressed in human RA-responsive FGCs (Fig-

ure 2; Figure S2). Although Six1 is expressed in the somatic cells

of the nascent genital ridges starting at 9.5 days post coitum

(dpc) in mice, we found that SIX1 was specifically expressed in

human late FGCs (clusters 2–4) instead (Figure 2).

We then focused on the mitotic phase female FGCs (cluster 1).

At this stage, female FGCs span a wide range of developmental

stages from 4–26 weeks. We found developmental stage-

specific gene expression patterns within 5-, 10-, 14-, 20-, and

26-week female mitotic FGCs by GO analysis (Figure S1D). In

addition, we analyzed the cell-cycle status of FGCs using the

previously reported G1/S and G2/M phase-specific genes (Tir-

osh et al., 2016). For mitotic phase FGCs, approximately 40%

were actively proliferating, with the remaining 60% at a relatively

quiescent state (Figure 3C; Table S2). We co-stained POU5F1

and Ki67 in 7- and 18-week ovaries and found that 39% (69 of

176) and 42% (59 of 142) of POU5F1+ cells were Ki67+ cells in

the 7- and 18-week samples, respectively (Figure 3D). The per-

centage of actively dividing FGCs was consistent with that esti-

mated from our transcriptome analyses.

Next, we investigated the expression pattern of RA-respon-

sive phase FGC-related genes to further decipher the mecha-

nisms of the sex-specific timing of meiosis. Meiotic entry occurs

at the mid-embryonic stage in female FGCs, whereas it occurs

much later after birth in male germ cells (Koubova et al., 2006).

A series of genetic ablation and pharmacological approach

studies has demonstrated that, in the mouse embryonic ovary,

RA is the driver of meiosis initiation via triggering STRA8 and

the expression of other downstream target genes. However, in

the mouse embryonic testis, CYP26B1-expressing Sertoli cells

form a barrier that degrades RA and inhibits the initiation of

meiosis (Lin et al., 2008). Intriguingly, we found that the RA syn-

thesis gene RDH10 was pronouncedly upregulated in female

gonadal cells rather than male gonadal cells, suggesting that

RA synthesis may have an important role in female FGCs

entering meiosis (Figure 3E; Duester, 2008; Sandell et al.,

2007). Another remarkable finding is that CYP26A1 expression

was upregulated in RA signaling-responsive, meiotic prophase

FGCs in female embryos, suggesting that CYP26A1 may

degrade RA quickly, which might be a result of negative feed-

back of meiosis initiation (Figure 3E). Collectively, we hypothe-

size that a balance of RA synthesis and degradation and its

delicate regulation play a critical role in the sex-specific timing

of meiosis entry of human FGCs.

Furthermore, we used principal-component analysis (PCA)-

based method to find FGCs at the transition states between

the two consecutive developmental stages. We conducted dif-

ferential gene expression analysis and GO analysis of the transi-

tion state FGCs with their former- and later-stage cells, respec-

tively (Figure S7A; Table S5).

(B) Heatmap of selected meiosis-related genes in four phases of female FGCs.

(C) Heatmap of cell-cycle-specific genes in female mitotic phase FGCs (FGC#1).

(D) Immunofluorescence of 7- and 18-week ovaries co-stained for POU5F1 and Ki67. Filled triangles indicate POU5F1+Ki67+ FGCs, arrows indicate

POU5F1+Ki67� FGCs, and empty triangles indicate POU5F1�Ki67+ ovary somatic cells. Scale bar, 20 mm.

(E) Violin plots showing relative expression levels (log2 [TPM/10+1]) of selected genes involved in the RA synthesis and metabolism pathways.

(F) Immunofluorescence staining of the four types of female FGCs and their distribution in an 18-week ovary. The cell size and percentage of each type of FGCs

are shown. Scale bar, 20 mm.
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Intriguingly, the transition stage FGCs between meiotic

prophase and oogenesis phase were enriched for GO terms

such as the negative regulation of programmed cell death

and apoptosis genes, whereas oogenesis phase FGCs were

enriched for programmed cell death and apoptosis genes

(Table S5). By immunostaining, we found that a fraction of

the FGCs at the primordial follicle stage were positive for

full-length CASP3 but not cleaved CASP3, indicating that

they were probably primed for the apoptosis process (Fig-

ure S1H). This finding indicates that a proportion of human

primordial follicles are probably ready to initiate apoptosis,

which may contribute to germ cell attrition (Hussein, 2005;

Jin et al., 2005).

Cell surface markers that are specific to human FGCs entering

meiosis are still lacking. Fortunately, we found that IL13RA2

(also known as CD213A2) and PECAM1 were specifically ex-

pressed in meiotic prophase FGCs and oogenesis phase

FGCs, respectively (Figure S2). We verified that IL13RA2 and

PECAM1 were specifically expressed in DDX4+ cells by immu-

nostaining in an 18-week ovary (Figure 3F). Undoubtedly, isola-

tion of the meiotic or oogenesis stage germ cells in female

embryos will help us to understand the mechanisms of meiosis

and oogenesis.

By immunofluorescence staining of the ovary cryosections

from an 18-week human embryo, we validated the four types

of female FGCs that we identified in transcriptome sequencing

and further analyzed their size, location, and distribution in the

ovary. We verified the four types of female FGCs in the sample:

POU5F1+ DDX4� mitotic FGCs, STRA8+DDX4+ RA signaling-

responsive FGCs, IL13RA2+DDX4+ meiotic prophase FGCs,

and PECAM1+DDX4+ oogenesis phase FGCs (Figure 3F).

Clearly, the PECAM1+DDX4+ cells were primordial oocytes

because they were enclosed by an ordered layer of flattened

cells that were supposed to be granulosa cells. Intriguingly,

with development proceeding, the FGCs gradually grew larger,

from a diameter of about 8–10 mm at mitotic phase to approxi-

mately 23–28 mm at oogenesis phase (Figure 3F). Additionally,

we found that mitotic and RA signaling-responsive FGCs were

preferentially located at the peripheral cortex of the ovary,

whereas meiotic prophase and oogenesis phase FGCs were

located less peripherally than those earlier-stage FGCs (Fig-

ure S3D). In general, the percentages of the four types of female

FGCs in the sample were about 25% (247 of 990, mitotic

phase), 38% (373 of 990, RA signaling-responsive phase),

26% (261 of 990, meiotic prophase), and 11% (109 of 990,

oogenesis phase), respectively. Moreover, the immunofluores-

cence assays clearly showed that POU5F1 transferred from

the nucleus to cytoplasm with the development process and

finally disappeared at the primary follicle stage (Figure S1F).

Nearly two-thirds of FGCs (156 of 227) that expressed

POU5F1 in the nucleus were DDX4� cells, with the remaining

one-third (71 of 227) positive for DDX4.

In addition, we analyzed the FGCs in a 7-week ovary by co-

staining of POU5F1 and DDX4. The FGCs were relatively evenly

distributed throughout the whole ovary. In general, POU5F1+

DDX4+, POU5F1+DDX4�, and POU5F1�DDX4+ FGCs ac-

counted for 79% (160 of 203), 11% (23 of 203), and 10% (20 of

203), respectively (Figure S1G). Overall, the immunofluores-

cence assays validate the results of our transcriptome analyses

and offer us new insights into the divergence and heterogeneity

of human fetal germ cells, even in the same ovary.

Transcriptional Characteristics of Human Male FGCs
Based on the t-SNE analysis, humanmale FGCs could clearly be

grouped into three clusters: migrating FGCs, gonadal mitotic

FGCs, and FGCs entering mitotic arrest; these clusters were

confirmed by unsupervised hierarchical clustering analysis (Fig-

ures 1B and 4A). According to the differentially expressed gene

profiles, 172, 306, and 1,037 genes were specifically upregu-

lated in migrating, mitotic, and mitotic arrest FGCs, respectively.

Migrating FGC-specific genes were enriched in GO terms such

as generation of precursor metabolites and energy, oxidative

phosphorylation, and mitochondrial ATP synthesis-coupled

electron transport, suggesting that migrating phase FGCs

probably rely heavily on aerobic respiration and are different

from other phases of FGCs in energy metabolism (Figure 4A;

Table S3). Moreover, we used a PCA-based method to find

FGCs at the transition states between the mitotic stage and

mitotic arrest stage and analyzed their specific gene expression

patterns (Figure S7A; Table S5).

For the mitotic phase male FGCs, approximately 50% were

actively proliferating, which was similar to the female FGCs at

the mitotic stage (Figure 4B). In addition, essentially all mitotic

arrest phase FGCs were in the quiescent state, as expected.

Interestingly, a small portion of mitotic arrest FGCs expressed

cell-cycle-related genes. These cells shared both the gene

expression pattern of mitotic stage and mitotic arrest stage

FGCs, indicating that they were at the transition stage of the

two types of FGCs (Figure 4B). By immunostaining, we found

that about 31% (122 of 388) and 34% (86 of 250) of POU5F1+

cells were Ki67+ in the 7- and 10-week samples, respectively

(Figure 4C). To unveil genes that might play a role in mitotic ar-

rest, we analyzed the expression of genes in GO terms related

to cell-cycle arrest. We found that 17 cell-cycle-arrest-related

genes were specifically upregulated in male mitotic arrest phase

FGCs, including NANOS2, CDKN2B, and CDK6 (Figure 4F;

Figure S3A; Lukas et al., 1995; Suzuki and Saga, 2008).

Then we analyzed the distribution of FGCs in the testes of a

7- and an 18-week human embryo by co-staining of POU5F1

and DDX4. The 7-week testis FGCs were scattered in every

seminiferous cord (Figure S3D), which was clearly different

from the more homogeneous distribution of the 7-week ovary

FGCs. Additionally, in the 7-week testis, we observed that

POU5F1+DDX4+, POU5F1�DDX4+, and POU5F1+DDX4� FGCs

accounted for 14% (56 of 414), 15% (61 of 414), and 72% (297

of 414) of germ cells, respectively (Figure 4E). Clearly, the ratio

of the three types of FGCs was drastically different from that of

7-week female FGCs.

Interestingly, in 18-week testis, POU5F1+ FGCs were distrib-

uted more homogenously in the seminiferous cords, whereas

DDX4+ FGCs were mostly distributed at the peripheral zones

(Figure S3D). It was clearly different from the peripheral-to-

center distribution of the early- to late-stage female FGCs in

the 18-week ovary. Moreover, in the 18-week embryo testis,

POU5F1+DDX4� and POU5F1�DDX4+ FGCs accounted for

35% (161 of 459) and 63% (288 of 459) of germ cells, respec-

tively, whereas POU5F1+DDX4+ FGCs only accounted for

the remaining 2% (10 of 459) (Figure 4E). According to the
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transcriptome data and the low rate of POU5F1+DDX4+ FGCs,

we supposed that POU5F1+DDX4� and POU5F1�DDX4+ FGCs

were mitotic stage and mitotic arrest stage FGCs, respectively.

Co-staining of DDX4 and Ki67 in the 18-week embryo testis

showed that 3% (6 of 224) of DDX4+ FGCs were Ki67+ (Fig-

ure 4D). We proposed that these DDX4+ Ki67+ cells were FGCs

at the transition stage between the mitosis stage and mitosis

arrest stage. Besides, the low percentage of POU5F1+DDX4+

FGCs also implies that POU5F1 expression declines rapidly in

the 18-week testis when development proceeds. The diversity

between the male and female FGCs in the 7- and 18-week em-

bryos concurs with the divergence of the anatomical structures

and developmental processes between the testis and ovary.

A

B E

F

C

D

Figure 4. Dynamic Gene Expression Patterns

of Human Male FGCs

(A) t-SNE, 3D PCA plots (top left), and heatmap of

differentially expressed genes in three phases of

male FGCs (bottom left). The enriched GO terms

(biological processes) are shown at the right. The

color key from blue to red indicates low to high gene

expression levels, respectively. See Table S3 for

details.

(B) Heatmap of cell-cycle-specific genes in three

phases of male FGCs ordered by their expression

levels in each phase (top). At the bottom is a heat-

map showing the top 20 genes of each phase in the

same order. Several cycling cells in FGC#3 en-

closed by a black rectangle express both FGC#2

and #3 marker genes, indicating that they are at a

transition state.

(C) Immunofluorescence of 7- and 10-week testes.

Filled triangles indicate POU5F1+Ki67+ FGCs,

arrows indicate POU5F1+Ki67� FGCs, and empty

triangles indicate POU5F1�Ki67+ testis somatic

cells. Scale bar, 20 mm.

(D) Immunofluorescence staining of an 18-week

testis. Arrows indicate DDX4+Ki67� FGCs, filled

triangles indicate DDX4+Ki67+ FGCs, and empty

triangles indicate DDX4�Ki67+ testis somatic cells.

Scale bar, 20 mm.

(E) Immunofluorescence staining of 7- and 18-week

testes. Arrows indicate POU5F1+DDX4� FGCs,

filled triangles indicate POU5F1+DDX4+ FGCs, and

empty triangles indicate POU5F1�DDX4+ testis

somatic cells. Scale bar, 20 mm.

(F) Violin plots showing the relative expression levels

(log2 [TPM/10+1]) of representative cell-cycle-

arrest-related genes.

We analyzed the pattern of X chromosome

reactivation in FGCs and found that the

result was consistent with our previous

study (Guo et al., 2015). The total expres-

sion levels of all genes on the X chromo-

some in female FGCs were �1.6-fold

compared with those in male FGCs (Fig-

ure S4A). To analyze the sex-specific ex-

pressed genes in FGCs, we performed a

differential gene expression analysis of

mitotic phase FGCs in female and male

embryos and found that 71 genes were

differentially expressed between them; 30

of these genes were either on the X chromosome (for female

FGCs) or on the Y chromosome (for male FGCs) (Figures S3B,

S4B, and S4C).

Transcription Profiles of FGC Niche Cells in the Gonads
First, we performed an unsupervised hierarchical clustering

analysis of the somatic cells in female gonads and identified

four types of cells (Figure 5A). Type 1 cells were gonadal endo-

thelial cells that specifically expressed PECAM1 and CDH5.

Type 2–4 cells specifically expressed granulosa cell markers

such as WT1 and FOXL2. Type 3 cells also expressed

CYP19A1, the mural granulosa cell marker (Figure 5C, and 5E;

Hamel et al., 2008). Type 2, 3, and 4 cells were from 7- to
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10-week, 10- to 20-week, and 20- to 26-week embryos, respec-

tively, suggesting that they may be granulosa cells at different

developmental stages. We conducted differential gene expres-

sion analysis and GO analysis of these cells. In general, the re-

sults of the GO analysis indicate that granulosa cells, at different

time points, have different biological properties, such as unique

translation or DNA repair features (Figure 5A; Table S4).

Next, based on the t-SNE analysis and the unsupervised hier-

archical clustering analysis, the somatic cells in male gonads

could be grouped into four clusters: endothelial cells (cluster 8),

Sertoli cells (cluster 9), Leydig precursor cells (cluster 10), and

differentiated Leydig cells (cluster 11) (Figures 1B, 1D, 5B, and

5D; Karl and Capel, 1998; Sharpe et al., 2003). According to

the GO analysis, differentiated Leydig cells were enriched in

the regulation of steroid metabolic process and glycerolipid

metabolic process terms (p = 8.0 3 10�3), indicating that differ-

entiated Leydig cells have probably matured and can produce

androgens (Figure 5B). The gonadal somatic cell master tran-

scription factor NR5A1 (also known as SF1) was expressed in

granulosa cells, Sertoli cells, and Leydig cells (Figure 2). As ex-

pected, XIST was expressed in female gonadal somatic cells

but not inmale gonadal somatic cells (Plath et al., 2002). Interest-

ingly, we found that SOX9was expressed not only in Sertoli cells

but also in mural granulosa cells and late granulosa cells (Vidal

et al., 2001). The male sex determination master gene SRY

was expressed in Sertoli cells as expected (Sekido and Lovell-

Badge, 2008). The transcription factor Dmrt1 plays a significant

role in sex determination andmaintenance, mitosis/meiosis tran-

sition, and spermatogonial stem cell maintenance and replenish-

ment in mice (Lindeman et al., 2015; Matson et al., 2010; Minkina

et al., 2014; Zhang et al., 2016). We observed the divergent

expression pattern of DMRT1 in human male and female

fetal gonads. In human testis, DMRT1 was expressed highly

throughout all of the developmental stages in male FGCs. How-

ever, in female FGCs, DMRT1 was expressed highly in early-

stage FGCs and decreased sharply when FGCs enteredmeiosis.

The expression pattern is consistent with its role in mitosis/

meiosis transitions in mice. In human gonadal somatic cells,

DMRT1was expressed highly in Sertoli cells but not in granulosa

cells. This agrees well with its role in sex determination and

maintenance in mice (Figure S2).

We then analyzed the expression patterns of cell-cycle-

related genes in FGCs and their niche cells. We found that

FGC gonadal somatic cells generally expressed fewer cell-cy-

cle-related genes than FGCs (Figure S5A). In addition, by calcu-

lating the percentage of Ki67+ cells in POU5F� cells, we found

that approximately one-tenth of gonadal somatic cells were

actively proliferating (Figures 3D and 4C).

Moreover, we analyzed the expression characteristics of ribo-

some-associated genes, RNA-binding proteins in FGCs, and

their niche cells. We focused on the genes expressed divergently

between mouse and human (Figures S3C and S5B–S5D).

Transcription Factor Regulatory Network in Human FGC
Development
Transcription factors usually play key regulatory roles during a

wide variety of biological processes. The algorithm for the recon-

struction of accurate cellular networks (ARACNe) is a powerful

algorithm that can identify master players or ‘‘hub’’ genes in a

gene regulatory network based on a large set of gene expression

data, especially transcription factors. Thus, we used the ARACNe

method to analyze all 1,568 known transcription factors from An-

imal TFDB 2.0. We found that ZNF208, YBX1, and ZNF791might

specifically play a critical role in female mitotic phase FGCs,

whereas HES6, MAEL, ZGLP1, ZNF362, ZBTB11, HOXA5,

HOXB6,HMGB3, andPBX1are the top candidate genes for regu-

lating thegeneexpressionnetwork inRA-responsive phaseFGCs

(Figures 6A–6D). In addition, LHX8, NR4A2, ZNF382,MGA, RLF,

ZIC4, PAXBP1, HSF2, DMRTA2, and L3MBTL1 potentially regu-

late the development of meiotic prophase FGCs, and FIGLA,

STAT1, TBX3, AFF1, JARID2, NFKB2, and NR3C2 most likely

initiate the unique transcription network in oogenesis phase

FGCs (Figures 6C–6F). Moreover, HMGN3 and CARHSP1 might

be in charge of the gene expression network in male migrating

FGCs. In contrast, SIX2, CLOCK, TEF, ZBTB43, KDM5A, NKRF,

MAEL, MEF2D, SOX15, and KLF8 might play an important role

in male mitotic FGCs, and EBF3, SATB2, ZNF267, FEZF1,

SOX12, DMRTB1, ZSCAN5A, and MAEL may have a regulatory

role in male mitotic arrest FGCs (Figures S6A–S6D). In addition,

we found that SOX30,GATA3, and FOXD1were expressed in fe-

male and male late-stage FGCs—female RA-responsive FGCs,

meioticprophaseFGCs, oogenesis FGCs, andmalemitotic arrest

FGCs (Figure S6E). Interestingly, someof the pluripotencymaster

transcription factors that were highly expressed in female mitotic

phase FGCs declined drastically at the RA-responsive phase but

recovered at the oogenesis phase, including NANOG, TFCP2L1,

and KLF4 (Figure S6F). This finding indicates that these pluripo-

tency master genes are not only important for early-stage FGCs

but also play crucial roles during later oogenesis.

Signaling Pathway Features in Human FGC and Gonadal
Niche Cell Development
Our sequencing data showed that KITL (also known as SCF), the

ligand of the KIT signaling pathway, was specifically expressed

in gonadal somatic cells, whereas the receptor KIT (also known

as c-KIT or CD117) was highly expressed in FGCs, which is

consistent with previous findings (Figure S3C; Driancourt et al.,

2000; Mauduit et al., 1999).

Gene set enrichment analysis (GSEA) and Kyoto Encyclopedia

of Genes and Genomes (KEGG) analysis showed that the

Figure 5. Dynamic Gene Expression Patterns of Human Gonadal Somatic Cells

(A) Heatmap of differentially expressed genes in four types of female gonadal somatic cells. The color key from blue to red indicates low to high expression levels,

respectively. Shown at the right are the enriched GO terms (biological processes).

(B) Heatmap of differentially expressed genes in four types of male gonadal somatic cells. Shown at the right are the enriched GO terms (biological processes).

(C) Histograms showing the relative expression levels (log2 [TPM/10+1]) of representative female gonadal somatic cell marker genes.

(D) Histograms showing the relative expression levels (log2 [TPM/10+1]) of representative male gonadal somatic cell marker genes.

(E) Immunofluorescence of ovary cryosections from an 18-week human embryo. Triangles indicate gonadal somatic cells specifically expressing WT1.

Scale bar, 20 mm.
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(A–F) The top 10 candidatemaster regulators for each type of FGCs identified by an algorithm formaster regulator analysis algorithm (MARINa) (A, C, and E). Violin

plots show the relative expression levels (log2 [TPM/10+1]) of eachmaster regulator (B, D, and F).MARINa plots show activated targets colored red and repressed

targets colored blue for each potential master regulator (vertical lines on the x axis). On the x axis, geneswere rank-sorted by their differential expression in the two

developmental phases. The p values on the left indicate the significance of enrichment, calculated by permutating two developmental phases.
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transforming growth factor b (TGF-b) signaling pathway, including

the bone morphogenic protein (BMP) and NODAL signaling

pathway, was involved in female RA-responsive, meiotic pro-

phase,andoogenesisphaseFGCsaswell as inmalemitotic arrest

phase FGCs (Figure 7A; Shi and Massagué, 2003). For the BMP

signaling pathway, in the fetal ovary, the ligand BMP2 was highly

expressed in mural granulosa cells and late granulosa cells,

and the targets ID2 and ID3 were specifically upregulated in

RA-responsive, meiotic prophase, and oogenesis FGCs. This is

compatible with the possibility that the specificity of ligand

expression leads to BMP signaling pathway activation in female

late-stage FGCs, although the receptor BMPR1Bwas expressed

in both granulosa cells and FGCs. This pattern indicates that BMP

signaling is gradually activatedwhen FGCs entermeiosis and that

it probably plays a key role during this mitosis-meiosis transition

(Figure 7A). In contrast, in fetal testis, the ligand AMH was highly

expressed in Sertoli cells, whereas the receptor BMPR1B and

targets ID1, ID2, and ID3 were strongly upregulated when FGCs

entered mitotic arrest, indicating that BMP signaling is probably

important for male FGCs to enter mitotic arrest (Figure 7A). It

seems that the BMP signaling pathway is activated in female

meiotic FGCs by BMP2 secreted from the neighboring granulosa

cells, whereas it is activated in male mitotic arrest FGCs by AMH

secreted from Sertoli cells.

Moreover, we performed a PCA-based analysis and obtained

the pseudotime of both male and female FGCs and somatic

cells. We plotted the trends of the BMP signaling pathway along

the pseudotime to show the potential somatic cell-germline

cell interaction. In the fetal ovary, BMP2 expression gradually

increased in granulosa cells along the pseudotime. Correspond-

ingly, BMPR1B, ID1, ID2, and ID3 gradually increased in FGCs in

general. In the fetal testis, AMH expression gradually increased

in Sertoli cells along the pseudotime. The expressions of

BMPR1B, ID1, ID2, and ID3 strongly increased at the transition

stage between mitosis and mitotic arrest FGCs. In late mitotic

arrest FGCs, ID1 and ID2 expression was relatively stable,

whereas ID3 decreased to some extent. The results are consis-

tent with our GSEA and give new insights into the dynamic inter-

action of the signal pathway between FGCs and their niche cells

(Figures S7B and S7C).

In the case of the NODAL signaling pathway, intriguingly, the

ligand NODAL was expressed in both female and male mitotic

FGCs, whereas the receptor ACVR1C and the target gene

PITX2 were specifically expressed in female meiotic and male

mitotic arrest FGCs (Figure 7A; James et al., 2005). We per-

formed immunofluorescence staining of ACVR1C in the ovary

of an 18-week embryo and found that ACVR1C was specifically

expressed in DDX4+ cells (Figure 7C). Thus, we propose that

late-stage FGCs respond to a NODAL signal secreted from

early-stage FGCs, which maintains or even enhances the differ-

ences between these two subpopulations in the same embryo.

More interestingly, we analyzed gene expression features

related to the NOTCH signaling pathway and found that the

NOTCH signaling pathway might be activated in gonadal so-

matic cells by ligand expressed by FGCs (Bray, 2006). In the fetal

ovary and testis, ligand DLL3was highly expressed in all phases

of FGCs we analyzed and JAG1 was specifically expressed in

oogenesis phase FGCs. Correspondingly, the receptorNOTCH2

and the target gene HES1 were highly expressed in nearly all fe-

male andmale somatic cells (Figure 7B). Hence, these results are

compatible with the hypothesis that the NOTCH signaling

pathway is activated in human gonadal somatic cells by

receiving ligands expressed by neighboring germ cells.

We found that HES1 was highly expressed in some of the

gonadal somatic cells, both those surrounded by FGCs and

those not surrounded by FGCs, by immunostaining (Figure 7D).

Considering that a direct cell-cell interaction is necessary for

the Notch signaling pathway and that the number of FGCs is

much lower than that of somatic cells in the gonads, we sup-

posed that the gonadal somatic cells might receive NOTCH input

from both surrounding FGCs and other adjacent somatic cells.

Based on our single-cell RNA-seq data, one of the NOTCH li-

gands, DLL3, was expressed not only in FGCs but also in a frac-

tion of gonadal somatic cells, providing a foundation for NOTCH

signaling interaction between different gonadal somatic cells.

In addition, by GSEA, we found that human FGCs show

diverse sex-specific and developmental stage-specific biolog-

ical characteristics in basal metabolism, immune response,

DNA replication, and DNA damage repair response (Figure S5B).

In summary, every subpopulation of FGCs, female or male,

possessed specific transcription and metabolism states that

were regulated by a coordinated and highly dynamic group of

master transcription factors that are dedicatedly orchestrated

by reciprocally interacting signaling pathways. At the same

time, the FGCs also express and secrete a large set of ligands

and program the transcription network and differentiation pro-

cess of their niche cells in the gonads and vice versa. Thus, germ-

line-nongermline and subpopulation-subpopulation interactions

together fulfilled the exceptionally complex yet highly robust

and accurately ordered development of the germ cells within

the gonads. The important candidate factors we have found

should greatly facilitate our further understanding of the mecha-

nisms involved in FGC and gonadal somatic cell development

in vivo and provide novel clues to FGC-like cell differentiation

in vitro and potential therapy solutions for reproduction-related

diseases (Kurimoto and Saitou, 2015; Saitou and Yamaji, 2012).

DISCUSSION

We previously performed single-cell RNA-seq analysis for 319

human FGCs and their neighboring somatic cells for 15 embryos

between 4 and 19 weeks post-fertilization (Guo et al., 2015).

However, the numbers of embryos (two embryos) and single

cells (100 cells) after 11 weeks were too sparse in this previous

study, and the subpopulations of meiotic FGCs have not been

properly identified. Here we performed single-cell RNA-seq

analysis for 2,167 single FGCs and their niche cells from the

gonads of 29 embryos between 4 and 26weeks.We clearly iden-

tified four subpopulations for female FGCs: mitotic phase, RA

signaling-responsive phase, meiotic prophase, and oogenesis

phase. Correspondingly, we also identified three subpopulations

for male FGCs: migrating phase, gonadal mitotic phase, and

mitotic arrest phase. For their niche cells, we identified endothe-

lial cells, early granulosa cells, mural granulosa cells, and late

granulosa cells for female gonads and endothelial cells, Sertoli

cells, Leydig precursor cells, and differentiated Leydig cells for

male gonads. To our knowledge, this is the first time that human

FGCs and their niche cells have been so comprehensively and
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Figure 7. Selected Signaling Pathways in the Development of Human FGCs and Their Niche Cells

(A) TGF-b signaling pathway. Shown is a GSEA enrichment plot of the KEGG TGF-b signaling pathway. For the BMP and NODAL signaling pathways, the relative

expression levels (log2 [TPM/10+1]) of the specific ligands, receptors, and target genes are shown (left). The diagrams at the right show the relationship among

these genes.

(B) For the NOTCH signaling pathway, the relative expression levels (log2 [TPM/10+1]) of the specific ligands, receptors, and target genes are shown (left). The

diagrams at the right show the relationship among these genes.

(C) Immunofluorescence staining of an 18-week ovary. Triangles indicate the ACVR1C+DDX4+ FGCs. Scale bar, 20 mm.

(D) Immunofluorescence staining of an 18-week ovary. Triangles indicate HES1+ somatic cells surrounding FGCs, and arrows indicate HES1+ somatic cells not

surrounding FGCs. Scale bar, 20 mm.
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extensively analyzed, covering 22 weeks of development for hu-

man germ cells.

Second, we found that several signaling pathways are coordi-

nately and reciprocally expressed between FGCs and their

gonadalnichecells.Forexample,malegonadal somaticcells spe-

cifically express AMH, and female gonadal somatic cells specif-

ically express BMP2, the ligands for the BMP signaling pathway,

whereas subpopulations of FGCs express its receptor,BMPR1B,

to receive and respond to this signal. ID1, ID2, and ID3, the target

genes of the BMP signaling pathway, are highly and specifically

expressed in FGCs. Moreover, FGCs specifically express DLL3,

the ligand for the NOTCH signaling pathway, whereas their

gonadal niche cells express NOTCH2 to respond to the signal.

In fact, we found that one of the major target genes of NOTCH

signaling, HES1, is highly and specifically expressed in gonadal

somatic cells, verifying that the NOTCH signaling pathway is spe-

cifically active in gonadal somatic cells (Song et al., 2007).

Third, using ARACNe, we identified the top candidate master

transcription factors that are potentially crucial for the stage-

specific development of both female and male FGCs. These

candidate transcription factors are most likely the key hub or

node genes that establish a robust regulatory gene expression

network in fetal germ cells. In the future, further analysis of these

genes, their upstream signaling pathway, and their downstream

target genes in FGCs in vivo will give us a deeper understanding

of the unique gene regulation network of germline cells.

Our work gives new insights into the crucial features of human

fetal germ cells during their highly ordered mitotic, meiotic, and

gametogenesis processes in vivo. It also lays a solid foundation

for assessing the cell identity and property of FGC-like cells that

have been differentiated from pluripotent stem cells in vitro (Reik

and Surani, 2015; Tomizawa and Sasaki, 2012). More impor-

tantly, the reciprocal relationship between the signaling path-

ways of FGCs and their niche cells will give important clues for

further optimizing and improving the efficiency of germ cell dif-

ferentiation in vitro (Wang and Zhou, 2016). Our work offers a

comprehensive roadmap for germ cell development in vivo un-

der physiological conditions and may help dissect germ cell-

related diseases, such as infertility and teratomas, under patho-

logical conditions (Stevens, 1967).
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SUMMARY

Human pluripotent stem cells (PSCs) exist in naive
and primed states and provide important models to
investigate the earliest stages of human develop-
ment. Naive cells can be obtained through primed-
to-naive resetting, but there are no reliable methods
to prospectively isolate unmodified naive cells during
this process. Here we report comprehensive profiling
of cell surface proteins by flow cytometry in naive
and primed human PSCs. Several naive-specific,
but not primed-specific, proteins were also ex-
pressed by pluripotent cells in the human preimplan-
tation embryo. The upregulation of naive-specific cell
surface proteins during primed-to-naive resetting
enabled the isolation and characterization of live
naive cells and intermediate cell populations. This
analysis revealed distinct transcriptional and X chro-
mosome inactivation changes associated with the
early and late stages of naive cell formation. Thus,
identification of state-specific proteins provides a
robust set of molecular markers to define the human
PSC state and allows new insights into the molecular
events leading to naive cell resetting.

INTRODUCTION

Human pluripotent stem cells (PSCs) exist in multiple states of

pluripotency that are broadly categorized as naive and primed

(Davidson et al., 2015; Weinberger et al., 2016; Wu and Izpisua

Belmonte, 2016). Naive and primed PSCs recapitulate several

developmental properties of the early- and late-stage human

epiblast, respectively, and provide valuable models to investi-

gate the mechanisms that underpin human pluripotency and

development (Pera, 2014; Rossant and Tam, 2017). Naive

PSCs have been generated by direct derivation from the embryo,

through reprogramming of somatic cells or, more commonly, by

the conversion of conventional primed PSCs (Chan et al., 2013;

Chen et al., 2015; Gafni et al., 2013; Guo et al., 2016; Qin et al.,

2016; Takashima et al., 2014; Theunissen et al., 2014; Ware

et al., 2014). The current protocols used to convert and maintain

naive PSCs vary considerably, resulting in various naive cell

types that differ in their gene expression signatures and other

properties (Huang et al., 2014). Efforts to define pluripotent

states in humans have been challenging, partly because of the

variation in naive cell types and partly because detailed molecu-

lar characterization of human embryos has only recently been

reported (Blakeley et al., 2015; Guo et al., 2014; Okamoto

et al., 2011; Petropoulos et al., 2016; Vallot et al., 2017; Yan

et al., 2013). By benchmarking properties to the human embryo,

a set of standardized molecular criteria to distinguish between

naive and primed PSCs has been proposed based on transcrip-

tional and epigenetic profiles (Huang et al., 2014; Theunissen

et al., 2016). According to these criteria, naive PSCs maintained

in 5 inhibitors, leukemia inhibitory factor (LIF), FGF2 and ActivinA

(5i/L/FA) (Theunissen et al., 2014) and titrated 2i/L+Gö6983

(titrated 2 inhibitors, LIF and PKC inhibitor [t2i/L+PKCi]) (Taka-

shima et al., 2014) are classified as being similar to the early-

stage human epiblast and are distinct from primed PSCs (Huang

et al., 2014; Theunissen et al., 2016). The proposed criteria can

interrogate cell populations to infer the PSC state; however,

there remains a need to identify standardized markers that are

simple and robust and can unambiguously define individual

pluripotent cell types within a population.

Monitoring changes in cell state and the emergence of new

cell populations are critical for the optimization of protocols

and for understanding the mechanisms underpinning the re-

programming process (O’Malley et al., 2013; Polo et al.,

2012). Primed-state to naive-state PSC conversion generates a
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heterogeneous mixture of cells, of which only a small proportion

is likely to be naive cells. Current approaches to enrich for a naive

cell population include continued passaging under naive culture

conditions and the gradual selection of converted cells, manual

picking and expansion of individual colonies with characteristic

morphology, and the introduction of reporter transgenes into

the starting cell type (Gafni et al., 2013; Takashima et al., 2014;

Theunissen et al., 2014; Ware et al., 2014). Accurate and trans-

gene-free methods to prospectively identify and isolate naive

PSCs from a heterogeneous population are necessary to track

the emergence of defined cell types and to capture the cells at

earlier stages in their conversion. Two recent studies reported

the characterization of individual cell surface markers that can

be used to examine naive and primed human PSCs. One study

showed that CD24 expression is higher in primed PSCs

compared with naive-like cells, and, in combination with the

pan-human PSC antigen TRA-1-60, low CD24 levels were

used to detect the emergence of a small population of naive-

like cells after more than ten passages under naive conditions

(Shakiba et al., 2015). A second study reported that the levels

of SSEA-4 antigen were low in a subpopulation of naive PSCs

that express the highest levels of naive-specific genes (Pastor

et al., 2016). Thus, SSEA-4 can be used to purify established

naive PSC populations; however, it has not been reported

whether the marker can be used to identify emerging naive cells

during the conversion process. Currently, no cell surface protein

markers that are expressed specifically in naive PSCs have been

reported, and, furthermore, it is likely that a combination of

cell surface protein markers will be required to unambiguously

define PSC states.

Here we describe the results of a large-scale antibody-based

screen in naive and primed PSC lines that led to the identifica-

tion of state-specific cell surface proteins. We validated a

cohort of antibodies in multiple naive and primed PSC lines

and culture conditions and also found that several naive-

specific, but not primed-specific, proteins were expressed in

the pluripotent cells of the human preimplantation embryo.

We developed an antibody panel targeting multiple cell surface

proteins and demonstrated that the panel could distinguish

between naive and primed PSCs, track the dynamics of

naive-primed interconversion, and isolate emerging naive

PSCs from a heterogeneous cell population. The identified

cell surface proteins, therefore, provide a standardized and

straightforward approach to defining and characterizing state-

specific human pluripotent cells.

RESULTS

Cell Surface Protein Profiling in Naive and Primed
Human PSCs
Primed human PSCs (H9 line) were converted and main-

tained in the naive state using two different methods: 5i/L/FA

(Theunissen et al., 2014) and t2i/L+PKCi (Takashima et al.,

2014), to capture any variation related to resetting and growth

conditions (Figure S1). Naive and primed human PSCs were

screened against two commercially available cell surface pro-

tein antibody panels, which generated data for 486 unique

antibodies targeting 377 cell surface proteins (Figure 1A). The

percentage of positive cells was determined for each cell sur-

face protein, and values from replicates were averaged (Fig-

ure 1B; Table S1).

Providing validation of the experimental approach, our dataset

includes several previously reported cell surface markers that

are expressed in naive and primed human PSCs, including

TRA-1-60 and TRA-1-81 (Chen et al., 2015; Gafni et al., 2013;

Pastor et al., 2016; Qin et al., 2016; Shakiba et al., 2015; Ware

et al., 2014), SSEA-4 as heterogeneously expressed in naive

PSC cultures (Pastor et al., 2016), and CD24 as detected in

primed PSCs (Shakiba et al., 2015). Of the many cell surface

proteins in our dataset that were newly identified as being

expressed in human PSCs, several proteins were detected

in both naive and primed PSCs, including PDPN, MCAM

(CD146), CD151, and CD46, and will provide a useful set of com-

mon markers. The analysis also revealed cell state-specific pro-

teins such as THY1 (CD90), B3GAT1 (CD57), SIRPA (CD172a),

and HLA-A,B,C in primed PSCs and CD75, LAMP2 (CD107b),

CD7, and LY9 (CD229) in naive-state PSCs (Figure 1B). Notably,

the dataset also contained cell state-specific proteins within

important functional classes (Table S1). For example, NOTCH

receptors were detected only in primed-state PSCs, and

the LIF coreceptor (CD130/IL6ST) was detected exclusively in

naive-state PSCs, thereby revealing potential differences in

signaling pathways between the two pluripotent states. The ma-

jority of cell state-specific proteins showed concordant differ-

ences in their transcript levels between naive and primed PSCs

(21 of 33), although many were discordant between protein

and RNA levels, presumably because of post-transcriptional

mechanisms (Figure S2D; Table S1). In addition, several cell

state-specific markers are glycoproteins and other modified epi-

topes that cannot be interrogated through transcriptional

profiling. Overall, our dataset provides a large-scale resource

of cell surface protein expression for naive and primed human

PSCs and could be used in future functional studies to interro-

gate the mechanisms that underpin self-renewal in human

pluripotency.

Validation of Identified Cell Surface Proteins in Multiple
PSC Lines and Human Embryos
We used immunofluorescence microscopy to validate a subset

of the newly identified cell surface proteins in primed and 5i/L/

FA-cultured naive H9 PSCs. Consistent with their expression

profiles obtained from the antibody screen, CD75, CD7, CD77,

and CD130 were detected only in naive PSCs and CD24,

CD57, CD90, and HLA-A,B,C only in primed PSCs (Figure 2A).

In addition, the cell surface protein CD320, which we examined

as a potential marker but is not included in the antibody libraries,

was expressed in naive PSCs but not in primed PSCs, although

some mouse feeder cells showed intracellular staining (Fig-

ure 2A). All proteins showed the expected localization at

the cell surface of PSCs (Figure 2A). We obtained good separa-

tion in fluorescence signal between naive and primed PSCs

using flow cytometry analysis of individual markers with

fluorescence-conjugated antibodies (Figure 2A). Importantly,

we observed similar cell state-specific profiles when comparing

primed and t2i/L+PKCi-cultured naive H9 PSCs, demonstrating

the robustness of the identifiedmarkers (Figure S3A). In contrast,

naive-like cells that were generated using RSeT medium

displayed a different cell surface marker profile, with a
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Figure 1. A Resource of Human Naive Cell and Primed PSC Surface Proteins

(A) Overview of the experimental design. Human primed (cultured under knockout serum replacement [KSR]/mouse embryonic fibroblast [MEF] and E8/

Vitronectin conditions) and naive (cultured under t2i/L+PKCi and 5i/L/FA conditions) H9 PSCs were profiled by multiple antibody libraries that targeted 377 cell

surface proteins. Samples were analyzed by high-throughput flow cytometry, and quantification of fluorescence intensity values enabled the identification of

state-specific cell surface proteins. See Figure S1 for characterization of the primed and naive PSCs and Figure S2 for additional details regarding the exper-

imental design.

(B) Summary of the flow cytometry profiling. Each dot represents a different cell surface protein, and their position along the x and y axes is determined by the

percent positive value in naive and primed PSC samples (averaged from one to three independent assays per cell type). Flow cytometry data for naive PSCs

cultured under t2i/L+PKCi and 5i/L/FA conditions were combined. Based on their position in the chart, a subset of cell surface proteins have been categorized as

naive-specific (blue), primed-specific (red), and common to both naive and primed PSCs (green). See Table S1 for the full dataset. The image of the flow cytometer

is provided courtesy of and copyrighted to Becton Dickinson and is reprinted with permission.
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downregulation of two primed-specific proteins (CD24 and

CD90) but no upregulation of naive-specific proteins (Fig-

ure S3B). Together, these results show that our set of identified

cell surface proteins can distinguish between naive cells derived

under different conditions and that complete cell resetting under

specific culture conditions is required to switch on naive-state

cell surface proteins.

The transcriptome of naive PSCs is more similar to cells from

human preimplantation embryos than to primed PSCs (Taka-

shima et al., 2014). To investigate whether our identified proteins

showa similar stage specificity, we analyzed their expression and

localization in embryonic day 6–7 human embryos (Figure 2B). At

this time point, all three lineages of the human blastocyst should

be established (Petropoulos et al., 2016), and this is also

confirmed by the presence of both NANOG-positive epiblast

and NANOG-negative primitive endoderm progenitors within the

inner cell mass (ICM). Using immunofluorescence microscopy,

we could not detect CD7; however, the remaining four naive

PSC-specific markers were all expressed in human blastocysts.

CD75 and CD77 were detected in the whole embryo, including

the ICM, andCD130 andCD320 protein expressionwas enriched

to the ICM, particularly within NANOG-positive epiblast cells (Fig-

ure 2B). In contrast, none of the primed PSC-specific proteins

CD24, CD57, or CD90 were detected in human preimplantation

blastocysts, and HLA-A,B,C was detected only in a few distinct

trophectoderm cells (Figure 2B). To validate the expression of

the primed PSC-specific markers in postimplantation embryos,

we examined a recently published primate transcriptome dataset

(Nakamura et al., 2016). This analysis revealed that CD24, CD57,

and CD90 transcripts are more abundant in postimplantation

epiblast cells compared with preimplantation epiblast cells, sup-

porting their classification as primed state markers (Figure S2E).

In further agreement with the human blastocyst stainings,

CD130 transcriptswerehigher inprimatepreimplantationepiblast

cells comparedwith postimplantation, andCD7wasnot detected

at either developmental stage (Figure S2E; CD75 and CD77 are

glycoproteins and cannot be assessed by RNA profiling). Overall,

the immunofluorescence and transcriptional data confirm that

most of the tested naive-specific but few of the primed-specific

markers are expressed in preimplantation-stage embryos. Of

note is that two of the naive PSC markers (CD75 and CD77) are

not localized exclusively in the epiblast but are also present in

extraembryonic cells and, by themselves, should not be consid-

ered as pluripotent-specific markers in human blastocysts.

Nevertheless, taken together, these findings confirm that the

identified PSC-specific markers generally reflect developmental

stage-specific differences in vivo.

An Antibody Panel to Distinguish Between Naive and
Primed Human PSCs
To define a set of cell surface proteins that can discriminate be-

tween naive and primed human PSCs, we designed an antibody

panel suitable for flow cytometry that multiplexed several of

the validated cell state-specific antibodies: CD75, CD7, CD77,

CD130, CD24, CD57, and CD90 (Figure 3A). We also included

an antibody raised against mouse CD90.2 to detect mouse

feeder cells in the samples and kept the GFP spectra available

to enable the detection of reporter genes. Flow cytometry anal-

ysis showed that combinations of the antibodies can distinguish

between naive and primed PSCs, although the range in marker

expression within each cell population limits the utility of any in-

dividual antibody alone (Figure 3B).

By multiplexing antibodies, we were able to obtain a high-

resolution view of the naive and primed PSCs (Figure 3C). We

visualized the flow cytometry results using FlowSOM (Van Gas-

sen et al., 2015), which concatenates the data and produces

self-organizing maps for clustering and dimensionality reduc-

tion. This approach has the advantages of providing a clear

overview of the expression level of each marker in all cells

and the potential to identify cell subpopulations in an unsuper-

vised manner.

The FlowSOM output for H9 PSCs shows two well separated

cell populations that corresponded to naive and primed cells,

demonstrating that the antibody panel can discriminate between

the two cell states (Figure 3C, right). The individual heatmaps

that are projected onto the self-organizingmap show the expres-

sion levels of each cell surface protein for all cell subpopulations

(Figure 3C, left). CD24, CD57, and CD90 expression levels

are uniformly high in primed PSCs and low in naive PSCs.

Conversely, CD75, CD7, CD77, and CD130 are detected at

high to medium levels in naive PSCs and low levels in primed

PSCs. We confirmed the antibody panel with additional embry-

onic stem cell (ESC) and induced pluripotent stem cell (iPSC)

lines and also under 5i/L/A and t2i/L+PKCi conditions (Figure S4).

Notably, theWIBR3 ESC line carries anOCT4-DPE-GFP reporter

transgene that is active in naive PSCs (Theunissen et al., 2014),

and FlowSOM analysis showed good overlap in the signal

between GFP expression and our naive-specific cell surface

markers, thereby providing added validation for the antibody

panel (Figure S4A).

To more rigorously test the identified protein markers, we

investigated whether the antibody panel could discriminate

between naive and primed PSCs when the cells were mixed

together. We spiked 10% naive PSCs into a sample of primed

PSCs, labeled the mixture with our antibody panel, and analyzed

the cells by flow cytometry. Gating on CD75+/CD130+ cells re-

vealed a population corresponding to the naive PSCs, which

comprised �11% of the sample, suggesting that the majority

of spiked-in naive cells were detected (Figure 3D). This popula-

tion did not express the primed-specific markers CD57 or

CD24. Thus, the antibody panel enables the detection of

state-specific PSCs in a mixed population and opens up the

possibility to prospectively isolate cells during naive-primed

PSC transitions.

Figure 2. Validation of the Identified Cell Surface Proteins Using Naive and Primed PSCs and Human Blastocysts

(A) Immunofluorescent microscopy of primed (KSR/MEF) and naive (5i/L/FA) H9 PSCs for selected cell surface proteins. Histograms of flow cytometry analysis

using fluorophore-conjugated antibodies show separation in the fluorescence signal between primed and 5i/L/FA-cultured naive H9 PSCs for all tested cell

surface proteins. See Figure S3 for an analysis of t2i/L+PKCi-cultured and RSeT-cultured H9 PSCs. Scale bars, 50 mm.

(B) Immunofluorescence microscopy cross-sections of embryonic day 6 human blastocysts labeled with antibodies that detect the identified naive and primed

cell surface markers together with NANOG (to reveal the location of epiblast cells) and the DNA stain Hoechst. Scale bars, 50 mm.
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Cell Surface Proteins Can Monitor the Dynamics of
Naive-Primed PSC Transitions
Naive and primed human PSCs can be interconverted by alter-

ation of culture conditions and reinforced by the short-term

expression of key transcription factors such as NANOG and

KLF2 (Chan et al., 2013; Gafni et al., 2013; Takashima et al.,

2014; Theunissen et al., 2014; Ware et al., 2014). The efficiency

of primed-to-naive PSC resetting is variable between protocols

and cell lines, but in all cases, substantial cell heterogeneity is

generated that could mask the dynamics of cell state changes.

Monitoring the changes in cell state and emergence of new

cell populations is critical for the optimization of protocols and

for understanding the mechanisms underpinning the reprogram-

ming process.

We first studied the dynamics of cell surface protein expres-

sion during naive-to-primed PSC transition (Figures 4A and

4B). Overall, the cell surface markers accurately tracked the

cell state change, and, interestingly, each individual protein ex-

hibited different dynamics during the 10-day time course (Fig-

ures 4C and 4D). For example, CD90 expression increased

sharply within the first 48 hr, whereas upregulation of CD57

was first detected between days 6 and 8. Conversely, CD77

expression was downregulated by day 4, whereas high CD7

and CD130 levels persisted until day 8. Thus, identified cell

surface protein markers can be used to track the dynamics of

PSCs as they undergo cell state change.

We next reset primed H9 PSCs to the naive state using a tran-

sient induction of the NANOG and KLF2 transgenes together

with t2i/L+PKCi medium (Takashima et al., 2014) and analyzed

cell populations by flow cytometry every 48 hr for 10 days (Fig-

ure 5A). The expression levels of the primed-specific marker

CD57 decreased gradually from high to low over 10 days, with

a marked shift occurring as early as day 2 (Figure 5B). In

contrast, increased expression of the naive-specific protein

CD75 occurred at a late stage during resetting, with expression

levels transitioning from low to high between days 8 and 10.

FlowSOM analysis provided additional insights into the dy-

namics of the primed-to-naive state transitions. Interestingly,

the unsupervised self-organizing map staged the cell popula-

tions along an axis that largely recapitulated the time course

from day 2 to day 10 (Figure 5C). This finding suggests that

each time point has a distinct and ordered cell surface protein

signature. The FlowSOM heatmaps reveal changes in cell sur-

face protein expression levels during the transition (Figure 5C).

For example, CD7 and CD130 are upregulated rapidly upon

primed-to-naive transition and reached maximal levels by

day 4. CD77 is upregulated more gradually, starting from day 6

onward, andCD75 is upregulated at a late stage during resetting.

The primed-specific markers, CD24 and CD90, were downregu-

lated rapidly upon primed-to-naive resetting, and CD57 shifted

gradually from high to low over the 10 days. Notably, the greatest

spread in the self-organizing map occurred on day 10, reflecting

high cellular heterogeneity at this time point. A subset of day 10

cells, however, clustered closely with established naive cells and

were likely to be the newly formed naive cells that we charac-

terize in detail in the next sections.

We monitored primed-to-naive resetting using an additional

PSC line (WIBR3) and with a transgene-free conversion protocol

using 5i/L/A medium (Theunissen et al., 2014). Overall, the cell

surface protein markers behaved in a very similar manner (Fig-

ure 5D). Interestingly, the efficiency of resetting was noticeably

greater using this protocol, and this is reflected by the majority

of day 10 cells that are positioned closely to the established

naive cells, with a smaller population of day 10 cells that cluster

away from naive PSCs. Further validation is provided by the

OCT4-DPE-GFP reporter signal, which closely overlaps with

our naive-state cell surface protein markers (Figure 5D). Taken

together, these studies have identified a panel of cell surface

protein markers that are able to distinguish between naive and

primed human PSCs during differentiation and resetting and

thereby provide new ways to investigate the dynamics of cell

state transitions.

Identified Cell Surface Proteins Allow the Prospective
Isolation of Early-Stage Naive Cells and the Generation
of Naive PSC Lines
Primed-to-naive human PSC resetting is an inefficient and vari-

able process and is, therefore, dependent on the accurate

detection and isolation of the emerging naive cells. Defining

and characterizing partially reprogrammed and intermediate

cell states can also provide important insights into the trajec-

tories and mechanisms of cell state changes, as has been

demonstrated in iPSC reprogramming (O’Malley et al., 2013;

Polo et al., 2012). We investigated whether the cell surface pro-

tein markers could prospectively isolate naive cells upon reset-

ting and also capture the cells at an earlier stage in the resetting

Figure 3. An Antibody Panel to Distinguish between Naive-State and Primed-State Human PSCs

(A) A list of antibodies that are combined to form a multiplexed panel. The information in brackets shows the fluorophore conjugation of each antibody. See

Table S4 for antibody details and Table S5 for flow cytometer parameters.

(B) Flow cytometry contour plots of pairwise antibody combinations. The primed-specific marker CD57 is on the y axes, and different naive-specific (top) and

primed-specific (bottom) markers are on the x axes. Primed (red) and t2i/L+PKCi-cultured naive (blue) H9 PSCs are shown for each antibody combination. See

Figure S4A for flow cytometry plots that exemplify a typical complete gating scheme for H9 naive PSCs. Note that CD77 shows a greater degree of heterogeneity

in naive PSCs compared with the other markers but is still useful when used in combination.

(C) FlowSOM visualization of flow cytometry data for all antibodies in the panel. An unsupervised self-organizing map arranges the cells into clusters (represented

by circles) according to similarities in their cell surface protein expression profiles (right). Overlaying the identity of the cell type within each cluster reveals a clear

separation of naive (blue) and primed (red) populations. The heatmap panels (left) show the expression level of each cell surface protein in the cell clusters.

Clusters are arranged in the same position as for the minimal spanning tree of the self-organizing map. See Figures S4B and S4C for analyses of additional ESC

and iPSC lines.

(D) Flow cytometry contour plots show that the identified panel of state-specific markers can discriminate between primed and naive PSCs when the cells are

mixed together. Left: the expression levels of two naive-specific proteins (CD130 andCD75) in primed (top) and naive (bottom) H9 PSCs. Top right: the expression

levels of the same proteins in a sample of 90% primed + 10% naive PSCs. Bottom right: CD75+/CD130+ cells do not express the primed-specific markers CD57

and CD24. Gates were drawn based on unstained, live, human PSCs.
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process than previously possible. Based on our results from the

time course experiments described above, we focused on day

10 cells during primed-to-naive resetting. We applied the cell

surface antibody panel to the cell population and used cell sort-

ing to isolate cells that expressed all naive-specific protein

markers at high levels and were low/off for all primed-specific

markers. This population, designated as naive-like cells (N4+),

represented �1% of the total sample (Figures 6A and 6B). For

comparison, we also isolated two other cell populations, desig-

nated asN3+ (CD7+, CD77+, CD130+, andCD75–) andN4– (nega-

tive for all four naive-specific markers), representing �6% and

�22% of the cell population, respectively (Figures 6A and 6B).

Similar cell populations were observed for WIBR3 PSCs using

5i/L/A-mediated conversion, although, of note, the proportion

of N4+ naive-like cells in the day 10 sample was substantially

larger (14%; Figure S5A).

We examined the gene expression profiles of the sorted pop-

ulations using qRT-PCR. The expression levels of pluripotency

factors (POU5F1, SOX2, and NANOG) and naive-specific genes

(KLF17, KLF4, TFCP2L1, DPPA3, and DNMT3L) were similar in

N4+ cells and established naive PSCs (Figure 6C). As expected,

primed-specific genes (DUSP6, OTX2, and ZIC2) were barely

detectable in N4+ and naive PSCs. Interestingly, the N3+ gene

expression profile was close to the N4+ and naive PSC profiles,

with the exception that KLF17 levels were significantly lower by

�40-fold (Figure 6C). This finding suggests that N3+ cells, which

lack CD75 expression, may represent a partially reset cell type,

and that KLF17 is likely to be fully upregulated at the later stages

of naive cell formation. In contrast, N4– cells did not display a

pluripotent cell gene expression signature, but, instead, their

gene expression profile more closely resembled neural-like cells

with high levels of SOX2,OTX2, and ZIC2 transcripts (Figure 6C).

Neural differentiation is consistent with the known response of

primed human PSCs to fibroblast growth factor (FGF) inhibitors

(Greber et al., 2011), which is one of the components in the

resetting medium.

To further characterize the different cell populations, sorted

cells were transferred directly into naive PSCs culture condi-

tions, and cell colony morphology was scored after 4 days.

The majority of colonies derived from N4+ cells were scored

as naive-like, with a characteristic compact and domed

morphology (344 of 538 colonies, 64%; n = 4; Figure 6D). This

proportion is not significantly different from the number of

naive-like colonies obtained after plating established naive

PSCs under the same conditions (328 of 431, 76%, n = 3). In

contrast, significantly fewer naive-like colonies were generated

from N3+ cells (100 of 220, 45%, n = 4), providing further evi-

dence that these cells are likely to be partially reset. Notably,

no naive-like colonies and only four primed-like colonies formed

from N4– cells (Figure 6D), which is consistent with their pre-

dicted neural fate. Colonies generated from the N4+ cells were

positive for KLF17 and OCT4 by immunofluorescence micro-

scopy, confirming their status as naive PSCs (Figure 6E). We

continued to maintain N4+ cells under naive PSC culture condi-

tions for over 20 passages, and the cells generated stable naive

PSC lines (Figure 6F). We obtained similar results using the

WIBR3 PSC line under 5i/L/FA conditions (Figure S5B).

Multiplexing a large panel of antibodies provides a high-reso-

lution analysis of cell populations but comes with challenges

related to ease of use and the availability of suitable flow cytom-

etry equipment. To improve the usability of our approach, we

refined the set of antibodies and found that a combination

of two naive-specific markers (CD75 and CD130) and two

primed-specific markers (CD24 and CD57) could largely recapit-

ulate the full antibody panel. We used this minimal panel to inter-

rogate cells on day 10 of resetting and used cell sorting to isolate

cells that were CD75/CD130high and CD24/CD57low (Figures

S5C and S5D). This population was designed as Nminand repre-

sented �3% of the total sample. Transcriptional analysis of Nmin

cells revealed a gene expression signature that was similar to

N4+ and naive PSCs (Figure 6C). Furthermore, the cells gave

rise to predominantly naive-like colonies in culture (299 of 395,

76%, n = 3) and could form stable naive PSC lines that were

KLF17- and OCT4-positive (Figures 6D–6F). Taken together,

our results demonstrate that the cell surfacemarkers can identify

newly formed naive PSCs from a heterogeneous resetting cell

population and that the isolated cells can give rise to established

naive PSC lines.

Distinct Transcriptional and XChromosome Inactivation
Changes Associated with Early and Late Stages of Naive
PSC Formation
We used RNA sequencing to assess the transcriptional state of

the isolated cell populations and compared them with estab-

lished naive and primed PSC lines. Clustering by principal-

component analysis (PCA) revealed that N4+ and Nmin cells

cluster closely to established naive PSCs along the first principal

component, which captures 72%of the variation in gene expres-

sion (Figure 7A, left). In contrast, N4– cells cluster closer to

primed PSCs. The second principal component (capturing

16% of the variation) separates the day 10-isolated populations

from the established PSC lines, suggesting that the day 10 sam-

ples represent early-stage cell types that have not fully acquired

amature gene expression profile (Figure 7A). To explore this idea

further, we profiled isolated N4+ cells that were maintained

for five passages (P5) and ten passages (P10) in t2i/L+PKCi.

Figure 4. Cell Surface Protein Expression Levels Track the Dynamics of Naive-to-Primed PSC Transition

(A) Overview of the experimental design. Shown is a time course experiment of PSCs undergoing a transition from the naive state to the primed state, with flow

cytometry analysis every 48 hr.

(B) Phase contrast images of H9 PSCs reveal the morphological changes that occur during naive state-to-primed state transition under t2i/L+PKCi conditions.

Scale bars, 100 mm.

(C) Flow cytometry dotplots of pairwise antibody combinations over the time course. Shown are primed-specificmarkers on the y axis (CD57, top; CD90, bottom)

and naive-specific markers on the x axis (CD75, top; CD130, bottom).

(D) FlowSOM visualization of the flow cytometry time course data for H9 PSCs. The minimal spanning tree of the self-organizing map displays an unsupervised

clustering of the samples based on their cell surface protein expression levels (right). The results reveal a progressive change in cell surface protein expression

during conversion from the naive state to the primed state. The heatmap shows the expression level of each cell surface protein marker in the cell clusters (left).
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PCA showed that these samples aligned closely with established

naive PSCs, which demonstrates that the transcriptional pro-

gram of N4+ cells undergoes a final maturation phase over the

first few passages under naive culture conditions (Figure 7A).

Examination of genes that contribute to the first principal

component reveals the influence of known naive-specific (such

as TFCP2L1, DPPA3, and KLF4) and primed-specific (such as

DUSP6, OTX2, and ZIC2) genes in segregating the cell clusters

(Figure 7A, right). In addition, the influence of genes such as

NR2F2, DKK1, and SOX5 confirm that N4– cells display a strong

neural gene expression signature (Figure 7A). More interestingly,

genes that contribute to the second principal component pro-

vide new insights into the potential transcriptional differences

between early-stage and late-stage naive cells (Figure 7A). For

example, genes associated with early-stage N4+ cells include

TBX3, DPPA3, FGF18, and FOXC1, and genes associated with

late-stage established naive cells include XIST, MEG3, and

ZNF729. Gene ontology (GO) analysis of transcripts that are up-

regulated in naive PSCs compared with N4+ cells revealed a

significant enrichment for biological processes related to the

regulation of transcription (Figure 7B, top). Strikingly, almost

half of the genes within this GO category encode zinc finger

proteins (n > 100), suggesting that this class of transcriptional

regulator may be associated closely with cell state. Transcripts

downregulated in naive PSCs compared with N4+ cells are

significantly enriched for GO terms related to developmental

and differentiation regulators (Figure 7B, bottom). This finding

implies that genes potentially involved in lineage priming are

robustly silenced during the later stages of naive PSC formation.

Taken together, characterization of newly defined cell popula-

tions at an early stage in primed-to-naive conversion reveals

the transcriptional changes that are associated with naive cell

formation and maturation.

Several molecular criteria, including X chromosome status and

transposable element (TE) expression, have recently been pro-

posed to provide an accurate approach to distinguish between

naive and primed PSCs (Petropoulos et al., 2016; Sahakyan

et al., 2017; Theunissen et al., 2016; Vallot et al., 2017). We

examined our RNA sequencing (RNA-seq) datasets to determine

the allele-specific expression of X-linked genes and then classi-

fied informative transcripts as monoallelic or biallelic. This anal-

ysis revealed that X chromosome reactivation occurred primarily

during the late-stage maturation of naive cells (Figure 7C) and

supports the conclusion that X chromosome reactivation is a

robust molecular marker of mature naive PSCs. Curiously, this

analysis also identified a set of 14 genes on the p arm that

were expressed biallelically in the P5 and P10 cells but monoal-

lelically in the established naive PSCs. The reason for this

difference is currently unclear but could indicate an erosion of

X chromosome activation during long-termmaintenance of naive

PSCs.

We next investigated the transcription of TEs in the isolated

cell populations (Table S3). Clustering of the samples by PCA

positioned the N4+ cells in between the established primed

and naive PSCs, which reinforced our previous result that the

day 10 samples represent early-stage cell types that have not

fully acquired mature expression profiles (Figure 7D, left). In sup-

port of this finding, the P5 and P10 samples clustered closely to

the established naive PSCs (Figure 7D). Interestingly, the load-

ings plot (Figure 7D, right) and clustering analysis (Figure S6)

reveal the specific TE families that contribute the most to each

sample. In particular, known naive-specific (such as the SVA

classes of repeats) and primed-specific (such as LTR7 and

HERVH-int) transcripts segregate the first principal component

(Figure 7D, right; Theunissen et al., 2016). Moreover, the analysis

also identified TE families that may help to characterize early-

stage naive cells (such as LTR7Y, LTR5B, and HERV9NC-int)

and late-stage naive PSCs (such as MER47C, MER57E3, and

BSR/Beta). Taken together, our identified set of cell surface

markers and cell sorting strategy have enabled the definition of

distinct transcriptional and X chromosome inactivation events

associated with naive cell resetting.

DISCUSSION

We present here the results of a comprehensive antibody screen

of cell surface proteins in naive and primed human PSCs. This

approach enabled the definition of state-specific cell surface

protein signatures that are robust across multiple human PSC

lines and culture conditions. The proposed signatures can be

applied to interrogate cell populations to infer PSC state. Advan-

tages of this approach over molecular criteria to distinguish

between naive and primed PSCs (Theunissen et al., 2016)

include the examination of live cells and compatibility with down-

stream functional assays and the ability to unambiguously cate-

gorize individual pluripotent cell types within a population.

Several of the naive-specific but not primed-specific proteins

were expressed in preimplantation-stage human embryos,

including in pluripotent epiblast cells. This validation provides

further reassurance that the naive PSCs resemble human plurip-

otent cells in vivo, which is in line with previous transcriptional

and epigenetic comparisons (Blakeley et al., 2015; Guo et al.,

2014; Okamoto et al., 2011; Petropoulos et al., 2016; Theunissen

et al., 2016; Vallot et al., 2017; Yan et al., 2013). Nevertheless,

differences in protein expression (such as CD7) also raise the

possibility that naive PSCs may not entirely recapitulate the

Figure 5. Monitoring the Dynamics of Primed-State to Naive-State PSC Conversion Using Cell Surface Protein Markers

(A) Phase contrast images of H9 PSCs reveal the morphological changes that occur during primed-state to naive-state conversion under t2i/L+PKCi conditions.

Doxycycline-inducible NANOG and KLF2 transgenes were activated for the first 8 days in t2i/L, and then doxycycline was withdrawn and PKCi was added. Scale

bars, 100 mm.

(B) Flow cytometry dotplots of pairwise antibody combinations over the time course. Shown are primed-specificmarkers on the y axis (CD57, top; CD24, bottom)

and naive-specific markers on the x axis (CD75, top; CD130, bottom).

(C andD) FlowSOMvisualization of the flow cytometry time course data for (C) H9 PSCs under t2i/L+PKCi conditions and (D)WIBR3 under 5i/L/A conditions. Note

that 5i/L/A conversion is transgene-free and that 5i/L/A was added on day 1. The minimal spanning trees of the self-organizing maps display an unsupervised

clustering of the samples based on their cell surface protein expression levels (right). The heatmap shows the expression level of each cell surface protein marker

in the cell clusters (left).
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properties of human preimplantation epiblast cells, and further

research is required to equate PSCs to specific developmental

stages. As an initial step, our dataset uncovered several insights

that are relevant for the investigation of early-stage human devel-

opment. To exemplify the application of our dataset to human

embryos, we demonstrated that the naive-specific protein

CD130 (the LIF co-receptor) is expressed in the human epiblast.

Although the role of LIF signaling in mouse development and

mouse PSC self-renewal is well established (Ohtsuka et al.,

2015; Onishi and Zandstra, 2015), the function of this pathway

is poorly understood in human development and PSCs. There

are conflicting reports about the expression of LIF signaling

components in primed PSCs (Brandenberger et al., 2004; Car-

penter et al., 2004; Dahéron et al., 2004; Humphrey et al.,

2004), and our work, therefore, provides an impetus for future

characterization of this signaling pathway.

Our screening approach enabled us to develop a multiplexed

panel of state-specific antibodies that we applied to several crit-

ical problems currently encountered during human PSC reset-

ting and differentiation. We first investigated the dynamics of

naive-state and primed-state interconversions, which confirmed

the utility and specificity of the protein markers and extended our

understanding of these cellular processes. In particular, moni-

toring the changes in cell-surface protein expression allowed

the tracking of cell populations and the comparison of different

resetting protocols. For example, the proportion of day 10-reset

cells with similar protein signatures to established naive PSCs

and the timing in the emergence of this cell population were

increased under the 5i/L/A conditions compared with t2i/

L+PKCi (Takashima et al., 2014; Theunissen et al., 2014). These

comparative observations should be useful for the further devel-

opment of resetting protocols. We also observed differences in

the dynamics of each protein marker during a resetting time

course. For example, the expression levels of proteins such as

CD90 changed rapidly during cell state transitions and are likely

to be responsive to cell culture conditions. In contrast, other pro-

teins changed expression more gradually, such as CD130 and

CD57, and are therefore more sensitive indicators of cell state.

Multiplexing antibodies enabled a high-resolution analysis of

cell samples and was able to reveal discrete subpopulations

of cells when visualized by dimensionality reduction methods

such as FlowSOM (Van Gassen et al., 2015). We suggest that

the identified proteins could also be used to study other reprog-

ramming events, such as the conversion of somatic cells to naive

iPSCs, or to identify naive PSCs in a screen for naive-promoting

factors.

Although the focus of the current study was to identify proteins

that can distinguish between naive and primed human PSCs, the

availability of an extensive catalog of proteins present on the cell

surface of PSCs should also be valuable for the study of human

pluripotency and differentiation. In particular, differences in

cell surface protein expression raise the possibility that some

of the markers may have a role in regulating PSC state. For

example, CD75, which was upregulated at a late stage of

primed-to-naive resetting, is a cell surface glycoprotein that is

catalyzed by sialytransferases (Munro et al., 1992). Sialylation

is involved in a variety of cellular functions, such as cell adhesion,

signal recognition, and modulation of glycoprotein stability

(Pshezhetsky and Ashmarina, 2013; Schauer, 2009). A previous

study demonstrated that perturbation of the sialtransferase

ST6GAL1 results in less efficient reprogramming of somatic cells

and compromised self-renewal of human primed PSCs (Wang

et al., 2015). However, sialtransferase activity and function and

the role of the glycoprotein CD75 have not been examined in

naive PSCs, and this provides one interesting direction for future

investigation. Other proteins identified in our screen included

several NOTCH receptors that were expressed exclusively in

primed PSCs. NOTCH signaling is crucial for many aspects of

stem cell regulation, including cell fate decisions and cell prolif-

eration (Perdigoto and Bardin, 2013). It will, therefore, be inter-

esting to investigate whether proteins identified in our screen

have a functional role in naive or primed pluripotency. Last, an

additional line of future work to enhance our resource could be

the application of proteomics, including phosphoproteomics,

to the two human PSC-types to obtain a comprehensive over-

view of protein expression and pathway activity.

Previous studies have relied on transgene expression or the

judgement of cell morphology to detect and select naive PSCs

Figure 6. Prospective Isolation of Early-Stage Naive Cells

(A) Flow cytometry dotplots of day 10 cells during primed-state to naive-state conversion of H9 PSCs under t2i/L+PKCi conditions. Left: the levels of two naive-

specific markers, CD75 and CD77. Based on unstained, live, human day 10 samples, three cell sorting gates have been drawn that correspond to CD75+/CD77+

(green box), CD75–/CD77+ (orange box), and CD75–/CD77– (purple box) cell populations. Right: the levels of CD7 and CD130 proteins for the same three gated

cell populations. Boxed areas indicate the N4+ (green), N3+ (orange), and N4– (purple) cell populations that were used for subsequent experiments. The per-

centage of cells within each cell sorting gate relative to all live, human cells is shown. Note that the values do not take into account additional gates; for example, to

exclude primed-state markers. See Figure S5C for the Nmin gating strategy.

(B) FlowSOM visualization of the flow cytometry data for day 10 cells during primed to naive conversion. The minimal spanning tree of the self-organizing map

displays an unsupervised clustering of the sample based on the cell surface protein expression levels (right). The cells corresponding to each cell sorting

population, N4+, N3+, and N4–, are indicated. The heatmap shows the expression level of each cell surface protein marker in the cell clusters (left). See Figure S5A

for FlowSOM visualization of WIBR3 PSCs on day 10 of primed state-to-naive state conversion and Figure S5D for FlowSOM visualization of Nmin cells.

(C) qRT-PCR analysis of gene expression levels in the different cell-sorted populations and established naive PSCs. Expression levels are shown on a log scale

relative to primed PSCs. Data show the mean ± SD of three or four biological replicates and were compared to established naive PSCs using an ANOVA with

Dunnett’s multiple comparisons test (*p < 0.05, **p < 0.005, ***p < 0.0005).

(D) Scoring of colony morphology after transferring the different cell-sorted populations into naive PSC conditions. Colonies were categorized as naive, mixed,

primed, and differentiated; examples are shown below. Data show the mean ± SD of three or four biological replicates and were compared to established naive

PSCs using an ANOVA with Dunnett’s multiple comparisons test (*p < 0.05, **p < 0.005, ***p < 0.0005). Scale bars, 100 mm.

(E) Immunofluorescence microscopy for KLF17 (a naive-specific protein) and OCT4 (a protein expressed by naive and primed PSCs) reveals that N4+ and Nmin

cell-sorted populations can generate KLF17+/OCT4+ colonies that are similar to established naive PSCs. Scale bars, 100 mm.

(F) Phase contrast images showing representative fields of view of N4+ and Nmin cell-sorted populations that have been propagated under t2i/L+PKCi naive PSC

conditions for three passages. Scale bars, 100 mm. See Figure S5B for similar results using WIBR3 PSCs under 5i/L/FA conditions.
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Figure 7. Distinct Molecular Changes during Naive Cell Formation

(A) PCA of RNA-sequencing gene expression data from the different cell-sorted populations (left). Right: the contribution of selected genes to the first and

second PCs.

(B) TopGO terms of genes that were differentially expressed betweenN4+ and established naive PSCs. Numbers of genes are shown; example genes within each

GO category are listed (right). Corrected p values were calculated using a modified Fisher’s exact test followed by Bonferroni’s multiple comparisons test. See

Table S2 for the full dataset.

(C) Schematic of X chromosomes that summarize the results from an allelic analysis of RNA-seq data for the indicated cell types. Informative SNPswithin X-linked

genes of the H9 PSC line (Vallot et al., 2017) were used to classify expression as monoallelic (brown, <25% from minor allele), biallelic (orange, 25%–75% from

minor allele), or not expressed (gray, <10 reads/sample). The number of monoallelic and biallelic genes is shown below.

(D) PCA of TE classes from the different cell-sorted populations (left). Right: the contribution of TEs to the first and second PC. Selected TEs are labeled as having

a previously defined naive (blue) or primed (red) TE signature (Theunissen et al., 2016).
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(Chan et al., 2013; Gafni et al., 2013; Takashima et al., 2014;

Theunissen et al., 2014; Ware et al., 2014). In contrast, our set

of cell surface markers can identify and prospectively isolate

the emerging naive cells from a heterogeneous population of

resetting cells, thereby enabling an unambiguous and straight-

forward approach to derive naive PSC cultures. This approach

also allows the examination of specific cells at a time point

much earlier in the resetting process than was previously

possible. Our molecular characterization of cells on day 10 of

resetting showed that their transcriptome was more similar to

naive cells than to primed cells but not identical to established

naive PSCs. Importantly, this analysis provided new insights

into the temporal sequence of gene expression changes. In

particular, we found that the transcription factors KLF17,

DPPA5, and NANOG are induced at a relatively late stage

of resetting, but other genes, such as DPPA3 and TBX3, are

induced earlier. Conversely, the process of X chromosome reac-

tivation and the expression of several genes that define estab-

lished naive cells such as MEG3, XIST, and a large set of zinc

finger proteins, have not been induced by day 10. Through this

approach, we can begin to observe the temporal sequence of

molecular events that are triggered during cell resetting, thereby

providing a first step toward mapping the route of PSC state

transitions. Thus, our work generates an important resource of

cell surface proteins in naive and primed PSCs and provides a

framework for the future investigation of human pluripotency.
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Chan, Y.-S., Göke, J., Ng, J.-H., Lu, X., Gonzales, K.A.U., Tan, C.-P., Tng,

W.-Q., Hong, Z.-Z., Lim, Y.-S., and Ng, H.-H. (2013). Induction of a human

pluripotent state with distinct regulatory circuitry that resembles preimplanta-

tion epiblast. Cell Stem Cell 13, 663–675.

888 Cell Stem Cell 20, 874–890, June 1, 2017

http://dx.doi.org/10.1016/j.stem.2017.02.014


Chen, H., Aksoy, I., Gonnot, F., Osteil, P., Aubry, M., Hamela, C., Rognard, C.,

Hochard, A., Voisin, S., Fontaine, E., et al. (2015). Reinforcement of STAT3 ac-

tivity reprogrammes human embryonic stem cells to naive-like pluripotency.

Nat. Commun. 6, 7095.
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The original, online version of this article contained a graphical abstract that was mislabeled, with the female somatic cells being

labeled with AMH and the male cells being labeled with BMP2. The corrected graphical abstract, with the female somatic cells

labeled with BMP2 and themale somatic cells labeled with AMH, is now included with both the online and print versions of our article.

Both the erroneous and corrected graphical abstracts are also included below for the sake of comparison. We apologize for our initial

mistake.
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