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SUMMARY

Pluripotent stem cells display significant heterogeneity in gene expression, but whether this diversity is an inherent feature of the plurip-
otent state remains unknown. Single-cell gene expression analysis in cell subsets defined by surface antigen expression revealed that
human embryonic stem cell cultures exist as a continuum of cell states, even under defined conditions that drive self-renewal. The
majority of the population expressed canonical pluripotency transcription factors and could differentiate into derivatives of all three
germ layers. A minority subpopulation of cells displayed high self-renewal capacity, consistently high transcripts for all pluripotency-
related genes studied, and no lineage priming. This subpopulation was characterized by its expression of a particular set of intercellular
signaling molecules whose genes shared common regulatory features. Our data support a model of an inherently metastable self-renew-
ing population that gives rise to a continuum of intermediate pluripotent states, which ultimately become primed for lineage specifica-

tion.

INTRODUCTION

The defining features of pluripotent stem cells (PSCs),
whether they originate from germ cell tumors, from the
embryo, or through cellular reprogramming, are their
abilities to undergo self-renewal and to give rise to all of
the tissues of the body. However, this straightforward oper-
ational definition of pluripotency has been complicated in
recent years by the revelation that there are a number of
distinct cellular states that display these features. In the
mouse, the species in which our understanding of PSCs is
most advanced (Nichols and Smith, 2012; Tesar et al.,
2007), there are two widely recognized states of pluripo-
tency, referred to as naive and primed states, corresponding
to distinct stages of peri-implantation embryonic develop-
ment. Strong pharmacological suppression of the primary
signaling pathways that drive differentiation enables the
maintenance of mouse embryonic stem cells (ESCs) from
the preimplantation epiblast in a naive state of pluripo-
tency, defined as a fully unrestricted state that possesses
the flexibility to give rise to all embryonic lineages and to
form germline chimeras (Ying et al., 2008). PSCs isolated
from a later stage of development, the postimplantation
epiblast, are known as epiblast stem cells (Brons et al.,
2007; Tesar et al., 2007). These cells lack the ability to
form chimeras when introduced into preimplantation em-
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bryos but will give rise to teratomas when injected into
host animals and can colonize all tissues including the
germline when assayed in postimplantation embryo
cultures in vitro (Huang et al., 2012). Besides the disparity
in developmental potential in vivo, there are other signifi-
cant differences between these two types of PSCs, both in
terms of gene expression and their requirements for stem
cell maintenance. Importantly, epiblast stem cells display
more marked expression of genes associated with early
germ layer formation (Tesar et al., 2007).

The question of what development state primate ESCs
equate to has never been clearly resolved. Early work on
cell lines from human germ cell tumors, confirmed by
studies on monkey and human ESCs, showed clearly
that primate PSCs differ in phenotype from mouse terato-
carcinoma or mouse ESCs (Pera et al., 2000). By contrast,
mouse epiblast stem cells resemble human ESCs in many re-
spects. However, there are also some significant differences
between these two cell types. Gafni et al. (2013) recently re-
ported cell-culture conditions that support maintenance of
human PSCs in a naive-like state, with high levels of plurip-
otency-associated gene expression, minimal expression of
lineage-specific genes, and a high capacity for self-renewal.
Chan et al. (2013) also described conditions that support
maintenance of naive human PSCs, which showed strong
coexpression of GATA6 and NANOG, similar to epiblast

Stem Cell Reports | Vol. 2 | 881-895 | June 3, 2014 | ©2014 The Authors 881


mailto:mpera@unimelb.edu.au
http://dx.doi.org/10.1016/j.stemcr.2014.04.014
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2014.04.014&domain=pdf

882

A
GCTM2 HIH cpg HIGH EPCAM HIGH |
1
'E’ HIGH-HIGH & \[
2 7
E -] MID-MID 2 ’s
3 Low-Low
T NEG-NEG
g T T IS A B PERRARLL
I S T ' .., m I
08 EPCAM
_—
B
s
N 2
=
Q
5
S
o
g
o <o
S e
-
s
T T T T T T T
-20 -1s -10 -5 0 5 10
Component 1
- Triple High - High - Mid - Low Negative
C
oG
=
=
Q
f=1
9]
o
g
S o4
O
S
gI T T T T
-20 -10 0 10
Component 1
- Triple High - High - Mid
Stem Cell Reports | Vol. 2 | 881-895 | June 3, 2014 | ©2014 The Authors

Component 2

15

10

-10

Stem Cell Reports

Heterogeneity in Human Pluripotent Stem Cells

| TOP population in white
High
Mid

Low

Negative

—40 =30 -20 -10 0 10

Component 1

-Top - High - Mid

(legend on next page)



Stem Cell Reports

Heterogeneity in Human Pluripotent Stem Cells

cells. The cell types described by these two groups were
similar to mouse naive PSCs but were different in some
aspects, in particular, in their requirement for nodal/activin
and FGF signaling for stem cell maintenance.

Efforts to understand the states of pluripotency in
different species are complicated by heterogeneity in ESC
and epiblast stem cell lines, and by the existence of subpop-
ulations of cells in both mouse and human ESC cultures
that display lineage priming, or the coexpression of plurip-
otency and lineage-specific genes (Enver et al., 2009; Marti-
nez Arias and Brickman, 2011; Nichols and Smith, 2009).
Though the occurrence of heterogeneity in ESC popula-
tions in vitro and in the embryo in vivo is now widely
accepted, recent results on mouse ESCs challenge the
notion that it is an inherent feature of the pluripotent state
(Marks et al., 2012). Marks et al. (2012) have shown that
compared to cells maintained in serum-supplemented
medium, in mouse ESC cultures strictly maintained in a
naive state of pluripotency, heterogeneity in expression
of key pluripotency genes was vastly reduced, coexpression
of pluripotency and lineage-specific genes was strongly
suppressed, and the bivalent chromatin marks seen in
cells grown under conventional conditions, thought to
reflect a type of molecular priming for differentiation, are
reduced. Thus, recent debate has focused on whether
heterogeneity is inherent to PSCs, or whether it is simply
a function of the microenvironment of the stem cell under
particular conditions of growth in vitro (MacArthur and
Lemischka, 2013; Smith, 2013).

We have previously shown that human ESC cultures
maintained in serum-supplemented medium on feeder
cell layer support consist of a hierarchy of cells defined by
a continuum of levels of expression of stem cell surface
antigens and pluripotency-specific genes (Laslett et al.,
2007). Heterogeneity and lineage priming are most mean-
ingfully evaluated at the single-cell level. Examination of

the expression of a small panel of pluripotency and line-
age-specific genes at the single-cell level provided evidence
for heterogeneity in pluripotency gene expression, and for
lineage priming in the stem cell population (Hough et al.,
2009). Here, we extend this quantitative analysis of gene
expression at the single-cell level to a much larger panel
of genes, using more sensitive assays, and relate it to key
biological features of ESCs. We further compare hetero-
geneity of human ESC cultures under different growth con-
ditions. The results show that the capacity for self-renewal
lies in a restricted subset of cells marked by expression of a
key set of genes associated with cell-cell interactions. Using
a selective combination of cell surface markers, we describe
the prospective isolation of a minority cell population with
high levels of self-renewal, high and uniform levels of
expression of pluripotency-associated genes, and no line-
age priming, features of the naive state.

RESULTS

Heterogeneity in Single-Cell Gene Expression in
Human ESC Cultures Defines Cellular Subpopulations
Colonies of human ESCs grown on a mouse embryo fibro-
blast feeder cell layer in the presence of fetal-calf-serum-
supplemented medium (FCS condition) show a gradient
of stem cell surface antigen expression (Laslett et al.,
2007), with the highest antigen expression found in cells
on the outer perimeter. This gradient of stem cell surface
antigen expression allows fractionation of the population
by flow cytometry into subsets of cells using the mono-
clonal antibodies GCTM-2 (which recognizes a large
pericellular matrix proteoglycan that bears the TRA-1-60
antigen) and TG30 (anti-CD9). The subset of cells express-
ing the highest levels of GCTM-2 and CD9 could be further
fractionated with antibodies to EPCAM (Figure 1A). To

Figure 1. Cluster Analysis of Single-Cell Gene Expression Analysis of Subpopulations of Human ESCs Grown in Three Cell-Culture
Conditions and Isolated by Fluorescence-Activated Cell Sorting

ESCs maintained under conditions that support self-renewal were harvested and fractionated into the indicated cell subpopulations by flow
cytometry. Single-cell gene expression analysis was carried out using qRT-PCR.

(A) Subpopulations of human ESCs fractionated by fluorescence-activated cell sorting (FACS) according to an expression gradient of GCTM2
and CD9 (double stain) or GCTM2, CD9, and EPCAM (triple stain). For the double stain, cells were gated into four fractions (6CTM2/CD9 high,
mid, low, and negative), and, for the triple stain, gates were set to isolate the GCTM2/CD9/EPCAM triple-high population.

(B, C, and E) Fuzzy cluster analysis of single-cell gene expression of human ESC subpopulations.

(B) Fuzzy cluster analysis of cells grown in FCS condition and separated according to cell surface marker expression as in (A).

(C) Fuzzy cluster analysis of single-cell gene expression of human ESC populations grown in KSR/FGF2 condition. Flow cytometry was
carried out as indicated in (A) and (B) but only triple-high, high, and mid subpopulations were analyzed.

(D) Isolation of the top subpopulation of cells grown in mTeSR condition. Cells were sorted as shown in Figure 1A to obtain high and mid
populations, and then cells in the highest first percentile for GCTM-2, CD9, and EPCAM staining were isolated.

(E) Fuzzy cluster analysis of single-cell gene expression of human ESC populations grown in mTeSR condition. Flow cytometry was carried
out as indicated in (A) and (D) but only top, high, and mid subpopulations were analyzed.

In (B), (C), and (E), each symbol is a single cell with flow cytometry subpopulations indicated by color and cluster membership by symbol
shape. See also Figure S1 and Tables S1 and S3.
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characterize these cell subpopulations at the single-cell
level, the flow-sorted cells were subjected to single-cell
gene expression analysis by quantitative RT-PCR (qRT-
PCR) using the Fluidigm microfluidics system, which
enables parallel medium throughput analysis in nanoliter
volume wells. The panel of genes that we studied encodes
growth factors, receptors, and transcription factors
involved in the maintenance of pluripotency, as well as
transcription factors that mediate early specification into
somatic and extraembryonic lineages (Table S1 available
online). Some genes were included in the panel on the basis
of our prior work that indicated they were strongly ex-
pressed in the high population.

As we have previously shown, a continuous hierarchy of
cell surface marker expression across the population was
paralleled by a continuum of gene expression. Neverthe-
less, fuzzy clustering showed that expression levels of this
panel of genes could indeed distinguish the cell popula-
tions identified by flow cytometry, with the GCTM-2"'¢H
CDYMSHEPCAMM™GH  (triple  high) and GCTM-2H6H
CD9™SH  (high) populations clustering out from the
GCTM-2MPCDOMIP  (mid), GCTM-2'°"CD9Y™OW (low),
and GCTM-2NEGATIVECgNEGATIVE (hegative) populations.
Figure 1B displays this analysis for cells grown in FCS con-
ditions. The majority of the triple-high and high popula-
tions fell into clusters 1 and 2, most of the mid population
fell into clusters 3 and 5, and the low and negative cells
were found mainly in cluster 4.

Previously, we showed that human ESCs grown in media
supplemented with FGF-2 and/or activin showed a much
higher proportion of cells in the high compartment
defined by flow cytometry than cultures grown in serum
(Hough et al., 2009). Therefore, we assessed patterns of
gene expression at the single-cell level in cultures grown
in serum replacement and FGF2 with feeder cell support
(KSR/FGF condition). Because these culture conditions
result in a shift of the population into triple-high, high,
and mid sectors, compared to cells grown in serum, we
analyzed only these subgroups at the single-cell level (Fig-
ure 1C), though the methodology for cell sorting was iden-
tical. Cells in the triple-high and high fractions segregated
predominantly into clusters 1 and 2, whereas most cells in
the mid population lay in cluster 3.

Poorly defined factors, elaborated by feeder cells or
contained in FBS or KSR, can contribute to extracellular
signaling and can drive lineage specification in addition
to promoting self-renewal. To assess whether stem cell
heterogeneity persists under defined conditions of cell
culture, we examined cells grown in mTeSR, a defined
media supplemented with fibroblast growth factor (FGF)-
2 and transforming growth factor (TGF)B1 (mTeSR condi-
tion). Although this medium is particularly effective in
supporting self-renewal and suppressing differentiation, a
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considerable degree of heterogeneity was still present in
the mTeSR cultures. Thus, flow cytometry analysis, carried
out as described for the high and mid populations grown in
FCS and KSR/FGF, revealed a spread in cell surface antigen
expression in ESCs in mTeSR (Figure 1D).

To refine further our definition of cells at the top of the
hierarchy grown in mTeSR conditions, we separated
another cell population, those cells in the top 1% of
GCTM-2, CD9, and EPCAM surface fluorescence (top
population, Figure 1D). Cluster analysis of gene expression
for cells grown in mTeSR conditions is shown in Figure 1E.
Cell clusters 1 in this analysis contained most of the top
and high population, whereas cluster 3 contained the
majority of the mid population.

Expression of Intercellular Signaling Molecules
Identifies a Subpopulation with Consistently High
Expression of Pluripotency-Associated Genes and No
Lineage Priming

Hierarchical cluster analysis also defined subsets of stem
cells on the basis of gene expression and identified different
gene expression patterns across the subpopulations. Data
for cells grown in the mTeSR conditions are shown in
Figure 2. Cell cluster C contained most of the top fraction,
whereas cell clusters A and B contained most cells in the
mid fraction. Genes in cluster 1, which includes the canon-
ical pluripotency-associated genes POUSFI1, SOX2, and
NANOG, were expressed across the subpopulations. Genes
in cluster 3 distinguished the top and high populations
from the mid cells, and genes in cluster 2 distinguished
the top population from the others. Similar analysis of cells
grown in FCS and KSR/FGF2 conditions showed that a
common set of genes distinguished top, triple-high, and
high cells from mid cells in all growth conditions. These
genes encoded a specific set of proteins involved in inter-
cellular signaling (ACVRIB, GDF3, NODAL, LEFTY, CER1,
TDGF1, ERBB3, EPHA1, CDH3, HAS3, CD9, EPCAM, LCK).
Some cells grown in mTeSR also expressed lineage-specific
genes, such as GATA4, DKK1, and MIXL1.

In a previous study (Mar et al., 2011), we identified vari-
ance in gene expression between groups as a significant
parameter of the dynamics of cellular phenotype. Interest-
ingly, genes with high variance between groups (disease
versus control in our previous work) most often tended to
encode proteins involved in intercellular signaling.

To assess variance in the expression of genes across
our subpopulations, we depicted single-cell gene expres-
sion data in the form of violin plots, which display the
proportion of cells expressing specific levels of genes in a
subpopulation. We separated out three sets of genes (based
on the cluster analysis above), which proved particularly
informative in our comparison of the cellular subpopula-
tions: a set of genes that includes canonical pluripotency
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factors and established stem cell surface markers, a set of
genes that are predominantly involved in intercellular
signaling and were differentially expressed across subsets
of cells, and a set of genes associated with early lineage
specification.

The results are displayed in Figure 3. Transcripts for
canonical pluripotency genes OCT4, SOX2, and NANOG,
along with some well-established cell surface markers
used to identify human PSCs were found in the majority
of cells, though levels declined in the low and negative
subpopulations grown in FCS. The top, triple-high, or
high populations, maintained in FBS, KSR/FGF, or mTeSR,
expressed higher and more consistent levels of the genes
in the signaling category than mid, low, or negative popu-
lations. Lineage-specific genes were expressed at significant
levels in several populations, including triple-high cells
maintained in KSR/FGE, double-high and mid populations
in KSR/FGF or mTeSR, or low and negative populations
maintained in FCS.

m Top Figure 2. Hierarchical Cluster Analysis of
= an'iﬂh Single-Cell Gene Expression Analysis of

Human ESC Subpopulations Grown in
mTeSR and Isolated by FACS

Cells grown in mTeSR condition were sepa-
rated and analyzed as in 1 but analyzed by
hierarchical clustering. Color scale bar de-
picts 1/C; values as in Figure 1. Cell clusters
referred to in text are identified by letters,
and gene clusters are identified by numbers.
See also Table S1.

LOwW

The top population, isolated from cultures grown in
mTeSR, showed the most homogeneous pattern of gene
expression, with uniformly high levels of canonical plurip-
otency and signaling factors and little or no expression of
lineage-specific factors. Thus, the variance of gene expres-
sion and lineage priming in this population was minimal
compared to the other cell types. Triple-high cells isolated
from cultures grown in FCS or KSR/FGF also showed
limited variance in expression of canonical pluripotency
genes; however, this fraction grown in KSR/FGF showed
significant expression of lineage-specific genes, and triple-
high cells grown in FCS showed variable expression of
the signaling related genes.

Heterogeneity in Expression of Signaling Molecules at
the Protein Level and Their Regulation

We evaluated the expression of some of the signaling
proteins specific to the top, triple-high, and high popula-
tions using immunofluorescence staining on colonies
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Table 1. Chromatin Immunoprecipitation Sequencing Data Showing Transcription Factor Binding Sites in Regulatory Regions of
Intercellular Signaling Genes Selectively Expressed in Top, Triple-High, or High Cell Subpopulations, Based on ENCODE Peak Calls in

H1 ESC +10 kb of UCSC Transcript Models Using hg19 Assembly

NANOG RAD21 POU5F1 BCL11A TCF12 USF1

NODAL + + 48 ~ Y —
CER 20 — _ b b _
GDF3° + 424 X Lab B B
ACVRIB +P + - — _ _
LEFTY1® +,20 4 +° 4240 X Lo Lo
TDGF1° +,%0 420 - - _ £,20 4ab _
cD9 b b b _ b 42
ERBB3 - 4,20 4 _ _ Lab Lab
EPCAM +P - - _ 4,3 42 _
EPHA1 - 4,2 42b _ _ _ B
HAS3 +,20 42b +,20 42b _ _ _ 420 4ab
CDH3 - +2 _ _ _ 4ab
LCK 2P 420 _ _ 4ab _

Multiple entries indicate more than one binding site in the regulatory region.

“DNAase-hypersensitive site.

PH3K27AC.

“NANOG site in distal regulatory region (Levasseur et al., 2008).
dApproximately —20 kb relative to start of transcription.

€TDGF1 is included because of its role as a coreceptor for GDF3 and NODAL.

in situ. Figure S1 illustrates immunostaining (Table S2) and
quantitative image analysis for a number of antigens dis-
cussed above for cultures grown in FCS. Similar patterns
are seen for cells grown in KSR/FGF and mTeSR though
the gradations are less pronounced. The GCTM-2 antigens,
EPCAM and POUSF1, were expressed in a graded fashion
throughout the colony with highest levels at the edge. By
contrast, GDF3, the downstream nodal/activin effector
phospho-SMAD2/3, BMP mediators phospho-SMAD1/5/
8, CDH3, and BMP2/4, were detected mainly at the rim
of the colony.

The signaling molecules that marked the top, triple-high,
and high subsets are involved in diverse pathways. Many
are constituents of the TGF beta superfamily of ligands
and receptors (NODAL, ACVRIB, GDF3, LEFTY1, and
CER1, TDGF1). LCK is known predominantly for its role

in T cell receptor signaling (Alarcon and van Santen,
2010). HAS3 encodes an enzyme responsible for the
biosynthesis of hyaluronic acid, an extracellular matrix
component of the embryonic environment suggested to
enhance human ESC maintenance (Choudhary et al.,
2007). CDH3, CD9, and EPCAM are cell substrate or cell
adhesion molecules. ERBB3 is a component of NRG1
signaling, which has been previously implicated in stem
cell maintenance (Wang et al., 2007).

To assess what might account for downregulation of
these genes in cells that still express canonical pluripotency
factors, we performed in silico analysis of transcription
factor binding sites in their putative regulatory regions
(Table 1). Many of the genes contained binding sites for
NANOG and its associated cohesin complex protein
RAD21 (Gao et al., 2013). A few genes also contained

Figure 3. Violin Plots Showing Frequency of Cells Expressing Specific Levels of Three Classes of Gene from the Single-Cell Analyses

Depicted in Figures 1 and 2

Column A, canonical pluripotency-associated genes and stem cell markers; column B, intercellular signaling molecules expressed primarily
in top, triple-high, and high subpopulations; column C, lineage-specific genes. Plots for top, triple-high, high, mid, low, and negative
subpopulations are shown from top to bottom, and growth conditions are indicated underneath each set of plots. Values on the y axis of
each individual plot are 1/Cy; the width of each symbol indicates the frequency of cells at a given level of expression. See also Table S1.
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binding sites for POUSF1. In addition to these pluripo-
tency-associated genes and some general transcription fac-
tors, we also found binding sites for TCF12, BCL11A, and
USF1 in a number of the genes. TCF12 binds SMAD2/3 tar-
gets in a NODAL-dependent fashion in human ESCs (Yoon
etal., 2011). Theroles of BCL11A or USF1 in stem cell main-
tenance are unknown.

Self-Renewal Capacity Is Highest in Cells at the Top of
the Hierarchy

We sought to relate single-cell gene expression patterns in
these cellular subsets to their biological features. The inter-
pretation of biological assays with hESC sorted in the flow
cytometer has been complicated by the very low levels of
survival observed following dissociation and sorting. How-
ever, the combined use of mTeSR with fibroblast feeder
layer support allowed levels of colony efficiency 10- to
20-fold higher than those in our previous studies, even
after flow cytometry. The results of colony forming studies
on cells grown in mTeSR are shown in Figure 4A. The top
population showed the highest level of self-renewal in
this assay (around 5%), with high cells somewhat lower,
and the mid population 5-fold less. Thus, the capacity of
cells for self-renewal declines markedly as cells move out
of the compartments at the top of the hierarchy, even un-
der optimal culture conditions for self-renewal.

We took two approaches to assess self-renewal of the sub-
populations under conditions that do not adversely affect
survival. First, we designed an assay for self-renewal that
reconstitutes cell-cell interactions and enables levels of
survival 50-fold higher than conventional colony assays.
We based this assay on reaggregation protocols originally
designed to promote single-cell survival in embryoid
bodies (Ng et al., 2005). In these experiments, we analyzed
cultures grown in KSR/FGF. We carried out limiting dilution

analysis, combining 1,000 wild-type cells from either the
high or mid fractions with limiting numbers of GFP-labeled
ENVY (Costa et al., 2005) cells from triple-high, high, or
mid populations. Following flow cytometry, the unlabeled
and labeled cells were reaggregated for 24 hr and replated
onto a fibroblast feeder cell layer, and colonies were stained
for DAPI and the stem cell marker GCTM-2 (Figure 4B).
Reaggregation resulted in levels of survival far higher
than in single-cell plating experiments for cells grown in
KSR/FGF (~5% without cell sorting compared to 0.1%-
0.5% for single-cell plating (Chan et al., 2008; Hasegawa
et al., 2006; Hough et al., 2009; Kolle et al., 2009; Rampalli
and Bhatia, 2012).

The results of the reaggregation/limiting dilution anal-
ysis on subpopulations reflected those of the single-cell
cloning experiments described above, carried out in mTeSR
medium (Figure 4C). Cells in the triple-high or high frac-
tions had much higher levels of self-renewal that those in
the mid population. Following reaggregation with wild-
type double-high cells, the colony forming efficiency of
the triple-high population (about 3%) approached that
seen in mTeSR, whereas that of the mid population was
only about 0.3%-0.5%.

Cocultivation of mid population GFP cells in limiting
dilution with wild-type high cells resulted in a higher
colony forming efficiency than that seen when the GFP-
labeled mid cells were combined with unlabeled mid cells,
suggesting that cell-cell interactions support self-renewal.

In a second series of studies, we took an alternate
approach of dissecting small clusters of ~100 cells from
discrete regions of ESC colonies (edge, middle, and center),
corresponding to areas with high, mid, and low to negative
surface staining for stem cell antigens, replating these
clusters onto fibroblast feeder cell layers, and subjecting
the resulting colonies to serial cultivation over the course

Figure 4. Self-Renewal and Differentiation Capacity of Subpopulations of ESCs

(A) Colony forming ability of top, high, and mid subpopulations of ESCs grown in mTeSR. Cell subpopulations were isolated as shown in
Figure 3A and then plated onto a feeder cell layer of mouse embryo fibroblasts. Colonies of greater than 32 cells were counted 10-14 days
later. Differences between three biological replicates of top and high, and top and high or mid, are statistically significant (two paired
sample t test p < 0.01; bars show SEM)

(B and C) Reaggregation assay for colony forming ability of subpopulations of ESCs grown in KRS/FGF. (B) shows a representative colony
formed from a mixture of 1,000 HES3 wild-type high and five Envy-GFP high cells 5 days following reaggregation and replating. Red, stem
cell marker GCTM-2, green, GFP; blue, DAPI nuclear stain. (C) shows limiting dilution analysis of colony forming ability of subpopulations
of ESCs. y axis, log10 of the percentage of wells without a GFP-positive colony; x axis, number of GFP cells inoculated. Red, triple-high
population; black, high; blue, mid; green, combination of limiting dilution of ENVY-labeled mid cells with wild-type cells. Reaggregates
were generated using a constant number of HES3 cells combined with decreasing numbers of input ENVY cells. Values are mean + SE.
(D) Alternative assay for self-renewal based on localization of high, mid, and low subpopulations to edge, middle, and center of ESC
colonies grown in FCS conditions. Small clusters of cells from the edge, middle, or adjacent center regions of human ESC colonies were
serially passaged, and the degree of differentiation was assessed.

(E) Pluripotency is not limited to self-renewing compartment of human ESC cultures. FACS-isolated high and mid cells grown in FCS were
similarly able to form embryoid bodies following reaggregation and to generate outgrowths that stained positive for the primary germ layer
markers endoderm (AFP), mesoderm (o SMA), and ectoderm (nestin). Ten to 12 embryoid bodies from each subpopulation were stained
with similar results.
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of four passages. In contrast to results with single-cell
assays, clusters of cells from all colony regions were able
to reinitiate colonies in the first passage. However, as pre-
dicted by the flow cytometry/reaggregation assay, only
cell clusters from the edge of the colony were able to
continuously generate new stem cell colonies robustly.
Cell clusters from the center or middle underwent exten-
sive differentiation (Figures 4D and S2).

Pluripotency Is a Property of a Larger Subset of Cells

We next asked which cells in the population displayed
pluripotency. Following flow cytometry, cells in the high
and mid populations were reaggregated and placed into
an embryoid body outgrowth assay. Two weeks later, the
outgrowths were fixed and examined by immunofluores-
cence. Cells from either the high or mid fraction formed
embryoid bodies containing representatives of all three
germ layers with equal efficiency (Figure 4E). These results
indicate that pluripotency, as defined by embryoid body
formation, persists in the mid population, although its po-
tential for self-renewal is much less than that of the triple-
high and high populations. These results were reinforced
by quantitative gene expression studies (Figure 5D, below).

Lineage Primed Subpopulations

The data from cluster analyses suggested the existence of
significant subpopulations of lineage-primed progenitors,
specifically cells coexpressing either neural or extraembry-
onic endoderm lineage genes along with pluripotency
genes. For example, a subset of high and mid cells grown
in mTeSR expressed GATA4, GATA6, HNF4A, BMP2, and
MIXL1 (Figure 3).

Immunostaining revealed the presence of cell popula-
tions that were negative for the cell surface marker EPCAM,
but positive for the early neural determinant PAX6, toward
the central zone of colonies maintained in FCS (Figure 5A).

By sorting cells that were low or triple negative for GCTM-
2, CDY, and EpCAM, we were able to enrich this cell popu-
lation and examine its gene expression at the single-cell
level (Figures 5B and 5C). In these experiments, we used a
different panel of markers that included some pluripo-
tency-associated markers along with a number of genes
characteristic of early neural lineages (Table S3). These cells
uniformly coexpressed pluripotency-associated genes
including SOX2, POU5F1, and DNMT3B along with neural
genes OTX2, PAX6, NESTIN MUSHASHI, and NCAM. Few if
any cells expressed genes characteristic of the mesodermal
or endodermal lineages. This population expressed inhibi-
tors of the BMP and Wnt pathways, including DKK1,
NOGGIN, and FSTN. Because it proved particularly difficult
to recover these cells in a viable state after flow cytometry,
to investigate their differentiation potential, we isolated
small clusters of cells from the edge, middle, adjacent
center, and center of ESC colonies and then transferred
them to neural progenitor medium. The cells from the
center region formed neurospheres containing progenitor
cells that were capable of differentiation into neurons (Fig-
ure S3). Gene expression studies of cells isolated from
discrete colony regions and transferred to suspension
culture confirmed that cells from the center of the colony
were biased toward neural differentiation, whereas cells
from the edge or middle of the colony expressed meso-
dermal or endodermal markers (Figure 5D).

In cultures maintained in KSR/FGF, stem cell colonies
were often surrounded by flattened epithelial cells that
could be readily isolated under phase contrast microscopy.
Immunofluorescence microscopy using markers of extra-
embryonic endoderm and pluripotency show that some
of these markers are coexpressed at the protein level (Fig-
ure S4). When these cells were manually isolated and
assayed for single-cell gene expression, they showed coex-
pression of canonical stem cell markers with markers of

Figure 5. Lineage Primed Subpopulations of Human ESCs

Cells grown in serum and undergoing priming for neural specification were isolated on the basis of immunostaining (A-C) or position in the
colony, and their gene expression was analyzed by single-cell gRT-PCR or in embryoid body differentiation assays (D).

(A and B) Expression of EPCAM and PAX6 proteins. (A) Immunocytochemical localization of EPCAM (green) and PAX6 (red) in HES3 colonies
cultured in FBS. Clusters of PAX6-positive EPCAM-negative cells are localized near the center region of the colony. (B) Distribution of
EPCAM staining in HES3 cells across each of four GCTM2/CD9 populations as determined by FACS. The triple-negative cells (GCTM2, CD9,
EPCAM negative) were collected for analysis of gene expression by single-cell gPCR.

(C) Density dot plot of single-cell gene expression from the triple-negative population of hESC isolated by FACS. Expression values are
given as qPCR cycle threshold (Ct), with 15 being high expression and a cutoff of 28 Ct assigned as the lowest level of reliably detectable
expression (red dashed line). Ct values of 40 indicate no amplification detected within 40 qPCR cycles. Each data point represents a single-
gene/cell gPCR. The percentages of single cells expressing a given gene within each population (based on a cutoff of 28 Ct) are provided
along the x axis.

(D) Gene expression in aggregate suspension cultures of small ESCs clumps from the edge, middle, adjacent to center, and center regions of
colonies grown in FCS. y axis shows the fold change relative to undifferentiated ESCs; values for neural stem cells are shown for comparison.
Aggregates from edge or middle region show multilineage capacity whereas cells from adjacent center or center show high levels of PAX6
and LHX2 transcripts. Values are mean = SE of three biological replicates.

See also Figures S2-S5 and Tables S2 and S3.
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the endoderm lineage, including GATA4, GATA6, HNF4A,
BMP2, BMP4, and MIXL1 (Figure S5). Notably, these cells
also strongly expressed CER, LEFTY1, and NODAL, along
with FNI.

DISCUSSION

Many recent studies have documented heterogeneity of
gene expression and lineage priming within PSC popula-
tions. One interpretation of these findings is that hetero-
geneity is an inherent feature of the pluripotent state.
This is a feasible hypothesis, because pluripotent cells exist
only within a transient time window of mammalian
embryonic development, during which they are poised to
undergo specification first toward extraembryonic, then
embryonic cell lineages. Mammalian development is plas-
tic and highly regulative, and pathways that affect ESC
specification in vitro can regulate the size of the pluripo-
tent cell population in vivo (Morris et al., 2012), suggesting
that the pluripotent population in vivo can readily un-
dergo state transitions. However, for a restricted point in
development in vivo, or under specific conditions
in vitro, pluripotent cells with prototypic patterns of gene
expression may exist locked into a pure state. Single-cell
analysis revealed that individual epiblast cells of the 64
cell stage mouse embryo expressed predominantly pluripo-
tency genes only, in contrast to cells at the 16 and 32 cell
stages, which coexpressed pluripotency genes along with
genes of the extraembryonic lineages (Guo et al., 2010).
Recent evidence suggests that mouse ESCs maintained
under conditions that maximize self-renewal are far more
homogenous in gene expression and epigenetic status
than cells maintained under conditions that are permissive
for spontaneous differentiation (Marks et al., 2012).

Our data on hESCs indeed confirm that heterogeneity is
certainly a function of stem cell microenvironment. Cells
maintained in FCS show heterogeneity in expression of
pluripotency genes and exist in a continuum between a
primordial self-renewing cell population and cells that are
primed toward neural differentiation. By contrast, the
majority of the cells maintained in KSR/FGF and feeder
layers are in the high and mid cell compartments, as are
those grown in MTeSR. Nonetheless, a significant subset
of cells grown in these conditions showed priming toward
the endodermal lineage. That the cells expressing HNF4a,
GATA6, and GATA4 most likely represent precursors of
extraembryonic endoderm rather than definitive endo-
derm is suggested by their coexpression of LEFTYI,
MIXL1, and CER1 along with pluripotency genes including
CD9 (Cheng et al., 2012; Perea-Gomez et al., 2002). It is
clear from our work and from many other published
studies that human ESCs can undergo differentiation into
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cells resembling primitive endoderm (Darr and Benvenisty,
2009; Feng et al., 2012; Hyslop et al., 200S5; Pera et al., 2004;
Séguin et al., 2008; Sumi et al., 2007; Takayama et al.,
2011). Recent studies have identified cells of the primitive
endoderm lineage in the human conceptus (O’Leary et al.,
2012; Yan et al., 2013). O’Leary et al. (2012) showed that
the expression of GATA-4 and GATA-6 in the inner cell
mass and epiblast followed the temporal patterns seen
during mouse hypoblast development. Yan et al. (2013)
performed RNA sequencing (RNA-seq) on single cells
from late human blastocysts and classified cells as epiblast,
primitive endoderm, and trophectoderm. This study
showed considerable overlap in gene expression between
epiblast and primitive endoderm but not trophoblast. In
line with our results, GATA-4, GATA-6, HNF4A, NODAL,
LEFTY, GDF3, and TDGF1 were all expressed in epiblast
and primitive endoderm, which also expressed KRT8 at
high levels. These findings strongly suggest that the lineage
priming we have observed is a feature of normal human
development and are in line conceptually with the results
of Canham et al. (2010), who identified two subpopula-
tions of mouse ESCs, one predisposed to extraembryonic
differentiation, the other to somatic fates.

Our studies show that only a subpopulation of hESCs at
the top of the hierarchy possesses an extensive capacity
for self-renewal. Polanco et al. recently showed that cells
in this compartment could reestablish the continuum of
cell states seen in unfractionated cultures (Polanco et al.,
2013). Using a combination of three cell surface markers,
we isolated a minority hESC population with a high capac-
ity for self-renewal, uniformly high expression of pluripo-
tency-associated gene transcripts, and no expression of
lineage-specific genes. These are features of what has been
termed naive pluripotency. The widely accepted concept
that human ESCs grown under conventional culture
systems exist in a primed state is based on studies of the
properties of a heterogeneous population. Our studies
reveal the existence within that population of a subset of
cells with at least some properties of naive pluripotency.
The relationship of the cells we isolated to those recently
described by Gafni et al. (2013) or Chan et al. (2013)
remains to be determined.

Amuch broader proportion of cells in the hierarchy retain
pluripotency. These findings suggest that self-renewal and
pluripotency may be independently regulated. Previously,
Stewart et al. (2006) showed that SSEA-3-positive cells in
hESC cultures showed a higher cloning efficiency than
SSEA-3-negative cells, though both populations could
form teratomas. In both mouse and human, examination
of stem cell lines derived from germ cell tumors shows
that the capacity for self-renewal and the expression of a
pluripotent phenotype at the molecular level can be clearly
dissociated from biological pluripotency. Nullipotent stem
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cell lines, incapable of differentiation and locked into
continuous self-renewal, resemble pluripotent stem cell
lines in other aspects of their phenotype.

The self-renewing compartment that we have defined
may be inherently unstable. Cells in this compartment
are distinguished from the rest by their expression of a
particular subset of genes encoding intercellular signaling
molecules that includes ligands and receptors of the TGEF-
beta signaling pathway. These data suggest, as indicated
by earlier studies (Peerani et al., 2007), that the decision
to self-renew may be governed to a significant degree by
the interplay of NODAL and BMP signaling. In human
ESCs, SMADZ2/3 signaling lies upstream of the pluripotency
network and regulates NANOG (Vallier et al., 2009; Xu
et al., 2008). It is of interest that many genes we identified
as specific to the top, triple-high, or high populations
contain NANOG binding sites. Singh et al. (2012) have
shown that activation of PI3 kinase is critical to suppres-
sion of somatic cell differentiation that can be induced by
activin, Erk, and Wnt signals. Under our conditions of
serum-free culture, FGF-2 along with insulin could func-
tion to suppress somatic differentiation, whereas Nodal/
activin and ERBB2/ERBB3 signaling might be essential to
retain cells in the self-renewing compartment. It is signifi-
cant that cells in the top compartment express not only
high levels of factors that drive self-renewal but also factors
that antagonize it, including BMP2, BMP4, and LEFTY1.
Many of these genes also contain NANOG binding sites
in their regulatory regions, and, because NANOG is also
downstream of SMADZ2/3 signaling (Xu et al., 2008), recip-
rocal NANOG regulation of the TGFB family members
could constitute a feedback loop that could be destabilized
rapidly if ligands became limiting. The presence of binding
sites for TCF12, a SMAD2/3/4 cofactor whose target
binding is also NODAL dependent, in several of these genes
further suggests an unstable feedback regulatory mecha-
nism for self-renewal.

Our results indicate that heterogeneity may be inherent
to a pluripotent cell that is poised to undergo specification
into extraembryonic or somatic lineages. Even if self-
renewal is driven strongly, and differentiation suppressed,
by epigenetic or genetic factors, PSCs may only be able to
exit the pluripotent compartment through a continuum
of intermediate states, in which lineage priming is a prom-
inent feature, rather than undertaking a quantum transi-
tion to a new cell state. Our results also indicate that it
may be difficult to define naive or primed states of pluri-
potency on the basis of population data alone.

EXPERIMENTAL PROCEDURES

Experimental procedures for culture and differentiation of human
embryonic stem cells and neural progenitor cells, induction of plu-

ripotency, indirect immunofluorescence microscopy, flow cytome-
try, and gene expression, image analysis, and statistical analysis
followed minor modifications to established protocols and are
described in the Supplemental Experimental Procedures.

Reaggregation Limiting Dilution Assays

For reaggregation assays, HES3 and ENVY cells in KSR/FGF culture
were treated with blebbistatin, dissociated, and stained with
GCTM2 and TG30, followed by secondary labeling with Alexa
Fluor 647 goat anti-mouse immunoglobulin (Ig) M (A21238)
and goat anti-mouse I1gG2a-PE (P21139, Life Technologies),
respectively. Mouse feeder cells were gated out using anti-mouse
Thy1l.2 PE-Cy7 (25-0902 eBioscience). HES3 and ENVY cells
were sorted into four populations based on the level of GCTM2
and TG30 staining (negative, low, mid, high) as described in
the Supplemental Experimental Procedures. Gated populations
were sorted directly into low-binding PCR tubes (Axygen 321-
02-501) containing 125 ul KSR culture media with blebbistatin
(10 uM) and FGF-2 (10 ng/ml). To generate a limiting dilution
series, a constant number of HES3 cells from the GCTM2 TG30
high or mid population was combined in each tube with
decreasing numbers of ENVY input cells also from the high or
mid populations. All four combinations were tested (HES3 high:
ENVY high, HES3 high: ENVY mid, HES3 mid: ENVY high,
HES3 mid: ENVY mid, as well as ENVY triple-high HES3 high).
Following sorting, PCR tubes containing cells were centrifuged
at 190 x g for 3 min to induce aggregation. Small holes were
punched in the tops of the PCR tubes using an 18 gauge needle
to allow for gas exchange, and the tubes were returned to a
humidified 5% CO,, 37°C incubator for 24 hr. Individual reaggre-
gates were then transferred from each PCR tube using a wide bore
pipette tip and placed into single wells of a 24-well plate contain-
ing irradiated mouse embryo fibroblasts (density of 15,000 cells/
cm?) in KSR/FGE. After 48 hr, the medium was changed daily for
3 days.

Resulting colonies were washed with PBS and fixed with 2% para-
formaldehyde for 30 min at room temperature prior to staining
with GCTM2 for 1 hr at room temperature. Cells were washed
with PBS and secondary antibody (Alexa Fluor 594 goat anti-mouse
IgM, 1:1000, Life Technologies 21044) was applied for 1 hr at room
temp. Cells were washed with PBS and nuclei counterstained with
Hoechst 33342 prior to imaging.

In Silico Transcription Factor Binding Analysis
Transcription factor binding was assessed for individual genes
using the ENCODE chromatin immunoprecipitation sequencing
peak calls in H1 ESC +10 kb of UCSC transcript models, using
hg19 assembly. A peak was considered to be evidence of transcrip-
tion factor binding when coincident and overlapping with two
additional ENCODE chromatin marks, DNase hypersensitivity,
and H3K27Ac.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, five figures, and three tables and can be found
with this article online at http://dx.doi.org/10.1016/j.stemcr.
2014.04.014.
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Supplemental Figure Legends

Figure S1. Relative quantitation of fluorescence intensity of HES3 cells grown in
serum and immunostained for various nuclear and cell surface markers related to
pluripotency. Top panels show fluoresence intensity quantitation heatmaps generated
using MatLab analysis software applied to images of immunostained colonies; bottom
panels show segmentation (left), nuclear stain (middle) and immunofluorescence
(right). A, GCTM-2; B, EpCAM; C, GDF3; D, POUSF1; E, phospho-SMAD 2/3; F,
phospho-SMAD1/5/8; G, CDH3 (P-cadherin); H; BMP-2/4.

Figure S2. Representative images of colonies during serial passage of cultures
originated from ~100 cell fragments from edge, middle and centre of ES cell colonies
grown in FCS. Images for all three regions are shown at passages 1-4.

Figure S3. Immunostaining of neural progenitor cells derived from the adjacent
centre region of ES cell colonies grown in FCS. Neural cells stained generated -I11
tubulin-positive neurons (A) following removal of FGF and EGF and stained positive
for progenitor markers NCAM (B), NESTIN (C) and SOX1 (D).

Figure S4. Endodermal cells co-expressing stem cell markers in cultures of ES cells
grown in KSR/FGF. Immunofluorescence double label staining for (A), CKS8 (red)
and HNF4A (green); (B), DNMT3B (red) and CK8 (green); (C), POUS5F1 (red) and
CKS8 (green); (D), CKS8 (red) and SOX2 (green).

Figure S5. Single cell gene expression analysis of cells picked from outside perimeter
corresponding to CKS8 positive areas in A-D of ES colonies grown in KSR/FGF.

Gene cluster 1 includes pluripotency markers, positive across >90% of cells; gene
cluster 2 includes endodermal markers GATA4, GATA6, BMP2, BMP4, HNF4A and
MIXL1. Color scale bar indicates values 1/Cr for each cell.



Table S1. List of primer sets for analysis of gene expression in human ES cells.

Gene Name ABI assay ID
1 | ACVRIB activin A receptor, type 1B Hs00923299 ml
2 | ACVR2b activin A receptor, type 11 B Hs00609597 gl
3 | B2M beta-2-microglobulin Hs99999907 m1
4 | BMP2 bone morphogenetic protein 2 Hs00154192 ml
5 | BMP4 bone morphogenetic protein 4 Hs00370078 ml
6 | BMPRIA bone morphogenetic protein receptor type I A Hs01034913 gl
7 | CD9 CD9 molecule Hs01124022 ml
8 | CDHI1 cadherin 1, type 1, E-cadherin (epithelial) Hs01023895 ml
9 | CDH3 cadherin 3, type 1, P-cadherin (placental) Hs00354998 ml
10 | CER1 cerberus 1, cysteine knot superfamily, homolog Hs00193796 ml
(Xenopus laevis)
11 | Cyclophilin peptidylprolyl isomerase A (cyclophilin A) Hs99999904 m1
(PPIA)
12 | DKK1 dickkopf homolog 1 (Xenopus laevis) Hs00183740 ml
13 | DNMT3B DNA (cytosine-5-)-methyltransferase 3 beta Hs00171876_ml1
14 | DPPA3 developmental pluripotency associated 3 (STELLA) Hs01931905 gl
15 | EDNRB endothelin receptor type B Hs00240747 m1
16 | EGFR epidermal growth factor receptor (erythroblastic Hs01076092 m1
leukemia viral (v-erb-b) oncogene homolog, avian)
17 | EPCAM epithelial cell adhesion molecule Hs00901885 m1
18 | EPHALI EPH receptor Al Hs00178313 ml
19 | ERBB2 v-erb-b2 erythroblastic leukemia viral oncogene homolog | Hs01001582 m1l
2, neuro/glioblastoma derived oncogene homolog (avian)
20 | ERBB3 v-erb-b2 erythroblastic leukemia viral oncogene homolog | Hs00951455 ml
3 (avian)
21 | FGF2 fibroblast growth factor 2 Hs00960934 ml
22 | FGFR1 fibroblast growth factor receptor 1 Hs00241111 ml
23 | FGFR2 fibroblast growth factor receptor 2 Hs01552926 ml1
24 | FOXD3 forkhead box D3 Hs01027393 sl
25 | FN1 fibronectin 1 Hs00415006 ml1
26 | GATA4 GATA binding protein 4 Hs00171403 ml
27 | GATAG6 GATA binding protein 6 Hs00232018 ml
28 | GDF3 growth differentiation factor 3 Hs00220998 m1
29 | GPC4 glypican 4 Hs00155059 m1
30 | GSC goosecoid homeobox Hs00418279 ml
31 | HAS3 hyaluronan synthase 3 Hs00193436 ml
32 | HNF4A hepatocyte nuclear factor 4, alpha Hs00230853 ml
33 | IGFIR insulin-like growth factor 1 receptor Hs99999020 ml
34 | KLF4 Kruppel-like factor 4 (gut) Hs00358836_m1
35 | LCK lymphocyte-specific protein tyrosine kinase Hs00178427 ml
36 | LEFTY1 left-right determination factor 1 Hs00764128 sl
37 | LHX2 LIM homebox 2 Hs00180351 ml




38 | MIXL1 Mix1 homeobox-like 1 Hs00430824 gl

39 | NANOG Nanog homeobox Hs02387400 g1

40 | NODAL nodal Hs01086749 ml

41 | OCT 3/4 POU class 5 homeobox 1 Hs00999632 g1
(POUSF1)

42 | PAX6 paired box 6 Hs00240871_ml

43 | PDGFRA platelet-derived growth factor receptor, alpha polypeptide | Hs00998018 m1

44 | PODXL podocalyxin Hs01574644 ml

45 | SOX2 SRY (sex determining region Y )-box 2 Hs01053049 sl

46 | T T, brachyury Hs00610080 m1
(BRACHYURY)

47 | TDGF1 teratocarcinoma-derived growth factor 1 Hs02339499 g1
(CRIPTO1)

48 | VIN vitronectin Hs00169863 ml




Table S2. List of antibodies for FACS and immunostaining.

primary antibody source catalog # clone host isotype
AFP Sigma A8452 C3 mouse IgG2a
anti-mouse CD90.2 (Thyl1.2)
PE BD Bioscience BD553006 53-2.1 rat IgG2a
anti-mouse CD90.2 (Thyl1.2)
PE-Cy7 eBioscience 25-0902 53-2.1 rat IgG2a
BMP-2/4 R&D Systems Systems AF355 goat IgG
CD9 Pera Lab TG30 mouse IgG2a
cerberusl R&D Systems mab 1075 162836 mouse IgG2b
cytokeratin 8 Santa Cruz Biotech sc-8020 C51 mouse IgG1
DKK1 R&D Systems AF1096 goat pab
DNMT3b Santa Cruz Biotech sc-10235 N19 goat pab
E-Cadherin R&D Systems mab 18381 180224 mouse IgG2b
EPCAM Santa Cruz Biotech sc-33687 KS1/4 mouse IgG2a

Ber-EP4
EPCAM DAKO M0804 Ber-EP4 | mouse IgG1
EPCAM-PerCP-Cy5.5 BD Bioscience BD347199 EBA-1 mouse IgG1
follistatin R&D Systems mab 669 85918 mouse IgG2a
GATAG6 R&D Systems mab 1700 222228 mouse IgG1
GCTM2 Pera Lab GCTM2 | mouse IgM
GDF3 abcam ab38547 rabbit pab
HNF4a/1-6 R&D Systems PP-K9218-00 K9218 mouse IgG2a
MEM-
NCAM Life Tech MHCD5600 188 mouse IgG2a
Nestin Millipore MABS326 10C2 mouse IgG1
OCT3/4 Santa Cruz Biotech sc-5279 C10 mouse IgG2b
Developmental Studies
PAX6 Hybridoma Bank PAX6 mouse IgG1
P-Cadherin R&D Systems MABS61 104805 mouse IgG1
cell signaling
phospho-SMAD 1/5/8 technology 9511 rabbit mab
phospho-SMAD3 epitomics 1880-1 rabbit mab
SOX1 R&D Systems AF3369 goat pab
SOX2 Chemicon AB5603 rabbit pab
TRA-1-
TRA-1-60 abcam ab16288 60 mouse IgM
Tubulin, B-I11 Millipore MAB1637 TU-20 mouse IgG1
Mo0851

aSMA DAKO (N1584) 1A4 mouse IgG2a




Table S3. List of primer sets for single cell analysis of gene expression in neural precursors isolated

by FACS.
Gene Name ABI assay ID
1 | CD9 CD9 molecule Hs01124022 ml
2 | CDHI1 cadherin 1, type 1, E-cadherin (epithelial) Hs01023895 ml
3 | CDH3 cadherin 3, type 1, P-cadherin (placental) Hs00354998 ml
4 | CER1 cerberus 1, cysteine knot superfamily, homolog (Xenopus Hs00193796 ml
laevis)

5 | Chordin chordin Hs00415315 ml
6 | DKK1 dickkopf homolog 1 (Xenopus laevis) Hs00183740 ml
7 | DNMT3b DNA (cytosine-5-)-methyltransferase 3 beta Hs00171876 ml
8 | EPCAM epithelial cell adhesion molecule Hs00901885 m1
9 | FN1 fibronectin 1 Hs00415006 m1
10 | Follistatin follistatin Hs00246256 ml
11 | FOXD3 forkhead box D3 Hs01027393 sl
12 | FOXG1 forkhead box G1 Hs01850784 sl
13 | GATA4 GATA binding protein 4 Hs00171403 ml
14 | GATAG6 GATA binding protein 6 Hs00232018 ml
15 | GFAP glial fibrillary acidic protein Hs00909238 gl
16 | GSC goosecoid homeobox Hs00418279 ml
17 | LEFTY1 left-right determination factor 1 Hs00764128 sl
18 | LHX2 LIM homebox 2 Hs00180351 ml
19 | MIXL1 Mix1 homeobox-like 1 Hs00430824 gl
20 | Musashi-1 | musashi homolog 1 (Drosophila) Hs00159291 ml
21 | NANOG Nanog homeobox Hs02387400 gl
22 | NCAM neural cell adhesion molecule 1 Hs00941821 ml
23 | Nestin nestin Hs00707120 sl
24 | Noggin noggin Hs00271352 sl
25 | OCT3/4 POU class 5 homeobox 1 Hs00999632 gl
26 | OLIG2 oligodendrocyte lineage transcription factor 2 Hs00377820 ml
27 | OTX2 orthodenticle homeobox 2 Hs00222238 ml
28 | PAX6 paired box 6 Hs00240871 ml
29 | PPIA peptidylprolyl isomerase A (cyclophilin A) Hs99999904 m1
30 | SHH sonic hedgehog Hs00179843 ml
31 | SIX3 SIX homeobox 3 Hs00193667 ml
32 | SOX1 SRY (sex determining region Y)-box 1 Hs01057642 sl
33 | SOX2 SRY (sex determining region Y)-box 2 Hs01053049 sl
34| T T, brachyury Hs00610080 ml
35 | VIN vitronectin Hs00169863 ml




Supplemental Experimental Procedures
Routine Cell Culture

Human ES cell culture

Cultures grown in serum-supplemented medium fibroblast feeder cell support (FCS
condition): Human embryonic stem cells (HES3 and ENVY lines, (passage 25-45 and
80-94, respectively) were maintained as described previously (Reubinoff et al., 2000).
Briefly, hESC colonies were maintained on mitotically inactivated mouse embryonic
fibroblasts (MEF) (density of 60,000 cells / cm®) in media consisting of DMEM (Life
Technologies cat. no. 11960-044, L-glutamine 1% v/v (Life Tech cat. no. 25030-081),
penicillin / streptomycin 0.5% v/v (Life Tech cat. no. 15070-063), MEM non-essential
amino acids 1% v/v (Life Tech cat. no. 11140-050), insulin-transferrin-selenium 1% v/v
(Life Tech cat. no. 41400-045), p-mercaptoethanol 0.18% v/v (Life Tech cat. no. 21985-
023), with 20% (v/v) FBS. Colonies were passaged weekly using the cut-and-paste
method.

Cultures grown in serum replacement plus FGF2 (KSR/FGF condition): HES3, ENVY,
USCO01, HES2 and H9 lines were maintained on inactivated MEF (density of 15,000 cells
/ em®) in media consisting of DMEM / F12 with L-glutamine (Life Tech cat. no. 11330),
20% (v/v) KNOCKOUT™ serum replacer (Life Tech cat. no. 10828), 4 ng/mL bFGF
(Peprotech) and (MEM non-essential amino acids, 3-mercaptoethanol, and penicillin /
streptomycin (as above). Cells were enzymatically passaged twice weekly at a split ratio
of 1:3 using CTK solution consisting of 1 mg/mL collagenase IV (Life Tech cat. no
17104019), 0.25% trypsin (Life Tech cat. no. 15090) 20% KSR (Life Tech cat. no.
10828), 1 mM calcium chloride in PBS.

Cultures grown in defined feeder-free conditions (mTeSR conditions): For feeder-free
culture conditions, ENVY and H9 lines were maintained in mTESR1™ medium (Stem
Cells) on Matrigel and passaged using dispase according to the manufacturers protocol.

Neural progenitor cultures

To assess the neurosphere-generating capacity, HES3 colonies grown in FCS were
washed twice with neural stem cell growth medium (below) and small pieces (~100 uM?)
were excised using a fine needle from the edge, middle, adjacent to center, or center
colony regions with the aid of a dissecting microscope. Single pieces were transferred to
individual wells of 96-well ultra-low attachment culture plates (Corning Costar 3474)
containing neural stem cell growth medium consisting of neurobasal medium (cat. no.
12349), B-27 supplement (2% v/v, cat. no. 17504-044), insulin-transferrin-selenium-A
(1% v/v, cat. no. 51300-044), N2 supplement (1%, v/v, cat. no. 17502-048), 2 mM L-
glutamine (cat. no. 25030), penicillin / streptomycin (0.5% v/v) (cat. no. 15070), (all from
Life Tech) with 20 ng/ml each FGF2 and EGF (Peprotech). Medium was changed every
other day. Following expansion for 1 week, resulting neurospheres were transferred to
monolayer culture format for immunostaining or were processed for gene expression
analysis by QRT-PCR. For monolayer culturing, neurospheres were dissociated by
gentle trituration with a 200 uL pipette tip. Dissociated cells were replated onto poly-L-
ornithine (Sigma P3655), laminin (5 ug/ml, Sigma L2020) coated 48-well culture plates
in NSC growth medium containing FGF2 and EGF (each at 20 ng/ml). Medium was



changed every 48 hr. Confluent cells were passaged by gentle trituration onto new
laminin-coated wells at a split ratio of 1:3. Cultures could be maintained in monolayer
format for at least 5 passages.

Flow Cytometry

Single ES cells were isolated for gene expression analysis based on double (GCTM2,
TG30) or triple (GCTM2, TG30, EPCAM) surface marker staining. Cultures were
treated with 10 uM blebbistatin (Sigma B0560, Saint Louis, MO) for 1 hour prior to
dissociation to single cells using TrypLE™ (Life Tech, cat. no. 12605). Cells were
stained in solution using a mixture of GCTM-2 (mouse IgM) and TG30 (anti-CD?9,
mouse [gG2a) (double stain) and anti-EPCAM-PerCp-Cy5.5 (BD347199) (triple stain).
Primary antibodies against GCTM-2 and TG30 were detected using goat anti-mouse
IgM-AF647 (A21238) and goat anti-mouse 1gG2a-AF488 (A21131), respectively (Life
Tech, Carlsbad, CA). Anti-Thyl.2 PE (BD553006) was used to gate out any mouse
embryonic fibroblasts.

Control samples included unlabeled cells, cells labeled with secondary antibody only and
single fluorochrome labeled cells. Cells were sorted using a FACSAria (BD Biosciences)
with a 100 uM nozzle and low pressure conditions. Cells were first gated based on
forward and side scatter properties and then Thyl.2 negative cells were analyzed for
levels of GCTM2, TG30 and EPCAM labeling. Double stained cells (GCTM2 and
TG30) were sorted into four populations; those negative for both surface markers, and
cells that exhibited low level, mid-level or high level expression of both surface markers.
Triple stained cells (GCTM2, TG30, EPCAM) were sorted into triple negative, triple
high (top 6%) and TOP (top 1.5%) populations. Sorted single cells were processed for
gene expression analysis as described below.

Assays of Self-Renewal

Single cell colony formation in adherent culture

Single ES cells grown in mTeSR were isolated by FACS, placed back in culture, and
allowed to reform colonies to determine the self-renewal capacity of the top, high and
mid populations. Briefly, HO hESC cultured in mTESR1 were triple stained for GCTM2,
TG30 and EPCAM (as above). Single cells from each of three FACS populations (top,
high and mid) were placed at 500 cells per well of a 48-well plate containing 14,000
MEF per well. Cultures were maintained in mTESR1 with medium changed daily after
48 hr post-plating. After 10 days, wells were fixed and stained for colony counting as
follows. The culture media was removed from cells and each well rinsed once with PBS
prior to fixing with 100% ethanol for 5 minutes at room temperature. Ethanol was
removed and wells allowed to air dry for 30 min prior to staining for 30 minutes with
GCTM2 hybridoma supernatant. Wells were then washed twice with 100 mM Tris-HCI,
pH 8.0 prior to incubation for 30 minutes with secondary antibody AP-goat anti-mouse
IgM (#62-6822 Life Tech) (1:500 in 100 mM Tris-HCI). Wells were washed 2x with
Tris-HCI1 and AP developed using Vector Lab AP kit II (sk-5100). Each well was imaged
using a Leica dissecting microscope fitted with an IC80 HD camera.



Assay for self-renewal capacity of clumps of cells from discrete colony regions

To assess the self-renewing capacity of ES cells under conditions that allow high
survival, small pieces (~100 uM?) were excised from the edge, middle and adjacent to
center colony regions of HES3 grown in FCS and replated onto MEFs (density 60,000
cells / cm?). After 48 hr, medium was replaced daily. Following 1 week in culture,
resulting colonies were passaged again, using pieces excised from the same region (edge,
middle, adjacent to center) as the parent colony. Passaging was continued in this manner
for 5 weeks.

Immunofluorescence Microscopy

HES3 colonies cultured in FCS condition in 8-well chamber slides (BD Falcon cat. no.
354108) and neural stem cells and EB outgrowths cultured 24-well culture dishes were
washed twice with PBS prior to fixing with 2% paraformaldehyde (PFA) for 30 minutes
at room temperature. Cells were permeabilized with 0.3% Triton X-100 in PBS and
blocked with 1% IgG-free BSA. Primary antibodies (Table S3) were diluted in 0.1%
IgG-free BSA. Cells were incubated with primary antibodies for 4 hr at room
temperature or overnight at 4°C. Cells were washed with PBS prior to addition of
appropriate isotype-matched AlexaFluor —labeled secondary antibodies (Life Tech) (anti-
mouse, anti-goat, anti-rabbit) diluted 1:1000 in PBS. Samples were then washed with
PBS prior to fixation and nuclear counterstaining with Prolong Gold plus DAPI (Life
Tech, cat. no. P36931). Images were acquired using Zeiss Axioimager.Z1 and Axiovert
200 microscopes, both with epifluoresence capability and fitted with an Axiocam MRm
camera and Axiovision 4.6 software (Carl Zeiss, Inc.).

Reaggregate Assay imaging and data processing

Colonies in each well of the 24 well plates were imaged using a Zeiss Axio Observer Al
equipped with a 10x EC Plan-Neofluor objective (Zeiss 0.3 NA, 420341-9911) and
Antivibration Pad L (920007970, Eppendorf, http://www.eppendorf.ca). Images were
collected with a Zeiss 12 Bit CCD camera (MRm ver 3.0 Zeiss) at a size of 1024 x 1024
pixels (1.048 megapixel) using the multidimensional acquisition procedure in Axiovision
software release 4.8. The size of the pixels was measured by imaging a 10 line-pair per
millimeter slide (N38-258, Edmund Optics).

Statistical analysis of single cell expression data

The cluster package for R was used to perform the fuzzy cluster analysis for samples in
each media condition (FCS, KSR/FGF2, mTeSR). The dist function computed a
distance matrix using euclidean (root sum-of-squares) distance to calculate the
dissimilarities between samples in each media condition. The FANNY function was used
to prioritize clustering of the samples and the output of this function was displayed in a
principle component plot, where each data point can belong to up to 2 groups. The mean
and covariance matrix of the observations in each cluster were used to compute the
boundary of each ellipse. Agglomerative hierarchical cluster analysis was used to



identify gene groups sharing similar expression profiles across different populations. A
log,-transformation was applied to the data. We used the statistical package for R
(version 2.15.0) to generate heatmaps. Genes were grouped according to a (1-R”) distance
metric where R” represents the Spearman rank correlation coefficient (Alarcon and van
Santen, 2010), and clusters were joined using average linkage. Violin plots were
generated using the CRAN package vioplot.

Reaggregation Limiting Dilution Assay imaging and data processing

Colonies in each well of the 24 well plates were imaged using a Zeiss Axio Observer.Al
equipped with a 10x EC Plan-Neofluar objective (Zeiss 0.3 NA, 420341-9911) and
Antivibration Pad L (920007970, Eppendorf, http://www.eppendorf.ca). Images were
collected with a Zeiss 12 Bit CCD camera (MRm ver 3.0 Zeiss) at a size of 1024 x 1024
pixels (1.048 megapixel) using the multidimensional acquisition procedure in Axiovision
software release 4.8. The size of the pixels was measured by imaging a 10 line-pair per
millimeter slide (N38-258, Edmund Optics).

It was necessary to use long exposure times (~2 s) to maximize the fluorescence
intensities in the collected images. These images were then corrected for blur by the
method of Shan, et. al., which optimizes an estimated blur kernel (PSF) and image
debluring by a unified probabilistic model.(Shan et al., 2008). The deblurred images
were then analyzed using CellProfiler, which is open source image analysis software
(Carpenter et al., 2006; Kamentsky et al., 2011). After debluring and prior to
thresholding additional low-cut filtering in the Fourier domain was implemented via an
ImageJ plugin utilizing the procedure of Bright (Bright, 2004; Rasband, 1997 - 2011;
Russ, 2010). Multidimensional images were separated by channel and associated with
metadata in the CellProfiler pipeline. Identification of objects in processed images was
accomplished through use of the ilastik open source software (www.ilastik.org). Ilastik
uses interactive machine learning algorithms to classify pixels and perform
segmentation(Sommer et al., 2011). The software generates a classifier file which can be
utilized by CellProfiler to identify objects. Outlines of objects identified for each stain
were overlaid with the enhanced image for visual inspection and confirmation. Objects
indentified in each channel associated by metadata were then measured, grouped, and
categorized. (Supplemental — CellProfiler pipeline).

Statistics were generated with the SAS statistical analysis software (SAS institute, Cary
NC, http://www.sas.com) and with the R statistical software package (R project,
http://www.r-project.org).

Differentiation Assays

Embryoid Body (EB) Assays

HES3 cells maintained in KSR/FGF culture were dissociated, stained, and sorted into
four populations based on staining with GCTM2 and TG30 as above. Following sorting,
cells were washed once in KSR culture media containing blebbistatin and FGF2.
Alternatively, for cultures grown in FCS, clumps of cells from different regions of the
colony were isolated as described above under self-renewal assays. To induce EB



formation, cells (4000 per tube) were aggregated by centrifugation at 480g for 2 min in
low-binding PCR tubes (Axygen 321-02-501) containing 100 uL KSR culture media
containing blebbistatin and FGF2. After 48 hr, EBs were transferred to 96-well ultra-
low attachment plates (Corning Costar 3474) in STEMdiff ™ APEL™ medium (#05210
STEMCELL) without FGF2. Culture medium was changed every other day. After 6
days, EBs were transferred to gelatin-coated 48-well plates in hESC culture media
containing 20% FBS to generate outgrowths. Medium was changed daily for 2 weeks.
The embryoid bodie outgrowths were analysed by indirect immunofluorescence staining
or by QRT-PCR.

NSC Differentiation
For differentiation to B-III tubulin positive neurons, NSC were cultured on laminin-
coated 48-well plates in NSC medium without growth factors for 1 week.

Analysis of gene expression

Single cell gPCR

For analysis of gene expression in single ES cells, individual cells were immediately
picked or sorted directly into low binding PCR tubes (Axygen 321-02-501) following
microdissection or isolation by FACS. Tubes contained preamplification mix consisting
of 5 uL Cells Direct 2X reaction mix (P/N 55175, Life Tech cat no 46-7201), 2.5 uL of a
0.2X concentration of pooled TagMan primer sets (Tables 1 & 2, supplemental) in TE
buffer, 0.5 uL of RT / Taq enzyme mix (Cells Direct kit, P/N 55548, Life Tech) and 2 uL
TE buffer. Samples were snap frozen on dry ice to facilitate cell lysis followed by RT
and multiplex preamplification. Cycling conditions were: RT at 50°C for 20 minutes,
activation at 95°C for 2 minutes, followed by 40 cycles of preamplification each at 95°C
for 15 seconds followed by 60°C for 4 minutes. Reactions were stopped by heating at
99.9°C for 10 minutes prior to storage at -20°C. Preamplified samples were diluted 1:5
with TE buffer prior to qPCR analysis on microfluidic chips. Single gene-specific gPCR
reactions using individual Tagman primer sets (Supplemental Tables 1 & 2) were carried
out on a Biomark™ HD instrument using 48x48 Dynamic Array Gene Expression
microfluidic chips (Fluidigm Corp). Prior to loading onto the chip, individual TagMan
gene expression assays (20X) were diluted 1:1 with 2X assay loading reagent (Fluidigm
PN 85000736). Pre-amplified samples (2.75 ulL) were combined with 2.5 uL TagMan
Universal Master Mix (ABI 4304437) and 0.25 uL. 20X GE sample loading reagent
(Fluidigm PN 85000735). qPCR cycling conditions were 50°C for 2 minutes, 95°C for
10 minutes, followed by 40 cycles each at 95°C for 15 seconds followed by 60°C for 1
minute.

Gene expression in EB
Samples from EB assays were analysed following RNA extraction using individual
Tagman probesets in accordance with the manufacturer’s instructions.
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