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TGF-beta-superfamily signaling regulates embryonic stem cell
heterogeneity: self-renewal as a dynamic and regulated
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Katherine E. Galvin-Burgess, Emily D. Travis, Kelsey E. Pierson, and Jay L. Vivian
Department of Pathology and Laboratory, Institute for Reproductive Health and Regenerative
Medicine, University of Kansas Medical Center

Abstract

Embryonic stem cells dynamically fluctuate between phenotypic states, as defined by expression
levels of genes such as NManog, while remaining pluripotent. The dynamic phenotype of stem cells
is in part determined by gene expression control and dictated by various signaling pathways and
transcriptional regulators. We sought to define the activities of two TGF-beta-related signaling
pathways, Bone morphogenetic protein (BMP) and Nodal signaling, in modulating mouse
embryonic stem cell heterogeneity in undifferentiated culture conditions. Both BMP and Nodal
signaling pathways were seen to be active in distinct Manog subpopulations, with subtle
quantitative differences in activity. Pharmacological and genetic modulation of BMP or Nodal
signaling strongly influenced the heterogeneous state of undifferentiated ES cells, as assessed by
dynamic expression of NManog reporters. Inhibition of Nodal signaling enhanced BMP activity,
which through the downstream target Id factors, enhanced the capacity of ES cells to remain in the
Nanog-high epigenetic state. The combined inhibition of Nodal and BMP signaling resulted the
accumulation of Manog-negative cells, even in the presence of LIF, uncovering a shared role for
BMP and Nodal signaling in maintaining NManog expression and repression of differentiation.
These results demonstrate a complex requirement for both arms of TGF-beta-related signaling to
influence the dynamic cellular phenotype of undifferentiated ES cells in serum-based media, and
that differing subpopulations of ES cells in heterogeneous culture have distinct responses to these
signaling pathways. Several pathways, including BMP, Nodal, and FGF signaling, have important
regulatory function in defining the steady-state distribution of heterogeneity of stem cells.
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Introduction

Embryonic stem (ES) cells are derived from the inner cell mass of the early blastocyst and
maintain the capacity to differentiate to various cell types of the adult in vivo and in vitrol.
These remarkable features of long-term self-renewal and pluripotency have made mouse and
human ES cells valuable models to study mechanisms of self-renewal and differentiation. To
remain in the undifferentiated state, ES cells require specific culture conditions, which
regulate transcriptional regulatory networks to maintain pluripotency2. Undifferentiated
mouse ES cells show highly variable expression of some components of the pluripotency
program, including transcriptional regulators such as Nanog, Zfp42 (Rex-1), Brachyury (T),
and Dppa3 (Stella)®19. Mouse epiblast stem cells!! and undifferentiated human ES

cells!2 13 also exhibit variable levels of many genes.

In pluripotent cells, heterogeneity is due to temporal heterogeneity, in which stem cells
dynamically fluctuate between phenotypic states, as defined by expression levels of genes
such as NManog in mouse ES cells. When cells of a particular state are purified and replated,
the cells will eventually re-establish heterogeneous populations® 7; ES cells interconvert
between these pluripotent states while still not committed to differentiate. Thus
heterogeneity results from a complex dynamic equilibrium of cell subpopulations with
distinct gene expression levels. Heterogeneity may be an important phenotype in stem cell
populations, to allow cells to respond to differentiation cues while still remaining otherwise
undifferentiated!?.

The dynamic expression of NManog and its role in pluripotency suggests that this factor may
act as both a “‘marker” and a ‘maker’ of heterogeneous subpopulations. Substantial data has
shown that the divergent homeobox gene Aarnog is an important component of the core self-
renewal machinery5-18 and participates in the regulation of genes associated with the
undifferentiated phenotype. Purified Manog-high cells have a significantly increased
capacity for integration into embryos when injected into blastocysts®; Narnog-low cells in
contrast do not readily integrate to form chimeric mice. Heterogeneity is thus a fundamental
aspect of pluripotent stem cells and is intrinsically linked to the self-renewal machinery that
controls stem cell identity. An understanding of how heterogeneity arises and is regulated
will provide critical information on how self-renewal and pluripotency are maintained in
different stem cell types.

The heterogeneous status of ES cells in culture can be influenced by altering the FGF
signaling pathway. Inhibition of autocrine FGF-MEK-ERK signaling greatly enhances the
Nanog-high phenotypic statel8-21, These data are among the first observations to suggest
that the heterogeneous phenotype of mouse ES cells is not an entirely random process but is
heavily influenced by the active signaling pathways of undifferentiated cell culture;
heterogeneity is thus a regulated process. Thus the dynamic phenotype of stem cells is in
part determined by gene expression control and dictated by various signaling pathways,
transcriptional regulators, and chromatin marks. The complexity of the gene regulatory
pathways controlling the core pluripotency program suggests other pathways likely also are
involved in heterogeneity, but are not characterized.

In this report, we sought to define the activities of two TGF-beta-related signaling pathways,
Bone morphogenetic protein (BMP) and Nodal signaling, in modulating mouse embryonic
stem cell heterogeneity in undifferentiated culture conditions. The Nodal signaling pathway
has known roles in controlling pluripotency of human ES cells?2 23, Although Nodal is
important in regulating proliferation of mouse ES cells24, a role of this signaling pathway in
stem cell self-renewal and homeostasis has not been determined. Our previous studies
demonstrated that autocrine Nodal signaling modulates BMP signaling pathway in
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undifferentiated ES cells2>, and BMP signaling plays a critical role in maintaining the
undifferentiated state of mouse ES cells26. In this work we show that modulation of BMP or
Nodal signaling strongly influences the heterogeneous state of undifferentiated ES cells, as
assessed by dynamic expression of Manog. Inhibition of Nodal signaling acts to enhance
BMP activity, which through the downstream target Id factors, enhances the capacity of ES
cells to remain in the NManog-high epigenetic state. Our efforts also uncovered a shared role
for BMP and Nodal signaling in maintaining Nanog expression and repression of
differentiation. These data indicate the BMP and Nodal signaling pathways have essential
and complex roles in controlling stem cell self-renewal, and that differing subpopulations of
ES cells in heterogeneous culture have distinct responses to these signaling pathways. These
results suggest multiple pathways have regulatory function to define the spectrum of
dynamic phenotypes of stem cells in culture.

Material and Methods

Mouse ES cell culture

Experiments utilized E14Tg2A (E14) ES cells, TNG ES cells®, and BNG ES cells
(described below). ES cells were maintained as described previously2® on gelatin-coated or
fibroblast co-cultured plates. Cells were grown in serum-based ES cell media: DMEM, 15%
FBS, penicillin-streptomycin, L-glutamine, non-essential amino acids, beta-
mercaptoethanol, and 103 units/ml LIF. In serum-free experiments, FBS was replaced with
knockout serum replacement (KOSR; Invitrogen). For specific studies, ES cells were treated
with 10 ng/ml Activin (R&D), 10 ng/ml BMP4 (R&D), 5 uM SB431542 (Sigma), 100 nM
LDN193189 (Stemgent), 1JuM PD0325901 (Stemgent), SB505124 (Sigma), Noggin (R&D),
and 1ug/mL doxycycline (Sigma). Time periods for treatments are indicated for each
experiment.

Transgenesis of ES cell lines

To generate BAC-Nanog-GFP (BNG) ES cells, Nanog-GFP BAC?7 was introduced into
Ainv15 ES cells?8 or Alnv15-Smad7 ES cells?® via lipofection, modified from previous
protocols?. In brief, ES cells were plated onto four wells of a 24 well gelatin coated plate at
a concentration of 1075 cells per well. After 24 hr culture, 1.0ug of supercoiled BAC DNA
was transfected into each well (Lipofectamine, Invitrogen). The next day the cells were
plated onto resistant feeders and hygromycin selection (150ug/ml) was initiated 24 hr later.
Expanded clones were characterized for GFP expression and response to small molecules
via flow cytometry. 1d1 coding sequences were introduced into the doxycycline responsive
cassette of BNG cells via CRE-mediated recombination as described?>.

Fluorescent cell sorting and analysis

ES cells were trypsinized to a single cell suspension and analyzed by BD FACSAria (cell
sorting) and BD LSRII flow cytometer (cell analysis) for GFP expression. A convention was
established for sorting and analyzing subpopulations of BNG ES cells based on the profile
of GFP expression of unsorted cells (Fig. 1B). The GFP-medium and GFP-high populations
were determined by gating 30-35% of the cells from the peak of the GFP distribution. Cells
expressing higher levels of GFP than the GFP-high subpopulation were classified as GFP-
very high; whereas cells with expression less than GFP-medium cells but above background
were identified as GFP-low cells. Analysis of control E14 ES cells were used as a negative
control for flow analysis and sorting. After cell sorting, subpopulations were analyzed to
confirm purity of the population.
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RNA analysis

RNA was isolated (Qiagen), and cDNA was synthesized (Invitrogen) following
manufacturer’s instructions. TagMan primer sets with the 7500 Real Time PCR system
(Applied Biosystems) were used for quantitative real-time PCR analysis. Upon request,
specific ABI TagMan Primer/Probe assay identification numbers are available.

Protein analysis

Cells were pelleted and then lysed with radiocimmune precipitation assay buffer
supplemented with Halt Protease and Phosphatase Inhibitor Cocktails (Pierce). Protein
samples were separated on BioRad Tris-HCI gels, and blots were probed with primary
antibodies for pSmad2 (Millipore), Smad2 (Zymed Laboratories Inc.), pSmad1/5/8 (Cell
Signaling), Smadl (Zymed Laboratories Inc.), GAPDH (Santa Cruz Biotechnology), pERK
(Cell Signaling), Nanog (BD Pharmingen), and Id1 (Santa Cruz) and incubated overnight at
4 °C with appropriate secondary antibodies. SuperSignal West Pico Chemiluminescence
(Pierce) was used to detect the western blots.

Fluorescent Imaging

Reporter ES cells were sorted to GFP-high, GFP-low, or GFP-negative populations. Sorted
cells were plated on chamber slides pre-coated with gelatin and cultured from 24 to 72
hours. Images were taken to visualize GFP fluorescence at 24, 48, and 72 hours. Hoechst
33342 dye was used in some experiments to visualize nuclei of live cells.

Clonogenicity assay

Sorted cells were plated at a low density (1000 cells per 10cm plate) onto gelatin-coated
plates and allowed to grow for 6 days. Colony number and morphology were determined via
microscopic examination.

Proliferation assay

Unsorted cells were plated onto gelatin-coated wells of a 24 well plate in quadruplicate and
allowed to grow for 72 hrs. Cells were then lysed and total cell number in each well was
indirectly determined using a fluorescence dye to quantify DNA content (Invitrogen).

Statistical analysis

Analysis of RNA was conducted in triplicate samples. Results were graphed to display
means + standard deviation. Student #tests were performed to determine statistical
significance of the data with a p value of < 0.05 considered statistically significant.

Results

Reporter models to monitor Nanog heterogeneity in ES cells

To monitor the dynamic expression of Nanog, two mouse ES cell lines harboring Nanog-
GFP reporters were analyzed in detail. The TNG cell line harbors a GFP reporter targeted to
the endogenous Nanog locus®. Additionally, a Manog-GFP reporter BAC27 was introduced
into AINV15 cells?8, resulting in the BNG ES cell line. Both ES cell lines demonstrated
distinct populations as assessed via flow cytometric analysis (Fig. 1A,B), with a small
population of cells with undetectable GFP levels. Cells were sorted to negative, low,
medium, high, and very-high GFP subpopulations. Via western and real-time expression
analysis, these subpopulations of cells exhibited quantitatively distinct levels of Nanog
expression (Fig. 1A,B, Supplemental Fig. 2). GFP-low TNG cells exhibited approximately
40% levels of Nanog transcript levels compared to Nanog-high cells (Fig. 1B),
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demonstrating the GFP reporter accurately reflects endogenous Nanog expression.
Differences between the Nanog-GFP BAC reporter and the Nanog-GFP targeted allele
reporter are minor and likely reflect subtle differences in the sensitivity of the GFP to report
lower levels of Nanog. Thus GFP expression accurately reflected endogenous Nanog gene
expression in both cell models.

To monitor the dynamic expression, subpopulations of cells were sorted on the basis of GFP
expression and replated (Fig. 1D). After 72 hours, the sorted cells exhibited varied
expression levels of the reporter. Specifically, GFP-negative sorted TNG cells exhibited
some GFP expression, whereas GFP-positive sorted cells displayed some cells which lacked
GFP expression. BNG cells initially sorted for high levels of GFP exhibited a tight ES
colony morphology, with clearly defined borders. GFP-low cells had a more flattened
appearance (Fig. 1D), but after several days of culture, cell clumps with tighter
morphologies were apparent. These data demonstrate that the Manog-BAC reporter models
generated for this analysis accurately reflect endogenous Nanog expression and exhibit
heterogeneous and dynamic expression.

To further characterize the gene activity of the subpopulations, the expression of several
genes were monitored in sorted BNG cells. Several genes associated with stem cell self-
renewal exhibited varied levels of expression within the Manog expressing subpopulations.
Higher levels of expression of K/f4and Stella (Dppa3; Fig. 1C) were associated with high
levels of Nanog, K/If4 levels were approximately 3-fold and 4-fold higher in GFP-high cells
compared to GFP-low and GFP-negative cells, respectively. 7etZ and Tet2were also seen to
exhibit highly variable levels of expression. These loci encode proteins with roles in
converting methylated DNA to 5-hydroxymethylcytosine, with functions in differentiation
and pluripotency3%: 31, Importantly, other pluripotency factors, such as Oct4 (Pou5f1) did
not exhibit substantial variable expression levels in the Nanog-GFP subpopulations,
consistent with previous studies® 7 In contrast, genes such as Brachyury and Fgf8were
substantially higher in GFP-low subpopulations. Other markers associated with
differentiation, such as the early neurectoderm marker Pax6, did not exhibit differential
expression, suggesting the heterogeneous expression of some markers is not a generic
phenomenon of differentiation. Indeed, Brachyury has previously been shown to be
expressed at low levels in many ES cell lines and exhibits heterogeneous expression3. Thus,
although the reporters reflect heterogeneous NMarnog expression, a substantial number of
other genes associated with pluripotency also exhibit variable levels of expression in these
GFP subpopulations. These data are indicative of a complex network of dynamic gene
expression in undifferentiated ES cells.

TGF-beta-related signaling is active in Nanog subpopulations

Our previous studies characterized a function for autocrine Nodal signaling in modulating
the intracellular activity of BMP in undifferentiated mouse ES cells?>. Given the activity of
BMP signaling in maintaining ES cell self-renewal2® 32, we wished to determine roles of
both Nodal and BMP signaling in stem cell heterogeneity. We first examined the expression
of downstream targets of the Nodal and BMP signaling pathways in Nanog subpopulations,
including /d genes (BMP targets) and the Nodal signaling targets Lefty1, Lefty2, Brachyury
(7), and Fgrg?> 26, These genes exhibited variable levels of expression in the Nanog
subpopulations of BNG cells (Fig. 2A) and TNG ES cells (Supplemental Fig. 1), with higher
levels of these factors associated with the lower expression of Narog. One exception was
Smad7, which is regulated in part by Nodal signaling, but exhibited similar levels of
expression in all GFP subpopulations. Quantitative differences in the activity of BMP and
Nodal signaling in different subpopulations was confirmed when the intracellular activities
were examined via western analysis of the activated Smads. In sorted subpopulations of
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TNG ES cells, GFP-negative cells had slightly higher levels of phospho-Smad2 and
phospho-Smad1/5 than the GFP-positive cells (Fig. 2C).

The sorted NManog subpopulations were analyzed to compare their responses to TGF-beta
signaling modulation. Two specific pharmacological inhibitors were used to target BMP or
Nodal signaling. LDN193189 (LDN), inhibits BMP type I receptors ALK2/333, and
SB431542 (SB) targets the Activin type | receptors ALK4/5/734 35 Inhibition of BMP
signaling reduced pSmad1/5 levels in GFP-positive and GFP-negative expressing TNG cells
(Fig. 2C). In response to Nodal inhibition, both GFP-positive and GFP-negative populations
decreased phosphorylation of Smad2 and drastically increased phosphorylation of Smad1/5,
consistent with Nodal signaling acting as a negative regulator of BMP signaling via Smad7
regulation?®, Decreased expression of Leftyl and Twas observed when Nodal signaling was
inhibited, and /dZ and /d2 expression was enhanced (Fig. 2B), although quantitative
differences in the magnitude of response was observed in different subpopulations. For
example, SB treatment of GFP-low cells induced /dZ expression 10-fold, while GFP-high
cells responded with a 4-fold upregulation. Significant expression of some targets of the
Nodal signaling pathway, such as 7, were largely restricted to the AManog-low population.
Inhibition of BMP signaling repressed /a1 expression to a higher degree in GFP-low cells
compared to GFP-high cells. Dual inhibition of Nodal and BMP significantly decreased the
SB-mediated Id induction in both subpopulations. Signaling modulation via other
antagonists (Nodal antagonist SB505124 or the BMP antagonist Noggin) demonstrated
similar findings (Supplemental Fig. 3). Thus, both BMP and Nodal signaling are active in
distinct Manog subpopulations, with subtle quantitative differences; Nanog-high
subpopulations have lower intracellular activity of both pathways. Importantly, the
regulation of BMP signaling via Nodal signaling2® is maintained in all ES cell
subpopulations.

TGF-beta signaling modulates dynamic heterogeneity

We wished to determine if altered BMP or Nodal signaling modulates the capacity of ES
cell subpopulations to dynamically alter their phenotype. To monitor the dynamic transition
of ES cells, subpopulations of Manog-GFP cells were purified, replated for further culture,
and then analyzed for the resulting heterogeneity via flow analysis. Manog-high ES cells
were purified and replated in SB supplemented media for 72 hours and then flow analyzed.
In control cultures, cells that were initially GFP-high exhibited broader distribution of
Nanog expressing subpopulations (Fig. 3B), with significant number of GFP-medium and -
low expressing populations. In contrast, Nodal inhibition by SB significantly enhanced the
capacity of GFP-high cells to remain in the GFP-high phenotypic state. SB treated cells
displayed a reduction in cells of the GFP-low phenotypic state (decreased GFP-low cells by
43% compared to control; Fig. 3B; Supplemental Fig. 4). Similar, and even more striking,
results were seen when the purified GFP-low subpopulation was analyzed (Fig. 4A).
Cultures of GFP-low cells in SB supplemented media resulted in 47% more GFP-high and -
very high cells compared to control conditions. Treatment of purified GFP-high cells with
another Nodal pharmacological inhibitor, SB505124, also decreased the percentage of cells
that transitioned to a GFP-low state (Supplemental Fig. 3). Treatment of cells with
recombinant activin A did not result in a significant effect on heterogeneity (Fig. 3C). This
result is consistent with our previous data showing that treatment with recombinant activin
has a modest effect on Nodal downstream targets?®, likely due to the signaling pathway
being nearly saturated from autocrine production of Nodal. These results indicate that
autocrine Nodal signaling influences the dynamic heterogeneity of undifferentiated ES cells,
acting to direct ES cells toward the Nanog-low phenotypic state.

Inhibition of BMP signaling had a dramatically different effect on Nanog heterogeneity
compared to Nodal inhibition. Using either the LDN pharmacological inhibitor or the
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recombinant BMP antagonist Noggin, both GFP-low and GFP-high subpopulations of BNG
ES cells demonstrated an increased propensity to shift towards the Nanog-low expressing
phenotype. (Fig. 3 & 4 and Supplemental Fig. 3 & 4). Supplementation of media with
recombination BMP4 resulted in the dramatic enhancement of maintaining the Nanog-high
state (Fig. 3C); this response was as effective as SB treatment. These data demonstrate that
BMP signaling is important for maintaining the Aanog-high state in serum-based media,
with BMP and Nodal signaling having opposing activities in regulating heterogeneity.

To determine the hierarchy of effects of Nodal or BMP signaling in ES cell heterogeneity,
both pathways were inhibited by simultaneous treatment with both SB and LDN. Sorted
BNG cells grown in the combination of SB and LDN exhibited a profile of heterogeneity
similar to LDN treatment alone (Fig. 3B, 4B). The effect of Nodal inhibition via SB on
heterogeneity, namely the increase in the GFP-high subpopulations, was eliminated in the
combined treatment of SB and LDN. These results suggest that the SB-induced propensity
to maintain Aanog-high populations is a BMP-dependent process.

Forced expression of Id1 enhances Nanog-high state

The 1d factors are prominent targets of BMP signaling36, and are critical downstream
components of the self-renewal activity of BMP signaling in mouse ES cells?®. Nodal
inhibition enhances BMP activity and Id expression in undifferentiated ES cells?® (Fig. 2B).
We wished to determine if enhancement of ES cells to remain in the GFP-high phenotypic
state in response to Nodal inhibition is due to enhanced BMP signaling and associated
increase in Id expression. A doxycycline-inducible 1d1 transgene was targeted into BNG
cells via CRE-mediated transgenesis?8 to generate the BNG-Id1 cell line. Treatment of
BNG-1d1 cells with doxycycline (dox) induced an approximate 20-fold enhancement of 1d1
expression (Supplemental Fig. 5). Sorted GFP-low BNG-Id1 cells were plated in
combinations of SB, LDN, and dox supplemented culture media. After three-day treatment
of dox, BNG-Id1 ES cells had 2.2-fold fewer GFP-low cells along with a concominant
increase in cells with high and very high Nanog-GFP expression in comparison to cells
grown in ES media (Fig. 4A and B), and, closely mimicking the effects of SB treatment.
Treatment of BNG-Id1 ES cells with dox also largely ablated the effects of LDN treatment
(Fig. 4C). Thus, under basal ES media conditions, forced Id1 expression directs cells toward
the Nanog-high state.

Components of fetal bovine serum are known to activate the BMP signaling pathway. To
further study the roles of Id1 in Manog heterogeneity under conditions without BMP
agonists, BNG-1d1 cells were grown in knock-out serum replacement (KOSR) media. GFP-
high sorted BNG-Id1 cells grown in KOSR media exhibited an almost 3-fold decrease in
Nanog-low cells when BMP was added to the media (Fig. 4D). When dox was added to
induce 1d1 expression in KOSR media, the proportion of GFP-low cells were identical to
BMP treatment (Fig. 4D). These results strongly suggest that the Id factors are critical
downstream targets of BMP signaling in regulating heterogeneity. The enhanced capacity of
ES cells to remain in the NManog-high epigenetic state when Nodal signaling is inhibited is
thus due to enhanced BMP activity and resulting increase in Id gene expression.

Inhibition of FGF4/MEK signaling attenuates Smad phosphorylation and dramatically
increases Nanog-high phenotypic state

FGF signaling plays an important role in modulating ES cell heterogeneity via its regulation
of the MEK signaling pathway2%: 21, PD0325901 (PD), a potent and selective non-
competitive inhibitor of MEK137, inhibits FGF signaling and is a crucial component of the
2i cocktail shown to maintain undifferentiated mouse ES cells3®. GFP-high BNG ES cells
treated with PD in serum-based media for 72 hours displayed a dramatic increase in the
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number of GFP-high and -very high cells (Fig. 5A). PD treatment increased the number of
GFP-very high cells to 51%, compared to the 4% of GFP-very high cells in control ES
media cultures. Nanog mRNA was also elevated approximately 2-fold by PD treatments
(Fig. 5C). To determine if FGF signaling is modulated in response to Nodal or BMP
signaling, we examined the downstream signaling pathway via western analysis. Phospho-
ERK expression was greatly diminished by PD treatment but was unaffected by SB or LDN
treatments (Fig. 5B). These data suggest that the effects of Nodal or BMP signaling on
heterogeneity either occur independent of FGF signaling, or are downstream of ERK in
FGF-MEK signaling.

To analyze the effects of MEK inhibition on Nodal and BMP signaling, a PD treatment time
course was conducted, and RNA and protein samples were analyzed. Corresponding with a
high level of Nanog expression, Brachyury (T) expression was decreased by PD treatment
(Fig. 5C). And while inhibitory Smad7 levels increased, other markers of Nodal and BMP
activity (LeftyI and the /d genes) decreased transcript expression. Treatment with PD also
diminished Smad phosphorylation of both arms of the TGF-beta pathway (Fig. 5D).
Smad1/5 showed decreased phosphorylation after 24 hours, and significant decreases in the
phosphorylation of Smad2 were demonstrated after 48 hours. Multiple Smad2 serine
residues decreased phosphorylation after MEK1 inhibition; the Ser465/467 residue in the C
terminal region and the Ser245/250/255 in the linker region showed loss of phosphorylation.
These data are consistent with decreased Nodal and BMP activity associated with the GFP-
high and -very high phenotypic state, and suggesting that FGF4 signaling provides a
permissive environment for Nodal and BMP activity.

Nodal and BMP signaling share function in regulating Nanog expression and inhibiting
differentiation

A consistent increase in GFP-negative cells was observed in response to combined treatment
of SB and LDN, most strikingly in Manog-low purified subpopulations (Fig. 4A and B).
These results suggest that Nodal and BMP signaling may have an additional shared function
in keeping ES cells from entering the GFP-negative epigenetic state. To examine this
overlap in function, we generated a BNG ES cell line with a dox-inducible Smad7 cassette
to enhance Smad7 expression and impede both BMP and Nodal signaling24. Dox-treated
BNG-Smad7 cells increased Smad7 levels 3-fold relative to cells grown in media alone
(Supplemental Fig. 5).

BNG-Smad7 cells were purified into GFP-high and GFP-low subpopulations and treated for
three days in different media conditions to modulate Nodal and BMP signaling. Treatment
with dox or with SB+LDN significantly increased the population of GFP-negative cells in
both GFP-low and -high sorted cells (Fig. 6A and B). Triple treatment with SB+LDN-+dox
induced the most dramatic increase of GFP-negative cells, particularly in the GFP-low
sorted cells, which resulted in over 45% of the cell population becoming GFP-negative. A
significant reduction in proliferation was observed when both Nodal and BMP signaling are
inhibited (Supplemental Fig. 6C). The increase in GFP-negative cells in response to
combined inhibition of Nodal and BMP signaling was also observed in serum-free media.
After 5 days, BNG-Smad7 cells grown in KOSR supplemented with media lacking BMP but
including LIF, SB, LDN, and dox inhibited an 8.7-fold increase in NManog-negative cells
compared to cells grown in LIF and BMP-supplemented media (Supplemental Fig. 6A).
These data suggest that the combined strong inhibition of Nodal and BMP signaling results
the accumulation of Manog-negative cells, even in the presence of LIF.

We examined endogenous Nanog expression levels in response to short term inhibition of
Nodal and BMP signaling in unsorted cells. Single treatments of SB or LDN did not change
Nanog expression after 24 hours (Fig. 6D); however, when SB and LDN were co-
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administered, Nanog expression dropped to approximately 80% that of untreated cells.
Strong inhibition of both Nodal and BMP signaling via triple treatment of dox, SB, and
LDN further reduced NManog mRNA levels in both serum-based media (Fig. 6D) and in
serum free media (Supplemental Figure 6D). When GFP-high BNG-Smad7 ES cells were
grown in 72 hr culture in SB+LDN-+dox, striking cell morphologies were observed (Fig.
6C). In addition to cells with coherent undifferentiated morphologies, a substantial number
of cells lacking GFP expression were observed with flattened morphology, either with either
a squamous epithelial phenotype or a loosely coherent mesenchymal phenotype. These
phenotypes are indicative of highly differentiated cells, which were rarely apparent in
untreated cells. This highly differentiated morphology was also preponderant in SB+LDN
+dox treated cells in a clonal outgrowth assay. After 6 days of inhibition of both Nodal and
BMP signaling, single plated cells demonstrated a significant reduction in capacity for
clonal outgrowth, with SB+LDN+dox-treated cells displaying a x reduction in clone
number. Many of the resulting colonies grown in SB+LDN+dox media consisted solely of
cells with a highly differentiated morphology lacking Nanog expression (46%; Fig. 6D,
Supplemental Fig. 6B), a phenotype rarely observed in clones grown in untreated media.
The Nanog-low sorted cells were more sensitive to SB+LDN-+dox treatment compared to
Nanog-high cells; Manog-low cells had a significantly reduced capacity for clonogenicity
and a dramatically increased number of clones consisting of differentiated cells in response
to SB+LDN+dox (Supplemental Fig. 6B).

Gene expression was examined in cells with combined Nodal and BMP inhibition for 6 days
in both serum-based media and serum-free media (Fig. 6F and Supplemental Figure 6D). SB
+LDN-+dox treatment mildly enhanced the expression of neural (Pax6) and trophectoderm
(Gata2) markers. The upregulation of GataZis consistent with previous observations of SB
effects on ES cells2>. However, substantial increases in genes associated with
mesendodermal differentiation were observed in response to combined Nodal and BMP
inhibition, including an 8-fold increase in FoxAZand 6-fold increase in the trophectoderm/
posterior streak marker CaxZ2. Thus a variety of differentiation markers are derepressed in
response to combined loss of Nodal and BMP activity in undifferentiated ES cells. These
data point to a previously undescribed and shared role for exogenous BMP and autocrine
Nodal signaling in regulating NManog expression and maintaining the undifferentiated state of
mouse ES cells when cultured in LIF.

Given that BMP signaling regulates Id gene expression, we wished to determine if Id factors
are important components of the combined role of Nodal and BMP in regulating Nanog
expression. To test this, the BNG-Id1 cell line was used to force Id expression in the context
of Nodal and BMP inhibition via SB and LDN. After 6 days, combined treatment of SB
+LDN lowered Nanog expression (Fig. 6E). Analysis of BNG-1d1 cells revealed that forced
expression of 1d1 only partially enhanced the reduced expression of AManog in response to
SB and LDN after 24 hours (Fig. 6E). Expression of Id1 was thus not sufficient to raise
Nanog levels to basal expression, suggesting that Id-independent mechanisms exist by
which Nodal and BMP signaling pathways cooperate to maintain Nanog expression.

Discussion

In this report we sought to characterize the role of the TGF-beta-related signaling pathways
on dynamic heterogeneity. Using two Aanog reporter models, our results show a substantial
number of genes with variable expression associated with Nanog heterogeneity, including
several downstream components of Nodal and BMP signaling. These studies demonstrate
that modulation of either Nodal or BMP signaling substantially influences the dynamic
phenotypic transition of ES cells as assessed by Marnog expression. Our results point to a
regulatory cascade of autocrine Nodal signaling modulating BMP activity, which through
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the regulation of 1d gene expression, influences the dynamic expression of Nanog in ES cells
(Fig. 7) in serum-based media. These data also indicate a novel shared requirement for
Nodal and BMP signaling to maintain the AManog-low state. These observations, in
combination with other studies?!, denote a central role for the intracellular activities of
BMP, Nodal, and FGF signaling in defining the steady-state distribution of heterogeneity of
undifferentiated ES cells in culture. Thus heterogeneity is a regulated process, under the
control of several extrinsic and intrinsic signals.

Distinct activities of Nodal and BMP are observed in differing subpopulations of
undifferentiated mouse ES cells. These functional differences are observed by the direct
targets of Nodal signaling, which are distinct in AManog-high and —low subpopulations. For
example, Leftyl and Lefty2are major direct targets of Nodal in both AManog-high and -low
subpopulations (Fig, 2B). The essential role of Nodal in Manog-high cells is largely limited
to its regulation of BMP signaling. However, in Nanog-low cells, Nodal signaling is more
complex, and is essential for the Nanog-low restricted expression of Brachyury.
Additionally, Nodal is responsible for the repression of several markers of differentiation2>
(Fig. 6F) in the Nanog-low population. Our work has uncovered a context-dependent shared
role for Nodal and BMP signaling in the inhibition of differentiation, an essential activity
which is restricted to Manog-low cells. Thus the activities and essential functions of Nodal
and BMP signaling are context dependent, in that the Nanog epigenetic state determines
distinct activities of these pathways. Future work will need to be done to examine the
differences in the these phenotypic states, perhaps at the level of chromatin architecture,
which influence the regulation of Nodal and BMP targets.

The combined inhibition of BMP and Nodal signaling results in a highly differentiated cell
morphology and upregulation of genes associated with ectoderm and mesoderm
differentiation, which is more evident in Manog-low cells (Fig. 6). When both pathways are
inhibited, an immediate reduction of Nanog transcript levels are also observed within 24 hr
(Fig. 6D), suggesting that the regulation of Nanog expression is responsible for this
observed differentiation. The observation that AManog-low cells are more sensitive to the
combined loss of Nodal and BMP signaling is consistent with this possible mechanism. The
mechanism by which Nodal and BMP share function to maintain Nanog expression and
repress differentiation will be an important topic for later studies. It remains to be
determined if these pathways have a shared role for in the direct transcriptional regulation of
Nanog expression via Smad factors, or if this regulation is indirect. BMP signaling may
directly regulate Manog gene expression in mouse ES cells, as the SMAD1 protein has been
found to be localized to genomic locations near the Aianog locus3®, although the functional
consequences of this localization have not been examined. Studies in human ES cells have
indicated a role for Nodal signaling in directly regulating NANOG expression via Smad2/3
complexes?2. The Nodal target Brachyury has also been shown to regulate Nanog
expression3, providing a possible indirect mechanism of control by Nodal signaling. There is
little precedence for shared functionality of these distinct arms of the TGF-beta superfamily;
thus a mechanistic understanding of this shared activity will be of interest to the TGF-beta
sighaling community.

The self-renewal activity of BMP signaling in mouse ES cells functions via regulation of Id
signaling26. Our results show that the control of heterogeneity off undifferentiated ES cells
is also due to its regulation of the Id factors, as the upregulation of 1d1 enhances the capacity
of ES cells to remain or attain the Nanog-high state. We have observed an increased activity
of BMP signaling in the Nanog-low subpopulations (Fig. 2), which may suggest a potential
feedback response to maintain the undifferentiated state and to direct Nanog-low cells
toward the NManog-high state. The biochemical activity of the Id factors in BMP-dependent
functions of both self-renewal and Nanog heterogeneity are not known. Id factors are well-
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known antagonists of basic-helix-loop-helix (bHLH) transcription factors#?, and function by
binding to bHLH proteins and inhibit their capacity for heterodimerization and DNA
binding. It remains to be determined if Id factors antagonize bHLH factors in stem cell self-
renewal. Non-bHLH binding partners of Id factors have been reported as well41,42,
suggesting other potential protein interaction partners. Biochemical identification of 1d
binding partners in undifferentiated ES cells will be required to understand the role of these
factors in pluripotency.

In serum-based media, Nanog-very high cells represent a fairly rare cell type (5%),
suggesting a strict upper limit to Manog expression levels in standard culture conditions in
serum. Importantly, inhibition of FGF-MEK signaling with PD greatly enhances the
capacity of ES cells to exist in the Manog-very high state. These data strongly indicate that
autocrine FGF signaling via expression of FGF421 is a major limiter of ES cells to exist in
the phenotypic state characterized by very-high levels of NManog. Inhibition of FGF-MEK
signaling results in a delayed reduction of both Nodal and BMP intracellular signaling (Fig.
5). FGF signaling thus provides a permissive environment for Nodal and BMP signaling in
undifferentiated ES cells. We also observe relatively reduced BMP and Nodal signaling in
unmanipulated NManog-high epigenetic state compared to Nanog-low cells (Fig. 2). These
data suggest that the reduced BMP and Nodal signaling in response to PD treatment is
indirect, and are a reflection of the phenotypic status of the Nanog-very high state. Previous
studies have indicated a negative regulatory role for NANOG protein in modulating BMP
signaling via direct interaction with SMAD13, suggesting a potential mechanism in which
increased Nanog expression in response to PD may modulate BMP and possibly Nodal
activity.

Computational models have attempted to explain heterogeneity as a readout of
‘transcriptional noise’, in which small stochastic changes in gene expression give rise to
variable expression levels of some genes and concomitant phenotypic changes*3. These
models generally do not take into account the known complexity of how critical genes such
as Nanog are regulated3 4447, The data presented here, along with other studies,
demonstrate that many genes in fact show heterogeneous expression patterns in ES cells
(Fig. 7), including a variety of genes with roles in stem cell self-renewal. These observations
strongly suggest that the dynamic equilibrium of the pluripotent phenotype is established by
numerous controls, likely to involve networks of self-renewal factors, as well as multiple
signaling pathways that impinge upon these transcriptional networks. Heterogeneity is thus a
fundamental aspect of pluripotent stem cells and is intrinsically linked to the self-renewal
factors that control the stem cell identity. The capacity for ES cells to exhibit distinct
molecular signatures but similar differentiation potential has been observed in expression
profiles of cells grown in serum-based media and in *2i* conditions#®, and are consistent
with observations of the complex molecular differences present in subpopulations of
heterogeneous populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Reporter models of Nanog heter ogeneity in ES cells
ES cell cultures from TNG (A) and BNG ES cells (B) were sorted according to GFP
expression levels. C) Gene expression of sorted BNG ES cells showed differential
expression of pluripotency and differentiation markers. D) GFP expression and cell
morphology were analyzed in FACS-purified BNG cells.
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A) Expression of TGFbeta regulated genes was lower in GFP-high than GFP-low cells. B)
GFP-low and GFP-high cells had similar expression changes to Nodal and BMP signaling
inhibition. C) TNG cells were treated in an identical manner and protein was analyzed for
levels of phosph-Smad?2 and phospho-Smad1/5 activity.
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A,B) GFP-high sorted cells were cultured and then flow analyzed for GFP expression. SB

treatment significantly decreased the number of GFP-low cells. In contrast, both LDN
treatment and SB+LDN cotreatment increased the number of GFP-low cells. C) Graph

depicts triplicate samples.
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Figure 4. 1d1 overexpression

A) Id1 overexpression significantly enhanced the percentage of GFP-high cells and
significantly attenuated the effects of SB+LDN treatment. B) Graphs summarize data from
triplicate experiments. C) Id1 overexpression decreased the effects of LDN treatment on
Nanog-GFP expression. D) In KOSR, Id1 induced a similar reduction of GFP-low cells
compared to recombinant BMP stimulation.
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signaling reduced the phosphorylation of Smad2 and Smad1/5 (C) and decreased the

expression of many TGF-beta-related genes (D).
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Figure 6. TGF-beta inhibition decr eases Nanog

In GFP-high (A) and GFP-low (B) sorted ES cells, combined inhibition of Nodal and BMP
signaling increased the percentage of GFP-negative cells. C,D) Under SB+LDN+Smad7
growth conditions, GFP-negative cells with differentiated morphologies were apparent (see
bracket). RNA analysis showed Narnog expression after 24 hours (E) and differentiation
markers after 6 days (F).
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