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and ditfterentiation through stoichiometry-
sensitive shitts in target gene networks

Paulina A. Latos,”* Arnold R. Sienerth,'’* Alexander Murray,'”* Claire E. Senner,'”* Masanaga Muto,>
Masahito Ikawa,® David Oxley,* Sarah Burge,! Brian J. Cox,>® and Myriam Hemberger'

'Epigenetics Programme, The Babraham Institute, Cambridge CB22 3AT, United Kingdom; *Centre for Trophoblast Research,
University of Cambridge, Cambridge CB2 3EG, United Kingdom; *Graduate School of Pharmaceutical Sciences, Animal Resource
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Elf5 is a transcription factor with pivotal roles in the trophoblast compartment, where it reinforces a trophoblast
stem cell (TSC)-specific transcriptional circuit. However, EIf5 is also present in differentiating trophoblast cells that
have ceased to express other TSC genes such as Cdx2 and Eomes. In the present study, we aimed to elucidate the
context-dependent role of Elf5 at the interface between TSC self-renewal and the onset of differentiation. We
demonstrate that precise levels of Elf5 are critical for normal expansion of the TSC compartment and embryonic
survival, as EIf5 overexpression triggers precocious trophoblast differentiation. Through integration of protein
interactome, transcriptome, and genome-wide chromatin immunoprecipitation data, we reveal that this abundance-
dependent function is mediated through a shift in preferred Elf5-binding partners; in TSCs, Elf5 interaction with
Eomes recruits Tfap2c to triply occupied sites at TSC-specific genes, driving their expression. In contrast, the Elf5
and Tfap2c interaction becomes predominant as their protein levels increase. This triggers binding to double- and
single-occupancy sites that harbor the cognate Tfap2c motif, causing activation of the associated differentiation-
promoting genes. These data place Elf5 at the center of a stoichiometry-sensitive transcriptional network, where it
acts as a molecular switch governing the balance between TSC proliferation and differentiation.

[Keywords: trophoblast stem cells; transcriptional networks; transcription factor complexes; self-renewal; control of

differentiation]
Supplemental material is available for this article.
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The repertoire of transcription factors (TFs) expressed in
any given cell is a critical determinant of cellular identity
and developmental capacity. As such, TFs are pivotal in
regulating the self-renewal and differentiation potential
of stem cells. Much of our knowledge in this area has
come from the analysis of embryonic stem cells (ESCs)
as well as induced pluripotent stem cells (iPSCs). This
work has elucidated a core set of TFs—namely, Oct4
and Sox2—that is essential for pluripotency and self-re-
newal, in addition to numerous “accessory” factors that
help promote naive pluripotency (Nichols and Smith
2012; Martello and Smith 2014).
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Besides TF identity and combination, defined protein
levels and the stoichiometry of TFs in relation to each oth-
er influence the balance between stem cell self-renewal
and differentiation. In ESCs, this concept is evidenced
by Oct4, as either constitutively high expression levels
or its down-regulation result in destabilization of the plu-
ripotent state and differentiation (Niwa et al. 2000; Rad-
zisheuskaya et al. 2013). Relative abundance of Oct4 in
proportion to Cdx2 determines embryonic versus tropho-
blast lineage fate in ESCs (Niwa et al. 2005). Similarly, the
stoichiometry of reprogramming factors influences the bi-
ological properties of iPSCs (Carey et al. 2011).

© 2015 Latos et al. This article, published in Genes & Development, is
available under a Creative Commons License (Attribution-NonCommer-
cial 4.0 International), as described at http://creativecommons.org/
licenses/by-nc/4.0/.
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While the regulatory nature of TF stoichiometry has
been explored in ESCs and iPSCs, it is not known whether
similar mechanisms of control over self-renewal and dif-
ferentiation underpin the behavior of stem cells of the tro-
phoblast lineage. Trophoblast stem cells (TSCs) are a stem
cell type representative of the extraembryonic placental
lineage most akin to cells in the extraembryonic ectoderm
(EXE), a structure that eventually gives rise to specialized
placental cell types (Tanaka et al. 1998; Adachi et al.
2013). TSCs can self-renew and remain multipotent in
the presence of fibroblast growth factor (Fgf) and embryon-
ic fibroblast-conditioned medium (CM). Upon withdrawal
of Fgf and CM, TSCs differentiate into various trophoblast
cell types of the chorioallantoic placenta (Tanaka et al.
1998). A number of TFs are known to be involved in either
the determination of trophoblast cell fate and/or the abil-
ity to derive or maintain TSCs. Among these are the TEA
domain family member Tead4 (Yagi et al. 2007; Nishioka
et al. 2008), the caudal-type homeobox factor Cdx2, the T-
box gene Eomes, the SRY-box gene Sox2, and the estro-
gen-related receptor Esrrb (Russ et al. 2000; Tremblay
et al. 2001; Avilion et al. 2003; Strumpf et al. 2005; Ral-
ston and Rossant 2008; Adachi et al. 2013; Latos et al.
2015). Other TFs important for the establishment of a
self-renewing TSC population include the AP-2 family
member Tfap2c¢ (Auman et al. 2002; Werling and Schorle
2002), the Ets family members Ets2 and Elf5 (Yamamoto
et al. 1998; Donnison et al. 2005), and the Gata motif-con-
taining factor Gata3 (Home et al. 2009; Ralston et al.
2010). As all of these TFs are expressed in both ExE and
TSCs, the latter provide an excellent in vitro model to
study the trophoblast TF networks during self-renewal
and the onset of differentiation.

Genome-wide occupancy analyses of Cdx2, EIf5,
Eomes, Ets2, Tfap2c, Gata3, Sox2, and Esrrb in TSCs re-
vealed that they cobind a significant number of target
loci, including themselves, to establish a self-reinforcing
TSC-specific transcriptional network (Kidder and Palm-
er 2010; Adachi et al. 2013; Chuong et al. 2013; Latos
et al. 2015). However, despite coexpression in the TSC
compartment in vivo and in vitro, the precise temporal
and spatial expression domains of these various TFs
are not fully overlapping. For instance, Cdx2 and FElf5
are coexpressed in TSCs, but, upon induction of differ-
entiation, Cdx2 is down-regulated more rapidly than
Elf5 (Ng et al. 2008). Similarly in vivo, Cdx2 and Eomes
are restricted to a narrow region of the EXE immediately
overlying the epiblast, whereas Elf5 and Tfap2c have
a much broader expression domain extending into the
proximal EXE and ectoplacental cone (EPC) (Auman et
al. 2002; Ng et al. 2008; Ralston and Rossant 2008;
Kuckenberg et al. 2010; Adachi et al. 2013). These data
point to a seeming discrepancy: Although core TFs
are coexpressed and can mutually activate each other
in the TSC compartment, their expression domains be-
come divergent with the onset of differentiation. This
paradox prompted us to speculate whether the precise
function of a TF in different trophoblast compartments
depends on its stoichiometric abundance in relation to
other TFs.
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In the present study, we hypothesized that Elf5 has a
context-dependent role at the interface between TSC
self-renewal and differentiation. We addressed this ques-
tion by manipulating EIf5 expression levels in vitro and
in vivo and thereby demonstrate that precise amounts of
Elf5 are critical for TSC maintenance, normal placenta-
tion, and embryonic survival. By determining the EIf5 pro-
tein interaction networks and integrating them with gene
expression as well as TF-based chromatin immunoprecip-
itation (ChIP) combined with deep sequencing (ChIP-seq)
profiles, we reveal that Elf5 controls the balance between
TSC self-renewal and differentiation through stoichiome-
try-sensitive interactions with Eomes and Tfap2c. This
stoichiometry-dependent composition of TF complexes
determines their genomic distribution, activating either
TSC or differentiation-associated genes, and provides a
mechanistic explanation of how self-renewal factors can
also drive the exit from the stem cell compartment.

Results

EIf5 Ilevels are critical for the establishment
of a proliferative TSC compartment

Despite the mutual coactivation capacity of the three core
TSC TFs Cdx2, Eomes, and Elf5, previous evidence showed
that their expression patterns do not fully overlap (Ng et al.
2008). In outgrowths of trophoblast tissue, it was observed
that the central, most TSC-like cells are largely double pos-
itive for Cdx2 and Elf5, while the surrounding, flatter cells
still retain EIf5 but have largely lost Cdx2 (Supplemental
Fig.S1A). Quantification ofimmunostaining signals further
indicated that these Cdx2-low cells exhibited overall higher
levels of Elf5 protein than the central stem-like popula-
tion (Supplemental Fig. S1B,C). These data prompted us
to hypothesize that the precise quantities of EIf5 may be
important for TSC maintenance and that increased Elf5
amounts may trigger the exit from the proliferative TSC
niche and prime trophoblast cells to differentiate.

To test this hypothesis in a physiologically meaningful
way, we generated EIf5 and vector (GFP) control transgen-
ic conceptuses by lentiviral transduction of blastocysts,
thereby driving trophoblast-specific EIf5 (or GFP) overex-
pression (Fig. 1A; Supplemental Fig. S1D; Georgiades
et al. 2007; Okada et al. 2007). When dissected at embry-
onic day 8.5 (E8.5) and E10.5, histological analysis re-
vealed severe abnormalities in many EIf5 transgenic
conceptuses (Fig. 1B). Already at E8.5, 50% of EIf5 trans-
genic implantation sites were significantly smaller than
GFP-positive wild-type controls and exhibited a propor-
tional overabundance of proliferin-positive (Prl2c2 = PIf)
trophoblast giant cells at the expense of diploid Tpbpa-ex-
pressing spongiotrophoblast precursors (Fig. 1C). In the
remaining E8.5 conceptuses, milder defects were obvious
in that the typically very columnar and regularly stacked
E-Cadherin (Cdh1)-positive trophoblast cells at the base of
the chorion appeared less well organized and had a more
rounded morphology, indicative of epithelial integrity
defects and precocious differentiation (Fig. 1D). To gain
more detailed insights into the precise effects of Elf5
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overexpression at these early stages, we compared global
expression profiles (RNA sequencing [RNA-seq]) of chori-
onic trophoblast tissue recovered from these E8.5 paraffin-
embedded sections, thus allowing us to directly correlate
histological appearance and transcriptomic changes. This
analysis confirmed up-regulation of EIf5 and down-regula-
tion of Tpbpa in transgenic trophoblasts, as expected (Fig.
1E). It also revealed misregulation of a number of genes in-
volved in cytoskeletal and extracellular matrix organiza-
tion (e.g., Actg2, Colla2, Col3al, Col6al, Col6a3, and
Myh11), growth factor availability (ChrdI2 and Pappa2),
and angiogenesis (Rgs5), as reflected by gene ontology en-
richments (Supplemental Fig. S1E). These expression
changes underpin the cellular dysmorphology phenotype
at the molecular level.

Elf5 levels control TSC state

Figure 1. Elevated Elf5 levels cause prema-
ture trophoblast differentiation and embry-
onic lethality around mid-gestation. (A)
Schematic diagram of lentiviral transduc-
tion experiments to confer trophoblast-spe-
cific overexpression of Elf5 (transgenic
[TG]) or a GFP (wild-type [WT]) vector con-
trol construct. (B) Summary of developmen-
tal defects observed at E8.5 and E10.5. At
E8.5, eight out of 10 EIf5 transgenic concep-
tuses exhibited developmental abnormali-
ties; at E10.5, all 13 of 13 conceptuses were
abnormal and often already in the process
of resorption. (C) Histological analysis of
E8.5 implantation sites. Immunohisto-
chemistry against GFP identified control
transduced, wild-type conceptuses exhibit-
ing trophoblast-specific staining. Transgen-
ic implantation sites were often smaller
and consistently exhibited fewer diploid
EPC trophoblast cells, demarcated by Tpbpa
expression, but proportionately more giant
cells, marked by Prl2c2 (also known as PIf).
(D)Immunofluorescence staining for E-Cad-
herin (Cdhl) on a wild-type and transgenic
conceptus that still appeared grossly normal
at this stage (E8.5). The tight arrangement of
cuboidal chorionic trophoblast cells was
less well organized (arrowheads) in all trans-
genic conceptuses analyzed. n = 3. For clari-
fication, the outlines of cells were drawn
from the immunostaining and are depicted
separately. (E) RNA-seq analysis from tro-
phoblast tissue material recovered from par-
affin sections of three wild-type and three
transgenic conceptuses. The heat map dis-
plays consistently deregulated loci that in-
clude a number of genes involved in
cytoskeletal organization, growth factor
availability, and signal transduction cas-
cades. (F) Histological analysis of wild-type
and transgenic conceptuses at E10.5. All
transgenic implantation sites exhibit severe
developmental abnormalities and are char-
acterized by an overabundance of tropho-
blast giant cells (PIf) and the frequent
appearance of vast maternal blood pools, in-
dicative of a starting resorption process.
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At E10.5, transgenic implantation sites exhibited a vast
overabundance of trophoblast giant cells and were often
infiltrated by leukocytes, indicative of a starting re-
sorption process (Fig. 1F). When embryos were dissected
at E13.5, only control conceptuses exhibiting placental
GFP signals were retrieved (Table 1). Taken together,
these data demonstrated that EIf5 overexpression causes
precocious trophoblast differentiation, leading to embry-
onic lethality around mid-gestation.

EIf5 protein interactome

Having shown that Elf5 levels are critical for establishing
a proliferative TSC compartment in vivo, we aimed to
identify the protein interaction partners of EIf5 that
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Table 1. Summary of transgenic conceptuses transferred and
retrieved after lentiviral transduction

Wild-type (GFP*) Transgenic (EIf5%)

Transferred  Retrieved — Transferred  Retrieved
E8.5 10 10 10 10
E10.5 12 12 13 13
E13.5 12 12 12, 0

contribute to maintaining a self-renewal network in TSCs
and may be sensitive to relative changes in its protein
quantities. For this purpose, we established TSC lines sta-
bly expressing a 3xFlag-tagged EIf5 construct at low levels
(Supplemental Fig. S2A,B). These lines were used for pro-
tein immunoprecipitation (Supplemental Fig. S2C) fol-
lowed by mass spectrometry (van den Berg et al. 2010)
to identify Elf5-binding partners in an unbiased manner.
Among these, we found factors implicated in trophoblast
function, such as the transcriptional regulators Bptf (Gol-
ler et al. 2008) and Grhl2 (Walentin et al. 2015); Sall4, a TF
better known for its role in ESC pluripotency (Zhang et al.
2006; Yang et al. 2008); and components of epigenetic-re-
pressive and nucleosome remodeling complexes (Suzl12,
Sin3a, and Smca5) (Fig. 2A). Interestingly, we also identi-
fied several members of the Integrator complex, thus sup-
porting a previous study suggesting that this complex may
form a key part of the basal transcriptional machinery in
TSCs (Latos et al. 2015).

Most importantly, with our focus specifically on TFs
with known functions in TSCs, we noted Fomes and
Tfap2c among the top-ranking high-confidence interac-
tors, both well known for their role in trophoblast devel-
opment and TSC maintenance (Fig. 2A; Supplemental
Table S1). Elf5 binding to Eomes and Tfap2c was indepen-
dently verified by coimmunoprecipitation of Flag-tagged
Elf5 followed by Western blotting (Fig. 2B,C; Supplemen-
tal Fig. S2D,E). Moreover, we confirmed protein-protein
interactions between all three TFs in reciprocal immuno-
precipitations using Flag-tagged Eomes as well as Tfap2c
as bait (Fig. 2D,E). Overall, these experiments established
the Elf5 protein interactome in TSCs, providing significant
insights into its function in the trophoblast compartment
and demonstrating direct protein—protein interactions
between the three key trophoblast TFs Elf5, Eomes, and
Tfap2ec.

Dynamics of the Elf5, Eomes, and Tfap2c ‘troika’

Identification of these Elf5-centered TF complexes
prompted us to characterize the precise expression dynam-
ics of Eomes, Elf5, and Tfap2c. In differentiation time-
course experiments in vitro, Eomes expression was rapidly
down-regulated. In contrast, EIf5 levels briefly peaked
within the first 12 h of differentiation (Donnison et al.
2015) before gradually declining, albeit at a slower pace
than Eomes (Fig. 3A,B). Tfap2c expression was present in
TSCs, but its levels increased with differentiation. On
the cellular level, these changes in relative protein quanti-
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ties were equally obvious, as onset of differentiation was
associated with a rapid decline of Eomes and concomitant
increase in Tfap2c (Fig. 3C).

These shifts in relative TF abundance were also evident
in vivo; thus, the presumptive TSC progenitor compart-
ment of the E6.5 ExE directly overlying the epiblast was
positive for all three TFs—Eomes Elf5, and Tfap2c. How-
ever, as cells progressed toward the EPC, Eomes expres-
sion was abruptly lost, and EIf5 expression persisted and
increased moderately, while Tfap2c expression was sig-
nificantly up-regulated (Fig. 3D; Supplemental Fig. S2F).
Trophoblast giant cells were negative for EIf5 but still ex-
pressed Tfap2c (data not shown). These data suggest that
in vivo Elf5 down-regulation is more protracted, likely
as these cells are exposed to a sustained Fgf4 signal (Shi-
mokawa et al. 2011), in contrast to the immediate and
complete withdrawal of Fgf in culture. However, the over-
all dynamics of TF regulation are mirrored in vivo and in
vitro, insofar as Eomes is specific to the TSC compart-
ment, whereas Elf5 and Tfap2c are present at even higher
levels also in differentiating cells (Fig. 3E).

To determine whether this change in abundance of
Eomes and Tfap2c relative to Efl5 impacts on its preferred
binding partner, we performed Elf5 immunoprecipitations
from TSCs grown in stem cell conditions and upon 1 d
of differentiation and tested for relative enrichment of
Eomes and Tfap2c (Fig. 3F). We also determined the pre-
cise amounts of Elf5 interaction partners by mass spectro-
metric quantification (Fig. 3G; Supplemental Fig. S2G).
Intriguingly, enrichment of Eomes declined sharply,
whereas Elf5 interaction with Tfap2c was preferred with
the onset of differentiation (Fig. 3F,G). Other proteins
identified as interacting with Elf5 did not change in en-
richment levels between these two stages and served as
internal controls. These data demonstrated that EIf5 is po-
sitioned at the fulcrum between stem cell maintenance
and differentiation through preferential binding to Eomes
and Tfap2c, respectively.

Stoichiometry-dependent effects of Eomes,
EIf5, and Tfap2c

To pinpoint the effects of relative levels of Eomes, Elf5 and
Tfap2c, we generated multiple constructs conferring ex-
pression of each of these TFs individually and in com-
bination with Elf5 (Fig. 4A; Supplemental Fig. S3). These
constructs were transfected into TSCs, and the presence
of the expected proteins was confirmed (Supplemental
Fig. S3A,F). Consistently, short-term (Fig. 4B) and long-
term (Fig. 4C,D; Supplemental Fig. S3H,I) overexpression
of EIf5 and Tfap2c, either alone or in combination, pro-
moted TSC differentiation, most significantly toward tro-
phoblast giant cells and similar in extent to early stage
differentiation induced by Fgf and CM withdrawal (Sup-
plemental Fig. S3B). The prodifferentiation effect was
even more pronounced upon single-cell cloning, when
most Elf5-, Tfap2c-, and Tfap2c_EIf5-overexpressing cells
stopped proliferating and exhibited clear morphological
features of differentiation (Supplemental Fig. S3C). Only
cells overexpressing very low levels of these two TFs
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Identification of the Elf5 protein interactome in TSCs. (A) Summary of high-confidence Elf5 interactors as identified in three in-

dependent immunoprecipitation (IP) and mass spectrometry experiments. Note the interaction of E1f5 with the two other TSC TFs: Eomes
and Tfap2c. The full list of interactors is provided in Supplemental Table S1. (B) Independent validation of the interaction between Elf5 and
Eomes by anti-Flagimmunoprecipitation of the 3xFlag-tagged (3xF) E1f5 protein followed by Western blotting. (C) Independent validation of
theinteraction between Elf5 and Tfap2c¢ by immunoprecipitation followed by Western blotting. The asterisk highlights the Elf5-3xFlagband
in the input sample. Additional validation of the Elf5-Tfap2c interaction is provided in Figure 3F and Supplemental Figure S2, D and E. (D)
Eomes interacts with Tfap2c and Elf5. Eomes-3xFlag immunoprecipitates analyzed by Western blot using anti-Elf5 and anti-Tfap2c anti-
bodies. The asterisk demarcates the presence of Eomesin the input samples that can be appreciated upon longer exposure, shown in the panel
below. (E) Tfap2c interacts with Eomes. Tfap2c-3xFlag immunoprecipitates analyzed by Western blot using anti-Eomes antibody.

were capable of forming colonies and could be propagated
long-term (Fig. 4E; Supplemental Fig. S3D,G). These data
were entirely in line with the EIf5 overexpression pheno-
type that we observed in vivo (Fig. 1).

In contrast, Eomes-overexpressing cells exhibited an
undifferentiated, epithelial morphology and a TSC-
like gene expression pattern (Fig. 4C,D; Supplemental
Fig. S3H,I). Significantly, the EIf5- and Tfap2c-induced
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Figure 3. Dynamics of Elf5, Eomes, and Tfap2c expression. (A) Expression dynamics of Eomes, Elf5, and Tfap2c by RT-qPCR in short-
term (top row) and longer-term (bottom row) differentiation time-course experiments of TSCs. (B) Western blots confirming the dynamic
regulation of Eomes, Elf5, and Tfap2c upon trophoblast differentiation. (C) Immunofluorescence stainings of TSCs grown in stem cell con-
ditions (TSC) and after 1 d of differentiation (1 d diff.) for Eomes, Elf5, and Tfap2c. (D) Immunofluorescence stainings of E6.5 conceptuses
for Eomes, E1f5, and Tfap2c. All three TFs are expressed in the EXE region that harbors trophoblast cells with stem cell potential (bracket).
Elf5 and Tfap2c expression is retained in trophoblast cells outside this compartment that start to differentiate. (E) Schematic representa-
tion of the comparative expression patterns and relative protein levels (darker shading indicates higher expression levels) of Eomes, E1f5
and Tfap2c in the trophoblast compartment of early post-implantation conceptuses. (F) Immunoprecipitation (IP) of 3x-Flag-tagged (3xF)
Elf5 and empty vector (vec) control from TSCs and 1-d (24-h)-differentiated TSCs followed by Western blotting for the factors indicated.
Note the higher enrichment of Eomes in Elf5 immunoprecipitations from TSCs versus differentiated cells. Conversely, Tfap2c is more
abundant in Elf5 immunoprecipitations from differentiated trophoblasts. The Western blot for Elf5 confirms the presence of the tagged
Elf5-3xFlag protein in the corresponding cell lines that is of higher molecular weight than the endogenous Elf5 present in the input sam-
ples. (G) Mass spectrometric quantification of Eomes and Tfap2c peptide enrichment in Elf5-3xFlag immunoprecipitations. Values were
normalized against Hspa8 that did not change enrichment with differentiation. Results show the significant decrease in Eomes and in-
crease in Tfap2c binding to Elf5 upon TSC differentiation and are representative of two independent immunoprecipitation-tandem
mass spectrometry (MS/MS) experiments.
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Figure 4. Stoichiometry-dependent effects
of Eomes, Elf5, and Tfap2c. (A) Schematic
diagram of expression constructs used to
generate stable TSC lines. (B) Characteris-
tics of Tfap2c_EIlf5-overexpressing cells af-
ter short-term selection (7 d after
transfection and 5 d after selection): Cells
lose the tight epithelial morphology charac-
teristic for TSCs in the stem cell state and
up-regulate a series of differentiation mark-
ers, most notably those indicative of giant
cell differentiation (Prl8a9, Prl3d1=PII;
Pri3b1=PI2; and Pri2c2=PIf). Additional
data on Tfap2c_Elf5-overexpressing cells
are provided in Supplemental Figure S3.
(C) Phase contrast images of representative
colonies of the various stable TSC lines after
~6 wk in culture. Note the tight epithelial
colony shape in Eomes-overexpressing
TSCs (Eomes, also Eomes_ EIf5) and the
high frequency of trophoblast giant cells
(characterized by large cell and nuclear
size) in Elf5-, EIf5_EIf5-, and Tfap2c-overex-
pressing cell lines. Examples of giant cells
are highlighted by arrows, and cell dimen-
sions are outlined by the thin dotted line.
Larger areas of differentiating cells are high-
lighted by the thick yellow dashed line. The
Tfap2c_EIf5 line is not shown, as it had
largely lost transgene expression by this
stage (see Supplemental Fig. S3D). (D) RT-
qPCR analysis of various TSC-specific and
differentiation stage-specific marker genes
in the stable cell lines shown in C. Note
that the Tfap2c_EIf5 line marked with an as-
terisk had largely lost transgene expression,
explaining the less pronounced up-regula-
tion of trophoblast giant cell markers. (E)
(Co-)Jtransfection experiments of the indi-
cated expression constructs with or without
Eomes. Immunofluorescence staining for
Flag identifies transfected cells. Numbers
of transfected cells per colony were counted
3 d after transfection for 40-60 separate col-
onies. Only cells with very low-level expres-
sion of Elf5 and/or Tfap2c form larger

colonies. The presence of Eomes rescues the differentiation-promoting, anti-proliferative phenotype of Elf5 and/or Tfap2c overexpression.
(F) Transfection of Eomes into established EIf5 and Tfap2c_EIf5 cell lines reduces the enhanced expression of differentiation markers. (G)
Seesaw model of the function of Elf5 at the fulcrum between TSC self-renewal and differentiation. The stem cell state is characterized by
preferential binding of Elf5 to Eomes in the presence of comparatively low Tfap2c amounts. Differentiation is triggered by an increase in

Elf5 and Tfap2c levels and their predominant interaction.

differentiation-promoting effect could be quenched by
concomitant overexpression of Eomes. This was evident
in TSC lines carrying the Eomes_EIf5 construct but also
upon cotransfection of Eomes with EIf5 and/or Tfap2c
(Fig. 4E). Eomes expression reduced differentiation rates
even in established EIf5 and Tfap2c_EIf5 cell lines (Fig. 4F).

To further assess this apparent dependence on protein
stoichiometry, we performed knockdown experiments of
Eomes in TSCs (Supplemental Fig. S4). Mirroring the rel-
ative shift in TF balance induced by EIf5 and Tfap2c over-
expression, reduced Eomes levels also promoted TSC

differentiation, characterized by down-regulation of TSC
markers such as Cdx2 and up-regulation of trophoblast gi-
ant cell and syncytiotrophoblast markers (Supplemental
Fig. S4D). Importantly, we also showed that knockdown
of EIf5 induced trophoblast differentiation, thus demon-
strating that both too high and too low amounts of Elf5
interfered with TSC maintenance (Supplemental Fig.
S4D,E). We compared the global gene expression changes
in these loss-of-function and gain-of-function models to
TSC differentiation induced by Fgf/CM withdrawal for 1
and 3 d (Supplemental Fig. S4F). This analysis confirmed
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that (1) Eomes-overexpressing cells are most similar to
TSCs, (2) down-regulation of Eomes and EIf5 rapidly trig-
gers significant differentiation, and (3) overexpression of
EIf5 globally induces a state of early-onset differentiation,
which corroborates the critical role of E1f5 levels precisely
at the tipping point between TSC self-renewal and exit
from the stem cell state.

Collectively, this careful dissection of TF levels re-
vealed that a balanced expression of Eomes and Elf5 pro-
motes the stem cell state, while proportionally higher
Elf5 and Tfap2c levels trigger TSC differentiation (Fig.
4G).

Dissecting the transcriptional networks established
by Eomes, Elf5, and Tfap2c

To identify genomic loci occupied by the various bin-
ary and ternary combinations between Eomes, Elf5, and
Tfap2c, we performed ChIP-seq for Tfap2c and integrated
these data with previously published Eomes and Elf5
ChlIP-seq profiles in TSCs (Chuong et al. 2013). In total,
we identified 1254 loci cobound by all three TFs, and
4254, 2035, and 766 sites cobound only by Elf5-Tfap2c,
Elf5-Eomes, and Eomes-Tfap2c, respectively (Fig. 5A).
These were distributed across the genome in a largely sim-
ilar pattern (Supplemental Fig. S5A). Importantly, the
numbers of observed combinatorial binding sites were
highly statistically significant over co-occupancy expect-
ed at random, in particular for the triple, the Elf5-Tfap2c,
and the Elf5-Eomes combinations (Fig. 5B). Interestingly,
co-occupancy of Tfap2c with Sox2, another TF known to
interact with Tfap2c in TSCs (Adachi et al. 2013), was con-
fined to a set of sites largely distinct from those bound by
Tfap2c and Elf5 (Fig. 5C). Overlap with Cdx2 was marginal
(Supplemental Fig. S5B). These chromatin-binding pat-
terns strongly support our functional and protein—protein
interaction data of a concerted action of Eomes, Flf5, and
Tfap2c in TSCs.

Eomes—EIlf5-Tfap2c triple occupancy
demarcates active TSC genes

Analysis of genes associated with the various co-occupied
regions revealed that triply bound elements were highly
enriched for TSC genes, including Eomes, EIf5, and Tfap2c
themselves as well as others such as Bmp4, Cdh1, Fgfr2,
Gata3, Sox2, Spry4, and Zic3 (Fig. 5D; Supplemental Table
S2). This observation was corroborated by functional an-
notation (Genomic Regions Enrichment of Annotations
Tool [GREAT]) analyses (McLean et al. 2010) in which tri-
ply bound genes were tightly linked with blastocyst forma-
tion and very early stages of trophoblast development (Fig.
5E; Supplemental Fig. S5C). In contrast, genes associated
with Elf5-Tfap2c doubly bound loci such as Ccnel,
Fzd5, Gem1, Peg10, Pri2c2 (PIf), and Tfeb were overall en-
riched for processes related to trophoblast differentiation
and placental development.

To further validate the correlation between triple-occu-
pancy sites and expression of TSC genes, we performed
transcriptomics (RNA-seq) on TSCs in the stem cell state
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and after 1 d of differentiation and integrated these data
with the ChIP-seq peak maps. This analysis demonstrated
that triply bound loci are associated with genes more high-
ly expressed in stem cell conditions, underpinning the
functional relevance of triple TF occupancy for transcrip-
tional activation of stem cell genes (Fig. 5F).

Dynamic shift toward TF-binding enrichment
at Elf5-Tfap2c elements promotes
differentiation

Our next aim was to gain a refined view of the dynamics of
TF occupancy in correlation with gene expression in TSCs
and upon differentiation. Because Tfap2c levels are not
limiting in either condition (in contrast to Eomes and
Elf5), we used this TF as a readout of possible shifts in ge-
nome-wide binding patterns. The ChIP-seq data revealed
that Tfap2c does not globally change genome occupancy
after 1 d of differentiation; however, its relative enrich-
ment levels shift between binding sites. Thus, triply bound
genes (which are enriched for TSC expression) showed a
higher Tfap2c-binding intensity in stem cell conditions.
In contrast, with onset of differentiation, Tfap2c enrich-
ment was increased at a larger number of Elf5-Tfap2c
doubly bound and Tfap2c singly bound differentiation-
associated genes (Fig. 6A,B).

The significance of this observation was further under-
pinned on multiple levels: The peak intensity of Tfap2c
at Elf5-Tfap2c-cobound elements strongly correlated
with expression levels and histone H3 Lys4 trimethylation
(H3K4me3)(Rugg-Gunn et al. 2010) that demarcates active
genes (Supplemental Fig. S5D). Thus, peaks with higher in-
tensity in TSC conditions were associated with genes
more highly expressed in TSCs. Conversely, peaks that
became enriched upon differentiation correlated with
genes up-regulated in 1-d-differentiated TSCs (Fig. 6C);
these peaks were also preferentially located closer to the
transcriptional start site (Supplemental Fig. S5E). We con-
firmed up-regulation of a number of genes associated
with differentiation-linked F1f5-Tfap2c peaks upon 1 d of
Fgf/CM withdrawal (Supplemental Fig. S6A). During sub-
sequent stages of differentiation, the correlation between
Elf5-Tfap2c sites and expression trailed off, as expected
from an early function of Elf5 in the differentiation process
(Supplemental Fig. S6B-D). This was corroborated by de-
tailed cluster analysis of global gene expression changes,
which revealed that genes whose expression changed
only in later differentiation (3 d vs. 1 d) were not associated
with Elf5-Tfap2c-bound elements (Supplemental Fig.
SG6E). This finding strongly supported the notion that tip-
ping the Elf5:Eomes ratio in favor of E1f5 (and Tfap2c) pro-
vides the initial trigger of differentiation. Notably, genes
associated with Elf5-Tfap2c elements were also up-regu-
lated in the EIf5- and EIf5_EIf5-overexpressing cells (Sup-
plemental Fig. S6F).

Finally, to overcome the limitations of declining Elf5
levels with TSC differentiation, we established TSCs
with doxycycline (dox)-inducible EIf5 expression and con-
firmed dose-dependent recruitment of Elf5 to Elf5-Tfap2c
elements (Fig. 6D). Together, these data unraveled in
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Figure 5. Elf5, Eomes, and Tfap2c triply bound regions are associated with active TSC genes. (A) Venn diagram of the combinatorial
ChIP-seq binding peaks between Elf5, Eomes, and Tfap2c in TSCs. (B) Bioinformatic analysis assessing the statistical significance of
the occurrence of cobound elements over randomly expected. (C) Venn and chord diagrams depicting the genome-wide binding overlap
of Tfap2c, Sox2, Eomes, and Elf5. Note that the EIf5-Tfap2c network is largely distinct from that established by the interaction between
Tfap2c and Sox2. (D) Genome browser views of the ChIP-seq peak distribution at the Eomes, EIf5, and Tfap2c loci. Triply bound elements
are highlighted in gray. (E) Functional annotation chart of the genes associated with single, double, and triple peaks. Only significant hits
are shown; the TF combinations not shown did not exhibit significantly enriched functional annotations. The thickness of the connecting
bars is indicative of the proportion of genes near bound elements that are annotated to the enriched term. Genes associated with triply
bound regions are most strongly associated with early trophoblast development at the blastocyst stage, whereas Elf5-Tfap2c-associated
genes are more strongly associated with later stages of trophoblast differentiation. (F) Integration of RNA-seq data from TSCs grown in
stem cell conditions and upon 1 d of differentiation with ChIP-seq peaks. The graph shows that genes more highly expressed in stem
cell conditions are enriched for Elf5-Eomes-Tfap2c triply bound regions (red line) compared with all ChIP-seq loci.

intricate detail the stoichiometry-driven changes of the sented at the 1254 triply bound sites, as only 405 (32%) of
transcriptional networks regulating the onset of tropho- them contained one (Fig. 6E). In comparison, the frequency
blast differentiation. of Elf5 motifrecognition was similar oreven enriched at tri-

plyboundsites over all Elf5 peaks. The Eomes motif did not
lend itself to this same type of analysis, as it is too poorly
defined. These findings implied that Tfap2c binding to tri-
ple elements is mediated through its physical association

Differential TF-binding motif distribution underlies the
shift toward a differentiation-promoting program

To reveal the mechanism underlying these shifts in rela- with Elf5 and Eomes. In contrast, Tfap2c peaks that in-
tive genome occupancy, we searched for TF motifs within creased with differentiation harbored the cognate Tfap2c
the triple, double, and single ChIP-seq peaks. Globally, motif.

Tfap2c ChIP-seq elements were very tightly correlated Overall, these findings provide a molecular mechanism
with the Tfap2c consensus binding sequence, with ~76% for how the same TFs can orchestrate both self-renewal
of peaks overlapping the cognate Tfap2c motif. In stark and differentiation-promoting transcriptional programs
contrast, the Tfap2c motif was significantly underrepre- through a stoichiometry-sensitive shift in function of a
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Figure 6. Elevated Elf5 and Tfap2c levels trigger TSC differentiation. (A) Differential ChIP-seq binding enrichment of Tfap2c in TSCs and
upon 1 d of differentiation. The 1254 triply bound elements predominantly have a higher Tfap2c abundance in TSCs, indicated by the blue
shading of elements. By comparison, a significantly larger proportion of the 4254 Elf5-Tfap2c double and 28,473 (intergenic) Tfap2c single
peaks exhibit a higher Tfap2c¢ abundance upon differentiation, indicated by the red-shaded elements (highlighted by the dashed lines).
Please note that, since this analysis is based on the differential enrichment of Tfap2c between TSCs and 1-d-differentiated cells, only
peak combinations with Tfap2c can be analyzed. (B) Example browser views of the differential Tfap2c peak enrichment in TSCs grown
in stem cell conditions and upon 1 d of differentiation. Tfap2c binding is higher in TSC conditions at triply bound sites at genes more
highly expressed in TSCs such as Spred1; conversely, Tfap2c binding is enriched at Tfap2c singly and Elf5-Tfap2c doubly occupied sites
in differentiation conditions surrounding genes up-regulated upon differentiation, such as Id3. (C) Correlation of differential Tfap2c ChIP-
seq peak binding intensity at E1f5-Tfap2c elements with expression levels of the associated genes. Higher enrichment of Tfap2c correlates
with elevated gene expression both for TSC genes in stem cell conditions (left of vertical dotted line) and at genes up-regulated with dif-
ferentiation in differentiation-promoting conditions (right of vertical dotted line). (D) ChIP of Elf5 followed by qPCR for Elf5-Tfap2c target
loci in TSCs that harbor a doxycycline (dox)-inducible EIf5 expression construct. Elf5 recruitment to these sites is increased upon EIf5
overexpression (EIf5 TSC + dox). (*) P <0.05. (E) Differential distribution of Tfap2c motifs: Globally, Tfap2c ChIP-seq peaks overlap ex-
tremely closely with the Tfap2c consensus binding sequence, with 76% of peaks positioned over the cognate motif. In contrast, triply
bound sites are significantly depleted for the cognate motif, with only 32% of peaks overlapping the consensus sequence. Significance
was calculated with a y* test with Yates’ correction; the odds ratio is 6.7. The consensus motif for Elf5 is less tightly defined, with, globally,
41% of peaks overlapping the cognate sequence; this is increased to 52 % at triply bound elements. (F) Model of the stoichiometry-depen-
dent functions of Elf5, Eomes, and Tfap2c in fine-tuning the balance between TSC self-renewal and commitment to differentiate.
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small group of interacting TFs centered on Elf5 acting as a
cell fate switch (Fig. 6F).

Discussion

Insights into the transcriptional networks required to
maintain the self-renewal state of TSCs have largely relied
on the analysis of mouse mutants and the inability to
derive TSCs from them. These studies have revealed a
number of TFs that are essential to establish and maintain
TSCs, including Eomes, Elf5, and Tfap2c (Russ et al. 2000;
Donnison et al. 2005; Kuckenberg et al. 2010). Here, we
show that these same three TFs physically bind to each
other to form multimeric TF complexes and co-occupy
trophoblast genes, including themselves, driving their ex-
pression. In this sense, the self-renewal network of TSCs
shares important mechanistic features with pluripotency
circuits in ESCs not only in terms of mutual self-reinforce-
ment but also as far as protein—-protein interactions and
genomic cobinding are concerned.

In addition to the identification of these core tropho-
blast TF interactomes and the networks that they estab-
lish, our findings add another important dimension to
the understanding of TSC regulation: Not only are certain
TFs essential for TSC self-renewal, but their proportional
abundance is equally critical to maintain the stem cell
state. We show that precise levels of Elf5 determine the
balance between TSC self-renewal and onset of differenti-
ation. Loss but also overexpression of EIf5 result in deple-
tion of the proliferative stem cell compartment in vitro
and in vivo and embryonic lethality around mid-gestation
(Donnison et al. 2005). These data bear a strong resem-
blance to Oct4 as a key node of the pluripotency network
in ESCs, whose fine-tuned expression levels control both
the entry into and the exit from naive pluripotency (Rad-
zisheuskaya et al. 2013). Complete depletion of Oct4 caus-
es differentiation toward trophoblast-like cells, but,
conversely, high Oct4 levels are also required for differen-
tiation into embryonic lineages and the germline, albeit
the mechanism underlying this sensitivity to expression
levels remains unknown (Niwa et al. 2000; Radzisheus-
kaya et al. 2013). Our insights reveal an analogous finely
tuned balance for E1f5 in TSCs and place Elf5 at the center
of the transcriptional networks governing self-renewal as
well as differentiation in TSCs.

To gain a better molecular understanding of Elf5’s func-
tion in this circuit, we analyzed its interacting partners in
TSCs using mass spectrometry. In addition to Eomes and
Tfap2c, we identified other Elf5 interactors with known
roles in trophoblast and placental development, including
Grhl2 (Walentin et al. 2015) and Bptf (Goller et al. 2008).
Our data showed that Elf5 associates with components
of both activating (e.g., Bptf and Chd7) and repressive
(Sin3 and Polycomb) chromatin complexes, indicating
its role in both gene activation and repression. It is note-
worthy that the Elf5 interactome did not include other
critical TSC TFs such as Cdx2 or Esrrb, and we did not
identify Elf5 associated with Cdx2 or Esrrb in the recipro-
cal interactomes (Latos et al. 2015). Together with the

Elf5 levels control TSC state

minimal genomic binding overlap between Cdx2 and
Elf5, it appears that these TFs function in mostly parallel
circuits to maintain self-renewal of TSCs, except at retro-
viral elements where they have a joint function (Chuong
et al. 2013).

Our detailed dissection of the Eomes-Elf5-Tfap2c net-
work in TSCs shows that the relative levels of these three
TFs determine preferential interaction partners and, con-
sequently, binding and activation of separate sets of genes
with opposing functions. The presence of Eomes in at
least equal stoichiometric quantities ensures occupancy
at triply bound genomic sites and expression of the associ-
ated TSC genes. This joint genome occupancy is facilitat-
ed by formation of a ternary TF complex. However, when
Elf5 and Tfap2c levels exceed those of Eomes, they be-
come enriched at Elf5-Tfap2c double (and single) sites,
triggering the exit from self-renewal through activation
of a differentiation-promoting program. Mechanistically,
this is enabled by the differential distribution of the
Tfap2c consensus motif; while triply occupied sites are
depleted for this sequence element, and Tfap2c binding
is indirect through association with Elf5 and Eomes, re-
cruitment of Elf5:Tfap2c to sites containing the cognate
Tfap2c motif is favored as Elf5 and Tfap2c protein levels
increase (Fig. 6F).

Overall, our data reveal an intricate balance between
mutually interacting TFs that is critical to determine
stem cell self-renewal versus differentiation in the tropho-
blast compartment. This sensitivity of TSCs to precise TF
stoichiometries is a likely reason for the significant spon-
taneous differentiation rates commonly observed in TSC
cultures. It may also explain why reprogramming strate-
gies based on overexpression or activation of selected
TFs specifically between ESCs and TSCs have proved dif-
ficult and tend to result in loss of self-renewal potential
and terminal differentiation (Niwa et al. 2000, 2005; Ral-
ston et al. 2010; Cambuli et al. 2014). In the bigger picture,
this precarious balance might explain why derivation and
maintenance of TSCs are difficult and have often proved
inefficient or even unsuccessful from other species, in par-
ticular humans (Kunath et al. 2014). Gaining detailed in-
sights into the precise regulation of transcriptional
networks governing trophoblast development is therefore
essential to achieve these goals.

Materials and methods

Generation of trophoblast-specific Elf5-overexpressing
conceptuses

Generation of lentivirally mediated trophoblast-specific overex-
pression was performed largely as described previously (Okada
et al. 2007; Morioka et al. 2009). Briefly, B6D2F1 female mice
were superovulated by intraperitoneal injection of 5 U of preg-
nant mare’s serum gonadotropin followed by 5 U of human cho-
rionic gonadotropin 48 h later and then mated with B6D2F1
males. Two-cell stage embryos were collected from females 1.5
d after copulation and then incubated for 2 d to obtain blastocysts.
Zona-free blastocysts were prepared by treatment with acidic
Tyrode’s solution. Blastocysts were then incubated in groups
of four in 4 pL of medium containing lentiviral vector
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(PCAG-EGFP or p|CAG-Elf5; 1000 ng of p24 per mlL) for
5 h. Transduced blastocysts were implanted into the uteri of
E2.5 pseudopregnant females. Litters were dissected at the indi-
cated days of development.

Stem cell culture

TSC lines EGFP, Rs26, and “CTRL WT” (a kind gift of the Ros-
sant [Toronto, Canada] and Okano [Kobe, Japan| laboratories)
were cultured as described previously (Tanaka et al. 1998). Fur-
ther manipulations were performed with piggyBac vectors con-
taining the complete ORFs of TFs as indicated. TFs were cloned
and sequence-verified. All transformations to yield stable cell
lines were performed in the TS-EGFP cell line, which exhibits
proven placental contribution competence (Tanaka et al. 1998;
Cambuli et al. 2014).

Histological analyses

Standard immunohistochemistry was performed on 7-pm sec-
tions as detailed in the Supplemental Material. Images were tak-
en on an Olympus BX41 or BX61 epifluorescence microscope or a
Zeiss LSM 780 confocal microscope.

For RNA in situ hybridizations, linearized plasmids containing
c¢DNA inserts from PIf and Tpbpa cDNAs were used to generate
digoxigenin (DIG)-labeled riboprobes according to the manufac-
turer’s instructions (Roche). Hybridizations were carried out
overnight at 52°C using standard procedures. Signals were detect-
ed with anti-DIG-alkaline phosphatase-conjugated antibody
(Roche), and staining was performed overnight using NBT and
BCIP reagents (Promega). Sections were counterstained with nu-
clear Fast Red (Sigma).

Coimmunoprecipitation

TS-EGFP cells were transfected with a piggyBac-CAG-Avi-Elf5-
3xFlag-Tres-Neo, piggyBac-CAG-Eomes-3xFlag-Tres-Bsd, or pig-
gyBac-CAG-Tfap2c-3xFlag-Ires-Bsd construct containing the
Elf5, Eomes, Tfap2c coding sequences, respectively, or empty
vector alone using Lipofectamine 2000 (Invitrogen). Cells were
selected with G418 or Blasticidin S and expanded to 10 15-cm
dishes. Cells were washed in PBS, harvested, and used for immu-
noprecipitation exactly as described previously (van den Berg
et al. 2010). Precise details are given in the Supplemental Mate-
rial. Eluates were pooled and analyzed by mass spectrometry or
Western blot.

Mass spectrometry

Immunoprecipitated proteins from three biological replicates
each of Elf5 and vector transfected TSCs were analyzed as before
(Webster and Oxley 2009; Latos et al. 2015). Mass spectrometric
data were processed using Proteome Discoverer version 1.4
(Thermo Scientific) and searched against the mouse entries in
UniProt 2013.09 and a database of common contaminants using
Mascot version 2.3 (Matrix Science), and the results were import-
ed into Scaffold version 3.6 (Proteome Software, Inc.). With pro-
tein/peptide thresholds of 50%/0% and a minimum of two
peptides, a total of 694 proteins was reported across the six sam-
ples, with a calculated protein false discovery rate of 0.0%. After
further filtering, (proteins identified in at least two of the three
replicates and having average spectral count ratios relative to
the controls >2), 109 proteins remained, which are shown in Sup-
plemental Table S1.
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RT-gPCRs

Total RNA was extracted using TRI reagent (Sigma, T9424) ac-
cording to the manufacturer’s instructions, and any potential
DNA contamination was removed by treatment the Turbo
DNA-free kit (Life Technologies, AM1907) according to the man-
ufacturer’s instructions. One micrgram to 2 pg of total RNA was
used for cDNA synthesis with RevertAid H-minus M-MuLV re-
vert transcriptase (Fermentas, EP0451) and random hexamers
(Promega, C118A).

qPCR was performed using SYBR Green Jump Start Taq Ready
mix (Sigma, S4438) on a Bio-Rad CFX96 thermocycler.

Western blotting

Whole-cell extracts were prepared with transgenic buffer (20 mM
Tris-HCI at pH 7.5, 137 mM NaCl, 1mM EGTA, 1% Triton
X-100, 10% glycerol, 1.5 mM MgCl,) supplemented with prote-
ase inhibitor cocktail (Sigma, P2714). Nuclear extracts were pre-
pared as described previously (van den Berg et al. 2010). Western
blotting was carried out according to a standard protocol (see the
Supplemental Material). The antibodies used were anti-Flag
(Sigma, F1804), anti-Elf5 (Santa Cruz Biotechnology, sc-9645),
anti-Eomes (Abcam, ab23345; R&D Systems, MAB 6166), anti-
Tfap2c (R&D System, AF5059), anti-tubulin (Abcam ab6160),
and ImmunoCruz IP/WB Optima System C (sc-45040), E
(sc-45042), or A (sc-45038).

ChIP-seq

Immunoprecipitations were carried out as described (Tavares
etal. 2012; Latos et al. 2015) and are detailed in the Supplemental
Material. DNA from four immunoprecipitations was pooled for
each library generated with the NEB Next DNA library prepara-
tion master mix (New England Biolabs, E6040) according to the
manufacturer’s instructions. Libraries were amplified using
18 PCR cycles, purified using Agencourt AMPure XP SPRI beads
(Beckman Coulter, A63881), and size-selected on an agarose gel.
DNA was extracted using the QiaQuick gel extraction kit (Qia-
gen), and its concentration was determined using the KAPA Illu-
mina SYBR Universal Lid Q kit (KAPA Biosystems, KK4824) and
Bioanalyzer 2100 system (Agilent). Libraries were sequenced on
an [llumina HiSeq 2500 sequencer.

Global expression profiling

RNA-seq was performed on chorion and trophoblast tissue mate-
rial recovered from paraffin sections according to the FFPE
miRNeasy kit (Qiagen, 217504). tRNA depletion was performed
using the NEB Next kit (New England Biolabs, E6310S). For
RNA-seq from TSCs, total RNA was prepared using TRI reagent
(Sigma, T9424) followed by DNase treatment using the Turbo
DNA-free kit (Life Technologies, AM1907). mRNA was isolated
from 150-240 ng of total DNA-free RNA using the Dynabeads
mRNA purification kit (Life Technologies, 61006). Indexed,
strand-specific libraries were prepared using the ScriptSeq version
2 RNA-seq library preparation kit (Epicentre, SSV21106). Librar-
ies were quantified using both the KAPA library quantification
kit (KAPA Biosystems, KK4824) and Bioanalyzer 2100 system
(Agilent). Indexed libraries were pooled and sequenced with a
100-base-pair single-end protocol on an Illumina HiSeq 2500
sequencer. Raw FastQ data were mapped to the Mus musculus
NCBIM37 genome assembly using TopHat version 2.0.12 (Kim
et al. 2013). Data were analyzed using DESeq and the RNA-seq
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quantitation pipeline in SeqMonk software (http://www.
bioinformatics.babraham.ac.uk).

Bioinformatic analysis

Raw reads were aligned to mouse genome build mm9 using Bow-
tie, and peak calling was performed with MACS2 with default pa-
rameters (Zhang et al. 2008). To identify overlapping elements
from different ChIP experiments, BED files of ChIP elements
were compared using the BedTools (Quinlan and Hall 2010) func-
tion multiinter with the cluster option to reduce redundant inter-
actions to the highest-order interactions. Overlapping regions
required a 50% overlap to be included. To model the all by all pos-
sible interactions, we used the shuffle function in the R library
ChIPseeker (Yu et al. 2015) to make randomized BED files of
each ChIP experiment. We then used the multiinter function of
BedTools to generate a table of expected interactions of the ran-
domized data. This was repeated 10,000 times to build average
models. We then tested our observed data against the random
models using a Poisson exact test. P-values were adjusted for mul-
tiple testing (n = 175,123 to account the total number of all ChIP
elements involved in the analysis).

Annotation of binding sites according to genomic features was
performed by overlapping the sites with Ensembl version 77 an-
notations. Motif analysis was performed with MEME-chip
(Machanick and Bailey 2011) using the JASPAR_CORE_2014_
vertebrates database, searching for zero or one occurrences of the
motif per peaks and with a maximum number of motifs discov-
ered by MEME of 12. Additional details are provided in the Sup-
plemental Material; all high-throughput sequencing data were
deposited in publicly accessible repositories (accession no.
PRJNA298763).
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