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SUMMARY

WNT/B-catenin signaling controls gene expression across biological contexts from development
and stem cell homeostasis to diseases including cancer. How B-catenin is recruited to distinct
enhancers to activate context-specific transcription is unclear, given that most WNT/R3-catenin-
responsive transcription is thought to be mediated by TCF/LEF transcription factors (TFs). With
time-resolved multi-omic analyses, we show that SOX TFs can direct lineage-specific WNT-
responsive transcription during the differentiation of human pluripotent stem cells (hPSCs) into
definitive endoderm and neuromesodermal progenitors. We demonstrate that SOX17 and SOX2
are required to recruit p-catenin to lineage-specific WNT-responsive enhancers, many of which are
not occupied by TCFs. At TCF-independent enhancers, SOX TFs establish a permissive chromatin
landscape and recruit a WNT-enhanceosome complex to activate SOX/-catenin-dependent
transcription. Given that SOX TFs and the WNT pathway are critical for specification of most

cell types, these results have broad mechanistic implications for the specificity of WNT responses
across developmental and disease contexts.
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Mukherjee et al. show that during WNT-induced differentiation of human pluripotent stem cells,
SOX transcription factors can recruit p-catenin to lineage-specific enhancers independent of TCFs,
the commonly accepted B-catenin binding partner. This helps explain how WNT signaling can
regulate different transcriptional programs in different biological contexts.
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INTRODUCTION

WNT/B-catenin signaling is used reiteratively in all metazoans and is critical during
developmental processes from cell fate determination in embryogenesis, organogenesis,

and tissue regeneration to adult stem cell homeostasis (Nusse and Clevers, 2017).
Dysregulation of the WNT pathway is associated with human diseases including cancer and
neurodegenerative disorders (Ng et al., 2019). Despite being the subject of intense study for
decades, how the WNT pathway executes its context-dependent roles through the selective
transcription of distinct target genes remains poorly understood. (Masuda and Ishitani, 2017;
Sdderholm and Cantu, 2021)

In the canonical WNT pathway, recruitment of p-catenin (CTNNBL) to enhancers is the

key event initiating transcription (Nakamura et al., 2016). In the absence of a WNT signal,
cytosolic B-catenin is phosphorylated by glycogen synthase kinase-3p (GSK3p) and targeted
for proteosomal degradation. The binding of WNT ligands to FZD/LRP receptors leads
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to the inactivation of the -catenin destruction complex, allowing non-phosphorylated p-
catenin to accumulate and localize to the nucleus. There, B-catenin associates with TCF/LEF
(hereafter TCF) transcription factors (TFs), where it inactivates TLE/ Groucho co-repressors
leading to the activation of WNT target genes (Séderholm and Cantu, 2021). Recent

studies have provided a more integrated view of this transcription complex, termed the
“WNT-enhanceosome,” which is assembled on WNT-responsive enhancers (WREs), where
[B-catenin interacts on chromatin with multiple cofactors, including BCL9, PYGOPUS,
CHIP/LDB/SSDP, and the BAF complex (Gammons and Bienz, 2018). Current models
propose that upon WNT activation, recruitment of B-catenin results in a conformational
change in the WNT-enhanceosome, an association of WRES with their cognate promoters

to recruit RNA polymerase |1, and transcription initiation (Gammons and Bienz, 2018). Yet,
how B-catenin, with no intrinsic DNA-binding activity, is recruited to distinct WRES in
different cellular contexts remains a mystery.

The TCF family of HMG-box TFs are core mediators of WNT-responsive transcription by
physically interacting with p-catenin and recruiting it to WRESs. The four mammalian TCFs
—TCF7, TCF7L1, TCF7L2, and LEF1—all bind /n vitro as monomers to nearly identical
5’-C/IGATCAAGC/G-3" DNA sequences (Cadigan and Waterman, 2012), have redundant
functions (Gerner-Mauro et al., 2020; Moreira et al., 2017), and co-occupy similar genomic
loci (Blassberg et al., 2022; Guo et al., 2021). A few mechanisms have been proposed

to account for a degree of variability in DNA binding, such as alternative RNA-splicing
variants of TCF (Weise et al., 2010), but this is insufficient to account for the diversity

of WNT-responsive transcription. Emerging evidence suggests that f-catenin can interact
with TFs other than TCFs including OCT4, TBX3, HIFla, SMAD, and SOX (Funa et al.,
2015; Kaidi et al., 2007; Kelly et al., 2011; Zimmerli et al., 2020). One of the strongest
candidates for an alternative TF family that could mediate WNT-responsive transcription

is the SOX family. Related to TCFs, the twenty SOX TFs are conserved HMG-box TFs
that recognize distinct variations of a core A/ITA/ TCAAA/T motif (Badis et al., 2009).
Many SOX TFs can bind to B-catenin /n7 vitro and antagonize or potentiate WNT-responsive
transcription of an artificial TOP:flash reporter in overexpression conditions (Corada et al.,
2019; Kormish et al., 2010; Zorn et al., 1999). In mouse neural progenitor cells, Sox2 and
b-cat/Lef1 repress the pro-proliferative WNT target CyclinD1 (Hagey and Muhr, 2014),
and we recently showed in Xenopus gastrulae that Sox17 and p-catenin synergistically
regulate the spatiotemporal expression of WNT-responsive endodermal genes (Mukherjee et
al., 2020). However, whether SOX TFs can recruit f-catenin to distinct WREs in different
cell types and regulate the specificity of WNT-responsive transcription is unclear.

In this study, we used genomic analyses of differentiating human pluripotent stem cells
(hPSCs) to demonstrate that SOX TFs are required to recruit p-catenin to lineage-specific
WREs, many of which are not occupied by TCFs. Ectopic expression of SOX17 is sufficient
to recruit B-catenin to novel loci in a human kidney cell line that lack all four TCFs. Finally,
at a subset of TCF-independent WRES, SOX TFs establish a permissive chromatin landscape
and recruit a WNT-enhanceosome complex to direct SOX/R-catenin-dependent transcription.
These results establish SOX TFs as lineage-specific regulators of the WNT pathway, and
they provide important insights into how the combination of TCFs and lineage-specific SOX
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TFs regulate distinct transcriptional programs downstream of WNT signaling across many
biological contexts.

p-catenin binds dynamically to lineage-specific enhancers during endoderm differentiation

To characterize lineage-specific genomic recruitment of p-catenin during development, we
performed a time course analysis of hPSCs differentiated to definitive endoderm (DE).
Using a well-established protocol, we treated hPSCs for 3 days with recombinant ACTIVIN
A and the GSK3b inhibitor CHIR99021 to stimulate the WNT/B-catenin pathway (Figure
1A). This protocol mimics the activity of NODAL and WNT signaling in gastrulating
embryos and generated mesendoderm cells on day 1, endoderm progenitors on day 2,

and a highly homogeneous (>90%) population of SOX17-expressing DE cells on day 3
(Figures 1A and 1B). Immunostaining and western blots confirmed that transcriptionally
active, K49-acetylated “active” p-catenin (Hoffmeyer et al., 2017) was present in the
nucleus of all cells from days 1-3 (Figures 1B and S1C)). We then performed chromatin
immunoprecipitation with high-throughput sequencing (ChlP-seq) every 24 h to profile
B-catenin genomic binding during the progressive differentiation from pluripotency to DE.

In the day 0 “WNT-OFF” pluripotency state, we detected negligible p-catenin binding with
749 peaks, which increased upon CHIR treatment to 4,517 peaks at day 1, 18,608 peaks on
day 2, and 11,684 peaks on day 3 (Figure 1D). p-catenin binding was observed at distinct
genomic regions on different days, suggesting that it regulated distinct transcriptional
programs as lineage specification proceeded. To identify these dynamic binding patterns,
we merged all significantly called peaks across all days and performed k-means clustering
(Figures 1C and 1F-1J). This identified five distinct patterns: common peaks shared across
all time points (n = 1972), day 1 enriched peaks (n = 1,304), day 2 enriched peaks (n =
8,364), peaks specific to days 2 and 3 (n = 7,065), and day 3 enriched peaks (n = 2,611).
To ensure that CHIR-mediated DE differentiation indeed mimicked WNT activation, we
repeated the differentiation replacing CHIR99021 with recombinant WNT3A and validated
that the expression of known DE WNT target genes and b-catenin genomic binding patterns
were almost indistinguishable between CHIR99021 and WNT3A (Figures S1A, S1B, and
S1D, see key resources table for additional supplementary data).

We determined which B-catenin binding events were associated with WNT-responsive
transcription by performing RNA-seq analysis every 24 h on cultures treated with ACTIVIN
and either a WNT agonist (CHIR99021) or WNT antagonist (C59) at different times (Figure
S1F). Differential expression analysis of the WNT-ON and WNT-OFF states identified
WNT-responsive transcripts at each day of differentiation (Figures S1G-S1l). Principal
component (PCA) analysis showed that when WNT signaling was inhibited from the

onset of differentiation, cells retained a pluripotency-like transcriptional signature, whereas
inhibiting WNT from days 1 to 2 or days 2 to 3 resulted in an intermediate transcriptional
program between mesendoderm and DE, indicating that continued WNT signaling is
required for progressive DE specification (Figure S1J).
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Integrating the ChlIP-seq and RNA-seq data identified likely direct WNT targets and
confirmed that the dynamic genomic binding of B-catenin was indeed associated with
different transcriptional programs on different days (Figure 1E). Unsupervised hierarchical
clustering of all WNT activated genes associated with B-catenin binding (Figures S1K-
S1N) identified several temporally distinct groups of direct WNT target genes. These
included “common” WNT-responsive genes activated by CHIR irrespective of the day of
differentiation (n = 130) and genes specifically activated by CHIR on day 1 (n = 121), day
2 (n =857), and day 3 (n = 338) (Figures SIK-S1N). Gene ontology (GO) enrichment
analysis of “common” genes associated with B-catenin binding and CHIR-dependent
expression at all days included well-known WNT targets such as SP5 (Huggins et al.,
2017) and AX/NZ2 and were expectedly associated with biological processes like “WNT
pathway” and “cell fate specification” (Figure 1K). In contrast, WNT/p-catenin targets on
days 1 and 2 were enriched for terms related to processes like gastrulation, mesoderm,

and endoderm formation. These included primitive streak genes such as FGF4, /SL 1,

and £PHA4 (Nakajima et al., 2006; Narkis et al., 2012) (Figures S1L and S1M). Day
3-specific WNT targets were associated with genes required to maintain epithelial integrity
such as CTWNDI and /TGBI (Brafman et al., 2013) (Figure SIN). Thus, progressive DE
specification is associated with rapid relocalization of p-catenin to distinct lineage-specific
genomic loci and dynamic target gene expression.

Chromatin accessibility is not sufficient to account for dynamic p-catenin binding

One possible explanation for the dynamic p-catenin binding was changes in the underlying
chromatin landscape during differentiation (Chen and Dent, 2014). For example, day 1-
specific B-catenin bound loci may only be accessible on day 1 but not on days 2-3. To test
this hypothesis, we performed time course assay for transposase-accessible chromatin with
sequencing (ATAC-seq) experiments and compared this to p-catenin binding (Figures 1K-
10). This revealed that although newly gained p-catenin binding sites were associated with
increased chromatin accessibility, in general, most 3-catenin-bound loci were accessible
with significant ATAC-seq signal at all days (Figures 1K-10). This was exemplified in
peaks enriched specifically at days 1 and 2, where B-catenin binding was lost on day 3 even
though the chromatin remained accessible (Figure 1L and 1M). Thus, changes in chromatin
accessibility are not sufficient to account for the dynamic shifts in f-catenin occupancy at
line-age-specific WNT-responsive loci.

SOX17 and B-catenin co-occupy an increasing number of sites during DE differentiation

Next, we investigated the extent to which dynamic localization of p-catenin could be
explained by underlying occupancy of TCFs or SOX17: the SOX TF regulating DE
development (Zorn and Wells, 2009). RNA-seq showed that all four TCF/LEFs were
expressed during DE differentiation (Figure 2A), so we performed ChlP-seq experiments
every 24 h to profile the binding dynamics of each TCF and SOX17 and compared

this to p-catenin. Peak overlap analysis revealed that 96% of p-catenin binding events
(4,328/4,501) in day 1 mesendoderm cells could be accounted for by occupancy of at least
one TCF, consistent with TCFs being predominant mediators of B-catenin binding as cells
exit pluripotency (Moreira et al., 2017) (Figure 2B).
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Surprisingly, as differentiation progressed, we observed a progressive shift in co-localization
of B-catenin from TCFs to SOX17. In day 2 cells, TCFs colocalized with p-catenin at
87% (16,272/18,608) of loci, but by day 3, TCFs accounted for only 57% of B-catenin
binding (6,731/11,864) (Figures 2B—2F and S2A-S2F). In contrast, p-catenin/SOX17 co-
occupied loci increased from 16% at day 1, to 63% at day 2, and 84% in day 3 DE

cells (Figures 2B-2F and S2A-S2F). Focusing on day 3 DE, we identified four categories
of peaks (Figure 2E): those co-occupied only by p-catenin and SOX17 but not TCFs

such as BMP4 (4,224/11,684, 36%), loci bound by B-catenin/ SOX17/TCF such as 7BX3
(5,544/11,684, 47%), peaks cobound by B-catenin and at least one TCF, but not SOX17
including LHX& (1,187/11,684, 10%), and B-catenin peaks where we could not detect
co-binding of either TCFs or SOX17 (n = 762/ 11,717, 7%) (Figures 2E-2I). De novo
motif analysis revealed, other than TCF and SOX, an enrichment of endodermal TFs such
as GATA, FOX, and SMAD motifs as expected for most AC-TIVIN/WNT-induced DE
enhancers (Zorn and Wells, 2009) (Figure 2G). Time-resolved analyses of TCF and SOX
motif enrichment showed a relative increase of SOX DNA-binding motifs correlating with
increased SOX17/p-catenin co-occupancy (Figures 2J-2M). These data indicate that TCFs
alone do not account for the diversity of B-catenin recruitment during progressive lineage
specification and indicate that DE-specific p-catenin binding events are associated with
increased SOX17co-occupancy.

SOX17 is required to recruit B-catenin to DE-specific WNT-responsive enhancers

We next sought to assessed whether SOX17 was required to recruit p-catenin to chromatin.
Therefore, we generated a CRISPR-mediated SOXZ 7/~ homozygous null mutant iPSC line
(Figure S3A). gRT-PCR, immunostaining, and western blots confirmed a loss of SOX17
mMRNA and protein in SOXZ7knockout (KO) cells, and that loss of SOX17 did not

affect levels of B-catenin, TCF7, TCF7L1, or TCF7L2, but LEF1 expression was modestly
increased (Figures 3C-3G). Immunostaining and RNA-seq analysis confirmed that DE
specification was compromised in SOX17KO cells treated with ACTIVIN and CHIR for day
3 differentiation (Figures S3D, S4A, and S4B), and this was independently validated using
a SOX17-CRISPRI cell line (see key resources table for additional supplementary data).
PCA analysis showed that day 3 SOXZ7KO cells were similar to day 1 mesendoderm cells
(Figure S4C). Accordingly, mesoderm markers such as 7BXT, TBX6, and FOXFI1 were
upregulated upon loss of SOX17 (Figure S4A). Indeed, GO analysis showed that transcripts
downregulated in SOXZ7KO (n = 1,613) were enriched for biological processes relevant to
endoderm specification, whereas transcripts upregulated by the loss of SOX17 (n = 1261)
were enriched for mesoderm patterning processes (Figures S4A and S4B).

We next performed B-catenin ChIP-seq on day 3 wild-type (WT) and SOX17KO cells,
identifying 13,131 peaks bound by B-catenin in W7 and 41,058 p-catenin peaks in
SOX17KO cells. Differential binding analysis revealed three distinct categories of p-catenin
binding: (1) B-catenin peaks lost in SOXZ7KO such as that associated with BMP7 (n =
4,337), (2) p-catenin peaks that remained unchanged in WT and SOX17KO like DKKI (n
= 3,894), and (3) a surprisingly large number of p-catenin peaks gained in SOX17KO cells
such as near the mesoderm-specific gene MEOXI (n = 24,096) (Figures 3A-3F and S4D).
To test the specificity of the CRISPR-mutagenesis, and to demonstrate the requirement
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of SOX17 in orchestrating genome-wide B-catenin binding patterns, we introduced a
doxycycline (dox)-inducible SOX17transgene into the SOX17KO cell line. Addition of
dox from days 1 to 3 induced SOX17 expression comparable to WT levels (Figures S3B
and S3C), which rescued DE specification based on immunostaining and RNA-seq (Figures
S3D and S4C). ChiIP-seq analysis confirmed that adding back SOX17 to the SOX17KO
cells largely restored the W7 genomic B-catenin binding pattern; p-catenin peaks lost in the
SOX17KO were restored, while de novo p-catenin binding events gained in the SOX17KO
were lost upon SOX17 re-expression (Figures 3A-3F and S4F-S4H).

We next assessed the extent to which SOX17-dependent changes in B-catenin binding
correlated with TCF co-occupancy by performing ChlP-seq for all TCFs in both W7 and
SOX17KO cells. We then quantified SOX17 and TCF enrichment at the three groups of
B-catenin peaks by differential binding analysis (Figures 3A-3C). This revealed that while
96% (4,136/4,337) of pB-catenin binding events lost in SOX17KO cells were co-occupied
by SOX17, only 30% (n = 1,318/4,337) were co-bound by TCFs. Thus, the majority of
B-catenin peaks lost in the SOX17KO cells were not significantly bound by TCFs. In
contrast, 54% (n = 2,088/3,894) of B-catenin peaks that were unchanged between WT and
SOX17KO were co-occupied by TCFs (and SOX17) in WT cells, and this increased to
90% TCF binding in SOX17KO. The striking increase in de novo B-catenin binding events
in SOX17KO cells was also associated with a dramatic increase in TCF-co-occupancy
from 18% (n = 4,373/24,096) in WT DE to 83% (n = 20,008/24,096) in SOX17KO

cells as exemplified by the mesodermal MEOXZ enhancer (Figures 3C-3F). Consistent
with this, GO analysis indicated that genes associated with lost B-catenin peaks were
enriched for endoderm organogenesis, whereas genes associated with gained p-catenin
peaks were enriched for processes such as cardiac mesoderm and epithelial to mesenchymal
transition (Figure S4E). Moreover, de novo motif analysis of lost B-catenin peaks showed
an enrichment of SOX motifs, while gained p-catenin peaks were enriched for TCF, TBX,
and SMAD DNA-binding motifs. This is in line with the known role of TBXT/SMAD
interactions in delineating endoderm versus mesoderm gene regulatory networks (Faial et
al., 2015). Collectively, these data demonstrate that SOX17 is required to recruit p-catenin
to specific genomic loci and that loss of SOX17 leads to a widespread relocalization of
[-catenin binding and the activation of an alternative mesoderm-like transcriptome, likely
due to the recruitment of p-catenin to different enhancers by TCFs.

Integrating the ChlIP-seq and RNA-seq datasets, we identified 664 genes (corresponding

to 1,329 peaks) that were co-occupied and coregulated by SOX17 and B-catenin (Figures
3G, 3H, and S4K) in day 3 DE. These SOX17/p-catenin co-bound peaks were enriched for
H3K4mel and H3K27ac, histone marks indicative of poised and/or active enhancers (Figure
S41) (Gifford et al., 2013). Of these SOX17/B-catenin coregulated enhancers, 41% had little
to no evidence of TCF binding, while the remaining 59% were co-occupied by SOX17,
B-catenin, and TCF (Figures 31 and S4J). Further analysis revealed that the vast majority

of the direct SOX17/B-catenin target genes that were activated by SOX17 had endoderm-
enriched expression, whereas a substantial number of the direct SOX17/p-catenin target
genes repressed by SOX17 were normally expressed in mesectodermal lineages (Figure 3J;
see STAR Methods). This was consistent with our recent finding in Xenopus gastrulae that

Cell Rep. Author manuscript; available in PMC 2023 April 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mukherjee et al.

Page 8

Sox17 promotes endoderm fate while repressing mesectoderm identity (Mukherjee et al.,
2020).

Together these data demonstrate that SOX17 is required to recruit p-catenin to a subset
of endoderm-specific WREs, many of which have no evidence of TCF binding. On the
other hand, p-catenin/TCF interactions tend to promote an alternate mesodermal identity,
suggesting that competition between SOX17 and TCFs for recruitment of p-catenin
regulates this cell fate decision (Figure 3K).

SOX17 is required to establish a permissive chromatin landscape at a subset of TCF-
independent DE enhancers

There is evidence that SOX TFs can act as pioneering factors by directly engaging
nucleosomes to regulate chromatin accessibility (Meers et al., 2019; Soufi et al., 2015),
which might explain the loss of B-catenin binding in SOX17KO cells. To address this
possibility, we performed ATAC-seq in day 3 WT and SOX17KO cells. Differential

peak analysis revealed 13,737 genomic regions with significantly increased accessibility
based on ATAC-seq, 29,580 regions that were significantly less accessible in SOX17KO
cells, and 41,124 loci where accessibility was not significantly altered (Figure S5A).

We focused our analysis on those enhancers that lost f-catenin binding in SOX17KO

cells and were enriched for SOX17 but not TCF occupancy (n = 4,337); we termed

these “TCF-independent” enhancers (Figure 3A). Of these, 36% enhancers (1,577/4,337)
displayed decreased chromatin accessibility in SOXZ7KO cells (termed Class | enhancers),
exemplified by the SALL 1 enhancer, while the others did not display any significant
SOX17-dependent changes in accessibility, such as the PR/MAI enhancer (termed Class
Il enhancers) (Figures 4A and 4F). Nucleoatac software (Schep et al., 2015) showed the
expected dip in nucleosome occupancy at ATAC peak centers for both Class | and Class

I enhancers in WT cells. However, in SOX17KO cells, there was a significant increase

in nucleosomes occupancy at Class I but not Class Il enhancers, indicating that SOX17 is
required for chromatin accessibility at some, but not all of the TCF-independent enhancers
(Figures 4B and 4C).

Despite this difference in SOX17-regulated chromatin accessibility, there was a significant
decrease of the histone mark H3K27ac (Creyghton et al., 2010) in both Class | and Class
Il enhancers, indicating reduced transcriptional activity (Figures 4D and 4E). This indicates
that loss of chromatin accessibility in SOX17KO cells cannot alone account for the loss

of B-catenin chromatin recruitment and reduced activity of these WREs. A similar ATAC-
seq analysis of peaks with unchanged p-catenin binding in W7 and SOX17KO showed
few, if any, changes in chromatin accessibility or H3K27ac deposition (Figures S5B-
S5F). In contrast, 33% (7,908/24,096) of the loci that gained p-catenin and TCF binding
in SOX17KO cells exhibited significantly increased chromatin accessibility and elevated
H3K27ac (Figures S5G-S5K), consistent with activation of alternative transcriptional
programs.

Collectively, these results indicate that SOX17 regulates lineage-specific WNT-responsive
transcription both by regulating chromatin accessibility and by recruiting g-catenin to a
subset of TCF-independent endodermal enhancers (Figure 4G).
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Lineage-specific recruitment of B-catenin is a general feature of SOX TFs

To evaluate whether other SOX TFs also have the ability to regulate B-catenin

genomic recruitment and lineage-specific WNT-responsive transcription, we examined
neuromesodermal progenitors (NMPs) where antagonistic interactions between SOX2,
WNT/B-catenin, and TBXT control neural versus mesoderm cell fate decision (Goulti et al.,
2014; Koch et al., 2017). We directed the differentiation of hPSCs toward the NMP lineage
by addition of FGF8b and the WNT agonist CHIR99021 as previously reported (Lippmann
et al., 2015), generating relatively pure (>70%) populations of NMPs co-expressing SOX2
and TBXT after 3 days of culture (Figures 5A and 5B). To knock down (KD) SOX2,

we used a dox-inducible CRISPRI iPSC line where deactivated Cas9 fused to the KRAB
repressor domain is targeted to the SOX2promoter to repress its expression (Mandegar

et al., 2016). We treated cultures +/—dox after exit from pluripotency but before NMP
specification (Figure 5A). Immunostaining and gRT-PCR confirmed loss of SOX2 in +dox
SOXZKD cells and showed that there was no change in p-catenin, TCF7, TCF7L1, or
TCF7L2 while LEF1 protein levels were moderately increased (Figures 5B and S6B-S6F).

ChiIP-seq experiments in SOXZKD NMP cells +/-dox revealed that in WT conditions (-
Dox), 92% (5,664/6,137) of p-catenin bound genomic loci were also occupied by SOX2
(Figure 5E). Differential peak analysis of WT versus SOX2KD NMP cells revealed a
significant SOX2-dependent loss of B-catenin binding at 4,946 loci, while B-catenin binding
was unchanged at 2,711 loci, with only a gain of 214 new B-catenin peaks in SOX2KD
(Figures 5C, 5D, and S6H). To identify SOX2 and WNT target genes in NMPs, we
performed RNA-seq on WT and SOX2KD cells as well as on cultures where CHIR was
replaced with C59 to inhibit WNT signaling (Figures S6A-S6C). Differential expression
analysis identified 835 SOX2-regulated and 2,862 WNT-regulated transcripts. Integrating
the ChIP-seq and RNA-seq data identified 209 putative enhancers, corresponding to 119
genes that were coordinately co-occupied and coregulated by SOX2 and B-catenin (Figure
5E). Consistent with an antagonistic relationship between SOX2 and WNT/B-catenin in
NMP development, 42% of co-occupied and coregulated genes (50/119) were repressed by
SOX2 but WNT activated, whereas 29% (34/119) were SOX2 activated and WNT repressed
(Figure S6G). GO analyses of the SOX2 and WNT-regulated genes as well as the peaks
associated with SOX2-dependent p-catenin binding were consistent with the idea that SOX2
promotes neural fate in NMPs, while WNT favors mesoderm differentiation (Figures S6D,
S6E, and S6l).

ChlIP-seq for TCF7L1 and LEF1, the two TCFs most highly expressed in NMPs, revealed
that 50% (2,483/4,946) of the loci that lost p-catenin peaks in SOX2KD cells were also
co-occupied by TCFs such as the mesoderm marker MESP1, while the other half had no
evidence of TCF7L1 or LEF1 binding such as the ectoderm gene 75HZ3 (Figures 5E-5J).
We then assessed chromatin accessibility at SOX2-dependent B-catenin loci but did not
observe any appreciable differences in WT and SOX2KD cells (Figures 5F-5I).

Collectively, these genomic analysis of SOX2/p-catenin in NMPs and SOX17/B-catenin
in DE demonstrate that SOX TFs are required to regulate B-catenin recruitment and
lineage-specific WREs, and that antagonistic activities between SOX and TCF TFs drive
WNT-mediated cell fate choice (Figure 5K).
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SOX17 is sufficient to recruit p-catenin to chromatin in TCF-null cells

Our data indicate that SOX17 and SOX2 are required to recruit f-catenin to thousands

of lineage-specific enhancers that have little if any detectable TCF binding. However, it
was formally possible that a low level of TCF at these enhancers was still required to
recruit p-catenin. To test this, we ectopically expressed a SOX17-V5 construct into human
epithelial kidney (HEK) 293T cells where all four TCF/LEF genes have been deleted
(4TCFKO) (Doumpas et al., 2019) (Figure 6A). Optimizing transfections, we obtained a
level of SOX17-V5 expression that was at levels comparable to endogenous SOX17 in
hPSC-DE cells (Figure 6B). We then performed pB-catenin and SOX17 ChlIP-seq on WT,
4TCFKO, and 4TCFKO + SOX17 cells, +/- the WNT agonist CHIR99021. WT cells had
4,115 WNT-dependent p-catenin binding peaks, 82% (3,389/4,115) of which were lost in
TCF-null cells, as previously reported (Doumpas et al., 2019) (Figure 6C). However, we
detected 5,233 p-catenin peaks in WNT-stimulated 47CFKO cells expressing SOX17-V5,
53% (2,787/5,233) of which were not present in WT cells (Figures 6C-6E). Of these
novel B-catenin bound loci, 87% (2,436/2,787) were co-occupied by SOX17 in 4TCFKO
cells, as exemplified by novel SOX17/p-catenin binding at the SOX5and ATXN loci in
4TCFKO (Figures 6E and 6F). Comparing this to our human DE data, we found that 191
genes associated with SOX17/WNT-dependent B-catenin binding in 47CFKO cells were
coregulated by WNT and SOX17 in DE (Figure 6D). Despite being bound by SOX17 and
[-catenin, most of these DE genes were not transcribed in 293T cells, likely due to the
lack of ACTIVIN/SMAD stimulation, which is essential for DE gene expression. These
data demonstrate that SOX17 is sufficient to recruit p-catenin to lineage-specific enhancers
independent of TCFs.

SOX17 and B-catenin coordinately activate TCF-independent WNT-responsive enhancers

To further understand the TCF-independent activity of SOX17/ B-catenin regulated
enhancers, we focused on a —60-kb CXCR4and a —2.2-kb SALL 1 putative WRE. CXCR4
is a well-established DE marker co-expressed with SOX17 (Loh et al., 2014; Nair and
Schilling, 2008), while SALL1 is a direct SOX17 target in the uterine epithelium (Wang

et al., 2018). In our analysis, CXCR4and SALL 1 were coregulated by SOX17/WNT, and
the putative WRES were co-occupied by SOX17 and p-catenin, with little evidence of TCF
binding. DNA sequence analysis confirmed that both WRES had several SOX sites but no
TCF-binding sites (Table S1). We also assessed WREs of the well-defined TCF/ p-catenin
target genes: SP5 (Fujimura et al., 2007) and AX/NZ2 (Leung et al., 2002). We cloned each
enhancer into luciferase reporter constructs as well as versions where the putative SOX17
or TCF DNA-binding sites were mutated (ASOX or ATCF). We transfected the reporters
into WTand 4TCFKOHEK?293T cells +/-CHIR and +/-SOX17. As expected, the SP5and
AXINZ reporters exhibited robust activity only in W7 cells upon WNT stimulation, which
was abolished in DTCF constructs. Consistent with previous reports (Sinner et al., 2007),
SOX17 overexpression antagonized the WNT-dependent activity of SP5and AXINZ2WRES
in WT cells, an effect that was abolished by deletion of SOX17 sites in the case of SP5. On
the other hand, the CXCR4 and SALL 1 reporters were activated in both WTand 47TCFKO
only when the cells were both stimulated with CHIR and cotransfected with SOX17, and
this activation was abolished with the ASOX reporters. This demonstrates that the CXCR4
and SALL1enhancers are bona fide SOX-dependent WREs (Figures 6G and 6H).
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We repeated these luciferase assays in endogenous contexts in hPSC-derived W7 and
SOX17KO DE, with or without a dominant-negative isoform of TCF7L2 (dnTCF7L2).
The well-characterized dnTCF7L2 lacks the N-terminal B-catenin binding domain and acts
as a constitutive WNT repressor preventing recruitment of p-catenin to classic WRESs
(Korinek et al., 1997). As TCF7L2 is the most abundant TCF in DE cells, we reasoned

that dnTCF7L2 overexpression would inhibit the activity of TCF-dependent but not TCF-
independent enhancers. All four reporter constructs required WNT treatment to be expressed
in WT DE, confirming that they are indeed WRES. As expected, the dnTCF7L2 suppressed
the WNT stimulated activity of the SP5and AX/NZreporters in DE, as did mutation of

the TCF DNA-binding sites. In contrast the dnTCF7L2 did not impact the WNT-dependent
activity of the CXCR4and SALL 1 enhancers, but their expression was largely abolished in
SOX17KO cells or by mutation of the SOX sites in WT cells. (Figure 61).

Together, these data demonstrate that these SOX17/R-catenin-bound enhancers are bona fide
SOX-dependent, TCF-independent WRES and that competitive TCF and SOX interactions
likely contribute to the specificity of WNT-responsive transcription.

SOX17 assembles a WNT-responsive transcription complex at TCF-independent enhancers

To better understand how SOX17 and p-catenin interact at WRES, we performed reciprocal
coimmunoprecipitation (colP) experiments from DE cultures treated with benzonase; this
precludes the possibility that any observed interactions are simply due to proximity on DNA.
We detected a physical interaction between SOX17 and B-catenin at endogenous levels in
DE cells (Figures 7A and 7B). As expected, TCF7L2 and p-catenin also co-precipitated

in both WTand SOX17KO cells (Figure S7A). Next, we performed reciprocal ChIP-reChlIP-
gPCR experiments, further confirming that SOX17 and p-catenin directly interact at SOX-
dependent but not TCF-dependent enhancers (Figures 7C and S7B).

We next tested the hypothesis that SOX-dependent WRES can serve as a scaffold for
recruitment of a WNT-enhanceosome complex. ColP assays demonstrated that in DE cells
both B-catenin and SOX17 physically interact with the chromatin remodeler BRG1 and

the cohesin subunit SMC1 (Figures 7A and 7B), known to be critical for transactivation

of TCF/B-catenin target genes (Kagey et al., 2010; Kim et al., 2006). Moreover, BRG1
ChiIP-seq revealed a substantial loss of BRG1 binding at TCF-independent enhancers in
SOX17KO cells relative to WT (Figures 7D and 7E). We then performed ChIP-gqPCR in WT
and SOX17KO cells for known components of the WNT-enhanceosome including BCL9
and PYGO (Carrera et al., 2008; Kramps et al., 2002), the histone acyteltransferase p300
(Hecht, 2000), the cohesin subunit SMC1, cohesin loading protein NIPBL (Estara s et

al., 2015), and the mediator subunit MED12 (Kim et al., 2006) (Figures 7F-71, S7D, and
S7E). In each case, SOX17 was required for efficient recruitment to the TCF-independent,
SOX17/p-catenin-regulated DE enhancers CXCR4 and SALL1. In contrast, SOX17 was not
required for the recruitment of these coactivators to the TCF-dependent WREs SP5, NKD1,
and CDX2 (Figures 7F=71, S7D, and S7E). gRT-PCR confirmed that expression levels of
these coactivators did not change in SOX17KO cells, suggesting that SOX17 recruits them
to enhancers (Figure S7C).
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Collectively, our data show that SOX17 is required to recruit B-catenin to a subset
of lineage-specific enhancers and assemble a TCF-independent transcription complex to
activate endoderm-specific WNT-responsive transcription (Figure 7J).

DISCUSSION

How B-catenin is recruited to distinct enhancers to regulate lineage-specific WNT target
genes was previously unclear. We demonstrate that SOX TFs are lineage-specific regulators
of WNT-responsive transcription. During early germ layer specification, the recruitment of
[B-catenin to lineage-associated enhancers is dynamic and regulated by interactions of TCF
and SOX TFs. Our data indicate that SOX17 in DE and SOX2 in NMPs are required to
recruit p-catenin to specific enhancers, many of which have no evidence of TCF binding.
While SOX TFs modulate chromatin accessibility at some enhancers, this alone cannot
account for SOX-dependent B-catenin chromatin binding. We confirmed that SOX17 was
sufficient to recruit p-catenin to specific chromatin loci in cells that lack all four TCF
proteins. Analysis of histone marks and functional reporter assays confirmed that these
SOX17/R-catenin-bound enhancers are bona fide SOX-dependent, TCF-independent WREs.
Finally, we show that SOX17 and WNT/B-catenin activate these WRES by recruiting a
WNT-enhanceosome complex with BCL9, PYGO, and transcriptional coactivators p300,
BRG1, MED12, and SMCL1.

While the central role of TCFs in mediating WNT-responsive transcription is not in

doubt, the notion that alternative TFs can, in some contexts, regulate WNT-responsive
transcription has been controversial (Schuijers et al., 2014). We show that p-catenin binding
and transcription of early mesendoderm or “universal” WNT target genes like AX/N2are
mediated primarily by TCFs. In contrast, in DE or NMP cells, SOX17 and SOX2 account for
a major proportion of p-catenin binding and WNT-regulated transcription. One possibility
is that while B-catenin/TCF interactions are predominant in well-known processes like cell
proliferation, p-catenin/SOX or B-catenin/SOX/TCF interactions might be more prevalent
during cell fate decisions where reiterative WNT signaling must dynamically re-establish
transcriptional programs. Indeed, since several SOX genes are direct WNT targets (Kormish
et al., 2010), it is possible that they act as feedback modulators tuning transcriptional
response as cells progressively differentiate from prolonged WNT exposure.

Although we have focused on the most novel subset of enhancers where SOX TFs recruit
B-catenin independently of TCFs, it is likely that the interplay between SOX and TCF TFs
is complex and involves both cooperative and competitive interactions. The observation that
many WNT-responsive genomic loci gain de novo TCF/B-catenin binding upon loss of SOX
TFs suggests that SOX and TCF TFs can competing for a limited pool of nuclear B-catenin.
It is also possible that the amount of B-catenin recruited to distinct WRES, and hence the
level of transcription, is influenced by mass action and the number of SOX versus TCF
DNA-binding sites at a specific enhancer. The fact that many WREs are co-occupied by
SOX, TCF, and B-catenin also suggests that all three proteins might interact cooperatively.
In vitro protein binding assays using recombinant Sox17, Tcf712, and B-catenin show that
they can form a trimeric complex (Sinner et al., 2007). Although we did not explicitly test
this possibility, we did not detect a physical interaction between endogenous SOX17 and
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TCF7L2 in DE. Sequence analysis of enhancers co-occupied by SOX17 and TCFs showed
that their binding sites are often >50 bp away, so they are unlikely to form heterodimers.
However, since they are both HMG-box TFs that bend DNA (Billin et al., 2000; Hou et al.,
2017), it is conceivable that despite being distant to each other on linear DNA, SOX and
TCF could still physically interact with the same p-catenin molecule.

Another possibility is that SOX TFs might recruit coactivators or corepressors to potentiate
or antagonize B-catenin/TCF interactions or affect their stability, nuclear localization, or
ability to interact with one another or p300 (Gao et al., 2014). For example, SOX9 enhances
the phosphorylation and turnover of nuclear p-catenin in chondrocytes (Akiyama et al.,
2004; Yano et al., 2005). While we did not observe differences in nuclear p-catenin levels
between WTand SOX17KO or SOX2KD cells, it is possible that SOX TFs modulate

WNT responses by recruiting enzymes that regulate B-catenin methylation or acetylation
(Hoffmeyer et al., 2017), such as KamZ2a/b that can demethylate f-catenin to regulate its
nuclear stability (Lu et al., 2015).

In general, SOX TFs acquire DNA-binding specificity by forming heterodimers with other
TFs (Kondoh and Kamachi, 2010). Motif analyses of the SOX17/p-catenin peaks also
showed an enrichment of GATA, FOXA, and SMAD motifs. This is not surprising since
SOX17, GATA4-6, and FOXA TFs interact in a positive feedback loop downstream of
NODAL/SMAD?2 to promote each other’s expression, define the chromatin landscape, and
activate the DE transcriptome (Zorn and Wells, 2009). It is possible that SOX-GATA or
SOX-FOXA interactions provide additional DNA sequence specificity to SOX-dependent
B-catenin recruitment at select WREs. Consistent with this idea, B-catenin/TCF7L2/GATA4
and TCF7L2/GATAL interactions have been reported in cardiac and hematopoietic lineages
(lyer et al., 2018; Trompouki et al., 2011).

In summary, we show that SOX TFs are context-dependent regulators of WNT-responsive
transcription during early cell fate decisions. SOX/WNT interactions are also widely
implicated in cancer; for example, SOX17 expression levels are often anti-correlated with
WNT activity in the breast, skin, and brain tumors (Moradi et al., 2017; Zhao et al., 2016;
Zhou et al., 2014). Our data point to opportunities for selectively targeting WNT responses
in cancer. It should be possible, in principle, to identify compounds that selectively inhibit
or promote SOX/B-catenin but not TCF/p-catenin interactions. Indeed, the SOX17/B-catenin
targets CXCR4 and SALL 1 have oncogenic activity, are overexpressed in some cancer
contexts, and are currently targets of druggable anticancer therapeutics (Chi et al., 2019;
Song et al., 2021). Given that most, if not all cell types, express at least one of the 20 SOX
TFs in the human genome, we anticipate that our results may have previously unappreciated
widespread implications for WNT-responsive gene regulation across developmental and
disease contexts.

Limitations of the study

Consistent with our previous findings in Xenopus gastrulae, we show that SOX17 activates
the endoderm gene regulatory network while suppressing mesectoderm fates. However,
future studies will be important to determine how SOX TFs recruit p-catenin during
embryonic development /n vivo. Our data indicate that SOX17 and TCFs are likely to
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compete for finite amounts of nuclear p-catenin. Although we did not explicitly test this
possibility, future genomic and biochemical experiments with careful titration of SOX and
TCF levels will be important to determine how different SOX TF families interact with
B-catenin/TCF. Further investigations into the mechanisms through which SOX and TCFs
interact to control the genomic specificity of p-catenin in different cellular contexts might
open the possibility of targeting B-catenin-SOX interactions for therapeutic purposes.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Aaron Zorn (aaron. zorn@cchmc.org).

Materials availability—All cell lines and reagents generated in this study will be made
available upon request to the lead contact.

Data and code availability—Source data related to Figures 1 and 3 are available

on Mendeley at https://doi.org/10.17632/7jxtwztwxg.1 The datasets generated during this
study are available at the Gene Expression Omnibus (GEO) under the accession number
GSE182842. The following public datasets were downloaded from GEO and reanalyzed:
GSM772971, GSM1112846, GSM1112844, GSM1112835 and GSM1112833. This paper
does not report original code. Any additional information required to reanalyze the data
reported in this paper is available from the lead contactupon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Pluripotent stem cell culture

Human embryonic stem cell line WA01 (H1) was purchased from WiCell and induced
pluripotent stem cell line iPS72.3 was obtained from CCHMC Pluripotent Stem Cell
Facility. The CRISPRi-SOX2 line was a kind gift from Dr. Bruce Conklin (Gladstones
Institutes, UCSF). hESCs and iPSCs were maintained in feeder-free cultures. Cells

were plated on hESC-qualified Matrigel (Corning; 354277) and maintained on mTESR1
(StemCell Technologies; 85851) media at 37°C with 5% CO,. Media was changed daily, and
cells were routinely passaged every 4 days using ReleSR (StemCell Technologies; 05872).
CRISPRI-SOX2 cells were plated on vitronectin-coated (ThermoFisher; A14700) plates and
maintained in Essential 8 Medium (Gibco; A1517001). These lines were routinely passaged
every 3-4 days using Versene (ThermoFisher; 15040066). All lines were routinely screened
for differentiation and tested for mycoplasma contamination.

HEK293T cell culture

Cells were cultured in high-glucose DMEM (Gibco; 41966029) with 10% FBS (Gibco). For
SOX17 overexpression experiments, Lipofectamine 3000 was used to transfect 20ug of V5
epitope-tagged wild type SOX17 in WT or 4KO 293T cells per manufacturer’s instructions.
Cells were harvested 48hours post transfection for downstream analysis. The V5-tagged
SOX17 has previously been described (Sinner, 2004). For WNT activation experiments,
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10um CHIR99021 (R&D Systems; 4423) was added to fresh media and cells were harvested
24 h later.

METHOD DETAILS
Generation of SOX17KO cell line

gRNA Validation: Two CRISPR/Cas9 guide RNAs targeting the first exon of the SOX17
gene were cloned into pX458 (Addgene 48138) and validated in HEK293T cells (ATCC
CRL-3216) by the Transgenic Animal and Gene Editing core at CCHMC. The CRISPR
targeted region was amplified with Phusion Polymerase (ThermoFisher; F531) and each
amplicon was digested with T7 Endonuclease | (NEB; M0302S). Digested amplicons
were run on agarose gels to quantify relative gRNA activity. Mucleofection: RNP complex
assembly of the validated gRNA was performed by combining 20ug Alt-R® S.p. HiFi
Cas9 Nuclease V3 (IDT; 1081060) with 16ug sgRNA (Synthego) /in vitro for 45 min

at room temperature. The RNP complex was electroporated into parental iPS 72.3 cells
using a Lonza 4D Nucleofector. Isolated clones were lysed and amplified using Phusion
polymerase and clones of interest were submitted for Sanger sequencing to the CCHMC
DNA Sequencing Core.

Generation of pTET-SOX17FLAG rescue cell line

The pTET-Tight construct to generate the SOX17 Rescue line has previously been described
(Fisher et al., 2017) and was a kind gift from Dr. Stephen Duncan. The rescue line was
generated as described in (Heslop et al., 2021). Briefly, the SOX17-3xFLAG sequence
was synthesized by GeneArt (Thermofisher, CA). 50 ug of the plasmid was then linearized
with 5ul of Pvul-HF (NEB R3150L) and purified using AMPure RNACIean XP (Beckman
Coulter, A63987) beads. 20ug of linearized DNA was used to electroporate 20 x 106

cells using the Neon Transfection System (ThermoFisher, CA). After, electroporated cells
were replated on Matrigel-coated plates in mTeSR supplemented with CloneR (StemCell
Technologies, 05888) and Y-27632 (StemCell Technologies, 72304) and media was
refreshed daily. After 72 h, 1ug/mL puromycin was added to the media and used thereafter.
Puromycin resistant clones were then expanded and the function and successful integration
of the SOX17-3xFLAG plasmid was verified through immunostaining and Western blot
experiments. For all experiments shown, SOX17 was reexpressed by adding 50ng/mL
doxycycline from days 1-3 of endoderm differentiation.

Definitive endoderm differentiation

Confluent cells were passaged to single cells using Accutase (Sigma Aldrich; A6964) and
plated on Matrigel-coated plates using mTESR1 and Y-27632 (StemCell Technologies,
72304). The following data, basal media was replaced, and cells were washed with PBS.

DE differentiation was then carried out in RPMI-1640 media (Thermo Fisher; 11875-093)
supplemented with non-essential amino acids (ThermoFisher; 11140050). Cells were treated
with 100ng/mL Activin A (Shenandoah, 800-01) and 2um CHIR99021 for 24hrs. In the
next two days, cells were treated with 100ng/mL Activin A and 2 mm CHIR99021 in
RPMI-1640 with increasing concentrations (0.2% on day 2, 2% on day 3) of ES-grade FBS
(GE; SH30070.02). To identify Wnt-responsive genes at each day, cells were treated with
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lum of the Wnt inhibitor C59 (Tocris; 5148) during either day 0, 1 2 of differentiation to
identify day 1, 2 or 3 specific differential regulation.

Neuromesodermal progenitor differentiation

Confluent cells were passaged using Accutase and plated on vitronectin coated plates using
E8 and Y-27632. NMP differentiation was carried out largely as described previously
(Lippmann et al., 2015). Briefly, media was changed to Essential 6 Medium (Gibco;
A1516401), 24 h later cells were treated with 200ng/mL FGF8b (PeproTech; 100-25) in E6
media. After a further 24 h, cells were treated with 200ng/mL FGF8b and 3mm CHIR99021
in E6 media. To knock down SOX2 levels, the CRISPRi-SOX2 cells were treated with
Img/mL doxycycline (dox) on days 2 and 3 of differentiation. To identify Wnt regulated
genes, NMP cultures were treated with either 3mm CHIR99021 or 1um C59 on day 3 of
differentiation.

MRNA extraction. RT-gPCR and RNA-Seq

Total RNA was extracted using the Nucleospin RNA Extraction kit (Machery-Nagel;
740955) and reverse-transcribed to cDNA using SuperScript VILO (ThermoFisher;
1177250) according to manufacturer’s instructions. qPCR was performed using PowerUp
SYBR Green MasterMix (ThermoFisher; A25777) and QuantStudio 3 Flex Real-Time

PCR system. Relative mRNA expression was normalized to that of housekeeping gene

PPIA (peptidylprolyl isomerase A) and calculated using the AACt method. For RNA-Seq
experiments, three biological replicates were sequenced per condition. 300ng of total RNA,
as determined by Qubit High-Sensitivity spectrofluorometric measurement, was poly-A
selected and reverse transcribed using lllumina’s TruSeq stranded mRNA library preparation
kit (Illumina; 20020595). Samples were incubated with unique Illumina-compatible adapters
for multiplexing. After 15 cycles of amplification, libraries were paired end sequenced on a
NovaSeq 6000 with a 2 x 100 read length.

Immunofluorescence

Cells were plated at a density of 10,000 cells/mL on Matrigel or vitronectin coated Ibidi
8-well chamber slides (Ibidi; 80826). Cells were washed once with PBS and fixed in

4% paraformaldehyde for 30 min at room temperature. If necessary, antigen retrieval was
performed by adding 1x Citrate Buffer warmed to 55°C and incubating slides at 65°C for 45
min. Slides were then blocked with 5% normal donkey serum (NDS) for an hour. Primary
antibodies were added in 5% NDS in PBS and incubated overnight at 4°C. The following
day, cells were washed thrice in PBS and incubated with secondary antibodies and DAPI for
an hour at room temperature. Slides were again washed in PBS before imaging. Images were
taken using a Nikon A1R inverted confocal microscope and analyzed using NIS Elements
(Nikon). Antibodies and dilutions used are listed in Table S2.

Cell fractionation

Nuclear isolation was performed as previously described (Sierra et al., 2018). Briefly,
cells were dissociated using Accutase and counted using a Bio Rad TC20 Automated Cell
Counter. 10 million cells were then lysed in 1mL of cytoplasmic buffer (50mM Tris-HCI
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pH 7.5, 10% glycerol, 0.5% Triton X-100, 137.5mM NaCl) supplemented with protease
(ThermoFisher; A32953) and phosphatase (ThermoFisher; A32957) inhibitors and incubated
on ice for 15min. Cells were then pelleted by centrifugation for 5 min at 16,000 rpm at

4°C. Nuclei were then resuspended in 10mM HEPES pH 7.8, 0.5 M NaCl, 0.1% NP-40
supplemented with 1mM DTT and fresh protease/phosphatase inhibitors. Samples were
sonicated for two 10s pulses on ice. Nuclei were cleared by centrifugation for 10mins at
16,000 rpm at 4°C.

Co-immunoprecipitation

ColP assays were performed as previously described (Cattoglio et al., 2020) with minor
modifications. After differentiation to the desired stage, 20 million cells were washed on

the plates with PBS and crosslinked with 1.5mM DSP (ThermoFisher; 22585) for 30 min

at room temperature. The crosslinking reaction was quenched by 30mM Tris pH 7.4 in

PBS and incubated for 20 min. Cells were then scraped in ice-cold PBS supplemented

with protease inhibitors and resuspended in 1mL cytoplasmic buffer (10mM HEPES

pH 7.9, 10mM KCI, 340mM sucrose, 3mM MgCI2, 10% glycerol, 0.1% Triton X-100)
supplemented with ImM DTT and fresh protease inhibitors. Cells were incubated on ice for
10 min and centrifuged for 10 min at 4000 rpm. The nuclear pellet was then resuspended

in 500mL ColP wash buffer (100mM NaCl, 25mM HEPES pH 7.9, 1mM MgCI2, 0.2mM
EDTA, 0.5% NP-40) supplemented with protease inhibitors. Samples were sonicated for two
10s pulses, treated with 600U/mL benzonase (Millipore; 70,664) and incubated at 4°C with
end over end rotation for 4 h. Afterward, the concentration of NaCl in the samples was
adjusted to 200mM and samples were incubated for an additional 30 min. Nuclear extracts
were then cleared by centrifuging for 30 min at max speed at 4°C. Nuclear lysates were then
quantified by BCA assays and protein concentrations of the lysates were adjusted to either
500ug/mL or img/mL by diluting with ColP wash buffer. Lysates were then precleared with
Protein G Dynabeads (ThermoFisher; 10004D) at 4°C for an hour. 10% input samples were
collected from the precleared lysates and stored at —20°C. Then samples were transferred

to fresh tubes and incubated with relevant antibodies overnight at 4°C with end-over-end
rotation. The following day, lysates and antibody complexes were added to precleared
Protein-G Dynabeads and allowed to incubate at 4°C for 2 h with end-over-end rotation. The
antibody/beads complexes were then washed with ice-cold ColP wash buffer 8 times at 4°C.
Lysates were then briefly centrifuged to remove any residual wash buffer and the beads were
resuspended in 60mL 2x LDS loading buffer (ThermoFisher; NP0007). Proteins were eluted
from beads on a thermomixer at 65°C for 15 min at 1000 rpm. Immunoprecipitations with
antibody and 1gG were performed parallelly. A list of antibodies and associated dilutions can
be found in Table S2.

Western blots

Nuclear lysates were quantified by BCA and equal concentrations of protein samples

were loaded for all experiments. Samples were resuspended in 4x LDS loading buffer
supplemented with fresh 100mM DTT and boiled for 10mins. Proteins were separated on
4-12% Bis-Tris or 7% Tris-Acetate gels and transferred to PVDF membranes. Membranes
were blocked in LI-COR TBS Intercept Blocking Buffer (LiCor; 927-60001) for an hour
and then incubated with primary antibodies overnight at 4°C. The next day, membranes were
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probed with relevant secondary antibodies and imaged on an LI-COR Odyssey Clx scanner
and processed using LI-COR Image Studio Lite. A list of antibodies and associated dilutions
can be found in Table S2.

Transfections and reporter assays

ChIP-gPCR,

To design enhancers constructs for reporter assays, SOX and TCF motif scanning was
performed at putative SOX17/B-catenin or TCF/B-catenin enhancers (the sequences +/—
100bp across peak summits of relevant SOX17/B-catenin or TCF/B-catenin were used) using
FIMO with default parameters and the CIS-BP (Weirauch et al., 2014) ‘Homo sapiens’
database as reference. The identified SOX or TCF binding sites were then scrambled to
generate the ‘SOX17 mutated’ or ‘TCF mutated’ enhancers. Details of sequences used for
reporter assays are available in Supplementary data.

Putative SOX17-dependnent or TCF-dependent enhancers were synthesized (Genscript) and
cloned into the pGL4.23 (/ucZiminiP; Promega) vector. For transfections, hESCs were
dissociated into 2-3 cell clumps using Versene and plated at a density of 60,000 cells/mL
using MTESR and RevitaCell supplement (Gibco; A2644501). DE differentiations were
carried out as described above. On the completion of day 2 of differentiation, cells were
washed with PBS and supplemented with fresh day 3 differentiation media and incubated
at 37°C for 30 min 50mL Opti-MEM (Gibco; 31985062), 1mL Lipofectamine STEM
Transfection Reagent (Invitrogen; STEMO00001) and 500 ng DNA (495ng enhancer/luc,
5ng Renilla) were then added to the cells and they were incubated for 24hrs at 37°C. The
next day, cells were washed with PBS, lysed and assayed using the Dual-Luciferase Assay
System (Promega; E1910) according to manufacturer’s instructions.

For experiments with dnTCF7L2 overexpression, the pcDNA/Myc DeltaN TCF4 plasmid
was obtained from Addgene (#16513, gift from Bert Vogelstein) and cotransfected with the
enhancer luciferase constructs described above in equimolar amounts.

ChlIP-reChIP and ChIP-Seq

Most ChIP experiments were performed in biological duplicates as in (Schuijers et al.,
2014) with several modifications. After differentiation to the desired stage, approximately 20
million cells were dual crosslinked in plate, first with 1.5mM EGS (ThermoFisher; 21565)
for 20 min, followed by supplementation with 1% formaldehyde for an additional 20 min
at room temperature. The crosslinking reaction was quenched with 125mM glycine for 15
min at room temperature. Cells were then washed twice and scraped in ice-cold PBS and

if needed, flash frozen in dry ice until future use. ChlP samples were resuspended in 1mL
sonication buffer (20mM HEPES pH 7.4, 150mM NacCl, 0.1% SDS, 1% Triton X-100,
1mM EDTA, 0.5mM EGTA) supplemented with fresh protease inhibitors. Chromatin was
sonicated using a Diagenode Bioruptor Pico instrument for 45 cycles of 30 s ON, 60 s OFF,
to generate 200-400 bp sheared fragments.

Chromatin was then precleared with Protein G Dynabeads for an hour with end-over-end
rotation at 4°C. A volume of the pre-cleared chromatin corresponding to 1% of the total
volume was set aside as input. The rest of the samples were transferred to fresh tubes
containing preblocked Protein G Dynabeads; relevant antibodies (see Table S2) were added

Cell Rep. Author manuscript; available in PMC 2023 April 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mukherjee et al.

Page 19

and samples were incubated overnight at 4°C with end-over-end rotation. The next day,

the beads were washed serially with 150mM salt wash buffer (20mM HEPES pH 7.4,
150mM NaCl, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100, 1mM EDTA, 0.5
mM EGTA), 500mM salt wash buffer (20mM HEPES pH 7.4, 500mM NaCl, 0.1% SDS,
0.1% sodium deoxycholate, 1% Triton X-100, ImM EDTA, 0.5 mM EGTA), 1M salt wash
buffer (20mM HEPES pH 7.4, 1M NaCl, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton
X-100, iImM EDTA, 0.5 mM EGTA), 2M salt wash buffer (20mM HEPES pH 7.4, 2M
NaCl, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100, ImM EDTA, 0.5 mM
EGTA) and LiCl wash buffer (20mM HEPES pH 7.4, 0.5M LiCl, 0.5% NP-40, 0.5% sodium
deoxycholate, ImM EDTA, 0.5 mM EGTA). Each wash buffer was supplemented with fresh
1mM DTT and protease inhibitors, and each wash was performed for 20 min at 4°C. The
beads were then washed twice in 1xTE buffer supplemented with fresh protease inhibitors.
The beads were then resuspended in DNA elution buffer (1% SDS, 0.1M NaHCOg). Elution
was performed twice on a thermomixer at 65°C at 1,200 rpm. Eluates from two rounds of
elution were combined and supplemented with 1/10 volume of 5M NaCl. Simultaneously,
an equal volume of DNA elution buffer and 5M NaCl were added to the input samples.

All samples were reverse crosslinked overnight at 65°C. The following day, samples were
treated with RNase A for an hour at 37°C and digested with Proteinase K for 2 h at

55°C. DNA was then purified using the Qiagen QIAquick Purification Kit (Qiagen; 28,104)
using manufacturer’s instructions and eluted in 20mL Elution Buffer; 1mL was used to
quantify DNA concentrations using a Qubit High-Sensitivity DS DNA Assay kit (Invitrogen;
Q32851).

For ChIP-Seq experiments, DNA libraries were prepared using 1-5 ng of starting

material using the SMARTer ThruPLEX DNA-Seq kit (Takara; R400674) according to
manufacturer’s instructions. After library amplification, DNA was purified using AMPure
XP beads (Beckman-Coulter; A63880) and size-selected to retain 200-600 bp fragments.
DNA fragment traces were analyzed on a Bioanalyzer. Suitable libraries were then paired-
end sequenced on a Illumina NovaSeq 6000 with a 2 x 75 read length.

For ChIP-reChIP experiments, before the first ChlP, antibodies were crosslinked to Protein
G Dynabeads. Briefly, beads were washed with 0.2M sodium borate pH9, and antibodies
were crosslinked to beads by using 20mM DMP (Pierce; 21,666) dissolved in 0.2M sodium
borate. The crosslinking reaction was carried out at room temperature for 40 min. The
reaction was then quenched using 0.2M ethanolamine pH 8.0 for an hour. Residual 1gGs
were removed by washing the antibody/beads complex with 0.58%v/v acetic acid +150mM
NaCl. The beads were then added to processed chromatin samples and ChlP experiments
were performed as described above. After the first ChIP, samples were eluted in DNA
elution buffer supplemented with 10mM DTT. The samples were then diluted in 10 volumes
of sonication buffer and the second ChIP was carried out as described above.

ChIP-gPCR was performed using PowerUp SYBR Green MasterMix and the QuantStudio
3 Flex Real-Time PCR system using default protocols. Primers were designed to span
relevant SOX17 or p-catenin peak centers and relative expression was normalized to that of
a ‘negative’ control gene desert genomic region. Relative fold change was calculated using
the AACt method. Primer sequences are listed in Table S2.
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ATAC-Seq experiments were largely performed as previously described (Buenrostro et al.,
2015). Briefly, 50,000 cells were collected following differentiation to the desired stage, and
lysed in 50mL of ATAC-lysis buffer (10mM Tris-HCI, pH 7.4. 10mM NaCl, 3mM MgCI2,
0.1% NP-40) to obtain a crude nuclei prep. All centrifugation steps were performed at 4°C
at 2000 rpm. The nuclei pellet was then resuspended in the 50ul of the transposition reaction
mix (25ul Tagment DNA buffer, 2.5ul TD Tn5 Transposase enzyme, 22.5ul nuclease-free
water) (Illumina; 20034197). The transposition reaction was incubated at 37°C for 30 min
on a thermomixer with constant gentle shaking at 1000 rpm. Immediately after transposition,
DNA was purified using a Qiagen MinElute PCR Purification (Qiagen; 28004 kit) and
eluted in 10mL Elution Buffer. The eluted DNA was then amplified in a reaction with

25mL NEBNext High-Fidelity 2x PCR Mastermix (NEB; M0541L) and custom 25um
Nextera PCR Primers (Ad1_noMx universal primer, 0.5um Ad2.x indexing primer). PCR
was performed as follows: 1 cycle of 72°C for 5min, 98°C for 30s, 5 cycles of 98°C for 10s,
63°C for 30s, 72°C for 1min. 5ul of the amplified DNA was then used to perform qPCR

to determine the optimal number of additional cycles to prevent amplification saturation of
DNA libraries. In all cases, either 4 or 5 additional cycles of PCR was performed at: 98°C
for 10s, 63°C for 30s and 72°C for 1 min. Double size selection of amplified libraries (0.5x
— left sided, 1.8x — right sided) was performed using AMPure XP beads and the DNdA was
eluted in a final volume of 20ul in 0.1x TE buffer. Purified libraries were sequenced on an
Illumina NextSeq 500 instrument with a 2 3 75bp read length.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and reproducibility

All statistical analyses were performed using R (R Core Team, 2020) or Graphpad Prism.
Statistical details of all experiments can be found in the relevant figure legends. RNA-

Seq experiments were performed in biological triplicates. Most ChIP-Seq and ATAC-Seq
experiments were performed in biological duplicates except for: H3K27ac and BRG1 ChIP-
Seq in WT and SOX7KO, B-catenin ChIP-Seq in SOX17 Rescue cells and p-catenin/SOX17
ChIP-Seq in WT and 4KO 293T cells (n = 1) and NMP B-catenin ChIP-Seq (n = 3).
Immunostaining and western blots were performed at least four times and representative
images were used. ColP, ChIP-gPCR experiments and reporter assays were repeated at

least thrice. All differentiations and experiments were performed using cell lines maintained
between passages 55-65.

Analysis of genomic data

RNA-seq—Raw reads were quality-checked using FASTQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and if necessary, adapters were
trimmed using cutadapt (Martin, 2011). Fastq files were pseudo-aligned to the hg19
reference index using salmon (Patro et al., 2017). An index of transcripts was built using
default parameters (salmon index) using quasi-mapping (-quasi) and kmers of length 31 (-k
31). Relative transcript abundance was then quantified using salmon -quant using paired end
fastq files and counts per transcript were obtained. The tximport package (Soneson et al.,
2015)was then used for downstream analysis to convert transcript-level counts to gene-level
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estimates. Differential gene expression analysis was performed using DESeq2 (Love et al.,
2014) using default parameters. Differentially expressed genes were defined as those with
log2 fold change >|1| and adjusted FDR of p < 0.05. Transcripts were then annotated using
the biomaRt (Durinck et al., 2009) package. Any genes with TPM less than 10 across

all replicates were then discarded from further analysis. To perform principal component
analysis, variance stabilized and transformed data from DESeq?2 vst function was generated.
PCA plots were visualized using p/otPCA () function of DESeq2.

To identify endoderm, mesoderm or ectoderm enriched genes, we reanalyzed the
following datasets: GSM1112846, GSM1112844 (RNA-Seq of day 3 ectoderm cells) and
GSM1112835, GSM1112833 (RNA-Seq of day 3 mesoderm cells) and compared with
our day 3 endoderm RNA-Seq data. Raw RNA-Seq data was downloaded from GEO

and processed as described above, and pairwise differential gene expression analysis was
performed using DESeq?2 to identify genes with enriched expression in day 3 endoderm,
mesoderm or ectoderm. For instance, a gene was considered to be significantly endoderm
enriched if: the gene was significantly differentially expressed in endoderm over control
pluripotent cells, and showed significantly enriched expression in the endoderm compared
to the mesoderm and ectoderm datasets. Differential enrichment threshold: log2 fold change
>|1| and adjusted FDR of p < 0.05.

ChlP-seg—Raw reads were quality-checked using FASTQC and adapters were trimmed
using cutadapt. Reads were aligned to the hg19 genome using bowtie2 (Langmead

and Salzberg, 2012). Unmapped and low quality (MAPQ<10) reads were discarded.
Duplicates were marked using Picard (https://broadinstitute.github.io/picard/) and removed
using samtools (Li et al., 2009). From the replicate datasets, a consensus set of

peaks were called for each TF at each stage using HOMER (Heinz et al., 2010)
getDifferentialPeaksReplicates.pl using stage-matched input samples as background and
-style factor. Briefly, first tag directories were created for each target and input replicate.
Peaks were quantified for both target and input tag directories and DESeq2 was then
invoked to identify peaks enriched in target ChIP samples over input using a fold enrichment
threshold of 1.5 and fdr of 0.1. In the absence of replicates, peak calling was performed
using macs2 (Zhang et al., 2008) using —call-summits and a qvalue cutoff of 0.05. HOMER
annotate-Peaks.pl was then used to annotate these peaks to their nearest gene.

Differential binding analysis was performed using the DiffBind package (Ross-Innes et al.,
2012; Stark and Brown, 2021) using default parameters. Differentially bound B-catenin and
ATAC peaks were identified using a fold enrichment threshold of 1.5 and adjusted -pvalue <
0.05. A genomic site was defined as both *SOX17” and TCFO bound if: a significant binding
event was called for both SOX17 and at least one of the TCF/LEF TFs using the relevant
input sample as background, and no statistically significant differential binding between TFs
was observed. A peak was called ‘SOX17 enriched’ if: the peak was called for only SOX17
and none of the TCFs, or if SOX17 binding displayed a greater log2 fold change over input
relative to all the TCFs, and SOX17 was determined to have significantly increased binding
over all TCFs quantified by DiffBind and DESeq2. Similarly, a genomic site was called
“TCF-enriched’ if a peak was called for at least one of the TCFs but not SOX17, or at least
one of the TCFs was determined to have significantly increased binding over SOX17. A fold
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enrichment threshold of 1.5 and FDR <0.1 to identify SOX vs. TCF enriched peaks, in order
to also incorporate weakly bound TCF peaks. If a binding category contained less than 500
peaks, we didn’t use it for further analysis.

ATAC-seq—FASTQ files were quality-checked using FASTQC and Nextera adapters were
trimmed using cutadapt. Trimmed paired-end reads were aligned to the hg19 genome using
bowtie2 and the parameters -X 2000 -very-sensitive-local. Paired end bam files were filtered
for mitochondrial reads, unmapped and low-quality reads. Duplicates were marked using
Picard and removed using samtools. Peaks were called on replicates using Genrich (https://
github.com/jsh58/Genrich) and the parameters j -r -e -v -q 0.1.

Nucleoatac analysis—As input for nucleoatac analysis, peak files of desired categories
were extended up to 2000bp across peak summits. Nucleoatac (Schep et al., 2015) was run
using default parameters. For visualization and quantification of nucleosome occupancy,
the occ.bedgraph files were converted to bigwigs using UCSC binary tools (https://
hgdownload.cse.ucsc.edu/admin/exe/). Nucleosome occupancy scores were then computed
using deeptools(Ramifez et al., 2016) computeMatrix and visualized using plotProfile.

Downstream data processing and visualization—To visualize ChIP-Seq and ATAC-
seq data, filtered and sorted bam files were converted to bigwig files using deeptools
bamCoverage with the parameters: -bS 20 —smoothLength 60 -e 200 —normalizeUsing
RPGC using the effective genome size for GRCh37. Bigwig files were visualized using

IGV (Thorvaldsdottir et al., 2013). Genomic algebra operations were performed using unix
commands (awk, grep, sed) or using the bedtools suite (Quinlan and Hall, 2010), particularly
bedtools intersect to define overlapping genomic region of interest, or bedtools merge to
define a union set of genomic regions. For all quantifications, merged bam files or bigwig
files of both ChIP or ATAC replicates were used.

To identify patterns in B-catenin time course ChlP-Seq datasets [Figures 1 and S1], an
union of all p-catenin peaks from all days was plotted using deeptools plotHeatmap

and k-means clustering was performed using kclust 8. The most predominant 5 clusters
were then extracted and retained for further analysis. Heatmaps, density plots or

metaplots were generated using the deeptools package by invoking the computeMatrix
(-reference-point center, -a 2500, -b 2500) and then plotHeatmap or plotProfile options.
Volcano plots or MA plots of differential gene expression were generated using the
EnhancedVolcano (https://github.com/kevinblighe/EnhancedVolcano ) or ggpubr (https://
github.com/kassambara/ggpubr) packages in R respectively. Heatmaps from RNA-Seq data
was generated using the ‘pheatmap’ package.

Signal normalization (1/mapped tags/sample such that each directory contains 10 million
tags) and quantification was performed on merged ChIP/ATAC tag directories by HOMER.
Boxplots and violin plots of ChIP/ATAC-Seq signal quantification were generated using the
ggplot2 (Wickham, 2016) package and statistically significant differences in read density
between conditions was determined by ANOVA or Wilcoxon rank-sum test as appropriate
in R. UpSET plots of the distribution of SOX17 or SOX2 and B-catenin co-regulated
enhancers were generated using /ntervene (Khan and Mathelier, 2017). Data from ChIP-
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gPCR and reporter assays were visualized using GraphPad Prism. p-values were determined
via nonparametric Mann-Whitney-U tests.

DNA-binding motif and GO enrichment analysis—The MEME-Suite of tools
(Bailey et al., 2009; Machanick and Bailey, 2011) was used to perform de novo motif
analysis. For motif analysis, 100bp across peak summits were extracted for each category
and converted to the fasta format using bedtools getfasta. De novo motif analysis across
peak sets was performed using DREME and default parameters, and motifs were identified
using TOMTOM. Top enriched motifs were identified based on their E-values. E-values
were calculated through DREME, where they represent the likelihood of finding similar
DNA-binding motifs by chance if the input sequences were shuffled. A lower E-value
represents a decreasing likelihood of observing the enrichment of that motif just by chance.
GO term enrichment analysis was performed using GREAT (McLean et al., 2010) and Gene
Ontology(Ashburner et al., 2000; Gene Ontology Consortium, 2021).

ADDITIONAL RESOURCES

Analysis of public data

The following public datasets were: GSM772971 (H3K4mel ChlP-Seq in DE),
GSM1112846, GSM1112844 (RNA-Seq of day 3 ectoderm cells) and GSM1112835,
GSM1112833 (RNA-Seq of day 3 mesoderm cells) (Gifford et al., 2013).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WNT signaling activates distinct transcription programs in different cell
lineages

SOX17 and SOX2 direct WNT-dependent endoderm and neuromesoderm
fates in hPSCs

SOX and TCFs recruit p-catenin to different lineage-specific enhancers

SOX17 can assemble a WNT-enhanceosome complex on chromatin
independent of TCFs
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Figure 1. Dynamic genomic binding of B-catenin during DE differentiation
(A) Schematic of DE differentiation.

(B) Immunostaining of active B-catenin and SOX17 during differentiation (scale bar
represents 100 mm).

(C) Heatmap of B-catenin ChlIP-seq showing five categories of temporally distinct peaks, n =
2 biological replicates.

(D) B-catenin binding dynamics during DE differentiation.
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(E) Overlap of WNT-regulated genes with genes associated with B-catenin bound peaks.
*Sjgnificant based on hypergeometric test, day 1: p = 4.75 x 107105: day 2: p = 3.63 x
107138; day 3: p = 2.52 x 10748,

(F-J) Genome browser view of B-catenin binding for each of the five categories of peaks.
Numbers indicate ChIP-seq signal scaling.

(K-0) Line graph of average normalized B-catenin (purple) and ATAC-seq (green) read
density. Error bars represent standard error of mean. Dotted line represents the tag count
threshold for significant ATAC-seq peaks. See also Figure S1 and Table S2.
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Figure 2. Dynamic co-localization of B-catenin with SOX17 and TCFs
(A) Normalized RNA expression levels of SOX17, TCF7, TCF7L1, TCF7L2, and LEF1

during DE differentiation, n = 3 biological replicates.

(B-D) Venn diagrams showing ChlP-seq peak overlap of B-catenin, TCFs, and SOX17
during differentiation. TCF peaks are bound by at least one of the four TCFs. *Significant
based on hypergeometric test, p < 0.0001..

(E) Heatmaps showing four categories of B-catenin, TCF, and SOX17 co-occupancy at day
3.
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(D) Percentage of p-catenin peaks that overlap with TCFs and/or SOX17 at each day..

(G-1) Genome browser view of representative loci for each peak category. Numbers indicate
ChiIP-seq signal scaling..

(J-M) Enrichment of TCF and SOX DNA-binding motifs for each category of §-catenin
peaks during differentiation. The circle size represents the proportion of peaks with TCF or
SOX motifs. See also Figure S2, Tables S2 and S3.
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Figure 3. SOX17 is required to recruit B-catenin to chromatin
(A-C) Heatmap and metaplots of p-catenin ChlP-seq signal in WT, SOX17KO or

SOX17KO + SOX17 rescue cells at day 3. Differential binding analysis identified three
categories of B-catenin binding: (A) p-catenin peaks lost in SOX17KO cells, (B) peaks
unchanged between WT and SOX17KO cells, and (C) new B-catenin peaks gained in
SOX17KO cells (log2FC > 1, p-adj < 0.05). Tables show the percentage of each peak set
bound by B-catenin, SOX17, or any TCF (ND = not determined).
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(D-F) Genome browser view of p-catenin and TCF7L2 binding at representative loci in
WT, SOX17KO, and SOX17KO + SOX17 rescue cells. Numbers indicate ChlP-seq signal
scaling.

(G-H) Integration of day 3 RNA-seq (n = 3) and ChlP-seq (n = 2) datasets to identify
genes co-bound and coregulated by B-catenin and SOX17. *Significant overlap based on
hypergeometric test, ChIP-seq overlap: p = 1.03 3 107553; RNA-seq overlap: p = 2.07 x
10761,

(1) Diagram showing proportion of coregulated peaks that are solely bound by SOX17/B-
catenin or bound by SOX17/p-catenin/TCFs.

(J) Stacked bar graphs showing the percentage of day 3 genes co-bound and coregulated by
SOX17/B-catenin (activated, Act; repressed, Rep) that are enriched in endoderm, mesoderm,
or ectoderm based on Gifford et al. (2013).

(K) Model summarizing SOX17/p-catenin interactions during the DE-mesoderm cell fate
decision. See also Figures S3 and S4, Tables S3 and S4.
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Chromatin acessibility of B-CAT peaks lost in SOX17 KO [n = 4337]
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Figure 4. Chromatin accessibility only partially accounts for loss of B-catenin binding in
SOX17KO cells

(A) Heatmaps showing ATAC-seq signal (n = 2) in WT and SOX17KO cells for two classes
of SOX17-dependent B-catenin bound peaks; Class | enhancers with reduced accessibility in
SOX17KO and Class Il enhancers where accessibility is unchanged.

(B) Metaplots showing nucleosome occupancy signals and (C) quantification of ATAC-seq
read densities in WT (purple) and SOX17KO (pink) cells for Class | and Il enhancers. p
values based on Wilcoxon rank-sum test.
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(D) Metaplots showing average H3K27ac ChlP-seq signal for Class | and Il enhancers and
(E) violin plots quantifying tag density. p values based on Wilcoxon rank- sum test.

(F) Genome browser view showing representative Class | and Class 11 enhancers.

(G) Model of SOX17-dependent B-catenin recruitment. Dotted lines in (C) and (E) represent
the tag count threshold for significant ATAC-seq peaks. See also Figure S5.
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Figure 5. SOX2 is required for B-catenin recruitment in neuromesodermal progenitors

(A) Schematic of NMP differentiation in SOX2KD CRISPRI cells.

(B) Immunostaining for SOX2, TBXT, and active B-catenin on day 3 of NMP differentiation

(scale bar represents 100 mm, n = 3).

(C and D) Heatmap and metaplots of p-catenin ChlP-seq signal in WT and SOX2KD NMP
cells at p-catenin peaks (n = 2) (C) that are lost upon SOX2 knockdown and (D) peaks that
are unchanged. Table shows the percentage of peaks bound by B-catenin, SOX2, or TCF

(either TCF7L1, LEF1, or both).
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(E) Integration of RNA-seq (n = 3) and ChIP-seq datasets. *Significant overlap based on
hypergeometric test, ChIP-seq peak overlap: p = 1.07 x 1074%9; RNA-seq overlap: p = 5.64 x
10—352_

(F and H) Metaplots showing nucleosome occupancy from ATAC-seq data at (F) p-catenin
peaks lost in SOX2KD or (H) p-catenin peaks that are unchanged.

(G and 1) Violin plots quantifying ATAC-seq read densities. p values based on Wilcoxon
rank-sum test. Dotted lines in (G) and (I) represent tag count threshold for significant
ATAC-seq peaks.

(J) Genome browser view of representative p-catenin peaks of each category.

(K) Model of SOX2 and WNT/B-catenin interactions during NMP specification. See also
Figure S6 and Table S5.
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Figure 6. SOX17 is sufficient recruit p-catenin to chromatin in the absence of TCFs

(A) Experimental design.

(B) Western blots comparing SOX17 transfection amounts in HEK cells to hPSC-derived
DE.

(C) Venn diagrams showing overlap of p-catenin ChlP-seq peaks in WT + WNT, 4KO +
WNT and 4KO + SOX17 + WNT cells (n = 2).

(D) Venn diagram showing overlap of the number of genes associated with SOX17/B-catenin
binding in 4KO + SOX17 + WNT cells and genes regulated by SOX17/ WNT in DE.
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(E) Heatmap showing p-catenin (purple) and SOX17 (green) ChlP-seq signal in control,
WT-WNT, WT + WNT, 4KO + WNT, WT + SOX17 + WNT, and 4KO + SOX17 + WNT
cells at three categories of p-catenin peaks: those bound only in WT + WNT 293T cells,
those bound both in WT and 4KO + WNT + SOX17 cells, and those that are newly bound in
4KO + SOX17 + WNT cells.

(F) Genome browser view of representative p-catenin peaks.

(G) Schematic of enhancer luciferase constructs with p-catenin/SOX17-dependent enhancers
(CXCR4 and SALL1) and p-catenin/TCF-dependent enhancers (SP5 and AXIN2).

(H-1) Relative luciferase activity of constructs containing wild-type sequences (gray),
sequences with SOX-binding sites mutated (pink), or with TCF-binding sites mutated (blue)
in (H) WT or 4KO 293T cells +/— SOX17-V5 and (1) day 3 WT DE and SOX17KO cells,
+/— WNT3A and +/— dnTCF7L2. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 and ns = not
significant based on two-tailed Student’s t test. See also Table S6 and File S1.
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Figure 7. SOX17 assembles a TCF-independent WNT-enhanceosome complex
(A and B) Western blots of co-immunoprecipitations from DE (n = 2) showing that BRG1

and SMC1 physically interact with (A) SOX17 and (B) p-catenin.

(C) Representative ChlP-reChIP-gPCR, showing the relative enrichment at SOX-dependent
(CXCR4 and SALL1) or TCF-dependent (SP5 and NKD1) enhancers after a first p-catenin
ChIP followed by reChlP with either SOX17, TCF7L2, or 1gG, across three biological
replicates.

(D and E) BRG1 ChlP-seq in day 3 WT DE or SOX17KO cells. (D) Metaplots showing
average peak intensity and (E) violin plots quantifying BRG1 tag intensity at “TCF-
independent” enhancers that exhibit SOX17-dependent p-catenin binding. p values based
on Wilcoxon rank-sum test, p < 2.2 x 10716, Dotted line in (E) represents the tag count
threshold for significant peak calling.

(F-1) ChIP-gPCR (n = 3) of (F) p300, (G) SMC1, (H) BCL9, and (I) PYGO2 showing
relative fold enrichment at SOX-dependent or TCF-dependent enhancers in day 3 WT DE
or SOX17KO cells. Two-tailed Student’s t test. ns = not significant, *p < 0.05, **p < 0.01,
***p < 0.001.

Cell Rep. Author manuscript; available in PMC 2023 April 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mukherjee et al.

(J). Model depicting SOX17-dependent assembly of a WNT-responsive transcription
complex at TCF-independent DE enhancers. See also Figure S7.
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