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% Check for updates The formation of transcription regulatory complexes by the association of

Smad4 with Smad2 and Smad3 (Smad2/3) is crucial in the canonical TGF3
pathway. Although the central requirement of Smad4 as a common mediator is
emphasized in regulating TGF[} signaling, it is not obligatory for all responses.
The role of Smad2/3 independently of Smad4 remains understudied. Here, we
introduce a stepwise paradigm in which Smad2/3 regulate the lineage priming
and differentiation of mouse embryonic stem cells (mESCs) by collaboration
with different effectors. During the naive-to-primed transition, Smad2/3
upregulate DNA methyltransferase 3b (Dnmt3b), which establishes the proper
DNA methylation patterns and, in turn, enables Smad2/3 binding to the
hypomethylated centers of promoters and enhancers of epiblast marker
genes. Consequently, in the absence of Smad2/3, Smad4 alone cannot initiate
epiblast-specific gene transcription. When primed epiblast cells begin to dif-
ferentiate, Dnmt3b becomes less actively engaged in global genome methy-
lation, and Smad4 takes over the baton in this relay race, forming a complex
with Smad2/3 to support mesendoderm induction. Thus, mESCs lacking
Smad4 can undergo the priming process but struggle with the downstream
differentiation. This work sheds light on the intricate mechanisms underlying
TGFp signaling and its role in cellular processes.

Transforming growth factor beta (TGF3) superfamily including TGFf,
Activin, Nodal, BMPs and many others, signals through receptor serine/
threonine kinases. These cytokines are important for cell growth, dif-
ferentiation, tissue regeneration and carcinogenesis. In response to
activation of TGFB, Smad2 and Smad3 (Smad2/3) are phosphorylated
and form a trimer, either with or without the common mediator

Smad4". The canonical Smad2/3-Smad4 complex imports to the nucleus
and regulates transcription of target genes with other co-factors’.
Smad4 is essential for many TGFf signaling pathways, but not
obligate for all responses*®. Smad2/3 still translocate to the nucleus
without Smad4’. In Drosophila, the disruption of oogenesis is more
pronounced in mad (Smadl) mutants compared to medea (Smad4)
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mutants'. Specific inactivation of Smad4 gene with Cre-LoxP systemin
the mouse epiblast only has a minimal impact on early development,
although TGFB/BMP signaling pathways are well known to be
required’. During pancreas development, Smad2/3, but not Smad4,
play a key role’®. Moreover, even though Smad4 is frequently mutated
or silenced during tumor initiation and progression, TGF[3 signals still
activate a small group of target genes by Smad4-independent
program*". But the underlying mechanism remains inconclusive.

DNA methylation at carbon 5 of cytosines (5-methylcytosine, 5-mC)
is one of the most important epigenetic modifications, which regulate
gene expression and embryogenesis. During the transition from the pre-
to the post-implantation epiblast of the embryo, the de novo DNA
methyltransferases, Dnmt3a and Dnmt3b (Dnmt3a/3b), are highly upre-
gulated to establish the DNA methylation essential for cell fate
specification. Consistently, naive mouse embryonic stem cells (mESCs)
from inner cell mass are characterized by low levels of Dnmt3a/3b and
general hypomethylation, while primed epiblast-like cells (EpiLCs), which
corresponds to the post-implantation epiblast, express high levels of
Dnmt3a/3b with increased DNA methylation”™. In addition, Dnmt3b-
dependent methylation at the epiblast stage is essential for the sub-
sequent determination of mesodermal and endodermal (mesendo-
dermal) lineages, during which Dnmt3b expression was downregulated.
Mice lacking Dnmt3b exhibit embryonic lethality, whereas Dnmt3a-null
mice develop to term, but most die at around 4 weeks of age”.

TGFp has been proposed as a regulator of Dnmts in cancer. TGFf3
signaling has shown differential effects on Dnmts’ activities between
benign and malignant cells'®™, Early-stage embryonic bodies (EBs)
formed from mESCs in leukemia inhibitory factor (LIF)-free suspension
culture, recapitulate the signaling and transcriptional events of lineage
priming and germ layer specification?’. Smad2/3 loss in EBs results in
decreased RNA levels of Dnmt3b and increased expression of Tet2 and
Gadd45b that are involved in DNA demethylation®. This may be related
to the ectopic extra-embryonic gene expression”. However, whether
TGFp itself or Smad4 is involved in the regulation of these genes is not
explored.

The specific processes in which Smad2/3 fulfill TGF( signaling in the
absence of Smad4 and the underlying mechanisms remain unclear. To
address these questions, we dissected the roles of Smad2/3 and Smad4
in mESC using knockouts of Smad2/3 (Smad2 and Smad3 double
knockout, S2/3DKO) and Smad4 (Smad4 knockout, S4KO). The S2/3DKO
cells exhibited challenges in DNA methylation establishment, which is
important for post-implantation epiblast induction. In contrast, the
S4KO cells showed comparable methylation levels as the wild-type (WT)
cells, and retained the capacity to undergo epiblast formation. We found
that Smad2/3 dominated this transition from the naive mESC to the
primed epiblast state by inducing Dnmt3b. The accessibility of Dnmt3b
on epiblast genes was crucial for positioning Smad2/3 at the hypo-
methylated center of promoters and enhancers. Subsequently, Smad4,
as part of the canonical Smad2/3-Smad4 complex, became more
involved in the differentiation of the epiblast cells into mesendoderm
cells, where Dnmt3b was downregulated. Notably, since S4KO cells
remained mostly in the primed or pre-differentiated stage, the interac-
tion between Dnmt3b and Smad2/3 was particularly evident through
their shared nuclear localization and high expression levels. In all, our
results demonstrate a stepwise progression of early post-implantation
development, including Nodal-based Smad signaling-transduction, the
naive-to-primed transition accompanied by a shift from hypo- to hyper-
methylated genomes dominated by Smad2/3-Dnmt3b, and Smad2/3-
Smad4-facilitated mesendoderm induction.

Results

Distinct transcriptomes between S2/3DKO and S4KO

To investigate functional contributions of Smad2/3 and Smad4 in
mESC, we generated S2/3DKO* or S4KO using clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9. Clones were

selected and verified by sequencing and western blot analysis (Fig. 1A
and Supplementary Fig 1A). WT, S2/3DKO and S4KO formed mor-
phologically indistinguishable colonies with comparable alkaline
phosphatase (AP) staining, indicating that pluripotency remained
unchanged among all of them (Supplementary Fig. 1B). Although
mESCs depleted from Smad2/3 or Smad4 showed decreased growth
rate in contrast to WT cells, loss of Smad2/3 or Smad4 in mESCs didn’t
significantly affect the distribution of cell cycle phases (Supplementary
Fig. 1C-E).

Next, transcriptomic profiling of WT, S2/3DKO and S4KO either in
mESC condition (day O, DO) or at day 4 (D4) EBs were carried out using
RNA-seq. Principal component analysis (PCA) revealed that the tran-
scriptome of S2/3DKO exhibited striking differences compared to WT
and S4KO (Fig. 1B), reminiscent of the differential requirements for
Smad2/3 and Smad4 during TGF-dependent patterning of early mouse
embryos’. 784 genes (469 down and 315 up) at DO and 1939 genes (913
down and 1026 up) at D4 were identified with significantly changed
expression levels (Fold change >2, P<0.01) in S2/3DKO compared to
WT ESCs. In contrast, only 339 genes (143 down and 196 up) at DO and
254 genes (75 down and 179 up) at D4 were changed in S4KO compared
to WT (Fig. 1C, D and Supplementary Fig. 1F). In D4 EBs, there was more
than a 7-fold difference in differentially expressed genes (DEGs) between
S2/3DKO0 and S4KO, although both Smad2/3 and Smad4 are assumed to
be equally important in TGFp signaling transduction.

We wondered which types of genes were differentially affected by
the loss of Smad2/3 or Smad4. As shown on the heatmap, these DEGs
were divided into 7 clusters (C1-C7) that were further analyzed based on
their average expression patterns and by Gene Ontology (GO) analysis
(Fig. 1E, F, Supplementary Fig. 1G-H). In C2, genes related to extra-
embryonic development, such as placenta development, were upregu-
lated in Smad2/3-deficient EBs compared to WT and S4KO, which was
consistent with previous report® (Fig. 1F, upper panel). As a co-Smad,
Smad4 is not only required for TGFB-Smad2/3 transduction, but also
contributing to BMP signaling®. Bmp target genes /d1/2/3 were upregu-
lated in S2/3DKO?, but not in WT and S4KO (Supplementary Fig. 1I). As a
result, we postulated that the differential BMP signaling is the reason for
the varying activation levels of extra-embryonic genes in S2/3DKO, WT
and S4KO. Genes in C4, which are involved in embryonic patterning and
development, still increased from DO to D4 in Smad4-null EBs, albeit to a
lesser extent than in WT. But they were almost completely blocked in S2/
3DKO EBs (Fig. 1F, lower panel). These divergent phenotypes in C4 raised
the possibility that Smad2/3 might regulate TGF targets genes inde-
pendently of Smad4.

Differential requirements for Smad2/3 and Smad4 during mESC
differentiation

To identify the specific lineage that was differentially regulated by
Smad2/3 or Smad4 during EB differentiation, we conducted a gene set
variation analysis (GSVA) to compare our RNA-seq data with published
single-cell transcriptome data of EBs*** (Fig. 1G). According to the
GSVA score, S2/3DKO and S4KO exhibited the most significant dif-
ferences in the determination of primitive endoderm (PrE, also refer-
red to as hypoblast) and post-implantation epiblast (PostEpi) (Fig. 1G).
In line with an earlier study” and our findings, S2/3DKO promoted the
formation of PrE, a predominantly extra-embryonic tissue responsible
for giving rise to the yolk sac, which may be associated with the
upregulated BMP signaling in S2/3DKO EBs (Fig. 1G and Supplementary
Fig. 1I-)). Importantly, genes associated with PostEpi were significantly
repressed in S2/3DKO EBs. Conversely, the expression levels of these
genes were either unaffected or mildly altered in S4KO compared to
WT (Fig. 1H). Arising within the epiblast at the posterior of the embryo,
the primitive streak (PS) is established at the onset of gastrulation and
will later give rise to the mesendoderm®. In contrast to the differential
effect of Smad2/3 and Smad4 in epiblast genes, PS/mesendoderm
marker genes were abrogated in both S2/3DKO and S4KO (Fig. 1I).
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This observation was further verified by quantitative real-time
reverse transcription polymerase chain reaction (qQRT-PCR) (Fig. 1)).
Pluripotent genes like Esrrb and Oct4, decreased across all samples
upon LIF removal (Fig. 1J). The expression of mesendoderm genes,
such as Fomes and Wnt3, were completely inhibited in both S2/3DKO
and S4KO EBs in contrast to WT (Fig. 1J). This result confirmed the
requirement for both Smad2/3 and Smad4 for the formation of PS

and mesendoderm, which follows the primed epiblast stage®.
Remarkably, the well-known regulators of PostEpi, such as Fgf5,
Brachyury (T), Dnmt3a/3b, and Sox3/4°°°, increased upon differ-
entiation in WT and S4KO (Fig. 1)). However, these genes were
repressed in S2/3DKO EBs, indicating that Smad2/3 is crucial and
sufficient for primed epiblast formation, even when Smad4 is
absent.
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Fig. 1| Differential requirements for Smad2/3 and Smad4 during mESC differ-
entiation. A Western blot analysis of Smad2/3 and Smad4 proteins in WT, S2/
3DKO, and S4KO cell lines. Tubulin serves as a loading control. B PCA of RNA-seq
data generated in WT, S2/3DKO and S4KO in mESC (DO) and EB differentiation

4 days (D4). Samples were prepared in duplicates. C MA plot of RNA-seq datasets of
D4 EBs derived from WT, S2/3DKO or S4KO. Genes upregulated (red, log2 fold-
change >1) or downregulated (blue, log2 fold-change < -1) in S2/3DKO or S4KO
compared to WT. Two biological replicates for each condition were analyzed. D The
up- and down-regulated DEGs were indicated by red and blue bars, respectively.
The number of DEGs were marked on the bars. E Heatmap presentation of all DEGs
in WT, S2/3DKO or S4KO at DO or D4 EBs. Genes specifically upregulated only in S2/
3DKO (C2) and genes significantly decreased in S2/3DKO (C4) were highlighted.
Two biological replicates were analyzed at each condition. F The left dot-line plots
showed the average expression patterns of C2 and C4 in (E). Gene Ontology (GO)

analysis of genes in C2 and C4 were shown on the right. The top enriched biological
processes GO terms with Pvalues were listed. The hypergeometric test (one-side) is
used to determine the statistical significance. G Lineage gene expression patterns
were analyzed with GSVA of RNA-seq data from DO to D4 in WT, S2/3DKO and
S4KO. ICM, inner cell mass; PrE, primitive endoderm; PreEpi, pre-epiblast; PostEpi,
post-epiblast; PS, primitive streak; End, endoderm; Mes, mesoderm; Ect, ectoderm;
VE, visceral endoderm. H Heatmap showed epiblast-associated genes in mESC (DO)
and D4 EBs of WT, S2/3DKO and S4KO. The color bar represents z-score normalized
gene expression. I Heatmap of PS or mesendoderm genes in mESC (DO) and D4 EBs
of WT, S2/3DKO and S4KO. The color bar represents z-score normalized gene
expression. J qRT-PCR analysis of lineage marker genes expression in mESC (DO),
EB D3 and D4 of WT, S2/3DKO and S4KO. The gene expression level is normalized
to DO WT samples. This experiment was repeated 3 times, and representative data
are shown here. Data are presented as mean values +/- SD.

Epiblast forms in the absence of Smad4

The transition from naive to primed pluripotency can also be achieved
by generating EpiLC from mESC*2. Therefore, mESCs of WT, S2/3DKO
and S4KO were transitioned into EpilLCs using the established system
(Fig. 2A). When cultured in serum-free N2B27 media supplemented
with bFGF and Activin A, WT and S4KO mESCs gradually underwent
typical morphological transformation of EpiLCs, including flattening
and formation of cellular protrusions. As determined by qRT-PCR,
naive pluripotent genes (NVanog and Oct4) decreased and primed epi-
blast genes (Fgf5, Dnmt3a, Dnmt3b and T) were induced in WT and
S4KO EpiLCs (Fig. 2B). However, S2/3DKO mESC had difficulties in the
transition to EpiLC, most of which kept the domed clone forms of
mESC and almost didn’t grow (Fig. 2A). At D5 of the transition, very few
S2/3DKO cells could emerge from EpilLC-specific bottleneck and sur-
vived, and the primed epiblast genes were silenced (Fig. 2A, B). Over-
expression of Smad2/3 in S2/3DKO could fully rescue the phenotype
and successfully formed EpiLCs with activation of these key epiblast
genes (Fig. 2A, B and Supplementary Fig. 2A). This confirms the dom-
inance of Smad2/3 in epiblast formation, aligning with in vivo evidence
that the specific inactivation of Smad4 using the Cre-LoxP systemin the
epiblast has a limited impact on early mouse development’.

Genome-wide binding profile of Smad2/3 without Smad4

Given the observation that Smad2/3 could stimulate epiblast genes
even in the absence of Smad4, we sought to investigate the underlying
mechanism. Previously, we conducted chromatin immunoprecipita-
tion sequencing (ChIP-seq) of Smad2/3 and Smad4 in ESCs or D3 EBs™.
Addition of Activin A (AC) or SB431542 (SB) to EBs either acutely
activates or blocks the TGFP pathway during differentiation process,
respectively?®?2, Using the same method, we performed Smad2/3 ChlIP-
seq in S4KO and compared the results with those in WT? (Fig. 2C-E). In
comparison to the Smad2/3 binding peaks observed in WT EBs (32,717
peaks), the overall peak signals of Smad2/3 in Smad4KO EBs (11,080
peaks) were reduced (Fig. 2C). Remarkably, these remaining Smad2/3
binding sites showed a high concordance in S4KO and WT. The binding
of Smad2/3 to these loci increased significantly in differentiating EBs
stimulated with AC compared to pluripotent ESCs or EBs treated with
SB (Fig. 2D). Although the binding pattern is very similar, the overall
binding peaks of Smad4 ChIP-seq (13,313 peaks) were not as pro-
nounced as those for Smad2/3, possibly due to differential antibody
affinities (Fig. 2C, D).

The disappearance of 4474 Smad2/3 peaks upon Smad4 loss,
which were co-bound with Smad4 in WT EBs, strongly suggests a
specific requirement for Smad4 at these loci (Fig. 2C). Intriguingly,
7926 Smad2/3 binding peaks remained in the absence of Smad4.
Among these, 3787 Smad2/3 peaks were generally co-occupied by both
Smad2/3 and Smad4 (Fig. 2C). Transcription factor motif analysis
revealed enrichment of binding elements for Smad2, Smad3, and
Smad4 in these 7926 peaks (Supplementary Fig. 2B). We annotated
genes adjacent to these Smad4-independent peaks and performed GO

analysis, which indicated significant enrichment of genes related to
embryonic organ development and cell fate commitment. This inclu-
ded epiblast marker genes such as Fgf5, Dnmt3a/3b, T, Sox3/4, Pou3fl
and many others (Fig. 2C and Supplementary Fig. 2C).

The Gene track view showed that in ESCs or SB-treated EBs, there
was little to no signal of Smad2/3 or Smad4 on Fgf5, Dnmt3a, Dnmt3b,
and T genes. In response to the addition of AC to EBs, these typical
epiblast genes were co-occupied by Smad2/3 and Smad4 at promoter
and distal enhancer regions (Fig. 2D, E). If Smad4 was removed, Smad2/3
still retained its binding to these epiblast genes (Fig. 2E). Interestingly,
the density of most Smad2/3 binding peaks in S4KO is nearly comparable
to that in WT. This observation provides an explanation for the largely
unchanged expression levels of these epiblast genes in Smad4-null EBs.

Both Smad2/3 and Smad4 are required for mesendoderm
differentiation

Since Smad4 is not essential for the transition of mESCs to EpilLCs, we
were curious about its importance in epiblast-derived differentiation.
A two-step mesendoderm-specific in vitro differentiation model was
induced from mESC-derived EpiLCs" (Supplementary Fig. 2D). Con-
sistent with our findings in the EB models, the loss of either Smad2/3 or
Smad4 inhibits the induction of mesendoderm genes such as Wnt3,
Eomes and Gsc (Supplementary Fig. 2D). At this stage of mesendoderm
differentiation, we conducted cleavage under targets and tagmenta-
tion (CUT&Tag) for Smad2/3 in WT and S4KO cells. The binding of
Smad2/3 to Wnt3, Eomes, and Gsc drastically decreased with the loss of
Smad4 (Supplementary Fig. 2E), indicating the crucial role of the
canonical Smad2/3-Smad4 complex in promoting the differentiation
of PS from EpiLCs. This is also in line with the known requirement of
Smad2/3 and Smad4 during gastrulation®***, Thus, we postulate that
there are two distinct waves of Smads binding and activity. The first
wave underscores the key role of Smad2/3 in facilitating the transition
from the naive mESCs to the primed EpilLCs. This is followed by a
secondary role of Smad4, as part of the canonical Smad2/3-Smad4
complex conducting TGFf signaling, in inducing mesendodermal
regulators.

Dnmt3b interacts with Smad2/3

To explore the potential mechanism by which Smad2/3 independently
regulates epiblast genes, we conducted Smad2/3 co-
immunoprecipitation with mass spectrometry (IP-MS) in D3 EBs
derived from WT and S4KO, with or without SB or AC treatment. The
identified proteins were compared and analyzed in three groups
(S4KO vs. WT, S4KO + AC vs. S4KO + SB, S4KO vs. S4KO + SB) (Fig. 3A).
Among the 16 proteins enriched in all three comparisons, Dnmt3b
gained our attention for several reasons (Fig. 3A and Supplementary
Fig. 3A). First, Dnmt3b was ranked on the top five most abundant
proteins that was pulled down by Smad2/3 in S4KO and S4KO + AC
conditions, but was hardly detectable in WT or S4KO + SB. This sug-
gests that the interaction of Smad2/3 and Dnmt3b is Smad4-
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independent and TGFf-dependent. Second, it is well known that
Dnmt3b is upregulated to establish DNA methylation during epiblast
formation and maturation* ™,

Next, we repeated the co-IP experiment using WT and S4KO EBs
(Fig. 3B). When AC was added to WT EBs, Smad2/3 was phosphorylated
(pSmad2/3) and immunoprecipitated with Smad4, but barely with
Dnmt3b. In contrast, Dnmt3b was pulled down with endogenous

t Dnmt3a

m Dnmt3b w

Smad2/3 in S4KO EBs treated with AC, and to a lower degree in S4KO
EBs treated with SB. Meanwhile, co-IP was also conducted using the EBs
in which HA tagged Smad2/3 (HA-S2/3) or/and Smad4 (HA-S4) were
overexpressed in the triple-knockout of Smad2/3 and Smad4 (S2/3/
4TKO) (Fig. 3C). When HA-S2/3 or HA-S4 alone was induced in S2/3/
4TKO, Dnmt3b was significantly immunoprecipitated with pSmad2/3
when AC is added, but not with Smad4. If both HA-S2/3 and HA-S4 were
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Fig. 2 | Epiblast occurs in the absence of Smad4. A The scheme showed the
procedure of EpiLC transition from mESC (top). Briefly, mESCs turned into EpiLCs
after mESCs were shifted from 2i+LIF medium to N2B27 medium with Activin A and
bFGF for 6 days. This experiment was repeated 5 times. Representative images
showing cell morphology changes during the transition in WT, S4KO, S2/3DKO, and
S2/3DKO rescued with Smad2/3 (bottom) are presented here. Scale bar: 100 pm.
B mRNA levels of pluripotent genes (Nanog, Oct4) and post-implantation epiblast
genes (Fgf5, Dnmt3a/3b, T) during the induction of EpiLCs were analyzed by qRT-
PCR. Data are presented as mean values +/- SD. n =3 independent experiments. P
values were calculated by two-way ANOVA test with Geisser-Greenhouse correc-
tion. C Venn diagram indicated the overlapping peaks among Smad4 ChiIP-seq in

WT, Smad2/3 ChIP-seq in WT and Smad2/3 ChIP-seq in S4KO. Genes adjacent to
7926 peaks were annotated, in which primed epiblast genes were marked below.
D Heatmap of ChIP-seq tag densities for Smad2/3 and Smad4 were within -1.5/
+1.5 kb genomic regions surrounding the centers of 11,080 high-confidence
Smad2/3 binding sites in S4KO D3 EBs with AC treatment. SB, SB431542, a selective
inhibitor of TGFBR; AC, Activin A, an available ligand for Nodal/Activin receptors.
E Gene track view of the Fgf5, Dnmt3a, Dnmt3b and T loci. Smad2/3 and Smad4
ChlIP-seq were performed in SB- or AC-treated D3 EBs and in DO non-treated mESCs.
Tag densities were normalized to reads per kilobase per million mapped reads
(RPKM). The gene structures from RefSeq are schematically represented at the
bottom.

expressed in S2/3/4TKO, Smad4 competed with Dnmt3b for binding
Smad2/3 especially upon AC stimulation (Fig. 3B, C). An alternative
explanation for this competing interaction is that EBs without Smad4
are stuck in the pre-differentiation epiblast stage compared to WT,
which facilitates the interaction of highly expressed Dnmt3b and
pSmad2/3 in nucleus.

To explore whether Smad2/3-Dnmt3b interaction occurs at
chromatin, both WT and S4KO EBs with AC addition, were fractionated
into cytosol, nucleoplasm, and chromatin (Supplementary Fig. 3B). As
a control, Smad2/3 immunoprecipitated Smad4 in WT. Dnmt3b was
successfully pulled down with Smad2/3 from chromatin fraction of
S4KO (Fig. 3D). Otx2 is known to be highly expressed in the nuclei of
epiblast or EpiSC*?® (Supplementary Fig. 3C). In contrast, Otx2 was not
immunoprecipitated with Smad2/3 (Fig. 3D). Meanwhile, the specific
Otx2 antibody pulled down itself but failed to precipitate Dnmt3b,
Smad2/3 or Smad4 from all the chromatin samples (Supplementary
Fig. 3D). Thus, Smad2/3 specifically interacts with Dnmt3b at
chromatin.

Moreover, we observed an interaction of Dnmt3b and Smad2/3 in
WT, but more prominently in S4KO EBs, utilizing the in situ proximity
ligation assay (PLA) (Fig. 3E and Supplementary Fig. 3E). This robust
technique allows the detection of two proteins in close vicinity (dis-
tance <40 nm)¥. As a control, no positive signal was observed in S2/
3DKO EBs with AC addition (Fig. 3E and Supplementary Fig. 3E).

Although Smad2 and Smad3 share a considerable amino acid
sequence similarity, they could exhibit distinct functionalities in var-
ious biological contexts******, Notably, in mESCs and early mouse
embryos, Smad2 surpasses Smad3 in abundance?*°. Consistently,
both Smad2 and its phosphorylated form, pSmad2, were more effec-
tively captured by Smad2/3 antibody than their Smad3 counterparts
(Fig. 3B, upper bands vs. lower bands). To study the individual role of
Smad2 and Smad3, a specific Smad2 or Smad3 antibody was used for
co-IP experiment in EBs stimulated with AC (Supplementary Fig. 3F).
Smad2 and Smad3 interact with each other. Smad4 was pulled down
successfully by Smad2 or Smad3 in WT, but Dnmt3b exhibited a much
higher efficiency of immunoprecipitation when bound to Smad2,
especially in the S4KO EBs (Supplementary Fig. 3F). In addition, co-IP
experiments conducted in Smad2 KO (S2KO) or Smad3 KO (S3KO)
cells? using an anti-Smad2/3 antibody showed that individual Smad2
or Smad3 could pull down Dnmt3b. Their IP efficiencies were also
related to their expression levels (Supplementary Fig. 3G). Considering
the variance in Smad2 and Smad3 abundance in mESC, we sought to
standardize their expression levels. Therefore, we overexpressed
Smad2 and Smad3 to comparable levels in S2/3/4TKO cells. Remark-
ably, under these conditions, both HA-S2 and HA-S3 demonstrated
efficient interaction with endogenous Dnmt3b under AC stimulation
(Supplementary Fig. 3H). Furthermore, human embryonic kidney
293 T (HEK293T) cells were utilized, overexpressing HA-S2, HA-S3, or/
and Flag-tagged Dnmt3b (Flag-Dnmt3b). Co-IP assays revealed that
Flag-Dnmt3b efficiently precipitated either HA-S2 or HA-S3 individu-
ally, as well as their co-expression (Fig. 3F). Finally, Smad2 and Smad3
were individually expressed as 6XHistidine fusion proteins (His-S2 and
His-S3), while GST, GST-tagged GFP (GST-GFP) or Dnmt3b (GST-3b)

were induced in E. coli. These proteins were subsequently employed in
pull-down assays. GST-3b, but not GST or GST-GFP, was found to
interact with His-S2 or His-S3 (Fig. 3G-H). In summary, in mESC, Smad2
is more abundant and interacts more strongly with Dnmt3b. But
Smad2 and Smad3 could potentially interact with Dnmt3b at similar
levels if their expression levels are similar.

Upregulation of Dnmt3b by Smad2/3 is important for epiblast
formation

Next, we checked whether Dnmt3b was required for epiblast gene
expression during mESC priming. Indeed, both RNA and protein levels
of Dnmt3b gene were significantly upregulated during the epiblast
maturation stage in WT or S4KO, encompassing D3-D4 EBs and EpiLCs
(Figs. 1), 2B, 4A, B and Supplementary Fig. 4A). Then, Dnmt3b
expression sharply decreased over the course of mesendoderm dif-
ferentiation from EpilCs, indicating its reduced involvement in the
subsequent differentiation process (Fig. 4B). Notably, Dnmt3b was
partially downregulated in S2/3DKO EBs but was mostly blocked in S2/
3/4TKO (Figs. 1), 2B, 4A, and Supplementary Fig. 4A). This phenom-
enon was more pronounced in the mESC-EpiLC-mesendoderm
induction models (Fig. 4B). These observations indicate that both
Smad2/3 and Smad4 could regulate Dnmt3b expression, but Smad2/3
is the more dominant one. Dnmt3a and Dnmt3b are closely related in
amino acid sequence, exhibiting both redundant and distinctive
activities. However, the protein level of Dnmt3a remains constant from
EpiLC to mesendoderm stage (Fig. 4B). In addition, Dnmt3a appears to
be less affected by Smad2/3, especially in EB differentiation models
(Fig. 4A-B and Supplementary Fig. 4A).

In contrast, Eomes, a key mesendoderm marker, was highly
upregulated in WT during EB and EpiLC-mesendoderm differentiation
processes. Its expression was blocked in S4KO and S2/3DKO, sug-
gesting the important role of both Smad2/3 and Smad4 in regulating
mesendoderm genes like Fomes (Fig. 4B).

The downregulation of Dnmt3b in S2/3DKO EBs could be one of
the reasons why S2/3DKO faced challenges in the primed epiblast
transition. Indeed, we observed that overexpression of pLVXI-
Dnmt3b in S2/3DKO could upregulate FGF5 and T expression com-
pared to S2/3DKO with empty vector (Supplementary Fig. 4B). Then
we knocked down Dnmt3b in WT using two different shRNAs or a
combination of both (WT+Dnmt3b-shl, 2 or 1+ 2). When Dnmt3b was
repressed in WT, the epiblast gene Fgf5 was mildly affected in the
more heterogeneous EB models but had a greater effect in the more
homogeneous EpiLCs (Supplementary Fig. 4C-D). As a control, the
pluripotency gene Oct4 was not changed (Supplementary Fig. 4C-D).
Interestingly, when Dnmt3b was interfered with the same shRNAs in
S4KO EBs or Epil.Cs, Fgf5 was significantly downregulated compared
to WT or S4KO (Fig. 4C).

All the results suggest that Smad2/3 stimulates Dnmt3b expres-
sion during mESC priming process, which in turn promotes the epi-
blast formation. The need for Dnmt3b is particularly amplified in the
context of S4KO. When Dnmt3b is downregulated, resulting in
reduced involvement during epiblast-to-mesendoderm differentia-
tion, Smad4 plays an auxiliary role alongside Smad2/3.
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Fig. 3 | Dnmt3b interacts with Smad2/3. A Venn diagram of Smad2/3 co-IP and
Mass spectrometry (IP-MS) analysis. Smad2/3 IP-MS were performed in D3 EBs from
WT and S4KO, including non-treated, treated with SB or AC. 16 proteins were iden-
tified in all three comparisons (S4KO vs. WT, S4KO + AC vs. S4KO + SB, S4KO vs.
S4KO + SB) including Dnmt3b. B Smad2/3 immunoprecipitation in WT and S4KO D3
EBs under SB or AC addition were analyzed by western blot using Dnmt3b, pSmad2/3,
Smad2/3 and Smad4 antibodies. This experiment was repeated 3 times. C Western
blot analysis of Dnmt3b, pSmad2/3, Smad2/3 and Smad4 for the anti-HA immuno-
precipitation in Smad2/3/4TKO cells in which HA tagged Smad2/3 (HA-S2/3) or/and
Smad4 (HA-S4) were overexpressed as indicated in the figure. Cells were collected
after SB or AC treatment. This experiment was repeated 3 times. D Smad2/3 immu-
noprecipitation of chromatin-bound proteins in D3 EBs of WT and S4KO with AC
treatment were analyzed by western blot using Dnmt3b, Smad2/3, Smad4 and Otx2

antibodies. This experiment was repeated 3 times. E Representative confocal images
of PLA experiments on WT, S4KO and S2/3DKO D3 EBs. This experiment was repeated
3 times. Green or gray punctate, positive PLA signal; blue, DAPI. Scale bars, 20 pm.
F Overexpression of HA tagged Smad2 (HA-S2) or Smad3 (HA-S3), or/and Flag tagged
Dnmt3b (Flag-3b) in 293 T cells were shown in the figure. Western blot of Flag and HA
were detected after anti-Flag immunoprecipitation. This experiment was repeated 3
times. G GST pull-down assays using bacterially expressed GST-Dnmt3b or GST-GFP,
and 6xHistidine-tagged Smad2 (His-S2, left) or Smad3 (His-S3, right). Elution proteins
were analyzed using anti-GST and anti-His antibodies. This experiment was repeated 3
times. H His pull-down assays using bacterially expressed GST-Dnmt3b or GST, and
6xHistidine-tagged Smad2 (His-S2, left) or Smad3 (His-S3, right). Elution proteins
were analyzed using anti-GST and anti-His antibodies. This experiment was repeated
3 times.
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Catalytically active Dnmt3b is required for epiblast priming

Dnmt3b is involved in de novo DNA methylation. On one hand, DNA
methylation exerts suppressive effects on gene transcription, espe-
cially in CpG islands. On the other hand, DNA methylation on gene
bodies and enhancers can boost transcription and maintain correct
transcription elongation*™**To investigate how Dnmt3b mediates
Smad2/3 activity in epiblast homeostasis upon Smad4 loss, S4KO
+Dnmt3b-sh2 cells were infected with a lentivirus vector expressing a

wild-type version of Dnmt3b (Dnmt3b""), a catalytically inactive
Dnmt3b losing DNA methylation ability (Dnmt3bM*™) or a PWWP
domain mutation of Dnmt3b unable to bind to H3K36me2/3
(Dnmt3b™Wrmt) respectively (Supplementary Fig. 4E). Dnmt3b"", but
not Dnmt3b™*™ and Dnmt3b"WW™  efficiently rescued the expres-
sion of Fgf5 and T in S4KO+Dnmt3b-sh2 EBs, which is comparable to
their expression levels in S4KO EBs with scrambled shRNA (S4KO+Scr-
sh) (Supplementary Fig. 4E). As a control, Oct4 expression pattern was
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Fig. 4 | Upregulation of Dnmt3b by Smad2/3 is important for epiblast forma-
tion. A Western blot analysis of Dnmt3a, Dnmt3b, Eomes, Smad2/3 and Smad4
protein levels during EB differentiation (DO, D3 and D4) in WT, S4KO, S2/3DKO, and
S2/3/4TKO cells. Tubulin serves as a loading control. This experiment was repeated
3 times. B The two-step induction scheme of mESC-EpiLC-ME was presented (top).
In brief, after changing into N2B27 medium with Activin A and bFGF for 6 days,
EpiLCs were further cultured in N2B27 medium plus CHIR99021 for 24 h to form
ME. Western blot showed the expression of Dnmt3a, Dnmt3b, Eomes, Smad4 and
Smad2/3 in WT, S4KO and S2/3DKO. Tubulin serves as a loading control. This
experiment was repeated 3 times. C qRT-PCR analysis of primed epiblast genes
(Dnmt3b, Fgf3) and pluripotent gene Oct4 during EB differentiation (DO, D3) and
EpiLC induction (DO, D4, D6) derived from WT, S2/3DKO, S4KO, and S4KO with
Dnmt3b shRNA 1 or 2 cells. Data are presented as mean values +/- SD.n=3

independent experiments. P values were calculated by two-way paired t-test.

D Representative confocal microscope images of 5-mC (Red) and DAPI (blue)
staining in WT, S4KO and S2/3DKO EBs. Scale bars, 20 pM. This experiment was
repeated 3 times. E IGV view showed the WGBS signal profiles of Sox2 locus at ES
and EpiLC stages from WT and Dnmt3b knockout (3bKO). The CpG island (purple)
and differentially methylated regions (DMRs) (red) were labeled as well. MeDIP-
qPCR analysis of DNA methylation levels on Sox2 DMR1 and DMR3 were carried out
in D3 EBs derived from WT, S2/3DKO and S4KO. Data are presented as mean values
+/- SD. n =4 independent experiments. P values were calculated by two-sided
Mann-Whitney test. F The mRNA level of Sox2 in WT, S2/3DKO, and S4KO cells
before and after EB differentiation (DO, D3, D4) were measured by qRT-PCR. Data
are presented as mean values +/- SD. n = 4 independent experiments. P values were
calculated by two-way ANOVA test.

not changed under these conditions (Supplementary Fig. 4E). This
indicates that both DNA methylation and H3K36me2/3-association
abilities of Dnmt3b are required for activating primed epiblast genes
in S4KO.

The DNA methylation status of WT, S2/3DKO and S4KO were
initially compared. Immunofluorescence imaging analysis via confocal
microscopy showed strong 5-mC expression in D3 EBs of WT and S4KO
as Dnmt3b levels increased with differentiation. In contrast, S2/3DKO
failed to express a high level of 5-mC since Dnmt3b was downregulated
(Figs. 4A and 4D). Previous research demonstrated that Sox2 serves as
a direct target gene of Dnmt3b in EpiLCs". Specifically, differentially
methylated regions (DMR1-4) located on the Sox2 super-enhancer play
a crucial role in guiding EpiLCs towards mesendoderm
differentiation'. Published whole genome bisulfite sequencing
(WGBS) data showed that these DMRs acquire DNA methylation at
EpiLC stage, but become hypomethylated when Dnmt3b is removed
(Fig. 4E, upper panel)™. Analyzing DMR1 and DMR3 of Sox2 enhancer at
CpG islands during lineage priming, we performed Methylated DNA
Immunoprecipitation followed by qPCR (MeDIP-qPCR) and observed a
significant reduction in methylation at both loci in S2/3DKO EBs
compared to WT and S4KO (Fig. 4E, lower panel). This resulted in Sox2
upregulation in S2/3DKO upon EB differentiation, whereas Sox2
expression decreased as WT and S4KO EBs exited the pluripotent ESC
stage (Fig. 4F). Therefore, the timely downregulation of pluripotent
factor Sox2, regulated by high level of Dnmt3b, is important for epi-
blast maturation in WT and S4KO EBs.

Dnmt3b mediates Smad2/3 binding to epiblast genes indepen-
dently of Smad4
Next, we studied whether Dnmt3b mediates Smad2/3 activity in epi-
blast formation, particularly when Smad4 is lost. Integrated profiles of
DNA methylation levels (WGBS™), Smad2/3 ChIP-seq and histone
modifications including ChIP-seq of H3K4mel, H3K4me3 and H3K27ac
in EpiLCs", as well as H3K36me3 ChIP-seq in embryonic day (E) 6.5
epiblast*, were analyzed on epiblast key regulator Fgf5 gene (Fig. 5A).
As revealed by WGBS, elevated DNA methylation levels were observed
at the gene body (GB) and enhancer regions (+30, +40 and +56 kb) of
Fgf5in mESCs. As Fgf5 expression increased in EpiLCs, Fgf5 GB retained
high levels of methylation, and hypomethylated regions were identi-
fied at the central area of the proximal promoter (PP) distinguished by
H3K4me3 and at active enhancer centers marked by H3K27ac and
H3K4mel (Fig. 5A). It's worth noting that H3K36me3 exhibited a high
degree of enrichment within Fgf5 GB in epiblast, and to a lesser extent,
it was present at Fgf5 enhancers, which were further confirmed by
ChIP-qPCR (Fig. 5A and Supplementary Fig. 6B). Subsequently, Smad2/
3 specifically localized to these valleys of DNA methylation at PP and
enhancers, then initiated transcription of Fgf5 during the process of
epiblast maturation in both WT and S4KO EBs (Fig. 5A).

To investigate the mechanistic basis for the role of Dnmt3b in
facilitating Smad2/3 function, we tested the possibility that Dnmt3b
interacts directly with Smad2/3 on epiblast genes. To explore this, we

conducted a series of Dnmt3b CUT&Tag and ChIP-seq experiments
during EB differentiation (Fig. 5A). For comparison, we also performed
these experiments for Dnmt3a. Besides using a specific Dnmt3a or
Dnmt3b antibody, we also employed an anti-Flag antibody to detect
the Dnmt3a/3b binding pattern in Dnmt3a- or 3b-Flag cells, in which a
3XFlag epitope tag was inserted into the C-terminus of endogenous
Dnmt3a (3a-Flag) or Dnmt3b (3b-Flag) genes by CRISPR/Cas9 tech-
nology, respectively (Supplementary Fig. 5A). These clones were
sequenced and validated by both western blotting and immuno-
fluorescence (Supplementary Fig. 5A-C). Furthermore, the cells formed
EBs correctly and showed upregulation of primed and differentiation
genes upon LIF removal, as demonstrated by qRT-PCR (Supplementary
Fig. 5D). They also exhibited high levels of 5-mC, comparable to WT EBs
(Fig. 4D and Supplementary Fig. SE).

We first compared Dnmt3b binding profiles across the four assays:
CUT&Tag-1, CUT&Tag-2, and ChiP-seq, all were performed with an
anti-Dnmt3b antibody, and CUT&Tag-3 used an anti-Flag antibody in
Dnmt3b-Flag cells. Notably, CUT&Tag-2 included an E. coli genome
spike-in for calibration, which minimized errors related to low input
and sequencing biases. In the three CUT&Tag assays, we identified
37,845, 57,886, and 68,204 Dnmt3b peaks (fold change >4, Q< 0.01),
with 57%-67% of annotated peaks overlapping, demonstrating high
reproducibility among them (Supplementary Fig. 5F-G). In contrast,
the ChIP-seq assay, due to its lower peak-calling performance, identi-
fied 41,702 Dnmt3b peaks even with a more lenient fold change cutoff
of 3 and a P-value of 0.01 (Supplementary Fig. 5F). Additionally, only
about 20% of annotated peaks overlapped between the ChIP-seq and
CUT&Tag assays (Supplementary Fig. 5G).

Furthermore, we divided the genome into 1 kb bins and calculated
the Pearson correlation (R) of signal intensity between each pair of
assays. The R values among the three CUT&Tag datasets ranged from
0.89 to 0.93 (Supplementary Fig. 5H), consistent with a published
report*. In contrast, the R values between Dnmt3b CUT&Tag and ChlP-
seq assays were slightly lower, ranging from 0.75 to 0.80 (Supple-
mentary Fig. SH). To exclude potential ATAC-seq-like artifacts from the
Dnmt3b CUT&Tag assays, we generated corresponding ATAC-seq data
in WT EBs and identified 74,410 peaks using the same criteria as in
CUT&Tag (fold change >4, Q<0.01, Supplementary Fig. 5F). The
correlations between CUT&Tag and ATAC-seq signals, with R values
ranging from 0.57 to 0.65, were lower than those observed among
Dnmt3b CUT&Tag biological replicates (R=0.89-0.93) and between
CUT&Tag and ChIP-seq (R=0.75-0.8) (Supplementary Fig. 5H and 5I).
Additionally, we analyzed signal distributions across 14,461, 16,684,
and 17,170 target genes from three Dnmt3b CUT&Tag assays, 14,751
target genes from the Dnmt3b ChIP-seq assay, and 18,120 target genes
from the ATAC-seq assay (Supplementary Fig. 5J). In contrast to the
ATAC-seq assay, all Dnmt3b binding profiles of CUT&Tag or ChIP-seq
showed greater enrichment in gene body regions, consistent with
published data*’.

Furthermore, Dnmt3b CUT&Tag and ChIP-seq analyzes showed
that Dnmt3b bound to the Fgf5 PP and enhancers, and the binding
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pattern was highly concordant with Smad2/3 binding genome-wide
(Fig. 5A-B and Supplementary Fig. 6A). These binding peaks of
Dnmt3b, especially at enhancer and GB regions, were strongly dis-
rupted by Dnmt3b-shRNA (Fig. 5A and Supplementary Fig. 6A). In
addition, Dnmt3b binding at the GB region, marked by H3K36me3, of
Fgf5 was also confirmed by CUT&Tag and ChIP-qPCR (Fig. 5A and
Supplementary Fig. 6B). Although Dnmt3b binding to enhancer and

GB is consistent with previous reports***, its binding to PP was
unexpected (Fig. 5A and Supplementary Fig. 5J), since earlier studies
confirmed the absence of Dnmt3b around transcription start sites
(TSS)*. At present, we cannot rule out the possibility that this could be
potentially caused by biased binding towards nucleosome-depleted
euchromatin generated by the CUT&Tag". In comparison to the one
using anti-immunoglobulin G (IgG) as a negative control, ChIP-qPCR
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Fig. 5 | Dnmt3b mediates Smad2/3 binding to epiblast genes independently
of Smad4. A IGV view of WGBS, ChIP-seq and CUT&Tag profiles surrounding Fgf5
gene locus. WGBS as well as ChIP-seq of H3K27ac, H3K4mel and H3K4me3 were
performed at ESC or EpilLC stages™, H3K36me3 ChIP-seq was performed in E6.5
epiblast of mice*. Smad2/3 ChIP-seq were done in EBs of WT?° and S4KO (this
study), Dnmt3b CUT&Tag of EBs were carried out in WT, S4KO, WT+Dnmt3b-
shRNA2 (WT+3b-sh2) and S4KO+Dnmt3b-shRNA2 (S4KO + 3b-sh2), Flag CUT&Tag
experiments were performed in Dnmt3a-Flag or Dnmt3b-Flag cells; Dnmt3a or
Dnmt3b ChIP-seq of WT and S4KO EBs were shown at the bottom. B Heatmap of tag
densities for Flag CUT&Tag in Dnmt3b-Flag, and Smad2/3 ChIP-seq in WT or S4KO,
were shown within -1.5/ + 1.5 kb genomic regions surrounding the centers of
68,204 Dnmt3b binding sites in Dnmt3b-Flag EBs, 32,717 or 11,080 Smad2/3 binding
sites in WT or S4KO EBs, respectively. C Gene track view of the Fgf5, Dnmt3a, and
Dnmt3b loci from Smad2/3 CUT&Tag in EBs of S4KO and S4KO + 3b-sh2.

D Heatmap of Smad2/3 CUT&Tag signals in S4KO and S4KO+3bsh2 surrounding
7926 Smad4-independent Smad2/3 peaks. E Peak score plot for the most significant
Dnmt3b-dependent Smad2/3 binding sites (fold change > 2.0, P< 0.01). Epiblast
marker genes adjacent to the peaks are indicated. Peak score plot for the most
significant Dnmt3b-dependent Smad2/3 binding sites (fold change >2.0, P< 0.01).
Epiblast marker genes adjacent to the peaks are indicated. P values were generated
by MACS?2 callpeak strategy using Poisson test (one-sided) with Benjamini-
Hochberg correction. (F)ChIP-qPCR analysis of Smad2/3 and Dnmt3b binding to
Fgf5 promoter (Fgf5_PP), gene body (Fgf5_GB) and enhancers (Fgf5_+30Kk, Fgf5_+40k,
and Fgf5_+56k) of D3 EBs treated with SB or AC in WT, S2/3KO, S4KO+ Scr-shRNA,
S4KO +3b-Shl or S4KO + 3b-sh2 cell lines. ChIP with anti-IgG serves as a negative
control. This experiment was repeated 3 times, and representative data are shown
here. Data are presented as mean values +/- SD.

showed that the binding of Dnmt3b to Fgf5 was slightly reduced in S2/
3DKO compared to its presence in WT and S4KO EBs, probably related
to the reduced expression of Dnmt3b in S2/3DKO (Fig. 5F). Addition of
SB or AC didn’t affect the binding of Dnmt3b to Fgf5 in all the samples.
Remarkably, the bindings of Smad2/3 to Fgf5 depended on AC stimu-
lation in WT and S4KO EBs (Fig. 5F). Moreover, Smad2/3 exhibited a
high concordance with Dnmt3b on the PP and enhancer regions of
Fgf5, but not in GB (Fig. 5F). As a control, no Smad2/3 signal was
detected if ChIP-qPCR was done with anti-IgG in WT or with anti-
Smad2/3 in S2/3DKO EBs.

Although both Dnmt3a and Dnmt3b colocalized on Fgf3, the
binding signals in GB disclosed with anti-Flag in Dnmt3b-Flag cells
became less detectable in Dnmt3a-Flag cells (Fig. SA). This discrepancy
in binding preference was also evident in the ChIP-seq data for Dnmt3b
and Dnmt3a (Fig. 5A). Furthermore, as shown on the heatmap, all the
binding sites of Dnmt3a-Flag and Dnmt3b-Flag were analyzed and
divided into four clusters (C1-C4) (Supplementary Fig. 6C). Epiblast
genes were highly enriched in C1 and C2, while in C3 and C4, Dnmt3a
and Dnmt3b showed different binding abilities (Supplementary
Fig. 6C). Collectively, these findings indicate the overlapping yet dis-
tinct functions of Dnmt3a and Dnmt3b.

Since we found that Dnmt3b and Smad2/3 converge on cis-
regulatory elements of epiblast specification genes, we wondered
whether Dnmt3b enables Smad2/3 binding to these genes. Therefore,
Smad2/3 CUT&Tag was performed in S4KO EBs with either Scr-sh or
3b-sh2 (Fig. 5C). The bindings of Smad2/3 to sites in Fgf3, Dnmt3b, and
Dnmt3a in S4KO EBs were consistent with the observations in Smad2/3
ChIP-seq (Figs. 2E and 5C). However, Dnmt3b depletion inhibited
Smad2/3 binding to a subset of these sites in the epiblast genes
(Fig. 5C). Moreover, 7926 Smad2/3 binding peaks were strongly
diminished in S4KO +3b-sh2 compared to those in S4KO+Scr-sh
(Figs. 2C and 5D). These Dnmt3b-dependent Smad2/3 binding peaks
were analyzed, revealing a high enrichment of epiblast specification
genes (Fig. SE). Consistently, ChIP-qPCR confirmed that the binding of
Dnmt3b to Fgf5 was reduced in S4KO + 3b-shl or 2 compared to S4KO
+Scr-sh EBs, which subsequently led to fewer Smad2/3 molecules being
able to access the Fgf5 gene (Fig. 5F). As a control, Dnmt3b shRNA had a
mild effect on Smad2/3 binding to Fgf5 in WT EBs (Supplementary
Fig. 6D). Taken together, Dnmt3b potentially facilitates Smad2/3
binding to epiblast genes including Fgf5, and this requirement is par-
ticularly amplified in the context of S4KO.

Discussion

Our research establishes the role and relevance of Smad2/3, Smad4
and Dnmt3b in the stepwise progression of early post-implantation
development (Fig. 6). First, Smad2/3-Dnmt3b plays a pivotal role in
orchestrating the transition from naive pluripotency to the primed
epiblast stage. Then, the canonical Smad2/3-Smad4 complex governs
the differentiation of the primed epiblast into mesendoderm. We find
that Smad2/3 can upregulate Dnmt3b during the naive-to-primed

transition. Dnmt3b, in turn, establishes DNA methylation patterns and
ensures the timely downregulation of pluripotent factors like Sox2 by
methylating DNA at DMRs. Additionally, Dnmt3b interacts with
Smad2/3 to facilitate their binding to the hypomethylated centers of
PP and enhancers of epiblast genes, likely relying on H3K36me2/3.
Therefore, in the context of lineage priming in S2/3DKO where
Dnmt3b is downregulated, Smad4 alone cannot initiate the transcrip-
tion of epiblast-specific genes. Subsequently, the primed EpilLCs dif-
ferentiate into mesendoderm lineages, a process that requires both
Smad2/3 and Smad4. During the differentiation, Dnmt3b is down-
regulated and becomes less actively involved. Thus, S4KO cells are able
to undergo the priming process but face difficulties in downstream
differentiation. Smad4 loss intensified the interaction between
Dnmt3b and Smad2/3 in the expanded population of EpiLCs or pre-
differentiation cells, particularly considering the competitive binding
of Dnmt3b and Smad4 to Smad2/3. Our two-step model is also con-
sistent with the in vivo data®****. Conditional knockout of Smad4 in the
epiblast using the Cre-LoxP system does not prevent the development
from the epiblast to the gastrulation initiation but shows focal defects
in the primitive streak®. As gastrulation proceeds, Smad4-deficient
embryos fail to form derivatives of the anterior primitive streak,
including definitive endoderm, sharing many phenotypic similarities
with the downregulation of the Nodal/Smad2/3/Foxhl pathway>****,
Thus, Smad4 has a limited role during the priming process but is
required for primitive streak/mesendoderm differentiation. These
findings highlight the distinct roles of Smad2/3 and Smad4 in the
process of lineage priming and differentiation, providing a fresh
viewpoint on the complex mechanisms underlying TGFf signaling. In
addition, Dnmt3b is identified as a newly discovered partner of
receptor-phosporylated Smad2/3, thereby shedding light on their
collaborative regulatory mechanism underlying the priming process.

Of the eight Smad family members in vertebrate, Smad2 and
Smad3 are substrates of TGFf3, Nodal and Activin receptors, whereas
Smadl, Smad5 and Smads8 are activated by BMP and other ligands. The
C-terminal phosphorylation of these receptor-regulated Smads (R-
Smads) by receptor kinases generates a docking site for Smad4,
enabling the formation of signaling complexes*®. Smad4 has been
recognized as the key effector in the canonical TGFf pathway. How-
ever, much evidence indicates that R-Smads may substitute for or
bypass the requirement for Smad4 to stimulate some TGFf3 down-
stream signals*”'%***°_ Under these conditions, Smad4 appears to
potentiate TGFp signaling, but are unnecessary for it per se. In addi-
tion, TGFP also signals via the mitogen-activated protein kinases
(MAPKs), phosphatidylinositide 3-kinase (PI3K), Protein phosphatase
2 A (PP2A) and Rho family members and so on. Some of these pathways
are entirely independent of Smad proteins, while others involve
crosstalk with Smad signaling®.

Our understanding of signaling through R-Smads independently
of Smad4 has remained limited for many decades. Trim33 (TIF1y) has
been reported as a partner of activated Smads. Smad2/3-Trim33 and
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like Sox2 by methylating its DNA at DMRs. On the other hand, Dnmt3b interacts
with Smad2/3 to facilitate their binding to the hypomethylated centers of pro-
moters and enhancers of epiblast genes, likely relying on H3K36me2/3. Second,
Smad2/3-Smad4 complex plays a key role during the mesendoderm differentiation
from the primed EpiLCs, in which Dnmt3b is downregulated and becomes less
actively involved. The Smad2/3-Smad4 complex binds to the promoters and
enhancers of mesendoderm genes, with the prebound pioneer factor Foxhl®%
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Smad2/3-Smad4 function as complementary branches in the control of
hematopoietic cell fate and pluripotent stem cell differentiation®*,
Despite Smad4 and Trim33 competing for binding with pSmad2/3,
both complexes are essential and collaborate to fulfill their functions.
But the mechanisms by which Smad2/3 alone transmit TGF[ signaling,
especially in the absence of Smad4, are not yet understood. We
addressed this question by using S2/3DKO and S4KO mESCs. Through
a comprehensive analysis of high-throughput sequencing data and IP-
MS experiments, we provide evidence suggesting that Dnmt3b
potentially acts as a substitute for Smad4 in facilitating Smad2/3
binding and activating epiblast-specific genes. The formation of
Smad2/3-Dnmt3b complex relies on TGFf3 stimulation. In S4KO EBs, it
seems that Dnmt3b can bind to the basal-state Smad2/3 under SB
treatment when compared to WT, though much less robust than its
binding to activated Smad2/3. Interestingly, Smad2/3-Dnmt3b is barely
detectable when Smad2/3-Smad4 complex is present in EBs. We con-
clude that EBs lacking Smad4 couldn’t differentiate properly com-
pared to WT. Therefore, those S4KO EBs stay in the epiblast stage and
maintain a high level of Dnmt3b, which facilitates the interaction of
Smad2/3 and Dnmt3b in the nucleus. When Smad2/3 or Dnmt3b were
overexpressed either in 293 T cells for co-IP or in E. coli for pull-down
assays, their interactions were further confirmed. Furthermore, the
genome-wide binding patterns of Dnmt3b and Smad2/3 show a high
concordance, especially at epiblast genes.

The effects of DNA methylation on gene expression are multi-
faceted and context-dependent. DNA methylation can suppress gene
transcription, especially in CpG islands of promoters or in enhancers
with repressive histone modifications. In contrast, Dnmt3b interacts
with H3K36me2/3 by its PWWP domain to promote DNA methylation
at GB and enhancer body, which correlates to active transcription of
both regions*™*. Our study links Dnmt3b and Smad2/3 on the

regulation of epiblast genes. This includes two layers of regulation: 1)
DNA methylation is well established by Dnmt3b during the lineage
priming process of WT and S4KO cells; 2) The presence of Dnmt3b on
epiblast genes enables Smad2/3 access without the help of Smad4.

The upregulation of Dnmt3b during epiblast maturation is par-
tially regulated by Smad2/3. Proper methylation levels are important
for the transition from naive pluripotency to the primed epiblast sta-
tus. For example, the downregulation of pluripotent factor Sox2 during
the exit from pluripotency is regulated by Dnmt3b-dependent
methylation. Meanwhile, Dnmt3b and Nodal-activated Smad2/3
cooperate in biding to common cis-regulatory elements in epiblast
genes, such as Fgf5, a widely used marker for the epiblast in post-
implantation embryos and epiblast stem cells?®**>**, driving this crucial
developmental transition of post-implantation. Interestingly, when
Dnmt3b is ablated, activated Smad2/3 lose access to the PP and
enhancer regions of Fgf5, thereby blocking Fgf5 transcription. The
present findings provide an expanded view of the synergistic proper-
ties of the signaling pathway and the epigenetic regulatory network,
highlighting a previously unidentified level of interdependency
between Smad2/3 and Dnmt3b factors.

It is worth noting that Dnmt3b exhibited a broad binding pattern
in ChIP-seq data but displayed a more punctate pattern in CUT&Tag
data. This discrepancy makes it difficult to ascertain whether the dif-
ference arises from the improved resolution of the CUT&Tag method
or if it indicates that CUT&Tag may not be the most suitable assay for
studying regulators, especially those with global functions. While
Dnmt3b binding to enhancers and GB aligns with previous reports***’,
its binding to PP regions contradicts its known absence from TSS of
actively transcribed genes and is inconsistent with its poor correlation
with promoter-enriched H3K4me3*. Currently, we cannot rule out the
possibility that these observations are influenced by Tn5-directed bias
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toward binding in open chromatin regions during the CUT&Tag assay.
Future studies may require improved technologies or methods. Given
the challenging kinetics and cellular heterogeneity inherent to stem
cell-based differentiation assays, as well as the rapid and potentially
overlapping transitions from naive to primed pluripotency and sub-
sequent differentiation, clarifying how Dnmt3b precisely interacts with
and facilitates the Nodal signaling pathway remains difficult and
requires further investigation.

Although Smad2/3 are rarely mutated, Smad4 is frequently inac-
tivated in various cancers®* . This is often considered an indication of
the silencing or dysregulation of TGF(B effects in those cancers.
Recently, several reports highlight the role of Smad2/3 independently
of Smad4 during tumorigenesis. Smad2/3 could behave as oncogenic
factors of TGFP in a Smad4-null human pancreatic ductal adeno-
carcinoma (PDAC) cancer cells". Smad4 is necessary for epithelial-to-
mesenchymal transition (EMT) but dispensable for Sox4 induction by
TGFB-Smad2/3 in PDAC*. It is of high importance to investigate whe-
ther the collaborative function of Smad2/3 and Dnmt3b that we dis-
covered in mESCs also at play in tumors and in various contexts.

Methods

Cell culture and differentiation

E14Tg2a.lV mouse embryonic stem cells (ATCC, CRL-1821) were
maintained in LIF-supplemented medium, adhering to the 0.1% gelatin
coated plates as reported before”. For embryoid body (EB) formation
and differentiation, mESCs were cultured on low attachment plates for
3-4 days in LIF-free medium®.

For EpiLC experiment, mESCs were first cultured in 2i/LIF medium
(PD0325901, 1uM, Cayman, 13034; CHIR99021, 3uM, Cayman, 13122;
LIF, 10°U/ml, Millipore, ESG1107) and seeded as a density of 2 x 10* per
cm? on fibronectin-coated (Fibronectin, Millipore, FC010) plates for at
least 3 days. Then the medium was changed into N2B27 supplemented
with Activin A (20 ng/ml, R&D, 338-AC) and bFGF (12 ng/ml, R&D, 3139-
FB) for 6 days. Medium was changed every day, and cells were pas-
saged with Accutase on every other day at a ratio of 1:4. Subsequently,
the medium was replaced with N2B27 plus 3uM CHIR99021 (Cayman,
13122) for 24 h to induce the formation of mesendoderm lineage.

HEK293T cells (ATCC, CRL-3216) were maintained in Dulbecco’s
modified eagle medium (DMEM), supplemented with 10% FBS. Plas-
mids were introduced into 293T cells by transfection with Poly-
ethyleneimine. Then cells were cultured in medium contained
Hygromycin B or Puromycin for 48 h. Flag immunoprecipitation of
whole-cell lysates were performed after treatment with Activin
A for 2h.

Immunoprecipitation and Mass spectrometry

EBs were collected at D3 either not treated or treated with Activin A
(AC, 50 ng/ml, R&D, 338-AC) for 2 h or SB431542 (SB, 10 puM, Tocris,
1614) for 4-6 h. Whole-cell lysates were released using the buffer with
20 mM HEPES pH 7.9, 0.1% NP-40, 10% glycerol, 100 mM KCl, 2.5 mM
MgCI2 supplemented with protease inhibitor and phosphatase inhi-
bitor. For mass spectrometry, hypotonic buffer (10 mM HEPES pH7.5,
10 mM KClI, 1.5 mM MgCl2, 0.5% NP-40 supplemented with 1mM DTT)
was used to separate cytoplasm. Then nuclear extraction buffer
(20 mM HEPES pH7.5, 300 mM Nacl, 2.5 mM MgClI2, 0.2% TritonX-100,
10% glycerol, 1mM DTT) and RNase-Free DNase I (Lucigen, D9905K)
was used. Chromatin fraction was further extracted from nuclear
samples without DNase I treatment by E3 buffer (50 mM Tris-HCI
pH 7.5, 20 mM NaCl, 1mM MgCI2, 1% NP-40) plus benzonase (Milli-
pore, 70746)".

Cell lysate was further incubated with anti-Smad2/3 (Cell signaling
technology, 8685S), anti-Smad2 (Cell signaling technology, 5339S),
anti-Smad3 (Cell signaling technology, 9523S), anti-Otx2 (Proteintech,
13497-1-AP), anti-Flag M2 Affinity Gel (sigma, A2220) or anti-HA mag-
netic beads (Pierce, 88837) overnight at 4 °C. The next day Dynabeads

Protein G (Invitrogen, 10009D) was added for 2 h (h) before washing
and elution. Peptide/protein identification was analyzed and pro-
cessed using Proteome Discoverer 2.5 software. For mass spectro-
metry analysis, we initially identified proteins enriched in S4KO + SB,
S4KO, and S4KO +AC with normalized abundances >50 and a fold
change >3 compared to WT. Subsequently, we identified proteins
enriched in S4KO + AC and S4KO with a fold change > 1.5 compared to
S4KO +SB. The logical relationships between all these comparisons
were illustrated using a Venn diagram.

Methylated DNA Immunoprecipitation

Genomic DNA (gDNA) was extracted from D3 EBs using genomic DNA
extraction kit (TIANGEN) (Cat # DP304). 4 pg gDNA was cut with a
methylation-insensitive restriction enzyme Bfal (NEB, R0568) at 37 °C
overnight. 500 ng of purified Bfal cut products was heat denatured at
99 °C for 10 min and quickly put on ice to obtain ssDNA. 10% was taken
as input. Samples were incubated with 1 pg 5-mC antibody (Active
motif, 39649) for 3 h at 4 °C, subsequently added magnetic beads for
another 3 h at 4 °C. 5-mC enriched DNA fragments were eluted from
magnetic beads by buffer containing 0.28 mg/ml proteinase K, 50 mM
Tris-HCI, 10 mM EDTA, 0.5% SDS for 30 min at 55 °C, and purified by
QIAquick PCR Purification Kit (Qiagen, 28106). Obtained DNA was
analyzed by qRT-PCR, and the 5-mC levels were presented as percen-
tages of input. Primers used in MeDIP-qPCR were listed below: 1)
mSox2_DMR1: CTTCTTGGGCGTCCTGGG and GACTCCTTCGCCGA-
CAATTC; 2) mSox2 DMR3: GTCACTTCTCTGCCCACTCT and
ATGTGCCCGACTCCTGTTAA.

Immunofluorescence

mESCs were seeded on 0.1% gelatin coated microscopical cover glasses
for 2D EBs culturing in LIF-free medium for 3-4 days. Cells were fixed
with 4% PFA for 15min at room temperature. After membrane per-
meabilization by 0.5% TritonX-100, slices were blocked with 2.5% BSA
for 1h at room temperature and incubated with Dnmt3a antibody
(CST, 49768S), Dnmt3b antibody (CST, 48488S), Flag antibody (Sigma,
F3165) overnight at 4 °C. For 5-mC antibody (Active motif, 39649)
staining, fixed cells were incubated with 4 M HCI for 30 min at room
temperature, following neutralization by 100 mM Tric-HCI (pH 7.5-8)
at room temperature before blocking. The secondary antibody Alexa
Fluor 555 against mouse (Invitrogen, A31570) or 488 against rabbit
(Invitrogen, A21206) was added for 1h at room temperature. Nuclear
DNA was labeled by DAPI for 20 min. Images were acquired with Nikon
confocal microscopy.

Plasmids

Lentiviral infections and plasmid transient transfection have already
been described before®. CRISPR/Cas9 system was used to generate
knockout and knock-in cell lines. sgRNA target sequence for Smad4
knockout was AGTTTGATGTGTCATAGACA. The sgRNA target
sequences including TGACCGGCACGCTCCACGAT and TCTGAT-
GACCGGTACACTCC were used for inserting a 3xFlag-tag at the C
terminus of Dnmt3a or Dnmt3b, respectively. sgRNA oligos were
cloned into pSpCas9(BB)-2A-puro (PX459) vector®®. Donor plasmid
contained about 800 bp homologous arms on each side. These plas-
mids were transiently delivered into cells by Lipofectamine 2000
(Invitrogen, 11668019) or Mouse ES Cell Nucleofector® Kit (Lonza,
VPH-1001). S2/3DKO has been published before and S2/3/4TKO cells
were constructed based on S2/3DKO.

Lentivirus-mediated shRNA system was an efficient mean of
silencing gene expression. Two different shRNA target sequences for
mouse  Dnmt3b  were  GCTGTTCAGCCAGCACTTTAA  and
GCCTCAAACCCAACAAGAAGC. Designed shRNAs were cloned into
LKO.1 vector (Sigma-Aldrich) by restrictive endonuclease Agel/EcoRI.
Scramble shRNA was used as a negative control. 2nd generation len-
tiviral system (psPAX2 and pMD2.G) (Addgene) was used to carry out
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the infection. The efficiency of shRNA system was evaluated by
gRT-PCR.

To generate Smads protein expression plasmid, the ORFs of
Smad2 and Smad4 were cloned into pLVX-EF1a-IRES-mCherry and
pLVX-EF10-IRES-zsGreen vector (Clontech), respectively. Selection
marker on pLVX-Tight-Puro vector was substituted with Hygro. And
then Smad3 OFRs were cloned into pLVX-Tight-Hygro. The HA-tag has
been added at the N-terminal of Smads proteins. Furthermore, the
CMV promoter in pLVX-Tight-Puro has been replaced by pGK pro-
moter to avoid silencing in mouse embryonic stem cells?®. The ORFs of
Dnmt3b amplified from mESCs cDNA with N-terminal Flag tag was
cloned into pLVX-EFla-IRES-zsGreen vector. To prevent silencing by
Dnmt3b-shRNA, synonymous mutations were introduced into
Dnmt3b"" plasmid. Dnmt3b™*™ and Dnmt3b"¥WP™¢ were con-
structed based on Dnmt3b"" expression plasmid. Point mutations of
Dnmt3b were inserted using Mut Express MultiS Fast Mutagenesis Kit
V2 (Vazyme, C215) and primers were listed below.

Dnmt3bMet™;  GGAAGCGGTACCAATGATCTCTCTAACGTC and
GATCATTGGTACCGCTTCCACCAATCACCAA;

Dnmt3b?W¥WPmut: TCCTGGTCGACCGCCATGGTGGTGTCCTGGAAA
and CATGGCGGTCGACCAGGAGAAGCCCTTGATC.

Immunoblotting

Cell pellets were lysed by RIPA buffer. The protein concentration was
measured using BCA Protein Assay Kit (Pierce, 23225). Proteins were
separated by SDS-PAGE and transferred to nitrocellulose membranes.
Membranes were blocked in 5% BSA and immunoblotted with primary
bodies against Smad2/3 (Cell signaling technology, 8685S), Smad4
(Santa Cruz, sc-7966X), pSmad2/3 (Cell signaling technology, 8828S),
Dnmt3a (abcam, ab13888), Dnmt3b (abcam, ab13604), HA (3F10,
Roche, 11867423001), Eomes (abcam, ab23345), H3 (abcam, ab1791),
Otx2 (Proteintech, 13497-1-AP), Flag (sigma, F3165), 6xHis tag (abcam,
ab18184), GST tag (Proteintech, 10000-0-AP) and o-Tubulin (Sigma-
Aldrich, T6074) overnight. On the second day, after washing, the
membranes were washed and probed with IRDye 680RD or 800CW
Goat anti-Rabbit/Mouse/Rat secondary body (LI-COR) and imaged
using the Odyssey CLX system.

Alkaline phosphatase staining

The mESCs were fixed with 4% PFA for 10 min at room temperature.
Subsequently, they were immersed in an alkaline phosphatase sub-
strate solution (Vector Laboratories, SK-5300) for a few minutes.
Degrees of blue show the activity of alkaline phosphatase on mESCs
surface.

Cell growth curves

mESCs were seeded in 48-well plates at a density of 2 x 10° per well and
cultured for 7 days. Cell numbers were recorded every 24 h and each
data point represents the average of three replicates.

Cell cycle analysis

2 x10° cells were used for cell cycle analysis. Washed with cold PBS
twice, cell pellets were resuspended in 70% ethanol for fixing overnight
at 4 °C. The second day cells were washed with cold PBS twice to
remove ethanol, following 100 pg/ml RNAse A (final concentration)
treatment for 30 min at 37 °C to eliminate RNA interference with DNA.
Finally, cells were stained with 50 pg/ml propidium iodide (PI) in dark
for 15 min at room temperature. Then samples were assayed by flow
cytometry, and the data were analyzed by ModFit LT software to
obtain fitting for cell cycle fraction data.

RNA extraction and RNAseq analysis

RNA was extracted with NucleoZOL (MACHEREY-NAGEL, 740404)
following the manufacturer’s instructions. 1 pg total RNA from each
sample was used for cDNA synthesis with All-in-One First-Strand cDNA

Synthesis SuperMix for qPCR (Transgen, AT341). Quantitative PCR was
performed with ChamQ SYBR qPCR Master Mix (Vazyme, Q311) on a
Bio-Rad CFX384 RT-PCR System. GAPDH served as an internal control
for calculating relative expression. Sequences of synthesized primers
used for qRT-PCR assays could be found in the previous report® or list
below: 1) Dnmt3a: GAGGGAACTGAGACCCCAC and CTGGAAGGT-
GAGTCTTGGCA; 2) Dnmt3b. AGCGGGTATGAGGAGTGCAT and
GGGAGCATCCTTCGTGTCTG; 3) Esrrb: GCACCTGGGCTCTAGTTGC
and TACAGTCCTCGTAGCTCTTGC; 4) Fgf5: AAAACCTGGTGCACCC-
TAGA and CATCACATTCCCGAATTAAGC; 5) Oct4: CTGAGGGCCAGG-
CAGGAGCACGAG and CTGTAGGGAGGGCTTCGGGCACTT; 6) Sox2:
GCGGAGTGGAAACTTTTGTCC and CGGGAAGCGTGTACTTATCCTT;
7) Sox3: GCCGACTGGAAACTGCTGA and CGTAGCGGTGCATCTGAGG;
8) Sox4: GACAGCGACAAGATTCCGTTC and GTTGCCCGACTT-
CACCTTC; 9) Gapdh: CTCCACTCACGGCAAATTCA  and
CGCTCCTGGAAGATGGTGAT.

For RNAseq, multiplexed sequencing libraries were run on a
Hiseq2500 platform. Sequencing reads from each sample were map-
ped to the mouse reference genome (mouse genome mm1I0) by using
the HISAT2 v2.2.1 tool (https://github.com/DaehwanKimLab/hisat2).
Stringtie v2.2.1 software (https://ccb.jhu.edu/software/stringtie/) was
applied to generate the gene counts matrix for downstream analysis of
DEGs and quantitate the gene expression as fragments per kilobase per
million mapped reads (FPKM). Then, we used standard DEseq2 v1.26.0
workflow to identify DEGs and the P-values are attained by the Wald
test and corrected (padj) for multiple testing using the Benjamini and
Hochberg method by default. In any given comparison, only genes
with P-value <0.01 and the |log2 fold change (LFC)|>1 were con-
sidered as DEGs and visualized by heatmap based on log-transformed
and scaled gene expression. The built-in R function ‘prcomp’ was used
to perform principal component analysis (PCA) for multiple datasets,
and the first two PCs were visualized by scatter-plot. We combined all
the DEGs for downstream Weighted Correlation Network Analysis
(WGCNA) to dissect different gene expression module.

We used the R package WGCNA v1.70-3*° to construct the genes
co-expression network. In brief, the gene expression matrix was used
to calculate Pearson’s correlation matrices representing co-expression
similarity of genes. Then, the weighted adjacency matrix was created
by the Pearson correlation coefficient test and transformed into a
topological overlap measure (TOM) matrix, which minimize the effects
of noise and spurious associations. Based on the average linkage
hierarchical clustering of the TOM matrix, a clustering dendrogram of
genes was constructed. The minimal gene cluster/module size was set
to 30 and the threshold to merge similar modules was set to 0.25.
Finally, we defined 7 gene clusters with different gene expression
patterns among multiple samples, which were visualized by heatmap
with log-transformed and scaled gene expression.

Functional annotation of genes

We used R package clusterProfiler v3.14.3°° to perform Gene Ontology
(GO) analysis for DEGs or genes of interest. The results were annotated
along ontology of biological processes with the following parameters:
pvalueCutoff = 0.01, pAdjustMethod =“BH” (Benjamani and Hoch-
berg) and qvalueCutoff = 0.05. Gene set variation analysis (GSVA) is a
particular type of gene set enrichment method that estimates the
variation of pathway activity over a sample population in an unsu-
pervised manner. Then, we used R package GSVA v1.34.0° to calculate
the enrichment score of gene sets of interest from the published
paperz“'z".

Chromatin immunoprecipitation

ChIP was performed as previously described?. Cells were crosslinked
with 1% formaldehyde (Sigma-Aldrich, F8775) for 10 min at 37 °C, then
quenched with 125 mM Glycine for 5min at room temperature. Cells
were sonicated on Branson SFX550 Sonifier to disrupt genomic DNA. 1-
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2% pre-cleared chromatin prior to primary antibody addition was kept
as input DNA. Then samples were incubated with 3-5 pg antibody
bound to Dynabeads protein G (Life Technology) overnight at 4 °C.
Cross-linked ChIP DNA was reversed and purified by QIAquick PCR
Purification Kit (Qiagen, 28106). Immunoprecipitated DNA was ana-
lyzed by qRT-PCR, and the content was presented as percentage of
input. Primers for ChIP-qPCR were listed below. 1) Fgf5PP:
CGGCCGTGAGTACACAAA and GCTGGCACCGGGATATTTA; 2)
Fgf5GB: GCTGTGTCTCAGGGGATTGTAG and CCGGTGGAG-
CACTTTTCAACA; 3) Fgf5 +31k: CACCTCCCACTGTTGGTCTT and
CACGGGGTAAGGTGCTTCTA; 4) Fgf5 +40k: AAGCAAAAACCCATCG-
GACA  and GCACCCAGTAGGAACGCAAT; 5  Fgf5.+56k:
GCTGGAATCTCTCTCCTGATTAC and AAGTTGGCTTGCTCAGTAGG.

For ChiIP-seq, 10-50 ng of immunoprecipitated DNA were used to
library preparation by VAHTS® Universal Pro DNA Library Prep Kit for
Illumina (Vazyme, ND608). Quality control for the raw sequencing data
was performed by fastqc v0.11.9 and cutadapt v3.4 to remove adapter
sequences and low-quality sequences. Then, the clean reads were
mapped to the mouse genome (mml0) using bowtie2 v2.2.4 with
default parameters, and only uniquely and properly paired mapping
reads were retained. The resultant BAM files were converted into
bigWig files using bamCoverage tool from deepTools version 3.5.1 with
default parameters. Peaks were called using macs2 v2.2.7 with the
sinificance cut-off P-value <0.05 and retained when the fold change
> 3. The bedtools intersect command within bedtools v2.30.0 was used
to report the overlap peaks between two samples. The annotate-
Peaks.pl function in homer v4.11.1 was used to annotate peaks with
default parameters. The programs “computeMatrix” and “plotHeat-
map” of deepTools v3.5.1 were used to compute the ChIP-seq signals
over the region of interest and make visualization.

CUT&Tag

CUT&Tag was performed using a commercially available kit (Hyper-
active Universal CUT&Tag Assay Kit for lllumina Pro, Vazyme, TD904).
Briefly, 1x10° cells were harvested and crosslinked with 0.1% for-
maldehyde (Sigma-Aldrich, F8775) for 2 min at room temperature if
necessary. E. coli DNA spike-in was added as 1pg per 1x10° cells if
needed. Sequencing was conducted on Illumina Novaseq Xplus with
150 bp paired-end reads. The analysis of CUT & Tag data parallels that
of ChIP-seq data. After quality controlling, clean reads were aligned to
the mouse genome (mm10). Peaks were identified using macs2 v2.2.7
with a significance cut-off of Q-value <0.01, and those with a fold
change >4 were retained. The “computeMatrix” and “plotHeatmap”
programs from deepTools v3.5.1 were employed for computing Cut &
Tag signals across regions of interest and for visualization.

ATAC-seq

8 x10* single-celled EBs were treated with NP-40 (10%), Tween-20
(10%), and digitonin (1%), and the reaction was stopped once the cell
membrane ruptured. The Tn5 transposase (Illumina #FC-121-1030) was
then incubated with the nuclei and mixed at 1000 RPM at 37 °C for
30 min. DNA fragments were subsequently purified using the DNA
Clean and Concentrator kit (Zymo #D4014). DNA fragments were
amplified using NEBNext® High-Fidelity 2X PCR Master Mix (NEB
#MO0541L) and index adapters, followed by purification to obtain the
final library. The library quality was assessed using Agilent Bioanalyzer
technology by Personalbio. Sequencing was performed on the Illumina
NovaSeq XPlus platform. Peaks were identified using macs2 v2.2.7 with
asignificance cut-off of Q-value < 0.01, and those with a fold change > 4
were retained.

Proximity ligation assay

Proximity ligation assay (PLA) was carried out according to the man-
ufacturer’s protocol (Duolink® PLA Fluorescence Protocol, Sigma). D3
EB cells cultured on microscopical cover glasses were collected for

PLA. Primary antibodies were Smad2/3 (Cell signaling technology,
8685S) and Dnmt3b (abcam, 13604). Probe anti-Rabbit PLUS, anti-
Mouse MINUS, and detection reagents green were used. Confocal
images were taken by Nikon confocal microscopy.

In vitro protein-protein interactions

GST, GST-GFP, GST-fused full length of Dnmt3b and 6xHis-tagged
Smad2/3 were expressed using pGEX-4T1 and pET28a vectors in
BL21 cells, respectively. These proteins were incubated with Ni-NTA
(20503ES10, Yeasen) or Glutathione Agarose Resin (20507ES10, Yea-
sen), as indicated in the text.

Statistical analysis

Quantitative data are expressed as mean + SD. Statistical significance
was determined using a Mann-Whitney test, a two-way ANOVA test or a
paired-t test using Prism 9 software as indicated in the text.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Al RNA-Seq, ChIP-Seq, CUT&Tag and ATAC-seq data were deposited in
the Gene Expression Omnibus database under accession number
GSE240787. Published ChIP-seq data for Smad2/3 and Smad4 in E14
under accession code GSE70486%, H3K4mel, H3K4me3 and H3K27ac
in EpiLCs under accession code GSE168411", H3K36me3 in E6.5 epi-
blast under accession code GSE124216* were reanalyzed here. WGBS
in mESC and EpiLC used GSE168415 data [https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE168415]"*. The raw and processed
mass spectrometry-based proteomics data have been deposited to the
ProteomeXchange Consortium with the dataset identifier PXD057083.
Uncropped western blots were provided in Supplemental information
files. Correspondence and requests for materials should be addressed
to Q.W. (wangqiong@shsmu.edu.cn), Y.D. (yhdu@shsmu.edu.cn), and
Y.Z. (yongchun_zhang@sjtu.edu.cn). Source data are provided with
this paper.
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