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SUMMARY

The ten-eleven translocation factor TET1 and its conferred epigenetic modification 5-hydroxymethylcytosine (5ShmC) have important
roles in maintaining the pluripotent state of embryonic stem cells (ESCs). We previously showed that TET1 is also essential to maintain
the stem cell state of trophoblast stem cells (TSCs). Here, we establish an integrated panel of absolute ShmcC levels, genome-wide DNA
methylation and hydroxymethylation patterns, transcriptomes, and TET1 chromatin occupancy in TSCs and differentiated trophoblast
cells. We show that the combined presence of 5-methylcytosine (5mC) and ShmC correlates with transcriptional activity of associated
genes. Hypoxia can slow down the global loss of ShmC that occurs upon differentiation of TSCs. Notably, unlike in ESCs and epiblast
cells, most TET1-bound regions overlap with active chromatin marks and TFAP2C binding sites and demarcate putative trophoblast
enhancer regions. These chromatin modification and occupancy patterns are highly informative to identify novel candidate regulators

of the TSC state.

INTRODUCTION

DNA methylation is crucial for proper embryonic develop-
ment. Its involvement in key developmental processes,
such as the silencing of transposable elements, imprinted
gene expression, and transcriptional repression of the inac-
tive X chromosome has been well established (Greenberg
and Bourc’his, 2019). Hypomethylation of the trophecto-
derm (TE) compared with the inner cell mass at the blasto-
cyst stage (Santos et al., 2002) may suggest that DNA
methylation is less important in the TE-derived trophoblast
lineage (Sakaue et al., 2010). However, it is clear that while
DNA methylation is not required for establishment of the
TE, placental development in de novo DNA methyltransfer-
ase (Dnmt) knockouts (KOs) is severely compromised
(Arima et al., 2006; Branco et al.,, 2016; Sakaue et al.,
2010), with particular defects in cell adhesion and syncy-
tiotrophoblast formation that highlight an important
role of DNA methylation at non-imprinted loci specifically
for trophoblast development (Branco et al., 2016).

The importance of DNA methylation is also manifest in
trophoblast stem cells (TSCs). TSCs can be derived from
the blastocyst or early post-implantation extraembryonic
ectoderm. They can be maintained in culture as stem cells
or differentiated into various placental cell types, and
contribute exclusively to the placenta in chimeras (Tanaka

et al., 1998). While the trophoblast compartment in vivo is
globally hypomethylated, cultured TSCs are not. We previ-
ously showed that TSCs in culture have DNA methylation
levels equivalent to those observed in embryonic stem cells
(ESCs) (Senner et al., 2012). This increase in methylation
compared with the in vivo tissue is not stochastic, however,
but rather reinforces trophoblast-specific patterns of gene
expression and repression. In particular, we found a set of
methylated CpG islands (CGIs) that regulate genes specific
to embryonic differentiation, and described a lineage-iden-
tifying “extraembryonic signature” based on CGI methyl-
ation profiles. In addition to genes required for embryonic
development, pluripotency genes Pou5f1 (Oct4) and Nanog
are also repressed by DNA methylation in TSCs (Hattori
et al., 2004, 2007). Moreover, Dnmt triple KO (Dnmtl1-,
Dnmt3a-, and Dnmt3b-null) TSCs display cell adhesion de-
fects (Branco et al., 2016) and misregulate the expression of
many genes, including those of the prolactin-like cluster,
Rhox genes, and several imprinted genes (Sakaue et al.,
2010). Together these data suggest that DNA methylation
functions as a transcriptional regulator in the trophoblast
lineage in vitro as well as in vivo.

The ten-eleven translocation (TET) family of Fe(II) and 2-
oxoglutatarate-dependent DNA dioxygenases catalyzes the
oxidation of 5-methylcytosine (SmC) to 5-hydroxymethy-
cytosine (ShmC) as the first step in an active
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Figure 1. Global Comparison of 5mC and 5hmC in Trophoblast Stem Cells
(A) 5hmCimmunofluorescence of TSCs in stem cell conditions ("TS", top) and after 3 days of differentiation ("TS 3 days diff", bottom). Red,
5hmC; blue, DAPI.

(legend continued on next page)
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demethylation process (He et al., 2011; Ito et al., 2011; Ta-
hiliani et al., 2009). TET proteins (TET1-3) have been exten-
sively studied in ESCs and embryonic lineages where they
are associated with the pluripotency program as well as
the regulation of key developmental genes (Wu et al.,
2018). Although their expression levels are lower in extra-
embryonic stem cells compared with ESCs, TET proteins
also play an important role in supporting the stem cell
character of TSCs. Similar to the situation in ESCs, Tet1 is
the most highly expressed member of the Tet genes in
TSCs (Chrysanthou et al., 2018). Tetl KO TSCs undergo
an epithelial-to-mesenchymal transition and exhibit adhe-
sion as well as cell-cycle defects, suggesting diverse roles for
TET1 within the trophoblast lineage. Further evidence that
Tet1 is important for trophoblast development comes from
Tetl KO mice (Dawlaty et al., 2011). These mice are viable
and have only a mild phenotype with developmental delay
apparent at embryonic day 12.5 and mutant pups appear-
ing smaller. Interestingly, tetraploid complementation
was found to rescue this phenotype, indicating a role for
Tet1 in placental development.

In this study we aimed to specifically characterize the
role of Tetl in global methylation dynamics in the
trophoblast lineage. We generated genome-wide 5hmC
and SmC profiles using methylated and hydroxymethy-
lated DNA immunoprecipitation sequencing (meDIP-seq
and hmeDIP-seq, respectively), which we analyzed along-
side TET1 chromatin immunoprecipitation sequencing
(ChIP-seq) (Chrysanthou et al.,, 2018), promoter capture
Hi-C (high-throughput chromosome conformation cap-
ture) (Schoenfelder et al.,, 2018), and RNA sequencing
(RNA-seq) data from Tetl KO TSCs (Chrysanthou et al.,

2018). We found absolute ShmC levels to be correlated
with the stem cell state and to exhibit a genomic distribu-
tion pattern similar to 5SmC, with enrichment within
genes and regulatory elements. The balance of 5mC and
ShmC, particularly at CGIs, is important for gene expres-
sion. TET1 specifically is involved in maintaining higher
levels of ShmC in a low-oxygen environment, associates
with transcriptionally active genes both directly and
through enhancer-promoter interactions, and keeps a sub-
set of key promoters and CGIs free of SmC. Overall, these
data show an important epigenetic modulatory function
of TET1 and ShmC in preserving the stem cell state of
the trophoblast compartment.

RESULTS

Global Distribution Patterns of Methylation and
Hydroxymethylation Are Similar in TSCs

We previously showed that mRNA and protein expression
of TET1 and TETZ2 is correlated with the TSC state (Chrysan-
thou et al., 2018). To determine if ShmC has the same cor-
relation we carried out immunofluorescence and mass
spectrometry on TSCs cultured in stem cell conditions
and upon differentiation for 3 days. We detected robust
staining intensity for ShmC in undifferentiated TSCs,
which was reduced upon differentiation (Figure 1A). Mass
spectrometry revealed around 0.06% of cytosines to harbor
the ShmC modification (Figure 1B). This is in contrast to
around 0.2% ShmC/C in ESCs (Figure S1A) and around
4% 5mC/C in both ESCs and TSCs (Senner et al., 2012).
The mass spectrometric analysis also showed that the level
of ShmC decreased in differentiated TSCs (Figure 1B), thus

(B) Global 5hmC levels in TS-GFP and TS-R26 lines measured by mass spectrometry, expressed as a percentage of total cytosines (n = 3).
***p < 0.0005, ****p < 0.0001 (unpaired t test).

(C) Relative enrichments of meDIP (orange) and hmeDIP (blue) sequencing reads over IgG control across different genomic features (n =3
each). Enrichments were converted to a log, scale.

(D) Scatterplot showing log, normalized read counts mapping to gene bodies from meDIP and hmeDIP-seq (n = 3 each). R, Pearson’s
correlation. Outliers corresponding to mitochondrial genes are circled.

(E) Relative enrichments of meDIP (orange) and hmeDIP (blue) sequencing reads over IgG control mapping to all genes and genes divided
into quartiles of increasing expression levels (n = 3 each).

(F) Scatterplot showing log, normalized meDIP and hmeDIP-seq (n = 3 each) read counts mapping to CpG islands (CGIs). R, Pearson’s
correlation. Divisions into 5mC-high and 5hmc-high (blue), 5mC-high and 5ShmC-low (red), 5mC-low and 5hmC-high (green), and 5mC-low
and 5hmC-low (orange) are indicated on the right-hand scatterplot. A normalized log, read count value of 4 was used as cutoff to define
“high” and “low” populations.

(G) Box-whisker plots showing expression levels (log, reads per kilobase per million mapped reads [RPKM]) of all CGI-regulated genes
(gray) and those with CGIs falling into the four CGI categories indicated in (F). RNA-seq data (n = 3) are from Chrysanthou et al. (2018).
(H) Box-whisker plots showing log, normalized read counts at all CGIs, gene-associated CGIs and intergenic CGIs from meDIP-seq (left) and
hmeDIP-seq (right) (n = 3 each).

(I) Scatterplot showing log, normalized read counts mapping to CGIs from meDIP and hmeDIP-seq (n = 3 each). Extraembryonic meth-
ylated (“extraembryonic signature”) CGIs are highlighted in blue.

(J) Box-whisker plots showing log, normalized read counts at extraembryonic methylated CGIs from meDIP-seq (left) and hmeDIP-seq
(right). n = 3 each.

See also Figure S1.
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confirming the association of ShmC with the stem cell
state in trophoblast.

To compare the global distribution of both 5SmC and
ShmC, we carried out meDIP-seq and hmeDIP-seq in
TSCs. While absolute levels of 5mC and ShmC are quite
different, the overall distribution patterns were similar (Fig-
ure S1B), consistent with SmC being the substrate for
ShmC. When investigating individual genomic features,
we found both modifications to be enriched in regulatory
elements, such as CGIs (Illingworth et al., 2010), promoters
(—1 kb to +100 bp around transcriptional start sites) and
TSC enhancers (Schoenfelder et al., 2018), and depleted
in intergenic regions (Figures 1C, S1C, and S1D). This is
consistent with previous data for SmC in TSCs (Senner
et al., 2012) and for ShmC in other cell types (Ficz et al.,
2011; Pastor et al., 2011; Williams et al., 2011; Wu et al.,
2011a).

We then investigated features that were differentially
enriched for SmC or ShmC. We found a higher level of
enrichment of SmC than ShmC within genes, especially
exons (Figure 1C). Despite the enrichment difference,
however, the correlation of both modifications was still
high: where one modification was abundant, the other
one was also enriched. This was evident when normalized
read counts of 5SmC and ShmC over genes were compared
(Figure 1D). We noted only a small group of outlier genes
with a higher ShmC:5mC ratio that corresponded to
mitochondrial genes. Both 5mC and ShmC have been re-
ported in both mouse and human mitochondrial DNA
(Shock et al., 2011). The relatively high abundance of
ShmC suggests dynamic regulation of mitochondrial
genes in TSCs.

When genes were divided into quartiles depending on
their level of transcription and these groups assessed for rela-
tive enrichment of SmC and ShmC, we found that genes
with no or very low expression were largely devoid of either
modification (Figure 1E). The enrichment of both SmC and
ShmC increased through the second and third quartiles.
Interestingly, in the fourth quartile, representing the most
highly expressed genes, SmC enrichment remained high,
whereas ShmC enrichment decreased. While SmC-enrich-
ment over gene bodies has been previously shown to be
correlated with active transcription (Varley et al., 2013),
this finding is in contrast to reports of ShmC over gene
bodies correlating with gene expression (Wu et al., 2011a).
Indeed, we did not detect appreciable differences in expres-
sion levels of genes whose exons were either consistently en-
riched in 5mC or ShmC (Figure S1E).

DNA Methylation to Hydroxymethylation Ratio at
CGlIs Correlates with Gene Expression

Since CGI methylation patterns are a particularly distinc-
tive feature of stem cells (Senner et al., 2012), we examined
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how 5mC and ShmC compare at CGIs in TSCs (Figure 1F).
Plotting enrichment levels of ShmC against 5SmC identified
two distinct populations of CGIs, one that exhibited high
levels of 5SmC with varying levels of ShmC, and another
with high levels of ShmC with varying levels of 5mC. We
separated the CGIs into four groups according to their
SmC:5hmC ratio, using a log, normalized read count of 4
to divide the data into the “high” and “low” groups indi-
cated on the scatterplot (Figure 1F). Genes associated
with low SmC and high ShmC were most highly expressed
while those with high SmC and low ShmC displayed lower
levels of transcription (Figure 1G). This correlation had pre-
viously been described for promoters in ESCs (Ficz et al.,
2011), and reflects a rapid turnover of methylation at
actively transcribed genes. To further confirm this, we
assessed the relative levels of 5SmC and ShmC at gene-asso-
ciated (within a gene body +2 kb) versus intergenic CGIs
where more stable silencing may be expected. Indeed, we
found intergenic CGIs to have higher 5SmC and lower
ShmC levels than gene-associated CGIs (Figures 1H and
S1F). Similarly, our previously described extraembryonic
signature CGls, which are commonly associated with em-
bryonic genes that are stably silenced in extraembryonic
stem cell types, displayed relatively high enrichment of
SmC and relatively low enrichment of ShmC (Figures 11
and 1J), consistent with their repressive function in TSCs.

Hydroxymethylation Is Reduced in Differentiating
TSCs

TSC differentiation is associated with a loss in ShmC (Fig-
ures 1A and 1B). To determine where in the genome this
depletion occurred, we carried out hmeDIP-seq on TSCs
in stem cell conditions (TS) and upon 3 days of differentia-
tion (TS Diff). The resulting profiles were very similar to
those generated in the previous experiment described in
Figure 1 (Figure S2). While the distribution of ShmC re-
mained broadly similar across the genome, the loss of
ShmC appeared to specifically occur at CGIs (Figures 2A
and 2B). Genes associated with CGIs that lost the most
ShmC (Table S1) were significantly enriched for gene
ontology (GO) terms such as DNA-binding, homeobox,
and transcriptional regulation, as well as glycoprotein (Fig-
ure 2C; Huang et al., 2009). These genes also had modestly
lower levels of transcription in differentiated TSCs (Fig-
ure 2D). Together, these epigenetic changes may underpin
the shifting transcriptional circuitry as TSCs exit the stem
cell state and differentiate.

While globally, ShmC enrichment levels at CGIs were
not strongly correlated with transcriptional activity of asso-
ciated genes, there were a few notable exceptions (Figures
2E and S3A). Cdx2, a core TSC transcription factor known
to be downregulated early in TSC differentiation (Tanaka
et al.,, 1998; Latos et al., 2015a; Lee et al., 2019), lost
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Figure 2. Comparison of 5hmC Levels and Distribution in Undifferentiated and Differentiated TSCs
(A) Relative enrichments of hmeDIP sequencing reads from TSCs ("TS", orange) and 3-day differentiated TSCs ("TS Diff", light orange) over
IgG pull-down controls across different genomic features (n = 2 each). Enrichments were converted to a log, scale.

(legend continued on next page)
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ShmC from a CGI associated with a putative 3’-enhancer in
differentiated TSCs (Watts et al., 2011). Interestingly, deple-
tion of ShmC was also observed at Lefty2, a transcription
factor that is similarly downregulated upon TSC differenti-
ation (Latos et al., 2015a) and indeed is one of the most
strongly downregulated genes in Tetl KO TSCs (Chrysan-
thou et al., 2018) (Figure 2E). Conversely, Nripl, a gene
involved in placental maturation (Sober et al., 2015), and
Trpm6 expressed in syncytiotrophoblast (Suzuki et al.,
2017), both gained ShmC at CGIs in line with an increase
in their transcription levels upon differentiation. To further
investigate potential changes in SmC at these loci, we car-
ried out meDIP-qPCR in TSCs and those differentiated in
culture for 3 days. As expected, Lefty2 significantly gained
SmC (Figure 2F) upon differentiation, in line with a shift-
ing ShmC:5mC ratio in favor of methylation, associated
with gene repression. The other three loci exhibited no sta-
tistically significant changes in 5mC (Figure S3B). This
observation is consistent with CGI hydroxymethylation
being more sensitively regulated with transcriptional activ-
ity than methylation. Even in the absence of notable SmC
changes, alterations in ShmC still alter the ratio of the two
marks and hence are, in combination, an important modu-
lator of gene activity.

Low-Oxygen Conditions Maintain Higher Levels of
Hydroxymethylation in TSCs

We previously reported that trophoblast tissue from embry-
onic day 7.5 had higher levels of ShmC than TSCs in cul-
ture (Senner et al., 2012). We hypothesized that this may
be due to the lower-oxygen environment of the developing
trophoblast before the establishment of placental circula-
tion (around 3%). Since TET catalytic activity is dependent
on Fe(Il) and hence a reducing environment (Ponnaluri
et al., 2013), we tested the effect of oxygen tension on
ShmC levels and distribution specifically in TSCs. TSCs
exposed to low-oxygen (5%) conditions exhibited signifi-
cantly higher amounts of ShmC both in the TSC state
and upon differentiation (Figure 3A). Indeed, 5% O, pre-
served ShmC levels in differentiating conditions at levels

more similar to those of undifferentiated TSCs grown in
standard 20% O, conditions. The increased levels of
S5hmC were correlated with higher expression of Tet1 and
Tet2 at both the RNA and protein levels (Figures 3B and
S4A-S4C). This low-oxygen-dependent increase in ShmC
was not observed in Tetl KO TSCs, suggesting that TET1
was the main activity conferring the increased ShmcC levels
in 5% O, (Figure 3C). Further to this, an increase in the nu-
clear:cytoplasmic ratio of TET1 protein was observed in
low-oxygen conditions, indicative of a greater nuclear
availability of enzyme to catalyze the conversion of 5SmC
to ShmC in 5% O, (Figure S4D).

We then carried out hmeDIP-seq to assess where in the
genome S5hmC levels were increased in 5% O,. CGIs, pro-
moters, enhancers, and exons all became more enriched
for ShmC (Figure 3D). This increase seemed to be global
(Figure S4E) without many significant outliers. However,
those CGIs that lost the most ShmC upon TSC differenti-
ation in 20% O, (Figure 2B) retained ShmC levels in 5%
O, that were more similar to those in undifferentiated
TSCs (Figure 3E). Indeed, hierarchical clustering of CGI
ShmC enrichment indicated that TS Diff at 5% O, were
more similar to undifferentiated TSCs than to TS Diff at
20% O, (Figure 3F). Although TSC transcription factors
Cdx2, Eomes, EIf5, and Esrrb were downregulated appropri-
ately in 5% O,, terminal differentiation markers Tpbpa,
Prl3d1, Prl7al, Prl4al, Prl2al, SynA, and SynB were not up-
regulated to the same extent in 5% O, compared with
normoxic conditions (Figure 3G). While these differentia-
tion markers are not direct targets of ShmC, their attenu-
ated upregulation is likely a secondary consequence of the
persistent ShmC marks at stem cell state-associated tran-
scription factors (Figures 2C and 2D). Gem1, an early syn-
cytiotrophoblast marker that usually peaks after 1-2 days
of differentiation (Anson-Cartwright et al., 2000), re-
mained more highly expressed in TS Diff at 5% versus
TS Diff at 20% (Figure 3G), as expected if differentiation
was delayed. Overall, these data suggest that the process
of differentiation may be slowed down in 5% O, due to
increased TET1 and ShmC levels.

(B) Scatterplot showing log, normalized hmeDIP-seq read counts mapping to CGIs in TSCs and 3-day differentiated TSCs (n = 2 each). An
intensity difference filter was applied using SeqMonk software to identify significant differences (blue). R, Pearson’s correlation.

(C) Gene ontology analysis of genes associated with CGIs that lose 5hmCin differentiated TSCs. Gene-associated CGIs were defined as being
within 1 kb upstream of the transcription start site or falling within the gene body. Analysis was carried out using DAVID (Huang et al.,
2009

(D) Box-whisker plots showing expression levels (log, RPKM) determined by RNA-seq (n = 1) of genes associated with CGIs that lose 5hmC
in differentiated TSCs.

(E) Examples of hmeDIP-seq enrichment (n = 2) across genes that are downregulated upon loss of 5hmC (Cdx2, Lefty2) or conversely that
are upregulated with a gain of 5hmC (Nrip1, Trpmé6) upon TS differentiation.

(F) meDIP-gPCR experiment showing gain of methylation at the Lefty2 CGI in differentiated TSCs. Data are mean + SEM (n = 3). *p < 0.05
(unpaired t test). KvDMR was used as a control region.

See also Figures S2 and S3.
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Figure 3. Changes in 5hmC Levels and Distribution at 5% Oxygen

(A) Global 5hmC levels as measured by mass spectrometry in two TSC lines (TS-GFP and TS-R26) in the stem cell state and upon differ-
entiation for 3 days (Diff) at 20% and 5% 0, (n = 3 each). 5hmC levels are expressed as a percentage of 5hmC detected in undifferentiated
TSCs at 20% 0,. *p < 0.05, **p < 0.005 (unpaired t test).

(legend continued on next page)
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TET1 Associates with Active Genes

To better understand how TET1 regulates the TSC state, we
assessed TET1 binding patterns (ChIP-seq) in TSCs and iden-
tified 6,331 TET1 peaks, three-quarters of which were associ-
ated with a gene (+2 kb) (Figure 4A). As expected, TET1 peaks
were enriched for ShmC and depleted in 5SmC (Figure 4B).
Intriguingly, almost two-thirds of all TET1 peaks overlapped
with TFAP2C binding sites (Figure 4C). The gene-associated
TET1 peaks also extensively overlapped with the active his-
tone modification H3K4me3 but showed very little overlap
with repressive marks H3K27me3 and H3K9me3 (Figure 4D)
(Chuong et al., 2013). Consistent with this, TET1-associated
genes (i.e., genes with a TET1 peak within the gene body +2
kb) were more highly expressed than average (Figure 4E).
Thus, it appears that TET1 is predominantly associated
with active genes in TSCs. TET1-bound genes in TSCs were
enriched for GO terms, such as transcription, cell cycle,
cell-cell adherens junction, and zinc finger (Figure 4F),
consistent with the recognized role of TET1 in the regulation
of the TSC cycle, EMT, and the trophoblast stem cell state
(Chrysanthou et al., 2018). We also specifically noted that
all of our previously described “gatekeeper” genes, whose
differential promoter methylation constitutes an epigenetic
barrier between the trophoblast and embryonic lineages (Ng
et al., 2008; Cambuli et al., 2014), harbored TET1 peaks in
their hypomethylated regions, indicating that TET1 plays
a role in maintaining their expression in the trophoblast
lineage (Figures 4G, SSA, and S5B). This role is likely to be
more modulatory than essential as only EIf5 is differentially
expressed in Tetl KO TSCs (Chrysanthou et al., 2018). In
fact, of more than 4,000 TET1-bound genes, only 56 were
differentially expressed in Tetl KO TSCs (Figure S5C). This
may in part be due to our high stringency peak calling,
but is also consistent with a previous study reporting mini-
mal gene expression changes upon deletion of Tet1 in extra-
embryonic ectoderm (Khoueiry et al.,, 2017). Among the
TET1-bound genes that were differentially expressed was

Cdh1 as described above and the key trophoblast transcrip-
tion factor Gata3.

Intergenic TET1 Is Associated with Extensive Promoter
Interactions

One-quarter of TET1 peaks were located in intergenic re-
gions (Figure 4A). These intergenic peaks overlapped exten-
sively with enhancer marks H3K4mel and H3K27ac
(Chuong et al., 2013) (Figure 5A). To determine if these in-
tergenic TET1 peaks may be TSC-specific enhancers, we
incorporated previously published TET1 ChIP-seq data
from ESCs (Williams et al., 2011) into our analysis. Using
the same peak calling parameters as for the TSC data, we
identified 89,074 TET1 peaks in ESCs of which a similar
proportion, just over a quarter, mapped to intergenic re-
gions (Figure S5D). Two-thirds of the TET1 peaks found
in TSCs were shared with those in ESCs, whereas the re-
maining third (1,921/6,331) was only found in TSCs. This
collection of TSC-specific TET1 peaks was disproportion-
ately enriched in intergenic regions (Figure 5B). We
then looked for interactions between these TSC-specific
intergenic sites and promoters in our recently published
promoter capture Hi-C dataset (Schoenfelder et al., 2018),
and identified 1,041 interacting promoters (Table S2).
These fell into three categories (Figure 5C): (1) those
conserved between ESCs and TSCs, such as the Mir290-5
cluster, (2) those where the intergenic site is involved in
promoter interactions in both ESCs and TSCs but addi-
tional or alternative promoter interactions are present in
TSCs, such as the Arl4c promoter, and (3) those that were
entirely unique to TSCs, such as the Gata3 and Zfp706 pro-
moters (Figure 5D). Interestingly Arl4c is downregulated in
Tet]l KO TSCs, indicating a direct regulation through this
promoter-enhancer interaction. Gata3 is also downregu-
lated in Tetl KO TSCs. Gata3, therefore, appears to be
regulated by TET1 directly both by TET1 binding to its pro-
moter and through this enhancer-promoter interaction.

(B) RNA-seq data showing differences in TetI expression levels in TSCs ("TS") at 20% and 5% 0,, and TSCs differentiated for 3 days ("TS
Diff") at 20% 0, and 5% 0, (n = 1 each).

(C) Global 5hmC levels, measured by mass spectrometry, in empty vector control TSCs and Tet1 KO TSCs generated by CRISPR (Chrysanthou
et al., 2018) cultured at 20% and 5% 0, (n = 3 each). 5hmC levels are expressed as a percentage of the 5hmC amount detected in vector
controls at 20% 0,. *p < 0.05 (unpaired t test).

(D) Relative enrichment of 5hmC across different genomic features in TSCs grown at 20% (orange) and 5% 0, (light orange), and after
3 days differentiation at 20% (red) and 5% 0, (pink). hmeDIP-seq: n = 2 each. Enrichments were converted to a log, scale.

(E) Box-whisker plot showing log, normalized RNA-seq read counts over CGIs that lose 5hmCin TSCs differentiated for 3 days at 20% 0, as
described in Figure 2. The box-whisker plot shows data from TSCs at 20% 0, and from TSCs differentiated for 3 days at 20% and 5% 0, (n=1
each).

(F) Data store tree diagram based on a Pearson’s correlation distance matrix of hmeDIP-seq reads mapping to CGIs in TSCs at 20% O, and
after 3 days differentiation in 20% and 5% 0,.

(G) Heatmap of RNA-seq data showing expression levels (log, RPKM) of TSC markers (Cdx2, Eomes, Elf5, Esrrb), giant cell markers (Tpbpa,
prolactin-like genes) and syncytiotrophoblast markers (Gcm1, SynA, SynB) in TSCs at 20% 0,, TSCs differentiated for 3 days at 20% 0,, and
TSCs differentiated for 3 days at 5% 0, (n = 1 each).

See also Figure S4.
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Figure 4. Analysis of TET1 ChIP-Seq Data

(A) Pie chart showing 6331 TET1 ChIP-seq (n = 3) peaks in TSCs (Chrysanthou et al., 2018), of which 4,745 were gene-associated (+ 2 kb of
a gene) and 1,574 intergenic.

(B) Relative enrichments of meDIP and hmeDIP sequencing reads over IgG controls mapping to TET1 peaks (n = 3 each). Enrichments were
converted to a log, scale.

(C) Venn diagram showing overlap of TET1 and TFAP2C peaks.

(D) Sunburst diagram showing overlap of gene-associated TET1 peaks with active histone modification H3K4me3, and repressive modi-
fications H3K9me3 and H3K27me3.

(E) Box-whisker plot showing expression (log, RPKM, n = 3) of all genes, genes with TET1 peaks in the promoter, in the gene body, and all
TET1-associated genes combined.

(F) Gene ontology analysis of TET1-associated genes. Analysis was carried out using DAVID (Huang et al., 2009).

(G) TET1 peaks at the hypomethylated Elf5 locus as an example of TET1 binding to “gatekeeper” genes.

See also Figure S5.

Gain of 5SmC in Tet1-Deficient TSCs Identifies Novel Tet1 KOs (Figures 6A and S6A). We reasoned that if a gene
Candidate Trophoblast Regulators was regulated by TET1, its regulatory regions may exhibit
To further understand how TET1 binding may contribute increased 5SmC levels in the TetI-null situation. We there-
to the regulation of gene expression in the trophoblastline-  fore screened for CGIs and promoters that gained SmC in
age, we carried out meDIP-seq and hmeDIP-seq in Tetl KO the TetI KOs (Figures 6B and S6B). Among these, two genes,
TSCs. The distribution of ShmC was largely unchanged in  Sfnand Zfp382, stood out because they both gained 5SmC at

Stem Cell Reports | Vol. 14| 1-16 | November 10,2020 9

;O‘
(&



[/ W Please cite this article in press as: Senner et al., TET1 and 5-Hydroxymethylation Preserve the Stem Cell State of Mouse Trophoblast, Stem
p ’ Cell Reports (2020), https://doi.org/10.1016/j.stemcr.2020.04.009

N’/
(=

A B C
100 1043 promoters
=3 TS Specific
80— B ESandTS
e
3
S W TET1 o 60
|_
W H3K27ac X
20
0- B ES and TS conserved
gene intergenic 3 TS additional/alternative
associated 1 TS specific
D
Chromosome 7 Chromosome 1
3160000 3190000 3220000 3250000 3280000 3310000 88510000 88570000 88630000 88690000
ES HiC \\/ S
TS HiC N—~ =z
0.78 0.57
= TS TET1 ChIP
o
o
0 0.09
TET1peaks || || | | |
<AU018091 Mir290-5> <NIirp12 Myadm> Prkcg> <Glp1 Gm19589> <Arl4c
Chromosome 2 Chromosome 15
9808000 9828000 9848000 9868000 9888000 9908000 36980000 37010000 37040000 37070000 37100000
ES HIiC
TS HiC
~_— /
< 0861 TS TET1 ChiP 096
o
[h4
0.08 TET1 0
TETL | I I+H|
<Gata3 <Zfp706

Figure 5. Analysis of Intergenic TET1 Peaks

(A) Sunburst diagram showing overlap of intergenic TET1 peaks with enhancer-associated histone modifications H3K4me1 and H3K27Ac.
(B) Graph showing the percentage of TSC-specific TET1 peaks, and TET1 peaks that are common to ESCs ("ES") and TSCs ("TS"), that are
gene-associated or intergenic. TET1 ChIP-seq data from ESCs was from Williams et al. (2011) (n = 2).

(C) Pie chart showing proportions of different types of intergenic TET1 peak interactions derived from promoter capture Hi-C data
(Schoenfelder et al., 2018): those conserved between ESCs and TSCs, those where the intergenic site is involved in promoterinteractions in
both ESCs and TSCs but additional or alternative promoter interactions are present in TSCs, and those that were entirely unique to TSCs.

(legend continued on next page)
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specific CGIs (Figure 6C), and because of their expression
pattern in KO TSCs: Sfn, also known as 14-3-3 sigma, was
significantly downregulated in Tet1 KO TSCs (Chrysanthou
et al., 2018 and Figure S4C). Zfp382 contains a TET1 peak
and was also downregulated to some extent in Tetl KO
TSCs, albeit not significantly (Figure S6C). It is likely, there-
fore, that TET1 directly regulates both Sfin and Zfp382 in
TSCs, and suggests previously undiscovered roles for these
two genes in trophoblast biology. It should be noted that
the gain of methylation at Zfp382 was observed in only
two out of three of our replicates (Figure S6D), indicating
that the generation of KO clones resulted in some epige-
netic variability and/or that other factors are involved in
keeping this CGI free of methylation. Sfin and Zfp382 ex-
hibited distinct expression patterns (Figure 6D). Sfin expres-
sion was maintained during TSC differentiation, pointing
to a role in both the stem cell state and in differentiating
trophoblast. In contrast, Zfp382 expression was rapidly
downregulated after only 4 h in differentiating conditions,
implicating this zinc-finger protein in the maintenance of
the undifferentiated TSC state. Overall, these examples
highlight the power of our approaches to identify putative
novel regulators of mouse TSC biology.

DISCUSSION

In this study, we describe the distribution of 5SmC and
S5hmC in TSCs. Much like in ESCs, both modifications
were enriched in regulatory elements and within gene
bodies. Enrichment of 5mC was greater within gene bodies
than ShmC. Gene body methylation has been extensively
described in ESCs (Lister et al., 2009) where it is believed to
facilitate splicing or to prevent aberrant initiation of
transcription (Greenberg and Bourc’his, 2019). The
comparatively lower levels of ShmC imply that gene
body methylation is relatively stable. Conversely, hydroxy-
methylation was more highly enriched in CGIs, promoters,
and enhancers, suggesting a more dynamic regulation of
DNA methylation at these regulatory genomic features
with frequent turnover of the modification by TET en-
zymes. At CGIs, the balance of 5mC and ShmC correlated
with transcription levels of the associated genes, where
low SmC and high ShmC correlated with higher expres-
sion levels, whereas high SmC and low ShmC was indica-
tive of silent or lowly expressed genes. Furthermore, CGIs
not associated with active transcription, such as intergenic

CGlIs and CGIs known to be highly methylated in extraem-
bryonic lineages (Senner et al., 2012), exhibited a higher
enrichment of SmC and a lower abundance ShmC.

Like Tetl expression (Chrysanthou et al., 2018), we
found that the absolute abundance of ShmC was associated
with the TSC state, with levels dropping to about 40%-50%
upon differentiation for only 3 days in culture. This is
perhaps to be expected as dynamic regulation of the
methylation landscape would be necessary in a multipo-
tent cell type, but then becomes less crucial as cells differ-
entiate and gene expression patterns become fixed.

Interestingly, culturing cells in 5% O, during differentia-
tion maintained ShmC levels and seemed to delay the
differentiation process. The higher levels of ShmC levels in
5% O, may be due to an increased pool of Fe(Il), higher levels
of TET1 mRNA and protein levels, or indeed the higher nu-
clear:cytoplasmicratio of TET1 in TSCs cultured in 5% versus
20% O, Although the low-oxygen environment did not pre-
vent the downregulation of critical stem cell transcription
factors, it seemed to delay the upregulation in particular of
trophoblast giant cell differentiation markers. Culture in
low-oxygen conditions may indeed better reflect the situa-
tion in vivo where O, levels in the developing trophoblast
compartment are around 3% before the establishment of
feto-maternal blood flow in the placenta. The slower differ-
entiation rate in the lower O, environment may allow the
TSC pool to sufficiently expand before differentiation.

We further found that genes associated with a TET1 peak
were on average more highly expressed and that these TET1
peaks overlapped extensively with the active histone modi-
fication H3K4me3, while there was almost no overlap with
repressive marks H3K9me3 or H3K27me3. This is in stark
contrast to the results of the TET1 ChIP-seq in ESCs (Wil-
liams et al., 2011; Wu et al., 2011b) where TET1 peaks
were detected at both active and repressed genes. In
epiblast cells, TET1 was even shown to repress a majority
of target genes (Khoueiry et al.,, 2017). Furthermore, in
ESCs TET1 associates with Polycomb group proteins and
is found at bivalent genes marked by both H3K27me3
and H3K4me3. TSCs have little H3K27me3 and hence biva-
lently marked regions are not a frequent occurrence (Alder
etal., 2010; Rugg-Gunn et al., 2010). Together, these results
suggest that the TET1 protein does not have the same
repressive functions in the trophoblast lineage perhaps
due to differing interacting partners in this context. We
found extensive overlap of TET1 peaks with previously
identified TFAP2C peaks (Latos et al., 2015b). It has been

(D) Examples of intergenic TET1 peak interactions. Interactions at the Mir290-5 cluster (top left) are conserved between ESCs and TSCs.
Interactions at the Arl4c locus (top right) include some that are present in ESCs and TSCs but additional promoter interactions are present
in TSCs. Interactions shown at the Gata3 (bottom left) and Zfp706 (bottom right) promoters are unique to TSCs. TET1 peaks are indicated by
the gray bars; yellow shaded boxes indicate interacting restriction fragments of the Hi-C analysis.

See also Figure S5.
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Figure 6. 5mC and 5hmC Distribution in Tet1 KO Trophoblast Stem Cells

(A) Relative enrichments of meDIP vector control (orange), meDIP TetI KO (light orange), hmeDIP vector control (dark blue), and hmeDIP
Tet1 KO (light blue) sequencing reads, normalized to IgG control and expressed as log, transformed values, across different genomic
features (n = 3 each).

(legend continued on next page)
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suggested that pioneer transcription factors can recruit TET
proteins to particular loci (Lio et al., 2016; Yang et al.,
2016). It is tempting to speculate that TFAP2C may recruit
TET1 to maintain the hypomethylated state of key regula-
tory elements in TSCs.

Perhaps most importantly, we found that intergenic TET1
peaks had extensive overlap with enhancer marks H3K4me1l
and H3K27ac, many of which were only observed in TSCs
and not in ESCs, leading us to postulate that these may
constitute trophoblast enhancers. We found that while
some of these putative enhancer-promoter interactions are
shared with ESCs, others are unique to TSCs and may reveal
genes with important roles in the trophoblast lineage, as
exemplified by Gata3. We previously found that enhancers
bound by TET1 were strongly associated with a higher
TSC:ESC expression ratio from interacting promoters.
Further there was an association of TET1 bound enhancers
with genes that are expressed in TSCs and are then downre-
gulated upon differentiation (Schoenfelder et al., 2018).

Together, these data suggest that TET1 is involved in
modulating gene expression in TSCs both directly at the
promoter and through longer-range enhancer-promoter
interactions in a TSC-specific manner. Indeed, Gata3 is an
example of a single gene that appears to be regulated in
this way. Moreover, we identify two genes, Sfin and
Zfp382, as examples where TET1 seems to be directly
required to maintain a low methylation state at their regu-
latory CGIs, to ensure high expression levels of both genes
in the TSC state.

Taken together, here we describe the regulatory functions
of 5ShmC and TET1 in TSCs. Although 5hmC is less abun-
dant globally in TSCs than in ESCs, we show that it intro-
duces an important layer of gene modulation that is critical
to maintain the stem cell state in the trophoblast compart-
ment, in particular through its role in demarcating tropho-
blast-specific promoter and enhancer sites.

EXPERIMENTAL PROCEDURES

Materials Availability

All reagents used throughout this study are detailed in the
Experimental Procedures. Detailed protocols are available upon
request.

Resource Availability

Data and Code Availability

All high-throughput sequencing data have been deposited with
the GEO under accession number GEO: GSE139049. Additional
datasets used in this study are detailed in Table S3.

TSC Culture

TSC lines used were blastocyst-derived TS-Rs26 and TS-GFP (a kind
gift of the Rossant lab, Toronto, Canada), as well as TetI CRISPR KO
and corresponding vector control cell lines (Chrysanthou et al.,
2018). TSCs were cultured in routine conditions (Senner et al.,
2012; Tanaka et al., 1998). Throughout, “n” denotes independent
samples/experiments.

Immunofluorescence

TSCs were grown on coverslips, fixed with 4% paraformaldehyde
for 10 min and permeabilized with PBS/0.1% Triton X-100 for
15 min. Further details on staining procedure are provided in the
Supplemental Information. Antibodies used were anti-5ShmC
(Active Motif, 39769) at 1:2,000 dilution, and anti-TET1 (GeneTex,
GTX125888) diluted 1:750. Primary antibodies were detected with
anti-rabbit Alexa Fluor 568 (Thermo Fisher Scientific, diluted
1:500). Nuclei were counter-stained with DAPI.

Mass Spectrometry

Genomic DNA was digested using DNA Degradase Plus (Zymo
Research) according to the manufacturer’s instructions and
analyzed on a Q-Exactive mass spectrometer (Thermo Scientific)
fitted with a nanoelectrospray ion-source (Proxeo). Mass spectral
data for C, 5SmC, and ShmC were acquired in high-resolution
full-scan mode, and also in selected reaction monitoring (SRM)
mode. SRM data, monitoring the transitions 228 — 112.0505
(C), 242 — 126.0662 (5mC), and 258 — 142.0611 (ShmC), were
generated by higher-energy collisional dissociation fragmentation
using a 1-mass unit parent ion isolation window, a relative colli-
sion energy of 10%. Peak areas for the fragment ions were obtained
from extracted ion chromatograms of the relevant scans and
quantified by external calibration relative to synthetic standards
2'-deoxycytidine (Sigma), and 5-methyl- and 5-hydroxymethyl-
2'-deoxycytidine (Berry & Associates). Samples were analyzed in
triplicate.

meDIP-Seq and hmeDIP-Seq

MeDIP-seq and hmeDIP-seq was carried out as described previ-
ously (Ficz et al., 2011; Senner et al., 2012). In brief, purified
genomic DNA was sonicated to yield 150- to 600-bp fragments,
and adaptors for paired-end sequencing (Illumina) were ligated

(B) Scatterplot showing log, normalized meDIP-seq read counts mapping to CGIs in vector control and Tet KO TSCs (n = 3 each). CGIs

associated with Sfn and Zfp382 are circled.

(C) meDIP-seq reads mapping to the Sfn and Zfp382 loci in vector controls and Tet1 KO TSCs (n = 3 each).

(D) RT-gPCR of Sfn in undifferentiated TSCs and TSCs differentiated for 3 and 6 days. Expression is normalized to housekeeping genes Sdha
and Dynein with the undifferentiated time point set to 1. Data are mean + S.E.M. (n = 3).

(E) RT-gPCR of Zfp382 in undifferentiated TSCs and TSCs differentiated for 4, 8, and 24 h. Expression is normalized to housekeeping genes
Sdha and Gapdh with the undifferentiated time point set to 1. Data are mean + SEM (n = 3).

See also Figure S6.
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using NEBNext DNA Sample Prep Reagent Set 1 (New England Bio-
labs). Immunoprecipitations were carried out using 500 ng DNA
per sample, 1.25 pg anti-5SmC antibody (Eurogentec BI-MECY-
0100) or anti-5ShmC antibody (Active Motif, 39769), and 10 uL Dy-
nabeads coupled with M-280 sheep anti-mouse immunoglobulin
G or Protein G (Invitrogen). Pulled down DNA was amplified for
12 (meDIP) or 15 (hmeDIP) cycles with adapter-specific indexed
primers. Final clean-up and size selection was carried out with AM-
Pure-XP SPRI beads (Beckman Coulter). Libraries were quantified
and assessed using the Kapa Library Quantification Kit (Kapa Bio-
systems) and Bioanalyzer 2100 System (Agilent). Indexed libraries
were sequenced (50-bp paired-end) on an Illumina HiSeq 2500
sequencer. Raw FASTq data were trimmed with TrimGalore, using
default parameters, and mapped to the Mus musculus GRCm38
genome assembly using Bowtie2 v.2.2.6, allowing only a single
hit per read and guided by gene models from Ensembl v.61. Data
analysis was carried out using SeqMonk software (www.
bioinformatics.babraham.ac.uk).

RNA-Seq

Total RNA was extracted using TRI Reagent (Sigma), followed by
DNase treatment using the TURBO-DNA-free Kit (Life Technologies).
mRNA was isolated using the Dynabeads mRNA Purification Kit (Life
Technologies) and processed into indexed, strand-specific libraries
using the ScriptSeq v.2 RNA-Seq Library Preparation Kit (Epicentre).
Libraries were quantified and assessed using the Kapa Library Quan-
tification Kit (Kapa Biosystems) and Bioanalyzer 2100 System (Agi-
lent). Indexed libraries were sequenced with a 100-bp single-end pro-
tocol on an Illumina HiSeq 2500 sequencer. Raw FASTq data were
trimmed with TrimGalore, using default parameters, and mapped
to the Mus musculus GRCm38 genome assembly using TopHat
v.2.0.12. Data were quantitated using the RNA-seq quantitation
pipeline in SeqMonk software (www.bioinformatics.babraham.ac.
uk). For all analyses we excluded some extreme outliers which we
believe to be mapping artifacts and a small region on chromosome
11, which is deleted in the TS-Rs26 cell line.

Real-Time qPCR

Total RNA was extracted using TRIzol reagent (Invitrogen). cDNA
synthesis was typically performed on 2 pg RNA with RevertAid
M-MuLV Reverse Transcriptase (Fermentas) according to the man-
ufacturer’s instructions. Real-time qPCR was carried out using
SYBR Green JumpStart ReadyMix (Sigma) on a Bio-Rad CFX96
Real-Time PCR Detection System. Data were normalized against
housekeeping reference genes Sdha, Dynein, or Gapdh. Primer in-
formation is provided in the Supplemental Experimental
Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2020.04.009.
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