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The establishment of cell fates involves alterations of transcription factor repertoires and repurposing of tran-
scription factors by post-translational modifications. In embryonic stem cells (ESCs), the chromatin organizers
SATB2 and SATB1 balance pluripotency and differentiation by activating and repressing pluripotency genes, re-
spectively. Here, we show that conditional Satb2 gene inactivation weakens ESC pluripotency, and we identify
SUMO2 modification of SATB2 by the E3 ligase ZFP451 as a potential driver of ESC differentiation. Mutations of
two SUMO-acceptor lysines of Sath2 (Satb2X = ¥) or knockout of Zfp451 impair the ability of ESCs to silence plu-
ripotency genes and activate differentiation-associated genes in response to retinoic acid (RA) treatment. Notably,
the forced expression of a SUMO2-SATB2 fusion protein in either Sath2X ~ X or Zfp451~/~ ESCs rescues, in part,
their impaired differentiation potential and enhances the down-regulation of Nanog. The differentiation defect of

Satb2X ~ R ESCs correlates with altered higher-order chromatin interactions relative to Satb2"* ESCs. Upon RA
treatment of Satb2™" ESCs, SATB2 interacts with ZFP451 and the LSD1/CoREST complex and gains binding at
differentiation genes, which is not observed in RA-treated Satb2X ~ X cells. Thus, SATB2 SUMOylation may con-
tribute to the rewiring of transcriptional networks and the chromatin interactome of ESCs in the transition of

pluripotency to differentiation.
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Embryonic stem cells (ESCs) are unique in their ability to
differentiate into precursors of all three germ layers in re-
sponse to external signals and cell-intrinsic cues (for re-
view, see Martello and Smith 2014). The pluripotency of
ESCs exist in three forms, termed naive, formative, and
primed, that represent distinct states toward lineage spec-
ification and differentiation (Smith 2017). Naive, ground-
state ESCs represent naive preimplantation epiblasts. The
formative state corresponds to early postimplantation epi-
blasts and characterizes ESCs before they remodel tran-
scriptional, epigenetic, and metabolic networks for
transit to the primed state in which ESCs acquire the ex-
pression of lineage-specifying factors and become respon-
sive to differentiation cues (Weinberger et al. 2016; Kalkan
et al. 2017; Smith 2017; Neagu et al. 2020). Primed state
ESCs coexpress pluripotency and lineage-specifying tran-
scription factors and are represented by epiblast-derived
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stem cells (EpiSCs), which have a reduced potential of
chimera formation (Nichols and Smith 2009; Han et al.
2010). General pluripotency of ESCs is defined by the tran-
scription factors (TFs) OCT4 (Pou5f1), SOX2, and SALL4,
whereas naive pluripotency involves the additional ex-
pression of NANOG, KLF2, KLF4, ESRRB, and TBX3 (Kal-
kan et al. 2017, 2019). Formative pluripotency requires
the down-regulation of naive pluripotency factors and
the expression of OTX2, OCT6 (Pou3fl), FGF5, and LEF1
(Acampora et al. 2016; Kalkan et al. 2019). Primed ESCs
express the lineage-specifying factors FOXA2, SOX1, and
Brachyury (T) (Nichols and Smith 2009; Hackett and Sur-
ani 2014).

NANOG plays an important role in ESC self-renewal by
enabling the acquisition of both embryonic and induced
pluripotency (Chambers et al. 2003; Mitsui et al. 2003;
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Silva et al. 2009). Fluctuations of NANOG expression in
ESCs, cultured in serum plus leukemia inhibitory factor
(LIF), are associated with an altered predisposition to
differentiate (Chambers et al. 2007; Torres-Padilla and
Chambers 2014). Moreover, constitutive NANOG expres-
sion allows for LIF-independent self-renewal of ESCs
(Chambers et al. 2003; Niwa et al. 2009). Pluripotency
TFs can also be repurposed to support lineage-specific dif-
ferentiation via changes in their relative abundance, inter-
action partners, and/or post-translational modifications
(PTMs) (Wang et al. 2012; Ramakrishna et al. 2014; Heurt-
ier et al. 2019). However, the mechanisms of repurposing
TFs and regulators of higher-order chromatin during dif-
ferentiation are not well understood.

The mammalian genome contains clusters of AT-rich
sequences, termed matrix attachment regions (MARs),
which have been involved in facilitating interactions be-
tween distal DNA elements and DNA looping (Tsutsui
et al. 2005; Schneider and Grosschedl 2007). SATB1 and
SATB2 are MAR-binding proteins that regulate gene ex-
pression by shaping chromatin architecture and recruit-
ing chromatin remodelers (Yasui et al. 2002; Cai et al.
2006; Wang et al. 2014; Yang et al. 2015). In ES cells,
SATB1 and SATB2 regulate mouse ESC pluripotency
and Nanog expression in an antagonistic manner (Savar-
ese et al. 2009). SATBI deficiency impairs ESC differenti-
ation and augments expression of Nanog, whereas a
combined Satb1/Satb2 double deficiency rescues these
differentiation defects (Savarese et al. 2009). Moreover,
the overexpression of SATB2 antagonizes differentia-
tion-associated silencing of Nanog in ESCs and enhances
heterokaryon-based reprogramming of human B lympho-
cytes (Savarese et al. 2009). SATB1/2-dependent regula-
tion of Nanog has also been shown in the early mouse
embryo (Goolam and Zernicka-Goetz 2017). Together,
these observations suggest that the balance of SATBI
and SATB2 function regulates the choice between pluri-
potency and differentiation. However, the underlying
mechanism of the antagonistic function of Satbl and
Satb2 remains obscure.

Interestingly, SATB proteins, which share a similar
domain structure including DNA-binding CUT domains
and an ubiquitin-like domain that allows for homotetra-
merization and heterotetramerization (Wang et al. 2014),
differ in post-translational modifications. SATBI is a tar-
get for phosphorylation and caspase cleavage (Galande
et al. 2001), whereas SATB2 can be modified with the
small ubiquitin-like modifier SUMO (Dobreva et al.
2003). Here, we found that SATB2 is modified with
SUMO?2 in RA-treated but not in LIF-cultured ESCs, and
we identify ZFP451 as the functional SUMO E3 ligase.
Moreover, we show that mutations of the two SUMO ac-
ceptor sites in SATB2 impair the differentiation potential
of ESCs, which can be rescued, at least in part, by the
forced expression of a SUMO2-SATB2 fusion protein. By
combining these data with genome-wide ChIP-seq and
RNA-seq analyses, we found that differentiation-induced
SUMOylation of SATB2 enables a functional switch from
promoting NANOG expression and pluripotency to en-
hancing differentiation by the down-regulation of pluripo-
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tency genes, enabling the occupancy of lineage-specific
genes and the recruitment of the LSD1/CoREST complex.

Results

Satb2 inactivation results in impaired ESC pluripotency
and decreased NANOG expression

The analysis of SATB2 function in ESCs pluripotency and
differentiation has been hampered by the inability to gen-
erate ESCs from Satb2~/~ embryos. Therefore, we exam-
ined whether SATB2-deficient ESCs could be generated
by conditional inactivation of the Satb2 gene. To this
end, we generated ESCs from Satb2™! RERT" embryos
(Leone et al. 2015), and we treated the cells with tamoxi-
fen to generate deleted Satb2®/® alleles. We confirmed
successful deletion by immunoblot analysis and exam-
ined protein expression of the Nanog pluripotency gene,
which we have previously shown to be bound and regulat-
ed by SATBI and SATB2 (Fig. 1A). In LIF-cultured Satb2%/*
ESCs, we detected a decrease in protein and mRNA expres-
sion of Nanog relative to the levels observed in Satb2™
cells (Fig. 1A,B). We also examined the morphology and
alkaline phosphatase activity as general indicators of
pluripotency in ESCs cultured in LIF or treated with reti-
noic acid (RA) to induce differentiation. In LIF-cultured
Satb2*/* ESCs, we observed an enhanced frequency of
cells with a differentiated morphology relative to Satb2"*
cells, which was further increased upon RA treatment
(Fig. 1C). Together, these data suggest that the conditional
inactivation of Satb2 impairs ESC pluripotency. In this
analysis, we noted an increase of SATB2 expression in
RA-treated cells that can be accounted for by a concomi-
tant increase in Satb2 transcript levels (Fig. 1B; Savarese
et al. 2009). Moreover, the appearance of a slower migrat-
ing form of SATB2 in RA-treated ESCs raised the
question of whether post-translational modification of
SATB2 allows for a functional repurposing during
differentiation.

SUMO2 modification of SATB2 during ESC
differentiation

We have previously shown that ectopically expressed
SATB2 can be SUMO-modified at lysines K233 and
K350 in Hek293T cells and in vitro by the SUMO E3 ligase
PIAS1 (Dobreva et al. 2003). Therefore, we examined
whether SUMOylation of endogenous SATB2 can be
detected in self-renewing murine ESCs and/or in ESCs
that have been induced to differentiate by treatment
with RA. Immunoblot analysis of cell lysates in the ab-
sence or presence of N-ethylmaleimide (NEM) to preserve
SUMO modifications indicated that SATB2 protein is de-
tected as a single band at ~100 kDa in LIF-cultured pluri-
potent cells (Fig. 1D). During RA treatment, the abundance
of SATB2 increased concomitantly with the appearance of
a higher-molecular-weight band of ~130 kDa (Fig. 1D). In
RA-treated cells, we also detected a faster-migrating
form of SATB2 (~70 kD) that is generated by alternative
promoter usage (data not shown). To examine whether
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and RanGAP are marked. RanGAP was used as a positive control for SUMOylation, and Tubulin was used as a loading control. (E) Immu-
noblots of endogenous SATB2 that was immunoprecipitated (IP) with mouse anti-IgG, bead-coupled anti-SUMO1, or anti-SUMO2 anti-
bodies and eluted with SUMO1 or SUMO2 peptides. Cell culture conditions were as in A. The asterisk indicates the IgG bands of
antibodies used in the IP. (F) Immunoblot analysis of whole-cell extracts from wild-type ESCs randomly differentiated (—LIF) and toward
ectoderm using two distinct protocols. Blots were probed with antibodies to detect indicated proteins. Ectoderm differentiation was in-
duced by LIF withdrawal and addition of RA, or by the addition of FGF2, FGF8, and SHH. (G) Schematic representation of SATB2 protein,
highlighting the SUMO consensus motifs at K233 and K350 in SATB2"" and the arginine substitutions (K — R) in the double-mutant
SATB2X~ R, (H) Immunoblots of an in vitro SUMOylation assay using recombinant purified SATB2"*, SATB2X ~® and increasing
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the ~130-kDa band corresponds to SUMO-SATB2, we
immunoprecipitated endogenously SUMOylated proteins
with anti-SUMOI1 or anti-SUMO2 antibodies and visual-
ized SATB2 proteins by immunoblot analysis (Fig. 1E).
SUMOI1-SATB2 was detected at low levels in both pluripo-
tent and differentiating ESCs, whereas SUMO2-SATB2
was strongly enriched in differentiating ESCs.

To determine whether SATB2 SUMOylation is trig-
gered by differentiation rather than by RA signaling, we
induced random differentiation by LIF withdrawal and ec-
todermal differentiation by the addition of FGF2, FGFS,

and SHH (Supplemental Fig. S1A; Ying et al. 2003). The
dynamics of SATB2 SUMOylation and protein and
mRNA expression during ectodermal differentiation
were similar, regardless of the signaling pathways used
for differentiation (Fig. 1F; Supplemental Fig. S1B,C). Suc-
cessful differentiation was also assessed by the analysis of
NANOG, OCT4, NESTIN, PAX6, and SOX1 protein ex-
pression (Supplemental Fig. S1C). The lack of SATB2
detection in Satb1™/~Satb2~/~ (Savarese et al. 2009) and
Satb2** ESCs confirmed the specificity of the anti-
SATB2 antibody (Fig. 1A; Supplemental Fig. S1C). Heat or

GENES & DEVELOPMENT 3


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.345843.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.345843.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.345843.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.345843.120/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on July 30, 2021 - Published by Cold Spring Harbor Laboratory Press

Antonio Urrutia et al.

proteotoxic stress, which is known to activate the SUMO
machinery (Enserink 2015), did not lead to SUMOylation
of SATB2 despite induced global SUMO conjugation
(Supplemental Fig. S1D). Therefore, the modification of
SATB2 with SUMO?2 is specifically triggered during
differentiation.

The SUMO E3 ligase ZFP451 interacts with SATB2
specifically in differentiating ESCs

To understand the developmental regulation of
SATB2 SUMOylation, we aimed to identify the SUMO
E3 ligase that mediates this modification. ZNF451 (mu-
rine ZFP451) has been identified as an E2- and SUMO-in-
teracting protein (Karvonen et al. 2008) and was recently
characterized as a bone fide SUMO E3 ligase with a
marked preference for SUMO2 conjugation (Cappadocia
etal. 2015; Eisenhardt et al. 2015). Moreover, a mass spec-
trometry screen identified SATB2 as a potential target of
ZNF451 in HEK293 cell extracts (JJ] Palvimo, unpubl.).
To examine whether ZFP451 can mediate SUMOylation
of SATB2, we performed an in vitro SUMOylation assay.
To this end, we used a recombinant ZFP451 fragment
carrying E3 activity (Eisenhardt et al. 2015) and recombi-
nant wild-type SATB2 or mutant SATB2 (SATB2X =¥} in
which the SUMO acceptor lysines 233 and 350 had been
replaced by arginines (Fig. 1G; Supplemental Fig. S1E;
Dobreva et al. 2003). We detected SUMOylation of
wild-type but not mutant SATB2 protein in a dose-depen-
dent manner, indicating that SATB2 is a substrate for
ZFP451 (Fig. 1H). Moreover, we examined the interaction
of endogenous SATB2 or SATB2X~® with ZFP451 by
coimmunoprecipitations in lysates of pluripotent and dif-
ferentiating ESCs. We detected a strong interaction of
SATB2 but not SATB2X ~ ® with ZFP451 specifically in ly-
sates of RA-treated ESCs (Fig. 1I). The expression of
ZFP451 was similar in pluripotent and differentiating
ESCs (Supplemental Fig. S1F). We also detected weak in-
teractions of SATB2 with the PIAS1 SUMO E3 ligase in ly-
sates of both pluripotent and differentiating ES cells
Supplemental Fig. S1F). Thus, ZFP451 could be the E3 li-
gase responsible for the SUMO2 modification of SATB2
during RA-induced differentiation.

Loss of SATB2 SUMOylation in ZFP451-deficient ESCs

To further examine the function of ZFP451 as an E3 ligase
that mediates SUMOylation of SATB2 in differentiating
ESCs, we knocked down the isoforms 1 and 2 of Zfp451
with specific sShRNAs. Immunoblot analysis revealed a
marked decrease of ZFP451 expression in Zfp451 KD cells
relative to control KD transduced with scrambled shRNA
(Supplemental Fig. S2A). Analysis of SATB2 protein ex-
pression in RA-treated Zfp451 KD cells indicated that
the SUMOylated forms of SATB2 cannot be detected
even at day 6 of differentiation (Supplemental Fig. S2B).
In contrast, the global levels of SUMO1- and SUMO2-con-
jugated proteins were not significantly altered in Zfp451
KD cells relative to controls (Supplemental Fig. S2C).
We further generated mice carrying a Zfp451 ™ 12EUCOMM)
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knockout allele (Zfp451") and derived Zfp451**,
Zfp451*/=, and Zfp451~/~ ESC lines. Immunoblot analysis
confirmed that three independent Zfp451~/~ clones with
normal karyotypes had no detectable ZFP451 protein ex-
pression (Fig. 2A; Supplemental Fig. S2D,E). In differenti-
ating Zfp451*/~ and Zfp451~/~ ESCs, we detected reduced
and no SUMOylation of SATB2, respectively (Fig. 2A).
However, the Zfp451 deletion did not affect the overall
increase in SATB2 protein levels during RA-induced
differentiation (Fig. 2A). Together, these data show that
ZFP451 mediates the SUMOylation of SATB2 during
RA-induced differentiation of ESCs.

Impaired differentiation of Zfp451~'~ and Satb2¥ —~ ®
ESCs

We then examined whether ESC differentiation is im-
paired in Zfp451~/~ and Satb2X~ R ESCs. In Zfp451~/~
and Zfp451 KD cells, we noted an impaired differentiation
of the cells upon RA treatment, as quantified by staining
with alkaline phosphatase (Fig. 2B; Supplemental Fig.
S2F). Moreover, immunoblot analysis indicated that
NANOG protein levels were only modestly reduced in
RA-treated Zfp451~/~ and Zfp451 KD ESCs, confirming
their impaired differentiation (Fig. 2A; Supplemental
Fig. S2B). To examine whether the lack of SATB2
SUMOylation during RA treatment of Zfp451~/~ ESCs ac-
counts for their differentiation defect, we also analyzed
Satb2® ~R ESCs. In LIF conditions, Satb2X~® ESCs
showed no obvious differences with Satb2"* cells in terms
of morphology and NANOG expression (Fig. 2C,D). Upon
RA treatment of Satb2X ~ R ESCs, we observed an up-reg-
ulation of SATB2 protein levels but did not detect any
SUMO-SATB2 forms (Fig. 2C). Satb2X~® ESCs showed
marked and consistent defects in the down-regulation of
NANOG and up-regulation of NESTIN even after 6 d of
culture in RA (Fig. 2C; Supplemental Fig. S2G). Moreover,
the majority of Satb2X = X cells stained as AP-positive and
retained a high percentage of undifferentiated and mixed
colonies compared with Satb2™" cultures after 3 d in RA
culture (Fig. 2D). Consistent with a differentiation defect,
we also observed enhanced proliferation with no change
in apoptosis of RA-treated Sath2X~R and Zfpa51~/~
ESCs, relative to their control counterparts (Supplemental
Fig. S2H. ).

SUMO2 modification of SATB2 is required for
RA-induced ESC differentiation

To establish a direct link between SATB2 SUMOylation
and the differentiation defect of Sath2X ~ R and Zfpa51~/~
cells, we examined the potential of an N-terminal
SUMO-fusion of SATB2X~® to rescue the differentia-
tion defects (Fig. 2E). To this end, we complemented
Satb2X =R and Zfp451~/~ cells with a FLAG- SUMO2-
FLAG-Satb2¥ ~ ® (termed SUMO2-Satb2) vector or with
a FLAG-Satb2 (termed Satb2) vector as control by transfec-
tion and analyzed these cells in terms of morphology and
expression of pluripotency and lineage-specific markers
(Fig. 2F-H). Immunoblot analysis of the complemented
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were cultured in LIF or in RA for 3 d (for quan-
tification, see Supplemental Fig. S3C). (G) Im-
munoblot analysis to detect SATB2, FLAG-
tagged SATB2, ZFP451, NANOG, NESTIN,
and TUBULIN in ESC cultures as described
in B. The dash indicates transfection with
empty vector. (H) Alkaline phosphatase stain-
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ES cell clones showed abundant and equivalent expres-
sion of SUMO2-SATB2 and SATB2 proteins (Fig. 2G).
Moreover, the stability of both overexpressed and endog-
enous SATB2 and SUMO-SATB2 proteins were similar
(Supplemental Fig. S3A,B). As expected, ectopically ex-
pressed SATB2 was not SUMO-modified in RA-treated
Zfp451~/= cells (Fig. 2G). However, the exogenous
SATB2 protein was also not SUMOylated in RA-treated
ZFP451-expressing Satb2X =R cells, potentially because
of a steric hindrance by the FLAG tag or because of a sta-
bilization of pluripotency by the overexpression of
SATB2 prior to differentiation. Thus, SATB2 overexpres-
sion did not significantly alter the morphology and AP
staining of cells in LIF and RA conditions (Fig. 2F,H; Sup-
plemental Fig. S3C,D). In both Sath2X =R and Zfp451~/~
cells, however, the ectopic expression of SUMO2-SATB2
resulted in a reduced AP staining and the acquisition of a
differentiated morphology, albeit to a lesser extent than

Satb2 SUMO2-Satb2
< | i

LIF ' ":. L ol 1

3

ing of Satb2X = RESCs transfected with empty

’ vector, SATB2-expressing, or SUMO2-
Al SATB2-expressing plasmids. Cells were cul-
i =Y tured in LIF or in RA for 3 d (for quantification,

et see Supplemental Fig. S3D). Immunoblots and

alkaline phosphate staining are representative
of three independent experiments, using
Sarb2™ clones C1 and C2; Zfp451*/* clone
14; Zfpa51~'~ clones 4, 7, and 10; and
Zfp451*'~ clones 11 and 13.

wild-type controls (Fig. 2F,H; Supplemental Fig. S3C,D).
No significant changes in morphology were observed in
LIF conditions, suggesting that the expression of
SUMO2-SATB2 is necessary but not sufficient to induce
a differentiated phenotype. SATB2-complemented cells
continued to express relatively high levels of NANOG
after induction of differentiation, whereas SUMO-
SATB2-complemented cells showed markedly reduced
NANOG levels (Fig. 2G). The restored down-regulation
of Nanog and up-regulation of the differentiation marker
Rai2 in SUMO2-SATB2-expressing Sath2X~% and
Zfp4a51~/~ cells were confirmed by qRT-PCR analysis
(Supplemental Fig. S3E). Together, these data suggest
that the loss of SUMOylation of SATB2 is responsible
for the differentiation defects of Satb2X~R® and
Zfp4517/ cells, although a final proof would require
the expression of a SUMO2-SATB2 protein from the en-
dogenous Satb2 locus.
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Zfp451~"~ and Satb2® ~ R ESCs can transit to the primed
state of pluripotency

The question arose as to whether Sath2X~% and

Zfp451~'~ ESCs can transit to the primed state of pluripo-
tency. Epiblast stem cells (Epi-SCs) correspond to the
“primed” state of the postimplantation epiblast, and
they differ from ESCs by their inefficiency of chimera for-
mation and requirement of FGF and Activin A signaling
for self-renewal (Han et al. 2010; Lanner and Rossant
2010). Epi-SCs express Oct4, Sox2, and Nanog along
with Fgf5 and Brachyury (T), and they can be generated
as stable intermediates before differentiation of ESCs
into the germ layers (Han et al. 2010). To examine wheth-
er the deficiency of Satb2 SUMOylation affects the transi-
tion of ESCs to Epi-SCs, we treated Satb2X~% and
Zfp451~/~ ESCs with FGF and Activin A. Immunoblot
analysis indicated that both mutant cells are able to
down-regulate REX1 (Zfp42) and up-regulate FGF5 while
maintaining the expression of NANOG, suggesting that
the cells were able to transit to an Epi-SC state (Fig. 3A).
This observation was confirmed by analysis of the cell
morphology and up-regulation of Otx2 mRNA (Fig. 3B;
Supplemental Fig. S3F).

We also assessed the ability of Satb2"", Satb2X =R and
Zfp451~/~ ESCs to participate in the formation of chime-
ric embryos. Toward this end, we stably transfected cells
with a tdTomato reporter gene and confirmed expression
by antibody staining and flow cytometry (Fig. 3C). TdTo-
mato-positive ESCs were injected into 16-cell stage em-
bryos (morulae), and embryos were collected at E10.5.
TdTomato-expressing cells were detected in 12/33 embry-
os that were derived from morulae injected with Satb2™*
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ESCs, whereas virtually no tdTomato-positive cells
were detected in embryos derived from morulae injected
with Satb2X =R or Zfp451~/~ ESCs (Fig. 3C). To examine
whether the impaired contribution of Satb2X~% and
Zfp451~/~ ESCs to chimera is due to increased apoptosis,
we performed tunnel assays on aggregated E4.5 morulae.
By immunofluorescence analysis, we did not detect an
increase of apototic cells in morulae containing tdTo-
mato-positive Satb2X~R or Zfp451~'~ cells relative to
Satb2™ cells (Supplemental Fig. S3G). Taken together,
these data suggest that ESCs in which SATB2 is not prop-
erly SUMOylated have a reduced potential for chimera
formation.

Altered chromatin interactions at the Nanog locus
in RA-treated Sath2® ~ R and Zfp451~'~ ESCs

During RA-induced differentiation, the Nanog locus has
been shown to undergo changes in its 3D configuration
(Apostolou et al. 2013). Since the tetrameric SATB pro-
teins have been implicated in the formation of chromatin
loops (Dickinson et al. 1997; Cai et al. 2006; Galande et al.
2007; Wang et al. 2014; Yamasaki and Yamasaki 2016;
Ghosh et al. 2019), we hypothesized that chromatin con-
formation of the Nanog locus could also be affected by
SATB2 SUMOylation. Therefore, we performed 3C assays
to analyze interactions between the promoter, —5-kb en-
hancer, and +12-kb element of the Nanog locus in
Satb2X =R Zfpa51~/~, and Satb2™* ESCs under LIF and
RA conditions. This analysis revealed reduced interac-
tions between these regulatory elements in RA-treated
Satb2™ ESCs but only modest or no changes in

Figure 3. Loss of SATB2 SUMOylation al-
lows for transition to primed pluripotency
but impairs whole-embryo chimerism. (A)
Immunoblot analysis of lysates from ESCs
grown in LIF or in epiblast differentiation
conditions to detect pluripotency and epi-
blast stem cell markers. (B) Morphology of
Satb2™, Sarb2X=R and Zfp451~/~ ESCs
in LIF cultures or in epiblast differentiation
conditions at d4 and dé6. (C) Immunohisto-
chemical detection of the chimeric contri-
bution of tdTomato-expressing Sath2",
Satb2X =R and Zfpa51~'~ cellsin E10.5 em-

100 bryos derived from ESC injections into mor-
he ulae. The images of three embryos each are
40 shown. The white squares indicate areas of

“ embryos that are enlarged at the right. The

frequencies and numbers of chimeric/total

0
010210%10*10°
100

ot embryos are indicated. The right panels
& show the flow cytometric quantitation of
20 tdTomato expression in Sath2"?, Satb2X = %,

and Zfp451~/~ mESCs prior to the injection
into morulae.
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RA-treated Satb2X ~ R and Zfp451~/~ ESCs relative to LIF-
cultured Satb2™" ESCs (Fig. 4A,B). We have previously
shown that SATB proteins bind to a region 11 kb upstream
of the Nanog transcription start site (Savarese et al. 2009),
and therefore, we included an analysis of the interactions
of SATB-binding sites (BSs) with the other regulatory ele-
ments of the Nanog locus. This analysis indicated that
the chromatin interactions detected in LIF-cultured cells
are largely maintained in RA-treated Satb2X~F and
Zfp451~/~ ESCs (Fig. 4C), which is consistent with the im-
paired down-regulation of NANOG protein expression in
the mutant cells.

To extend the analysis of chromatin interactions, we
performed genome-wide HiC assays on LIF-cultured
Satb2™ ESCs and RA-treated Satb2™ and Satb2X~R
ESCs. We computed significant interactions and observed
a higher overlap of interaction anchors as well as global
correlation between LIF-cultured Satb2"* and RA-treated
Satb2¥ = R ESCs than with RA-treated Satb2¥* ESCs (Fig.
4D; Supplemental Fig. S4A,B). To determine whether
the interactions were changing at SATB2-occupied sites,
we overlapped the union of interactions with SATB2-
binding sites and retrieved interaction values from nor-
malized HiC matrices. Strikingly, we observed that the
genome-wide compartmentalization of SATB2-binding
sites in RA-treated Satb2X =R ESCs was more similar to
that in LIF-cultured Satb2™ than that in RA-treated
Satb2™* ESCs (Fig. 4E). We also confirmed that the inter-
actions on chromosomes 6 and 4, containing the Nanog
and Foxd3 loci, respectively, were reduced in RA-treated
Satb2™* ESCs as compared with RA-treated Sath2X R
ESCs (Fig. 4F,G; Supplemental Fig. S4C,D). Taken togeth-
er, these data indicate that differentiation-induced chang-
es of chromatin conformation near SATB2-binding sites
are reduced in Satb2¥ ~ R ESCs.

Overlapping and specific patterns of gene expression
in Zfp451~/~ and Sath2® ~ R ESCs

To gain insight into the molecular basis of the impaired
differentiation potential of Zfp451~/~ and Satb2X~R
ESCs, we performed RNA-seq analysis in LIF-cultured
and RA-treated ESCs. Overall, the gene expression pattern
of Zfp451~/~ ESCs resembled more closely wild-type (wt)
ESCs than Sath2X =~ R cells in LIF conditions but showed a
pattern intermediary between wt and Satb2X~ X cells in
RA conditions (Supplemental Fig. S5A,B). LIF-cultured
Zfp4517/~ and Satb2X~ R cells showed distinct changes
in gene expression relative to wt cells, whereby a larger
set of genes was dysregulated in Zfp451~/~ ESCs as com-
pared with Satb2X~® ESCs (Fig. 5A-C; Supplemental
Tables S1, S2). We thus generated lists of up- and down-
regulated genes for Zfp451~/~ and Satb2X~® ESCs rela-
tive to the respective controls and compared them among
each other.

In LIF conditions, a small but significant number of
genes were up-regulated or down-regulated in both
Zfp451~'~ and Satb2X~ R ESCs (Fig. 5C; Supplemental
Table S3). The expression of pluripotency genes (Poubf1,
Sox2, Nanog, Esrrb, and KIf2) was not altered in

Repurposing of SATB2 function by SUMOylation

Zfp4517~'~ and Satb2¥ ~ R cells relative to wild-type cells
(Fig. 5D). In Zfp451~/~ ESCs, however, genes associated
with “primed” pluripotency/early implantation (Fgf5,
Lefl, Otx2, Pou3f1, and T) and several lineage-priming
genes (Gatad, Gata6, and Sox17) were dysregulated,
whereas the expression of most of these genes was not al-
tered in Satb2X ~ R ESCs (Fig. 5D).

Upon RA treatment, we observed a large overlap of
dysregulated genes in Zfp451~/~ and Satb2X~ R cells
(Fig. 5A-C). Although genes of naive pluripotency failed
to be down-regulated in both RA-treated Sath2X~ X and
Zfp451~/ cells, general pluripotency genes failed to
be down-regulated only in Sath2X~X cells, whereas
Zfp4517~'~ cells displayed a partial down-regulation of
these genes (Fig. 5D). In both RA-treated Sath2X =% and
Zfp4517'~ cells, many lineage-priming genes (Foxa2,
Gatad, Gata6, and Sox17) were down-regulated relative
to wt cells. Gene ontology analysis indicated that WNT
and TGF-p signaling pathway genes are preferentially
down-regulated in RA-treated Satb2X~ X ESCs, whereas
metabolism and the pluripotency network genes are up-
regulated in both Satb2X = ® and Zfp451~/~ ESCs (Supple-
mental Fig. S5C). Additionally, we performed gene set en-
richment analysis (GSEA) (Subramanian et al. 2005).
Zfp451~~ and Satb2X R dysregulated gene signatures
were enriched for genes down-regulated in “late” ESCs
from embryoid bodies (EBs) as compared with “early”
ESCs (Hailesellasse et al. 2007), whereas EB-up-regulated
genes were enriched in wt ESCs (Supplemental Fig.
S5D). Collectively, the molecular analysis confirms the
functional phenotypes of Sath2X~® and Zfp451~/~
ESCs. The RA-induced differentiation defect and the im-
paired down-regulation of pluripotency genes were more
pronounced in Satb2X~ R ESCs than in Zfp451~/~ ESCs,
possibly due to a partial redundancy of ZFP451 with other
SUMO E3 ligases. Therefore, we focused on the Sath2X~
R ESCs for our next analysis.

SUMOylation affects chromatin binding of SATB2

To identify direct SATB2. target genes, we analyzed the
chromatin binding of SATB2"* and SATB2¥ = ® in pluri-
potent and differentiating ESCs. To enhance the specific-
ity and efficiency of chromatin immunoprecipitation, we
added a 3xTyl1 epitope-tag on the C terminus of the endog-
enous SATB2" and SATB2X ~ ® by CRISPR/Cas9-mediat-
ed editing. Ty1-Satb2"" and Ty1-Satb2X =K cells showed
molecular phenotypes indistinguishable from their un-
tagged counterparts (Supplemental Fig. S6A). In LIF-cul-
tured ESCs, ChIP-seq of Tyl-tagged SATB2“® and
SATB2X~® revealed 62 SATB2"“specific and 191
SATB2X ~ Rgpecific peaks (Fig. 6A, left; Supplemental
Fig. S6B). In RA-cultured cells, we detected 657
SATB2" -specific and 159 SATB2¥ ~ R.specific occupan-
cies, suggesting that the pronounced gain of SATB2 occu-
pancy in the RA condition is specific for SATB2"* (Fig. 6A,
right; Supplemental Fig. S6B). We also compared the
SATB2"* occupancy in LIF- versus RA-cultured ESCs
and also identified a large cluster of 701 sites with en-
hanced occupancy in RA-treated cells (RA-specific
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primers for the 3C assay are indicated.
The restriction enzyme HindIII sites used
for the 3C assay are indicated as arrows.
(C) 3C assays to assess interactions of the
SATB-binding sites (SATB-BS) with the en-
hancer, promoter, and the 12-kb down-
stream region of Nanog locus in ESCs as
described in A. (D) Global Pearson correla-
tion clustering of HiC experiments.
(E) Genome-wide interaction heat maps of
LIF-cultured Sath2™ (left), RA-treated
Satb2™"  (middle), and  RA-treated
Satb2¥ = R ESCs (right) on the intersection
of all significant interactions and corre-
40 sponding SATB2 ChIP-seq peaks (see Fig.
35 6A). Chromosome numbers are indicated.
(F) Interaction heat maps of LIF-cultured
Satb2™" (left), RA-treated Satb2™" (middle),
and RA-treated Satb2®~® (right) ESCs on
the intersection of all significant interac-
tions and corresponding SATB2 ChIP-seq
peaks on chromosome 6, where Nanog is
located. (G) SeqMonk browser screenshots
of HiC interaction maps at the Nanog locus
in Satb2™ ESCs in LIF condition (top),
Satb2™" ESCs in RA d4 condition (middle),
and Sath2X~® ESCs in RA d4 condition
(bottom). Interaction distance densities
are represented as a data zoom level.
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cluster) (Fig. 6B; Supplemental Table S4). In the RA-specif-
ic cluster, the peak intensities of SATB2X ~ ®-bound sites
were decreased relative to those of SATB2Y* occupancy
(Fig. 6B). A similar pattern of SATB2 occupancy was also
detected in RA-treated Zfp451~/~ ESCs (Supplemental
Fig. S6C).

De novo motif analysis of SATB2-occupied sites in the
LIF-specific cluster identified enrichment for SATBI-
binding motifs in a tandem arrangement (Fig. 6C,D). In
the RA-increased cluster, we detected an enrichment for
SATB2-binding sites in a palindromic arrangement (Fig.
6C,D). SATB proteins recognize a 5-ATTA core motif,
but they vary in their preference of flanking nucleotides
(Nakagomi et al. 1994; Yamasaki and Yamasaki 2016).
Co-occurrence analysis of transcription factor motifs in
a region +100 nt of the SATB2-occupied sites showed an
association of the Satbl motif with recognition sites for
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Nanog

OCT4, MYB, NANOG, and AP1 in the LIF-specific cluster
and an association of the Satb2 motif with additional
binding sites for CTCF, FOXO1, SMAD, and NeuroD1
in the RA-specific cluster (Supplemental Fig. S6D).

Since SATBI1 and SATB2 have been found to form
homo- and heterotetramers (Zheng et al. 2017), we also ex-
amined SATBI1 binding in LIF- and RA-cultured Satb2™
and Satb2X~ R ESCs (Fig. 6E). This analysis identified
370 and 234 SATBIl-specific peaks in LIF-cultured and
RA-treated Satb2™ cells, respectively (Supplemental
Fig. SGE). By overlapping the SATB1 peaks with SATB2
peaks, we found that 46% of LIF-specific SATB2 peaks co-
incide with SATBI peaks, whereas only 8 % of RA-specific
SATB2 peaks overlap with SATB1 occupancy (Supple-
mental Fig. S6E). We further examined whether the co-oc-
cupancy of SATBl and SATB2 changes during
differentiation by probing the union of LIF- and RA-
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Figure 5. Impaired down-regulation of pluripotency genes in RA-treated Satb2X ~ X and Zfp451~/~ mESCs. (A,B) Scatter plots of normal-
ized RNA-seq reads count (FPKM]| of genes differentially expressed in Zfp451~/~ ESCs (A) and in Satb2X ~ R ESCs (B) relative to Zfp451*/*
and Satb2™" ESCs, respectively. Cells were cultured in LIF (top) or treated with RA for 4 d (bottom). (FPKM) Fragments per kilobase of
transcript per million. (C) Overlap of Zfp451~/~ and Satb2X = R RNA-seq data. Venn diagrams showing common and distinct dysregulated
genes in Zfp451~/~ and Satb2X ~ R ESCs cultured in LIF (top) or RA (bottom). The numbers of genes up- or down-regulated relative to wild-
type ESCs are indicated. Roman numbers represent individual gene sets. (D) Barplots showing normalized FPKM quantification for rep-
resentative general and naive pluripotency genes (top), early implantation genes (middle), and lineage-priming genes (bottom)in Satb2™,
Satb2X =R zfp451**, and Zfp451~'~ ESCs grown in LIF or RA for 4 d. Triplicate data are represented as mean + SD. Paired t-tests were
carried out relative to LIF-cultured Satb2™" cells. Significance is as follows: (*) P<0.05, (**) P<0.01, (***) P<0.001, (****) P<0.0001. For
analysis, Satb2™ clones B6 (n=1) and C1 (n=2); Satb2X =X clones B4, B7, and G3; Zfp451*/*clone 14 (n=3); and Zfp451~'~ clones 4, 7,
and 10 were used.

cultured SATB2Y* peaks for SATBI1 signals. We clustered of SATB2 occupancy in RA-treated Satb2™" cells does not
these regions by the presence or absence of SATBI peaks involve a co-occupancy with SATBI1 (Fig. 6E,F).

in RA-cultured Satb2™" ESCs (Fig. 6E). This analysis indi- By using publicly available ATAC-seq data of LIF-cul-
cated that SATB1/SATB2 co-occupancy at a specific set of tured and RA-treated wild-type ESCs (Rhee et al. 2016;
sites was not altered in LIF- and RA-cultured Sath2"" and Wau et al. 2016), we observed that SATB1/SATB2 co-occu-
Satb2X = R ESCs, but it also showed that the marked gain pied regions do not coincide with open chromatin,
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Figure 6. SUMOylation alters SATB2 occupancy in RA-treated ESCs. (A) Analysis of SATB2 occupancy in Sath2™* versus Sath2X = R
ESCs cultured with LIF (left) or RA (right) for 4 d. ChIP-seq signals were retrieved on the unions of SATB2"* and SATB2X ~ R peaks in either
the LIF or RA condition. Heat map of SATB2 ChIP-seq reads + 3 kb around SATB2-binding sites (BS) are shown. The peaks were clustered as
wt-specific, common, and K — R-specific. (B) Analysis of SATB2 occupancy in Satb2™* and Satb2X ~ R ESCs as in A but with ChIP-seq sig-
nals retrieved on the union of SATB2""* peaks in LIF and RA conditions. The peaks were clustered as LIF- specific, common, and RA-spe-
cific in terms of their relative intensity between LIF and RA conditions in Satb2™" cells. (C ) Average motif frequency profiles of SATBI (5'-
TATTAG) and SATB2 (5-AATTAA-3') motifs in 3 kb around LIF-specifc and RA-specific SATB2 peaks. (D) SATB motif analysis of LIF-
specific and RA-specific clusters of SATB2-occupied sites. (E) Heat maps of SATB1 ChIP-seq, SATB2 ChIP-seq, and ATAC-seq signals
from Satb2™* and Satb2X ~ X cells cultured with LIF or with RA for d4. SATB1 ChIP-seq signals were retrieved on the union of SATB2**
peaks in RA and LIF conditions. SATB2 peaks were clustered according to the presence or absence of SATBI1 co-occupancy (SATB1&
SATB2 occupancy or RA-specific SATB2 occupancy). (F) Quantification of the percentages of SATB1&SATB2- and SATB2-binding events
in the LIF-specific cluster and RA-specific cluster from B. (G) LC-MS-based quantification of SATB2/SATB1 coimmunoprecipitations in
pluripotent (LIF) and differentiating (RA) ESCs. Relative enrichment of endogenous SATBI in anti-SATB2 immunoprecipitations is rep-
resented as the ratio of log,-transformed normalized summed peptide intensities (iBAQ values). Differences in heteromer formation are
shown as mean + SD (triplicate data) and with the statistical significance. Welch'’s t-test, (**) P<0.01. (H) qRT-PCR of SATB1 or SATB2
ChIP followed by sequential ChIP (re-ChIP) of the complementary protein or control IgG. The scale for the SATB1 ChIP was increased
by a factor of two to compensate for the weaker SATB1 ChIP signals. Bars show the relative enrichment over input = SD. Paired t-tests
were carried out relative to IgG of each re-ChIP experiment. Significance values are as follows: (*) P<0.05, (**) P<0.01, (***) P<0.001. Ex-
periments are representative of two independent experiments, using Satb2™* clone C1 (n=2) and Satb2X ~ X clones B4 and B7.

whereas the RA-specific SATB2 regions are located in re- To address the question of whether the co-occupancy of
gions already accessible in LIF conditions (Fig. 6E). These SATBI and SATB2 at a specific set of sites may be ac-
data suggest that the binding of SATB2 to RA-specific counted for by heteromer formation, we performed two
sites is not due to a gain of chromatin accessibility in sets of experiments. First, we immunoprecipitated endog-
RA-treated cells. enous SATB2 from lysates of LIF-cultured and RA-treated
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wild-type ESCs and assessed the relative abundance of
SATB2 and coimmunoprecipitated SATB1 peptides by
quantitative mass spectrometry. This analysis indicated
that the relative enrichment of coimmunoprecipitated
SATBI peptides was reduced in lysates of RA-treated cells
(Fig. 6G). Coimmunoprecipitations of overexpressed
SATBI1 with either SATB2 or SUMO2-SATB2 indicated
that SUMOylation of SATB2 does not affect the interac-
tion with SATBI (data not shown). Therefore, the reduced
enrichment of SATB1/SATB2 coimmunoprecipitated
peptides in RA-treated ESCs is likely due to the marked
increase in SATB2 protein levels. Second, sequential
ChIP (re-ChIP) analyses detected SATB1/SATB2 co-occu-
pancy at Nanog (LIF-specific cluster) (Fig. 6B) and Cptla
(common cluster) in both LIF-cultured and RA-treated
ESCs, suggesting that co-occupancy occurs in the same
cell and is probably not due to distinct binding in a hetero-
geneous cell population (Fig. 6H). In contrast, no co-occu-
pancy was detected at the Foxal locus (RA-specific
cluster). Taken together, these data reveal a dynamic dis-
tribution of SATB2 occupancy during RA-induced differ-
entiation. In pluripotent LIF-cultured ESCs, SATB2
binds target sites predominantly in association with
SATBI1, whereas in RA-treated ESCs, the vast majority
of sites gain SATB2 occupancy in the absence of SATB1
cobinding.

To identify direct target genes of SATB2 that also chan-
ge gene expression depending on the SATB2 SUMOyla-
tion status, we interrogated the SATB2 ChIP-seq data
sets with the corresponding RNA-seq data sets. In LIF cul-
tures, SATB2 binding was detected at relatively few genes
that were dysregulated in Satb2% ~ % versus Satb2™" cells,
whereas in RA-treated cells, 155 dysregulated genes were
identified as direct SATB2 targets (Supplemental Fig. S6F;
Supplemental Tables S5, S6). The biological functions of
these target genes were linked to differentiation, metabo-
lism, self-renewal, and pluripotency. In Satb2X =% mu-
tant cells, SATB2 binding was detected at genes
irrespective of an up-regulation or down-regulation. In
Satb2™" cells, RA-specific gain of SATB2 occupancy was
found at genes encoding regulators of ES cell differentia-
tion, including FOXA1, a repressor of Nanog (Chen et al.
2014); the endoderm marker GATA4; and multiple chro-
matin regulators, such as APOBEC2, SETDB1, SMAR-
CADI, and CHD9 (Supplemental Fig. S6F). Thus, a
specific set of SATB2-bound genes that are regulated dur-
ing ESC differentiation depend on the SUMOylation of
SATB2.

SATB2 SUMOylation promotes the interaction
with the LSD1/CoREST complex

We then investigated the potential mechanism by which
SUMOylation of SATB2 regulates gene expression upon
RA-induced differentiation. SUMO2 modification of tran-
scriptional regulators can lead to the recruitment of the
LSD1/CoREST/HDACI corepressor complex via a direct
interaction between SUMO2 and the SUMO-interacting
motif (SIM) of CoRest (Ouyang et al. 2009). Coimmuno-
precipitation experiments of endogenous SATB2 indicat-

Repurposing of SATB2 function by SUMOylation

ed that LSD1 and CoREST interact with SATB2
specifically upon RA-induced differentiation and only in
the presence of SUMO-modified SATB2 (Fig. 7A). In con-
trast, an association of HDAC1 with SATB2 was detected
in both pluripotent and differentiated cells independently
of SUMOylation. Moreover, we did not detect interac-
tions with HDAC2 or Mi-28, which cooperate with
LSD1 in the context of the NuRD complex (Whyte et al.
2012). The dependence of the LSD1-SATB2 interaction
on SATB2 SUMOylation was also verified by immunopre-
cipitation after overexpressing the covalent SUMO2-
SATB2 fusion (Fig. 7B).

To examine which SATB2 direct targets are also bound
by LSD1, we performed LSD1 ChIP-seq with LIF- and RA-
treated Satb2™* and Satb2X ~ R ESCs and overlapped the
data sets with the SATB2 ChIP-seq data. We identified a
cluster of 154 SATB2-occupied sites that showed LSD1
binding only in RA-treated Satb2™ cells (Fig. 7C,D).
Gene-specific analysis confirmed the SATB2-dependent
recruitment of LSDI at the Nanog, Foxd3, Apobec, and
Foxal loci specifically in RA-treated Satb2™ but not
SATB2X =R cells (Fig. 7E,F; Supplemental Fig. S7A). On
the SATB-binding sites of the Nanog and Foxd3 pluripo-
tency genes, we noted diminished SATB2 peak signals
in RA-treated ESCs. The reduced SATB2 peak signals
could reflect an impaired ChIP efficiency of SUMOylated
SATB2 rather than a reduced occupancy at LIF-specific
sites. This possibility would not significantly affect our re-
sults and conclusions, and it would imply an even more
pronounced binding of SUMOylated SATB2" relative to
SATB2X~R at RA-specific sites in RA-treated cells (see
Fig. 6B). On the Apobec2- and Foxal- associated sites,
the binding of SATB2X ~® was not significantly altered
relative to that of SATB2"", indicating that the mutations
of the SUMO acceptor sites of SATB2 affects LSD1 re-
cruitment but not chromatin binding of SATB2"* (Supple-
mental Fig. S7A). GSEA analysis revealed a modest but
significant enrichment of LSDI1 recruitment at genes
down-regulated in RA-treated Satb2™ versus Sath2X ~ R
ESCs (data not shown). Thus, the SUMOylation of
SATB2 correlates with the recruitment of the LSD1/CoR-
EST complex to specific gene loci and may thereby induce
changes of gene expression (Supplemental Fig. S7B).

Discussion

Changes of gene expression during differentiation of stem
cells are predominantly governed by stepwise alterations
of transcription factor repertoires and regulatory networks
(Hackett and Surani 2014; Li and Belmonte 2017). Howev-
er, the initial response to differentiation cues often in-
volves the rapid repurposing of transcription factors by
post-translational modifications that alter transcriptional
responses and/or target gene recognition. Here, we show
that Satb2 gene inactivation in LIF-cultured cells leads
to impaired NANOG expression and destabilization of
the pluripotent state, consistent with a pluripotency-pro-
moting function of SATB2. Upon induction of differentia-
tion, however, the interaction of SATB2 with the E3 ligase
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ZFP451 results in SUMO2 modification of SATB2, down-
regulation of pluripotency genes, and the recruitment of
the LSD1/CoREST complex to a specific set of SATB2-
bound sites. SUMOylation also enables SATB2 to bind dif-
ferentiation-associated genes, suggesting that this post-
translational modification may allow for a repurposing
of SATB2 function during the transition of pluripotent
to differentiating ESCs.

Both Satb2X = X and Zfp451~/~ ESCs show an impaired
differentiation potential that can be overcome by the
forced expression of SUMO-SATB2 protein. Notably,
both mutant ESCs can be converted to epiblast stem cells
by the treatment with FGF and Activin A, suggesting that
the cells can exit from the state of naive pluripotency and
acquire the state of primed pluripotency. Thus, the im-
paired differentiation may affect lineage commitment,
which involves the down-regulation of naive pluripotency
genes and the expression of lineage markers. Our com-
bined ChIP-seq and RNA-seq analysis identified SATB2-
bound genes that are commonly dysregulated in RA-treat-
ed Satb2X~R and Zfp451~/~ ESCs. Both mutant cells
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show an up-regulation of the naive pluripotency genes
Nanog, Foxd3, Smarcadl and a down-regulation of the dif-
ferentiation gene Gata4.

NANOG is a key determinant of pluripotency that re-
wires the regulatory network by cobinding with other plu-
ripotency factors to many enhancers and by enhancing
chromatin accessibility (Chambers et al. 2007; Heurtier
etal. 2019). In addition, NANOG engages in an antagonis-
tic network with OTX2 to confer upon LIF-cultured ESCs
a responsiveness to naive or primed pluripotency-induc-
ing factors (Acampora et al. 2017). FOXD3 is also required
for the maintenance of pluripotency and acts as a repres-
sor that dismantles the naive pluripotency gene expres-
sion program by decommissioning active enhancers and
promoting the transition to the primed pluripotent state
(Hanna et al. 2002; Krishnakumar et al. 2016; Respuela
et al. 2016). SMARCADI1 enhances naive pluripotency
by binding to citrullinated histone H3R26cit, which sup-
presses H3K9me3-driven heterochromatin (Xiao et al.
2017). In addition, SMARCADI1 and MORCI1, which are
both bound by SATB2 and up-regulated in Satb2% = ® and
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Zfp451~/~ ESCs, are involved in the silencing of endoge-
nous retroviruses (Pastor et al. 2014; Sachs et al. 2019).

In LIF-cultured Sath2X~ X cells, we observed a down-
regulation of early postimplantation genes associated
with the primed pluripotency state, including Fgf5,
Otx2, and Pou3f1 (Oct6), relative to wild-type cells, sug-
gesting a role of SATB2%%%3 and/or SATB2%°C modifica-
tions already prior to differentiation-induced SUMO2
modification SUMOylation by ZFP451. Consistent with
the lack of a detectable interaction between SATB2 and
ZFP451 in LIF culture conditions, we observed virtually
no common changes of gene expression in LIF-cultured
Satb2X = R and Zfp451~/~ ESCs. The observed alterations
of gene expression in LIF-cultured Satb2X ~ R ESCs raise
the possibility that these cells have acquired a state with
hallmarks of both naive and primed pluripotency that
may resemble the transitional state of “formative” pluri-
potency (Smith 2017; Neagu et al. 2020). The primed plu-
ripotent state, associated with epiblast stem cells, confers
a reduced potential in chimeric assays (Mascetti and Pe-
dersen 2016). Our analysis of the stem cell potential of
Satb2X =R and Zfp451~/~ ESCs suggested that both
mutant cells have a reduced potential to contribute to chi-
mera formation. Thus, these cells may represent a pluri-
potent state with both impaired differentiation and stem
cell potential.

Despite the differentiation-specific ZFP451:SATB2 in-
teraction, we detected ZFP451 expression in pluripotent
cells at an even higher level than in differentiating cells.
Mass spectrometric and biochemical analysis showed
that human ZNF451 is SUMOylated (Karvonen et al.
2008; Hendriks et al. 2015, 2018), raising the possibility
that SUMOylation of ZFP451 during differentiation could
affect its substrate interaction and enzymatic activity. In-
deed, ZNF451 is itself a SUMO2 target (Eisenhardt et al.
2015), and fusion of SUMO2 to ZNF451 likely enhances
its enzymatic activity (Cappadocia et al. 2015). Alterna-
tively, the SATB2:ZFP451 interaction could be regulated
by differential PTMs of SATB2 in pluripotent versus dif-
ferentiating ESCs. The SUMO targeted lysine 350 of the
SATB2 protein resides within a highly conserved acetyla-
tion-to-SUMOylation switch motif (yKxEP), which is
found in other transcriptional regulators such as HICI,
C/EBP, and GATAI1 (Stankovic-Valentin et al. 2007; Van
Rechem et al. 2010). Thus, a switch in PTM rather than
de novo SUMOylation of unmodified lysines may under-
lie the functional repurposing of Satb2 in differentiating
ESCs.

To date, the SUMO2-specific E3 ligase ZNF451 has
been studied primarily during various stress conditions
with a handful of substrates, including Sp100, PML,
HDAC4, and MCM4 (Cappadocia et al. 2015; Eisenhardt
et al. 2015; Koidl et al. 2016). Moreover, ZNF451/ZATT
has been identified as a DNA repair factor that interacts
with genotoxic TOP2 DNA:protein cross-links (Schellen-
berg et al. 2017). Although SATB2 is a functionally impor-
tant target for SUMO2 modification by ZFP451 in
differentiating ESCs, ZFP451 is likely to have additional
and unrelated targets. Zfp451 knockout mice are viable,
but high-throughput phenotype analysis of adult homozy-
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gous mutant mice reported hypoactivity and male-
specific abnormalities of skin and pancreas (Interna-
tional Mouse Phenotyping Consortium, http://www
.mousephenotype.org; Dickinson et al. 2016) In contrast,
Satb2 knockout mice have skeletal and neuronal defects,
and they die shortly after birth (Dobreva et al. 2006; Alca-
mo et al. 2008; Britanova et al. 2008). The perinatal viabil-
ity of both Satb2~/~ and Zfp451~/~ mice is in contrast to
the differentiation defects of the corresponding ESCs.
Similar discrepancies of mutant phenotypes in cultured
ES cells and mice have been described for several genes en-
coding RNA- and/or chromatin-modifying enzymes, such
as Mettl5 (Vougiouklakis et al. 2017; Ignatova et al. 2020).
Such discrepancies could be due to potential compensato-
ry effects in vivo and/or a signaling environment in the de-
veloping embryo that overrides cell-intrinsic defects
observed in cultured ES cells. Thus, the findings on the
role of SATB2 SUMOylation for embryonic stem cell dif-
ferentiation may be limited to in vitro cultured cells.

Our ChIP-seq data suggest that RA treatment of wild-
type ESCs results in a gain of SATB2 binding at many dif-
ferentiation-associated genes. Altered binding to specific
subsets of target sites has also been observed upon
SUMOylation of nuclear hormone receptors and GATA1
(Lee et al. 2009; Paakinaho et al. 2014; Sutinen et al.
2014). The differentiation-specific sites of SATB2 occu-
pancy are predominantly associated with lineage-specific
genes, and the Satb2X ~ R mutation affects both activation
and repression. In RA-treated Satb2X ~ X ESCs, many dys-
regulated genes lose the recruitment of the LSD1/CoREST
complex, which has been shown to confer gene activation
and repression, dependent on the composition of the com-
plex (Wang et al. 2007). Moreover, the LSD1/CoREST
complex is required for embryonic development and for
the efficient repression of pluripotency genes during neu-
ral differentiation (Qureshi et al. 2010; Adamo et al. 2011).
Thus, SUMOylation of SATB2 correlates with recruit-
ment of the LSD1/CoREST complex, which may help to
diversify the function of Satb2 in ESCs. SATB1/SATB2
heteromers may facilitate binding at low SATB2 concen-
tration in LIF-cultured ESCs independently of accessible
chromatin domains. Recent analysis of SATB1 binding in-
dicated that SATB1 binds inaccessible chromatin do-
mains with a preference of multiple consensus motifs
(Ghosh et al. 2019). In conditions of differentiation, the
marked increase in SATB2 level and SUMOylation may
both allow for binding to a new set of sites independently
of SATBI.

Our analysis shows that SUMOylation of SATB2 is nec-
essary but not sufficient for the differentiation of ESCs
and the down-regulation of pluripotency genes. The
forced expression of a SUMO-Satb2 fusion protein can res-
cue, at least in part, the differentiation defect of Satb2X =
ESCs only upon RA treatment, suggesting that differenti-
ation-specific interaction partners or additional post-
translational modifications may cooperate with SUMO-
SATB2 to shift the balance from pluripotency to differen-
tiation. According to this view, SUMOylation of SATB2
may destabilize the pluripotency gene regulatory network
and allow differentiation cues to collapse this network
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and to initiate lineage-specific programs. Considering that
SUMO function has recently been implicated in the main-
tenance of cell identity (Borkent et al. 2016; Cossec et al.
2018; Theurillat et al. 2020), ZFP451-mediated SUMO2
modification of SATB2 may also contribute to stabilizing
the differentiated state of somatic cells.

Materials and methods

Cell culture

All mouse embryonic stem cell lines were cultured and passaged
on irradiated mouse embryonic fibroblasts in ES cell medium
containing 15% PANSera ES serum (PAN Biotech) and 1000 U/
mL ESGRO LIF (Millipore) as well as 1x sodium pyruvate
(GIBCO), 1x penicillin/streptomycin/glutamine (GIBCO), 1x
nonessential amino acids (GIBCO), 0.1 mM -mercaptoethanol
(Sigma), and DMEM high glucose (ThermoFisher). For differenti-
ation experiments and RNA/DNA/protein extractions, ESCs
were cultured on dishes covered with 0.1% gelatin, except
Satb2** ESCs, which were cultured on dishes covered with
fibronectin.

mESC differentiation

For differentiation of ESCs to epiblast stem cells, ectoderm, endo-
derm, and random progenitors, mESCs were initially plated on
0.1% gelatin-covered dishes in ES cell media. Twenty-four hours
later, the media was switched to the appropriate differentiation
medium. Epiblast differentiation was induced with epiblast medi-
um: 50% IMDM (Gibco; supplemented with 2 mM of L-gluta-
mine), 50% Ham’s F-12 nutrient mix (Gibco; supplemented
with 2 mM L-glutamine), 5 mg/mL BSA, 1%, 450 uM 1-thiogly-
cerol, 7 pg/mL recombinant insulin (Thermo), 15 pug/mL transfer-
rin (Sigma; supplemented freshly with 12 pg/mL of FGF2[R&D]),
and 20 pg/mL Activin A (R&D). Ectoderm precursors were
generated with ES cell medium containing serum + 5 uM retinoic
acid (Sigma) or neuroectoderm medium: 44% DMEM/F12
(Gibco), 44% neurobasal (Gibco), 1x N2 and 1x B27 supplements
(Gibco), 20 ng/mL Fgf2 (R&D), 400 ng/mL Sonic Hedgehog (SHH;
R&D), 100 ng/mL Fgf8 (Gibco), and 1x penicillin/streptomycin
(Gibco). Endoderm differentiation was induced with endoderm
medium: 74% IMDM (Gibco), 25% DMEM/F12 (Gibco), 1x N2
and 1x B27 supplements (Gibco), 2 mM l-glutamine (PAN),
0.05% BSA (Sigma), 0.5 mM ascorbic acid (StemCell), 0.45 mM
B-mercaptoethanol (Sigma), 1x nonessential amino acids (Gibco),
1x penicillin/streptomycin (Gibco), and 50 ng/mL Activin A
(R&D). Random differentiation was achieved by culture in ES
cell media without LIF. For mesoderm differentiation, ES cells
were plated on type IV collagen-coated six-well cluster
dishes (Biocoat; Becton-Dickinson) and incubated in o-MEM
(Thermofisher) supplemented with 10% PANSera ES (PAN Bio-
tech), 1x penicillin/streptomycin (Gibco), and 0.45 mM f-mer-
captoethanol (Sigma).

CRISPR/Cas9 editing of mESCs

CRISPR guide RN As (gRNAs) were designed using the online tool
from the Massachusetts Institute of Technology (http://crispr.mit
.edu). gRNAs were cloned into pCas9 (BB) 2A-GFP (pX458; Add-
gene 48138). A minimum of three gRNAs were screened for each
locus, and their efficiency was determined using the T7 endonu-
clease assay as described before (Ran et al. 2013). K —» R mutations
in the Sumo acceptor sites 233 and 350 or the Satb2 protein
were generated by inserting subsequently individual mutations.
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A single-stranded donor oligonucleotide was used for K350R,
and double-stranded donor plasmid was used for K233R. The
donor oligonucleotide or donor plasmid was transiently cotrans-
fected with their respective gRNA (K233R: 5-ACACTGCACA
CAGTCCATAC-3; K350R: 5-ACAGAGGAGTTTGTTGGC
TC-3’). Successful mutation was determined by PCR followed
by restriction digestion of the amplicon. Positive clones were con-
firmed by Sanger DNA sequencing (K233: Fwd 5-ATTTCGTTT
GTAGAGGAGTCATAGC-3, K233: Rev 5'-CTAATGGATTTT
GGCTTTTAT-3/, K350: Fwd 5-ACTGACTCACTTTTGTTTT
GGG-3, and K350: Rev 5-GCGGTTGAATGCCACTCTTG-3/).
For the C-terminal tagging of the Satb2 protein, a gRNA
(5-TATCTC TGGTCGGTTTCGGC-3') and a donor plasmid
containing the 3xTyl tag were transfected as described above.
Positive colonies were screened with the primers Tyl-Fwd (5'-
CCTCTATCCCGACCAGGAAGC-3') and Tyl-Rev (5-AGTGT
CTTTGCCAAG GTGACG-3).

Generation of Zfp451 knockdown ES cell lines

Knockdown of the Zfp451 gene in mouse ESCs was achieved with
a retroviral vector. Virus was produced in platE cells transfected
with 17 pg of the pQCXIN vector (Clontech) containing a shRNA
directed against the isoforms 1 and 2 of the Zfp451 gene (target se-
quence: 5-TTTCATAGTGGGCATAGATA-3').

Generation of EpiSCs

Satb2™t Satb2X~ R, and Zfp451~/~ mESC cell lines were grown
for 5 din anormal mES cell medium containing FGF2 and Activin
A. Complete differentiation into epiblast stem cells was further
confirmed by checking morphology, quantitative RT-PCR, and
Western blot analysis of epiblast stem cell-specific markers.

Generation of chimeric embryos

Satb2™t, Satb2X =R and Zfp451~/~ mESC cell lines stably ex-
pressing tdTomato were generated using a pCAH-NLS-tdTomato
plasmid vector. Reporter mESC cell lines were microinjected into
B6(C)Rj-Tyrc/c E3.5 mouse preimplantation embryos (blasto-
cysts) and transferred to pseudopregnant females (licenses Az.
35-9185.82/1-17/01 and Az. 35-9185.82/1-17/03). Embryos were
collected at E10.5. All mice were kept in the animal facility of
the Max Planck Institute of Immunobiology and Epigenetics un-
der specific pathogen-free conditions. All animal experiments
were performed in accordance with the relevant guidelines and
regulations, approved by the review committee of the Max Planck
Institute of Immunobiology and Epigenetics and the Regierung-
sprisidium Freiburg, Germany (license Az.35-9185.81/G-18/117).

Staining of embryos

E10.5 embryos were fixed in 4% PFA and permeabilized with
0.5% Triton X-100 followed by blocking with 3% BSA overnight.
Blocked embryos were stained with anti-tdTomato antibody fol-
lowed by Alexa Fluor 555 antirabbit IgG secondary antibody
staining. Microscopic images were acquired with a LSM 880 Axi-
oObserver (Zeiss): objective: plan-apochromat: 5x/0.16 M27, and
light source: DPSS 561 nm. Tiles images were acquired every
4 um of the focal plane. Images were then reconstituted using
the Fiji software (Image], version 2.0.0-rc-59/1.51 k), using the au-
tomated stitching plugging. For each embryo, a volume of 200 pum
(50 stacks) was used to create 2D images (hyperstacks) using max-
imum intensity projection.
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Detection of endogenous SUMOylation

To detect endogenous SUMO-Satb2 conjugates in ES cells, the
protocol from Becker et al. (2013) was followed to detail. SUMO
hybridomas SUMOL1 21C7 and SUMO2 8A2 were developed by
M. Matunis and obtained from the Developmental Studies Hy-
bridoma Bank, created by the National Institute of Child Health
and Human Development of the National Institutes of Health
and maintained at Department of Biology, The University of
Towa (Becker et al. 2013; http://dshb.biology.uiowa.edu). The an-
tibodies were cross-linked to protein G-agarose (Roche). SUMO
conjugates were eluted with buffer containing epitope-containing
peptides (for SUMOL1 21C7, VPMNSLRFLFE; for SUMO2 8A2,
IRFRFDGQPI).

In vitro SUMOylation assay

Recombinant SATB2Y', SATB2X = ® and ZFP451-N (6xHis-MBP-
ZNF451 amino acids 2-246) (Eisenhardt et al. 2015) were purified
and used at equimolar concentrations. In vitro SUMO modifica-
tion assays were performed using an in vitro SUMOylation kit
from Enzo Life Sciences (BML-UW8955), according to the manu-
facturer’s instructions. Reactions were incubated at 37°C and
were stopped by 1:1 dilution with 2x reducing sample buffer
with DTT. The samples were further analyzed by Western blot-
ting using anti-Satb2 antibody.

RNA isolation and qRT-PCR

RNA was purified using Trizol (Life Technologies) according to
the manufacturefs instructions. For RNA-seq, the RNA was fur-
ther cleaned with the RNeasy mini kit (Qiagen). RNA (0.1-1 pg)
was used to prepare cDNA with the SuperScript II reverse tran-
scriptase (Invitrogen) system and analyzed by quantitative RT-
PCR using the Fast SYBR Green master mix (Applied Biosys-
tems). Primers are listed in the Supplemental Material.

RNA-seq library preparation, sequencing, and data analysis

Libraries were prepared from 1 pg of purified total RNA using the
TruSeq stranded mRNA sample preparation kit (Illumina) and
quantified with a Qubit fluorometer (Thermo). Uniquely indexed
libraries were pooled in equimolar ratios and sequenced on an
Ilumina NextSeq500. RNA-seq data were mapped to the mouse
reference genome (mm9) using Tophat (v2.0.14) (Cossec et al.
2018). The mapped reads were further assembled using Cufflinks
(v2.2.1), and the expression level of the reference genes (UCSC,
mm9) was determined by Cuffquant. The two biological repli-
cates of each condition were normalized, and the differential
gene expression between the conditions was calculated using
Culfflinks tools (Trapnell et al. 2012). The gene sets were further
filtered with the g-value cutoff <0.05 and twofold up-regulation
or down-regulation relative to the wild-type cells. Further details
are available in the Supplemental Material.

Immunoblot analyses

A full list of antibodies used in the immunoblot analyses is in the
Supplemental Material.

ChIP protocol and library preparation

The ChIP protocol for pluripotent and differentiating ES cells was
adapted from Lee et al. (2006) and optimized as follows. The cells
were cross-linked with 1% methanol-free formaldehyde
(Thermo/Pierce) for 10 min. Glycine solution was added to a final
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concentration of 125 mM to stop the cross-linking. The cells were
sonicated in E220 Ultrasonicator (Covaris) with following set-
tings: 140 peak incidence, 5 duty factor, 200 cycles/burst, and
1200 sec. Ten micrograms of antibody (see Supplemental Table
S10) and blocked (0.5% BSA in PBS) GammaBind G Sepharose
beads was added to the precleared lysate for the ChIP. The input
and eluates were purified using the QIAquick PCR purification
kit (Qiagen). Full details are in the Supplemental Material.

ChIP-seq data processing

Reads were aligned in paired-end mode to the mm9 genome us-
ing bowtie2 v2.2.8 (Langmead and Salzberg 2012). Peak calling
and read coverage generation were performed using macs2
v2.1.2 (Zhang et al. 2008). To compute differentially bound re-
gions, peak summits were merged using bedtools mergev2.19.0
(Quinlan and Hall 2010) with -d 400 as a parameter, and read cov-
erages were retrieved over merged peak summits as count matri-
ces using Homer annotatePeaks v4.7 (Heinz et al. 2010).
Differentially bound regions were called as previously described
(Cauchy et al. 2016) as having an absolute log2 fold change >1 on
the union of wt LIF and RA Satb2 peaks. Where applicable, differ-
ential and shared regions were further split by Satb1 (d4 wt) over-
lap or LSD1 peak gain (d4 wt). Heat maps and average profiles
were generated using deeptools v2.4.2 (Ramirez et al. 2014).
LSD1 ChiIP-seq clustering was performed on the union of all
LSD1 peaks in all conditions, +200 bp from peak centers, using
the R gplots heatmap.2 function. Further details are in the
Supplemental Material.

Motif discovery

Motif discovery was performed using Homer with default param-
eters. Motif average profiles were obtained via Homer annotate-
Peaks v4.7 and deeptools v2.4.2. Full details are in the
Supplemental Material.

HiC assay

HiC was performed was performed according to the in-situ HiC
protocol with slight modifications as previously described (Rao
et al. 2014; Mumbach et al. 2016). Briefly, cells were cross-linked
for 10 min at room temperature in 1% formaldehyde and
quenched with 125 mM glycine for 5 min at room temperature.
HiC reactions were performed in 107 cross-linked cells using
50 pL of 10x NEB buffer 2 and 375 U of Mbol restriction enzyme
(NEB R0147). Samples were sonicated in a Covaris militube using
a Covaris E220 sonicator (fill level: 10, duty cycle: 5, PIP: 140, cy-
cles/burst: 200, and time: 4 min). Biotin pull-down was carried
out using 50 ng of chromatin via magnetic separation. For PCR
and post-PCR size selection, beads were resuspended in 50 pL of
PCR master mix (2x Phusion HF,12.5 pM Nextera Ad1.1 [univer-
sal], 12.5 uM Nextera Ad2.x [barcoded]) with 15 cycles (15 sec at
98°C, 30 sec at 63°C, and 1 min at 72°C). Libraries were cleaned
up with 1.8x and subsequently 0.6x Ampure XP beads, and finally
eluted in 10 pL of water. Sequencing was carried out on an Illu-
mina HiSeq 2500 sequencer. Full details are in the Supplemental
Material.

HiC data analysis

Reads were aligned to the mm9 genome using bwa (v 0.7.16a)
(Li and Durbin 2009). Corrected interaction matrices were ob-
tained via HiCExplorer (v2.1.4) (Ramirez et al. 2018). Significant
interactions were called using Homer. HiC matrix correlation
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was carried out using hicCorrelate of the HiCExplorer (v2.1.4)
package. Interactions were plotted using SeqMonk (v1.4.6).

3C assay

For each sample, 1 million to 2 million cells were lysed in 300 uL
of lysis buffer (10 mM Tris-HCl at pH 8.0, 10 mM NaCl, 0.2% lge-
pal CA630 with protease inhibitors) and incubated for 20 min on
ice. Cells were centrifuged 2500¢ for 5 min at 4°C, and pellets
were washed once in lysis buffer. Pellets were resuspended in
50 pL of 0.5% SDS and incubated for 10 min at 65°C. Water
(145 pL)and 25 pL of 10% Triton X-100 were added to the samples
and incubated for 15 min at 37°C. HindIII restriction enzyme
(100 U) and 25 pL of NEB Cut smart buffer were added and incu-
bated overnight at 37°C with shaking. The next day, the enzyme
was inactivated for 20 min at 65°C. The ligation reaction was car-
ried out overnight at 16°C by adding 120 uL of NEB T4 ligase buff-
er with 10 mM ATP (NEB B0202), 100 pL of 10% Triton X-100, 3
uL of 50 mg/mL BSA, 720 pL of water, and 5 pL of T4 DNA ligase
(NEB M0202). The day after, 50 L of 20 mg/mL proteinase K and
120 pL of 10% SDS were added, and the samples were incubated
overnight at 65°C. Last, 10 uL of 10 mg/mL RNase was added, and
samples were incubated for 1 h at 37°C. Following phenol chloro-
form purification, the DNA was precipitated using 1.6 vol of
100% ethanol and 0.1 vol of 3 M sodium acetate. After incubation
for 1 h at —80°C, samples were spun at 16000 rpm for 15 min at
4°C. Pellets were washed twice with 70% ethanol and dissolved
in 100 pL of 10 mM Tris (pH 8.0). 3C ligation products were mea-
sured by quantitative PCR, and primers for the amplification of
the “bait” sequence were used as an internal normalization con-
trol for each of the samples. The primers used for this study are in
the Supplemental Material.

Data availability

ChIP-seq, RNA-seq and HiC data were deposited at the Gene Ex-
pression Omnibus (GEO) under the accessions GSE119989 (ChIP-
seq), GSE119990 (RNA-seq), GSE153078 (HiC), and GSE119991
(SuperSeries).
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