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Ctbp2-mediated β-catenin regulation is required for
exit from pluripotency

Tae Wan Kim1,5,6, Sojung Kwak1,6, Jihoon Shin1, Byung-Hee Kang1, Sang-Eun Lee2, Min Young Suh3,
Jae-Hwan Kim1, In-Young Hwang1, Jong-Hyuk Lee1, Jinmi Choi1, Eun-Jung Cho4 and Hong-Duk Youn1,3

The canonical Wnt pathway is critical for embryonic stem cell (ESC) pluripotency and aberrant control of β-catenin leads to

failure of exit from pluripotency and lineage commitments. Hence, maintaining the appropriate level of β-catenin is important for

the decision to commit to the appropriate lineage. However, how β-catenin links to core transcription factors in ESCs remains

elusive. C-terminal-binding protein (CtBP) in Drosophila is essential for Wnt-mediated target gene expression. In addition, Ctbp

acts as an antagonist of β-catenin/TCF activation in mammals. Recently, Ctbp2, a core Oct4-binding protein in ESCs, has been

reported to play a key role in ESC pluripotency. However, the significance of the connection between Ctbp2 and β-catenin with

regard to ESC pluripotency remains elusive. Here, we demonstrate that C-terminal-binding protein 2 (Ctbp2) associates with

major components of the β-catenin destruction complex and limits the accessibility of β-catenin to core transcription factors in

undifferentiated ESCs. Ctbp2 knockdown leads to stabilization of β-catenin, which then interacts with core pluripotency-

maintaining factors that are occupied by Ctbp2, leading to incomplete exit from pluripotency. These findings suggest a

suppressive function for Ctbp2 in reducing the protein level of β-catenin, along with priming its position on core pluripotency

genes to hinder β-catenin deposition, which is central to commitment to the appropriate lineage.
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INTRODUCTION

Embryonic stem cell (ESC) pluripotency is governed by
intrinsic signaling pathways that include non-coding RNAs,
chromatin regulators and transcriptional regulators.1–4 In
addition, extrinsic signaling pathways influence intrinsic signal-
ing pathways that are important for ESC self-renewal and
pluripotency.5–10 Furthermore, ESC pluripotency is maintained
by blocking differentiation-related signaling pathways using
small-molecule inhibitors, which block the mitogen-activated
protein kinase (Mek)/extracellular signal-related kinase
(Erk1/2; Mapk3/1) pathway and the glycogen synthase kinase
3 (Gsk3) pathway.11 In particular, the Gsk3 signaling pathway
negatively controls the canonical Wnt signaling pathway, which
plays a crucial role in ESC pluripotency,12 via phosphorylation
of β-catenin, resulting in its ubiquitylation and proteasomal
degradation.13,14

However, the requirement for Wnt in ESC pluripotency is
controversial.15 Activation of Wnt signaling has been reported
to maintain ESC pluripotency and to prevent exit from
pluripotency. In addition, treatment with Leukemia inhibitory
factor (LIF) plus Wnt produced new strained ESCs and
synergistic effects on ESC maintenance and pluripotency.16–20

On the other hand, canonical Wnt signaling has been reported
to induce mesendoderm progenitors,21,22 indicating that Wnt
signaling is involved in both ESC propagation and ESC
differentiation, probably by context- and time-dependent
regulation of Wnt signaling.15

β-Catenin is a key effector in the canonical Wnt signaling
pathway, and it acts as a transactivator of target genes by
cooperating with Tcf/Lef transcription factors.23–25 Deficiency
in β-catenin did not influence ESC self-renewal26,27 but
produced defects in differentiation to form the mesendodermal
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germ layer formation and neuronal cell types,27 demonstrating
that β-catenin is dispensable for ESC maintenance but indis-
pensable for proper lineage commitment. However, upregula-
tion or stabilization of β-catenin sustained ESC pluripotency
upon induction of differentiation by nuclear translocation and
subsequent de-repression of Tcf3 target genes26 or a subsequent
increase in Oct4 activity in a Tcf3-independent manner.28

Thus, maintaining the appropriate level of β-catenin is crucial
for decisions regarding the appropriate lineage commitment.
However, how the level of β-catenin itself is controlled in ESCs
and how nuclear β-catenin affects the activation of its target
genes remains elusive.

The level of β-catenin is regulated by a destruction complex
consisting of Ck1, Gsk-3β, axin1 and Apc.29,30 Apart from
Gsk3 inhibition, aberrant regulation of Apc also leads to
β-catenin stabilization, which affects the exit from
pluripotency,31,32 indicating that proper control of β-catenin
destruction components is essential for ESC pluripotency.
β-Catenin-mediated transcription of the genes regulated by
the destruction complex occurs in a cell-type- and context-
dependent manner,24 suggesting that there are other compo-
nents of the destruction complex in ESCs for fine-tuning the
control of β-catenin with regard to ESC pluripotency.

C-terminal-binding protein-2 (Ctbp2)-knockout mice show
early embryonic lethality.33 In addition, Ctbp2 was identified as
a core Oct4-interacting protein in ESCs.34 Recently, Ctbp2 was
revealed to control the epigenetic states of H3K27 in active ESC
genes by interconnecting the NuRD complex and Oct4 in
undifferentiated ESCs.35 Meanwhile, CtBP in Drosophila was
revealed to be required for Wnt-mediated target gene expres-
sion during development.36 In addition, Ctbp acts as an
antagonist of β-catenin activation through the assembly of
the Apc/Ctbp/β-catenin complex, which lessens the amount of
free nuclear β-catenin available for binding to TCF in
mammals.37 However, the significance of the connection
between Ctbp2 and β-catenin with regard to ESC pluripotency
remains elusive.

In this study, we demonstrate that Ctbp2 associates with the
major β-catenin destruction complex in ESCs. Ablation of
Ctbp2 results in upregulation of β-catenin, which is directed to
core ESC factors that were occupied by Ctbp2, such as Oct4
and Nanog, thereby leading to incomplete exit from pluripo-
tency during ESC differentiation. This is a novel mechanism in
which Ctbp2 controls β-catenin by reducing the expression
level of β-catenin as a component of the β-catenin destruction
complex, as well as by priming its position in core ESC genes to
hinder β-catenin deposition, which is central to appropriate
lineage commitment.

MATERIALS AND METHODS

Cell culture
ESCs were cultured and passaged on 0.1% gelatinized (Sigma-Aldrich,
St Louis, MO, USA) plates as reported previously.38 Briefly, the
mouse ESC medium was composed of KNOCKOUT DMEM
(Gibco-Invitrogen, Waltham, MA, USA) and 15% (v/v) fetal
bovine serum (FBS; Gibco), supplemented with 2 mM L-glutamine,

55 μM β-mercaptoethanol, 1% (v/v) non-essential amino acids,
100 U ml− 1 penicillin and 100 μg ml− 1 streptomycin (all from Gibco),
and 1000 Uml− 1 ESGRO (Millipore, Billerica, MA, USA). ESC
differentiation was induced by LIF withdrawal from ESC medium in
monolayer cultures.

Self-renewal assay
The self-renewal assay (colony-forming assay) was performed as
described previously.39 Briefly, ESCs were trypsinized and re-plated
at 600 cells per six-well plate. After incubation for 7 days with/without
LIF, plates were stained for alkaline phosphatase and scored by
differentiation status.

Lentiviral shRNA-mediated Ctbp2-knockdown
PLKO-puro constructs expressing shRNAs were purchased from
Sigma. The shRNA constructs targeting Ctbp2 are TRCN0000109335
and TRCN0000307495. Lentivirus production was performed in
293FT cells by co-transfection of 1 μg each of pMD2.G, pMDLg/
pRRE, pRSV-rev and pLKO-shRNA using Lipofectamine 2000
(Invitrogen, Waltham, MA, USA). At 48 h after transfection,
virus-containing medium was collected and filtered using 0.45 μm
filters. Polybrene (10 μg ml− 1) was added to target cells immediately
before infection, and infection was performed for 5 h. Puromycin
selection (2 μg ml− 1) was performed at 48 h after infection and
continued for 2 days. As a control, we used pLKO.1 puro vector.

Lentiviral shRNA-mediated β-catenin-knockdown in Ctbp2-
knockdown ESCs
shRNAs were purchased from Sigma. The shRNA construct targeting
β-catenin is TRCN0000012691. We substituted blasticidine for pur-
omycin in a shCtnnb1.puro vector (shCtnnb1.bla). To generate
β-catenin-knockdown ESCs in Ctbp2-knockdown ESCs, Ctbp2-knock-
down ESCs were infected with lentivirus containing shCtnnb1.bla, and
8 μg ml− 1 blasticidine selection was performed after 48 h. Blasticidine-
resistant cells were expanded and tested for β-catenin expression by
western blotting.

Reporter gene assay
ESCs were cultured and transfected with the reporter plasmids
TOP-FLASH and FOP-FLASH (Addgene, Cambridge, MA, USA)
using Lipofectamine 2000 (Invitrogen). After 48 h, reporter gene
activity was measured using Magellan software (Tecan, Switzerland).

Immunoprecipitation, western blot and
immunofluorescence
Immunoprecipitation from Flag-tagged CTBP2-expressing ESCs and
wild-type ESCs, western blotting, and immunofluorescence were
performed as described previously.38 Anti-Ctbp1 (612042) and anti-
Ctbp2 (612044) antibodies were purchased from BD Transduction
Laboratories (Franklin Lakes, NJ, USA); anti-Nanog (ab14959)
antibody was from Abcam (Cambridge, MA, USA); anti-Oct4
(sc-5279), Gsk-3β (sc-9166) and β-catenin (sc-7199) antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA);
anti-Apc (A300-981A) antibody was from Bethyl Laboratories
(Montgomery, TX, USA); and anti-phospho Gsk-3β (S9) (9336s)
antibody was from Cell Signaling (Danvers, MA, USA).

Real-time qPCR
RT-qPCR was performed as previously described.38 Briefly, total RNA
was extracted using Trizol (Invitrogen), and cDNA was synthesized
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according to the manufacturer’s protocol (AMV Reverse Transcrip-
tase, Takara (Mountain View, CA, USA)). Quantitative real-time-PCR
was performed using the SYBR Green qPCR Kit (Finnzymes,
Waltham, MA, USA, F-410L) with the iQ5 Real-time PCR Detection
System (Bio-Rad, Hercules, CA, USA). We analyzed relative mRNA
expression levels using the 2-ΔΔCT calculation method. Sequences of
the primers for real-time PCR are listed in Supplementary Table 1.

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were performed as
described.38 Briefly, cells were cross-linked with 1% formaldehyde and
lysed and sonicated. Then, 10-fold-diluted lysates in IP buffer were
incubated overnight at 4 °C with protein A/G PLUS agarose and
1–2 μg of the appropriate antibodies.
Cross-linking was reversed by adding 20 μl of 5 M NaCl and

incubating overnight at 65 °C. DNA was precipitated with ethanol
and kept at − 20 °C for later use. Sequences of the ChIP primers for
real-time PCR are listed in Supplementary Table 1.

ChIP-sequencing data analysis
Mapping, identification and annotation of enriched regions. Reads after
sequencing were mapped against the mouse genome (NCBI build 37/
mm9) using Bowtie v.0.12.740 with the default parameters. The BAM
format outputs were sorted by genomic coordinates (samtools sort),
and reliable reads based on mapping scores were used in subsequent

processes. GO annotation was performed using GREATv2.0.2.41 The
ChIP-seq raw data are available under the accession number
E-MTAB-2002.

Motif and co-bound factor analysis
HOMER was used for motif and co-bound factor analysis. De novo
motif and known motif discovery algorithms were applied with default
settings. We considered two factors to be co-bound when their peak
centers were located within 200 bp of each other.

RESULTS

Ctbp2 associates with the β-catenin destruction complex in
ESCs
We previously isolated Ctbp2-binding proteins in ESCs by
mass spectrometry and revealed Ctbp2-interacting proteins
related to transcription factors and chromatin regulators that
linked to stem cell pluripotency and differentiation
(Supplementary Table 2).35 In addition, we identified Ctnnb1
(β-catenin) and major components of its destruction complex,
such as Apc, Gsk3β, Ck1α, Axin1, Ppp2r1a and Ctnna1
(α-catenin), which play a key role in regulating the transcrip-
tional activity and stability of β-catenin (Figure 1a).24,25 Among
these proteins, we confirmed that Ctbp2 interacted with β-
catenin and major components of the β-catenin destruction
complex, such as Apc and Gsk-3β, by immunoprecipitation
using Flag-CTBP2-expressing ESCs that had characteristics
similar to an undifferentiated state35 (Figure 1b). In addition,
we observed that Ctbp2 interacted with β-catenin endogen-
ously in wild-type ESCs (Figure 1c).

Ctbp2 destabilizes β-catenin levels in ESCs
Since the β-catenin destruction complex regulates β-catenin
stability,29,30 we hypothesized that Ctbp2 is involved in β-
catenin stability in ESCs. To determine whether Ctbp2 controls
β-catenin stability, we produced two shRNA-mediated Ctbp2-
knockdown ESC lines, which had no effect on ESC main-
tenance in the undifferentiated state35 (Figure 2a). We observed
that the expression level of β-catenin was higher in Ctbp2-
knockdown ESCs than in wild-type ESCs (Figure 2a). In
addition, the level of Gsk3β that was phosphorylated at serine
9, an inactivated form of Gsk3β, was elevated upon Ctbp2-
knockdown, suggesting that β-catenin destruction complex is
inefficiently assembled. Using immunostaining, we confirmed
that the level of β-catenin in Ctbp2-knockdown ESCs was
higher than in wild-type ESCs (Figure 2b). Furthermore, rescue
of CTBP2 in Ctbp2-knockdown ESCs (rescued ESCs) restored
β-catenin expression (Figure 2c). Taken together, these results
showed that Ctbp2 regulates the protein level of β-catenin
in ESCs.

Upregulated β-catenin in Ctbp2-knockdown ESCs directly
targets active ESC genes
To investigate the role of the upregulation of β-catenin upon
Ctbp2-knockdown in chromatin, we compared the genome-
wide occupancy of Ctbp2 (Supplementary Table 3),35 Tcf342

and stabilized β-catenin43 using published ChIP-seq data to

Figure 1 Ctbp2 associates with the β-catenin destruction complex
in ESCs. (a) Using mass spectrometry,35 we identified Ctbp2-
interacting proteins that were β-catenin and core β-catenin
destruction components in ESCs with reasonable peptide counts.
(b) Using immunoprecipitation with Flag antibodies from ESCs,
showing that Flag-tagged CTBP2 was stably incorporated, and
endogenous β-catenin, Gsk-3β and Apc were detected with the
indicated antibodies. (c) Using immunoprecipitation with Ctbp2
antibodies from wild-type ESCs, endogenous β-catenin was detected
with the indicated antibodies.
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identify their target genes. We identified 824 regions that were
co-occupied by Ctbp2, Tcf3 and β-catenin (A regions;
Supplementary Table 4) and 726 regions that were
co-occupied by Ctbp2 and β-catenin but not by Tcf3 (B
regions; Supplementary Table 5) (Figure 3a). Intriguingly, we
found that β-catenin occupancy was more enriched in A
regions than B regions, and even Ctbp2 occupancy was
comparable between them, indicating that among Ctbp2-
occupied regions, stabilized β-catenin tended to be enriched
in Tcf3-occupied regions compared to regions without Tcf-3
binding (Figure 3b; Supplementary Figure 1a).

Based on motif discovery algorithms,44 the Oct4 motif was
most significantly enriched in A regions, while the Esrrb motif
was most enriched in B regions, even though its P-value was
lower in B regions (P= 1e− 74) than in A regions (P= 1e− 231)
(Figure 3c; Supplementary Figure 1b). In addition, based on
gene ontology analysis using GREAT,41 A regions were linked
to epidermis development and stem cell development
(Figure 3d), while B regions were linked to chromosome and
chromatin organization (Supplementary Figure 1c).

Next, we examined whether the upregulation of β-catenin
upon Ctbp2-knockdown leads to the activation of ESC genes.
β-Catenin was enriched at Oct4, Nanog, Esrrb, Nr5a2, Rex1,
Klf2 and Dax1 loci, also sites of Ctbp2 occupation, in Ctbp2-
knockdown ESCs compared to wild-type ESCs (Figure 3f),
which is consistent with the ChIP-seq data analysis in which
stabilized β-catenin localizes to Ctbp2-occupied loci
(Figure 3e). Moreover, we found that transcriptional activity
of β-catenin was significantly increased in Ctbp2-knockdown
ESCs compared to wild-type ESCs. Further, such increased
activity disappeared in rescued ESCs in the TOP-FLASH
reporter assay, while reporter activity was not detected in the
FOP-FLASH reporter assay (Figure 3g).

Collectively, these results demonstrate that Ctbp2 controls
β-catenin in chromatin, which directs to core ESC genes.

Ctbp2 is indispensable for exit from pluripotency, partially
through β-catenin destruction
Next, we determined whether a physiological association
between Ctbp2 and β-catenin affects ESC maintenance or exit
from pluripotency. We have previously shown that ESCs failed
to exit from pluripotency upon Ctbp2 knockdown.35 To
elucidate whether this phenomenon is dependent on the up-
regulation of β-catenin by Ctbp2, we produced shRNA-
mediated β-catenin-knockdown ESCs in Ctbp2-knockdown
ESCs, which did not affect ESC maintenance as shown by
comparable expression levels of Oct4 and Nanog and similar
activity of alkaline phosphatase (AP) (Figure 4a and b). The
population prevented from exiting pluripotency in Ctbp2-
knockdown ESCs was partially rescued upon β-catenin knock-
down during ESC differentiation, as shown by the colony-
formation assay (Figure 4b and c). In addition, insufficient
downregulation of pluripotency-associated genes, such as Oct4,
Nanog, Esrrb, Nr5a2, Rex1, Klf2 and Dax1, in Ctbp2-knock-
down ESCs versus wild-type ESCs was rescued upon β-catenin
knockdown in Ctbp2-knockdown ESCs during differentiation
(Figure 4d). Furthermore, based on the colony-formation assay
and qRT-PCR analysis of pluripotent-associated genes during
ESC differentiation, administration of IWP2, which is known
as a β-catenin inhibitor,45 to Ctbp2-knockdown ESCs partially
restored the ability to exit from pluripotency (Supplementary
Figure 2), which is consistent with the results of the knock-
down of both β-catenin and Ctbp2 in ESCs (Figure 4). Taken
together, we demonstrated that Ctbp2 is indispensable for exit
from pluripotency in some contexts of β-catenin regulation in
ESCs (Figure 5).

DISCUSSION

Extrinsic signaling cues and their subsequent activation of
intrinsic signaling pathways determine either ESC propagation
or lineage commitment. Among extrinsic signals, the canonical
Wnt pathway is critical for ESC pluripotency according to the

Figure 2 Ctbp2 is required for β-catenin stability in ESCs. (a) Western blot analysis of Ctbp2, β-catenin, phospho-Gsk3β (Ser9) and Gsk3β
in wild-type ESCs and two shRNA-mediated Ctbp2-knockdown ESCs with the indicated antibodies. ActB was used as an internal control.
The expression levels of β-catenin and phosphor-Gsk3β (Ser9), the inactive form of Gsk3β, were upregulated in Ctbp2-knockdown ESCs
compared to wild-type ESCs. (b) Immunostaining of β-catenin and Oct4 in wild-type ESCs and two shRNA-mediated Ctbp2-knockdown
ESCs. (c) Western blot analysis of β-catenin with the indicated antibodies. The increased expression level of β-catenin upon Ctbp2-
knockdown was rescued by Flag-tagged CTBP2 overexpression in Ctbp2-knockdown ESCs. Oct4 level was not affected by Ctbp2. ActB was
used as an internal control.
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Figure 3 Upregulated β-catenin in Ctbp2-knockdown ESCs directly targets pluripotency genes. (a) Comparison of co-occupancy regions for
Tcf3, stabilized β-catenin and Ctbp2 using published ChIP-seq data.35,42,43 In total, 824 regions were co-occupied by Tcf3, stabilized
β-catenin and Ctbp2 (A regions), and 726 regions were co-occupied by stabilized β-catenin and Ctbp2 but not Tcf3 (B regions). (b) The
mean enrichment levels of β-catenin and Ctbp2 in A regions versus B regions. The mean enrichment levels of β-catenin were higher in A
regions than B regions, but the levels of Ctbp2 were similar in both types of regions. (c) Using motif discovery algorithms, Oct4, Sox3,
Klf1 and Nanog motifs were predicted with high scores in A regions. (d) The functional analysis of A regions using GREAT showed that
enrichment regions were related to epidermis development and stem cell development. (e) Integrated genomics viewer (IGV) represents
Ctbp2, stabilized β-catenin, Tcf3, Oct4 and Esrrb in Oct4 and Nanog loci in ESCs. (f) ChIP-qPCR analysis of β-catenin in Ctbp2-occupied
Oct4, Nanog, Esrrb, Rex1, Klf2 and NrOb1 loci regions between wild-type and Ctbp2-knockdown ESCs. Values represent the
mean± standard deviation (n=3). (g) The TOP-FLASH and FOP-FLASH reporter activity were measured in wild-type, Ctbp2-knockdown and
rescued ESCs. Increased β-catenin activity in Ctbp2-knockdown ESCs compared to wild-type ESCs was decreased in rescued ESCs. Value
represent mean± standard deviation (n=3). *P⩽0.05, **P⩽0.01.
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reports that aberrant control of β-catenin, a key effective
protein of canonical Wnt pathway, results in failure of exit
from pluripotency and lineage commitment.26–28 Hence,
proper expression control of β-catenin is indispensable for cell
fate decisions.

In this study, we demonstrated that Ctbp2 associates with
the β-catenin destruction complex (Figure 1; Supplementary
Table 2) and regulates the expression level of β-catenin
(Figure 2). Upon Ctbp2 knockdown, upregulated β-catenin
directly targets pluripotency-maintenance genes that were
occupied by Ctbp2, and its transcriptional activity is increased
(Figure 3), resulting in incomplete exit from pluripotency
(Figure 4; Supplementary Figure 2).

We previously reported that Ctbp2 associates with the NuRD
complex in active ESC genes for proper H3K27 acetylation,
which is pivotal to commitment toward a differentiated
lineage.35 Based on these results, knockdown of β-catenin
appeared insufficient for the exit from pluripotency in Ctbp2-
knockdown ESCs, even though the β-catenin level was similar
to that in wild-type ESCs (Figure 4). This may be because
Ctbp2-NuRD-mediated deacetylation in active ESC genes is

Figure 4 Prevention of the exit from pluripotency in Ctbp2-knockdown ESCs was partially restored upon β-catenin knockdown in Ctbp2-
knockdown ESCs. (a) Western blot analysis of β-catenin after shRNA-mediated knockdown in Ctbp2-knockdown ESCs. The increased
expression level of β-catenin upon Ctbp2-knockdown was decreased upon β-catenin knockdown in Ctbp2-knockdown ESCs. Ctbp1, Oct4
and Nanog levels were not affected by either Ctbp2 or β-catenin in ESCs. ActB was used as an internal control. (b, c) Self-renewal assay
and alkaline phosphatase (AP) staining in wild-type, Ctbp2-knockdown and β-catenin-knockdown in Ctbp2-knockdown ESCs. Incomplete
exit from pluripotency in Ctbp2-knockdown ESCs was partially rescued upon β-catenin knockdown. (d) mRNA expression of pluripotent-
associated genes of wild-type, Ctbp2-knockdown and β-catenin knockdown in Ctbp2-knockdown ESCs in an undifferentiated state (+LIF)
and a differentiated state (−LIF, 6 days). Values represent the mean± standard deviation (n=3). *P⩽0.05, **P⩽0.01.

Figure 5 A schematic model for Ctbp2-mediated β-catenin
regulation to pluripotency exit. In undifferentiated ESCs, Ctbp2,
together with the β-catenin destruction complexes, decreases the
protein level of β-catenin and localizes on core pluripotency genes,
such as Oct4 and Nanog loci, to hinder β-catenin deposition. Upon
Ctbp2-knockdown, upregulated β-catenin localizes to Ctbp2-
occupied pluripotency genes and leads to improper exit from
pluripotency.
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critical to the exit from pluripotency upon the induction of a
lineage commitment. However, the finding that Ctbp2 binds
major NuRD- and Wnt-related components in ESCs
(Supplementary Table 2)35 merits further study of the Ctbp2-
mediated cooperative relationship between NuRD and Wnt in
ESC pluripotency.

By comparing ChIP-seq data with Tcf3, stabilized β-catenin
and Ctbp2, we observed that the mean peak density of β-
catenin was higher at 824 regions (Supplementary Figure 4; A
regions) that were co-occupied by β-catenin, Ctbp2 and Tcf3
than at 726 regions (Supplementary Figure 5; B regions) that
were co-occupied by β-catenin and Ctbp2 but not by Tcf3
(Figure 3a and b; Supplementary Figure 1a). This suggests that
although β-catenin could strengthen ESC pluripotency with
increased Oct4 activity through a Tcf-independent
mechanism,28 the effect of β-catenin on exit from pluripotency
is dependent on Tcf3 in the context of Ctbp2-mediated
β-catenin regulation. Consistent with this, XCtBP is known
to be an XTcf3 co-repressor during Xenopus development.46

The significance of this work lies in the finding that Ctbp2
links a canonical Wnt-effector, β-catenin, with the exit from
pluripotency. Based on our observations, Ctbp2 is a fine-tuning
regulator of β-catenin and acts by controlling the expression
level of β-catenin and by priming its position on pluripotency-
maintenance genes to hinder the enrichment of β-catenin in
ESCs, which is essential for successful lineage commitment.
CtBP-mediated repression of Wnt target genes via Apc in
normal cells was abolished in colorectal cancer cells,47 suggest-
ing that CtBP is important for normal life span via fine-tuning
the regulation of Wnt-mediated gene expression.

In conclusion, we demonstrated that Ctbp2, together with
the β-catenin destruction complex, plays a central role in ESCs’
exit from pluripotency by regulating the protein level of β-
catenin. We also showed that Ctbp2 on chromatin is indis-
pensable for the exit from pluripotency by priming positions in
core pluripotency genes to hinder β-catenin deposition. Finally,
we showed that Ctbp2 knockdown caused β-catenin upregula-
tion, which was directed to core pluripotency genes and
ultimately led to improper exit from pluripotency, suggesting
that Ctbp2 is a key factor for normal lineage commitment in
some contexts of β-catenin regulation.
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