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ABSTRACT

Transcription factors and chromatin remodeling pro-
teins control the transcriptional variability for ESC
lineage commitment. During ESC differentiation,
chromatin modifiers are recruited to the regulatory
regions by transcription factors, thereby activating
the lineage-specific genes or silencing the transcrip-
tion of active ESC genes. However, the underlying
mechanisms that link transcription factors to exit
from pluripotency are yet to be identified. In this
study, we show that the Ctbp2-interacting zinc fin-
ger proteins, Zfp217 and Zfp516, function as link-
ers for the chromatin regulators during ESC differen-
tiation. CRISPR-Cas9-mediated knock-outs of both
Zfp217 and Zfp516 in ESCs prevent the exit from
pluripotency. Both zinc finger proteins regulate the
Ctbp2-mediated recruitment of the NuRD complex
and polycomb repressive complex 2 (PRC2) to active
ESC genes, subsequently switching the H3K27ac to
H3K27me3 during ESC differentiation for active gene
silencing. We therefore suggest that some zinc fin-
ger proteins orchestrate to control the concise epi-
genetic states on active ESC genes during differen-
tiation, resulting in natural lineage commitment.

INTRODUCTION

Transcription factors and chromatin regulators are impor-
tant in establishing the epigenetic changes during embry-
onic stem cell (ESC) development, and in defining cell iden-
tity (1,2). Transcription factors bind to the promoters and
enhancer regions, and recruit chromatin modifiers for ac-
tivation or repression of cell specific gene expressions (3).

During the ESC differentiation, the promoter and the en-
hancer regions of the pluripotency-associated genes require
to be shut down at the proper time (4,5). Transcription fac-
tors that initiate differentiation and lineage specification
(6,7) mediate this accurate regulation. A combination of
transcription factors are further able to artificially repro-
gram the fully differentiated cells into the induced pluripo-
tent stem (iPS) cells (2,8). Thus, it is essential to define the
transcriptional and the chromatin-based regulatory mech-
anisms involved in stem cell development and reprogram-
ming.

Ctbp2 (C-terminal binding protein 2), a transcriptional
corepressor, displays early embryonic lethality in Ctbp2-null
mice (embryonic day 10.5), indicating that Ctbp2 is essential
for the normal development (9). A recent study identified
the function of Ctbp2 in exit from pluripotency which reg-
ulates B-catenin level and its accessibility to the active ESC
gene regions (10). Also, Ctbp2 controls the epigenetic states
of H3K27 in active ESC genes mediated by the nucleosome
remodeling and deacetylation (NuRD) complex and the
polycomb repressive complex 2 (PRC2) during stem cell dif-
ferentiation (11). The components of the NuRD complex,
namely Mbd3, Mi2p and Lsdl, are essential for a proper in-
duction of stem cell differentiation and lineage commitment
(4,12,13). PRC2 is a transcriptional repressor complex hav-
ing a methyltransferase activity on H3K27 and is required
for gene silencing in ES cells (14). Thus, it is necessary to
search for transcription factors that fine-tune these epige-
netic regulators on active ESC genes.

In order to seek functional transcription factors that aid
in the exit from pluripotency, assessment by shRNA screen-
ing against Ctbp2-interacting zinc finger proteins lead to
identification of the zinc finger protein 217 (Zfp217) and
zinc finger protein 516 (Zfp516). ZNF217 is an oncogenic
protein frequently amplified in human tumors (15-17).
Its mRNA expression levels are also increased in tumors

“To whom correspondence should be addressed. Tel: +82 2 740 8250; Fax: +82 2 3668 7622; Email: hdyoun@snu.ac.kr

© The Author(s) 2018. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com



which induce metastasis (18,19). Notably, ZNF217 over-
expression promotes the epithelial-mesenchymal transition
(EMT) process which is associated with the early lineage
commitment step in ESCs (20) by TGF- activation, signif-
icant reduction of epithelial markers, and upregulation of
EMT drivers such as SNAII1/2, TWIST1/2 and ZEB1/2
(19,21). In addition, ZNF217 is also a known transcrip-
tional repressor and a component of the histone deacety-
lase (HDAC) and the CoREST complex and is found to
develop complexes with CTBP, lysine-specific demethylase
1A (LSD1), and enhancer of zeste homolog 2 (EZH2) (22—
25). Another zinc finger protein, Zfp516 depletion causes
embryonic lethality and has recently been identified as a
cold-inducible transcription factor promoting the BAT pro-
gram by Lsd1-mediated activation (26,27). Zfp516 contains
PXDLS and RRT motifs which are known as Ctbp interact-
ing sites (16). Also, in human breast cancer cells, ZNF516
transcriptionally repress EGFR related genes and cancer
proliferation by associating with CTBP, LSDI1, and the
CoREST complex (28). Taken together, these studies raise
the possibility that Zfp217 and Zfp516 might modulate the
chromatin modifiers for appropriate ESC differentiation.

In this study, we found that knock-out of the Ctbp2-
interacting zinc finger proteins, Zfp217 and Zfp516 in
ESCs had an effect on the deregulation of exit from
pluripotency during ESC differentiation. This underlies
the mechanism that both zinc finger proteins associate
to the NuRD-mediated H3K27 deacetylation and PRC2-
mediated H3K27 tri-methylation, to active the ESC gene
silencing for natural ESC development. This indicates that
zinc finger proteins regulate the proper exit from pluripo-
tency by targeting the chromatin regulators to site-specific,
temporal, and spatial transcriptional regulation in an orga-
nized process.

MATERIALS AND METHODS
Cell culture

Embryonic stem cells were cultured and passaged on 0.1%
gelatinized (Sigma-Aldrich, St. Louis, MO, USA) dishes,
as reported previously (29). E14 mouse ESCs were cul-
tured in DMEM (Hyclone, Logan, Utah) or KNOCK-
OUT™ DMEM (Gibco, Grand Island, NY, USA) sup-
plemented with 15% FBS (Gibco, Grand Island, NY,
USA), 2 mM L-glutamine, 55 wM B-mercaptoethanol, 1%
(v/v) non-essential amino acid, 100 U/ml penicillin and
100 wg/ml streptomycin (all from Gibco, Grand Island,
New York) and 500 U/ml ESGRO LIF (Millipore, Ger-
many). ZHBTc4 cells were kindly provided by Hitoshi Niwa
(RIKEN, Kobe, Japan).

ESC differentiation was induced by LIF withdrawal from
ESC medium in monolayer cultures. For embryonic body
(EB) formation, ESCs were cultured in low-attachment
dishes that contained ESC medium without LIF. Oct4 de-
pletion of ZHBTc4 ESCs was performed as described (29).

Self-renewal assay

Self-renewal assay (colony-forming assay) was done as de-
scribed (30). Briefly, ESCs were plated at a density of 600
cells/well in a six-well plate. After incubation for 5 to 6
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days with or without LIF, colonies were stained for alka-
line phosphatase and grouped by differentiation status.

Genome editing with CRISPR/Cas9

The sgRNAs targeting exon 2 of Zfp217 and exon 2 of
Zfp516 were designed using the CRISPR Design Tool
(http://crispr.mit.edu/) (31,32). sgRNA oligomers were an-
nealed and inserted into the pSpCas9n(BB)-2A-GFP Ad-
dgene vectors (32) and transiently co-transfected into the
E14 ESCs using Lipofectamine®) 2000 (Invitrogen, Carls-
bad, California). ESCs expressing GFP were sorted through
fluorescence-activated cell sorting (FACS) at 24 h post-
transfection. Sorted ESCs were grown for 5 days at single-
cell density for clonal cell line expansion and isolation. Each
clone was isolated and screened by western blot. The veri-
fied clones were further confirmed by genomic DNA PCR
and sequencing.

Lentiviral shRNA-mediated knock-down

pLKO.1 lentiviral vectors for shRNAs (Sigma-Aldrich, St.
Louis, MO, USA) were purchased for knock-down experi-
ments. 293FT cell was used for lentivirus production by co-
transfection of 0.5 pwg each of pMD2.G, pMDLg/pRRE,
pRSV-rev, and pLKO.1-shRNA using Lipofectamine 2000
(Invitrogen, Carlsbad, California). Forty eight hours af-
ter transfection, the virus-containing medium was collected
and filtered through 0.45 pm filters. Polybrene (8 j.g/ml)
was added just before target cell infection and infection was
performed for 6 h. Post infection, puromycin selection (2
pg/ml) was performed for a minimum of 2 days.

Plasmids constructs

Full-length mouse Zfp217, Zfp516, Hic2, Zbtb8b, Wiz,
Zfp518b, Zscanl0 and Zscandf cDNAs were obtained from
E14 ESC cDNA by PCR and further cloned into the
pCAG-Flag vector. Human CTBP2 cDNA was cloned
into the pcDNA3.1-Myc vector (11). pCAG-Flag-Zfp217
NL680AS, RRT746AAA and NL680AS/RRT746AAA
mutant constructs were generated by site-directed mutage-
nesis.

Generation of stable ESC lines

Zfp217 wild-type (WT) and Zfp217 NL680AS/RRT746AA
A mutant (MUT) were cloned into the pCAG-Flag-vector.
Stably expressed Flag-tagged Zfp217 WT and Zfp217 MUT
rescued ESCs were generated by introducing the pCAG-
Flag-Zfp217 WT and pCAG-Flag-Zfp217 MUT into the
Zfp217 knock-out ESCs using Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA, USA). Forty eight hours after trans-
fection, cells were selected by culturing with 20 g/l blas-
tocidin containing medium for 7 days to collect stably inte-
grated ESC cell lines.

Immunoprecipitation and Western blot

Using the wild-type ESCs, the Flag-tagged CTBP2 express-
ing ESCs, the Flag-tagged Zfp217 WT rescued ESCs and
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the Flag-tagged Zfp217 MUT rescued ESCs, immunopre-
cipitation and western blot were done as previously de-
scribed (29). Anti-Zfp217, anti-Zfp516, anti-Zfp518b, anti-
Zbtb8b, anti-Hic2, anti-Wiz, anti-ZscanlO, anti-Zscan4f
antibodies were made by GenScript (Piscataway, New Jer-
sey). Anti-Oct4 (sc-5279) and anti-Znf217 (sc-55351) were
acquired from Santa Cruz Biotechnology (Dallas, TX,
USA); anti-Nanog (ab14959), anti-Hdacl (ab7028), anti-
Mi-2b (ab72418), anti-Lsd1 (ab17721), anti-H3 (ab1792),
anti-H3K4mel (ab8895), anti-H3K4me3 (ab8580), and
anti-H3K27ac (ab4729) were purchased from Abcam (UK);
anti-Ctbpl (612042), anti-Ctbp2 (612044), and anti-Ezh2
(612667) were acquired from BD Transduction Laborato-
ries (San Jose, CA, USA); anti-Esrrb (H6707) and anti-Sox2
(MAB2018) were obtained from R&D System (Minneapo-
lis, MN, USA); anti-Suzl12 (3737S), anti-Bax (2772), anti-
Caspase-3 (9662S), and anti-Cleaved Caspase-3 (9661S)
were from Cell Signaling Technology (Danvers, Mas-
sachusetts); anti-CoREST (07-455) and anti-H3K27me3
(07-449) was obtained from Millipore (Germany); anti-HA
tag and anti-Myc tag were acquired from Covance (Prince-
ton, NJ, USA); anti-Flag tag and anti-B-Actin were pur-
chased from (Sigma-Aldrich, St. Louis, MO, USA).

Immunofluorescence and confocal microscopy

Pluripotent state of ES cells were grown on coverslips for
2 days in LIF-containing media and ES cells were induced
to differentiate on coverslips by LIF withdrawal for 5 days.
Cells were fixed in 4% paraformaldehyde and permeabilized
in 0.25% Triton X-100 in PBS for 30 min at room tem-
perature (RT). Next, the cells were blocked with 2% BSA
in PBS for an hour at RT and were incubated overnight
with each indicated primary antibodies at 4°C. Antibody
dilutions were 1:500 for anti-Oct4 (Santa Cruz Biotech-
nology, Dallas, TX, sc-5279), 1:500 for anti-Nanog (Ab-
cam, UK, ab14959), 1:500 for anti-Flag (Sigma-Aldrich, St.
Louis, MO, F1804), and 1:100 for anti-Zfp217 (this study).
Secondary antibodies used in immunostaining were Alexa
Fluor 488 and 568 (Invitrogen, Carlsbad, CA) and the nu-
cleus was stained with Hoechst 33342 and DAPI. Confocal
micro-images were obtained by a confocal laser scanning
microscope (Olympus, Japan, Confocal-FV1000).

Real-time qPCR

Total RNA was extracted from mESCs with TRIzol reagent
(Invitrogen, Carlsbad, California). RNAs were extracted
and synthesized into cDNAs, according to the manu-
facturer’s protocol (AMV Reverse Transcriptase, Takara,
Japan). Quantitative real time-PCR for cDNAs was per-
formed using the SYBR premix Ex Taq (Takara, Japan) on
the CFX Connect Real-time PCR Detection System (Bio-
Rad, Hercules, California), and normalized to 18s rRNA.
For quantitating ChIP results, SYBR® Green qPCR mix
(Thermofisher-scientific, Waltham, MA, Finnzymes, F-
410) and SYBR premix Ex Taq (Takara, Japan) were used
and normalized to 1% input chromatin. Sequences of the
primers for real-time PCR are listed in Supplementary Ta-
ble S1.

Apoptosis assay

Apoptosis assay was performed using FITC Annexin V
Apoptosis Detection Kit (BD Pharmingen™ Franklin
Lakes, New Jersey) and detected with BD-FACS Canto
with following manufacturer’s instructions.

Chromatin Immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed as described (29). Briefly, mES cells cross-linked
with 1% formaldehyde were lysed and sonicated. Lysates
were diluted 10-fold in IP buffer and incubated overnight at
4°C with appropriate amount of antibodies. Next day, the
chromatin samples were incubated with protein A/G Plus
agarose for 4 h at 4°C, washed and further eluted. The eluted
chromatin samples were then reverse cross-linked overnight
at 65°C. DNA was precipitated with ethanol and stored at
—20°C till further use. The sequences of the ChIP-primers
for real-time PCR are listed in Supplementary Table S1.

ChIP-seq data analysis

Public ChIP-seq data sets and GEO accession numbers are
described in Supplementary Table S2. Reads after sequenc-
ing were mapped against the mouse genome (NCBI build
37/mm9) using Bowtie2 v.2.2.6 (33) with the default param-
eters. The BAM formatted outputs were sorted by genomic
coordinates (samtools sort) and the reliable reads based on
the mapping score were used in subsequent processes (34).
MACS v.1.4.0 (35) was used to locate the binding regions
of transcription factors, chromatin regulators, and histone
modifications. HOMER (36) was used for analyzing co-
bound regions of multiple factors. For visualization of hi-
stone modification and chromatin modifier profiles in co-
enriched regions of Zfp217 and Ctbp2, £50 kb peak span-
ning regions were binned into 200 bp windows and read
densities normalizations were generated using HOMER.
Cluster v3.0 (37) was then applied to cluster read densi-
ties into three groups. Heatmaps were created by Java Tree-
View (http://jtreeview.sourceforge.net). Co-bound regions
of Zfp217 and Ctbp2 were annotated into promoters, ex-
ons, introns, intergenic regions and other features accord-
ing to the RefSeq transcripts by HOMER (36). To an-
notate chromatin states of the co-bound regions, we ap-
plied ChromHMM v. 1.0.6 (38) to segment the E14 chro-
matin and then used BEDOPS v2.2.0 (39) to intersect with
the co-bound regions. Gene ontology (GO) annotations, de
novo motif, and known motif discovery algorithms were per-
formed using HOMER.

RNA-seq data analysis

Reads of each sample were aligned to the mouse genome
(NCBI build 37/mm9) using STAR 2.4.0.1 (40) with the
default settings. HOMER tools were used to quantify
FPKM values and normalize genes defined from RefSeq
transcripts. Unsupervised hierarchical clustering analysis of
gene expression values were done by Cluster 3.0 (37) and the
results were visualized with Java TreeView (http:/jtreeview.
sourceforge.net).
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RESULTS
Ctbp2 interacts with zinc finger proteins in mouse ESCs

C-terminal binding protein (Ctbp) has been known to as-
sociate with repressive chromatin modifiers and repress cer-
tain transcription factors related with development and tu-
morigenesis (41). In addition, Ctbp2 primes the active ESC
genes and participates in the exit from ESC pluripotency
(11). However, Ctbp2 is supposed to control the exit from
pluripotency through specific binding to certain transcrip-
tion factors, because Ctbp2 basically has no ability to di-
rectly bind to the DNA sequences. Thus, we reassessed the
Ctbp2 interactome (11) to find Ctbp2-interacting transcrip-
tion factors. We found that many types of zinc finger pro-
teins are remarkably associated with Ctbp2 and decided to
extract zinc finger proteins that recorded the highest bind-
ing results (Figure 1A). Interaction of Ctbp2 with zinc fin-
ger proteins were verified by immunoprecipitation using
stably expressing Flag-CTBP2 ESCs and transiently trans-
fected 293T cells (Figure 1B and Supplementary Figure
S1A). Flag-CTBP2-expressed stable ES cell lines showed an
undifferentiated stem cell state similar to wild type ESCs
(11). We then generated rabbit polyclonal antibodies against
each of the selected zinc finger proteins, Zfp516, Zfp217,
Zfp518b, Hic2, Wiz, Zscandf, Zscanl0 and Zbtb8b, and
confirmed their specificity by western blot (Supplementary
Figure S1B). The zinc finger proteins also endogenously in-
teracted with Ctbp2 in ESCs using each of the antibodies
(Figure 1C).

Next, the expressions of Ctbp2-binding zinc finger pro-
teins during ESC differentiation were evaluated. Publically
available RNA-sequencing data were analyzed (42) to clus-
ter zinc finger proteins by expression patterns. Zinc finger
proteins were clustered into three large groups: increment,
decrement, and no change in expression patterns (Sup-
plementary Figure S2A). The group containing Z{p217,
Hic2, Zfp462, Zscanl0, Zbtb8b, and Zfp518b showed de-
creased expression pattern upon ESC differentiation, simi-
lar to that of Ctbp2. Expression patterns were further con-
firmed by differentiating ESCs into embryonic bodies, and
by withdrawing leukemia inhibitory factor (LIF) (Supple-
mentary Figures S2B-D). To analyze whether these zinc fin-
ger proteins are regulated directly by Oct4, a master regula-
tor in stem cell pluripotency, we used genetically modified
ZHBTc4 cells to deplete the Oct4 expression; this resulted
in decreased levels of Zfp217, Zfp518b, and Zscanl0 (Sup-
plementary Figures S2E and F).

To screen zinc finger proteins possessing the delayed dif-
ferentiation phenotype similar to that of Ctbp2, we intro-
duced small hairpin RNAs (shRNAs) into ESCs (Supple-
mentary Figure S3A) and triggered stem cell differentiation.
Delayed differentiation phenotype was shown in Zfp217,
Zfp516 and Hic2 knock-down ESCs upon LIF withdrawal
by displaying positive alkaline phosphatase (AP) colonies
(Figure 1D). Moreover, shZfp217, shZfp516 and shHic2 ES
cells were induced to differentiate by withdrawing LIF from
the culture media for 5 days and stained with specific anti-
bodies to Oct4 and Nanog. Though the expression levels
of Oct4 and Nanog were significantly diminished in differ-
entiated wild-type ESCs, certain expression levels of Oct4
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and Nanog were still sustained in shZfp217, shZfp516, and
shHic2 ESCs (Supplementary Figure S3B). Of three possi-
ble candidates, we primarily focused Zfp217, since it is reg-
ulated by Oct4, its expression decreases upon stem cell dif-
ferentiation, and its knock-down shows delayed differenti-
ation.

Z£p217 depletion retards ESC differentiation

When generating shZfp217 ESCs, knock-down of Zfp217
triggered apoptotic cell death immediately after puromycin
selection (Supplementary Figure S4A), while stabilized
shZfp217 ESCs no longer induced apoptosis (Supplemen-
tary Figure S4B). Thus, to further define the role of Zfp217
in ESC identity, we designed guide RNAs (gRNAs) tar-
geting exon 2 of the Zfp217 gene and cloned into the
Cas9 DI10A nickase mutant plasmid (pSpCas9n(BB)-2A-
GFP) (Supplementary Figure S5B) (32,43,44). ESCs were
co-transfected with plasmids encoding Cas9 nickase mu-
tant and Zfp217 gRNAs, following which the cells ex-
pressing GFP signals were sorted by fluorescence-activated
cell sorting (FACS). Each colony was grown to verify
CRISPR-Cas9-mediated knock-out by western blot. We
found that Zfp217 was completely depleted in clone number
6 and 14, and these clones were further confirmed to have
flanked target sequences which lead to a premature stop
codon (Supplementary Figures S5C and D). Zfp217 knock-
out (KO) ESCs maintained their stem cell morphology
as well as AP positive colonies; also, pluripotency-related
ESC genes remained unaffected (Supplementary Figures
SSE and F). This phenotype was also shown in shRNA-
mediated Zfp217-knock-down (KD) ESC lines (Supple-
mentary Figures S6A and S6C). Although Zfp217-knock-
down exhibited severe retardation in cell growth (Supple-
mentary Figure S6B), Zfp217 KO ESCs exhibited only
about 20% reduction in growth rate (Supplementary Fig-
ure S5G) and comparable cell cycle profile (Supplementary
Figure S5H). Moreover,

Zfp217 KO ESCs clone 6 and 14 were maintained in long-
term cultures until passage 5, 10, 15 and 20. All Zfp217 KO
ESCs were cultured till passage 20 and had no significant
morphological changes (Supplementary Figure S5I) and
showed positive AP stained colonies (Supplementary Fig-
ure S5J). Also, pluripotency-related ESC genes remained
unaffected (Supplementary Figure SSK and S5L). Constant
expressions of Bax and Caspase-3 and negative expression
of cleaved Caspase-3 depict that Zfp217 KO ESCs main-
tain self-renewal without apoptosis (Supplementary Figure
S5K). Thus, by the facts that immediate knock-down of
Zfp217 lead some population to apoptosis and that Zfp217
KO ESCs were able to be generated and maintained in long-
term passages, in overall, Zfp217 might not seem to have a
profound impact on stem cell maintenance.

In another experiment, the Zfp217 KO ESCs were in-
duced to differentiate by LIF removal at 2-day intervals. We
observed that the pluripotency related genes, namely Oct4,
Sox2 and Nanog, were downregulated in wild-type ESCs af-
ter differentiation, but were sustained in Zfp217 KO ESCs
(Figure 2A and B). Also, Zfp217 KD ESCs generated a
higher portion of AP-positive colonies relative to knock-
down efficiency in differentiation conditions (Figure 1D)
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Figure 1. Ctbp2 interacts with zinc finger proteins in mouse ESCs. (A) A list of Ctbp2-interacting zinc finger proteins with reasonable peptide counts were
extracted from the Ctbp2 binding complex in ESCs (11). (B) Stably incorporated Flag-tagged CTBP2 in ESCs were used for immunoprecipitation with
Flag antibodies, and endogenous Zfp217, Zfp516, Hic2, Zbtb8b, Zscanl0, Wiz, Zfp518b and Zscandf were detected with the indicated antibodies. (C)
Immunoprecipitation with Zfp217, Zfp516, Hic2, Zbtb8b, Wiz, Zfp518b, and Zscandf antibodies in E14 ESCs, endogenous Ctbp2 was detected with
indicated antibodies. (D) Self-renewal assay and alkaline phosphatase (AP) staining in wild-type and each of Zfp217, Zfp516, Hic2, Zfp462, Zbtb8b,
Zscanl0, Wiz, Zfp518b and Zscan4f-knock-down ESCs. Delayed differentiation phenotype was shown in Zfp217, Zfp516 and Hic2-knock-down ESCs.
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Figure 2. Loss of Zfp217 retards differentiation of embryonic stem cells. (A and B) The protein and mRNA levels of Zfp217 and pluripotency-associated
genes in wild-type and Zfp217 KO ESCs (clone #6 and #14) upon LIF withdrawal for indicated days. Expression was detected by indicated antibodies; Actin
was used as a control. (n = 3) Presented as means + SEM (*P < 0.05, **P < 0.01). (C) Zfp217 expression was rescued by Flag-tagged Zfp217 overexpression
in Zfp217 KO ESCs (Zfp217-rescued ESCs). Western blot analysis of Zfp217 KO and Zfp217-rescued ESCs, using Flag and Zfp217 antibodies. Expression
was detected by indicated antibodies; Actin was used as a control. (D) Self-renewal assay and alkaline phosphatase (AP) staining of Zfp21/7 KO and
Zfp217-rescued ESCs in undifferentiated and differentiated conditions. Knock-out of Zfp217 leads to incomplete exit from pluripotency during ESC
differentiation; this phenotype was rescued upon Zfp217 introduction. (E and F) The protein and mRNA levels of Zfp217, and pluripotency-associated
genes in wild-type, Zfp217 KO, and Zfp217-rescued ESCs upon LIF withdrawal for indicated days. Expression was detected by indicated antibodies; Actin
was used as a control (n = 3) Presented as means + SEM (* P < 0.05, **P < 0.01, ***P < 0.001)
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and exhibited comparable levels of pluripotency gene ex-
pression as the undifferentiated state (Supplementary Fig-
ures S6D and S6E). Zfp217 KD cells were then cultured un-
der differentiating conditions for a maximum of 30 days,
to determine the function of Zfp217 in pluripotency exit.
The Zfp217 KD ESCs in differentiation medium remained
AP-positive and maintained substantial mRNA levels of
pluripotency genes (Supplementary Figures SOF and G). To
verify the functional role of Zfp217 in ESCs, the Zfp217 KO
ESC clone 6 and 14 were rescued with exogenous Zfp217,
which displayed similar expression levels of pluripotency
genes as the wild-type ESCs (Figure 2C). Upon differen-
tiation cue, ectopic expression of Flag—Zfp217 restored the
Zfp217 KO ESCs back to the differentiation process and
exit from pluripotency, similar to that seen in wild-type
ESCs (Figure 2D-F). This indicates that Zfp217 is involved
in regulating the proper pluripotency-exit during ESC dif-
ferentiation.

Z£p217 and Ctbp2 are co-localized at actively transcribed re-
gions in ESCs

Publically available chromatin immunoprecipitation (ChIP)
sequencing datasets were processed to determine whether
Ctbp2 and its binding partner Zfp217 share common tar-
gets in the state of ESCs. We identified 1754 possible co-
bound peaks of Ctbp2 and Zfp217 (Figure 3A) which were
mostly enriched in promoter, intergenic and intron regions
(Figure 3B). The co-bound peaks of Ctbp2 and Zfp217 were
further comprehensively analyzed by chromatin states using
ChromHMM (38). We observed that the co-bound regions
were usually occupied at the promoter regions and some at
the active enhancer regions (Figure 3B). Mean tag densities
of active marks, where H3K27ac and p300 represent active
enhancer regions and H3K4me3 and Pol2 represent active
promoter regions, were centered on the co-bound peaks of
Zfp217 and Ctbp2, indicating that Zfp217 and Ctbp2 are
mostly co-localized at actively transcribed regions in ESCs
(Figure 3C). Motifs of factors related to pluripotency in
stem cells were significantly enriched in co-bound peaks of
Zfp217 and Ctbp2 (Figure 3D). These results were further
verified through Zfp217 and Ctbp2 co-localization at the
Oct4 loci, along with the active transcription factors Oct4,
Sox2 and Nanog (Figure 3E). Furthermore, localization of
Zfp217 at the regions of Oct4 and Nanog were also con-
firmed by ChIP assays using the Zfp217 specific antibody
(Figure 3F). By gene ontology analysis, the co-bound re-
gions were found to be mostly associated with the develop-
mental processes (Figure 3G), suggesting that both Zfp217
and Ctbp2 are involved in proper regulation of stem cell de-
velopment.

Z£p217 associates with repressive chromatin modifiers on ac-
tive ESC genes

To find the functional association between Zfp217 and
Ctbp2 during ESC differentiation, we focused on the chro-
matin regulators that interact with Zfp217 in ESCs. In
the previous report, ZNF217 is known to interact with
JARIDIB/PLU-1, GY9%a, LSDI1, CoREST, CTBPI and
EZH2 in MCF7 cells, resulting in transcriptional repres-
sion (24). Thus, in this study, we attempted to associate

Zfp217 endogenously with chromatin regulators in ESCs.
We found that the main components of the NuRD complex,
the HDAC complex, and the CoREST complex bind to
Zfp217 in ESCs (Figure 4A). Next, to examine the function
of Zfp217 on genome regulation, we aligned the ChIP-seq
peaks of Zfp217 and Ctbp2 with that of histone modifiers.
The co-bound regions of Zfp217 and Ctbp2 aligned well
with Chd4, Mbd3, Hdacl, Hdac2, CoREST, REST and
p300, where the active enhancer mark is also located (Figure
4B). The components of the NuRD complex, namely Chd4,
Mbd3 and Hdacl, as well as Lsd1, are all essential for epige-
netic silencing of pluripotency genes during ESC differen-
tiation (4,5,13,45,46). The association of Zfp217 with these
chromatin repressive regulators on active enhancer regions
provides a clue that Zfp217 regulates the exit from pluripo-
tency in ESCs.

To clarify the association of Ctbp2 with Zfp217
and chromatin regulators on actively transcribed ESC
genes, we generated a Ctbp2-binding defective Zfp217
mutant (NL680AA/RRT746AAA) (23) (Supplemen-
tary Figure S7A). The abolished interaction between
Ctbp2 and Zfp217 mutants were validated by co-
immunoprecipitation assays (Supplementary Figure
S7B). Flag-Zfp217 NL680AA/RRT746AAA mutant
(MUT) was then introduced to Zfp217 KO ESCs and it
was confirmed that pluripotency genes were unaffected as
compared to the wild-type (Supplementary Figure S7C).
Through the self-renewal assay upon LIF withdrawal,
Zfp217 MUT ESCs formed AP-positive colonies, while
Zfp217 WT ESCs got fully differentiated (Supplementary
Figure S7D).

On initiation of differentiation signal, components of
the NuRD complex instantly silence the pluripotency re-
lated genes for proper lineage commitment (5). We there-
fore examined whether the interaction between Zfp217 and
Ctbp2 affects the recruitment of the NuRD complex to ac-
tivate ESC gene regions in ESCs. We observed that Zfp217
KO efficiently blocked the positioning of Ctbp2 on the
enhancers or promoters of active ESC genes (Figure 4C
and Supplementary Figure S8A) and the recruitment of
the NuRD complex components, Lsdl and Chd4 (Figure
4D and Supplementary Figure S8B). However, the recruit-
ment of Hdacl was not altered by Zfp217 knock-out in
ESCs (Figure 4D and Supplementary Figure S8B). Ctbp2-
binding defective Zfp217 mutant significantly reduced the
recruitment of the NuRD complexes as well as Ctbp2 to
the regions of active ESC genes in Z{p217 MUT-rescued
ESCs (Figure 4C-D and Supplementary Figures SSA-B),
indicating that the interaction between Ctbp2 and Zfp217 is
important for recruiting the NuRD complex to active ESC
genes.

Upon ESC differentiation, the NuRD complex deacety-
lates the acetylated H3K27 for gene suppression (5). There-
fore, we investigated the effect of Zfp217 on H3K27
deacetylation on active ESC genes during differentiation,
by comparing the wild-type ESC with Zfp217 KO ESCs.
We found that upon differentiation, the H3K27ac levels on
the active ESC genes were gradually decreased in wild-type
ESCs. However, the decrease in H3K27ac level was rela-
tively slow in Zfp217 KO ESCs compared to that of wild-
type ESCs (Figure 4E and Supplementary Figure S8C).
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Figure 3. Zfp217 and Ctbp2 co-localize at actively transcribed ESC gene regions at undifferentiated ESCs. (A) A diagram of co-occupancy regions of
Zfp217 and Ctbp2 using published ChIP-seq data (11,66). 1754 peaks were identified to be co-occupied by Zfp217 and Ctbp2. Annotation of the co-bound
regions of Zfp217 and Ctbp2 is displayed in Supplementary Table S3. (B) The proportion of transcript coordinates (left pie chart) and chromatin states
(right pie chart) of co-enriched regions of Ctbp2 and Zfp217. Co-occupied regions of Zfp217 and Ctbp2 (87%) are predominantly active enhancers and
promoters. (C) The mean tag density of H3K27ac, H3K4mel, H3K4me3, RNA polymerase 2 (Pol2), and p300 on co-occupied regions. All active histone
markers representing promoter and enhancer regions were enriched in co-occupied peaks. (D) Using motif discovery algorithms, pluripotency-associated
gene motifs were predicted with high scores within the co-bound peaks of Zfp217 and Ctbp2. (E) Integrated genomics viewer (IGV) represents Ctbp2,
Zfp217, Oct4, Sox2, Nanog, repressive chromatin regulators, and active histone markers in Oct4 gene loci in ESCs. (F) ChIP-qPCR analyses of Zfp217
at active ESC regions in undifferentiated and differentiated ESCs (day 6 of LIF withdrawal). The enrichment of Zfp217 was observed in undifferentiated
ESCs, but disappeared upon ESC differentiation (n = 3) Presented as means = SEM (¥*P < 0.05, **P < 0.01). (G) The functional gene ontology (GO)
analysis of co-occupied regions of Zfp217 and Ctbp2. Enriched regions were mostly associated with the developmental process.
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Figured4. Zfp217 associates with repressive chromatin modifiers on active ESC genes. (A) E14 ESC lysates were immunoprecipitated with Zfp217 antibodies;
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(1754 peaks) were aligned with the components of the NuRD complex and the COREST complex in ESCs. (C and D) ChIP-qPCR analysis of Ctbp2, Lsd1,
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The NuRD complex-associated H3K27 deacetylation on
active ESC genes results in the PRC2-mediated H3K27
methylation during ESC differentiation (11). Thus, we fur-
ther examined whether Zfp217 affects the recruitment of
PRC?2 for active ESC gene silencing. Enrichment of Ezh2, a
catalytic component of PRC2, on active ESC genes were ex-
amined during ESC differentiation in wild-type and Zfp217
KO ESCs. While Ezh2 was recruited to the active ESC genes
in the wild-type ESCs on differentiation day 6, Ezh2 enrich-
ment was not detected in Zfp217 KO ESCs (Figure 4F and
Supplementary Figure S8D). Consequently, upon differen-
tiation, we detected lower H3K27me3 levels in Z{p217 KO
ESCs than in wild-type ESCs (Figure 4G and Supplemen-
tary Figure S8E), suggesting that Zfp217 primes active ESC
genes to quickly associate with the NuRD and the PRC2 for
H3K27me3-mediated repression of active ESC genes dur-
ing ESC differentiation.

Ctbp2-associated zinc finger proteins control over ESC dif-
ferentiation

We next speculated if other Ctbp2-interacting zinc finger
proteins are also subjected to H3K27-mediated active ESC
gene repression and if multiple zinc finger proteins cooper-
ate in the ESC differentiation process. For this study, we se-
lected Zfp516 which showed retarded differentiation pheno-
type upon shRNA-mediated knock-down in ESCs (Figure
1D). We cloned gRNAs targeting exon 2 of the Zfp516 gene
into the Cas9 nickase mutant plasmid (pSpCas9n(BB)-2A-
GFP) (Supplementary Figure S9A), transfected the plas-
mid into E14 cells and Zfp217 KO ESCs, and sorted by
FACS. Sorted CRISPR-Cas9-mediated Zfp516 knock-out
ESC colonies were verified by western blot and were fur-
ther sequenced (Supplementary Figures S9B and S9C).
Zfp516 knock-out (KO) ESCs and Zfp217 and Zfp516 dou-
ble knock-out (DKO) ESCs displayed similar expression
levels of pluripotency-related ESC genes (Supplementary
Figure S9D). Also, Zfp516 KO and DKO ESCs were signifi-
cantly ineffective on stem cell proliferation (Supplementary
Figure S9E).

To investigate the knock-out effect of both Zfp217 and
Zfp516, we differentiated all three types of knock-out ESCs
and performed the self-renewal assays. All of Zfp516 KO,
Zfp217 KO, and DKO ESCs maintained stem cell morphol-
ogy and AP positive colonies in undifferentiated conditions.
However, under differentiation conditions, more undiffer-
entiated colonies were sustained in Zfp516 KO, Zfp217 KO,
and DKO ESCs than in wild-type ESCs (Figure SA and B).
We then induced differentiation of KO and DKO ESCs by
removing LIF from the culture medium and measured the
expression levels of pluripotency-associated genes. Zfp516
KO, Zfp217 KO and DKO ESCs all displayed minor de-
crease in pluripotency-related gene levels than the wild-type
ESCs (Figure 5C and D), indicating that both Zfp217 and
Zfp516 contribute to exit from pluripotency.

To determine the function of Ctbp2-interacting zinc fin-
ger proteins in germ layer formation, we measured and com-
pared the expression levels of germ layer-related genes dur-
ing embryoid body (EB) formation in wild-type, Zfp516
KO, Zfp217 KO and DKO ESCs. Zfp217 KO and DKO
ESCs formed smaller EBs compared to wild-type ESCs,
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while Zfp516 KO ESCs showed comparable size to wild-
type (Figure S5E and F). A representative of the three
lineage-specific genes was induced during wild-type ESC
differentiation, but the endoderm and mesoderm genes
were barely induced in Zfp217 KO ESCs. Moreover, meso-
derm gene induction was diminished in Zfp516 KO ESCs.
However, ectoderm-related genes were comparably induced
in both Zfp516 and Zfp217 KO ESCs (Figure 5G). These
results suggest that Zfp217 and Zfp516 probably play their
own roles in appropriate lineage commitment.

Moreover, we tempted to compare their pluripotency
ability between Cthp2 KO and DKO ESCs. Ctbp2 KO and
DKO ESCs were differentiated for 5 days and were stained
with alkaline phosphatase (Supplementary Figure S10A).
Both Ctbp2 KO and DKO ESCs displayed more positive
AP stained colonies than wild-type. Ctbp2 KO ESC showed
higher rate of defect in differentiation than the DKO ESCs.
(Supplementary Figure S10B). Next, Cthp2 KO and DKO
ESCs were induced to differentiate by 6 days of LIF re-
moval at 2-day intervals. Protein levels of Oct4, Sox2, and
Nanog in Cthp2 KO ESCs sustained longer than those of
DKO ESCs (Supplementary Figure S10C). To further com-
pare their defect in differentiation potency between them,
the effect on each lineage-specific genes was assessed dur-
ing embryoid body (EB) formation of Ctbp2 KO and DKO
ESCs. The expression levels of endoderm and mesoderm
genes were poorly induced in both Crhp2 KO and DKO
ESCs compared to the wild-type ESCs (Supplementary Fig-
ure S10D). These results suggest that Ctbp2 KO and DKO
ESCs have similar control over lineage specification but the
loss of Ctbp2 in ESCs has more significant effect on regu-
lating exit from pluripotency than either Zfp217 or Zfp516.

Zfp217 and Zfp516 facilitate Ctbp2-mediated repression on
active ESC genes during differentiation

We further examined the knock-out effect of Zfp516 and
Zfp217 on the recruitment of Ctbp2 to active gene regions.
Enrichment of Ctbp2 on the regions of active ESC genes
was diminished in Zfp217 KO, Zfp516 KO, and DKO ESCs
compared to the wild-type ESCs (Figure 6A). Moreover, we
identified the repressive process of active ESC genes dur-
ing differentiation by Zfp217 and Zfp516-mediated chro-
matin regulators. The occupancies of Chd4 and Lsdl on
active ESC gene regions were more decreased in each of
Zfp516 KO, Zfp217 KO and DKO ESCs than wild-type,
but the enrichment of Hdacl in all three KO ESCs was
comparable to that of the wild-type ESCs (Figure 6B and
Supplementary Figure SI1A). As expected, reduced occu-
pancy of Chd4 and Lsdl in Zfp516 KO, Zfp217 KO and
DKO ESCs resulted in less reduction of H3K27ac levels
on the active ESC gene regions upon differentiation (Fig-
ure 6C). Remaining level of H3K27ac in DKO ESCs af-
fected the recruitment of Ezh2 on the regions of active
ESC genes (Figure 6D), resulting in minor induction of
H3K27me3 levels in Zfp516 KO, Zfp217 KO, and DKO
ESCs compared to the wild-type ESCs (Figure 6E). Pro-
tein levels of the components of NuRD complex, the HDAC
complex, and the PRC2 remained unaffected in the Zfp516
KO, Zfp217 KO and DKO ESCs, indicating that changes in
H3K27ac and H3K27me3 levels were regulated without the



6602 Nucleic Acids Research, 2018, Vol. 46, No. 13

A E14 Zp516 KO  Zfp217 KO  DKO B c +LIF - LIF day 6
+ LIF - LIF o .0 0.0
O O ¢
*+LIF | © — 100 40 w8
£E » ][> ST ST SF
4 % O 3 30 9| 210217 | &8 - -
Y A ; o E 25
SLF ;e | <3 20
e e é‘/ °Z =0 ppe 26516 |- - - -
L . <ty 55 10
- % 23 5 Octd | = w» > - - -
0 0 -
*+LIF ‘ ‘ . . TO000 TO00 Sox2 ..“ !'Q
= — — — LXXX LXXX _ s =
BRI v onNQ onQ N ﬂ - g
L =S BN anog -
-LF S ’ 23 23
Vol .7.-, __-’: » s | NN NN Actin - —— e mE e
D
é; 10 Oct4 10 Sox2 10 Nanog 10 Esmb 10 Nr5a2
3
3 1 —:f% m E14
< 1 1-=@g IlD 1=z I D 1 - gu= ID !!@ 1 TEE[ B Zf516 KO
. 0.1 W Zfp217 KO
o 01 — 0.1 0.1 0.1 o DKO
2 *
£ - [ L 0.01
(3} oy o ES -
® 001 0.01 - 0.01 ok 0.001 - 0.01 X3
(-LIF) Day0 Day6 Day0 Dayé6 Day 0 Day#6 Day 0 Day6 Day 0 Day6
E F
E14  Zfo516 KOZp217 KO  DKO
EB day 4 g
()
N
w
om
w
EB day 8
G
Afp Sox17 Gata4 Gata6
T 600 - . -
2 : 80
<C
60
% 400
0 40 4
= 200 -
3 20 |
24
0 0
(EB Day 0|Day 4| Day8 Day 0|Day 4] Day8
T Pitx2
2 6000 2500 - = 1500 - .
< 2000 A ¥ i m E14
£ 4000 1500 |_| 1000 A B Zp516 KO
E 1000 - B Zfp217 KO
2 2000 500 - O DKO
5 500 A
9 0 0 0
(EB) Day 0[Day 4| Day8 Day O|Day 4| Day8 Day 0|Day 4(Day8

Figure 5. Zfp217 and Zfp516 double knock-out ESCs fail to differentiate properly. (A and B) Self-renewal assay and alkaline phosphatase (AP) staining
of wild-type, Zfp516 KO, Zfp217 KO and Zfp217 and Zfp516 double knock-out (DKO) ESCs in undifferentiated and differentiated conditions. Double
knock-out of Zfp217 and Zfp516 leads to incomplete exit from pluripotency during ESC differentiation by sustaining more positive AP colonies than wild-
type ESCs (n = 3). Presented as means + SEM. (C and D) The protein and mRNA levels of Zfp217, Zfp516 and pluripotency-associated genes in wild-type,
Zfp516 KO, Zfp217 KO and DKO ESCs upon ESC differentiation by LIF withdrawal for 6 days. Expression was detected by indicated antibodies; Actin
was used as a control (n = 3). Presented as means + SEM (*P < 0.05, **P < 0.01, ***P < 0.001). (E and F) Embryoid body (EB) formation of wild-type,
Zfp516 KO, Zfp217 KO and DKO ESCs. Diameter of EBs were measured for size determination. Representative cells are shown at 40 x magnification
from EB cultures (n = 8). Presented as means &+ SEM. (G) After forming embryonic bodies (EB) (4 and 8 days) of wild-type, Zfp516 KO, Zfp217 KO and
DKO ESCs, the mRNA levels of Nanog and the three germ layer markers [mesoderm (Sma, 7, Pitx2) (labeled in green); endoderm (Afp, Sox17, Gata4,
Gata6) (labeled in red); ectoderm (Sox1, Fgf5) (labeled in blue)] were analyzed by qRT-PCR (n = 3). Presented as means + SEM (*P < 0.05, **P < 0.01,
***P <0.001).
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Figure 6. Zfp217 and Zfp516 facilitate Ctbp2-mediated repression on active ESC genes during differentiation. (A) ChIP-qPCR analysis of Ctbp2 on active
ESC gene regions in wild-type, Zfp516 KO, Zfp217 KO and Zfp217 and Zfp516 double knock-out (DKO) ESCs (n = 3). Presented as means + SEM. Zfp217
KO, Zfp516 KO ESCs and DKO ESCs showed lower enrichment of Ctbp2 than wild-type ESCs (n = 3). Presented as means & SEM (*P < 0.05, **P <
0.01, ***P < 0.001). (B) ChIP-qPCR analysis of Lsd1, Chd4, and Hdacl on active ESC gene regions in wild-type, Zfp516 KO, Zfp217 KO and Zfp217
and Zfp516 double knock-out (DKO) ESCs (n = 3). Presented as means + SEM. Zfp217 KO, Zfp516 KO ESCs and DKO ESCs showed lower enrichment
of Chd4 and Lsdl than wild-type ESCs, but not Hdacl (n = 3). Presented as means + SEM (*P < 0.05, **P < 0.01, ***P < 0.001). (C-E) ChIP-qPCR
analysis of H3K27ac, Ezh2 and H3K27me3 on active ESC gene regions in wild-type, Zfp516 KO, Zfp217 KO and DKO ESCs in undifferentiated and
differentiated (LIF withdrawal for 6 days) conditions (n = 3). Presented as means + SEM (*P < 0.05, **P < 0.01, ***P < (0.001).
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Figure7. A diagram illustrating the contribution of Ctbp2-interacting zinc
finger proteins in exit from pluripotency. Ctbp2-interacting zinc finger pro-
teins, such as Zfp217 and Zfp516, bind to the active ESC gene regions and
recruit the NuRD complex to prime for H3K27 deacetylation upon ESC
differentiation. (The black and thick dotted line shows priming state of the
NuRD complex on active ESC regions.) Further differentiation allows the
zinc finger proteins to recruit the PRC2 for H3K27 tri-methylation on the
active ESC genes, and to silence transcription (shown by the red line). Con-
versely, when such zinc finger proteins are depleted, the NuRD complex-
mediated H3K27 deacetylation is weakened (shown by the thin and black
dotted line) and the active gene transcription is sustained. Thus, remain-
ing H3K27ac levels and active transcription affects the PRC2-mediated ac-
tive ESC gene silencing and result in improper ESC differentiation. (The
weakened effect by the PRC2 on active ESC genes is presented with the red
dotted line.)

expression changes in these enzymes (Supplementary Fig-
ure S11B). Also, global levels of histones were unaffected by
Zfp516 and Zfp217 depletion in undifferentiated conditions
(Supplementary Figure S11C). However, when DKO ESCs
were induced to differentiate, the protein levels of Chd4,
Lsdl, Hdacl and Ezh2 were sustained while those of wild-
type were decreased (Supplementary Figure S11D), imply-
ing that repressive chromatin regulators are also affected by
the delayed differentiation of DKO ESCs. Taken together,
these results represent that the Ctbp2-associated zinc finger
proteins, Zfp217 and Zfp516, regulate the epigenetic states
of H3K27 on active ESC genes during differentiation, ulti-
mately leading to the proper exit from pluripotency.

DISCUSSION

The epigenetic status of embryonic stem cells (ESCs) differs
remarkably from the fully differentiated somatic cells (47).
This epigenetic difference is due to the differential binding
of transcription factors and various chromatin remodeling
complexes during ESC differentiation (47,48). Transcrip-
tion factors directly bind to gene regulatory regions and
modulate chromatin modifiers to activate or repress cell-
type specific genes on onset of ESC differentiation, thereby
determining the cell identity (6,12,49). However, it needs
to be unraveled how and which transcription factors con-
tribute to exit from pluripotency and commit to specific lin-
eages.

Ctbp2, a transcriptional corepressor and a regulator dur-
ing exit from pluripotency, binds to transcription factors
through a Pro-X-Asp-Leu-Ser (PXDLS) motif, and recruits
epigenetic remodelers (23). A variety of transcription fac-
tors interact directly or indirectly with CTBP (26,41,50-55),
of which some are related to stem cell maintenance or de-
velopment. For example, Zscanl0, also known as Z{p206,
maintains pluripotency of ESCs by regulating ES-specific
transcripts (56). Zscan4 requires genome stability and de-
velopment potency in ESCs (57,58). Moreover, Z{p462
maintains pluripotency of P19 cells (59,60). Although these
contributions of Ctbp-interacting factors in stem cells were
verified, the detailed mechanisms of association of Ctbp2
and its interacting zinc finger proteins in ESC development
remain uninvestigated.

In this study, we demonstrate that Ctbp2-associated zinc
finger proteins cooperate for the delicate control of exit
from pluripotency by regulating the epigenetic states of
H3K27 on active ESC gene regions. One of the Ctbp2-
binding zinc finger proteins, Zfp217 (Figure 1) is known
as an oncogenic protein associated in various cancers
(16,17,61). ZNF217 negatively regulates E-cadherin, an ep-
ithelial marker, and induces mesenchymal makers for the
epithelial-mesenchymal transition (EMT) process (19,62).
EMT occurs during normal embryonic development and
is important for lineage determination. For example, an
EMT induce marker, Snail is in control of epiblast stem cell
exit and mesoderm lineage commitment (20). In turn, re-
programming fibroblasts to induced pluripotent stem (iPS)
cells resembles the MET program (63).

ZNF217 is identified to form a complex with repressive
histone modifiers, JARID1B/PLU-1, G9a, LSD1, CoR-
EST, CTBPI and EZH?2, and regulate transcriptional re-
pression (22-24). Also, Zfp217 was confirmed to interact
with Lsd1, Chd4, CoREST and Ctbp2 in undifferentiated
ES cell state (Figure 4). These histone modifiers are mostly
involved in regulation of ESC differentiation. Lsd1 and the
NuRD complex regulate enhancer silencing during ESC
differentiation (4,5), and Ezh2, a component of PRC2, cat-
alyzes the H3K27 tri-methylation to stably silence the ESC
genes (64,65). We observed that Zfp217 co-occupies with
Ctbp2 at the active promoter and enhancer regions in ESCs
(Figure 3). Zfp217 recruits the components of the NuRD
complex through Ctbp2 and induces the deacetylation of
H3K27 at active ESC genes; this transcription inhibition
triggers the tri-methylation of H3K27 by the recruitment of
PRC2 during ESC differentiation (Figure 4). This supports
an idea that Zfp217 initiates the suppression of active ESC
genes leading to PRC2 complex-mediated complete silenc-
ing.

CRISPR-Cas9 mediated Zfp217 knock-out in ESCs dis-
played similar stem cell characteristics to ESCs lacking
Lsd1 or Mbd3. ESCs lacking Lsd1 showed impaired differ-
entiation of ESCs without affecting self-renewal or pluripo-
tency (4) and loss of Mbd3 disrupted the NuRD complex
which led to incomplete ESC differentiation but had no
significant effect on ESC self-renewal (45). Zfp217 knock-
out ESCs also exhibited features of defect in morphological
changes, silencing of active ESC genes, and upregulation of
developmental markers upon ESC differentiation, support-
ing that Zfp217is also essential for embryonic development.



On the other hand, Zfp217 was reported to sustain undif-
ferentiated state of ESCs and support its pluripotent state
by epigenetically regulating N6-methyladenosine (m6A) de-
position on ESC transcripts, indicating that Zfp217 func-
tions as an activator to pluripotency genes (66). The differ-
ent conclusions in phenotype are probably assumed to the
experimental conditions such as the timing of experiments
followed by Zfp217 deletion. After viral infection, knock-
down of Zfp217 led to apoptotic cell death immediately af-
ter selection, however, once Zfp217-knock-down cells were
stabilized, apoptosis no longer occurred. Thus, abrupt loss
of Zfp217 possibly destabilizes some cell population and
leads to cell death. Despite the notable differences, Zfp217
is a possible driver for reprogramming since chromatin re-
modeling factors involved in stem cell development, such
as Mbd3, also facilitate the reprogramming process (66,67).
These findings support that Zfp217 adjusts the balance be-
tween LIF-mediated transcriptional activation and NuRD-
mediated repression in undifferentiated ESCs.

Moreover, not only Z{p217 but also Zfp516 contributed
to exit from pluripotency by H3K27me-mediated repres-
sive mechanisms (Figure 6). Also a strong binding pro-
tein to Ctbp2, Zfp516 affected the exit from pluripotency
upon stem cell differentiation (Figure 5). On the other hand,
Zfp516 increased its expression as development progresses,
which is a different pattern from Zfp217 (Figure 1), and
also each of Zfp217 and Zfp516 affected different lineage-
related genes during ESC differentiation. Zfp217 KO ESCs
failed to induce endoderm and mesoderm genes and Zfp516
KO ESCs barely induced mesoderm genes (Figure 5). Even
though only Zfp217 but Zfp516 had an effect on endoderm
gene induction, Zfp217/Zfp516 double KO embryoid bod-
ies also failed to induce the endoderm genes. This gives a
clue that Zfp217 influences on lineage determination tem-
porally and spatially apart from Zfp516 and thus both zinc
finger proteins cooperatively participate in the developmen-
tal process.

Based on the previous finding that Ctbp2 primes the ac-
tive ESC genes even in undifferentiated ESCs (11), Zfp217
and Zfp516, along with Ctbp2, are likely to participate in
priming the active ESC genes. Besides their priming role
in active ESC regions, Ctbp2-interacting zinc finger pro-
teins are also likely to be applied to Ctbp2-mediated lincage-
specific gene repression. Moreover, we expect that there
might be other transcription factors which carry functional
redundancy since Ctbp2 KO carried more significant ef-
fect in stem cell differentiation than Zfp217/Zfp516 double
knock-out ESCs (Supplementary Figure S10). On the ba-
sis that Ctbp2 associates with various zinc finger proteins
(Figure 1), other new zinc finger proteins, besides Zfp217
and Zfp516, might bring Ctbp2 to the regulatory regions
of the pluripotency genes. Further detailed investigations
are in need to identify other new zinc finger proteins and
whether these multiple zinc finger proteins act separately or
simultaneously during ESC differentiation process.

This study reveals that Zfp217 and Zfp516 directly in-
teract with Ctbp2 and trigger active ESC gene silencing by
modulating the NuRD complex and PRC2 (Figure 7). We
propose that Zfp217 and Zfp516 aptly support chromatin
regulators to fine-tune epigenetic changes during cell tran-
sitions. Also, the combinatorial effect of multiple zinc finger
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proteins on stem cell development provides us an insight
that certain combinations of transcription factors cooper-
atively orchestrate the full process of embryonic develop-
ment.
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