
Nature Cell Biology

nature cell biology

https://doi.org/10.1038/s41556-022-01051-2Article

ZFP462 safeguards neural lineage 
specification by targeting G9A/GLP- 
mediated heterochromatin to  
silence enhancers

Ramesh Yelagandula    1,2,7  , Karin Stecher1,3,7, Maria Novatchkova4, 
Luca Michetti    1,6, Georg Michlits1, Jingkui Wang4, Pablo Hofbauer1, 
Gintautas Vainorius1, Carina Pribitzer    4, Luke Isbel    5, Sasha Mendjan1, 
Dirk Schübeler    5, Ulrich Elling    1, Julius Brennecke    1 & Oliver Bell    1,2 

ZNF462 haploinsufficiency is linked to Weiss–Kruszka syndrome, a genetic 
disorder characterized by neurodevelopmental defects, including autism. 
Though conserved in vertebrates and essential for embryonic development, 
the molecular functions of ZNF462 remain unclear. We identified its murine 
homologue ZFP462 in a screen for mediators of epigenetic gene silencing. 
Here we show that ZFP462 safeguards neural lineage specification of 
mouse embryonic stem cells (ESCs) by targeting the H3K9-specific histone 
methyltransferase complex G9A/GLP to silence meso-endodermal genes. 
ZFP462 binds to transposable elements that are potential enhancers 
harbouring pluripotency and meso-endoderm transcription factor 
binding sites. Recruiting G9A/GLP, ZFP462 seeds heterochromatin, 
restricting transcription factor binding. Loss of ZFP462 in ESCs results in 
increased chromatin accessibility at target sites and ectopic expression of 
meso-endodermal genes. Taken together, ZFP462 confers lineage and locus 
specificity to the broadly expressed epigenetic regulator G9A/GLP. Our results 
suggest that aberrant activation of lineage non-specific genes in the neuronal 
lineage underlies ZNF462-associated neurodevelopmental pathology.

A totipotent zygote develops into a multicellular organism via cell 
specialization1–3. Cell fate specification is primarily controlled by tran-
scription factors (TFs) that activate lineage-specific genes4, but the 
silencing of lineage non-specific genes is also important. Silencing often 
involves histone methlytransferases (HMTases) that establish repres-
sive chromatin modifications, including histone H3 lysine 9 di- and 

trimethylation (H3K9me2/3) (ref. 5). H3K9me2/3 binds heterochro-
matin protein 1 isoforms (HP1α, β and γ) (ref. 6), and chromatin-bound 
HP1 can recruit additional heterochromatin modifiers, thus promoting 
chromatin compaction and transcriptional silencing7,8. Epigenetic 
feedback mechanisms promote stable inheritance of heterochromatin, 
gene silencing and cell identity5,9–13.
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Oct4-GFP reporter (Fig. 1c and Extended Data Fig. 1c), concomitant 
with loss of the active mark H3K4me3, acquisition of the inactive marks 
H3K9me2 and H3K9me3 (Fig. 1d), and enrichment of endogenous 
HP1γ (Extended Data Fig. 1d)13. Importantly, transcriptional silenc-
ing and inactive histone modifications were maintained even after 
the addition of Dox (Fig. 1c,d and Extended Data Fig. 1d). In agree-
ment with previous results, using small-molecule inhibition of DNA 
methyltransferases13, we found that genetic Dnmt1 deletion and loss 
of global DNA methylation (Extended Data Fig. 1e) did not affect the 
initiation of heterochromatin-dependent reporter gene silencing but 
compromised its maintenance upon Dox addition (Fig. 1c). We infer that 
ectopic heterochromatin recapitulates G9A/GLP-induced silencing 
of the endogenous Oct3/4 gene in somatic cells20, including the stable 
inheritance of heterochromatin.

To identify genes required for heterochromatin-dependent 
silencing of Oct3/4, we performed a pooled CRISPR screen with unique 
molecular identifiers (UMIs), which enables single-cell analysis of 
mutant phenotypes37. The UMI CRISPR library contained approxi-
mately 27,000 single guide RNAs (sgRNAs) targeting all annotated 
mouse nuclear protein-coding genes with four sgRNAs per gene. 
Each sgRNA was paired with thousands of barcodes representing 
UMIs improving signal-to-noise ratio and hit calling. We transduced 
with the pooled library into the hCas9-expressing CiA reporter cells, 
selected with G418 for 5 days, treated with Dox for 2 days, and then 
isolated GFP-positive cells by fluorescence-activated cell sorting (FACS)  
(Fig. 1e). The unsorted population served as background control. 
Relative enrichment of sgRNAs was determined by sequencing UMIs 
in both populations followed by statistical analysis using MAGeCK38. 
A total of 130 genes were significantly enriched in the GFP-positive cell 
population (P < 0.001) (Fig. 1e and Supplementary Table 1), including 
Dnmt1, Uhrf1, Setdb1, G9a, GLP, Atf7ip, Daxx, Atrx, KMT5C and genes 
encoding members of the HUSH complex. These factors have all been 
linked to DNA methylation or H3K9me2/3-dependent gene silenc-
ing14,39,40, supporting the known crosstalk between these pathways in 
heterochromatin13,39

The uncharacterized Zfp462 gene scored very highly in the screen 
but has not been associated with heterochromatin regulation. We vali-
dated loss of heritable Oct4-GFP silencing in Zfp462 mutant CiA ESCs by 
independent CRISPR–Cas9 editing (Fig. 1f and Extended Data Fig. 1f).

ZFP462 represses through interaction with G9A/GLP and HP1γ
To further investigate ZFP462, we engineered ESCs with an Avi-GFP-FLAG 
tag inserted into the endogenous Zfp462 gene (Avi-Zfp462) (Fig. 2a) and 
identified ZFP462-interacting proteins in ESCs. Several well-known 
co-repressors affinity purified with ZFP462 (Fig. 2b and Supplementary 
Table 2), including HP1γ, G9A, GLP and WIZ, a known G9A/GLP interact-
ing protein41. Similarly, ZFP462, HP1γ, G9A and WIZ affinity purified with 
Avi-fused endogenous GLP (Avi-GLP) (Fig. 2c and Supplementary Table 
3)41. Thus, ZFP462 interacts with co-repressor proteins, suggesting it 
is involved in heterochromatin regulation.

ZFP462 is a highly conserved, vertebrate-specific C2H2-type zinc 
finger protein (Fig. 2d and Extended Data Fig. 2a) C2H2-type zinc fin-
gers are typically associated with DNA binding activity but may also 
contribute to protein–protein interactions41,42. To determine whether 
ZFP462 recruitment is sufficient to silence the Oct3/4 reporter, we 
transduced CiA ESCs with TetR-FLAG fusions of full-length ZF462 (FL), 
or of N-terminal (NT), mid (Mid), C-terminal truncation (NT+Mid) 
and C-terminal (CT) fragments (Fig. 2d and Extended Data Fig. 2b). 
TetR-FLAG-ZFP462-FL targeting led to loss of GFP expression in 
over 80% of CiA reporter cells (Fig. 2e and Extended Data Fig. 2c). 
TetR-FLAG-ZFP462-CT also resulted in substantial GFP silencing and 
interacted with G9A, GLP, WIZ and HP1γ by co-immunoprecipitation 
(co-IP) (Fig. 2f and Supplementary Table 4). In contrast, GFP silenc-
ing was not observed in CiA ESCs expressing TetR-FLAG fusions of 
ZFP462-NT, ZFP462-Mid or ZFP462-NT+Mid. Thus, ZFP462 associates 

H3K9me2 is catalysed by an HMTase complex comprising G9A 
(also known as euchromatic histone methyltransferase 2, EHMT2) and 
G9-like protein (GLP, also known as euchromatic histone methyltrans-
ferase 1, EHMT1) (ref. 14), which is essential for embryogenesis15. G9A/
GLP-dependent heterochromatin modifications at promoters and 
enhancers have been proposed to block TF binding, thereby prevent-
ing aberrant expression of lineage non-specific genes16–19. Indeed, G9A/
GLP-dependent heterochromatin silences the pluripotency-linked 
gene Oct3/4 (also known as Pou5f1) during embryonic stem cell (ESC) 
differentiation, preventing its expression in somatic tissues20,21. Inacti-
vation of G9A facilitates Oct3/4 induction during induced pluripotent 
stem cell reprogramming of somatic cells22. G9A/GLP is proposed to 
regulate neurodevelopment23 by interacting with the RE1-silencing 
TF (REST also known as NRSF) to target and repress neuronal genes 
in non-neuronal cells24–26. G9A/GLP also has important and distinct 
functions in silencing both non-neuronal and early neuron progeni-
tor genes in mature neurons27,28. Notably, de novo mutations in genes 
encoding either GLP or proteins that cooperate in facultative hetero-
chromatin formation cause the neurodevelopmental disorder Kleefstra 
syndrome29. Although the biochemical functions and developmental 
importance of G9A/GLP are well established, the mechanisms underly-
ing its precise spatiotemporal silencing of lineage non-specific genes 
remain largely unclear14,30,31. G9A/GLP are broadly expressed and lack 
sequence specificity; therefore, heterochromatin mediated by G9A/
GLP requires yet-unknown cell-type-specific interactions with TFs.

In this Article, we identified zinc finger protein 462 (ZFP462) in a 
clustered regularly interspaced short palindromic repeats (CRISPR) 
genetic screen for effectors of heterochromatin-mediated, herit-
able silencing of Oct3/4. ZFP462 is a vertebrate-specific, putative TF 
of unknown function. Notably, its human orthologue, ZNF462, was 
recently identified as a high-confidence risk gene for a neurodevel-
opmental disorder (OMIM# 618619) (refs. 32–34). We demonstrate 
that ZFP462 is required to silence inappropriate meso-endodermal 
gene expression in mouse ESCs and neural progenitor cells (NPCs). 
ZFP462 silences lineage non-specific genes by recruiting G9A/GLP to 
deposit heterochromatin modifications at enhancers, thereby limit-
ing their accessibility to pluripotency TFs. Thus, ZFP462 precisely 
targets formation of G9A/GLP-dependent heterochromatin to prevent 
unscheduled activation of meso-endodermal genes and maintain cell 
fate identity. Our findings illuminate the developmental regulation of 
G9A/GLP-dependent gene silencing and suggest that neural pheno-
types associated with ZNF462 haploinsufficiency arise from defects 
in cell fate specification during embryogenesis.

Results
Zfp462 encodes a regulator of heterochromatic gene silencing
To dissect the mechanisms underlying heterochromatin-mediated 
silencing of a lineage non-specific gene, we focused on Oct3/4 (refs. 20, 
22,35). Oct3/4 is highly expressed in ESCs encoding OCT4 TF essential 
for pluripotency and self-renewal36, but is inactivated and acquires 
H3K9me2 upon differentiation. Subsequent HP1 binding and DNA 
methylation irreversibly silence Oct3/4 (refs. 21, 22,35).

Tethering the chromoshadow domain of HP1α (HP1) to a geneti-
cally modified Oct3/4 allele in mouse ESCs is sufficient to recruit 
H3K9-specific HMTases and recapitulate heterochromatin-mediated 
gene silencing without affecting the wild-type allele13. To enable effi-
cient, reversible HP1 tethering via the Tet-OFF system we established 
an ESC clone with Tet operator sites (TetO) and a puromycin-BFP 
reporter gene downstream of the Oct4-GFP reporter allele (Fig. 1a) that 
expresses HP1 fused to a FLAG-Tet repressor domain (TetR-FLAG-HP1) 
(Extended Data Fig. 1a). This ESC clone also expressed hCas9 to enable 
CRISPR-based screening in ESCs.

TetR-FLAG-HP1 binds to TetO sites with high affinity, but doxycy-
cline (Dox) addition abolishes this interaction (Fig. 1b). TetR-FLAG-HP1, 
but not TetR-FLAG alone, resulted in transcriptional silencing of the 
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Fig. 1 | CRISPR screen identifies heterochromatin regulators required for 
heritable Oct3/4 gene silencing. a, Design of the CiA Oct4 dual reporter locus in 
ESCs. One of the Oct3/4 alleles was modified in ESCs by inserting seven Tet operator 
sites (TetO) flanked by a GFP and a BFP reporter gene on either side. GFP expression 
is under control of the Oct3/4 promoter, whereas a PGK promoter drives BFP 
expression. The genomic screen shot (below) shows histone modifications and RNA 
expression at the Oct3/4 locus in wild-type ESCs. ZF, 12 binding sites for ZFHD1; G4, 
five binding sites for GAL4. b, Scheme of the experimental design. TetR facilitates 
reversible HP1 tethering to TetO binding sites to establish heterochromatin 
and silence both GFP and BFP reporters. Dox addition releases TetR binding to 
distinguish heritable maintenance of chromatin modifications and gene silencing 
in the absence of the sequence-specific stimulus. c, Flow cytometry histograms of 
wild-type and Dnmt1 KO CiA Oct4 dual reporter ESCs show GFP expression before 

TetR-FLAG-HP1 tethering, in the presence of TetR-FLAG-HP1 and after 4 days of Dox-
dependent release of TetR-FLAG-HP1. Percentages indicate fraction of GFP-negative 
cells. d, ChIP–qPCR shows relative enrichment of TetR-HP1 (FLAG) and histone 
modifications surrounding TetO before TetR-FLAG-HP1 tethering, in the presence 
of TetR-FLAG-HP1 and after 4 days of Dox-dependent release of TetR-FLAG-HP1 
(n = 2 independent biological replicates). e, Scheme of CRISPR screen design. 
MOI, multiplicity of infection. Volcano plot shows enrichment (log fold change 
GFP-positive sorted versus unsorted cells) and corresponding significance (−log10 
MAGeCK significance score) of genes in CRISPR screen (n represents mean of three 
independent experiments). f, Flow cytometry histograms show GFP expression 
of two independent Zfp462 knockout (KO) CiA Oct4 dual reporter cell lines in the 
presence of TetR-FLAG-HP1 and after 4 days of Dox-dependent release of TetR-
FLAG-HP1. Percentages indicate fraction of GFP-positive cells.
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with G9A/GLP and HP1γ via its C-terminal domain and is sufficient to 
initiate transcriptional gene silencing.

ZFP462 represses primitive endoderm differentiation
To investigate the role of ZFP462 during mouse embryogenesis, we 
first examined available single-cell RNA sequencing (RNA-seq) data of 
three developmental stages representing exit from pluripotency and 
primary germ-layer specification43. Consistent with its role in regulating 
heterochromatin in ESCs, Zfp462 was initially expressed in epiblast stem 
cells (embryonic day (E)4.5). At gastrulation onset, Zfp462 displayed 
almost exclusive expression in pluripotent and neural cells (E6.5–7, 
Extended Data Fig. 3a).

Next, we generated homozygous Zfp462 mutant ESCs using 
CRISPR-Cas9 (Zfp462−/−). Additionally, we engineered premature 
stop codons into one allele of Zfp462 using CRISPR–Cas9-assisted 
homology-dependent repair (Zfp462 +/Y1195*and Zfp462 +/R1257*).  
Zfp462 +/R1257* mutant ESCs mimic human ZNF462 haploinsufficiency 

associated with Weiss–Kruzska syndrome (ZNF462 +/R1263*) (ref. 32). We 
isolated two independent Zfp462 homozygous mutant clones and one 
clone of each Zfp462 heterozygous mutation and confirmed reduction 
and loss of ZFP462 protein (Fig. 3a) and heterozygous point mutation 
(Extended Data Fig. 3b). Compared with wild-type ESCs, heterozy-
gous and homozygous Zfp462 mutant ESCs displayed morphological 
changes with dispersed, refractile cells spreading out of characteristi-
cally densely packed ESC colonies (Fig. 3b and Extended Data Fig. 3c). 
Further, Zfp462 mutant ESC colonies showed reduced expression of the 
pluripotency marker alkaline phosphatase, suggesting a function for 
ZFP462 in ESC self-renewal. RNA-seq revealed differential expression 
of ~1,800 genes in homozygous Zfp462 mutant ESCs and ~1,400 genes 
in heterozygous Zfp462 mutant ESCs (cut-off: log2 fold change (LFC) 
≥1, adjusted P value ≤0.01) (Fig. 3c and Extended Data Fig. 3d, e). Gene 
Ontology (GO) terms of differentially expressed genes were related 
to developmental processes, consistent with the spontaneous ESC 
differentiation observed upon Zfp462 deletion (Fig. 3d and Extended 
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Fig. 2 | ZFP462 elicits silencing function through interaction with G9A/GLP 
and HP1γ. a, Design of Avi-Zfp462 ESCs and western blot validation. Mouse ESCs 
expressing biotin ligase (BirA) were used to modify the endogenous Zfp462 gene 
by inserting the Avi-GFP-3XFLAG tag downstream of the translation start codon. 
Western blot with FLAG and ZFP462 antibodies confirms ZFP462 tagging.  
b,c, LC–MS analysis of Avi-tagged ZFP462 (b) and Avi-tagged GLP (c) ESCs. 
Volcano plots show enrichment and corresponding significance of co-purified 

proteins (n = 3 replicates). d, Schematic of ZFP462 protein depicts locations of 27 
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for tethering in CiA Oct4 dual reporter assay are indicated below. e, Bar plot 
shows percentage of GFP-negative CiA Oct4 ESCs measured by flow cytometry in 
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MS analysis compares enrichment and corresponding significance of co-purified 
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Data Fig. 3f). Several key developmental TFs were upregulated in both 
heterozygous and homozygous Zfp462 mutant ESCs, including Bmp4, 
Gata6, Gata4 and Sox17, required for cell fate specification towards 
meso- and endodermal lineages (Fig. 3c,e). Gata6 and Sox17 expression 
is restricted to primitive endoderm in early embryos, and overexpres-
sion of these TFs in ESCs promotes their differentiation into primitive/
extra-embryonic endoderm-like cells44–46 with similar phenotypes to 
heterozygous and homozygous mutant Zfp462 ESCs44. Thus, Zfp462 is 
required to maintain ESC pluripotency and Zfp462 haploinsufficiency 
upregulates key developmental genes including TFs that promote 
meso-endodermal lineage specification.

ZFP462 represses endodermal genes in neural differentiation
On the basis of the link between Zfp462/ZNF462 haploinsufficiency 
and defects in mouse and human neurodevelopment32,33,47, we investi-
gated the role of Zfp462 in neural differentiation. To reduce variability 
before differentiation, we tested whether enforcing the naïve ground 
state of ESCs using inhibitors against MAPK and GSK3 (termed 2i) 
could restore self-renewal of Zfp462 mutant ESCs. Culturing Zfp462 
mutant ESCs under 2i conditions (2i/S/L) suppressed their spontaneous 

differentiation (Fig. 4a and Extended Data Fig. 4a,b) and ESCs grown 
in 2i/S/L medium displayed lower ZFP462 expression (Extended Data  
Fig. 4c,d). We used an established protocol to induce neuronal differen-
tiation starting from naïve ground-state ESCs48. Sequential withdrawal 
of 2i and leukaemia inhibitory factor (LIF) initiated ESC differentiation 
into embryoid bodies (EBs) containing progenitors of ecto-, meso- and 
endodermal lineages. Subsequent addition of retinoic acid (RA) stimu-
lated ectoderm expansion followed by enrichment of NPCs. ZFP462 
expression levels increased during neural differentiation with high-
est levels in NPCs, consistent with previous reports (Extended Data  
Fig. 4c,d)47. Importantly, heterozygous and homozygous Zfp462 
mutants gave rise to EBs and NPCs with reduced size compared with 
wild-type ESCs (Fig. 4a and Extended Data Fig. 4b). Quantitative reverse 
transcription polymerase chain reaction (RT–qPCR) analysis revealed 
that Nanog and Oct4 were downregulated and Pax6 and Ngn2 were 
upregulated, indicating successful exit from pluripotency and induc-
tion of neural differentiation in wild-type and mutant cells (Fig. 4b). 
However, endodermal markers Gata6 and FoxA2 were strongly induced 
in Zfp462−/− ESCs upon 2i withdrawal and remained high even in NPCs 
(Fig. 4b). Although heterozygous Zfp462 mutant cells showed similar 
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marker gene expression levels to wild-type cells at the onset of dif-
ferentiation, they failed to downregulate endoderm-specific genes in 
NPCs similar to knockout (KO) cells.

Next, we profiled global gene expression changes throughout 
the differentiation time course (Fig. 4c). Cluster analysis of differen-
tially regulated genes yielded three separate groups based on distinct 
expression kinetics. Genes in cluster 1 comprising ESC-specific mark-
ers were highly expressed in ESCs under 2i/S/L and S/L conditions 
and were downregulated in EBs and NPCs. Cluster 2 contained ~1,300 
genes including meso- and endodermal lineage markers. These genes 
were induced in EBs and gradually decreased in NPCs derived from 
wild-type ESCs. In contrast, in heterozygous and homozygous Zfp462 
mutant cells, cluster 2 genes were highly induced in EBs and remained 
overexpressed in NPCs (Fig. 4c,d and Extended Data Fig. 4e). Addition 
of RA induced upregulation of cluster 3 genes including key neural TFs. 
Compared with wild-type cells, upregulation of neural genes was lower 
in Zfp462 mutant NPCs suggesting a delay in neural differentiation and/
or maturation (Fig. 4c,d and Extended Data Fig. 4e). Although deregu-
lation of meso- and endodermal genes was less severe, neural gene 
expression was similarly impaired in heterozygous and homozygous 
mutant cells. This is consistent with significant neurodevelopmental 
defects seen in patients with ZNF462 haploinsufficiency32,33. Finally, 
immunohistochemistry in NPCs revealed that the deregulation of 
genes extended to the protein level (Fig. 4e,f). Most wild-type NPCs 
were SOX1-positive, whereas FOXA2 expression was barely detected, 
reflecting efficient neural differentiation49. In contrast, enrichment 
and distribution of FOXA2-positive cells was strongly increased in 
Zfp462−/− NPCs. Thus, Zfp462 deletion results in misspecification 
towards meso-endodermal lineages under conditions that normally 
induce neural cell identity. We infer that ZFP462 is required to silence 
expression of lineage non-specific genes and promotes specification 
into neural cell lineages, consistent with developmental delay and 
neural defects of heterozygous Zfp462 KO mice47.

ZFP462 mediates sequence-specific G9A/GLP recruitment
To investigate how ZFP462 contributes to lineage specification, we used 
chromatin immunoprecipitation followed by sequencing (ChIP–seq) 
to profile binding of Avi-tagged ZFP462 genome-wide, which revealed 
16,264 significantly enriched sites (Fig. 5a and Extended Data Fig. 5a).  
Most ZFP462 peaks (86%) were found in intergenic and intronic 
regions, distal to transcription start sites. As the related family of 
Krüppel-associated box (KRAB) domain-containing zinc finger pro-
teins (KZFP) target heterochromatin modifiers to silence transposable 
elements (TE)50, we analysed ZFP462 binding at repeat DNA families 
and uncovered a large overlap (Fig. 5b). Among the various repeat DNA 
classes, ZFP462 binding was strongly enriched at mouse-specific long 
terminal repeat (LTR) families of endogenous retroviruses (58.11%). 
Specifically, ZFP462 frequently occupied RLTR9a, RLTR9d, RLTR9d2, 
RLTR9a2 and RLTR9e families, suggesting a role in repressing these TE 
subfamilies via G9A/GLP recruitment (Fig. 5c).

To determine its role in targeting the G9A/GLP complex to chro-
matin, we used CRISPR-mediated deletion to remove ZFP462 in Avi-GLP 
expressing ESCs and profiled GLP, WIZ and H3K9me2 (Extended Data 

Fig. 5b–d). In wild-type ESCs, ZFP462 targets were co-occupied by GLP 
and WIZ, similar to REST binding sites, and displayed modest levels of 
H3K9me2 (Fig. 5d–f). HMTase complex subunits and histone methyla-
tion were markedly reduced at ZFP462 targets in ESCs lacking ZFP462. 
By comparison, REST TF binding sites displayed increased GLP and WIZ 
ChIP–seq signals upon Zfp462 deletion. As global G9A levels remained 
unchanged in the mutant (Extended Data Fig. 4c), we conclude that 
the gain at REST binding sites reflects genomic redistribution of the 
H3K9-specific HMTase complex in the absence of ZFP462 interaction. 
Next, we used CRISPR to delete ZFP462 in Avi-HP1γ expressing ESCs 
and tested its role in HP1γ chromatin targeting (Extended Data Fig. 5c). 
Compared with known binding sites such as ADNP targets51, Avi-HP1γ 
showed only modest enrichment at ZFP462 peaks (Extended Data  
Fig. 5e). Moreover, the low HP1γ signal remained largely unchanged by 
Zfp462 deletion arguing against a primary role of ZFP462 in directly 
recruiting HP1γ to its target loci. Thus, ZFP462 is primarily required 
for sequence-specific targeting of the G9A/GLP complex to induce 
heterochromatin modifications at its targets.

G9A/GLP restricts DNA accessibility at ZFP462 peaks
Transcriptional silencing by G9A/GLP is associated with chromatin 
compaction5. We investigated whether failure to target G9A/GLP and 
H3K9me2 leads to increased DNA accessibility in Zfp462 KO ESCs 
using assay for transposase-accessible chromatin using sequencing 
(ATAC-seq). Despite G9A/GLP occupancy and H3K9me2, most ZFP462 
peaks were already accessible in wild-type ESCs (Fig. 6a,b and Extended 
Data Fig. 6a). Nonetheless, DNA accessibility was further increased at 
target loci upon loss of G9A/GLP and H3K9me2 in Zfp462 KO ESCs. In 
contrast, REST binding sites remained unchanged (Fig. 6a–c).

To examine whether G9A/GLP-dependent chromatin modifica-
tions directly contribute to restricting DNA accessibility at ZFP462 
peaks, we analysed available ATAC-seq data of G9a/Glp double KO 
(G9a/Glp dKO) ESCs52. As expected, G9A/GLP loss led to increased DNA 
accessibility at REST targets. DNA accessibility was also increased at 
ZFP462 peaks, suggesting that G9A/GLP also acts as transcriptional 
co-repressor at these targets (Fig. 6d,e).

To determine whether G9A/GLP regulation of DNA accessibility 
is required for ZFP462-dependent silencing of lineage non-specific 
genes, we compared differential gene expression between G9a/Glp 
dKO ESCs and Zfp462 KO ESCs, which revealed an overall positive, but 
moderate, correlation (Extended Data Fig. 6b). We speculate that the 
discrepancy is likely because in ESCs G9A/GLP interacts with multiple 
TFs including REST, enforcing repression of diverse sets of target genes.

To address whether ZFP462-mediated recruitment of the G9A/
GLP complex is required for meso-endodermal gene silencing, we 
used CRISPR–Cas9 to introduce sequences encoding either full-length 
ZFP462 (ZFP462-FL) or CT-truncated ZFP462 (ZFP462-NT+Mid) at the 
endogenous locus in Zfp462 KO ESCs, isolating two independent ESC 
clones for each Zfp462 rescue construct (Extended Data Fig. 6c–e). 
Unlike ZFP462-NT+Mid, expression of ZFP462-FL rescued ESC morphol-
ogy (Extended Data Fig. 6f). Furthermore, ATAC-seq analysis showed 
that ZFP462-FL, but not ZFP462-NT+Mid, mostly restored wild-type 
levels of DNA accessibility at ZFP462 peaks (Extended Data Fig. 6g). 

Fig. 4 | Zfp462 mutant cells show abnormal cell fate specification during 
neuronal differentiation. a, Scheme shows design of neural differentiation 
experiment from ESCs to NPCs (top). Stepwise withdrawal of 2i inhibitors 
(2i) and LIF leads to formation of cellular aggregates called EBs. Subsequent 
treatment with RA induces enrichment of NPCs. Representative bright-field 
images show WT and Zfp462 mutant cells at corresponding stages of neural 
differentiation. Scale bar, 100 μm. b, Line plots shows RT–qPCR analysis of 
lineage marker expression during neural differentiation (n = 2 replicates). 
Expression levels are shown relative to ESCs (2i/S/L). c, Heat map shows cluster 
analysis of differentially expressed genes (adjusted P value ≤0.05; LFC ≥1) in WT 
and Zfp462 mutant cells during neural differentiation (n = 2 replicates). Selected 

lineage marker genes are indicated for each cluster (left). d, Heat maps show 
differential expression of selected marker genes specific for endodermal and 
neural lineages in heterozygous and homozygous Zfp462 mutant cells during 
neural differentiation. Prim. and def. (EN), Primitive and definitive endoderm. e, 
Immunohistochemistry analysis shows SOX1 and FOXA2 expression in WT and 
homozygous Zfp462 mutant at day 8 of neural differentiation. Cell aggregates 
are counterstained with DAPI. Scale bar, 50 μm. f, Bar plots show quantification 
of SOX1 and FOXA2 immunofluorescence in WT (n = 9 cell aggregates over two 
independent experiments) and Zfp462−/− cell (n = 12 cell aggregates over three 
independent experiments). Data are presented as mean ± standard deviation. P 
values derived from a two-tailed t-test are indicated.
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Finally, RT–qPCR showed that ZFP462-FL but not ZFP462-NT+Mid 
restored silencing in Zfp462 KO ESCs (Fig. 6f). ZFP462-FL expression 
also restored endodermal marker gene silencing during NPC differ-
entiation, whereas Gata6 and FoxA2 expression remained high upon 
rescue with ZFP462-NT+Mid (Extended Data Fig. 6h). We infer that 
ZFP462 recruits G9A/GLP to restrict DNA accessibility and enforce 

silencing of lineage non-specific genes, potentially by affecting TF 
occupancy at cis-regulatory sequences.

ZFP462-dependent heterochromatin restricts TF binding
TEs contribute up to 25% of binding sites for pluripotency TFs and play 
an integral role in the core regulatory network of ESCs53,54. Indeed, the 
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mouse-specific RLTR9 subfamilies contain sequence motifs for pluri-
potency TFs including OCT4 and SOX2 and promote gene expression 
in ESCs55–57. Intriguingly, consensus sequences for several pluripotency 

TFs were enriched at ZFP462 peaks (Fig. 6g). ChIP–seq profiling of 
OCT4, SOX2, NANOG, NR5A2 and ESRRB confirmed robust binding at 
ZFP462 peaks overlapping with H3K9me2 in wild-type ESCs (Extended 
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Data Fig. 7a). Notably, ZFP462 also co-localized with OCT4, SOX2 and 
NANOG at upstream regulatory sequences of the Oct3/4 gene, sug-
gesting that it limits gene expression by targeting G9A/GLP (Extended 
Data Fig. 7b).

The precise regulation of pluripotency TFs is essential to maintain 
ESC identity58; a less than two-fold increase in OCT4 expression is suf-
ficient to trigger spontaneous differentiation of ESCs into primitive 
endoderm and mesoderm36,59–62. To investigate whether heterochro-
matin mediated by G9A/GLP affects TF interactions, we analysed TF 
binding changes at ZFP462 targets (Fig. 6h and Extended Data Fig. 7a). 
OCT4, SOX2 and NR5A2 displayed increased enrichment at ZFP462 tar-
gets in KO ESCs, concomitant with loss of H3K9me2. Notably, binding of 
these TFs was unaffected at OSN peaks that do not overlap with ZFP462, 
indicating specificity. Consistent with spontaneous differentiation into 
primitive endoderm, NANOG and ESRRB were downregulated and had 
reduced occupancy at OSN peaks (Fig. 6h and Extended Data Fig. 7a). In 
contrast, NANOG and ESRRB binding remained higher at ZFP462 peaks 
in KO ESCs, consistent with a relative increase in DNA accessibility. 
OCT4 binding was also increased at ZFP462 target site upstream of the 
Oct3/4 gene (Extended Data Fig. 7b). We infer that ZFP462-dependent 
recruitment of G9A/GLP restricts TF binding at its target sites.

ZFP462 targets heterochromatin to repress enhancers in ESCs
To examine the role of ZFP462 at cis-regulatory sequences, we used 
the ChromHMM annotation of ESC chromatin states63,64. Nearly half of 
ZFP462 peaks overlapped with genomic regions categorized as active 
enhancers (44.6%, Fig. 7a). ZFP462-bound TEs represented 35.37% of 
ESC enhancers (Extended Data Fig. 7c). In contrast, less than 13% of 
ZFP462 peaks were associated ‘repressed chromatin’ and ‘constitu-
tive heterochromatin’ categories. ChIP–seq profiling of euchromatic 
histone modifications, H3K4me1, H3K4me3 and H3K27ac, confirmed 
that many ZFP462 peaks localized at active enhancers in ESCs (Fig. 7b). 
Notably, G9A/GLP levels were comparable at all ZFP462 peaks, but 
H3K9me2 abundance was low at active ESC enhancers and accumulated 
mostly at ZFP462 peaks devoid of euchromatic chromatin modifica-
tions. Loss of G9A/GLP and H3K9me2 in Zfp462 KO ESCs led to increased 
H3K27ac at active ESC enhancers and at a subset of intergenic ZFP462 
peaks marked primarily by H3K4me1, potentially revealing aberrant 
activation of silent enhancers (Fig. 4b).

To determine whether ZFP462-dependent heterochromatin is 
required to repress mesoderm- and endoderm-specific enhancers in 
ESCs, we identified ZFP462 peaks overlapping with enhancers in endo-
derm (EN), mesoderm (ME) and ectoderm (EC). We used ChomHMM 
annotation based on epigenomic profiling of mouse foetal tissues of 
E14 (ref. 65) and identified 4,272 ZFP462 peaks (26.3%) overlapping with 
enhancers that are active in at least one of these three primary germ lay-
ers. From this set we selected enhancers specific for one germ layer and 
inactive in ESCs to analyse H3K9me2 and DNA accessibility changes in 

wild-type and Zfp462 KO ESCs (Fig. 7c). EN- and ME-specific enhancers 
displayed ZFP462-dependent H3K9me2 enrichment and reduced DNA 
accessibility in ESCs (Fig. 7d), in contrast with EC-specific enhancers. 
To determine whether loss of ZFP462-dependent heterochromatin 
led to increased TF binding at EN- and ME-specific enhancers, we first 
performed a motif analysis to identify the consensus sequences with 
the highest enrichment at ZFP462 peaks overlapping ME/EN-specific 
enhancers. We uncovered NR5A2 and ESRRB motifs (Extended Data 
Fig. 7d), whereas OCT4-SOX2-NANOG motifs were not enriched. Our TF 
ChIP–seq data showed that NR5A2 occupancy was markedly increased 
at ME/EN-specific enhancers, but unchanged at EC-specific enhanc-
ers, in Zfp462 KO relative to wild-type ESCs (Extended Data Fig. 7e). 
Consistent with its global downregulation at ZFP462 peaks and OSN 
targets, ESRRB binding decreased at all germ-layer-specific enhancers. 
We conclude that inactivation of a set of ME/EN-specific enhancers 
in ESCs relies on ZFP462-dependent heterochromatin to limit DNA 
accessibility and aberrant TF binding.

Finally, we examined whether elevated TF binding and aber-
rant activation of EN- and ME-specific enhancers at ZFP462 peaks 
impacts transcriptional regulation. Genes proximal to ZFP462 peaks 
overlapping with activated EN- and ME-specific enhancers were more 
frequently upregulated, arguing that enhanced DNA accessibility 
and TF binding promotes aberrant gene expression (Extended Data  
Fig. 7f). To test whether proximal gene regulation is linked to spontane-
ous meso-endodermal differentiation, we performed GO term analysis. 
Notably, the most enriched GO terms were related to developmental 
processes, in particular cardiovascular system development (Fig. 7e). 
These results suggest that ZFP462 binds to enhancers and controls their 
regulatory activity in ESCs, particularly preventing unscheduled activa-
tion of EN- and ME-specific enhancers. In the absence of ZFP462, these 
enhancers have increased DNA accessibility and TF binding, leading to 
aberrant expression of proximal genes involved in meso-endoderm 
differentiation.

ZFP462 represses ME/EN enhancers in neuronal cells
Our data argue that ZFP462 is required for normal neuro-differentiation 
and development by regulating enhancers in neural cell lineages. To 
determine whether ZFP462 occupies enhancers later in develop-
ment, we differentiated Avi-ZFP462-expressing ESCs and mapped its 
genome-wide distribution in NPCs. ZFP462 peaks in ESCs were largely 
conserved in NPCs (Fig. 7f). To investigate DNA accessibility at ZFP462 
targets in neural cells, we performed ATAC-seq in neural stem cells 
(NSCs) isolated from the subventricular zone of adult mice. ZFP462 
was abundant in NSCs (Extended Data Fig. 7g), and we found that 
ZFP462-bound enhancers were mostly inaccessible in wild-type NSCs 
by ATAC-seq (Fig. 7g). These data suggest that G9A/GLP-dependent 
heterochromatin efficiently restricts inappropriate TF binding in  
NSCs (Fig. 7g).

Fig. 6 | ZFP462-targeted heterochromatin restricts DNA accessibility and TF 
binding. a, Heat maps of GLP, WIZ and H3K9me2 ChIP–seq enrichment ratios 
between Zfp462 KO versus WT (KO/WT) ESCs at ZFP462 and REST peaks. On the 
right, heat maps of ATAC-seq signal at ZFP462 and REST peaks in WT and Zfp462 
KO ESCs. Blue-to-red-scaled heat map represent corresponding enrichment 
ratios between Zfp462 KO versus WT (KO/WT) ESCs. GLP, WIZ and ATAC-seq heat 
maps represent a 10 kb window, while H3K9me2 heat map represents a 20 kb 
window centred on peak midpoints, sorted by H3K9me2 KO/WT enrichment 
ratio (n indicates average distribution of two ChIP–seq replicates and average 
distribution of three ATAC-seq replicates). b, Metaplots show average profiles 
of ATAC-seq signal in WT (green) and Zfp462 KO (red) ESCs at ZFP462 peaks 
(left) and REST peaks (right). c, Volcano plot shows DNA accessibility changes 
between WT and Zfp462 KO ESCs. X axis represents fold change in accessibility 
and corresponding significance on Y axis. Differentially accessible sites bound 
by ZFP462 are highlighted in red. Indicated in grey is the number of loci with 
increased DNA accessibility and in red the number of ZFP462-bound loci with 

increased DNA accessibility with significance <0.05. d, Heat maps of ATAC-seq 
signal at ZFP462 and REST peaks in WT and G9a/Glp dKO ESCs. Blue-to-red-
scaled heat map represent corresponding enrichment ratios between G9a/Glp 
dKO versus WT (KO/WT) ESCs. Each row represents a 10 kb window centred 
on peak midpoints, sorted by dKO/WT enrichment ratio (n indicates average 
distribution of two ATAC-seq replicates). e, Metaplots show average profiles of 
ATAC-seq signal in WT (green) and G9a/Glp dKO (red) ESCs at ZFP462 peaks (top) 
and REST peaks (bottom). f, RT–qPCR expression analysis of meso-endodermal 
marker genes in WT, Zfp462 KO and Zfp462 KO ESCs expressing ZFP462-FL or 
ZFP462-NT+Mid (n = 2 independent biological replicates). g, HOMER analysis of 
known DNA sequence motifs enriched at significant ZFP462 peaks. Top-ranked 
DNA sequence motifs and respective significance values are shown in the table. 
h, Metaplots show average pluripotency TF ChIP–seq signal in WT and Zfp462 
KO ESCs at ZFP462 peaks with LFC ≥1 in KO/WT H3K9me2 ChIP signal loss and 
at shared OCT4-SOX2-NANOG (OSN) peaks that are not bound by ZFP462 (n 
indicates average distribution of two replicates).
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Finally, we interrogated public ATAC-seq data to compare DNA 
accessibility in meso-endoderm progenitors that lack ZFP462 expres-
sion (Extended Data Fig. 3a)66. In contrast to NSCs, meso-endoderm 

progenitors displayed substantial DNA accessibility at ZFP462 tar-
gets, indicative of lineage-specific enhancer activity (Fig. 7g). We infer 
that ZFP462 controls meso-endoderm enhancers by recruiting G9A/
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GLP and establishing heterochromatin in ESCs and cells of the neural 
lineage. Our data suggest that ZFP462 promotes robust differentia-
tion along the neural lineage by preventing lineage non-specific gene 
expression.

Discussion
Our CRISPR genetic screen for regulators of heritable 
H3K9me2/3-dependent gene silencing in mouse ESCs uncovered 
Zfp462, an essential gene encoding a C2H2 zinc finger TF, previously 
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of unknown function. Heterozygous mutations of the human ortho-
logue, ZNF462, cause the neurodevelopmental disorder Weiss–Kruszka 
syndrome33, but the underlying molecular mechanism is unknown. 
We demonstrate that ZFP462 regulates cell identity by preventing 
aberrant expression of endoderm-specific genes in ESCs and during 
neural differentiation.

ZFP462 binds to enhancer sequences that contain pluripotency 
and meso-endodermal TF binding motifs and represses these loci 
by recruiting G9A/GLP, which catalyses H3K9me2. Establishing 
heterochromatin at ZFP462 target sites restricts DNA accessibility 
and thereby controls TF binding and enhancer activity. Failure to 
target G9A/GLP-dependent heterochromatin in heterozygous and 
homozygous Zfp462 deletion mutants results in mis-expression of 
meso-endoderm-specifying TF, which impairs self-renewal and inter-
feres with timely establishment of neural-specific gene expression 
during NPC differentiation. Neural differentiation is similarly impaired 
in heterozygous and homozygous Zfp462 mutant cells, consistent with 
the neurodevelopmental defects observed in patients with ZNF462 
haploinsufficiency.

ZFP462 maintains closed chromatin at a subset of ME/EN-specific 
enhancers, blocking NR5A2 binding which otherwise may promote 
meso-endoderm cell fates67–69. In contrast, most ZFP462 targets are 
co-occupied by pluripotency TFs and show hallmarks of enhancer 
activity in ESCs despite the presence of G9A/GLP-dependent hetero-
chromatin modifications. The capacity of OCT4 and SOX2 to engage 
with sequence motifs in the context of heterochromatin is a unique 
feature of pioneer TFs and a critical first step in induced pluripotent 
stem cell reprogramming70,71. Nevertheless, OCT4 and SOX2 binding is 
limited by positioning the binding motif on the nucleosome surface and 
chromatin accessibility72,73. For example, to engage with its target sites 
in closed chromatin, OCT4 requires the chromatin remodelling factor 
Brg1 to mobilize nucleosomes74. Here we show that ZFP462-dependent 
heterochromatin also contributes to limiting DNA accessibility for 
OCT4 binding at enhancers preventing aberrant gene expression. 
Precise levels of OCT4 are critical for ESC self-renewal and govern cell 
type specification during early embryogenesis36. Thus, by modulating 
OCT4 binding at ESC-specific enhancers, ZF462 may contribute to the 
quantitative readout of OCT4 and define one of the earliest steps of cell 
fate specification during embryogenesis.

Although ZFP462 is conserved across vertebrates, it predomi-
nantly bound to evolutionarily young, species-specific TEs55. It is possi-
ble that ZFP462-bound TEs contain DNA sequence motifs that are much 
‘older’ that the rest of the TE sequence. Indeed, mouse-specific RLTR9 
subfamilies harbour conserved binding sites for key pluripotency TFs 
including OCT4 and SOX2 (refs. 55,56). Adaptation of pluripotency TF 
binding sites bestows TEs with enhancer activity specific for germ cells 
and preimplantation embryos optimizing the likelihood to persist by 
vertical transmission54,75,76. We surmise that ZFP462/ZNF462 emerged in 
vertebrates to repress TEs by recognizing a DNA sequence that overlaps 
with pluripotency TF binding motifs. Therefore, TE-derived enhanc-
ers were co-opted to contribute not only to the ESC-gene regulatory 
network via pluripotency TFs, but also to cell specification via ZFP462.

On the basis of our findings, we propose that the human ortho-
logue ZNF462 regulates G9A/GLP and targets non-neural genes for 
repression during neurogenesis. Failure to silence lineage non-specific 
genes due to a ZNF462 heterozygous LOF mutation might impair 
neural cell differentiation and underlie neurodevelopmental pathol-
ogy. However, given the species specificity of ZFP462-regulated TEs 
in mouse, we predict that ZNF462 will have different human targets 
controlling a distinct gene regulatory network compared to mice. Nev-
ertheless, our findings predict that ZNF462-linked pathology involves 
loss of heterochromatin silencing at enhancers and interference in 
neural differentiation by lineage non-specific gene expression. Our 
results argue that Weiss–Kruszka syndrome arises from deregulation 
of neural lineage-specific gene expression early in embryogenesis, 

consistent with the broad defects affecting cells of neuronal and 
neural crest origin.
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Methods
The experiments in this manuscript are in compliance with relevant 
guidelines and ethical regulations.

Cell culture
Mouse ESCs (TC1/RRID:CVCL_M350) were cultured without feeders on 
gelatin-coated dishes in Dulbecco’s modified Eagle medium supple-
mented with 15% foetal bovine serum (F7524/Sigma), 1× non-essential 
amino acids (Gibco), 1 mM sodium pyruvate (Gibco), 2 mM l-glutamine 
(Gibco), 0.1 mM 2-mercaptoethanol (Sigma), 50 mg ml−1 penicillin, 
80 mg ml−1 streptomycin and homemade LIF, at 37 °C in 5% CO2. Cells were 
regularly tested for mycoplasma. NSCs were isolated from subventricular 
zone of 7–8-week-old mouse brain and cultured as previously described78.

Generation of TetO Oct3/4 reporter ESCs and delivery of 
TetR-FLAG-fusion constructs
TetO Oct3/4 reporter ESCs were derived from the original Oct4 reporter 
(CiA:Oct4) ESCs13 by excising the floxed neomycin gene cassette with 
Cre-mCherry. After confirming successful excision by genotyping PCR, 
CRISPR-assisted homologous recombination was employed using 
electroporation of a sgRNA/Cas9 ribonucleoprotein (RNP) complex 
and the donor plasmid YR9 (Supplementary Table 5) to introduce a 
TetO-BFP reporter cassette (7xTetO-PGK-Puro-BFP-pA) downstream 
of the Oct4-GFP reporter. Finally, a TetO Oct4 reporter ESCs clone 
expressing GFP and BFP was isolated by FACS analysis and genotyping. 
constructs encoding TetR-3xFLAG-GOI-P2A-mCherry were transduced 
into TetO Oct4 reporter ESCs using lentivirus.

CRISPR genetic screen
A TetO Oct4 reporter ESC clone with stable Cas9 expression was 
generated for CRISPR genetic screening. Next, the Cas9-expressing 
ESC clonal line was transduced with lentivirus encoding TetR-
3XFLAG-HP1-P2A-mCherry, and mCherry-positive ESCs were isolated 
by FACS for clonal expansion. ESC clone #H5 was isolated on the basis 
of robust initiation and maintenance Oct4 reporter gene silencing. A 
retroviral sgRNA library targeting nuclear factors was used for CRISPR 
screening as previously described37 with minor modifications. After 
5 days and completion of G418 selection, cells were cultured in ESC 
medium containing Dox for 2 days. The GFP-positive cell populations 
of Dox-treated cells were sorted on a FACSAria II cell sorter (BD Bio-
sciences). Unsorted mutant populations were served as background 
controls. Following genomic DNA isolation from GFP-positive sorted 
and unsorted cells, sgRNA cassettes were amplified by PCR and sub-
jected to next-generation sequencing on an Illumina HiSeq 2500. 
Data were analysed as previously described37. Gene enrichment was 
determined using MAGeCK38.

Generation of Zfp462 endogenously tagged ESC line
For endogenous Zfp462 tagging, 5 × 106 Rosa26:BirA-V5-expressing 
cells79 were electroporated with sgRNA/Cas9 RNP complex (sgRNA 
pre-incubated with Cas9 in cleavage buffer) mixed with 15 μg of donor 
plasmid containing the Tag (Avi-GFP-3XFLAG) sequence flanked by 
~500 bp of homology arms (Supplementary Table 5) using Mouse 
Embryonic Stem Cell Nucleofector Kit (Lonza). GFP-positive ESCs were 
isolated by FACS and seeded for clonal expansion after 48 h. Individual 
ESC clones were screened by genotyping and western blot.

Editing of endogenous Zfp462 to generate mutant and rescue 
ESCs
Zfp462−/− ESCs were generated with CRISPR–Cas9 using two different 
sgRNAs (Supplementary Table 5). The sgRNA sequences were cloned 
into SpCas9-Thy1.1 plasmid that was electroporated using Mouse Embry-
onic Stem Cell Nucleofector Kit (Lonza). After 36 h, Thy1.1-positive ESCs 
were isolated by FACS and seeded for clonal expansion. Individual clones 
were screened by genotyping and western blot.

Heterozygous mutant ESCs were generated as previously 
described80 with few modifications. ESCs were electroporated with 
sgRNA/CAS9 RNP complex and a mix of 1:1 ratio WT:mutant donor 
single-stranded oligodeoxynucleotides carrying PAM mutation (Sup-
plementary Table 5) using Mouse Embryonic Stem Cell Nucleofector 
Kit (Lonza). Twenty-four hours after transfection, ESCs were seeded for 
clonal expansion. Individual ESC clones were screened by PCR followed 
by restriction fragment length polymorphism. In case of Zfp462+/Y1195*, 
WT allele is resistant to MseI and mutant allele is sensitive to MseI. In 
case of Zfp462+/R1257*, WT allele is sensitive to TaqI and mutant allele 
is resistant to TaqI. Final ESC clones were also confirmed by Sanger 
sequencing and western blot.

Zfp462-FL and Zfp462-NT+Mid rescue ESCs were generated by 
transfecting sgRNA1/Cas9 and sgRNA6/Cas9 RNP complex (1:1 ratio 
mix) with a repair template carrying Zfp462-FL-GFP-3xFLAG-Zfp462 
3′UTR-pA or Zfp462-NT+Mid-GFP-3xFLAG-Zfp462 3′UTR-pA rescue 
construct into Zfp462−/− ESCs using Mouse Embryonic Stem Cell Nucleo-
fector Kit (Lonza) (Extended Data Fig. 6c and Supplementary Table 
5). GFP-positive ESCs were isolated by FACS after 36 h and seeded for 
clonal expansion. Individual ESC clones were screened by genotyping 
PCR and western blot.

Western blot analysis
Cells were grown to confluency on 10 cm plates, collected in PBS, 
pelleted by 3 min centrifugation at 300g, and cell pellets were then 
resuspended in 5 ml of buffer 1 (10 mM Tris–HCl at pH 7.5, 2 mM MgCl2, 
3 mM CaCl2 and Complete Protease Inhibitor (Roche)), incubated for 
20 min at 4 °C followed by a centrifugation step. The cell pellet was 
resuspended in buffer 2 (10 mM Tris–HCl at pH 7.5, 2 mM MgCl2, 3 mM 
CaCl2, 0.5% IGEPAL CA-630, 10% glycerol and Roche Complete Protease 
Inhibitor), incubated for 10 min at 4 °C followed by centrifugation. 
Isolated nuclei were lysed in buffer 3 (50 mM HEPES–KOH, pH 7.3, 
200 mM KCl, 3.2 mM MgCl2, 0.25% Triton X-100, 0.25% NP-40, 0.1% 
Na-deoxycholate and 1 mM dithiothreitol (DTT) and Complete Protease 
Inhibitor (Roche)), 2 µl of Benzonase (E1014, Millipore) was added and 
incubated for 1 h at 4 °C. The lysate was cleared by centrifugation at 
16,000g for 10 min at 4 °C, and the protein concentration in the nuclear 
extract was determined using the Broadford protein assay. For western 
blotting, 30 μg of protein was resolved on NuPAGE-Bis-Tris 4–12% mini 
protein gels (Invitrogen), which were transferred on to polyvinylidene 
fluoride membrane, blocked for 30 min in 5% non-fat dry milk in TBS 
with 0.1% Tween20 (TBST) and stained with primary antibodies at 4 °C 
overnight. The primary antibodies used for western blotting were 
mouse anti-Flag (1:1,000, Sigma clone M2), rabbit anti-ZNF462(1:500, 
PA5-54585, Invitrogen), rabbit anti-Lamin B1(1:5,000, ab16048, abcam), 
rabbit anti-G9a (1:1,000, CST# 68851, Cell Signaling) and mouse 
anti-H3K9me2 (1:1,000, ab1220, Abcam), Signal was detected with cor-
responding horseradish-peroxidase-conjugated secondary antibodies 
and Clarity Western ECL substrate (170-5061, Bio-Rad).

Differentiation of ESCs to NPCs and immunostaining
Differentiation was performed as previously described48 with few modi-
fications. ESCs are cultured on gelatin-coated plates. In addition, cells 
are cultured in ESC medium containing 2i inhibitors (3 μM glycogen 
synthase kinase inhibitor and 10 μM MEK inhibitor) for five passages 
before starting the differentiation experiment. For immunostaining, 
4-day-RA-treated EBs were fixed with 4% paraformaldehyde (Thermo 
Scientific, #28906) for 30 min, washed three times with PBS and stored 
at 4 °C until further processing. EBs were incubated in blocking solu-
tion, which consisted of PBS (Gibco, #14190094), 4% goat/donkey 
serum (Bio-Rad Laboratories, #C07SA/Bio-Rad Laboratories, #C06SB) 
and 0.2% Triton X-100 (Sigma-Aldrich, #T8787) for at least 15 min before 
application of primary antibody in the same blocking solution. The 
primary antibody was incubated with the EBs for 2 days at 4 °C while 
shaking. Used primary antibodies were SOX1 (R&D Systems, #AF3369, 
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1:200) and FOXA2 (Cell Signaling Technologies, #8186T, 1:200). Subse-
quently, EBs were washed twice for 15 min each using a PBS/Tween20 
solution (0.1% Tween20, Sigma-Aldrich, #P1379). A secondary antibody 
was then applied 1:500 in blocking solution for another 2 days at 4 °C, 
while shaking. Secondary antibodies used were: donkey anti-goat 
IgG (H + L) highly cross-adsorbed secondary antibody, Alexa Fluor 
Plus 488 (Invitrogen, #A32814) and goat anti-rabbit IgG (H + L) highly 
cross-adsorbed secondary antibody, Alexa Fluor Plus 647 (Invitrogen, 
#A32733). DAPI (Sigma-Aldrich, #9542) was added to the secondary 
antibody staining solution. Afterward, EBs were washed once with 
PBS/Tween20 solution for 15 min followed by a second wash with the 
same solution for 24 h at 4 °C while shaking. Finally, EBs were stored at 
4 °C before imaging on glass slides, in FocusClear (CellExplorer Labs, 
#FC-101) clearing solution. Image acquisition was carried out using 
Spinning Disk Confocal Olympus.

Transcriptome analysis by RT–qPCR, RNA-seq and QuantSeq
For RT–qPCR experiments, total RNA was extracted from cells using 
the Qiagen RNeasy Mini Kit with on-column DNase digestion step. 
Total RNA (500 ng) was reverse transcribed using the SuperScript 
III Reverse Transcriptase (Invitrogen). RT–qPCR was performed on 
a CFX96 Real-Time PCR System (Bio-Rad) using the Promega GoTaq 
qPCR Master Mix (Ref: A6001) with RT–qPCR primers described in 
Supplementary Table 5. Relative RNA levels were calculated from Ct 
values according to the ΔCt method and normalized to Tbp messenger 
RNA levels. For RNA-seq, total RNA was subjected to polyA enrichment 
using NEBNext Poly(A) mRNA Magnetic Isolation Module followed 
by library construction using the NEBNext Ultra II RNA Library Prep 
Kit for Illumina. QuantSeq libraries are generated using QuantSeq 3′ 
mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen) according to 
the manufacturer’s instructions. RNA-seq libraries were sequenced 
on Illumina NovaSeq machine with 100 bp single-end sequencing and 
QuantSeq libraries are sequenced on NextSeq550 machine with 75 bp 
single-end sequencing.

ChIP
ChIP was performed as previously described with minor modifica-
tions to allow quantification using spike-in of human chromatin81. 
Chromatin from human ESCs was prepared according to the mouse 
ESC protocol, and 1% (relative to mouse chromatin) was spiked into 
mouse ESC chromatin. Combined chromatin was used for immuno-
precipitation (IP) as follows: chromatin equivalent of 50 µg DNA was 
incubated overnight in 1× IP buffer (final: 50 mM HEPES–KOH pH 7.5, 
140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate 
and 0.1% SDS) with 5 µl antibody (rabbit anti-H3K4me1/ab8895/abcam, 
rabbit anti-H3K4me3/ab8580/abcam, mouse anti-H3K9me2/ab1220/
abcam, rabbit anti-H3K9me3/ab8898/abcam, rabbit anti-H3K27ac/
ab4729/abcam, mouse anti-Flag/F1804/Sigma, mouse anti-HP1γ/Mil-
lipore/05-690, rabbit anti-WIZ/NBP1-80586/Novus, goat anti-OCT4/
AF1759/R&D systems, goat anti-SOX2/AF2018/R&D systems, rabbit 
anti-NANOG/ab80892/Abcam, rabbit anti-NR5A2/ABE2867/SIGMA and 
mouse anti-ESRRB/PP-H6705-00/R&D systems) at 4 °C on a rotating 
wheel. Subsequent IP, washes and DNA isolation were performed as 
previously described81.

ZFP462 and HP1γ ChIP was performed as previously described79. 
Avi-tagged cells cross-linking and chromatin preparation was done as 
described above. Chromatin equivalent of 100 µg DNA was incubated 
overnight in 1× IP buffer (final: 50 mM HEPES–KOH pH 7.5, 140 mM 
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% DOC and 0.1% SDS) with 40 µl 
of pre-blocked Streptavidin M-280 Dynabeads (Invitrogen) at 4 °C on 
a rotating wheel. Beads were subsequently washed two times with 2% 
SDS in 1× TE, two times with high-salt buffer (final: 50 mM HEPES–KOH 
pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton-X100, 0.1% DOC, 0.1% SDS), 
two times with DOC buffer (10 mM Tris pH 8, 0.25 mM LiCl, 1 mM EDTA, 
0.5% NP-40 and 0.5% DOC) and one time with 1× TE. The beads were 

resuspended in elution buffer, treated with RNase A and proteinase K 
and reverse crosslinked overnight at 65 °C. The next day, the beads were 
separated with magnet, supernatant was phenol/chloroform extracted 
and IP DNA was ethanol precipitated.

GLP ChIP was performed as previously described82. Avitag-GLP 
cells were crosslinked and nuclei preparation was done as described 
above. Nuclei were washed once in 5 ml NUC buffer (15 mM HEPES pH 
7.5, 60 mM KCl, 15 mM NaCl and 0.32 mM sucrose) and resuspended 
in 1 ml of NUC buffer supplemented with Complete Protease Inhibi-
tors, 3.3 μl of 1 M CaCl2 and 50 U of micrococcal nuclease (LS004798, 
Worthington). Enzymatic activity was induced for 15 min at 37 °C and 
shaking at 1,000 rpm and stopped by addition of 50 μl of STOP solu-
tion (250 mM EDTA and 500 mM EGTA) and 110 μl of 10× ChIP buffer 
(500 mM HEPES–KOH pH 7.5, 1.4 M NaCl, 10 mM EDTA, 10% Triton 
X-100, 1% DOC and 1% SDS) with a further incubation for 5 min on ice. 
Nuclei were gently disrupted by sonication in Diagenode 15 ml Falcon 
tubes for eight cycles (5 s on, 5 s off) in ice‐cold water using a Bioruptor 
Plus. Crude chromatin lysate was clarified by spinning at 20,000g at 
4 °C for 15 min to separate insoluble debris. Chromatin equivalent of 
50 µg DNA was incubated overnight in 1× IP buffer (final: 50 mM HEPES–
KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% DOC and 
0.1% SDS) with 40 µl of pre-blocked Streptavidin M-280 Dynabeads (Inv-
itrogen) at 4 °C on a rotating wheel. Beads were subsequently washed 
two times with 2% SDS in 1× TE, two times with high-salt buffer (final: 
50 mM HEPES–KOH pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton-X100, 
0.1% DOC and 0.1% SDS), two times with DOC buffer (10 mM Tris pH 
8, 0.25 mM LiCl, 1 mM EDTA, 0.5% NP-40 and 0.5% DOC) and one time 
with 1× TE. The beads were resuspended in elution buffer, treated with 
RNase A and proteinase K and reverse crosslinked overnight at 65 °C. 
The next day, the beads were separated with magnet, supernatant was 
phenol/chloroform extracted and IP DNA was ethanol precipitated.

ChIP–qPCR analysis and ChIP–seq libraries preparation
ChIP DNA was subjected to qPCR analysis on a CFX96 Real-Time PCR 
System (Bio-Rad) using the Promega GoTaq qPCR Master Mix (Ref: 
A6001) with ChIP–qPCR primers described in Supplementary Table 5.  
Relative ChIP enrichment was calculated by percent input method. For 
ChIP–seq sample preparation, library construction was performed 
using the NEBNext Ultra-II Kit (New England Biolabs) following the 
manufacturer’s recommendations. Libraries were sequenced on Illu-
mina NextSeq550 machines, with 75 bp single-end sequencing.

Protein co-IP
Cells were grown to confluency on 15 cm plates, collected in PBS, 
pelleted by 3 min centrifugation at 300g. For each co-IP, 30 million 
equivalent cell pellets were then resuspended in 5 ml of buffer 1 (10 mM 
Tris–HCl at pH 7.5, 2 mM MgCl2, 3 mM CaCl2 and Complete Protease 
Inhibitor (Roche)), incubated for 20 min at 4 °C followed by a centrifuga-
tion step. The cell pellet was resuspended in buffer 2 (10 mM Tris–HCl 
at pH 7.5, 2 mM MgCl2, 3 mM CaCl2, 0.5% IGEPAL CA-630, 10% glycerol 
and Complete Protease Inhibitor (Roche)), incubated for 10 min at 4 °C 
followed by centrifugation. Isolated nuclei were lysed in buffer 3 (50 mM 
HEPES–KOH, pH 7.3, 200 mM KCl, 3.2 mM MgCl2, 0.25% Triton X-100, 
0.25% NP-40, 0.1% Na-deoxycholate, 1 mM DTT and Roche Complete 
Protease Inhibitor), 4 µl of Benzonase (E1014, Millipore) was added and 
incubated for 1 h at 4 °C. The lysate was cleared by centrifugation at 
16,000g for 10 min at 4 °C. The lysate was cleared by centrifugation and 
incubated for 2 h at 4 °C with Tag-specific magnetic beads (Dynabeads 
M-280 Streptavidin/Invitrogen for IP of Avitag-ZFP462 and Avitag-GLP. 
Anti-FLAG M2 magnetic beads/Sigma for IP of TetR-3xFLAG-CT-ZFP462). 
The beads were washed four times for 10 min with buffer 4 (50 mM 
HEPES–KOH, pH 7.3, 300 mM KCl, 3.2 mM MgCl2, 0.25% Triton X-100, 
0.25% NP-40, 0.1% Na-deoxycholate and 1 mM DTT). Beads are further 
washed four times with Tris buffer (20 mM Tris pH 7.5 and 137 mM NaCl) 
and used for mass spectrometry analysis.
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Mass spectrometry analysis
Mass spectrometry and identification of co-immunoprecipitated 
proteins was performed as previously described83.

ATAC-seq
ATAC-seq was performed on WT, Zfp462 KO, Zfp462-FL and 
Zfp462-NT+Mid rescue ESCs, and WT mouse NSCs following a previ-
ously published protocol84. The experiment was performed in biologi-
cal replicates. Libraries were paired-end sequenced using an Illumina 
NextSeq550/Novaseq sequencer.

DNA methylation analysis by mass spectrometry
One microgram of pure genomic DNA was digested using DNA Degra-
dase Plus (Zymo Research) for 6 h at 37 °C. For determination of the 
methyl-dC content, samples were analysed with liquid chromatography 
with tandem mass spectrometry (LC–MS/MS) using a triple quadrupole 
mass spectrometer, employing the selected reaction monitoring (SRM) 
mode of the instrument. The following transitions were used in the 
positive ion mode: dC m/z 228.1 → m/z 112.1 and methyl-dC m/z242.1 
→ m/z 126.1. Data were interpreted using the Trace Finder software 
suite (Thermo Fisher Scientific) and manually validated. Calibration 
curves of defined mixtures of dC and methyl-dC were acquired using 
the same procedure and employed for calculating the molar percent-
age of methyl-dC.

Phylogenetic analysis
ZFP462 orthologues were collected in a convergent PSI-BLAST v2.10.0 
search against the NCBI non-redundant protein database using amino 
acids 632–835 of NP_766455.2 as a query. The obtained sequence set 
was filtered, removing identical and partial sequences, keeping only 
sequences with identity below 95%. The remaining sequences were 
aligned using mafft v7.427, phylogeny was reconstructed with IQ-TREE85 
version 1.6.1 using parameters -alrt 1000 -bb 1000, and the phyloge-
netic tree was visualized using iTOL v6 (ref. 86).

RNA-seq and QuantSeq data analysis
RNA-seq reads were trimmed using Trim Galore v0.5.0, whereas Quant-
Seq reads are trimmed using BBDuk v38.06. Trimmed reads mapping 
to abundant sequences included in the iGenomes Ensembl GRCm38 
bundle (mouse rDNA, mouse mitochondrial chromosome, phiX174 
genome, adapter) were removed using bowtie2 v2.3.4.1 alignment87. 
Remaining reads were analysed using genome and gene annotation for 
the GRCm38/mm10 assembly obtained from Mus musculus Ensembl 
release 94. Reads were aligned to the genome using STAR v2.6.0c, and 
reads in genes were counted with featureCounts (subread v1.6.2) with 
parameter -s 2 for RNAseq and using strand-specific read counting 
for QuantSeq samples with parameter -s 1 (ref. 88). Differential gene 
expression analysis on raw counts and variance-stabilized transforma-
tion of count data for heat map visualization were performed using 
DESeq2 v1.18.1 (ref. 89). Functional annotation enrichment analysis 
of differentially expressed genes was conducted using clusterProfiler 
v3.6.0 in R v3.4.1 (ref. 90).

ChIP–seq data analysis
ChIP–seq reads were trimmed using Trim Galore v0.4.4 and thereaf-
ter aligned to the mm10 reference genome using BWA MEM v0.7.17. 
Duplicated reads were marked and excluded with Picard MarkDu-
plicates v2.23.4 and the obtained bam files were used to generate 
bigwig files using deepTools bamCoverage v3.5.0 with the param-
eter -normalizeUsing RPKM. Peaks were called from the sorted BAM 
using MACS2 v2.1.1 with default settings91. To analyse overlapping and 
non-overleaping peaks, bedtools intersect command was used. Peaks 
in blacklist regions were identified using bedtools intersect v2.27.1 and 
mm10.blacklist.bed.gz v1. Spike-in normalization of ChIP data was 
performed as previously described92. Repeat analysis was performed 

using RepEnrich2 following alignment of trimmed reads with bowtie2 
v2.2.9. Heat maps and metaplots are generated using deepTools ver-
sion 3.1.2 (ref. 93).

ATAC-seq data analysis
ATAC-seq reads were processed using nfcore/atacseq v1.0.0 with stand-
ard settings. Reads were trimmed using trim-galore v0.5.0, aligned to 
the mm10 genome using BWA MEM v0.7.17, and duplicated reads were 
marked with Picard MarkDuplicates v2.19.0. Alignment was filtered 
using samtools v1.9, thereby removing multimapping and duplicated 
reads. Peaks were called from the filtered and sorted BAM using MACS2 
v2.1.2 with parameters –broad–BAMPE–keep-dup all–nomodel. Con-
sensus peaks were obtained by merging peak calls using bedtools 
mergeBed v2.27.1. Heat maps and metaplots were generated using 
deepTools version 3.1.2. DNA sequence motif analysis in ATAC-seq 
peaks was performed using HOMER version homer/4.10-foss-2018b 
(ref. 94).

Statistics and reproducibility
All experiments were independently repeated at least two times (unless 
otherwise stated) with similar results, and representative results are 
shown throughout all figures. No statistical method was used to 
pre-determine sample size. No data were excluded from the analyses. 
The experiments were not randomized. The Investigators were not 
blinded to allocation during experiments or outcome assessment.

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

Data Availability
High-throughput sequencing data produced in this study are deposited at 
the Gene Expression Omnibus (GEO) database under super series acces-
sion number GSE175369 (RNA-seq: GSE176321, QuantSeq: GSE176319, 
ATAC-seq: GSE176322 and ChIP–seq: GSE177058). G9a/GLP DKO ESC 
ATAC-seq and RNA-seq data are obtained from GSE138102 (ref. 52). 
REST and ADNP ChIP–seq data are obtained from GSE27148 (ref. 95) and 
GSE97945 (ref. 51), respectively. Meso-endoderm cell ATAC-seq data are 
obtained from GSE116262 (ref. 66). Processed single-cell RNA-seq data 
of mouse embryo stage E4.5 to E7.0 are obtained from ftp://ftp.ebi.
ac.uk/pub/databases/scnmt_gastrulation43. Mass spectrometry data 
have been deposited in ProteomeXchange with the primary accession 
code PXD037238. All other data supporting the findings of this study are 
available from the corresponding author on reasonable request. Source 
data are provided with this paper.
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Extended Data Fig. 1 | Characterization of WT and mutant CiA Oct4 dual 
reporter cells. a) Western blot confirms expression of TetR-FLAG and TetR-
FLAG-HP1 proteins in WT and Dnmt1 knockout (KO) CiA Oct4 dual reporter ESCs. 
LMNB1 is used as protein loading control. b) FACS gating strategy used to analyse 
the GFP fluorescence in cells. c) Flow cytometry histograms show GFP expression 
in CiA Oct4 dual reporter cells after TetR-FLAG recruitment and after TetR-FLAG 
release following Dox addition for four days. d) ChIP-qPCR shows relative 
enrichment of HP1γ upstream of the TetO site before tethering, in the presence of 

TetR-FLAG-HP1 and after Dox-dependent release of TetR-FLAG-HP1 for four days. 
n = 2 independent biological replicates. e) Bar plot shows fraction of cytosine 
methylation (5mC) in WT and Dnmt1 KO CiA Oct4 dual reporter ESCs measured 
by LC-MS. n = 3 independent biological replicates. Data are presented as mean 
values + /− SD. f ) Western blot shows expression of TetR-FLAG-HP1 and ZFP462 in 
WT and two independent Zfp462 KO CiA Oct4 dual reporter ESC lines. LMNB1 is 
used as loading control.

http://www.nature.com/naturecellbiology
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Extended Data Fig. 2 | ZFP462 is conserved across vertebrates and acts as 
transcriptional repressor. a) Phylogenetic tree of ZFP462 protein orthologues 
in vertebrate species. Bootstrap values are shown on branches. b) Western blot 
shows expression ZFP462 fusions with TetR-FLAG in CiA Oct4 dual reporter 
ESCs. Bottom image shows long exposure. Hashtag indicates cleaved TetR-FLAG 
protein from TetR-FLAG-ZFP462-FL (full-length). TetR-FLAG fusions initially 

express mCherry for selection which is cleaved via P2A signal. Asterisk marks P2A 
uncleaved protein product. c) Representative flow cytometry histograms show 
GFP expression in CiA Oct4 dual reporter ESCs expressing TetR-FLAG fusions with 
full-length or truncated ZFP462 proteins. Each histogram is average profile of 
100,000 analysed cells.

http://www.nature.com/naturecellbiology
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Extended Data Fig. 3 | Zfp462 expression analysis and impact of Zfp462 
deletion on ESC morphology and gene expression. a) UMAP plots visualize 
lineage assignments of cells in mouse embryonic developmental stages 
(embryonic day (E) E4.5 cells, E5.5 cells and E6.5-7 cells) as previously described 
(Wolf Reik et.al) (top). UMAP plots of Zfp462 RNA expression at corresponding 
developmental stages (bottom). b) Sanger sequence chromatograms of 
heterozygous Zfp462 mutants. Heterozygous non-sense mutations are 

highlighted in grey. c) Alkaline phosphatase staining of Zfp462 +/Y1195* and Zfp462 
−/− cl.2 ESCs (scale bar = 100 μm). d) Correlation plot shows principal component 
analysis (PCA) of replicate RNA-seq experiments from WT, two Zfp462 +/− and two 
Zfp462 −/− ESC lines. e) Volcano plot shows differential gene expression of Zfp462 
−/− cl.2 ESCs compared to WT ESCs. (n = three replicates). f ) Bar plots show gene 
ontology (GO) terms enriched in the four clusters of heatmap in Fig. 3e.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-022-01051-2

Extended Data Fig. 4 | Lineage-specifying genes are deregulated during 
neuronal differentiation. a) Alkaline phosphatase staining of WT and 
Zfp462 mutant ESCs cultured in 2i/LIF/Serum medium (scale bar = 180 μm). 
b) Representative bright field images show Zfp462 +/Y1195* and Zfp462 −/− cl.2 at 
corresponding stages of neural differentiation. Scale bar = 100μm. c) Western 
blot analysis shows levels of ZFP462, G9A and H3K9me2 in WT and Zfp462 −/− ESCs 

during neural differentiation. LMNB1 is used as loading control. d) Line plot 
shows RT-qPCR analysis of Zfp462 RNA expression during neural differentiation 
(n = two replicates). Expression level is shown relative to ESCs (2i/S/L). e) 
Heatmaps show differential expression of selected marker genes specific for 
endodermal (EN), mesodermal (ME) and neural lineages (EC) in heterozygous 
and homozygous Zfp462 mutant cells during neural differentiation.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-022-01051-2

Extended Data Fig. 5 | ChIP-seq profiles of ZFP462, REST, ADNP, HP1γ and 
H3K9me2 in WT and Zfp462 KO ESCs. a) Heatmap shows Spearman correlation 
between input controls and two independent ZFP462 ChIP-seq experiments. 
b) Heatmap shows Spearman correlation between input controls and two 
independent ChIP-seq experiments of GLP and HP1γ in WT and Zfp462 KO ESCs. 
c) Western blot shows ZFP462 expression in WT and Zfp462 KO Avi-FLAG-tagged 
GLP and HP1γ ESCs. d) Heatmap shows Spearman correlation between input 

controls and two independent ChIP-seq experiments of WIZ and H3K9me2 in WT 
and Zfp462 KO ESCs. e) Heatmaps of ZFP462, REST, ADNP, HP1γ and H3K9me2 
ChIP-seq signals at ZFP462, REST and ADNP peaks in WT and Zfp462 KO ESCs. 
Blue-to-red scaled heatmap represents ChIP-seq enrichment ratios between 
Zfp462 KO versus WT (KO/WT). Each heatmap represents a 10 kb window centred 
on peak midpoints, sorted by ZFP462, REST and ADNP signal in their respective 
clusters. Below are scale bars (n = average distribution of two replicates).

http://www.nature.com/naturecellbiology
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Extended Data Fig. 6 | Rescue of Zfp462 KO ESCs with ZFP462 full-length 
and ZFP462 C-terminal truncation. a) Heatmap shows Spearman correlation 
between three independent ATAC-seq experiments in WT and Zfp462 KO ESCs. 
b) Scatter plot shows pairwise correlation of gene expression changes between 
Zfp462 KO vs WT and G9a/Glp dKO vs WT. coefficient of determination (R²): 
black - all genes, red – differentially regulated genes in Zfp462 KO vs WT (padj. ≤ 
0.05, LFC ≥ 1). c) Cartoon depicts CRISPR strategy to knock-in coding sequences 
for ZFP462 full-length and ZFP462 NT+Mid proteins at the Zfp462 gene locus. 
Insertions were targeted in-frame with exon 3. d) Bar plot shows RT-qPCR analysis 
of Zfp462 RNA transcript levels in WT, KO and rescue ESCs. n = 2 independent 

biological replicates. e) Western blot analysis shows ZFP462 protein levels in 
WT, Zfp462 KO and rescue ESCs. LMNB1 is used as loading control. f ) Alkaline 
phosphatase staining of WT and Zfp462 KO and rescue ESCs (scale bar = 100μm). 
g) Heatmaps of ATAC-seq signal ratios at ZFP462 and REST peaks of Zfp462 KO 
vs WT (KO/WT) and Zfp462 rescue ESCs (ZFP462 FL/WT) or (ZFP462 NT+Mid/
WT). Each row represents a 10 kb window centred on peak midpoints, sorted by 
KO/WT enrichment ratio (n = average distribution of two ATAC-seq replicates). 
h) Line plots show RT-qPCR analysis of lineage marker expression during neural 
differentiation (n = two replicates) in WT, Zfp462 KO and rescue ESCs. Expression 
levels are shown relative to ESCs (2i/S/L).
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Extended Data Fig. 7 | Correlation between genomic distribution of ZFP462 
and pluripotency transcription factors. a) Heatmaps show ATAC-seq and 
ChIP-seq signal of ZFP462, H3K9me2, OCT4, SOX2, NANOG, ESRRB and NR5A2 
at peaks of ZFP462, OSN (shared OCT4-SOX2-NANOG peaks not overlapping 
with ZFP462 peaks) and REST. Red-to-blue scaled heatmaps represent signal 
ratios between Zfp462 KO versus WT (KO/WT). Each row represents a 10 kb 
window centred on peak midpoints, sorted by H3K9me2 KO/WT ChIP signal loss. 
(n = average distribution of two ChIP-seq replicates / ATAC-seq three replicates). 
b) Genomic screenshot shows DNA accessibility (ATAC-seq) and ChIP-seq 
signals of H3K27ac and ZFP462 at the Oct3/4 locus in WT ESCs. ChIP-seq signals 
of OCT4, SOX2 and NANOG in WT (black line) and Zfp462 KO ESCs (green fill) 
are superimposed. ATAC-seq and ChIP-seq profiles are normalized to library 
size. c) Bar plot shows percentage of ZFP462-bound TE families overlapping 
with ChromHMM-annotated enhancers in ESCs. ZFP462-bound TEs contribute 

a total of 35.37% of ChromHMM-annotated enhancers in ESCs. d) HOMER 
analysis of known DNA sequence motifs enriched at ZFP462 peaks overlapping 
ChromHMM-annotated ME/EN-specific enhancers. Top ranked DNA sequence 
motifs and respective significance values are shown in the table. e) Box plots 
shows enrichment of NR5A2 and ESRRB ChIP signal in WT and Zfp462 KO 
ESCs at ZFP462 peaks overlapping with Mesoderm (ME)/Endoderm (EN)- and 
Ectoderm (EC)-specific enhancers. n = 553 (EN/ME), n = 314 (EC). Shown are 
median (horizontal line), 25th to 75th percentiles (boxes), and 90% (whiskers). 
Outliers are not shown. f ) Bar plot shows frequency distribution of significantly 
up- and down-regulated genes located proximal to ZFP462 peaks annotated as 
ME/EN-specific enhancers (KO/WT, LFC ≥ 1 and padj. ≤ 0.05). g) Western blot 
shows ZFP462 protein expression in NSCs isolated from mouse brain and NPCs 
differentiated from WT ESCs. LMNB1 is used as loading control.

http://www.nature.com/naturecellbiology
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