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Genomicimprinting is regulated by parental-specific DNA methylation of
imprinting control regions (ICRs). Despite an identical DNA sequence, ICRs
canexistin two distinct epigenetic states that are memorized throughout
unlimited cell divisions and reset during germline formation. Here, we
systematically study the genetic and epigenetic determinants of this
epigenetic bistability. By iterative integration of ICRs and related DNA
sequences to an ectopic location in the mouse genome, we first identify

the DNA sequence features required for maintenance of epigenetic states
inembryonic stem cells. The autonomous regulatory properties of ICRs
further enabled us to create DNA-methylation-sensitive reporters and
toscreen for key components involved in regulating their epigenetic
memory. Besides DNMT1, UHRF1 and ZFP57, we identify factors that prevent
switching from methylated to unmethylated states and show that two of
these candidates, ATF7IP and ZMYM2, are important for the stability of DNA
and H3K9 methylation at ICRs in embryonic stem cells.

Epigenetic regulation of gene activity depends on multiple layers of
chromatin modifications that are maintained during DNA replica-
tion'” By definition, these epigenetic mechanisms actindependently
of the DNA sequence at the genomic sites they occupy. However, sev-
eral studies have highlighted a contribution of DNA sequence to the
regulation and maintenance of chromatin modifications, preventing
aclear distinction between epigenetic and genetic control of gene

activity’®. Genomic imprinting is an epigenetic phenomenon, where
DNA methylation marks on either the maternal or paternal ICRs dic-
tate parental-specific activity of transcripts in cis® ™. ICRs inherit
parental-specific DNA methylation marks from either the oocyte or
sperm, which are then propagated in all somatic tissues of the next
generation’. The inheritance of differential epigenetic states on the
parental chromosomes, despite identical DNA sequence, identical
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chromosomal location and exposure to the same regulatory factors
inthe nucleus, make ICRs agreat model to study the individual contri-
bution of DNA sequence and chromatin modifications to epigenetic
memory.

Several factors and mechanisms have been identified that regu-
late the maintenance of DNA methylation at ICRs. Once methylation
marks have been deposited in the germline'?, the maintenance meth-
yltransferase DNMT1 and its accessory protein UHRF1 are responsi-
ble for the maintenance of methylation during DNA replication®. In
addition, several factors have been identified to regulate H3K9me3
at the DNA-methylated ICRs, including SETDB1, KAP1 and G9A™ .
Importantly. the KRAB zinc-finger factor ZFP57 binds the methylated
hexanucleotide DNA sequence TGCmCGC and recruits KAP1and other
associated factors to establish a feedback between DNA methylation
and H3K9me3 at ICRs'®". Indeed, binding of ZFP57 and recruitment
of KAP1 are crucial steps in regulating imprints, as knockout (KO) of
ZfpS7inmiceresultsinloss of almost allimprints and embryonic lethal-
ity'®2°, and ZFP57 is required for maintenance of DNA methylation and
H3K9me3 at ICRs in cellular systems'®'$2,

Although the factors that control DNA and histone methylation
at ICRs have been widely investigated, the DNA sequence properties
of ICRs have not been explored in detail. Furthermore, it is also not
known if additional key players contribute to the epigenetic mainte-
nance at ICRs. By iterative integration of ICR DNA sequences to the
same genomic site in mouse embryonic stem cells (MESCs), we show
that ICRs are autonomous genetic elements that can recapitulate the
epigenetic states observed at the endogenous locations. Using this
setup, we show that by presetting DNA methylation, we can establish
two opposing epigenetic states that are faithfully propagated by the
ectopiclCR. This DNA-methylation-dependent switchis unique to ICRs.
Systematic integrations of variant and synthetic ICRs allowed us to
identify the sequence requirements that are necessary and sufficient
for this switch-like behavior. Furthermore, by using the ectopic ICRs
as DNA-methylation-sensitive reporters in loss-of-function genetic
screens, we confirm DNMT1, UHRF1 and ZFP57 as the core epigenetic
regulators of genomic imprinting. Inaddition, we identify ATF7IP and
ZMYM2 as factors involved in regulating maintenance of epigenetic
states atICRs.

Results

Autonomous ICRs memorize preestablished epigenetic states

We hypothesized that the DNA sequence of ICRs should contain suf-
ficient information to establish and maintain the distinct epigenetic
states observed on the parental alleles (Extended Data Fig. 1a). We
selected four ICRs from the Airn, Kcnqlotl, Zrsrl and H19 imprinting
clusters and used recombinase-mediated cassette exchange (RMCE?)
to integrate them individually into the genome of mESCs (Fig. 1a). To
mimic the differential DNA methylation states of the ICRs, we per-
formed RMCE in parallel for unmethylated ICRs and ICRs that were
premethylated by the bacterial CpG methyltransferase M.Sssl (Fig. 1a
and Extended Data Fig. 1b). As a control sequence, we used the Igf2r
DMR (differentially methylated region), a promoter that acquires dif-
ferential DNA methylation only during differentiation?’. Furthermore,
weincluded aset ofinactive gene promoters (Hes3, Tcll and Syt1), which
were previously shown to be protected from de novo DNA methylation
when integrated to the same RMCE site? (Fig. 1b).

After successful integration, we measured DNA methylation at
the RMCE site by bisulfite conversion PCR (bsPCR). All four ICRs main-
tained their preestablished DNA methylation status at the ectopicsite,
although in some cases, minor de novo methylation at the unmethyl-
ated ICRs was observed (Fig. 1b,c and Extended Data Fig. 1c-e). In
contrast, maintenance of preestablished DNA methylation was not
observed for the /gf2r DMR and the control promoter elements (Fig.1b
and Extended Data Fig. 1f-i). The differential DNA methylation states at
the ectopicAirnICR were stably maintained after prolonged cultivation

of mESCs for more than 20 passages, or uponintegration to adifferent
RMCE positionin the genome, and also following in vitro differentiation
of mESCs to neuronal progenitors (Extended Data Fig. 2a-c). Further-
more, DNA methylation of the ectopic Airn ICR was still retained at high
levels after cultivation of mESCsin 2i medium for 10 days, despite the
global reduction in 5-methylcytosine resulting from acquiring a naive
stem cell state”?° (Extended Data Fig. 2a,d).

Besides DNA methylation, endogenous ICRs further display dif-
ferential histone modifications (Extended Data Fig. 1a), whereby the
methylated ICRis decorated by H3K9me3 and the unmethylated ICR by
H3K4me2 (refs."*?*?’), We performed chromatinimmunoprecipitation
(ChIP) quantitative PCR (qPCR) for H3K9me3 and H3K4me2 and com-
pared the enrichment of these marks at the RMCE integrations of the
Airn and Kcnglotl ICRs with their endogenous counterparts (Fig. 1d).
Theunmethylated ICRs at the RMCE site showed lack of H3K9me3 and
increased H3K4me2, whereas the premethylated ICRs revealed the
opposite pattern, with increased H3K9me3 and absence of H3K4me2
(Fig. 1d). Previous studies identified the DNA-methylation-specific
KRAB-Znfprotein ZFP57 to be required for maintenance of DNA meth-
ylation and H3K9me3 at endogenous ICRs'*'®?, This regulation is
recapitulated at the ectopic ICR, as CRISPR-Cas9 deletion of Zfp57in
mESCsresults in rapid and complete loss of DNA methylation at both
ectopic and endogenous sites (Extended Data Fig. 2e).

Epigenetic bistability depends on DNA sequence

We set out to test if the ICR DNA sequence is required for epigenetic
memory. First, we aimed to identify if smaller ICR fragments would also
efficiently memorize preset DNA methylation patterns and repeated
the same experiments with four smaller fragments from the Airn ICR
(Fig.2aand Extended DataFig. 2f). None of the tested fragments could
faithfully recapitulate the differential methylation maintenance. The
same was observed for the paternally methylated H19 ICR (Extended
DataFig.2g,h).Previous studies focusing on non-ICR regulatory regions
(promoters, CpGislands or enhancers) have revealed that CpG density,
GC content and/or nucleotide sequence can influence establishment
of DNA methylation patterns®®. Based on their CpG density and GC
content, the ICRs tested here are in the range of genomic elements
overlapping withunmethylated CpGisland promoters (Extended Data
Fig.3a). To investigate if the CpG density and GC content of the ICRs
contribute to the maintenance of methylated and unmethylated states,
we selected four genomic regions that are highly similar to the Airn
ICRin size, GC%, CpG number and distribution (Extended Data Fig.
3b-d). These ‘Airn-like’ elements failed to maintain the differential
methylation and adopted ahypomethylated state like their endogenous
counterpart, suggesting that DNA sequence length, CpG density and
GC contentare not sufficient to establish two distinct epigenetic states
(Extended DataFig. 3e,f).

To further distinguish the direct requirement of DNA sequence
from CpG and GC content, we generated a synthetic DNA element
based on the Airn ICR sequence, where we permutated the inter-CpG
DNA sequences until 78% mismatch was reached (Extended Data
Fig. 4a,b). Importantly, the permutation of the original sequence
retained thelocal GC content and the number and position of the origi-
nal CpGs. This replacement removed allinter-CpG DNA sequence infor-
mation, allowing us to distinguish the contribution of DNA sequence
from CpG frequency and distribution. We repeated the RMCE experi-
ments with this ‘shuffled’ Airn ICR and observed that it failed to main-
tainthe preset epigeneticstate (Fig.2b). Inboth cases, DNA methylation
reached anintermediate value 0of 40.3% for the unmethylated and 23.5%
forthe premethylated insertion, with disordered methylation patterns
(Fig. 2b). The sequence alterations further led to reduced establish-
ment of the H3K9me3 and H3K4me2 at the RMCE site, independently
of the preset methylation state (Fig. 2c).

The shuffling of the inter-CpG DNA sequence in the Airn ICR dis-
rupted all ZFP57 binding motifs, which might explain the observed
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Fig.1|Ectopic ICR sequences recapitulate chromatin states of endogenous
ICRs. a, Experimental overview of stable cell line generation with methylated or
unmethylated donor plasmids using RMCE. b, Tabular summary of methylation
analysis for all integrated ICRs, control DMR and promoter sequences.
Endogenous methylation (Endog. meth.) describes the methylation state of
the endogenous locus in mESCs. Mat., maternal methylation; Pat., paternal
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methylation analysis for the ectopic Airn ICR. CpG positions within the Airn

ICR sequence are indicated with black vertical lines. Amplified regions for

bsPCR are depicted, and single-molecule measurements are shown as black
circles corresponding to methylated CpG dinucleotides and white circles to
unmethylated CpG dinucleotides. CpG positions marked with ‘x’ correspond to
unaligned nucleotides due to sequencing errors. Aggregated methylation values
are displayed as color-coded vertical lines at the respective CpG position.

d, ChIP-qPCR measurements at ectopic and endogenous ICRs compared to
anintergenic site. H3K9me3, blue; H3K4me2, orange. Data pointsindicate
individual technical replicates.

lack of maintenance, in agreement with aninsilico evaluation of ZFP57
binding to wild-type and shuffled Airn ICR sequence using BPNet*®
(Extended Data Fig. 4c,d). Accordingly, we wanted to investigate if
ZFP57 motifs are sufficient for the maintenance of the epigenetic
state. Therefore, we restored the ZFP57 binding motifs in the shuf-
fled ICR (Extended Data Fig. 4e) and introduced this methylated and
unmethylated DNA element to the RMCE site in mESCs. Although the
unmethylated version failed to maintain the hypomethylated state,
the premethylated ICR was able to maintain a fully hypermethylated
state (Fig. 2d). Given these observations, we wondered if the require-
ment for ZFP57 binding sites is dependent on the cellular context,
especially as Zfp57 gene expression is tissue specific'®*’. Therefore
we introduced the shuffled Airn ICR to RMCE-competent mouse
erythroleukemia (MEL) cells®* and performed targeted bisulfite
sequencing. Both methylated and unmethylated shuffled ICRs
retained the preset DNA methylation patterns (Fig. 2e), indicating
that in MEL cells, CpG content is sufficient for the memory of DNA
methylation states.

Ectopic ICRs establish epigenetic silencing in cis

Endogenous ICRs are cis-regulating elements that dictate the allelic
expression of nearby transcripts based on their DNA methylation
state’. We first wanted to test if ICR sequences can silence three dif-
ferent reporter constructsin presence of DNA methylationwheninte-
grated together to the RMCE site (Fig. 3a and Extended Data Fig. 5a).
We selected three commonly used constitutive promoters (pCAGGS,
hEFlalpha and hPGK) and showed that they can maintain expressionofa
GFPreporter atthe RMCE integrationsite in absence of ICRs (Extended
Data Fig. 5b). Next, we measured the ability of three methylated ICRs
(Airn, Kcnglotl and Pegl0) to stably repress these promoters at the
same RMCE integration site (Fig.3b). All tested ICR sequences showed
stablerepressionin combination with the Eflalphaand hPGK promot-
ers. In contrast, the methylated promoters without ICRs, or in com-
bination with the Dazl promoter, which is known to be regulated in a
DNA-methylation-dependent manner?®, were not able to maintain a
repressed state (Fig. 3b). The synthetic pCAGGS promoter gave varying
results, depending onthe used ICR, suggesting that the strength of this
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Fig.2|Maintenance of epigenetic memory at ICRs is sequence dependentin
mESCs. a, Tabular summary of methylation analysis for all Airn-ICR fragments
schematically indicated on the left. In addition, fragment length, CpG densities
and GC content is shown for each fragment. Same representation asin Fig. 1b.

b, Methylation analysis for the shuffled Airn ICR. Same representation as in Fig. 1c.
CpG positions marked with ‘’x’ correspond to unaligned nucleotides due to
sequencingerrors. ¢, ChIP-qPCR measurements at the shuffled Airn ICR at the
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ectopic site compared to the endogenous Airn ICR. Data points show individual
technical replicates. H3K9me3, blue; H3K4me2, orange. d, Methylation
analysis for the shuffled Airn ICR with reconstituted ZFP57 binding sites. Same
representation as in panel b. e, Methylation analysis for the shuffled Airn ICR
integrated to murine erythroleukemia (MEL) cells shows maintenance of DNA
methylation.

composite promoter can overcome the epigenetic repressioninduced
bysomeICRs (Fig.3b). The DNA-methylation-dependent repression was
maintained over longer periods, as measured by GFP activity in multiple
clonally derived populations after 16, 23 and 30 days (Extended Data
Fig.5c). Thesame methylated ICR-dependent repression was observed
for the paternally methylated HI9ICR (Extended Data Fig. 5d).

This setup allowed us to test the contribution of DNA methylation
andsequence onthesilencing potential of ICRs. For this, we made use of
the Airn-pEF1a-GFP reporter construct that showed stable maintenance
of GFP expression when inserted unmethylated and stable silencing
wheninserted methylated (Fig. 3c). When we replaced the Airn ICR with
the shuffled Airn version, we observed loss of silencing in most of the
measured clones already after 16 days and even more after prolonged
cultivation, suggesting that methylation-dependent silencing in cis
requires an intact ICR sequence (Fig. 3¢). Finally, we introduced the
shuffled Airn sequence containing reconstituted ZFP57 binding sites.
Although the unmethylated version led to stochastic loss of transcrip-
tional activity, the methylated construct gaverise to stable repression
ofthe nearby promoter for multiple generations, indicating that ZFP57
bindingis notonly required for the maintenance of epigenetic memory
atICRs but also sufficient for epigenetic silencing in cis (Fig. 3¢).

Totestifthe DNAmethylation of ICRsisrequired for the repression
of the nearby promoter, we challenged the established reporter cell
lines by culturing themin 2i and 2i + vitamin C media. Both conditions
reduce genome-wide DNA methylation levels*, whereas addition of
vitamin C resultsin further removal of DNA methylation fromICRs and

repetitive elements****. GFP repression was maintained in 2i medium;
however, repression was progressively lost in presence of 2i + vitamin
C (Extended Data Fig. 5e-g). To further test the dependency on DNA
methylation for maintaining the repressed state at the ICR report-
ers, we performed KO experiments of the general DNA methylation
maintenance factors Uhrfl and Dnmtl (ref. **). As expected, removal
of DNA methylation in these KO cells led to a reactivation of the ICR
reporter within 7 days (Extended Data Fig. 6a,b). The low percentage
of cells that show GFP reactivation in these assays is due to low KO
efficiency in the CRISPR-targeted pool of cells. Therefore, we cultured
the Airn-ICRreporter in presence of the DNMT1inhibitor GSK-3484862
(ref.**) for 2 days. We observed complete reactivation with over 95%
of cells expressing GFP (Fig. 3d and Extended Data Fig. 6¢). The use
of this DNMT1 inhibitor further allowed us to test if the reactivation
is reversible; therefore, we removed GSK-3484862 from the medium
and continued cultivation for 7 more days after washout (Fig. 3d and
Extended DataFig. 6¢). We observed no resilencing of activated report-
ers, indicating that once the ICR is switched on, it cannot revert to a
silent state.

CRISPR screens identify regulators of epigenetic memory at
ICRsin mESCs

After establishing multiple ICR-specificreporter cell lines, we wanted
to screen for proteins required for maintenance of repressive ICR
states. We first established the CRISPR screen workflow using a tar-
geted library against1,051 chromatin-related factors with 6,204 guide
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Fig.3|Methylated ICR sequences repress nearby promotersina
sequence-dependent manner. a, Schematic and experimental overview

of reporter cell line generation using RMCE. b, Flow cytometric analysis of
GFP expression 12 days after transfection with different premethylated ICR/
promoter combinations. Each data point shows percentage of GFP-positive
cells measurement from a clonally derived cell population. ¢, Flow cytometric
analysis indicates percentage of GFP-positive cells inindependent cell lines
retrieving methylated or unmethylated RMCE donor plasmids containing the

wild-type, shuffled Airn ICR or the shuffled Airn ICR with reconstituted ZFP57
sitesin combination with the pEF1a promoter. GFP activity was measured at

two consecutive time points (16 and 23 days). d, Flow cytometric analysis of
three independent clones with the methylated Airn-CAG reporter after 2 days
treatment with the DNA methylation inhibitor GSK-3484862 and untreated and
DMSO controls. Measurements were repeated 7 days after washout of the drug to
test for reversion of the reporter silencing. Same representation as in panel b.

RNAs (ChromMM library) and a control library with 500 non-targeting
guidesinthe pCAGGS-Airnreporter cellline (Fig. 4a and Extended Data
Fig.7a), and we determined the time point to collect positive clones
(Extended DataFig. 7b). We performed the screenin three methylated
ICRreporter lines (Airn, Kcnglotl and Pegl10) and collected GFP-positive
cells after 8days and repeated the screen for Airn, Kcnglotlin sensitized
2i medium conditions (Extended Data Fig. 7c,d).

As expected, the three positive controls Zfp57, Uhrfl and
Dnmtl scored as the top hits in all screens (Fig. 4b,c, Extended
Data Fig. 8a-c and Supplementary Table 1). Additionally, other
heterochromatin-associated factors like Cbx1, CbxS5, Atrx, Daxx
and Setdb1 were enriched in the GFP-positive fraction. The list of
high-confidence hits that were repeatedly found in all screens was
enriched for Zfp57, Uhrfland Dnmt1, whereas other hits were identified
inindividual ICR reporter celllines (Fig. 4c). We redesigned an extended
CRISPRIibrary (EpiTF) consisting 0f 20,470 guide RNAs against 4,095
genes encoding nuclear factors to cover a large fraction of the KRAB
zinc-finger protein family and repeated the screen using the Airn ICR
reporter (Supplementary Table 1). Despite the increased complexity
of the library, we did not identify additional transcription factors to
play a role in the maintenance of Airn reporter silencing (Fig. 4c and
Extended Data Fig. 8d,e). Several candidates identified in more than

onescreenwere tested by single-KO validation. ZfpS7, Uhrfl and Dnmt1
showed consistent upregulation in all three reporter lines, whereas
other candidates resulted in lower or stochastic reactivation in some
of the tested reporter lines (Extended Data Fig. 8f).

ATF7IP and ZMYM2 colocalize to endogenous ICRs

Two factors were identified in at least three different screens (Fig. 4c
and Extended DataFig. 8g): ATF7IP, responsible for SETDB1-mediated
silencing of transposable elements® %, as well as ZMYM2, an
ATF7IP-interacting factor associated with growth restriction of
human pluripotent cells***, Given their association with H3K9me3
and reported involvement in transcriptional silencing of repetitive
elements, we tested their contribution to regulation of epigenetic
maintenance at ICRs. In addition human ATF7IP was recently identi-
fied to be arepressor of paternally expressed imprinted genes and
required for silencing sperm-specific genes*’. We first wanted to see
if these factors indeed localize to the endogenous ICRs and analyzed
existing mESC ChlIP-seq datasets available for SETDBI (ref. ), ZFP57
(ref.*?), ATF7IP* and ZMYM2 (ref. **). We observed a strong colocaliza-
tion of all factors at the endogenous ICRs used in the CRISPR screens
(Fig. 5a). By further expanding our analysis to all annotated ICRs, we
see that almost all ICRs are co-bound by ATF7IP, ZMYM2, ZFP57 and

Nature Genetics | Volume 54 | November 2022 | 17702-1710

1706


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-022-01210-z

a ChromMM (1,052 genes, 6,204 guides), c '\o(\ o
EpiTF (4,095 genes, 20,470 guides), ) & S
or control library (500 non-targeting guides) Airn NG ]

A SEECT e | AC FACS ——— 1
N

N "‘ GFP /APC GFP Zfp57 * *

Kenqlot1 ‘NE"_’_’J__'_'_.' @ 8 days Dnmt1 * *

Uhrf1 * *

3 T e
eg10 ICR Promoter GFP =~ Genomic DNA |solat|on —
R26::Cas9 mESC and sequencing Zmym2 | * [ * [ % ||
Atf7ip * * *
pCAGGS - Airn - ChromMM - Serum pEF1a - Kcnqlot1 - ChromMM - Serum pEF1a - Peg10 - ChromMM - Serum Cbxl * | * ]
6- Zfp57 6 - Zfp57 6- Zfp57 chxs| x| * N
Dnmt1 Dnmt1 Atf7ip
° Uhrflo ° UhrfloY o oDnmt1 Uhrflo) Atrx | * *

Zmym2o ,03? Daxx & L

= Setdb1 @ @

—~ 4. =a- S 4 - Ppp4c I

3 Zmynd8 B Mina Ube2e3  J gt Zfp445

S g ° o 0610007PO8Rik ; 1

> > s Sin3a * || *

a 20740 < Foxal Morf4l2 7 c Meaf6 L=

% Parp2 ) 3 Aurkb Smcla Mrgb = 5

S o &  Dhx30 l Senp8 . e pmtfl ’V’Eaf51 ° Subi o -

S to Mcm2 Tdg o > Lo Hdact ° Su < & <

T 2- s ° T 2- Csnkzb ° Ppargcia S rE v

£ f P
%Q}Q

Fig.4 | CRISPR screens identify regulators of epigenetic memory at ICRs in
mESCs. a, Experimental overview of targeted CRISPR screens using multiple
premethylated ICR reporters. Gating strategy is described in Extended Data
Fig.7aand Methods. b, Overview hits from CRISPR screensin three ICR reporter
celllines grown in serum conditions. Blue dots indicate genes with a Pvalue <0.01
calculated using MAGeCK RRA (robust rank aggregation). Dashed lines indicate
the Pvalue threshold at 0.05. ¢, Heatmap showing potential candidates from

Log, fold-change:
[ -
o MXN 00 %0

all CRISPR screens. Color indicates the summarized log fold change across all
guides foragiven gene, as determined by MAGeCK. Enrichments were calculated
combining all replicates for one comparison, using the GFP-enriched fraction
against the unsorted pool of cells. Asterisk indicates P < 0.05 using MAGeCK
robust rank aggregation. See corresponding panel b and Extended Data Fig. 8b,d.
Exact Pvalues can be found in Supplementary Table 1.

SETDBI (Fig. 5b). Notable exceptions are MCTS2/H13, where ATF7IP
is absent, and H19, which shows a reduced localization of ZMYM2. As
ageneral trend, we observe that ATF7IP and ZMYM2 always colocal-
ize in presence of SETDB1 and ZFP57, suggesting that they localize to
ICRs as part of the H3K9me3 machinery. Interestingly, genome-wide
analysis of ATF7IP, ZMYM2, ZFP57 and SETDBI1 peaks indicates that
this colocalization is not always observed outside of ICRs. Although
the majority (85%) of the few ATF7IP peaks that we detected overlap
with ZFP57 and SETDBI sites, only 30% of ZMYM2 peaks colocalize
with ZFP57 and SETDBI1 (Extended Data Fig. 9a). ZMYM2 peaks outside
of ZFP57/SETDBI1 sites show lower H3K9me3 and DNA methylation
compared to peaks overlapping with ZFP57/SETDBI, suggesting that
ZMYM2 is involved in multiple regulatory pathways independently
of SETDBI1 (Extended Data Fig. 9b,c). Regardless of this binding, we
see a reduction of ATF7IP and ZMYM2 localization to the Airn ICRs in
absence of ZFP57 (Extended Data Fig. 9d).

Tofurtherinterrogate thelinkbetween ATF7IPandZMYM2 atICRs,
werecruited the proximity biotin ligase TurbolD** to methylated ICRs
viaa ZFP57-TurbolD fusion protein expressed from the RMCE site and
performed BiolD as previously described® (Fig. 5c). As a background
control, we generated a cell line expressing just the NLS-TurbolD
(nTurbo) andincluded a cell line expressing only the KRAB domain of
ZFP57fused to the TurbolD ligase to distinguish between proteins that
interact with ZFP57 when not bound to chromatin. Mass-spectrometric
detection of enriched proteins included several factors previously
associated with ZFP57 (KAP1, CBX3, CBX5and MORC3). Among them,
we detected ATF7IP (Fig. 5¢, Extended Data Fig. 9e and Supplementary
Table1), supporting the results obtained from the CRISPR screen and
genome-wide analysis. In the case of ZMYM2, we could not detect the
protein in the biotinylated fraction or the background sample, sug-
gesting thatits enrichment was either below the detection limit or not
specifically interacting with ZFP57.

ATF7IP and ZMYM2 regulate epigenetic memory at
endogenous ICRs in mESCs

Next, we wanted to test if absence of these factors that are expressed
during early mouse development influences the epigenetic state at
endogenous ICRs, and we generated KO mESCs for Atf7ip and Zmym2
using CRISPR-Cas9 (Extended Data Fig. 9f,g). Whole-genome bisulfite
sequencing (WGBS) revealed a reduction of DNA methylation at
the majority of analyzed ICRs, despite limited loss of methylation
genome-wide (Fig. 5d and Extended DataFig.10a-c). Pegi3and Meg3/
RianICRsretained DNA methylationinboth KO cell lines, whereas H13/
Mctsand Gnas/Nespas specifically retained methylationin absence of
ZMYM2 and Zrsr1/Commd1 and H19 in absence of ATF7IP. Loss of ICR
methylation was further confirmed by targeted bisulfite sequencing
around the binding sites of ATF7IP and ZMYM2 at the Airn, Kcnglotl and
PeglO ICRs (Extended Data Fig. 10d). Finally, we profiled H3K9me3 in
the sameKO celllines and observed loss of H3K9me3 at all ICRs, except
for Peg13and Meg3/Rian, which retained H3K9me3in both KO lines. In
addition, Zrsr1/Commd1 and HI9 retained H3K9me3 in A¢f7ip KO cells
(Fig. 5e and Extended Data Fig. 10e). The concordant changes in DNA
methylationand H3K9me3 at ICRs in the absence of ATF7IP or ZMYM2
indicate that these factors are required for preventing switching of ICRs
from methylated to unmethylated states in mESCs.

Discussion

Here, we set out to study the genetic and epigenetic determinants
that allow ICRs to maintain their differential DNA methylation.
Toward this, we isolated ICRs from their endogenous chromosomal
context and inserted them into a heterologous position in the mESC
genome. When integrated unmethylated, the tested ICRs main-
tained a DNA-methylation-free and euchromatic state, suggesting
sequence-specific mechanisms that prevent de novo methylation.
Thisbehaviorissimilar to CpGisland promoters, which are protected
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Fig.5|ATF7IP and ZMYM2 colocalize to ICRs and contribute to DNA
methylation and H3K9me3 maintenance in mESCs. a, Genome browser
snapshots for the Airn, Kcnglotl and PegIO 1CRs used in the CRISPR screen
experiments. ChIP-seq datasets indicate colocalization of ZFP57, ATF7IP, ZMYM2
and SETDBI1 at the ICRs of interest. b, Heatmaps summarizing binding of ATF7IP,
ZMYM2, ZFP57, SETDB1 and H3K9me3 10 kb (k) upstream and downstream at
allannotated ICRs in the mouse genome. Shown are library-normalized reads
per 20 bp. ¢, Left: schematic representation of biotin-proximity ligation setup
to detect proteins at ZFP57-bound sites comparing ZFP57 fused to TurbolD. LC
MS/MS: liquid chromatography coupled to tandem mass spectrometry. Right:
volcano plot showing enriched proteins and indicating statistically significant

hits from a direct comparison between ZFP57-TurbolD and TurbolD-NLS
(nTurbolD). Statistically enriched proteins are indicated (false discovery rate
(FDR)-corrected two-tailed ¢-test: FDR = 0.05, Artificial within groups variance
(s0) =1, n=4technical replicates). d, DNA methylation analysis at selected
ICRs shows loss of methylation in A¢f7ip-KO and Zmym2-KO cells (see Extended
Data Fig.10c for other ICRs). Shown are methylation values for individual CpGs
obtained from WGBS in wild-type, Zmym2-KO or Atf7ip-KO cells. Genomic
position of CpGs is indicated below. e, H3K9me3 ChiIP-seq indicates loss of
H3K9me3 at the selected ICRs (Extended Data Fig. 10e for other ICRs). Shown
arereads per 100-bp windows. ICRs in the respective imprinting regions are
indicated.

from DNA methylation through elevated CpG density*’. Indeed, based
on their CpG density and GC percentage, most ICRs fulfil the defini-
tion of CpG islands. In contrast, integration of DNA-methylated ICR
sequences to the same site overwrites this default state and leads to
stable propagation of DNA methylation with subsequent establish-
ment of heterochromatin marks. Thus, ICRs are autonomous DNA
sequence elements that can recapitulate the epigenetic regulatory
mechanisms observed at their endogenous position. This finding is
inline with previous work indicating that the DNA sequence of ICRs is
sufficient to recapitulate the establishment of imprints during mouse
development®™*, Importantly, this switching between two oppos-
ing chromatin states based on DNA methylation was not observed
for non-ICR promoters and other DNA sequences of similar size, CpG
density or GC content, suggesting that specialized properties of the
full-length ICR are required for this ‘epigenetic bistability’.

The ectopic ICRs enabled to systematically study the DNA
sequences and chromatin regulatory factors required for creating
and maintaining epigenetic memory at ICRs in a controlled genomic
environment. Throughintroducing synthetic ICRs with modified DNA
sequences, we observe that GC contentand CpG density is not sufficient
for encoding bistability in mESCs but that additional sequences, such
as ZFP57 binding motifs, play an important role in maintaining DNA
and H3K9 methylation. This findingisin line with previous work, where
mutations of the methylated CpGs of the ZFP57 recognition motif

resulted in loss of methylation maintenance over the entire SnrpnICR?.
In addition, we show that ZFP57 binding is not only required but also
sufficient for the epigenetic memory at the methylated Airn ICR state
in mESCs. In the case of the unmethylated allele, the same sequence
changes result in loss of protection from de novo methylation, sug-
gesting sequence-specific mechanisms that protect from de novo
methylation, potentially similar to those observed at regulatoryregions
of nonimprinted genes®’. Nevertheless, because maintenance of dif-
ferential Airn ICR methylation in MEL cells was independent of DNA
sequences outside of CpGs, we suggest a cell-type-specific requirement
for sequence-specific factors involved in epigenetic maintenance. In
the case of ZFP57, thiswould beinline withits restricted transcriptional
activity to germ cells and during early development'®%.

Having identified the robust establishment and maintenance of
heterochromatin at methylated ICRs, we could generate reporter cell
lines that respond to DNA methylation. In contrast to previous strate-
gies thatused the Snrpn promoter to report changesin methylation at
endogenous gene promoters™”, our cell lines directly report regula-
tory changes at theintroduced ICRs. We used these reportersto screen
for factors required for maintenance of the repressed state. Targeted
CRISPR screens identify Dnmt1, Uhrfl and Zfp57 as the most relevant
genes required to maintain the DNA methylation status at all tested
ICRs, confirming the suitability of our setup. In addition, our functional
screensidentified, and thus validate, additional factors that have been
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described to regulate H3K9me3 throughout the genome and to asso-
ciate with ICRs, including DAXX, ATRX, CBX1and CBXS5 (refs.'**>?%),

Among the obtained hits, we identified ATF7IP and ZMYM2 as
factors involved in the maintenance of epigenetic repression at ICR
reporters. ATF7IP and SETDB1 show functional overlap in the reg-
ulation of endogenous retroviral elements, with ATF7IP acting as a
cofactor of SETDB1 by stimulating its enzymatic activity, protecting
it from proteasomal degradation and facilitating its nuclear localiza-
tion®>*73*%5, Although loss of SETDBI is lethal in mESCs, the absence
of ATF7IP reduces levels of SETDBI, sufficient for viability but insuf-
ficient to maintain all repressed sites in the genome*. The C-terminal
fibronectin type-llldomain of ATF7IP has been shown to interact with
ZMYM2 (also ZFP198), and this interaction was suggested to beimpor-
tant for the silencing of a few germline-specific genes, including the
imprinted FKBP6 gene®*". ZMYM2 was also described to interact with
H3K9me3-marked chromatin®®* and furthermore required for endog-
enous retroviral elementsilencing, thereby preventing the transition to
two-cell-like cellsinmESC culture****. The role of ZMYM2 in restricting
potencyisfurther supported by the fact that ZMYM2is required for exit
from pluripotency®**°. We show that ATF7IP and ZMYM2 colocalize
together with ZFP57 and SETDBI at the majority of endogenous ICRs
in mESCs and are required for the memory of the epigenetic state at
methylated ICRs. This is in line with a publication showing a role of
ATF7IP in regulating sperm-specific genes and paternally expressed
imprinted genes, including Peg13 in human parthenogenetic ESCs*.
Ourresults indicate that, inmESCs, ATF7IP could play abroader rolein
regulating all methylated ICRs, independently of the parental origin.

Ifand how these two factors contribute to maintenance of imprints
during zygote formation and early development remains to be tested.
InmESCs, their absence resulted inimpaired maintenance fidelity and
sporadic loss of H3K9me3 at multiple ICRs, independently of their
parental origin. We suggest that this destabilizes the repressive feed-
back loop between DNA methylation and H3K9me3, allowing switch-
ing of the ICR to the default unmethylated state. While we observe
differences in regulatory activities of ATF7IP and ZMYM2 at some
ICRs (for example, Mcts2/H13, Zrsr1/Commd1 and H19), it remains to be
determined if this is due to a specificity of these factors toward these
ICRs. Alternatively, this could reflect stochasticity in ICR switching to
anunmethylated statein absence of either factor, which ismemorized
inclonally derived cells.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41588-022-01210-z.

References

1. Almouzni, G. & Cedar, H. Maintenance of epigenetic information.
Cold Spring Harb. Perspect. Biol. 8, a019372 (2016).

2. Villasenor, R. & Baubec, T. Regulatory mechanisms governing
chromatin organization and function. Curr. Opin. Cell Biol. 70,
10-17 (2021).

3. Lienert, F. et al. Identification of genetic elements that
autonomously determine DNA methylation states. Nat. Genet. 43,
1091-1097 (2011).

4. Wachter, E. et al. Synthetic CpG islands reveal DNA sequence
determinants of chromatin structure. eLife 3, e03397 (2014).

5. Krebs, A.R., Dessus-Babus, S., Burger, L. & Schiibeler, D.
High-throughput engineering of a mammalian genome reveals
building principles of methylation states at CG rich regions. eLife
3,e04094 (2014).

6. Lynch, M. D. et al. An interspecies analysis reveals a key role
for unmethylated CpG dinucleotides in vertebrate Polycomb

10.

M.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

complex recruitment: An interspecies analysis of chromatin
bivalency. EMBO J. 31, 317-329 (2012).

Jermann, P., Hoerner, L., Burger, L. & Schubeler, D. Short
sequences can efficiently recruit histone H3 lysine 27
trimethylation in the absence of enhancer activity and DNA
methylation. Proc. Natl Acad. Sci. 111, E3415-E3421(2014).
Pantier, R. et al. SALL4 controls cell fate in response to DNA base
composition. Mol. Cell 81, 845-858 (2021).

Barlow, D. P. Genomic imprinting: A mammalian epigenetic
discovery model. Annu. Rev. Genet. 45, 379-403 (2011).

Wutz, A. et al. Imprinted expression of the Igf2r gene depends on
an intronic CpG island. Nature 389, 745-749 (1997).

Fitzpatrick, G. V., Soloway, P. D. & Higgins, M. J. Regional loss of
imprinting and growth deficiency in mice with a targeted deletion
of KvDMR1. Nat. Genet. 32, 426-431(2002).

Hanna, C. W. & Kelsey, G. Features and mechanisms of canonical
and noncanonical genomic imprinting. Genes Dev. 35,

821-834 (2021).

Hirasawa, R. et al. Maternal and zygotic Dnmt1 are necessary and
sufficient for the maintenance of DNA methylation imprints during
preimplantation development. Genes Dev. 22, 1607-1616 (2008).
Regha, K. et al. Active and repressive chromatin are interspersed
without spreading in an imprinted gene cluster in the mammalian
genome. Mol. Cell 27, 353-366 (2007).

Nagano, T. et al. The Air Noncoding RNA epigenetically silences
transcription by targeting G9a to chromatin. Science 322,
1717-1720 (2008).

Quenneville, S. et al. In embryonic stem cells, ZFP57/KAP1
recognize a methylated hexanucleotide to affect chromatin and
DNA methylation of imprinting control regions. Mol. Cell 44,
361-372 (2011).

Liu, Y., Toh, H., Sasaki, H., Zhang, X. & Cheng, X. An atomic model
of Zfp57 recognition of CpG methylation within a specific DNA
sequence. Genes Dev. 26, 2374-2379 (2012).

Li, X. et al. A maternal-zygotic effect gene, Zfp57, maintains both
maternal and paternal imprints. Dev. Cell 15, 547-557 (2008).
Messerschmidt, D. M. et al. Trim28 is required for epigenetic
stability during mouse oocyte to embryo transition. Science 335,
1499-1502 (2012).

Takahashi, N. et al. ZNF445 is a primary regulator of genomic
imprinting. Genes Dev. 33, 49-54 (2019).

Anvar, Z. et al. ZFP57 recognizes multiple and closely spaced
sequence motif variants to maintain repressive epigenetic

marks in mouse embryonic stem cells. Nucleic Acids Res. 44,
1118-1132 (2016).

Latos, P. A. et al. Airn transcriptional overlap, but not its IncRNA
products, induces imprinted Igf2r silencing. Science 338,
1469-1472 (2012).

Leitch, H. G. et al. Naive pluripotency is associated with global
DNA hypomethylation. Nat. Struct. Mol. Biol. 20, 311-316 (2013).
Habibi, E. et al. Whole-genome bisulfite sequencing of two
distinct interconvertible DNA methylomes of mouse embryonic
stem cells. Cell Stem Cell 13, 360-369 (2013).

Ficz, G. et al. FGF signaling inhibition in ESCs drives rapid
genome-wide demethylation to the epigenetic ground state of
pluripotency. Cell Stem Cell 13, 351-359 (2013).

Walter, M., Teissandier, A., Pérez-Palacios, R. & Bourc'his, D. An
epigenetic switch ensures transposon repression upon dynamic
loss of DNA methylation in embryonic stem cells. eLife 5,

e11418 (2016).

Singh, P. et al. Chromosome-wide analysis of parental
allele-specific chromatin and DNA methylation. Mol. Cell. Biol. 31,
1757-1770 (2011).

Avsec, 7. et al. Base-resolution models of transcription-factor
binding reveal soft motif syntax. Nat. Genet. 53, 354-366 (2021).

Nature Genetics | Volume 54 | November 2022 | 17702-1710

1709


http://www.nature.com/naturegenetics
https://doi.org/10.1038/s41588-022-01210-z

Article

https://doi.org/10.1038/s41588-022-01210-z

29. Li, X. & Leder, P. Identifying genes preferentially expressed in
undifferentiated embryonic stem cells. BMC Cell Biol. 8, 37
(2007).

30. Feng, Y.-Q., Lorincz, M. C,, Fiering, S., Greally, J. M. & Bouhassira,
E. E. Position effects are influenced by the orientation of a
transgene with respect to flanking chromatin. Mol. Cell. Biol. 21,
298-309 (2001).

31. Maatouk, D. M. et al. DNA methylation is a primary mechanism
for silencing postmigratory primordial germ cell genes in both
germ cell and somatic cell lineages. Development 133, 3411-3418
(20086).

32. Blaschke, K. et al. Vitamin C induces Tet-dependent DNA
demethylation and a blastocyst-like state in ES cells. Nature 500,
222-226 (2013).

33. Sharif, J. et al. The SRA protein Np95 mediates epigenetic
inheritance by recruiting Dnmt1to methylated. DNA 450, 6
(2007).

34. Portilho, N. A. The DNMT1 inhibitor GSK-3484862 mediates global
demethylation in murine embryonic stem cells. Epigenetics
Chromatin 12, 56 (2021).

35. Wang, H. et al. mAM facilitates conversion by ESET of dimethyl
to trimethyl lysine 9 of Histone H3 to cause transcriptional
repression. Mol. Cell 12, 475-487 (2003).

36. Ichimura, T. et al. Transcriptional repression and heterochromatin
formation by MBD1and MCAF/AM family proteins. J. Biol. Chem.
280, 13928-13935 (2005).

37. Tsusaka, T., Shimura, C. & Shinkai, Y. ATF7IP regulates SETDB1
nuclear localization and increases its ubiquitination. EMBO Rep.
20, e48297 (2019).

38. Lezmi, E. et al. The chromatin regulator ZMYM2 restricts human
pluripotent stem cell growth and is essential for teratoma
formation. Stem Cell Rep. 15, 1275-1286 (2020).

39. Tsusaka, T., Fukuda, K., Shimura, C., Kato, M. & Shinkai, Y. The
fibronectin type-Ill (FNIII) domain of ATF7IP contributes to efficient
transcriptional silencing mediated by the SETDB1 complex.
Epigenetics Chromatin 13, 52 (2020).

40. Bar, S. et al. Identifying regulators of parental imprinting by
CRISPR/Cas9 screening in haploid human embryonic stem cells.
Nat. Commun. 12, 6718 (2021).

41, Xu, W. et al. METTLS regulates heterochromatin in mouse
embryonic stem cells. Nature 591, 317-321(2021).

42. Shi, H. et al. ZFP57 regulation of transposable elements and gene
expression within and beyond imprinted domains. Epigenetics
Chromatin 12, 49 (2019).

43. Yang, F. et al. DUX-miR-344-ZMYM2-mediated activation of
MERVL LTRs induces a totipotent 2C-like state. Cell Stem Cell 26,
234-250.e7 (2020).

44. Branon, T. C. et al. Efficient proximity labeling in living
cells and organisms with TurbolD. Nat. Biotechnol. 36, 880-887
(2018).

45. Villasefor, R. et al. ChromID identifies the protein interactome at
chromatin marks. Nat. Biotechnol. 38, 728-736 (2020).

46. Tanimoto, K., Shimotsuma, M., Matsuzaki, H., Omori, A. &
Fukamizu, A. Genomic imprinting recapitulated in the human
B-globin locus. PNAS 102, 10250-10255 (2005).

47. Taylor, D. H., McLean, C. M., Wu, W. L., Wang, A. B. & Soloway, P.
D. Imprinted DNA methylation reconstituted at a non-imprinted
locus. Epigenetics Chromatin 9, 41 (2016).

48. Matsuzaki, H. et al. Synthetic DNA fragments bearing ICR cis
elements become differentially methylated and recapitulate
genomic imprinting in transgenic mice. Epigenetics Chromatin 11,
36 (2018).

49. Park, Y. J. et al. Sequences sufficient for programming imprinted
germline DNA methylation defined. PLoS One 7, 33024 (2012).

50. Stelzer, Y., Shivalila, C. S., Soldner, F., Markoulaki, S. & Jaenisch,
R. Tracing dynamic changes of DNA methylation at single-cell
resolution. Cell 163, 218-229 (2015).

51. Dixon, G. et al. QSER1 protects DNA methylation valleys from
de novo methylation. Science 372, eabd0875 (2021).

52. Voon, H. P. J. et al. ATRX plays a key role in maintaining silencing
at interstitial heterochromatic loci and imprinted genes. Cell Rep.
1, 405-418 (2015).

53. Elsasser, S. J., Noh, K.-M., Diaz, N., Allis, C. D. & Banaszynski, L.

A. Histone H3.3 is required for endogenous retroviral element
silencing in embryonic stem cells. Nature 522, 240-244 (2015).

54. Yang, B. X. et al. Systematic identification of factors for provirus
silencing in embryonic stem cells. Cell 163, 230-245 (2015).

55. Timms, R. T., Tchasovnikarova, . A., Antrobus, R., Dougan, G.

& Lehner, P. J. ATF7IP-mediated stabilization of the histone
methyltransferase SETDBI1 is essential for heterochromatin
formation by the HUSH complex. Cell Rep. 17, 653-659 (2016).

56. Matsui, T. et al. Proviral silencing in embryonic stem cells requires
the histone methyltransferase ESET. Nature 464, 927-931(2010).

57. Strogantsey, R. et al. Allele-specific binding of ZFP57 in
the epigenetic regulation of imprinted and non-imprinted
monoallelic expression. Genome Biol. 16, 112 (2015).

58. Nikolov, M., Soeroes, S., Stark, H. & Urlaub, H. Chromatin affinity
purification and quantitative mass spectrometry defining the
interactome of histone modification patterns. Mol. Cell. Proteom.
10,17 (20M1).

59. Eberl, H. C., Spruijt, C. G., Kelstrup, C. D., Vermeulen, M. & Mann,
M. A map of general and specialized chromatin readers in mouse
tissues generated by label-free interaction proteomics. Mol. Cell
49, 368-378 (2013).

60. Hackett, J. A. et al. Tracing the transitions from pluripotency to
germ cell fate with CRISPR screening. Nat. Commun. 9, 4292
(2018).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Nature Genetics | Volume 54 | November 2022 | 17702-1710

1710


http://www.nature.com/naturegenetics
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41588-022-01210-z

Methods

Cell culture

RMCE-competent mESCs (TC-1(ref.?), obtained from A. Dean, National
Institutes of Health (NIH)) were cultured on 0.2% gelatin-coated
dishes in mESC medium containing DMEM (Invitrogen), 15% fetal
calf serum (Invitrogen), 1x non-essential amino acids (Invitrogen),
1x Glutamax (Invitrogen), 0.001% 2-mercaptoethanol (Invitrogen)
andtitrated leukemia inhibitory factor (made in-house) at 37 °Cin 7%
CO,. Alternatively, mESCs were cultured in 2i medium containing 50%
Neurobasal medium (Invitrogen), DMEM/F12 medium (Invitrogen),
1x non-essential amino acids (Invitrogen), 1x Glutamax (Invitrogen),
0.001% 2-mercaptoethanol (Invitrogen), 1x N2 supplement (Invit-
rogen), 1x B27 supplement (Invitrogen), titrated leukemia inhibi-
tory factor, 3 pM CHIR99021 (Sigma-Aldrich) and 1 uM PD0325901
(Sigma-Aldrich). Where indicated, L-ascorbic acid (Stemcell Tech-
nologies) was added at a concentration of 100 pg ml™ (ref. *°). Differ-
entiation to neuronal progenitor cells was performed as previously
described without feeder cells®. For DNMT1inhibition, GSK-3484862
(MedChemExpress) was added to a final concentration of 10 pM, as
previously determined**. RMCE-competent MEL cells* (obtained from
D. Schiibeler, FMI Basel) cells were cultured in suspension in DMEM
(Invitrogen) supplemented with 10% fetal calf serum (Invitrogen) and
1x Glutamax (Invitrogen). All RMCE-competent cell lines (TC-1 and
MEL) were authenticated based on selection and PCR on the RMCE
resistance cassette.

Cellline generation

Targeted cell line integrations in mESCs were obtained through
RMCE using either electroporation of 2 x 10° cells with the Amaxa
Nucleofector (Lonza) or Lipofectamine 3000 (Invitrogen) transfec-
tions of 2.5 x 10* cells. All RMCE vectors were cotransfected with a
CRE-expressing plasmid at a ratio of 1:0.6 pg, using either a total of
40 pg plasmid for the AmaxaNucleofectorkit or 1 pg for Lipofectamine
3000. Two days after transfection, cells were selected with 3 M Ganci-
clovir for more than 8 days. The obtained cell lines were kept as pools
and when necessary clonal cell lines were obtained through limited
dilution. Pools or clonal cell lines were genotyped using integration
site specific PCRs. The parental cell line for all reporter cell lines used
inthe CRISPR screens contains a stably expressed Cas9 gene from the
Rosa26locus, obtained by TALEN-mediated integration as previously
described®. Single-clone KO cell lines were obtained by CRISPR-Cas9
using the px330-hSpCas9 (Addgene, 42230) plasmid together with a
PRR-Puro recombination reporter®. A total of 1 pg plasmid DNA at a
ratio of 1:0.10f px330 to pRR-Puro was transfected using Lipofectamine
3000. Puromycin selection was started 36 h after transfection for
36-48 h at a concentration of 2 ug ml™. KO cell lines were validated
using targeting site-specific PCR. RMCE in MEL cells was performed
using Lipofectamine 3000 (Invitrogen), plating 5 x 10° cells in 6-well
plates for suspension cells. A total of 2.5 pg plasmid DNA, using the
same ration as described before, was transfected according to the
manufacturer’sinstruction. After 48 h, cells were transferred into T75
flasks, and cells that underwent recombination were selected with 5 pM
Ganciclovir containing media for more than 8 days.

Reporter cellline generation

Abackbone containing two inverted loxPsites’ was used to clone sev-
eralempty reporter vectors containing a 60-bp universal entry site with
acentral EcoRVrestrictionsite, followed by apromoter (pCAGGS, hPGK
and Eflalpha) that drives an eGFP or mScarlet gene for the ChroMM and
EpiTF screens, respectively, followed by a downstream BGH-poly(A)
and aWPRE sequence. Individual ICR or control sequences were ampli-
fied from genomic DNA (Supplementary Table 1). Gibson assembly
was performed according to the NEB Gibson Assembly Master Mix
protocol. In vitro methylation was performed with up to 40 pg plas-
mid DNA using the NEB M.Sssl methyltransferase in two consecutive

reactions of at least 4 h with 600 pM SAM (NEB, B9003S) and 1.5 U
M.SssI (NEB, M0226L) per microgram DNA. Complete methylation
of plasmids was confirmed by using the CpG methylation sensitive
restriction enzyme Hpall (NEB) and a methylation insensitive control
reactionwith Mspl (NEB). Cell lines were generated as described before.
Individual clones were genotyped using PCR with primers spanning
the loxP sites. Methylation of the integrated reporter construct was
validated on selected clones.

Flow cytometry and fluorescence-activated cell sorting (FACS)
Flow cytometry data acquisition was performed on a BD FACSCanto
Il or a BD LSR Fortessa cell analyzer. FACS was performed with a BD
FACSAria lll cell sorter. Data analysis was done with FlowJo (version
10.7) or BD FACSDiva (9.1.2). All samples were gated for single cells,
using forward scatter area (FSC-A) versus side scatter area (SSC-A),
followed by FSC-A versus forward scatter height (FSC-H). GFP-negative
and positive populations were quantified using GFP-negative wild-type
cells as a reference. For cell surface marker staining, a uniform cell
suspension was prepared by trypsinization and filtering through a
40-pm cell strainer (BD Bioscience). Cells were stained with an allophy-
cocyanin (APC)-conjugated CD90.1antibody (Invitrogen, 17-0900-82)
for 30 minat4 °C with asaturated antibody concentration (1 pl per 15
million cells).

Insilico sequence analysis using BPnet

BPnet* (version 0.0.23) was used to determine sequence motifand con-
text of ZPF57 binding in mESCs. ZFP57 ChIP-seq dataand corresponding
input files** were aligned to the mouse genome (NCBI Build 37 mm9,
July 2007) using bowtie2 (version 2.3.5.1) after removal of adapters
using trimgalore (version 0.6.6). Aligned reads were filtered for PCR
duplicates using Picard (version 2.23.9), and only reads witha mapping
quality (MAPQ) > 40 were kept for further analysis. All replicates were
merged before peak calling using MACS2 (version 2.1.1.20160309)
with the following parameters: callpeak -g mm-keep-dup all -q 0.05-
call-summits. Reads mapped to the positive and negative strand of the
merged datasets were split into individual files and trimmed to the 5’
base as input tracks for BPnet. A model was trained with the default
bpnet9 architecture (https://github.com/kundajelab/bpnet), using
chromosomes1,8and 9 as test set, and peaks on chromosomes 2,3 and
4 asvalidation sets. Peaks on chromosomes X and Y were excluded from
modeltraining. After calculation of the contribution scores with BPnet’s
DeepLIFT method, motifs were determined using BPnet’s TF-MoDISco
method. To determine contribution scores onthe Airn and shuffled Airn
sequences, theinput DNA was one-hotencoded before subjecting them
to the trained model to generate ZFP57 binding predictions. For the
walking mutations, 10 nt of the shuffled sequence was swapped with
the original Airn sequence and shifted by 1bp per prediction.

Bisulfite PCR and sequencing

Up to 2 pg genomic DNA, or the total amount to eluted material from
ChIP, was used for bisulfite conversion using the EpiTect Bisulfite Kit
(Qiagen). Bisulfite PCR was carried out using the PhusionU polymerase
(ThermoFisher Scientific) with the primersindicated in Supplementary
Table 1 using the following conditions: initial denaturation at 95 °C
for 5 min, followed by 45 cycles of 1 min at 95 °C, 1 min at 50-60 °C
(dependent on the primer pair) and 1 min at 72 °C, followed by 5 min
of final extension at 72 °C. Amplicons were cloned into the CloneJET
vector (Thermo Fisher Scientific), sequenced by Sanger sequencing
and analyzed using QUMA®,

Targeted bisulfite sequencing

Targeted bisulfite sequencing libraries were made from equimolar
pooled bisulfite PCR fragments. Two independent PCR reactions
were run per target with annealing temperatures at 50 °C and 58 °C
to mitigate amplification bias. Indexed libraries were prepared using
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the NEBNext Ultra Il kit (NEB) starting from 10 ng pooled amplicons
accordingtothe manufacturer’s protocol. Sequencing was done on an
Illumina NovaSeq6000 machine with 150-bp paired-end reads. Fastq
files were trimmed using trim_galore (version 0.6.6) and alignment was
performed with Bismark (version 0.23.0) with the parameter non_direc-
tional. CpG methylation was extracted using the Bismark methylation
extractor and average CpG methylation was calculated inR, excluding
CpGs that were covered less than 500 times.

Whole-genome bisulfite library preparation and sequencing
WGBS of Atf7ip and Zmym2 KO mESCs was performed as described
previously®. Inshort, 10 pg genomic DNA was sonicated to a length of
approximately 400-500 bp. For each sample, 2 ug sheared genomic
DNA was mixed with 10 ng equimolar pooled sonicated methylated
phage T7 and unmethylated phage Lambda DNA. Adapter-ligation was
carried out with the NEBNext Ultra Il kit (NEB E7645L) using methyl-
ated adaptors (NEB, E7535S), before bisulfite conversion using the
Qiagen Epitectbisulfite conversionkit, according to the manufacturer’s
instructions. After conversion, libraries were amplified for 10 cycles
using the Pfu TurboCx Hotstart DNA polymerase (Agilent) and the
NEB dual index primers (NEB, E7600S). PCR reactions were run with
the following parameters: 95 °C for 2 min, 98 °C for 30 s, followed by
10cyclesof98°Cfor15s, 65 °Cfor30 sand 72 °C for 3 min, ending with
5Sminat72°C. The PCR reactions were cleaned up using 1.2x AMPure
XP beads (Beckman Coulter) and eluted in 20 pl EB buffer (Qiagen).
Library quality was checked on an Agilent TapeStation and sequencing
was done on an Illumina NovaSeq 6000 machine.

ChIP

Approximately 15 x 10° cells were harvested per IP and fixed with 1%
methanol-free formaldehyde for 8 min. Crosslinking was quenched by
adding glycine to a final concentration of 0.125 nM and incubated for
10 min at4 °C oniice. Cells were pelleted at 600 x g for 5 min, washed
with cold PBS and incubated for 10 min on ice in a buffer containing
10 mM EDTA, 10 mM Tris pH 8, 0.5 mM EGTA and 0.25% Triton X-100.
After centrifugation, cells were incubated in 1 mM EDTA, 10 mM Tris
pH8, 0.5 mMEGTA and 200 mM NaClfor 10 min onice. Chromatin was
extracted in a high-salt buffer containing 50 mM HEPES, pH 7.5, 1 mM
EDTA, 1% Triton X-100, 0.1% deoxycholate, 0.2% SDS and 500 mM NaCl
for 2 hat 4 °C, and chromatin was sheared using a Bioruptor Pico soni-
cator (Diagenode). Then, 100 pg of chromatin was used per IP reaction
with 30 pl pre-blocked magnetic Protein A beads (Invitrogen). Beads
were blocked with 1 mg BSA and 100 ng yeast tRNA (Sigma) in TE buffer
containing proteinase inhibitor mix (Roche) before use. Prior to the IP,
chromatinwas precleared with 20 plblocked beads for1hat4 °C. Next,
5% of input material was kept at —20 °C and decrosslinked along the IP
material. Then, 5 pg antibody was used per IP for overnight incubation at
4 °C.Thenextday, 30 plblocked beads was added to the chromatinand
incubated for4 hat4 °C. Beads were separated on amagnet and washed
twice for 8 min with high-salt buffer, one time with 50 mM LiCl, 0.5%
NP-40, 0.5% deoxycholate,1 mM EDTA and 10 mM Tris, pH 8. After two
additional washes with TE for 8 min, chromatin was eluted after 30 min
incubation at 37 °C with 60 pg RNaseA (Roche) in 1% SDS and 100 mM
NaHCO,, followed by 3-h incubation adding 10 mM EDTA, 40 mM Tris,
pH 8, and 60 pg Proteinase K (Roche). Final decrosslinking was done
overnight at 65 °C. Eluted material was cleaned up using phenol chloro-
form extraction and quantified using a Qubit 2.0 fluorometer (Thermo
Fisher Scientific). The following antibodies were used for ChIP: H3K9me3
(Abcam, ab8898, 5 pg per IP), H3K4me2 (Diagenode, C15410035, 5 ng per
IP), H3K4me3 (Abcam, ab8580, 5 g per IP), ATF7IP (Bethyl, A300-169A,
SugperIP)and ZMYM2 (Bethyl, A301-711A,10 pg per IP).

ChIP-qPCR
gPCR reactions were run as technical duplicates on a Rotor Gene Q
machine (Roche) using the KAPA SYBR Fast universal qPCR kit (Sigma)

in10-plreactions with 1 pleluted DNA for the IP material or 1 plofal:10
dilution of the input material. Delta Ct values were calculated over
input, followed by delta Ct and fold change over anintergenic region.
Primersarelisted in Supplementary Table 1. Corresponding plots were
generated with Prism (5.0a).

ChIP-seqlibrary preparation

ChlIP-seq libraries were prepared using the NEBNext ChIP-seq Library
Prep Master Mix set for lllumina (NEB, E6240) or NEBNext Ultra Il Kit,
following the manufacturer’s protocol. Final libraries were visualized
and quantified ona2200 TapeStation System (Agilent) and pooled with
equal molar ratios before sequencing on an Illumina NovaSeq6000
machine with 150-bp paired-end reads.

Genome-wide datasets and analysis

Published mESC genome-wide datasets were obtained from GEO
(WGBS®; H3K9me3, H3K4me3, H3K36me3 and H3K27me3 (ref. ©°),
DNase-seqand RNA-seq®, SETDBI (ref. *'), ZFP57 (ref.*?), ZMYM2 (ref. **)
and ATF7IP*. Sequencing reads from published datasets and ChIP-seq
reads generated in this study were filtered for low-quality reads as well
as adaptor sequences using trimgalore (version 0.6.6) and mapped
to the mouse genome (NCBI Build 37 mm9, July 2007). Mapping of
H3K9me3, H3K4me3, H3K36me3, H3K27me3, DNase-seq and RNA-seq
was done with QuasR (1.30.0) in R with standard gAlign() settings.
Wig tracks were obtained with QuasR qExportWig() command and
visualized using the UCSC genome browser (https://genome.ucsc.
edu). Mapping of WGBS data was done with QuasR using qAlign() with
following settings: genome = ‘BSgenome.Mmusculus.UCSC.mm9’,
aligner = ‘Rbowtie’ and bisulfite = ‘dir’. CpG methylation calls were
extracted using qMeth() and filtered to contain only CpGs covered at
least10x. ChIP-seq peak coordinates were obtained using MACS2 (ver-
sion 2.1.1.20160309) with the following parameters: callpeak -g mm-
keep-dup all-q 0.05-call-summits. Coordinates were importedintoR
as GenomicRanges objects and peaks larger than 1 kb were removed
from further analysis. Overlaps between peaks were calculated using
the findOverlaps() functionin R, with maxgap=1000 L. Heatmaps over
ICRs and peak regions were generated withgenomation() in Rusing the
ScoreMatrixList() and multiHeatMatrix() functions.

CRISPRIibraries and screens

The ChromMM and EpiTFs library was constructed as a subpool of
the Vienna sgRNA library as described previously®. Lentivirus was
producedin HEK293T (obtained from G. Schwank, University of Zurich)
cellsas described®. Nonconcentrated virus was titrated with different
amounts following the same transduction procedure used for the
actual CRISPR screens. Transduction was performed with 1.25 x 10°
cells seeded in gelatin-coated 6-well plates in embryonic stem cell
medium containing 8 pg ml™ polybrene (Merck), spinning for 60 min
at500 x gat 37 °C. After centrifugation, cells were incubated for12 h at
37 °C, before transferring them on multiple 15-cm plates and culturing
them for another 24 hours. After 36 h, transduced cells were selected
using FACS. For the ChromMM library cells were stained against the
CD90.1 cell surface marker using an APC-conjugated antibody (Inv-
itrogen, 17-0900-82, 1 pl per 15 million cells), gating on APC-positive
and GFP-negative single cells. For the EpiTF library, cells were gated
on GFP-positive and mScarlet negative single cells. After the sort,
cells were seeded sparsely on multiple 15-cm dishes and only passaged
once after 4 days toavoid bottlenecksin the library representation. On
day 10 after transduction, GFP-positive cells were sorted and further
processed for genomic DNA extraction using the DNeasy Blood and
Tissuekit (Qiagen). All screens were performed with at least 30 million
cellsand alow multiplicity ofinfection between 0.1and 0.2, yielding a
total cell number of at least 3 million cells and a guide representation
ofatleast 450x per guide after the first sort. For the final sort, the same
number of initially transduced cells were used for the sort and kept as
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thereference pool. The screenwith the EpiTF library was performed as
described above, however 90 million cells were used for transduction at
anmultiplicity of infection of 0.2. Initially, all screens were performed
as technical duplicates or triplicates with individual reporter clones
and later repeated once more as independent experiments. To score
essential and growth-restricting genes, the pooled cells at indicated
days were compared to theinitial plasmid library.

Library preparation for CRISPR screen

Library preparation was done for the entire amount of extracted
genomic DNA in two consecutive PCR amplification steps. In the first
PCR, theintegrated guide sequences were amplified using the Hercu-
lase Il Fusion DNA polymerase (Agilent) according to the manufactur-
er’sinstruction withamaximum of 500 ng DNA input per 50 plreaction
using library specific primers with 3’ adapter sequences for barcoding
(Supplementary Table 1). The PCR mix contained 1.5% DMSO and had
afinal concentration of 3 nM of MgCl,. Amplified products were first
purified using the MinElute Gel extraction kit (Qiagen) and potential
primer dimers were removed using AmpureXP beads (Beckmann) ata
ratio of 0.7x volume. Sample specific barcoding was doneinasecond
PCR using NEBNext Multiplex Oligos (NEB) and the NEBNext Q5 Hot
Start HiFi PCR Master mix (NEB) according to the manufacturer’s man-
ualwith10% of the eluted product from the first PCR and 7 amplification
cycles. For the EpiTF library, barcoding was done with the i5 primers
from the NEBNext Multiplex Oligo kit (NEB) and a custom primer that
carriesthe P7 sequence (Supplementary Table1). Sequencing was done
on anIllumina NovaSeq6000 or a MiSeq machine, specifying a10-bp
index read 1for the EpiTF library.

CRISPR screen analysis

Demultiplexing was performed using the standard pipeline of llumina.
For the EpiTF library, demultiplexing was only performed on the i5
index, as the i7 index contains the UMI®, Fastq files were trimmed to
only include the guide RNA sequence using cutadapt (version 3.10)
specifying -g 5-TAGCTCTTAAAC...GGTGTTTCGTC-3’ for the linked
adapter sequencesinthelentivirus backbone for the ChromMM library
or -g aaacaccg...gtttaaga for the EpiTF library. Alignment was done
using bowtie2 (version 2.3.5.1) against a reference genome built from
the sgRNA sequences, specifying the following alignment parameters:
-k1-very-sensitive. BAM files were converted into bed files using bed-
tools (version 2.27.1) bamtobed function. Bed files were imported
into R to create a count matrix for MAGeCK (version 0.5.9.2). For the
final analysis, counts from technical replicates as well as different
GFP high and GFP low bins were aggregated. MAGeCK was run with-
norm-method set to total and run against the unsorted pool as the
control sample, specifying the independent replicates.

CRISPR screen validation

Single-guide validation was done with one guide RNA that was
included in the library and one independently designed guide with
high on-target and low off-target activity, as described in ref. ® (Sup-
plementary Table 1). Guides were cloned into the px459 backbone
(Addgene, 62988) which allows for puromycin selection. For this, 1,000
cellswere seeded in gelatin-coated wells of a 96-well plate 1 day before
transfection. Next, 100 ng plasmid DNA was transfected per well as
technical replicates using Lipofectamine 3000 (Invitrogen). After 36 h,
transfected cells were selected for 36-48 h with 2 ug mI™ puromycin
using untransfected cells as acontrol. Reactivation of the reporter was
evaluated 12 days after transfection using flow cytometry, and GFP
reactivation was quantified over cells transfected with nontargeting
control guides.

Western blot
Forwesternblotting, 20-35 pg protein was separated on 6% or 10% poly-
acrylamide gels and transferred on polyvinylidene fluoride membranes

using the TransBlot Turbo system (Bio-Rad). For antibody-based stain-
ing, the membrane was washed once with TBS-T (10 mM Tris, pH 8.0,
150 mM NaCl and 0.1% Tween-20), blocked with 5% non-fat dry milk
in TBS-T and stained with primary antibodies against ATF7IP (Bethyl,
A300-169A), ZMYM2 (Bethyl, A301-711A-M), or LAMIN B1 (Santa Cruz
Biotechnology, 374015) at 4 °C overnight. Next day, membranes
were washed three times with TBS-T for 10 min before incubation
with species-specific horseradish peroxidase-conjugated secondary
antibodies for1hatroomtemperature. After additional three washes
with TBS-T for 10 min each, signal was detected using the Amersham
ECL Westernblotting detection reagent (GE Healthcare Life Sciences;
RPN2109) and exposure on Amersham Hyperfilm ECL (GE Healthcare
Life Sciences; 28906836) in adarkroom.

Cell line generation for proximity ligation experiments

Cell lines were generated as described in Villasenor et al.*.
The coding sequence of the BiolD2 enzyme of the original entry vec-
tor was exchanged for the coding sequence of the TurbolD enzyme**.
Cells were either transfected with the entry vector, containing
only the TurbolD with anuclear localization sequence, the full-length
mouse ZFP57 cDNA sequence cloned upstream of the TurbolD, or the
KRAB domain of ZFP57 as annotated on UniProt. All cells were validated
using western blot of cells incubated with 50 uM biotin (Sigma-Aldrich)
for 12 h as previously described with minor adjustments to
accommodate the biotin detection. Inshort, membranes were blocked
in 5% BSA in TBS containing 0.1% Triton X-100 for 1 h and stained with
streptavidin-horseradish peroxidase (1:20,000) in TBS containing
0.1% Triton X-100 overnight at 4 °C. The membrane was washed
twice with TBS containing 0.3% Triton X-100, twice with TBS contain-
ing 0.3% Triton X-100 and additional 500 mM NaCl, before one final
wash with TBS containing 0.3% Triton X-100 for 10 min at room
temperature each.

Proximity ligation using TurbolD

TurbolD samples were prepared as described in Villasefior et al.”*. In
brief, cells were grown as quadruplicates on 15-cm plates, incubated
with 50 pM biotin (Sigma-Aldrich) for 12 h upon 70% confluency and
harvested with trypsin.Inthe following, samples were handled at 4 °C
oronice. Cell pellets were swelled in 5x volume of nuclear extraction
buffer 1 (NEB1; 10 mM HEPES, pH 7.5,10 mM KCI, 1 mM EDTA, 1.5 mM
MgCl,, 1 mM dithiothreitol (DTT), 1x EDTA-free complete protease
inhibitor cocktail (PIC; Roche) for 10 min, before spinning at 2,000
x g for 10 min. Cells were homogenized using a loose Dounce pistil in
2xvolumes of NEB1. Nuclei were collected by centrifugation at2,000
x g for 10 min, resuspended in 1x volume nuclear extraction buffer 2
with 450 mM NaCl (NEB2;20 mMHEPES, pH7.5,0.2 mMEDTA, 1.5 mM
MgCl,, 20%glycerol,1 mM DTT and 1x PIC) and homogenized 10 more
times withatight Dounce pistil, followed by anincubation for1 h with
overhead rotation. Debris was removed by centrifugation at 2,000
x g for 10 min before adjusting the salt concentration of the super-
natant to 150 mM NaCl with 2x volumes of NEB2 and adjusting the
final NP40 concentration to 0.3%. Protein extracts were quantified
using the Qubit Protein Assay Kit (Thermo Fisher Scientific, Q33211)
and equal amounts of protein extracts were used per IP. For each IP,
40 pl of Streptavidin M-280 Dynabeads (Thermo Fisher Scientific),
pre-blockedinIPbuffer (IPB;NEB2,150 mM NaCl, 0.3% NP40,1 mMDTT,
1xPIC) containing 1% cold fish gelatin, were added to the extracts, and
incubated at 4 °C overnight while rotating. Next, beads were washed
twice with 2% SDS in TE containing 1 mM DTT and 1x PIC for 10 min
rotating at RT, followed by one 10 min wash with a high salt buffer
(50 MM HEPES, pH7.5,1 mMEDTA, 1% Triton X-100, 0.1% deoxycholate,
0.1%SDS, 500 mM NaCl,1 mM DTT, 1x PIC), one wash with DOC buffer
(50 mMLiCl, 10 mM Tris, pH 8.0, 0.5% NP40, 0.5% deoxycholate,1 mM
EDTA,1 mMDTT and 1x PIC) and twice with TE buffer containing1 mM
DTT, 1x PIC. After the washes, beads were pre-digested with 5 pg ml™
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trypsin (Promega; V5111) in 40 pl digestion buffer (1M urea in 50 mM
Tris, pH 8.0, 1 mM Tris-(2-carboxyethyl)-phosphine) for 2.5 h at 26 °C
and shaking at 600 rpm. The supernatant was further reduced with
2 mM Tris-(2-carboxyethyl)-phosphin for 45 min at room temperature,
alkylated with10 mM chloroacetamide for 30 minat room temperature
and protected from light. For the final digest, the protein solution was
incubated with additional 0.5 pg trypsin overnight at 37 °C. The next
day, the digested samples were prepared for loading on C18 StageT-
ips by addition of trifluoracetic acid (TFA) to a final concentration of
0.5% and acetonitrile (ACN) to a final concentration of 3%. In-house
produced C18-StageTips (Functional Genomics Center Zurich) were
humidified with100% methanol, cleaned twice with the elution solution
(60% ACN, 0.1% TFA) and prepared for loading by washing twice with
3% ACN and 0.1% TFA. After loading of the peptide solution, samples
were centrifuged and the supernatant was loaded on more time, before
washing twice with3%ACN and 0.1% TFA. Finally, peptides were eluted
twice withthe elution solution, shock frozeninliquid nitrogen, dried in
aspeed vacuum centrifuged and reconstitutedin 3% ACN, 0.1% formic
acid, containinginternal retention time standard peptides (iRTs, Biog-
nosys). Samples were run on an Easy-nLC 1000 HPLC system coupled
to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific)
with block randomized samples

Proteinidentification and label-free protein quantification
MaxQuant (version 1.5.3.30) was used for protein identification and
label-free quantification” based on the mouse reference proteome
(UniProtKB/Swiss-Prot and UniProtKB/TrEMBL) version 2018 12 com-
bined with manually annotated contaminant proteins, with a pro-
tein and peptide FDR values set to 1%. Perseus was used for statistical
analysis as described previously’. For this, only proteins were kept that
wereidentified inthree out of four samples per group. Missing values
were imputed from a 1.8 standard deviations left-shifted Gaussian
distribution with a width of 0.3. A t-test was used to identify potential
interactors using an FDR threshold of < 0.05and an SO value of 1. Data
were visualized using R (version 4.0.3).

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

Data availability

Sequencing data have been deposited to NCBI GEO under the follow-
ing accession number GSE176461; The mass spectrometry proteomic
data have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository with the dataset identifier PXD034918.
Source data are provided with this paper.

Code availability
All the analyses were performed using previously published or devel-
oped tools. No custom code was developed or used.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| ICR sequences maintain pre-established methylation
levels at an ectopic integration site. a) Genome browser snapshot for the

for the Airn ICR locus in mouse embryonic stem cells. Shown are ChIP-seq
tracks for chromatin modifications, RNA-seq data for transcriptional activity,
DHS-seq for chromatin accessibility, WGBS data for DNA methylation and local
GCdensity in percent. The ICR sequence used for experiments is highlighted.
b) Representative agarose gel for restriction digest of in vitro methylated and
unmethylated plasmids prior to transfection. Hpall and Mspl share the same
recognition site, however Hpallis blocked by CpG methylation. Experiment was
repeated at least twice prior to RMCE integration. Molecular size markers are

indicated. c) Schematic overview of the ectopic integrated DNA fragment for
H19with vertical lines illustrating individual CpG sites (top) and single molecule
measurements of DNA methylation of the pre-methylated and unmethylated
sequences using bisulfite PCR (bottom). d-e) same as in (c): for Zrsr1 (d) and
Kcngqlotl (e).f) Schematic overview of the ectopic integrated DNA fragment for
the /gf2r gametic DMR with vertical linesillustrating individual CpG sites (top)
and single molecule measurements of DNA methylation of the pre-methylated
and unmethylated sequences using bisulfite PCR (bottom). g-i) same asin f:
Hes3(g), Syt1 (h), and TclI (i). Unmethylated (- M.Sssl) bisulphite data for g-i was
obtained from Lienert et al.” and shown for comparison.
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Extended Data Fig. 2| Stable methylation maintenance at ectopic ICRs.
a) Summary table for the methylation analysis of the Airn ICR after long term
culture (over 20 consecutive passages), random integration to a different
genomicsite, during differentiation to neuronal progenitor cells (NPCs), or after
culturingin 2i for 10 days. b-d) Single molecule measurements from bisulfite
PCR corresponding to data summarized in a. ) Methylation analysis for the
ectopic and endogenous Airn ICR after CRISPR-mediated Zfp57 KO. Triangles

100%

indicate CpGs within ZFP57 motifs. The region analysed by bsPCRis indicated.

f) Schematic overview of Airn ICR fragments tested in the study (top) and
single-molecule bisulphite PCR results from the individual fragments (below) g)
Summary table for the methylation analysis of the HI9 ICR fragments, including
size, CpG density and GC content information. h) Single molecule measurements
from bisulfite PCR corresponding to data summarizeding.
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Extended Data Fig. 3| Identification of elements with similar sequence
characteristics to the Airn ICR. a) Analysis of sequence characteristics for
genome-wide 1 kb windows. Yellow dots indicate ICR sequences used in this
study. Red dots indicate Airn-like fragments. b) Genome browser snapshots

for all four Airn-like sequences. Highlighted boxes indicate the DNA sequences
used in the RMCE experiments. ¢) Sequence characteristics of selected Airn-like
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sequences compared to the Airn ICR. Vertical lines correspond to individual CpG
sites within the sequence. d) GC percentage of selected Airn-like sequences. e)
Single molecule representation of data summarized in f.f) Tabular summary

of methylation analysis for all Airn-like sequences, including the Airn ICR for
comparison.
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Extended Data Fig. 5| Methylated ICR sequences canrepress different
promotersin cis. a) Design of GFP reporter constructs with different promoters
using identical overhang sequences for Gibson assembly, and b) flow cytometric
analysis of GFP expression of cells that carry the unmethylated, empty reporter
constructs without ICRs. ¢) Flow cytometry analysis indicating percentage of
GFP-positive cells per population (derived from individual clones) showing
stability of repression for methylated ICR reporters in combination with

either EFla (top) or PGK (bottom) promoters measured at 16,23 and 30 days
after transfection. Inaddition, the GFP percentage is shown for cells receiving
reporters with methylated promoters only (no ICRs) or in combination with the

Dazl promoter as controls. Each dot indicates independently derived clones.

d) Flow cytometry analysis of cells containing an H19-EFlareporter. e) Flow
cytometry analysis for arepresentative mESC clone with the Airn-pCAGGS
reporter cultured in serum, 2i, or 2i + vitamin C for 12 days. f) Flow cytometric
analysis of three independent clones with the methylated Airn-CAG reporter after
8 daysin different media conditions. g) Time course for reactivation of different
ICR-promoter combinations in different growth conditions. Data points show the
mean value of 3independent clones. Error bar indicates the standard error of the
mean.
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Extended Data Fig. 6 | ICR sequences repress promotersinaDNA
methylation-dependent manner. a) Flow cytometric analysis of GFP

reactivation 8 days after transfection with guide RNAs targeting Uhrfl and Dnmt1
genes, compared to cells transfected with non-targeting guide RNAs. Data is
shown from the entire population of targeted cells without pre-selection for KO
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Extended Data Fig. 7| Targeted CRISPR screen strategy and setup. a) FACS
gating strategy for CRISPR screens using the ChromMM libraries. Transduced
mESCs are selected based on the CD90.1 cell surface marker, co-expressed
from the sgRNA containing transgene. Reactivated cells are sorted based on
GFP expression (for example 8 days). b) Time course experiment for a CRISPR

screen using the ChromMM or control library performed with three independent
clones. Error barsindicate the standard error of the mean. c-d) Flow cytometric
analysis of cell lines transduced with the chromatin targeting library vs. the
non-targeting control library in serum and 2i, respectively. Axis is indicating
percentage of GFP-positive cells in the CRISPR screen population.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | CRISPR screens identify factors required for
methylation maintenance in mESCs. a) Rank plot for screens in serum
conditions. Dashed horizontal line indicates the p-value threshold of 0.05.
P-values were obtained using MAGeCK RRA (robust rank aggregation). Red
dotsindicate known heterochromatin factors associated with ICR regulation,
blue dotsindicate genes found in multiple screens, and green dots indicate
the positive controls. b) Overview of CRISPR hits for the Airn and Kcnglot1
reporter cell lines grown in 2i conditions. Dashed horizontal lineindicates
the p-value threshold of 0.05 obtained using MAGeCK RRA (robust rank
aggregation). ¢) Rank plot for screens in 2i conditions. Dashed horizontal line
indicates the p-value threshold of 0.05 obtained using MAGeCK RRA (robust
rank aggregation). d) Overview of CRISPR hits using the EpiTF library in the
serum-grown Airnreporter cell line. Dashed horizontal line indicates the p-value
threshold of 0.05 obtained using MAGeCK RRA (robust rank aggregation).

e) Rank plot for the screen using the Airn pEFla reporter in serum using the
EpiTF library. Dashed horizontal line indicates the p-value threshold of 0.05
obtained using MAGeCK RRA (robust rank aggregation). f) Validation of potential
candidates using single transfections of guide RNAs against the indicated

gene. GFP expression was measured 12 days after transfection. Transfections
were performed in technical replicates. Potential candidates were targeted
withoneindependent guide and one guide from the ChromMM library. Data

is showing % of positive cells in pools after CRISPR targeting. g) Network
representation for all potential candidates using the STRING database. Pink
edge indicates experimentally determined interactions; cyan edge indicates
known interactions from curated databases. Green, red, and blue edges indicate
predicted interactions based on gene neighbourhood, gene fusion, and gene
co-occurrence, respectively. Yellow and black edges are predicted interactions
based on textmining and co-expression, respectively.
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Extended Data Fig. 9 | ATF7IP and ZMYM2 co-localize with ZFP57 at ICRs.
a) Peak overlap analysis showing percentage of ZMYM2 or ATF7IP peaks

coinciding with SETDB1, ZFP57, or genomic sites co-bound by ZFP57 and SETDBL.

b) Heatmap indicating ZMYM2 binding at ZMYM2 peaks and separated by peaks
overlapping SETB1and SETBl-independent peaks. H3K9me3 ChIP-seq signal

is shown for the same peak sets. ¢) WGBS methylation analysis at independent
ZMYM2 and ATF7IP peaks (N =159). ZMYM2 peaks are separated by sites
overlapping (N = 4201) and non-overlapping (N =10292) to SETDBI. Box plots
denote the interquartile range as abox (IQR) and the lowest and highest values
within the range of 1.5 x IQR around the box as whiskers. d) ChIP-qPCR for ATF7IP
and ZMYM2 binding at the endogenous Airn ICR in wild type and Zfp57-KO cells.
ChIP enrichment is normalized to 5% input and calibrated to a background

genomicsite (intergenic). Shown are independent technical replicates.

e) Volcano plots indicating proteins enriched in the ZFP57_dZNF-TurbolD (KRAB
domain only) over abackground TurbolD cell line (nTurbo). Statistically enriched
proteins areindicated (FDR-corrected two-tailed ¢-test: FDR = 0.05,s0 =1,
n=4technical replicates). f) Expression levels for ZFP57, ATF7IP and ZMYM2,
measured at different timepoints during early embryo development. Shown

are RPKM-normalized reads obtained from ref. . g) Inmunoblot detection of
ATF7IP and ZMYM2 in wild type and KO cells using specific antibodies. Lamin B1
isused as loading control. Asterisk denotes the Zmym2-KO clone used for WGBS
analysis. Experiment was repeated at least three times. Molecular weight markers
areindicated.
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Extended Data Fig. 10 | DNA methylation and H3K9me3 analysis in Atf7ip x IQR around the box as whiskers. Number of independent CpGs analyzed are
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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X[ X XX

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [ [ LK
X
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  For data collection we used standard operating software installed on lllumina MiSeq/NovaSeq sequencers, BD Biosciences FACSCanto ||
cytometer, BD Bioscience FACSAria Ill cell sorter, and Thermo Scientific Orbitrap Fusion masspectrometers.

Data analysis For data analysis, the following publicly available tools have been used:
FlowJo (10.7)
BD FACSDiva (9.1.2)
R (4.0.3)
BPNet (0.0.22)
bowtie 2 (2.3.5.1)
trim_galore (0.6.6)
picard (2.23.9)
MACS2 (2.1.1.20160309)
Bismark (0.23.0)
Prism (5.0a)
QuasR (1.30.0)
bedtools (2.27.1)
MAGeCK (0.5.9.2)
MaxQuant (1.5.3.30)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Following published datasets were used in this study:

WGBS - https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30206

H3K9me3, H3K4me3, H3K36me3 and H3K27me3 - https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23943
DNase-seq and RNA-seq - https://www.nchi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE67867

SETDB1 - https://www.nchi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE126243

ZFP57 - https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123942

ZMYM?2 - https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE119820

ATF7IP - https://www.ncbi.nlm.nih.gov/bioproject/PRINA664286

Newly-generated genomics data has been deposited to NCBI GEO under the following accession number GSE176461;
Newly-generated mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the dataset identifier PXD034918.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size No statistical method was used to pre-determine sample size.
Data exclusions  Genomic regions with low-mappability scores (defined by ENCODE) were excluded from further analysis.
Replication All experiments were confirmed by replication at least once with independent cell lines, except for the EpiTF CRISPR screen which itself was
intended to be used as an independent replication for the screens performed with the ChromMM library. The exact handling of replicates is

depicted in figure panels or the methods section.

Randomization  Not relevant for this genomics experiments performed here. Samples were allocated to either wild type or mutant and processed in parallel.
Form MS measurements, block-randomization was applied.

Blinding Blinding not relevant for this study. All samples were processed through identical analysis pipelines in parallel.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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Antibodies

Antibodies used The following antibodies were used for FACS:
monoclonal APC-conjugated anti-CD90.1 Invitrogen #17-0900-82 - clone HIS51

The Following antibodies were used for ChIP:
polyclonal anti-H3K9me3 abcam #ab8898
polyclonal anti-H3K4me2 Diagenode, C15410035
polyclonal anti-ATF7IP Bethyl, A300-169A
polyclonal anti-ZMYM?2 Bethyl, A301-711A

The Following antibodies were used for WB:

anti-LaminB1 Santa Criuz, sc-3019

anti-ATF7IP Bethyl, A300-169A

anti-ZMYM2 Bethyl, A301-711A

Pierce goat anti-rabbit IgG (H+L) HRP-conjugated (ThermoFischer, 31466),
Pierce goat anti-mouse IgG (H+L) HRP-conjugated (ThermoFischer, 31431).
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Validation All antibodies are commercial antibodies and validated by the provider and numerous publications.

FACS
monoclonal APC-conjugated anti-CD90.1 Invitrogen #17-0900-82 - clone HIS51:
https://www.thermofisher.com/antibody/product/CD90-1-Thy-1-1-Antibody-clone-HIS51-Monoclonal/17-0900-82

ChlP

polyclonal rabbit anti-H3K9me3 (Abcam, ab8898, 5ug/IP): http://www.histoneantibodies.com/FinalArrayData/H3K9me3/
polyclonal anti-H3K4me2 Diagenode, C15410035 (5 pg/IP): http://www.histoneantibodies.com/FinalArrayData/H3K4me2/
anti-ATF7IP Bethyl, A300-169A:
https://www.thermofisher.com/antibody/product/MCAF-Antibody-Polyclonal/A300-169A-M

anti-ZMYM2 Bethyl, A301-711A:
https://www.fortislife.com/products/primary-antibodies/rabbit-anti-znf198-antibody/BETHYL-A301-711

WB

anti-LaminB1 Santa Criuz, sc-3019:

https://www.scbt.com/p/lamin-b1-antibody-c-12

anti-ATF7IP Bethyl, A300-169A:
https://www.thermofisher.com/antibody/product/MCAF-Antibody-Polyclonal/A300-169A-M
anti-ZMYM2 Bethyl, A301-711A:
https://www.fortislife.com/products/primary-antibodies/rabbit-anti-znf198-antibody/BETHYL-A301-711

Eukaryotic cell lines

Policy information about cell lines
Cell line source(s) TC-1: Lienert et al., 2011. DOI: 10.1038/nature10716
HEK293T: ATCC RRID: CVCL_0063
MEL: Feng et al., 2001 DOI:10.1128/MCB.21.1.298-309.2001
Authentication Genotype confirmed by PCR/Sanger sequencing and Western blot.

Mycoplasma contamination Tested negative

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

ChlP-seq

Data deposition
X] Confirm that both raw and final processed data have been deposited in a public database such as GEO.

D Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE176461
May remain private before publication.

Files in database submission ChlP-seq data for H3K9me3 in ES cells

Genome browser session no longer applicable
(e.g. UCSC)




Methodology

Replicates one replicate per clone performed
Sequencing depth Over 20 Mio reads aligned once after deduplication and filtering of reads with MAPQ >40
Antibodies polyclonal anti-H3K9me3 Bethyl, A300-169A (5 pg/IP)

Peak calling parameters No peaks were called on the generated H3K9me3 data

Data quality Sequencing quality was assessed using QuasR gQCReport()
Software trim_galore 0.6.6
QuasR 1.30.0

>
Q
Q
(e
=
)
§o;
o)
=
o
=
_
D)
§o)
o)
=
S
Q
wn
(e
3
S}
Q
<L

Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

X] The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
X] All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were harvested by trypsinisation and resuspended in 2 % FCS in DPBS for analysis. If necessary, cells were incubated
with monoclonal APC-conjugated anti-CD90.1 Invitrogen #17-0900-82 (1 pl per 15 million cells) for 30 min at 4 °C. Samples
were analysed for eGFP, mScarlet, and APC expression by flow cytometry on a FACSCanto Il (BD Biosciences), LSR Fortessa
(BD Biosciences), or FACSAria Ill cell sorter (BD Biosciences).

Instrument FACSCanto Il (BD Biosciences), LSR Fortessa (BD Biosciences), or FACSAria Il cell sorter (BD Biosciences).

Software Data was aquired with the BD FACSDiva Software (BD Biosciences) and analysed with FlowJo 10.7

Cell population abundance Purity was assessed for the first sample of a sort.

Gating strategy Gating was performed based on WT cells gated for single cells, using forward scatter area (FSC-A) vs. side scatter area (SSC-

A), followed by FSC-A vs. forward scatter height (FSC-H). Gating for eGFP, mScarlet, and APC was done with the help of single-
stained or single-fluorescent cells.

X] Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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