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SUMMARY
Naive pluripotent stem cells (nPSCs) frequently undergo pathological loss of DNAmethylation at imprinted gene loci, posing a hurdle for

biomedical applications and underscoring the need to identify underlying causes.We show that nPSCs from inbredmouse strains exhibit

strain-specific susceptibility to locus-specific deregulation of imprinting marks during reprogramming and upon exposure to a mitogen-

activated protein kinase (MAPK) inhibitor, a common approach to maintain naive pluripotency. Analysis of genetically diverse nPSCs

from the Diversity Outbred (DO) stock confirms the impact of genetic variation on epigenome stability, which we leverage to identify

trans-acting quantitative trait loci (QTLs) that modulate DNA methylation levels at specific targets or genome-wide. Analysis of multi-

target QTLs on chromosomes 4 and 17 suggests candidate transcriptional regulators contributing to DNA methylation maintenance

in nPSCs.We propose that genetic variants represent biomarkers to identify pluripotent cell lines with desirable properties andmay allow

the targeted engineering of nPSCs with stable epigenomes.
INTRODUCTION

Naive pluripotent stem cells (nPSCs) are capable of exten-

sive ex vivo self-renewal, amenable to lead genome engi-

neering, and can differentiate into all somatic cell types.

This combination of features makes nPSCs, in principle,

tailor-made for regenerative medicine applications. How-

ever, the pervasive epigenetic instability of nPSCs upon

ex vivo culture—which manifests as aberrant changes in

DNA methylation and other chromatin marks that

compromise physiological transcriptional programs and

functional properties (Mani and Mainigi, 2018; Rebuzzini

et al., 2016)—represents a significant roadblock for many

biomedical applications of pluripotent stem cells (PSCs).

Aberrant DNA methylation changes in cultured nPSCs

include hypermethylation and hypomethylation (Habibi

et al., 2013; Lee et al., 2018) and affect gene loci encoding

essential developmental regulators. Solidifying naive plu-

ripotency by chemical inhibition ofmitogen-activated pro-

tein kinase (MAPK) signaling, an approach often applied

for both mouse and human cells, results in widespread

loss of DNA methylation in both species. Epigenetic
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changes are particularly problematic at imprinted genes

since the loss of the parent-of-origin asymmetry in DNA

methylation at these loci cannot be readily restored (Bayerl

et al., 2021; Pastor et al., 2016) and is associated with spe-

cific defects in embryonic development (Ferguson-Smith

and Bourc’his, 2018) that complicate disease modeling

with affected cells.

DNAmethylation abnormalities in naive nPSCs are asso-

ciated with a high degree of line-to-line variability, even

when established under identical conditions (Bock et al.,

2011; Humpherys et al., 2001; Johannesson et al., 2014).

This has given rise to the notion that randomly occurring

pathological epigenome changes in nPSCs are an unavoid-

able side effect of the extraordinary developmental flexi-

bility of these cells. Several recent studies leveraging inbred

mouse strains with fully sequenced genomes and high-res-

olution panels of single-nucleotide polymorphisms (SNPs)

have shown that core PSC properties such as self-renewal

capacity (Skelly et al., 2020) and in vitro differentiation

bias (Byers et al., 2022; Ortmann et al., 2020) aremodulated

by genetic variation. In addition, pathological DNA hyper-

methylation at the Dlk1-Dio3 locus in nPSCs is controlled
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Figure 1. Genetic variation modulates DNA hypomethylation at ICRs in naive pluripotent stem cells from distinct inbred mouse
strains
(A) Experimental strategy to derive polyclonal iPSCs from inbred strains.
(B) Representative colony morphology of P15 iPSCs.
(C) Unsupervised clustering of ICR methylation levels in polyclonal iPSCs (n = 2 independent cell lines/strain).
(D) Strategy to test the impact of AA or iMEK on imprint methylation in 129 and B6J mESCs. TLC, thin-layer chromatography.
(E) DNA methylation levels at ICRs in indicated cell types derived from the 129 strain.
(F) Same as (E) but for the B6J strain.
(G) Average changes in DNA methylation levels (iMEK minus DMSO) at ICRs in 129 and B6J ESCs.

(legend continued on next page)
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by a trans-acting quantitative trait locus (QTL) that distin-

guishes the commonly used B6J and 129 strains (Swanzey

et al., 2020).Whether this observation extends to other im-

printed gene loci or the susceptibility of nPSCs for DNA hy-

pomethylation remains unanswered.

Here, we use nPSCs from a combination of distinct

inbred strains and a genetically diverse outbred stock to sys-

tematically characterize the impact of genetic variation on

DNAmethylation loss at imprinting control regions (ICRs).

Our data indicate that susceptibility to DNA hypomethyla-

tion in nPSCs is determined by identifiable genetic vari-

ants. We reveal candidate regulators of DNA methylation

levels via QTL mapping and suggest approaches to stabiliz-

ing the epigenome of nPSCs.
RESULTS

Strain-specific introduction of imprint abnormalities

in iPSCs established from inbred mice

To investigate whether genetic background influences the

stability of imprinting marks during nPSC derivation and

maintenance, we used OCT4, KLF4, SOX2, and MYC

(OKSM) reprogramming (Sommer et al., 2009) to establish

induced PSCs (iPSCs) from mouse embryonic fibroblasts

(MEFs) of seven inbred mouse strains (129S1/SVlmJ; 129,

C57BL6/J; B6J, C57BL6/NJ; B6N, CBA/J; CBA, DBA/2J;

DBA, C3H/HeJ; C3H, and A/J; AJ) (Figure S1A).We cultured

cells undergoing reprogramming in media containing as-

corbic acid (AA) and modulators of WNTand transforming

growth factor b signaling (Figure 1A), which dramatically

facilitates iPSC formation (Vidal et al., 2014). Since AA

has been shown to stimulate TET enzymes (Blaschke

et al., 2013), we reasoned that limited exposure to this com-

pound might reveal strain-specific susceptibilities to DNA

demethylation. In contrast, prolonged culture in standard

serum-containing media (Figure 1A) would reveal suscepti-

bilities to DNA hypermethylation. We focused on male

cells to avoid confounding our results with the well-docu-

mented DNA hypomethylation propensity observed in fe-

male nPSCs (Zvetkova et al., 2005).Weobtained stable iPSC

colonies independent of transgenic OKSM expression from

each of the seven inbred strains, including the CBA and

DBA strains that are not permissive for embryonic stem

cell (ESC) derivation in standard conditions (Czechanski

et al., 2014), albeit at variable efficiencies (Figure S1B).

Expanded polyclonal iPSC lines (n = 2 cell lines derived

from independent MEF preps for each inbred strain;
(H) Global DNA methylation levels by thin-layer chromatography in in
*p < 0.05 with one-way ANOVA; n = 2 independent cell lines for each
(I) Phosphorylated ERK protein levels in 129 and B6J mESCs after cu
expression. *p < 0.05 and **p < 0.01 with one-way ANOVA; n = 3 ind
Table S1) exhibited the expected pluripotent cell

morphology (Figure 1B) and expression of the pluripo-

tency-associated markers SSEA1 and EpCAM (Figure S1C).

To assess the status of imprinted gene regulation, we sub-

jected genomicDNA (gDNA) isolated frompassage 15 (P15)

iPSCs for DNA methylation analysis by targeted bisulfite

sequencing, focusing on established control regions of

the three paternally imprinted loci (Dlk1-Dio3, H19/Igf2,

and Rasgrf1) and 12 maternally imprinted loci (Gnas,

Grb10, Igf2r, Impact, Inpp5f, Kcnq1ot1, Mest, Nap1l5, Nnat,

Peg3, Plagl1, Sgce, Snrpn, Trappc9, Zdbf2, and Zrsr1). Unsu-

pervised clustering of these DNAmethylation data revealed

considerable locus-to-locus and strain-to-strain variability

in DNA methylation levels. However, independent cell

lines from each genetic background clustered together (Fig-

ure 1C), suggesting a significant contribution of genetic

background to imprint stability. For further analyses, we

defined hypermethylation as >70% CpG methylation and

hypomethylation as <20% CpG methylation at a given lo-

cus based on average values from independent cell lines.

With these criteria, hypermethylation of Dlk1-Dio3

(controlled by the intergenic differentially methylated re-

gion, IG-DMR)was only observed inB6J-iPSCs, (Figure S1A),

suggesting that the genetic variant(s) predisposing nPSCs

to pathological DNA hypermethylation at this locus are

uniquely present or active in B6Jmice. Additional evidence

that genetic background controls locus-specific DNA hy-

permethylation comes from analysis of H19 (DBA-, B6N-,

and B6J-iPSCs) and Trappc9 (C3H-, CBA-, AJ-, B6N-, and

B6J-iPSCs) (Figure 1C). In contrast, Zdbf2 exhibited hyper-

methylation in iPSCs from all inbred strains (Figure 1C).

Focusing on DNA hypomethylation, we observedmulti-lo-

cus loss of imprint methylation in iPSCs from 129 (10 loci),

DBA (7 loci), CBA (4 loci), and C3H (2 loci) (Figure 1C),

indicating either the presence of multiple variants that

affect individual genes or the existence of variants that

affect DNA methylation at multiple loci.

To further investigate strain-specific susceptibilities to

DNA methylation change and to determine when, during

the iPSC derivation process, they might manifest, we

focused on 129 and B6J, the two backgrounds with the

most divergent DNAmethylation profiles in P15 iPSCs (Fig-

ure 1C). While MEFs from 129 and B6J mice showed indis-

tinguishable, physiological DNA methylation levels at all

ICRs (Figure S1D), P3 129 iPSCs (methylation analysis

concomitant with AA withdrawal; see Figure 1A) already

exhibited pronounced DNA hypomethylation introduced

during the reprogramming process. In contrast, DNA
dicated mESCs after 16 days of culture with either DMSO or of iMEK.
background and condition.
lture in iMEK or DMSO. Protein levels are normalized to histone H3
ependent cell lines for each background and condition.
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Figure 2. Identification of QTLs modulating pathological DNA hypomethylation at ICRs in naive PSCs
(A) DO mESCs were generated via a pooled in vitro fertilization approach. Male lines (n = 85) were banked at early passage (p3) and then
thawed and cultured for an additional two passages in serum/LIF + 2i to promote hypomethylation of ICRs.
(B) ICR DNA methylation levels across DO mESC lines (n = 85).
(C) Genome-wide significant (FWER < 0.1) and suggestive (FWER < 0.2) QTLs controlling ICR methylation.
(D) Genome-wide LOD scores for methylation at the Grb10 ICR. The red arrowhead indicates the Chr4 QTL. Genes with tpm > 10 in either B6J
or 129 mESCs within the QTL region are listed, highlighting known transcriptional or chromatin regulators.
(E) Genome-wide LOD scores for methylation at the Gtl2 promoter. The Chr17 QTL and encoded genes are highlighted.

(legend continued on next page)
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hypermethylation was not evident at ICRs in B6J iPSCs at

this earlier stage of derivation (Figure S1D), suggesting

that DNA hypermethylation is introduced during pro-

longed culture in the absence of AA. Together, these obser-

vations reveal strain-specific differences in the stability of

DNA methylation levels at imprinted gene control regions

in iPSCs derived under identical conditions.

Susceptibility to DNA hypomethylation upon MAPK

inhibition is governed by genetic background

To determine whether nPSCs derived using other standard

approaches also exhibit strain-specific differences to loss-

of-imprinting by DNA hypomethylation as observed in

iPSCs, we exposed ESCs established from 129 and B6J blas-

tocysts to either AA or the MAPK inhibitor PD0325901

(‘‘iMEK’’) for 16 days (Figure 1D), resembling the time

required to reprogram MEFs into early-stage iPSCs. 129

ESCs cultured in the presence of AA showed evidence for

DNA hypomethylation, albeit significantly less severe

than P3 iPSCs (Figures 1E and S1E), suggesting that reprog-

ramming can exacerbate the loss of methylation at ICRs. In

contrast, 129 ESCs exposed to iMEK showed a dramatic loss

of ICR methylation at all loci studied, similar to what was

observed in P3 iPSCs (Figure 1E). This is in agreement

with the reported role of MEK inhibition in DNA demethy-

lation (Choi et al., 2017; Yagi et al., 2017). Compared to 129

ESCs, B6J ESCs cultured with either AA or iMEK exhibited a

modest reduction in ICR methylation, which remained in

the physiological range (Figures 1F and S1E). This docu-

ments a surprising degree of resistance of B6J ESCs to path-

ological DNA hypomethylation that extends to all ICRs

analyzed (Figure 1G). Of note, DNA methylation levels in

F1 hybrid mouse ESCs (mESCs) exposed to iMEK were in

between levels observed in pure background mESCs (Fig-

ure S1F), suggesting that the genetic factors involved in

this phenotype function in an additive manner.

We conducted thin-layer chromatography experiments

to determine whether loss of ICR methylation in 129

mESCs reflects genome-wide changes in total DNAmethyl-

ation levels. This approach revealed significantly reduced

global levels of DNA methylation at CpG residues in 129

mESCs but not in B6J exposed to iMEK. In contrast, mESCs

from both strains cultured in standard conditions showed

similar DNAmethylation levels (Figure 1H). These observa-

tions suggest that the effects of genetic background on sus-

ceptibility to DNA hypomethylation downstream ofMAPK
(F) An allelic effect plot for the Chr4 QTL shows the relationship betw
effect on DNA methylation (upper). Of the eight possible strain haplo
phenotype (Grb10 ICR methylation), the NZO haplotype is correlat
haplotype is associated with lower DNA methylation levels. The LOD
strongest statistical association with the phenotype.
(G) Allelic effect plot for the Chr17 QTL. Note that B6J and 129 haplo
inhibition are not restricted to ICRs, which is consistent

with prior observations made in mouse and human nPSCs

(Choi et al., 2017; Pastor et al., 2016). Of note, the reduc-

tion in ERK phosphorylation (Figure 1I) and the levels of

DNMT3A (Figure S1G) were similar in 129 and B6J ESCs

exposed to iMEK. These results demonstrate that the

observed differences inDNAmethylation stability between

mESCs from these two strains are not due to the different

effectiveness of the inhibitor. They also suggest that the

responsible variants influence the recruitment or activity

of DNA methyltransferases rather than directly altering

the expression levels of these enzymes. Together, our find-

ings demonstrate that susceptibility to pathological loss of

DNA methylation in commonly used nPSC culture condi-

tions is strongly modulated by genetic variation.

Variable DNA hypomethylation in naive PSCs derived

from a genetically diverse outbred mouse stock

Our results so far document that genetic variation between

nPSCs from different inbred mouse strains results in mark-

edly different susceptibility to hypomethylation of ICRs

driven by MAPK inhibition. We sought to determine

whether a similar effect is evident in genetically diverse

nPSCs that bettermodel the high levels of genetic variation

and heterozygosity in the human population and would

allow the mapping of underlying variants. To this end,

we used a pooled in vitro fertilization (IVF) approach to

establish a large panel of genetically diverse ESC lines

fromDiversity Outbred (DO)mice (Glenn et al., 2024) (Fig-

ure 2A), a heterogeneous outbred stock derived from eight

founder strains (AJ, B6J, 129, NOD/ShiLtJ; NOD, NZO/

HlLtJ; NZO, CAST/EiJ; CAST, PWK/PhJ; PWK, and WSB/

EiJ; WSB) that harbors more than 40 million SNPs and

structural variants and allows high-resolution genetic map-

ping (Gatti et al., 2014; Swanzey et al., 2021). Pooled IVF

was used to enable the scalable production of genetically

diverse nPSC lines (see Glenn et al., 2024 for additional de-

tails of this approach). Kinship analysis of DO nPSC lines

using SNP genotyping data demonstrated that a majority

of the nPSC lines derived from this pooled IVF approach

are from distinct sets of parents (i.e., non-siblings), which

ensures that statistical power to map QTLs is not reduced

due to a high degree of relatedness between nPSC lines

used for QTL mapping (Figure S2A). For our experiments,

we collected gDNA from a panel of 85 male DOmESC lines

that exhibited undifferentiated morphology. These cells
een the genotype (i.e., strain) at the QTL region and the observed
types at this region, which can show distinct associations with the
ed with higher levels of DNA methylation. In contrast, the CAST
score (lower) indicates the genomic location of the SNPs with the

types show opposite effects on DNA methylation levels.
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were cultured in the presence of iMEK for 2–4 passages to

promote hypomethylation (Figure 2A).

To sensitively measure DNA methylation levels at ICRs

andatadditional selected loci across thegenome (FigureS2B;

Table S2) in DO ESC lines, we used enzymatic methyl (EM)-

seq and a custom targeted capture panel. Unbiased clus-

tering of DNA methylation levels at all regions revealed

markedly different DNAmethylation levels across the panel

of DOnPSC lines (Figure S2C). ICRs had the highest average

levels of DNA methylation among the various categories of

cis-regulatory elements includedwithin the targeted capture

panel (Figure S2D).Notably, differences inCpGmethylation

levels were not correlated with differences in sequencing

coverage (Figure S2E), confirming the reliability of our

approach. These data suggest that ICRs in nPSCs might

have increased protection from demethylation compared

to other gene loci, potentially reflecting their increased resis-

tance to genome-wide epigenetic reprogramming in thepre-

implantation embryo. Nevertheless, DNA methylation

levels at ICRswerealsohighlyvariablebetweenDOcell lines,

ranging from physiological levels (�50%) of DNA methyl-

ation at all ICRs in some cell lines to essentially complete

loss of methylation at all ICRs in other lines (Figure 2B).

These data suggest that genetic variation present within

the DO stock can influence DNA hypomethylation pheno-

types in naive PSCs cultured with iMEK.

To evaluate whether different ICRs respond similarly to

MAPK inhibition, we performed principal component

analysis on ICR DNA methylation data across the panel

of DO nPSC lines. This analysis indicated that most ICRs

respond in a strongly correlated manner (Figure S2F),

except for (1) regions controlling imprinting at the twoma-

jor paternally imprinted gene clusters (IG-DMR and H19-

Igf2), (2) a somatic DMR at the maternally imprinted

Zdbf2 locus that acquires DNAmethylation on the paternal

allele late during embryogenesis (Duffié et al., 2014), and

(3) Trappc9, a locus encoding transcripts known to exhibit

variable patterns of parent-of-origin specific imprinting

during brain development (Claxton et al., 2022). Consis-

tent with our results with iPSCs from distinct inbred

strains, these data provide extensive additional evidence

that the majority of ICRs undergo pathological loss of

DNA methylation in response to iMEK treatment and

that genetic variation modulates the susceptibility of path-

ological hypomethylation in a similar manner across most

ICRs. The observed differences in the relative susceptibility

of a subset of ICRs might reflect distinct regulatory mecha-

nisms operational at these sites during development.

Identification of QTLs determining susceptibility to

locus-specific and widespread DNA hypomethylation

We leveraged the observed variation in DNA methylation

levels at imprinted gene loci (Figure 2B) across DO nPSC
6 Stem Cell Reports j Vol. 20 j 102450 j April 8, 2025
lines to map QTLs for all ICRs (ICR-me QTLs) across 73

lines that passed additional quality control criteria

(see methods). This resulted in the identification of six

QTLs that reached statistical significance for at least one

ICR (see methods) (Figure 2C). Of note, none of these

ICR-me QTLs were located on the same chromosome

(Chr) as their putative target ICRs, indicating that each of

the identified QTL regions functions in trans. Two ICR-

me QTLs—located on Chr4 and Chr17—are associated

with multiple ICRs, with the Chr4 QTL showing the stron-

gest associationwith ICRs from theGrb10,Mest, Plagl1, and

Zsr1 loci and the Chr17 QTL associating strongest with

ICRs at the H19, Gtl2 promoter, and Zbdf2_pat loci (Fig-

ure 2C). Several additional ICRs and non-imprinted genes

showed elevated logarithm of odds (LOD) scores at these

QTLs, suggesting that these regions harbor variants con-

trolling the degree of DNA hypomethylation across multi-

ple genomic target sites (Figure 2C).

The Chr4 QTL region (Chr4: 144,920,230-151,337,450)

contains a large cluster of genes encoding KRAB zinc-finger

proteins (KRAB-ZFPs) (Figure 2D), which are rapidly

evolving genes that play essential roles in silencing foreign

DNA elements such as retrotransposons and endogenous

retroviruses. Several prior genetic mapping studies have

implicated this genomic region in regulating DNAmethyl-

ation, including as a modulator of transgene silencing

(Engler et al., 1991) and of variably methylated intracister-

nal A particle elements that can act as epi-alleles in mice

(Bertozzi et al., 2020; Wolf et al., 2020). In addition, gene

expression and chromatin accessibility QTL (caQTL) map-

ping in nPSCs from DO mice identified this region as a

trans-eQTL/caQTL hotspot linked to changes in gene

expression (115 affected genes) and chromatin accessibility

(577 affected peaks) (Skelly et al., 2020). In contrast, to our

knowledge, the region of Chr17 QTL (Chr17: 31,353,698-

33,102,392) has not yet been implicated in regulating

nPSC transcription or biology. Analysis of the Chr17 QTL

suggested several candidate genes that could contribute

to the regulation of DNA methylation, including a cluster

of genes encoding KRAB-ZFP proteins (Zfp871, Zfp870,

Zfp799, Zfp763, and Zfp472), the transcriptional co-acti-

vator Brd4, and Wiz, a known interaction partner of

the repressive histone methyltransferases EHMT1 and

EHMT2 (also known as GLP and G9a) (Figure 2E).

Of note, allelic effect analysis showed different contribu-

tions of specific DO founder strain haplotypes at the Chr4

and the Chr17 QTL (Figures 2F and 2G). In particular, B6J

and 129 had opposite effects on DNAmethylation changes

mediated by the Chr17 QTL (Figure 2G), raising the possi-

bility that this regionmight be involved in establishing the

strain-specific DNA methylation stability observed in pure

background nPSCs from these two strains. Among the

genes found in the Chr17 QTL critical interval,



Figure 3. Characterization of the Chr17
QTL
(A) RNA-seq expression levels of all genes
encoded by the Chr17 QTL with tpm > 10 in
either B6J or 129 mESCs. **q < 0.01 with
multiple t tests and Benjamini, Krieger, and
Yekutieli corrections.
(B) Wiz mRNA levels as determined by qPCR
in pure background mESCs and F2 mESCs
that are homozygous for either the B6J
(F2_B6J) or the 129 (F2_129) allele of the
Chr17 QTL (n = 3 clonal lines for each ge-
notype). Statistics with unpaired t test.
(C) H3K9me2 levels as determined by
intracellular flow cytometry in pure back-
ground mESCs and F2 mESCs that are ho-
mozygous for either the B6J (F2_B6J) or
the 129 (F2_129) allele of the Chr17 QTL
and pure background mESCs exposed to the
EHMT1/2 inhibitor UNC0638 (n = 3 clonal
lines for each genotype). Statistics with
one-way ANOVA.
transcriptomic analysis in B6J and 129mESCs revealed that

Wiz is significantly higher expressed in B6J nPSCs (Fig-

ure 3A). Similarly, we found that F2 (129; B6J) mESCs

(Swanzey et al., 2020) homozygous for the B6J allele of

the Chr17QTL (Chr17B6J/B6J) (Figure S3A) expressed higher

levels of Wiz mRNA levels than F2 mESCs with the 129

allele (Chr17129/129) (Figure 3B).Wizwas initially identified

in an ENU screen for genes that modulate the rate of sto-

chastic epigenetic silencing of an integrated reporter trans-

gene (Daxinger et al., 2013). The EHMT1/2 complex, which

catalyzes the repressive H3K9me2 mark and interacts

directly with WIZ (Simon et al., 2015), has been linked to

the regulation of DNA methylation at several ICRs (Zhang

et al., 2016). Chr17B6J/B6J F2 mESCs also exhibited higher

H3K9me2 levels than Chr17129/129 F2 mESCs. Unlike

inbred B6J mESCs, this difference did not reach statistical

significance (Figure 3C). Of note, inhibition of the enzy-

matic activity of EHMT1/2 greatly reduced H3K9me2 levels

in both 129 and B6J mESCs, documenting the importance

of these histone methyltransferases in both backgrounds

(Figures 3C and S3B). These observations suggest that the

genotype of the Chr17 QTL directly controls Wiz expres-

sion levels in mESCs. At the same time, additional genetic

factors that distinguish B6J and 129 mESCs influence cell

type-specific H3K9me2 levels.

Interestingly, the Wiz locus contains a B6J-specific struc-

tural variant (ETn-ERV element insertion) (Baust et al.,

2002), which could modulate Wiz expression. This is

consistent with recent data from DO nPSCs that indicate

that ETn-ERV element insertions are associated with local

changes in chromatin accessibility (Ferraj et al., 2023).
Further investigation will be needed to confirm the specific

sequence variant(s) that contribute to variable Wiz expres-

sion levels in mESCs and the potential role of WIZ in pro-

tecting ICR methylation stability.
DISCUSSION

The susceptibility of imprinted genes for dysregulation in

mouse and human pluripotent cells and the associated risks

have been well established. More recently, efforts to estab-

lish naive pluripotency in human cells have drawn addi-

tional attention to the issue of pathological DNA hypome-

thylation in these cells (Bar and Benvenisty, 2019). Our

results with inbred and genetically diverse nPSCs demon-

strate that genetic background contributes significantly to

variation in susceptibility to aberrant DNA hypomethyla-

tionduring establishment andmaintenance of naive plurip-

otency downstream of inhibition of MAPK signaling. The

consistent changes in ERK phosphorylation and DNMT3A

levels suggest that B6J and 129 mESCs are equally sensitive

to the direct changes caused by iMEK. However, the DNA

methylation stability is markedly different in these cells.

Based on QTL mapping conducted in DO nPSCs, we pro-

pose that genetic variantsmodulating the activity of specific

trans-acting factors—including KRAB-ZFPs and candidate

co-factors such as WIZ—represent critical variables contrib-

uting to epigenetic instability in nPSCs. Of note, while

KRAB-ZFPs undergo rapid evolution, ZFP57 and ZFP445

have been reported to protect ICRs from demethylation in

both mice and humans (Takahashi et al., 2019; Juan and
Stem Cell Reports j Vol. 20 j 102450 j April 8, 2025 7



Bartolomei, 2019), raising the possibility that variants in

these proteins could affect epigenome stability in nPSCs

from both species. Prior eQTL data frommouse nPSCs iden-

tified a link between KRAB-ZFPs within the Chr4 KRAB-ZFP

cluster andWiz expression (Skelly et al., 2020). A larger scale

QTL mapping study will be necessary to parse further the

relationship between these two regions and their effects

on DNA methylation.

The impact of genetic variation on imprint stability in

cultured pluripotent cells has several ramifications. First,

cell line- and locus-specific vulnerabilities complicate the

identification of a universal media composition that can

stabilize imprints across different cell lines. This is docu-

mented by the background-specific requirements of B6J

and 129 nPSCs, with B6J nPSCs better tolerating de-meth-

ylating agents such as iMEK and AA and 129 preserving im-

prints in serum-based culture conditions. Second, itmay be

possible to predict imprint stability in specific culture con-

ditions based on the genetic variants in a given nPSC line.

Third, the targeted re-engineering of specific variants could

stabilize imprints in otherwise epigenetically unstable

PSCs. In addition to these practical considerations, the sys-

tematic identification and characterization of variants that

impact imprint stability in nPSCsmight help to unravel the

complex regulatory networks governing DNAmethylation

stability, with implications for a wide range of physiolog-

ical and pathological processes.
Limitations of the study

Given the relatively small sample size of the current study

(n = 73 DO lines), we could only identify QTLs with rela-

tively large effect sizes. In addition, we cannot comprehen-

sively map QTLs that contribute to variation in DNA

methylation since we used a targeted capture panel for a

pre-defined set of genomic regions. Genome-wide DNA

methylation profiling on a larger set of DO nPSC lines

would likely identify additional QTLs and further clarify

the relationship between genetic variation and DNA

methylation stability in nPSCs. Since probe design and

readmapping were performed using the C57BL/6 reference

genome, it is possible that genomic regions with highly

divergent haplotypes among the DO strains might not be

quantified accurately. However, based on the assessment

of the targeted capture approach and downstream read

mapping pipeline, this issue should not impact the QTLs

mapped in the current study.
METHODS

Cell culture

MEF cultures were established from late midgestation em-

bryos and maintained in MEF media. Reprogramming
8 Stem Cell Reports j Vol. 20 j 102450 j April 8, 2025
was achieved with a dox-inducible polycistronic

STEMCCA lentivirus encoding OCT4, KLF4, SOX2, and

MYC (Sommer et al., 2009) using an enhanced media

composition (Vidal et al., 2014). After day 7, cultures

were continued in ESCmedium supplementedwith AA un-

til P3 and in base ESC medium until P15. ESC lines from

inbred mouse strains were derived as previously described

(Czechanski et al., 2014). Mouse strain maintenance,

crosses and tissue isolation were performed according to

protocols approved by the Institutional Animal Care and

Use Committees of Weill Cornell Medical College. ESC

lines fromDOmicewere generated via a pooled IVF proced-

ure (Glenn et al., 2024). See Table S1 for details on all cell

lines.
DNA methylation analysis by targeted capture

A Custom Twist Methylome Panel (Twist Bioscience) was

designed to perform targeted enrichment for genomic re-

gions chosen based on their known functions as ICRs (Dah-

let et al., 2020; Swanzey et al., 2020) or association with

germline (Mochizuki et al., 2021), mouse pre-implantation

(Hu et al., 2020) and post-implantation development (Dah-

let et al., 2020) or aging (Meer et al., 2018; Stubbs et al.,

2017), and cancer (Brady et al., 2021) (Table S2). DO ESCs

were at passages 4–5 in mESC+2i media for 2–4 days, har-

vested using collagenase IV (500 U/mL) and shipped to

SAMPLED (Piscataway, NJ) for processing using Twist

NGS Methylation Detection Workflow.
RNA isolation and analysis

Total RNA from cells was extracted using TRIzol (Invitrogen

15596018) and purified using the RNA Clean and Concen-

trator kit (Zymo Research ZR1014). RNA quality and quan-

tity were checked using a nanodrop. RNA-seq libraries were

prepared using the TruSeq StrandedmRNA Library Prep Kit

(Illumina# 20020595) and sequenced at PE 2X100 at the

Genomics Core of Weill Cornell Medicine. Reverse tran-

scription was performed using the iScript kit (Bio-Rad

1708841). qPCR was performed on cDNA samples with

PowerUp SYBR green PCR master mix (Thermo Fisher

A25778) and primers listed in Table S3.
Quantification and statistical analyses

Statistical analysis of flow cytometry and immunofluores-

cence data was done in PRISM 9 (GraphPad), with specific

tests and corrections applied as indicated in the respective

figure legends.

Additional experimental procedures and data analyses

are detailed in the supplemental information.
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