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Genetic control of the pluripotency epigenome
determines differentiation bias in mouse

embryonic stem cells
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Abstract

Genetically diverse pluripotent stem cells display varied, heritable
responses to differentiation cues. Here, we harnessed these dispar-
ities through derivation of mouse embryonic stem cells from the
BXD genetic reference panel, along with C57BL/6) (B6) and DBA/2j
(D2) parental strains, to identify loci regulating cell state transi-
tions. Upon transition to formative pluripotency, B6 stem cells
quickly dissolved naive networks adopting gene expression mod-
ules indicative of neuroectoderm lineages, whereas D2 retained
aspects of naive pluripotency. Spontaneous formation of embryoid
bodies identified divergent differentiation where B6 showed a pro-
pensity toward neuroectoderm and D2 toward definitive endoderm.
Genetic mapping identified major trans-acting loci co-regulating
chromatin accessibility and gene expression in both naive and for-
mative pluripotency. These loci distally modulated occupancy of
pluripotency factors at hundreds of regulatory elements. One
trans-acting locus on Chr 12 primarily impacted chromatin accessi-
bility in embryonic stem cells, while in epiblast-like cells, the same
locus subsequently influenced expression of genes enriched for
neurogenesis, suggesting early chromatin priming. These results
demonstrate genetically determined biases in lineage commitment
and identify major regulators of the pluripotency epigenome.
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Introduction

The ability to form all somatic and germline tissues, while main-
taining the capacity to self-renew, is defining features of pluripotent
stem cells (PSCs) (Evans & Kaufman, 1981; Martin, 1981; Bradley
et al, 1984; Buehr & Smith, 2003). Harnessing this potential will
transform regenerative medicine. Yet, most studies seeking to iden-
tify mechanisms that underlie acquisition of pluripotency and fate
determination utilize cells with limited genetic diversity. Histori-
cally, successful derivation of naive mouse embryonic stem cells
(ESCs) was achieved for permissive strains (i.e., 129 and C57BL/6
lineages). Nonpermissive strains, such as D2, required inhibition of
differentiation pathways (i.e., 2i) (Ying et al, 2008; Nichols et al,
2009; Czechanski et al, 2014), demonstrating that the establishment
and maintenance of pluripotency are intrinsic to genetic background.
Further, donor genetic background has been identified as the cause
of variable efficiencies in derivation and differentiation in human-
induced PSCs (hiPSCs) and ESCs (hESCs) (Allegrucci & Young, 2007;
Osafune et al, 2008; Koyanagi-Aoi et al, 2013; Kyttala et al, 2016; Li
et al, 2018; Volpato & Webber, 2020). Critically, genetic variation
within regulatory regions has been attributed with heterogeneity in
iPSC differentiation (Nishizawa et al, 2016; Kilpinen et al, 2017).
However, these studies have only identified cis regulation of molecu-
lar features, such as gene expression and chromatin accessibility,
implicated in varied responses to differentiation cues. Identification
of trans-acting factors, enabled by controlled model systems, will
provide greater mechanistic insights into genetic control over a com-
plex trait such as capacity to differentiate. While we (Skelly et al,
2020) and others (Ortmann et al, 2020) have recently investigated
how genetic variation impacts pluripotency, less is understood about
how genetic backgrounds influence cell state transitions.

During development, cells within the epiblast progress along a
pluripotent spectrum from pre- to post-implantation (Arnold & Rob-
ertson, 2009; Hackett & Surani, 2014), which can be modeled in
vitro (Nichols & Smith, 2009). ESCs derived from the preimplanta-
tion epiblast (E4.5) capture naive pluripotency (Evans & Kaufman,
1981; Martin, 1981; Gardner & Beddington, 1988), while epiblast
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stem cells (EpiSCs) derived post-implantation (E6.5) represent
primed pluripotency (Brons et al, 2007). Between these two
states exists formative pluripotency. Transit through formative plur-
ipotency is required for multi-lineage competency including germ
cell induction (Hayashi et al, 2011; Morgani et al, 2017; Smith,
2017). Formative pluripotency can be transiently modeled in vitro
by transition of ESCs to epiblast-like cells (EpiLCs) (Hayashi et al,
2011) and was recently derived directly from the pre-gastrulation
epiblast (Kinoshita et al, 2021). While culture conditions can pro-
vide external signaling cues that positions a cell along the pluripo-
tency spectrum (Morgani et al, 2017), variability in acquisition of
desired pluripotent states is, in part, dependent on the ESC’s strain
of origin (Kawase et al, 1994; Sharova et al, 2007; Schnabel et al,
2012; Czechanski et al, 2014; Garbutt et al, 2018; Ortmann et al,
2020; Skelly et al, 2020). Importantly, differentiation propensity to
specific germ layers has been linked to the origin of ESCs within this
pluripotency spectrum (Hackett et al, 2017). This demonstrates
interactions between genetic background and media conditions may
drive cell fate.

Reconfiguration of chromatin accompanies, and often precedes
(Bernstein et al, 2006; Bonifer & Cockerill, 2017), transcriptomic
changes during cell state transitions (Chen & Dent, 2014; Factor
et al, 2014; Novo et al, 2018; Pekowska et al, 2018; Yadav et al,
2018). Regulatory elements, such as enhancers and promoters,
largely act in cis to locally control developmentally programmed
gene networks (Catarino & Stark, 2018). In concert, DNA-binding
proteins act in trans at many cis-regulatory elements to either acti-
vate or repress gene expression. During development, dramatic
alteration of the regulatory landscape can occur even in the absence
of changes in transcription factor (TF) expression. For example,
when naive ESCs transition to formative EpiLCs, expression of
PouS5f1/Oct4 remains high, while occupancy of POUSF1 at regulatory
elements is globally rewired (Buecker et al, 2014; Yang et al, 2019,
3), suggesting the existence of a set of unknown chromatin regula-
tors that influence cell state transitions.

Here, we combine the strength of systems genetics, utilizing
extant variation in a diverse genetic reference population, with the
power of modeling developmental transitions using PSCs, to identify
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loci that govern chromatin and gene regulation during exit from
pluripotency and determine differentiation propensity.

Results

Position along the pluripotency spectrum is determined by
genetic background

To assess genetic control over pluripotency and differentiation, we
derived three biological replicate ESCs from independent blastocysts
using B6 and D2 mice. Success in derivation of germline-competent
ESCs for these strains required conditions that included serum,
feeders, and 2i (Czechanski et al, 2014). Both B6 and D2 ESCs were
differentiated to EpiLCs (Fig 1A), and transcript abundance was
measured by RNA-sequencing (-seq) and chromatin accessibility by
ATAC-seq. While both strains effectively transition from naive to for-
mative pluripotency, as indicated by expression and accessibility of
binding sites of naive and primed markers, distinct morphological
differences were observed (Figs 1A-C and EV1A and B). To deter-
mine major features of variation, we performed principal component
analysis (PCA) on transcript abundance. While biological replicates
closely clustered, demonstrating high reproducibility, PC1 separated
ESCs from EpiLCs and PC2 captured strain variation within a cell
state (Fig 1B). For ESCs, naive pluripotency factors (KIf4, Sox2,
Esrrb, Nanog, PouSfl, and Tfcp2ll) were highly expressed but not
differentially abundant between B6 and D2 (Fig. 1D). Overall, 1,785
differentially expressed genes (DEGs) in ESCs, and 2,209 DEGs in
EpiLCs (FDR < 0.05 and log,FC > 1) were identified between B6 and
D2 (Figs 1E and EV1C, Dataset EV1). Of these, only 792 (19.8%)
DEGs are shared between cell states, indicating that the strain-
dependent DEGs are largely unique to each cell state.

Gene set enrichment analysis in ESCs identified strain-specific
transcriptional programs. B6-enriched pathways included metabo-
lism of amino acids and chromatin organization (Fig EV1D). Deriva-
tives of amino acid metabolism sustain nucleotide synthesis,
required for rapid proliferation (Ito & Suda, 2014) in ESCs, and serve
as donors for histone modifications governing the pluripotent

Figure 1. Genetic background influences position within a pluripotency spectrum through differences in chromatin accessibility.

A Phase-contrast images of representative cultures for B6 and D2 strains maintained in conditions supporting naive pluripotency and after transitioning to formative
EpiLCs. B6 ESC colonies adopt a classical ground state morphology, whereas D2 ESCs grew with a flat morphology and fewer cells per colony. Morphological

differences persisted in EpiLCs (scale bar = 50 um).

B First two principal components show major source of variation in transcript abundance is cell state (PC1, 65.4%) and strain (PC2, 20.6%) for 3 biological replicates of

B6 and D2.

C MA plot highlighting genes differentially expressed between state independent of strain (glm state term, false discovery rate-adjusted P-value (FDR) < 0.05 and
log,FC > 1). Core pluripotent TFs highlighted for each state (maroon = naive ESCs, teal = formative EpilLCs).

D Scatterplot of expression for core naive TFs in 3 biological replicate ESCs per strain. Equal high expression of naive TFs observed in both B6 and D2 ESCs.

E MA plot showing differentially regulated genes between strains within ESCs as determined by pairwise comparison (FDR < 0.05 and logFC > 1). Core naive TFs are
highlighted as not significantly differentially expressed between strains. Genes significantly different between strains within cell state with known roles in promoting
naive pluripotency (B6 = Obox6, Cdhl, Smarcal, Ube2s; D2 = Med12l, Sfil) and self-renewal in progenitor cell populations are highlighted (B6 = Olig2, Sox11;

D2 = Epha4).

F  PCA of full transcript abundance comparing average expression from B6 and D2 ESCs (3 biological replicates) collected here to previously collected RNA-seq from
Hackett et al (2017). PC1 separated experimental origin, indicating batch effects between laboratories, and was not explored further. B6 expression was similar to
that of ground state conditions, which exclude serum, whereas D2 expression more closely resembled conditions that include serum. Arrow indicates developmental

progression toward primed pluripotency.

G Volcano plot showing the mean difference in bias-corrected accessibility at TF motifs from ATAC-seq (3 biological replicates) versus P-value for that difference. Select

TFs critical to pluripotency and differentiation are highlighted.

H Heatmap of motif deviations from 3 biological replicates of B6 and D2 ESCs for TFs highlighted in (G).
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Figure 1.

epigenetic landscape (Van Winkle & Ryznar, 2019). Additionally,
DEGs were enriched for pathways representing different cell cycle
phases with B6 enriched for genes regulating M phase and D2
enriched for genes regulating G2/M transition. Cell cycle phase impacts
exit from ground state pluripotency as an extended G2 phase delays
differentiation (Gonzales et al, 2015). D2 DEGs were paradoxically
enriched both for upregulation of anterior—posterior pattern specifica-
tion (Fig EV1E), typically activated after exit from pluripotency, and
for WNT signaling, which prevents exit from ground state (ten Berge
et al, 2011; de Jaime-Soguero et al, 2018).

© 2021 The Authors

Next, we compared the transcriptional state of our ESCs with
that of published B6 ESCs cultured in nine conditions covering a
range of pluripotency (Hackett et al, 2017). PCA of total
transcript abundance reconstructed the reported spectrum of
pluripotency and showed that B6 and D2 occupied different posi-
tions along this continuum (Figs 1F and EV1F). PC2 distin-
guished ESCs grown in 2i, and PC3 separated conditions
containing serum. Along PC2, both B6 and D2 ESCs were tran-
scriptionally similar to conditions that include 2i; however, varia-
tion in PC3 suggested that our B6 ESCs were more similar to

The EMBO Journal  41:e109445(2022 3 of 19



The EMBO Journal

cells grown in conditions that excluded serum, whereas D2 was
transcriptionally similar to cells in conditions that
included serum.

Since differences in the pluripotent spectrum are not explained
by expression of naive TFs in ESCs, we measured variability in
chromatin accessibility as an indicator of TF occupancy. Naive
TFs, including ESRRB, TFCP2L1, KLF4, POUSF1, and NR5A2, all
had greater accessibility at their respective motifs in B6 than in
D2 (Fig 1G and H). Additionally, the motif for ZEB1, a TF impor-
tant for neuronal differentiation (Jiang et al, 2018, 1), is more
accessible in B6 ESCs. In contrast, D2 ESCs showed greater acces-
sibility of TRP73 motif, p5S3 family member known to instruct ESC
differentiation toward mesoendoderm (Wang et al, 2017). Given
that transcript abundance of these TFs is similar between B6 and
D2, this suggests the existence of unknown factors that regulate
TF accessibility in trans. Together, these data support that differ-
ential transcriptional programs, driven by genetic variation, place
B6 ESCs in a more naive position, while D2 ESCs are more
primed to exit naive pluripotency, thus potentially impacting cell
fate upon differentiation.

grown

Genetic background dictates activation of distinct biological
processes upon exit from naive pluripotency

Given observed differences between B6 and D2 in ESCs, we sought
to understand how genetic background drives cell state transition.
Our linear model identified 4,787 DEGs between cell states, 2,210
DEGs between genetic backgrounds, and 2,083 genes with a signifi-
cant genotype-by-state (GxS) interaction (FDR < 0.05 and
log2FC > 1; Figs 2A-D and EV2A-C, Dataset EV2). This GxS interac-
tion is exemplified by Nr5a2 and Sox1, markers for pluripotency and
neuronal progenitor cells, respectively (Venere et al, 2012). In ESCs,
B6 and D2 show equally high expression of Nr5a2, yet upon exit
from naive state, D2 EpiLCs retain higher expression (Fig 2C). In
contrast, Sox1 expression is low in B6 and D2 ESCs, increasing only
in B6 EpiLCs (Fig 2D). To functionally characterize GxS interac-
tions, DEGs were divided into modules using a hidden Markov
model to classify unique expression paths, followed by filtering for
genes with a significant GxS interaction (Fig 2E, Dataset EV3).
Example genes demonstrate each module’s unique trajectory upon
transition from naive to formative pluripotency (EV2D-0O). Impor-
tantly, different modules represent different biological processes.
Nine modules were enriched for GO terms including neurogenesis,
proliferation, and cell cycle regulation (Fig 2F and Appendix Fig
S1A-E). For example, module 4 genes (m4, n =320 including
NrS5a2) are initially higher expressed in B6 ESCs compared with D2;
however, upon transitioning to EpiLCs D2 retains greater expression
(Fig 2G). When comparing module 4 genes in EpiLCs between
strains, D2 shows enrichment by GSEA (Benporath_ES_H3K27me3;
normalized enrichment score = 1.48, nominal P-value = 0.089) for
genes targeted for histone modifications, specifically in ESCs, further
suggesting D2 retainment of ESC-like state in EpiL.Cs. Supporting the
enrichment of M phase of cell cycle regulation in B6 ESCs, m9
(n = 10) was enriched for genes regulating mitotic cell cycle phase
transition (Fig 2F and I). Notably, module 5 (m5, n = 167, including
Sox1) increased expression in B6 at a higher rate than in D2 and is
enriched for GO terms associated with neuronal development
(Fig 2F and H). These GxS interactions identify expression modules
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representing different paths during transition from naive to forma-
tive pluripotency. Additionally, differential upregulation of lineage
markers supports genetic biases in cell fate, with B6 primed toward
neuronal lineages.

Genetic background biases differentiation propensity

To determine how genetic differences in pluripotency impact cell
fate, we developed an assay for spontaneous differentiation of
embryoid bodies (EBs) and profiled these spheroids by single-cell
RNA-seq (scRNA-seq) to determine cell composition. Cellular popu-
lations within EBs were highly reproducible among biological repli-
cates (Figs 3A and EV3A-E), permitting comparisons between
strains. After integration of scRNA-seq across genetic backgrounds
followed by unbiased clustering (Fig 3B), 9 clusters could be anno-
tated with identifiable cellular lineages (Dataset EV4). The
remaining clusters were enriched for cellular activities representa-
tive of many cell types, such as mitotic cell cycle regulation or chro-
matin organization, precluding exact lineage identification.
Importantly, different genetic backgrounds are biased toward differ-
ent cell fates (Fig 3C and D). For example, cells in cluster 9 repre-
sent primitive erythrocytes and are largely of D2 origin, whereas
cells in cluster 5 express vascular endothelium marker genes and
are largely B6. Cluster 4, showing equal proportions between
strains, lies at the convergence of clusters 5 and 9 and represents
yolk sac blood island cells (Fig EV3H), common progenitors of
primitive erythrocytes and vascular endothelium (Palis et al, 1999).
This suggests that genetic variation modulates trajectories through
this developmental bifurcation. In addition to differences in cell fate
within the same germ layer (i.e., mesoderm), EBs also identified dif-
ferentiation bias to primary germ layers. Critically, definitive endo-
derm (cluster 7) was comprised mainly of D2 cells, whereas
neuroectoderm (cluster 11) was comprised mainly of B6 cells.

To validate transcriptional measurements of differentiation bias,
FACS analysis was performed on protein abundance using anti-
bodies against cell lineage markers. Compared with B6, a greater
proportion of D2 EB cells expressed EpCAM, indicating definitive
endoderm differentiation (13.7% versus 38.5%, respectively; Figs
3E and F, and EV3I and J). Likewise, a greater proportion of cells
from B6 EBs expressed SOX1 compared with D2 (11.04% versus
0.61%), indicating neuroectoderm bias. In summary, differentiation
propensity is predominantly driven by genetic background. Impor-
tantly, B6 bias in neuroectoderm differentiation discovered in EBs is
consistent with lineage priming of neuronal development evident in
EpiLCs.

Cellular systems genetics identifies trans-regulation of
chromatin accessibility and gene expression

To identify loci influencing differences between strains, we took a
cellular systems genetics approach by deriving ESCs from 33 indi-
vidual BXD recombinant inbred mice, each representing a unique
homozygous mosaic of the B6 and D2 founders (Peirce et al, 2004).
RNA- and ATAC-seq were performed for both ESCs and EpiLCs.
PCA of total RNA found that PC1 separated cell state (57.6% of total
variance, Fig 4A), while PC2-9 captured variance in genetic back-
ground (22.2% total variance, Fig EV4A—-C), supporting genetic gov-
ernance over position within cell state.

© 2021 The Authors
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Figure 2. B6 EpilCs are primed toward neuroectoderm lineage.

A-D Example expression patterns for select genes identified by applying a general linear model (glm) including state, genotype, and interaction terms. Dots represent
individual biological replicates (N = 3); lines highlight changes in mean values for replicates between each state (log,FC > 1 and FDR < 0.05). (A) State-dependent
expression is exemplified by Nanog, which showed no difference between strains. (B) Expression of Zfp277 exemplifies strain dependence being consistently higher
in B6. (C, D) A significant genotype x state (GXS) interaction was identified for Nr5a2 (C, a marker for pluripotency) and Sox1 (D, a marker for neuronal
differentiation).

E Heatmap of transcript abundances for individual genes (rows) representing 12 expression modules detected by EBseqHMM filtered for genes with a significant GXS
glm interaction. Genes with observed functional similarity within modules are highlighted. Nr5a2, Lifr, and other pluripotency genes shared the same expression
path (m4) that decreases more significantly in B6, retained expression in D2, when ESCs are differentiated to EpiLCs. Sox1, Pax6, and other neurogenesis genes
shared an expression path (m5) that is significantly upregulated in B6 EpiLCs. Gstp2, Smarcd3, and other cell cycle regulation genes shared an expression path (m9)
that is significantly upregulated in B6 ESCs.

F Gene ontology (GO) enrichment of biological processes (FDR-adjusted P-value < 0.05) identified for 9 out of 12 expression modules (m1-9). Each column represents
a GO term. Highlighted terms are indicated to the right. GO terms associated with proliferation (m4), neurogenesis (m5), and cell cycle regulation (m9) indicate
genetic control of exit from pluripotency and early lineage priming.

G-l Summarized differential module behavior between B6 and D2 (3 biological replicates) upon transition from ESCs to EpilLCs represented by PC1 of transcript
abundance for all genes within each module. (G) D2 retained proliferation in EpiLCs. (H) Upregulation of neurogenesis in B6 EpiLCs. (I) Increased regulation of cell
cycle M phase in B6 ESCs.

Genetic mapping identified abundant local (cis) and distal (trans) identified in ESCs, most exhibiting shared distal co-regulation of
chromatin accessibility (ca) and gene expression (e) quantitative chromatin accessibility and gene expression. Interestingly, these
trait loci (QTL) in both ESCs and EpiLCs (Figs 4B-E and EV4D and QTL hotspots are also active in EpiLCs. Notably, EpiLC hotspots har-
E, Datasets EVS5-EV8). Six prominent caQTL “hotspots” were bored a greater proportion of trans-regulated gene targets
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Figure 3. Embryoid bodies confirm genetic background influences differentiation propensity with B6 trajectory toward neuroectoderm.

A UMAP embeddings of transcriptional profiles from spontaneously differentiated embryoid bodies (EBs). Each point represents a cell colored by genetic background
and shaded by biological replicate (N = 3).

B Similar to (A) indicating 13 major cell populations based on unsupervised clustering. Each cell is colored based on cluster.
Proportion of cells in a given cluster from (B) represented by either B6 or D2 genetic background.

(@}

D Feature plot of expression gradients for indicated gene overlaid on UMAP from (A). Three lineage markers that help to distinguish cellular identity are shown for five

cell clusters.

E Pseudocolor plots of FACS analysis on cells from EBs for both B6 and D2 strains. Cells were labeled with anti-EpCAM (top) or biological replicates with anti-SOX1
antibody (bottom). Gated population indicates percentages of EpCAM" (Q3) or SOX1* cells.

F  Bar chart showing percent positive cells gated for EpCAM+ population (left) or SOX1" population (right). As predicted by scRNA-seq, more D2 EB cells express EpCAM
compared with B6 and more B6 EB cells express SOX1 compared with D2 (N = 3, two-sided t-test, EpCAM P-value = 0.0012, and SOX1 P-value = 0.0048).

accounting for 42% (84/200) of all distal-eQTL compared with 23 %

(82/357) in ESCs, whereas distal-caQTL were evenly regulated
between states, 66.4% (778/1,172) in EpiLC and 62.9% (2,501/
3,973) in ESCs. Further, co-regulation was not confined within a cell
state. The Chr 12 QTL hotspot regulates a greater proportion of
putative regulatory elements in ESCs, but many more genes in
EpiLCs, suggesting state-dependent trans-regulation (Fig 4D and E,

Appendix Fig S2A).

One causal molecular chain explaining shared regulation of distal
chromatin accessibility and gene expression is whether a factor
within the QTL regulates chromatin in trans, which then mediates
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local gene expression in cis. This would be evident by paired targets
of caQTL and eQTL mapping to the same locus. Indeed, most distal
chromatin targets are 10-100 kb from the nearest promoter,
suggesting putative regulatory elements that may act in cis (Fig 4F).
Gstp2, located on Chr 19, is a member of module 9 associated with
B6 enrichment of mitotic phase transition. Differential expression of
Gstp2 is correlated with differential chromatin accessibility at a
nearby putative regulatory element (Fig 4G), with B6 showing
higher levels of both. QTL mapping in BXDs identified a single locus
on Chr 7, with the B6 haplotype increasing both molecular features
in trans (Fig 4H-K). Extending these observations within cell type,

© 2021 The Authors
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about half (46.96%) of all genes regulated by a distal-eQTL hotspot
were associated with a paired caQTL in ESCs, whereas the majority
of EpiLC QTL targets were not paired (Appendix Fig S2B, Dataset
EV9). Interestingly, the Chr 12 hotspot was unique with a distinct
bias toward paired caQTL and eQTL across cell states. While a sin-
gle Chr 12 target gene matched a nearby caQTL in EpiLCs, 4 of the
EpiLC gene targets were associated with chromatin targets in ESCs
(Appendix Fig S2C). In EpiLCs, Chr 12 QTL target genes were

The EMBO Journal

significantly enriched, over all other eQTL, for developmentally
primed genes exhibiting bivalent promoters (Mas et al, 2018) (Fish-
er’s exact test, OR = 2.95, P-value = 5.66e-10) in addition to enrich-
ment for GO terms associated with neuronal development programs
(Fisher’s exact test, OR = 7.8, P-value = 1.087e-6; Fig 4L). In fact,
of the 19 neurogenesis genes distally regulated by Chr 12, 15 were
among genes annotated as bivalent and poised for gene activation
upon differentiation. Similar to the observed neural bias in B6, the
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Figure 4. Trans-acting quantitative trait loci co-regulate chromatin accessibility and gene expression in ESCs and EpilCs.

A PCA of total transcript abundance in ESCs and EpiLCs from parental (3 biological replicates) and 33 distinct recombinant inbred BXD strains generated from crosses
between B6 and D2. PC1 captures variation between cell state (57.6%), and PC3 captures transcript variation within cell states.

B Scatterplot of genomic locations of individual chromatin accessibility (ca)QTL (x-axis, LOD > 5) versus location of ATAC peak being regulated (y-axis) for ESCs.
Genetic effects that act locally (n = 3,973), i.e, in cis, fall on the diagonal line, while distal-acting QTL (n = 13,767) lie off the diagonal. Several prominent distal-QTL

hotspots appear as vertical lines.

O MM m g 0O

indicated with black bars and LOD scores listed below.

Similar to (B), plotting expression (e)QTL position versus gene location (LOD > 5, n = 701 local-eQTL, n = 357 distal-eQTL).

Number of distal-caQTL in 1 Mb windows versus genomic location mapped in ESCs (maroon) and EpiLCs (teal).

Similar to (D) comparing eQTL location and number between ESCs and EpiLCs.

Distribution of caQTL hotspot targets in relation to nearest transcription start site in ESCs as percentage of total targets.

Coverage profile for Gstp2 locus on Chr 19 showing H3K4me3, ATAC, and RNA read depth from merged replicates. Locations of Chr 7 trans-caQTL targets are

H  LOD score plot from QTL scan in ESCs for chromatin accessibility at the putative enhancer at Gstp2. Genetic variation at Chr 7 QTL distally regulates chromatin

accessibility on Chr 19.

| Phenotype by genotype plot of the Chr 7 caQTL from h. A B6 haplotype at Chr 7 is associated with increased chromatin accessibility on Chr 19 (horizontal line

represents mean).

J, K Similar to H&I showing QTL mapping and haplotype effect for expression of Gstp2 in ESCs (horizontal line represents mean).
Euler diagram showing overlap between genes in the neurogenesis module (m5 from Fig 2H) and Chr 12 trans-eQTL (LOD > 4) in EpiLCs (enrichment compared to
all eQTL in neurogenesis module, Fisher’s exact test—odds ratio (OR) = 7.78, P-value = 1.087e-06).

presence of a B6 haplotype in BXD-derived lines at Chr 12 leads to
increased expression of the distal neuronal-associated genes
(Fig EV5A). Summarizing the differential expression of the 19 distal
neuronal-associated genes among the 33 BXD EpiLCs as an eigen-
gene, we performed QTL mapping and found expression of the
eigengene maps to the same locus on Chr 12 (Fig EV5B). These
data suggest that factors expressed from within the QTL hotspots
variably regulate chromatin accessibility distally, ultimately
leading to variation in transcript abundance of developmentally
important genes.

Genotype of QTL predicts chromatin state at distal targets

The QTL mapping suggests that chromatin state (active versus
repressed) at target loci is determined by the genotype at the QTL
(trans) and not the local genotype at the peak (cis). To test this pre-
diction, histone H3 lysine 4 trimethylation (H3K4me3) was used as
an alternative indicator of active chromatin. Differential H3K4me3
between B6 and D2 parental lines was highly correlated (albeit two-
fold to fourfold higher) with differential chromatin accessibility
between B6 and D2 haplotypes at the QTL in BXD strains (Fig 5A).
For example, BXD strains that had high accessibility when genotypi-
cally B6 at a QTL also had higher H3K4me3 level at that distal locus
in the B6 parent when compared to D2. However, to accurately
determine whether the QTL drives chromatin state, the haplotype at
the local H3K4me3 site would need to be different from that of the
QTL. To accomplish this, H3K4me3 ChIP-seq data were analyzed
from two independent BXD strains (BXD75 and BXD87; Fig 5B-D),
for which the genotype at the QTL and target should be different at
approximately 50% of targets. As an example, differential chromatin
accessibility on Chr 18 at 12.157 Mb was mapped to a QTL on Chr
4, resulting in higher H3K4me3 levels when the haplotype at the
QTL is D2. In agreement, the H3K4me3 level at this location is
higher in the D2 parent than in B6 and both BXD75 and BXD87 have
low levels of H3K4me3. However, BXD87 carries the D2 haplotype
at the Chr 18 locus, but carries the B6 haplotype at the Chr 4 QTL,
suggesting that the distal haplotype of the QTL determines the chro-
matin state. To generalize this observation, for all peaks for which
haplotypes differ (n =1,264 distal-QTL targets) the ratio of
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H3K4me3 level in the two BXD strains was independently deter-
mined for both the parental strain that shared the haplotype at the
peak location (cis) and the parental strain that shared haplotype of
the QTL (trans). In aggregate, the H3K4me3 level in the BXD strains
was consistently closer to that of the parental strain that shared hap-
lotype at the QTL (ratio ~1, Fig 5C and D), validating the prediction
that the haplotype of the QTL drives chromatin state.

Occupancy of pluripotent TFs at regulatory elements is directed
by caQTL

Given that expression levels of pluripotent TFs are similar, whereas
accessibility of their binding motifs is variable, we hypothesized that
causal genes underlying hotspot QTL regulate TF occupancy in
trans. We calculated enrichment of overlap between publicly
curated ChIP-seq datasets performed in mESCs and our distal
hotspot caQTL intervals (Fig SE, Dataset EV10). While binding of
TRIM28, a chromatin repressor (Friedman et al, 1996), showed the
most significant overlap across all caQTL targets, pluripotent
TFs, enhancer activators, and chromatin remodelers were all
enriched depending on the QTL. For example, targets of QTL on
Chrs 4, 5, 7, and 12 are all variably enriched for POUSF1, P300,
NANOG, and SOX2.

To validate binding of TFs at QTL targets and test for differential
occupancy between strains, we performed TRIM28, P300, and
POUSF1 ChIP-seq in B6 and D2 mESCs and correlated changes in
occupancy in the parents with our chromatin data from BXDs
(Fig SE-K, Appendix Fig S3). For example, a Chr 13d eQTL and
caQTL target at the Cd59a locus showed higher TRIM28 binding in
B6 correlated with reduced chromatin accessibility, H3K4me3 level,
and gene expression in D2 (Fig 5F, Dataset EV11). This example
can be generalized to most Chr 13 QTL targets. Distal targets of Chr
13d showed positive correlation between differential P300 binding
in the parents and differential chromatin accessibility in the BXDs
when grouped by the genotype at the QTL (Fig 5G), whereas differ-
ential TRIM28 binding is negatively correlated with chromatin
accessibility at the same loci (Fig SH). At a Chr 12 caQTL target,
increased POUSF1 occupancy in B6 coincided with greater open
chromatin near Zfp932 on Chr 5 (Fig 5I). Chr 12 distal-caQTL

© 2021 The Authors
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Figure 5. trans-QTL regulate chromatin binding of transcription factors required for pluripotency and differentiation.

A

J

K

Scatterplot of difference in chromatin accessibility in the 33 BXD inbred versus difference in H3K4me3 modification in the parental strains for trans-caQTL (LOD > 8).
ATAC-seq signal represents the log, ratio of the average signal based on the genotype at the QTL.

H3K4me3 level is predicted by the genotype at the QTL versus local genotype. H3K4me3 ChiIP-seq for B6 and D2 parental lines compared with two BXD strains
(mean £ SEM). Genotypes for both the location of the peak and location of the QTL are indicated below.

Scheme to determine whether local (peak) or distal (QTL) genotype predicts chromatin state. A ratio of ~1 (log,(ratio) = 0) indicates similar chromatin modification.
Log, fold change of H3K4me3 level when comparing BXD75 or BXD87 to the parental genotype either at the location of the peak or based on the genotype at the QTL
for all trans-caQTL for which the local genotype and QTL genotype differ (LOD score > 7).

Gray—Publicly available ESC ChIP-seq datasets were evaluated for significant overlap of QTL targets (Fisher’s exact test, top ten factors with g-value cutoff < 0.01).
To validate a subset of these results, ChIP-seq was performed for TRIM28 (N = 3), POUSF1 (N = 2), and P300 (N = 2) in B6 (blue) and D2 (orange) ESCs. Each circle
represents a biological replicate or independent ChIP-seq accession from Cistrome.

Left—Coverage profiles (averaged biological replicates, N = 3) for ChIP factor occupancy at Cd59a on Chr 2 under trans-regulation by the Chr 13d QTL. Distal-caQTL
target region used for quantification is indicated by a black box with LOD score below. Right—Scatterplots for ChIP factors comparing quantitative level of
modification/binding for independent replicates between B6 and D2 ESCs.

The difference in occupancy of P300 in the parental strains is correlated to difference in chromatin accessibility in the 33 BXDs based on the genotype of the BXD at
the QTL for Chr 13 caQTL targets (LOD > 7, Pearson’s r = —0.61).

TRIM28 occupancy at the same targets of Chr 13d caQTL in (F) was negatively correlated with ATAC signal (Pearson’s r = —0.64).

Similar to (F), coverage profiles for ChIP factor occupancy for a putative regulatory element on Chr 5 near Zfp932, targeted by Chr 12 trans-caQTL, showed greater
occupancy of POUSF1 and increased open chromatin compared with D2. Distal-caQTL target region used for quantification is indicated by a black box with LOD score
below.

The difference in occupancy of POUSF1 in the parental strains is correlated to difference in chromatin accessibility in the 33 BXDs based on the genotype of the BXD
at the QTL for Chr 12 caQTL targets (LOD > 7, Pearson’s r = —0.66).

Similar to (J) showing negative correlation between TRIM28 occupancy and chromatin accessibility (Pearson’s r = —0.51).

Data information: P-values in (E, H) represent two-sided t-test, *< 0.05, **< 0.01, ****< 0.0001)

© 2021 The Authors

The EMBO journal 41:e109445(2022 9 of 19



The EMBO Journal

targets show a positive correlation between differential POUSF1
binding and chromatin accessibility (Fig 5J) and negative correla-
tion with TRIM28 occupancy (Fig 5K). Reanalyzing overlap of our
ChIP-seq data with QTL targets, we found that generally when one
parental background had higher TRIM28 repressor binding, the
other parent exhibited higher TF binding (Fig SE colored points,
Dataset EV11). Together, these data show that trans-regulation of
chromatin in ESCs has a significant impact on regulatory elements
bound by factors critical for establishment and maintenance of plur-
ipotency and suggest that this might be due to differential binding of
the TRIM28 repressor.

KRAB zinc-finger proteins are implicated as trans-acting factors
underlying QTL

The enrichment of TRIM28 binding at the caQTL targets suggests
that repression in one strain may drive differential accessibility
between strains. To test this, we measured chromatin accessibility
and gene expression using ESCs derived from heterozygous (B6xD2)
F1 hybrid mice. The locus near the genes Riok3 and Rmcl
(3110002H16Rik) provided an example of co-regulation for both
chromatin accessibility and gene expression by the same QTL
(Fig 6A). A prominent TRIM28 binding site showed differential
occupancy with increased binding in B6 strain, whereas P300,
ATAC, and H3K4me3 levels were reciprocally higher in D2. Simi-
larly, there are twelve chromatin accessibility targets in this region
all regulated by the distal Chr 4 QTL, which showed reduced acces-
sibility when the QTL is B6 (Dataset EVS5). In (B6xD2)F1 hybrids,
both expression of Riok3/Rmcl and chromatin accessibility at the
TRIM28 binding site were reduced to similar levels found in the B6
parent (Fig 6B). These data suggest that the B6 allele of Chr 4 QTL
dominantly suppresses gene expression and chromatin accessibility
on both B6 and D2 chromosomes. To generalize this observation,
we used the approach outlined in Tian et. al (2016) to characterize
QTL effects. When the additive effect (half the distance between
each parental mean) equals the dominant effect (F1 minus the com-
bined parental mean), the effect of the QTL is considered dominant,

Candice Byers et al

and when these two values are plotted against each other, the
results should fall along a diagonal line. If the dominant effect is
repressive, these values will be negative (parental mean is greater
than F1). The majority of Chr 4 caQTL targets showed a pattern con-
sistent with being dominantly repressed (Fig 6C), with approxi-
mately equal numbers being more open when the haplotype at the
QTL is B6 or D2.

The Chr 4 QTL was mapped to an approximate 5.6 Mb region
(Chr 4: 143,302,047-148,864,661 bp) that encompasses a cluster of
genes encoding a class of chromatin repressors known as KRAB
zinc-finger proteins (KZFPs). Canonically, KZFPs provide sequence-
specific DNA binding through their zing-finger domains and recruit
TRIM28 to repress transposable element expression (Friedman et al,
1996; Rowe et al, 2010; Bruno et al, 2019). To study transposable
element reactivation, a group recently engineered a B6 ESC line to
contain an approximate 2.47-Mb deletion (~ Chr 4: 145,383,917—
147,853,435 bp) (Wolf et al, 2020) that removed a cluster of 21
genes encoding KZFPs within the Chr 4 QTL interval. In order to
validate trans-regulation between B6 and D2, RNA- and ChIP-seq
data collected from the Chr 4 deletion (KO) and matched wild-type
(WT) mESCs were reanalyzed in context of the QTL targets mapped
here. KZFPs/TRIM28 recruit a complex that establishes heterochro-
matin marked by the histone modification H3K9me3. H3K9me3 loci
that were identified to be differentially modified between WT and
KO ESCs (FDR < 0.01, n = 1,992) showed significant overlap with
Chr 4 QTL targets (Fisher’s exact test, P-value = 1.7 x 10~%, odds
ratio = 64.4), including the TRIM28 binding site at Riok3/Rmcl
locus (Fig 6D). All but one of these QTL targets showed higher
H3K9me3 modification in WT cells, suggesting repression was atten-
uated in the KO, similar to increased open chromatin when the QTL
haplotype is D2. The genetic effect of the QTL predicts that only
those targets that showed higher accessibility in D2 (repressed in
B6) should have decreased H3K9me3 in the KO; indeed, this predic-
tion was found to be true (Fig 6E). Additionally, active histone
marks H3K27ac, H3K4mel, and H3K4mel also showed differential
modification (|log, fold change| > 1) at Chr 4 QTL targets compared
with other QTL (Fig 6F) and predicted increases due to derepression

Figure 6. Validation of Chr 4 QTL on gene expression and chromatin accessibility implicate KRAB-ZFPs in trans-regulation. >

A Coverage profile for H3K4me3, ATAC, P300, and TRIM28 ChIP at a target locus for the QTL on Chr 4 for both chromatin accessibility (black boxes) and gene expression
(Riok3 and Rmc1). LOD scores are listed under each target locus.

B Gene expression (Riok3 and Rmc1) or chromatin accessibility (18:12.157 Mb) level measured in B6, D2, and (BxD)F1 hybrid mESCs. For this locus, both gene expression
and chromatin accessibility are dominantly repressed in the F1 (mean + SEM).

C Scatterplot of the additive versus dominant effect for each Chr 4 caQTL target locus. Points along the diagonal lines indicate dominant effects (red—caQTL targets
found at the Riok3/Rmc1 locus.

D MA plot of significant (FDR < 0.01) differential H3K9me3 level between wild-type (B6) mESCs and those with a 2.47-Mb deletion encompassed by the Chr 4 QTL
(n = 2 replicates). Regions that overlap Chr 4 caQTL targets are indicated in magenta (Chr18:12.157 Mb locus from (A) in yellow).

E Box-and-whisker plot indicating change in H3K9me3 levels between WT and Chr 4 KO mESCs grouped by whether chromatin accessibility is higher when the QTL is
B6 (left) or D2 (right). Dots represent mean values from biological duplicate experiments, and lines connect means. Orange indicates loci for which H3K9me3 signal
decreases in the KO (P-value indicated on top, two-sided paired Wilcoxon’s test).

F LOLA analysis of significant enrichment between sites that change between WT and Chr 4 KO mESCs and overlap QTL hotspot targets. For H3K4me3, H3K4mel, and
H3K27ac, there was only one ChIP experiment performed, and therefore, all sites with a log, fold change > 1 were used for overlap enrichment.

G Box-and-whisker plot indicating direction of change for histone modifications between WT and Chr 4 KO cells.

H MA plot similar to (D) showing change in gene expression between WT and Chr 4 KO mESCs (n = 2). Chr 4 QTL targets are indicated in magenta and increase
expression in the KO.

I Model of trans-regulation of chromatin state for the Chr 4 QTL. Local variation at the Chr 4 QTL results in differential expression of KZFPs, leading to decreased
expression of distal genes through recruitment of TRIM28 and formation of heterochromatin (H3K9me3).

Data information: In the boxplot, the central lines represent medians, the box represents the first and third quartile, and the whiskers extend 1.5 times the interquartile
range.
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Figure 6.

in the KO (Fig 6G). Finally, of the seven distal gene targets con-
trolled by Chr 4 QTL that are higher expressed in D2 and detected in
the KO dataset, six were expressed significantly higher in the KO
(Fig 6H, Fisher's exact test, P-value=1.36 x 1077, odds
ratio = 109.2), including Riok3 and Rmcl. Additionally, of all the
gene targets regulated by other QTL hotspots mapped in this study
(i.e., Chrs 5, 7, 12, or 13) only one gene (Cd59a, regulated by Chr

© 2021 The Authors

13 distal-QTL) showed differential expression in the Chr 4 KO
highlighting the QTL specificity to Chr 4 targets. Importantly,
expression of four of the genes that encode KZFPs within the deleted
region was regulated by local, cis-acting, eQTL (FDR < 0.05),
resulting in higher expression in B6 than in D2 (log, fold
change > 1, Dataset EV6). This suggests that one or more KZFPs,
that are higher expressed when the Chr 4 QTL is B6, represses distal
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chromatin and gene expression. Alternatively, the D2 haplotype
lacks or reduces the expression of the KZFPs; therefore, the QTL
targets, such as Riok3, are expressed (Fig 6I). While a greater num-
ber of genes were differentially expressed after deletion of the Chr
4 locus compared with the number of genes regulated by the Chr 4
QTL, many more KZFPs are deleted in the KO compared with the
number that are differentially expressed between B6 and D2,
potentially explaining the increased impact of the KO. Together,
these lines of evidence suggest that the underlying molecular iden-
tity of the Chr 4 QTL is due to the activity of rapidly evolving
KZFPs with either expression or structural differences between
B6 and D2.

Discussion

Here, we provide a rationally designed genetic framework to criti-
cally assess genetic contribution to differentiation potential. Our
data suggest that ESCs from B6 and D2 genetic backgrounds (i)
reside at different locations along a pluripotent spectrum, (ii) exhibit
divergence in gene networks during transition from naive to forma-
tive pluripotency, and (iii) harbor at least 6 loci that distally co-
regulate chromatin accessibility, transcription factor binding, and
gene expression; all of which are consistent with outcomes that alter
cell-fate specification.

Modeling in vivo developmental progression in vitro has captured
critical intermediate states between naive and primed pluripotency
(Morgani et al, 2017). Formulation of culture conditions permitting
propagation of intermediate states, such as peri-implantation
rosettes, has revealed aspects of pluripotent gene networks impor-
tant for balancing maintenance of self-renewal with competency for
differentiation (Bedzhov & Zernicka-Goetz, 2014; Neagu et al,
2020). Here, we show ESCs derived from different genetic back-
grounds, B6 and D2 strains of mice, yet cultured in identical condi-
tions achieve occupancy of discrete states along the pluripotent
spectrum. B6 ESCs acquire transcriptional profiles closer to ground
state pluripotency, even in undefined media conditions, and upon
transitioning to formative pluripotency rapidly, they dissolve the
naive program along with apparent priming toward neuroectoderm.
In contrast, D2 ESCs exit pluripotency more slowly, as evidenced by
stable expression of naive TFs with little overt lineage bias. We
observe conflicting behavior of ESCs as they exit naive pluripotency
and establish the capacity for multi-lineage differentiation in EpiLCs.
The position of B6 ESCs in gold standard ground state does not
guarantee responsiveness to differentiation cues; instead, B6 EpiLCs
appear biased toward neuronal lineages. In comparison, D2 ESCs
are positioned in a more developmentally progressed state of naive
pluripotency, showing expression of contradicting programs repre-
senting WNT signaling alongside early developmental patterning.
This may suggest D2 cells are primed to exit naive but are prevented
by WNT signaling. Despite D2 ESC status, EpiLCs were able to
retain higher expression of naive markers when prompted to exit.
Whether WNT signaling continues to play a role in slowing the tran-
sition and preventing early priming toward lineage commitment is
an outstanding question. This highlights the utility of naturally
occurring genetic variation to reveal critical stages of development
that allow for multi-lineage commitment. Further investigation into
pathways allowing for a slower transit while creating an enhanced
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opportunity to receive differentiation cues may provide applications
to better control cell-fate choice in vitro.

Even though B6 and D2 ESCs occupy different positions along
the pluripotent spectrum, they express similar levels of naive
markers, providing a conundrum as to where differences arise. To
reconcile this, we adopted a multi-omics approach, measuring chro-
matin accessibility as a gauge for regulatory element activity. This
approach showed that chromatin accessibility at pluripotent TF
motifs is higher in B6 than in D2, indicating other trans-acting chro-
matin regulation may determine pluripotent spectrum. We identified
6 QTL hotspots that alter binding of naive TFs in trans, and ulti-
mately differentially regulate proximal genes pertinent to cell fate.
Our study additionally suggests chromatin priming in ESCs influ-
ences gene expression in EpiLCs, for example, instructing commit-
ment to neuroectoderm. The fact that a larger proportion of caQTL
and eQTL are paired in ESCs but not EpiLCs could suggest that the
primary effect of QTL on influencing chromatin accessibility resides
in ESCs, ultimately leading to secondary or tertiary gene expression
changes after differentiation. In EpiLCs, these downstream expres-
sion changes would still map back to the same distal locus identified
in ESCs but may no longer be accompanied by local changes in
chromatin directly. This finding supports recent observations of
chromatin priming preceding cell-fate decisions during gastrulation
(Argelaguet et al, 2019) and highlights the potential for early events
in development to have differential cascading effects on adult phe-
notypes (Maurano et al, 2012).

Several lines of evidence support that the QTL discovered in
this study are of significant developmental importance and are
driven by variable KZFPs. Aside from roles in governing cell state
transitions described here, QTL overlapping the same positions on
Chrs 4, 12, and 13 have all been implicated in a variety of devel-
opmental and disease phenotypes such as limb abnormalities
(Johnson et al, 1995), cleft palate (Plamondon et al, 2011), lupus
(Treger et al, 2019), and association with differences in priming
sites of meiotic recombination (Baker et al, 2019), imprinting sta-
bility in PSCs (Swanzey et al, 2020), and stabilization of ground
state pluripotency (Skelly et al, 2020). A common family of DNA-
binding proteins, encoded by genes underlying all three of these
QTL regions, is the rapidly evolving KZFPs. Here, we show that
deletion of a cluster of genes encoding KZFPs within the Chr 4
QTL critical region (Wolf et al, 2020) altered chromatin state and
gene expression as predicted. Further, putative regulatory elements
targeted by all six QTL hotspots were enriched for binding by
TRIM28 (Fig 5E), which is recruited to chromatin through interac-
tion with KZFPs (Friedman et al, 1996). Additionally, the effect of
the QTL was found to be dominantly repressive in F1 hybrids,
consistent with the function of KZFP/TRIM28 complexes in forma-
tion of heterochromatin in trans. Notably, a single KZFP contained
within the Chr 13 QTL hotspot interval was shown to be causal in
the progression of a lupus phenotype (Treger et al, 2019). In addi-
tion, while the other studies outlined above largely have not
pinpointed causal factors, the overlapping molecular and physio-
logical QTL harbor clusters of newly emergent murine KZFPs
(Kauzlaric et al, 2017; Bruno et al, 2019). This provides exciting
future work into assigning causality to a rapidly evolving gene
family whose divergence in different strain backgrounds may
account for evolution of regulatory function that shapes develop-
ment and disease (Elmer & Ferguson-Smith, 2020).
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The strength of the cellular systems approach to understand cell
state transitions is best exemplified by the B6 trajectory toward
neuroectoderm. First, genotype-by-state interactions during transi-
tion to formative pluripotency uncovered strain divergence during
exit from naive pluripotency and were responsible for installing
competency of lineage specification with a predisposition to
neuroectoderm in B6. Second, while spontaneous differentiation to
EBs confirmed B6 trajectory toward neuroectoderm, genetic back-
ground influences differentiation toward multiple lineages, both in
the primary germ layers and within the same lineage (i.e., primitive
erythrocytes (D2) and vascular endothelium (B6)). The B6 bias
toward neuroectoderm, and reduced endoderm formation, was
recently reported in another manuscript using a panel of four inbred
mouse strains that included B6 (Ortmann et al, 2020). While culture
conditions used here contained 2i/LIF/serum, Ortmann et al used 2i
conditions lacking serum. This suggests that the effect of genetic
background is greater than that of culture conditions. Further, the
multi-omics approach taken here identified increased accessibility of
ZEB1 motifs in B6 ESCs, suggesting early establishment of differenti-
ation propensity. Finally, these observational studies in the parental
lines are extended through genetic mapping in BXDs. QTL mapping
identified a locus on Chr 12 regulating chromatin accessibility dis-
tally in ESCs, thereby potentially priming a regulatory landscape
directing neuronal development in cells harboring a B6 haplotype at
the Chr 12 QTL.

In the absence of inductive signals to direct differentiation, neu-
tralization has been described as the “default” development path
(Smukler et al, 2006). In vivo inhibition of neuronal programs is due
to extrinsic signaling originating from extraembryonic tissue, of
which ESC cultures are typically devoid (Andoniadou & Martinez-
Barbera, 2013). Historically, the study of differentiation in vitro has
been limited to ESCs derived from B6 or 129 mouse strains (Lenka
& Ramasamy, 2007; Argelaguet et al, 2019). Our study, however,
suggests this neuronal default paradigm may not be universal to all
genetic backgrounds, supporting other recent work (Ortmann et al,
2020). It is therefore paramount to assess causal factors underlying
the Chr 12 QTL, which are likely to play a role in capacitation for
multi-lineage differentiation.

In total, this work demonstrates that ESCs derived from geneti-
cally diverse strains do not share equal developmental potential in
vitro. Recent experiments have shown that differences in cell-fate
choice during development may be critical in predisposing individ-
uals to complex diseases due to underlying differences in cell-type
composition (The GTEx Consortium atlas of genetic regulatory
effects across human tissues, 2020). Clearly, further investigation
into genetic governance of differentiation is needed to understand
its potential role in complex traits.

Materials and Methods
Derivation of mouse embryonic stem cells

Mouse embryonic stem cells were derived and maintained in condi-
tions previously reported (Czechanski et al, 2014). All mice were
obtained from the Jackson Laboratory (Bar Harbor, ME) including
C57BL/6J (stock number 000664), DBA/2J (stock number 100006),
and BXD recombinant inbred lines (see Table EV1). All animal
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experiments were approved by the Animal Care and Use Committee
of the Jackson Laboratory (summary #04008). Obtaining mESCs
derived in this study is achieved through contacting the corre-
sponding author. All cell lines were tested negative for mycoplasma.

Cell culture

Naive pluripotency supported in ESCs

A vial containing 3 million ESCs (P4-P6) was thawed onto a 60-mm
tissue-treated culture dish seeded with irradiated mouse embryonic
fibroblasts (MEFs) as feeders in DMEM high glucose base medium
supplemented with 15% fetal bovine serum (FBS, Lonza, cat. no.
14-501F lot no. 0000217266), 1X Pen/Strep, 2 mM GlutaMAX, 1 mM
sodium pyruvate, 0.1 mM MEM-NEAA, 0.1 mM 2-mercaptoethanol,
10° IU LIF, 1 uM PD0325901, and 3 pM CHIR99021. ESCs were
expanded for 2-3 days to reach ~70% confluency for molecular and dif-
ferentiation assays.

Differentiation to formative pluripotency in EpiLCs

EpiLCs were grown from mESCs as previously described (Hayashi
et al, 2011; Buecker et al, 2014). Confluent ESCs were washed with
1X PBS, trypsinized (0.05%) to form single-cell suspension, and fil-
tered through a 40-uM mesh, and MEFs were excluded by settling on
60-mm dishes coated with 0.01% gelatin for 30 min. ESCs were
seeded at a density of 200,000 cells per 60-mm dish coated with
S pg/ml fibronectin in medium containing N2B27 supplemented
with 2 mM GlutaMAX, 1 mM sodium pyruvate, 1X Pen/Strep,
0.1 mM MEM-NEAA, 0.1 mM 2-mercaptoethanol, 1% KOSR, and
12 ng/ml bFGF. Cells were transitioned to not exceed 48 h. Cells
were gently dissociated using TrypLE (Thermo Fisher Scientific, cat.
no. 12-605-010) for subsequent molecular and differentiation assays.

Spontaneous differentiation to EBs

To form EBs, EpiLCs were washed with 1x PBS and dissociated with
TrypLE and resuspended in EB medium containing DMEM high
glucose base supplemented with 15% FBS, 2 mM GlutaMAX,
0.1 mM MEM-NEAA, 1 mM sodium pyruvate, 1x Pen/Strep,
0.1 mM 2-Mercaptoethanol, and 12 ng/ml bFGF at a seeding density
of 750 cells/EB. Uniform and reproducible EBs were achieved using
AggreWell 400 plates (STEMCELL Technologies, cat. no. 34415)
containing 1,200 microwells. Each well contains 2 ml of single-cell
solution of 900,000 cells per well (750 cells/EB). Preparation of
AggreWell 400 was followed per manufacturer’s instructions, with
modification to only use middle 8 wells to ensure reproducibility of
cultures. Cells were allowed to aggregate in microwells for 48 h
undisturbed. After 48 h, each well was filtered through a 40-pm
mesh to discard any unincorporated cells and collect newly formed
EBs. Filter was then inverted, and EB medium was passed through
filter to collect EBs into 100-mm Corning Ultra-low attachment cul-
ture dish (MilliporeSigma, cat. no. CLS3262). Dishes were placed on
BellyButton rotator and left undisturbed for another 48 h to allow
EBs to further develop while limiting aggregation of individual EBs
within culture. After 48 h, EBs were filtered through a 40-uM mesh
to discard unincorporated cells. Single-cell suspensions were
achieved by incubating EBs in 0.25% trypsin for 2 min at 37°C
followed by manual disaggregation with an Eppendorf P1000
manual pipette. Trypsin was inactivated by resuspending cells in
PBS supplemented with 10% FBS, and the cell suspension was
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filtered through a 40-uM mesh. Cell suspensions were washed twice
with PBS before proceeding with processing for scRNA-seq or
FACS analysis.

RNA-seq sample preparation and sequencing

For mESC RNA collection, naive culture was trypsinized and MEFs
were removed by plating single-cell suspension onto gelatin-coated
dishes and allowing MEFs to settle for 30 min. One million enriched
mESCs were lysed, and RNA was extracted using the RNeasy
(Qiagen) RNA Extraction Kit. EpiLCs were harvested using TrypLE,
and 1 million cells were used for RNA extraction. RNA concentra-
tion and quality were assessed using the NanoDrop 2000 Spectro-
photometer (Thermo Scientific) and the RNA Total RNA Nano
Assay (Agilent Technologies). Libraries were constructed using the
KAPA mRNA HyperPrep Kit (KAPA Biosystems), according to the
manufacturer’s instructions. Library quality and concentration were
checked using the D5000 Screen Tape (Agilent Technologies) and
quantitative PCR (KAPA Biosystems).

ATAC-seq and ChIP-seq sample preparation and sequencing

To measure chromatin accessibility in ESCs and EpiLCs, cells were
harvested as described above. For parental ESCs and EpiLCs along
with BXD ESCs, the OMNI-ATAC (Corces et al, 2017) protocol was
followed using 100,000 cells. For BXD EpiLCs, the FAST-ATAC
(Corces et al, 2016) protocol was followed using 100,000 cells.
Libraries were amplified for a total of 8-10 cycles, and DNA was
purified using AMPure XP beads (Beckman Coulter). The quality
and concentration of ATAC-seq libraries were evaluated using the
Bioanalyzer DNA High Sensitivity Assay (Agilent Technologies) and
quantitative PCR (KAPA Biosystems).

For each biological replicate ESC ChIP-seq library, 10 million
cells were harvested and fixed as previously described (Skelly et al,
2020). Cell lysis, chromatin fragmentation, dialysis, and immuno-
precipitation were performed as described (Baker et al, 2015).
Immunoprecipitation was performed using antibodies against P300
(12 pl, Bethyl A300-358A), POUSF1 (20 ul, Cell Signaling Tech Oct-
4A rabbit mAb, 5677S), and TRIM28 (10 pl, Abcam 201C, ab22553).
ChIP-seq libraries were constructed using the KAPA HyperPrep Kit
(Roche Sequencing and Life Science). Quality and concentration of
libraries were assessed using the High Sensitivity D5000 ScreenTape
(Agilent Technologies) and KAPA Library Quantification Kit (Roche
Sequencing and Life Sciences).

Single-cell RNA-seq sample preparation and sequencing

Three biological replicate EBs, starting from independently derived
ESCs, were grown for both B6 and D2 parental strains. Additionally,
starting from just one of the derived D2 ESC lines, EBs were grown
in triplicate to represent technical replicates within cell line. Finally,
3 aliquots of disaggregated cells from one of the D2 EB cultures were
subsampled to determine reproducible representation cell popula-
tions within EBs as they represent heterogenous organoids. The
MULTIseq protocol (McGinnis et al, 2019) was used to pool single-
cell suspensions from EBs across samples to load onto one 10X
Chromium lane to reduce batch effects. Each of the 10 samples
outlined above was labeled with a unique lipid-modified oligo
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following the published protocol using 500,000 cells per sample.
After labeling, cells were counted and adjusted so that the final pool
represented 3,000 cells per sample. Pooled cells were washed once
in PBS and resuspended in PBS containing 1% BSA supplemented
with 1% FBS. A single 10x Chromium microfluidic lane was super-
loaded with 40,000 cells with the goal of obtaining approximately
1,000 barcoded cells per sample after sequencing, demultiplexing,
and filtering. Single-cell capture, barcoding, and library preparation
were performed using the 10X Chromium version 3 chemistry,
according to the manufacturer’s protocol (#CG00183). cDNA and
barcode libraries were checked for quality on an Agilent 4200
TapeStation, quantified by KAPA qPCR, and sequenced on a single
lane (95% transcriptome, 5% barcode) on NovaSeq 6000 (Illumina)
to an average depth of 100,000 reads per cell.

Fluorescence-assisted cell sorting

Spontaneously derived embryoid bodies were independently grown
from parental ESC lines to represent technical replicates. Single-cell
suspensions were fixed with 4% paraformaldehyde at a concentra-
tion of 1 million cells/ml for 15 min at room temperature. Cells
were washed with PBS/1% FBS twice before antibody labeling.
Cells were blocked for 15 min in either PBS/1% FBS (EpCAM) or
Perm/Wash (SOX1) prior to incubation with primary antibody (o
EpCAM at 1/10,000, Abcam ab71916; a-SOX1 at 1/300, R&D Sys-
tems AF3369) for 45 min at room temperature. After washing three
times for 5 min each in PBS/1% FBS (Perm/Wash for SOX1 sam-
ples), cells were incubated with secondary antibody for 45 min at
room temperature. After washing three times for 5 min each in
PBS/1% FBS (Perm/Wash for SOX1 samples), cells were analyzed
on Attune NXT Analyzer (Thermo Fisher). Cells were gated using
FlowJo™ software, and density of cell populations was visualized
using flowVis package in R (https://bioconductor.org/packages/
flowViz/).

Statistical analysis

Data shown represent mean + SEM unless otherwise indicated. Sta-
tistical analysis was performed using R version 3.4.1 for qtl map-
ping, v.3.5.1 for normalization and transformation of inputs for
downstream analysis, and v.3.6 for visualization and analysis (R
Core Team, 2018) as outlined below. Tests for statistical significance
for QTL mapping, and RNA-, ChIP-, and ATAC-seq are outlined
using the indicated R packages below. Significance for differences in
distributions in Fig 6E was determined using nonparametric two-
sided paired Wilcoxon’s test with the null hypothesis expecting
equal medians. Significance for figure panels 3F, 5F, and 5I was
determined using unpaired two-tailed Student’s t-test assuming
unequal variance.

ATAC-, ChIP-, and bulk RNA-seq data processing

Bulk parental, BXD ESC, and EpiLC fastq files were aligned using
bowtie (Langmead et al, 2009) to their respective strain-specific
transcriptomes (Ensembl release 84), and transcripts were quanti-
fied at gene-level abundances using EMASE (Raghupathy et al,
2018). RNA-seq data from Wolf et al (2020) (GEO accession
GSE115291) for wild-type B6 and Chr 4 knockout mESCs (n = 2 rep-
licates each, GSM3173773, GSM3173774, GSM3173775, GSM3173776)
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were aligned similarly as above to the B6 reference transcriptome
and quantified using EMASE. Read counts were filtered for lowly
expressed genes (3 counts per million in at least three samples),
TMM-normalized using edgeR (Robinson et al, 2010), and log,-
transformed for differential analysis and QTL mapping.

[llumina adaptors were trimmed from ATAC and ChIP reads
using Trimmomatic (version 0.33) and then aligned to mouse ref-
erence genome (mm1l0), modified to incorporate known D2 vari-
ants reported in Mouse Genomes Project Database, REL-1505
(Keane et al, 2011; Yalcin et al, 2011) using hisat2 (Pertea et al,
2016). Duplicate reads were removed using Picard Tools (“Picard
Toolkit”, 2019, Broad Institute), and peaks were called for each
sample using MACS (Zhang et al, 2008) (version 1.4.2, P = e ). A
comprehensive set of open chromatin locations (i.e., peakome)
was generated by combining all ATAC peaks identified across all
33 BXD samples and peaks overlapping by 1 bp merged using
bedtools. A similar peakome strategy was used for ChIP samples.
H3K9me3 data from Wolf et al (2020) (GEO accession GSE115291
samples GSM3173641, GSM3173642, GSM3173643, GSM3173644)
were downloaded from the sequence read archive aligned to
mml0 and quantified using combined TRIM28 binding locations
identified from ChIP-seq performed in B6 and D2 in this study. All
other locations of histone modification from Wolf et al (H3K4me3—
GSM3173670 and GSM3173673; H3K4mel—GSM3173669 and
GSM3173672; and H3K27ac—GSM3173671 and GSM3173674) were
identified using MACS using paired input DNA (input DNA—
GSM3173681 and GSM3173683). ATAC and ChIP read counts
were collected using bedtools (Quinlan & Hall, 2010) multicov
within respective peakome intervals. Read matrices were TMM-
normalized and log,-transformed for QTL mapping of ATAC samples
in BXDs and downstream differential analysis of chromatin accessi-
bility, histone modification, and ChIP factor occupancy between
parental strains.

caQTL and eQTL mapping in ESCs and EpiLCs

Normalized and transformed read counts were used as input for
QTL mapping for both transcript abundance and chromatin accessi-
bility. QTL were mapped using the “scanl” function in R/qtl2
(Broman et al, 2019, 2) using a linear mixed model to account for
kinship. Processing batch of BXD samples was included in the
model as a covariate to account for batch effects (Table EV2). To
assess genome-wide significance in ESC RNA-seq samples, we calcu-
lated empirical P-values using a permutation strategy (1,000 permu-
tations) and applied a multiple testing correction to obtain FDR
values (Benjamini-Hochberg-adjusted P-value). Figure 3 reports sig-
nificant eQTL with LOD cutoff > 5 and caQTL with LOD cutoff > 5
(Datasets EV5-EVS).

Distribution of hotspot caQTL from nearest TSS was determined
using ChIPseeker (Yu et al, 2015). Target genes of caQTL were
assigned using GREAT (Dataset EV9) (McLean et al, 2010) and fur-
ther filtered for genes with eQTL mapped to same genomic interval
as paired caQTL (within and across cell state).

Differential analysis of gene expression

Differentially expressed transcripts between parental ESCs were
determined using pairwise comparisons in edgeR performing quasi-
likelihood F-test (FDR < 0.05, log,FC > 1). To determine sets of
genes enriched in functional programs, we used significantly
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differentially expressed transcripts between strains (FDR < 0.05) as
in input in gene set enrichment analysis (GSEA) (Mootha et al,
2003; Subramanian et al, 2005). Strain-specific enriched programs
were identified using gene sets curated with MSigDB (Subramanian
et al, 2005; Liberzon et al, 2011, 2015) and considered significant at
FDR < 25% (weighted scoring and 1,000 permutations on pheno-
types) and suggestive at nominal P-value < 0.05 (1,000 permuta-
tions on gene set).

Placement of parental ESCs along naive pluripotency spectrum
was determined using previously published RNA-seq data from
ESCs grown in 9 different culture conditions (Hackett et al, 2017).
Fastq files were accessed in GEO (Accession: GSE98517, https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE98517) and uni-
formly processed to match our RNA-seq data as described above.
Principal components were determined using prcomp function in R
on TMM-normalized and log,-transformed RNA read counts from
the whole transcriptome. Gene contribution to separation of sam-
ples along PCs was achieved using factoextra package in R (https://
rpkgs.datanovia.com/factoextra/index.html).

To determine differentially expressed transcripts dependent on
cell state, strain, and a significant interaction between state and
strain, a general linear model (glm; Y = By + B;X; + B,X; + B3X;X,,
where X; = state, X, = strain, and X;X, = interaction term) was
applied to normalized RNA read counts from parental ESC and
EpiLC samples. Unique expression paths of genes changing simi-
larly across cell state were identified using EBseqHMM (Leng
et al, 2015) (following default settings, confidence cutoff = 0.5).
Modules were defined by filtering EBseq paths for genes with a
significant state by strain interaction (X;X,) from the glm. The
principal component analysis was performed separately on each
module using the expression of all genes within the module to
summarizing the change in expression as an eigenvalue. Gene
modules and significantly differentially expressed genes identified
in glm were visualized using ComplexHeatmap (Gu et al, 2016)
package in R. Gene modules with enriched GO terms were
determined using clusterProfiler (Yu et al, 2012) (adjusted
P-value < 0.05).

Differential analysis of chromatin accessibility and ChIP

factor occupancy

Differential accessibility of transcription factor motifs between
parental ESCs and differences detected across cell states were deter-
mined using chromVar (Schep et al, 2017). Unsupervised hierarchi-
cal clustering was performed on GC bias-corrected deviation
Z-scores.

To identify differential occupancy of factors at caQTL in ESCs,
we tested for overlap of Cistrome (Mei et al, 2017; Zheng et al,
2019) curated ChIP-seq datasets (mouse factor data downloaded 1/
18/19; we extracted mouse ESCs ChIP-seq for use in this study
representing 1,763 ChIP-seq experiments) along with ChIP-seq
performed in this study (TRIM28, P300, POUSF1) using LOLA (Shef-
field & Bock, 2016) package in R. Regions were defined as the col-
lection of chromatin target intervals for each hotspot caQTL; the
universe was set as the total ATAC-seq peakome and LOLA results
were filtered by maxRnk (combined score for P-value and odds
ratio). Allele-dependent ChIP factor binding (P300, TRIM28,
POUSF1) correlated with chromatin accessibility at hotspot caQTL
was determined using Pearson’s correlation.
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Analysis and annotation of single-cell RNA-seq

CellRanger was used to align scRNA-seq fastq files and identify indi-
vidual cell barcodes from 10X Genomics data retrieving 20,134 indi-
vidual cell transcriptomes. Individual cells were further classified
into MULTIseq lipid hash samples using demultiplex R package
(https://github.com/chris-mcginnis-ucsf/MULTI-seq) resulting in
2,150 negative cells (no hash barcode), 3,022 doublets (identified as
two hash barcodes), and 14,962 unique cells accounting for ~1,000
cells/sample (Table EV3). Clustering and analysis of scRNA-seq
data was performed using Seurat (Stuart et al, 2019). Cells with
>10% of reads from mitochondrial genes were removed. Prepro-
cess, normalization, and dimensional reduction largely followed
default Seurat settings including FindVariableFeatures (nfeatures =
2,000), RunPCA (npcs = 100) with 20 principal components selected
for clustering. Because of the large observed differences in cluster-
ing between B6 and D2 cells, we used harmony (Nowotschin et al,
2019) to mitigate the impact of cell strain background on clustering
with the following settings (theta =1, dims.use = 1:20,
max.iter.harmony = 100). Increasing theta resulted in forced clus-
tering between cells with little biological meaning, while not
improving integration between genetic background. Therefore,
theta = 1 was chosen to maximize strain integration while preserv-
ing cell identity.

Unique and differentially expressed genes in cell clusters were
generated from Seurat, and subsequent gene lists were used to
annotate cell clusters using MouseMine (Motenko et al, 2015) along
with literature searches of top 5 unique and highly expressed genes
in each cluster. MouseMine is a public database supporting gene set
queries to discover functional relatedness to a biological process,
interactions with other genes, and assess spatial expression within
relevant anatomical regions of the developing mouse embryo. Nine
cell clusters were annotated as a unique cell lineage, and four clus-
ters were enriched for GO terms describing cellular activities with
no enrichment in anatomical structures or lineage markers.

Differentiation trajectory of cells in cluster 4 branching to clusters
5 and 9 was inferred using Slingshot (Street et al, 2018). Cells in
cluster 4 were selected as starting cluster based on prior knowledge
of gene markers indicating yolk sac blood island cells.

Data availability

Original data discussed in this study have been deposited in NCBI’s
Gene Expression Omnibus and are accessible through GEO Series
accession number GSE164935 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc = GSE164935). Along with raw sequencing data,
processed data tables in the accession include normalized read
counts for gene expression for ESC and EpiL.C samples; normalized
read counts along with peak intervals for chromatin accessibility
and ChIP factor occupancy for ESC and EpiLC samples; and matrices
produced by CellRanger for expression libraries for single-cell RNA-
seq from EBs and single-cell barcode table displaying EB samples
associated with unique lipid-modified oligos after demultiplexing
following MULTIseq pipeline.

H3K4me3 ChIP-seq data for B6, D2, BXD75, and BXD87 were col-
lected previously (Baker et al, 2019) and are available through GEO
accession GSE113192 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgilacc=GSE113192).
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RNA-seq and histone modification ChIP-seq data for mESCs from
Chr 4 knockout and wild-type cells lines were published previously
(Wolf et al, 2020) and are available through GEO accession
GSE115291 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE115291).

RNA-seq data for mESCs grown in different media formulations
to access pluripotency spectrum were published previously (Hackett
et al, 2017) and are available through GEO accession GSE98517
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE98517).

Results in Figs 1 and EV1 for differential gene expression analy-
sis are available as Dataset EV1.

Results in Figs 2 and EV2 and Appendix Fig S1 for defining gene
modules are available as Datasets EV2 and EV3.

Results in Figs 3 and EV3 for single-cell RNA-seq and FACS anal-
ysis are available as Dataset EV4 and Table EV3.

Results in Figs 4 and EV4 for QTL analysis are available as Data-
sets EV5-EVS8.

Results in Fig 5E for locus overlap enrichment analysis are avail-
able as Dataset EV10.

Results in Fig SF for ChIP-seq occupancy are available as Dataset
EV11.

Expanded View for this article is available online.
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