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SUMMARY

The epigenetic information present in mammalian
gametes and whether it is transmitted to the progeny
are relatively unknown. We find that many promoters
in mouse sperm are occupied by RNA polymerase I
(Pol ll) and Mediator. The same promoters are acces-
sible in GV and Ml oocytes and preimplantation em-
bryos. Sperm distal ATAC-seq sites containing mo-
tifs for various transcription factors are conserved
in monkeys and humans. ChIP-seq analyses confirm
that Foxal, ERa, and AR occupy distal enhancers in
sperm. Accessible sperm enhancers containing H3.3
and H2A.Z are also accessible in oocytes and preim-
plantation embryos. Furthermore, their interactions
with promoters in the gametes persist during early
development. Sperm- or oocyte-specific interactions
mediated by CTCF and cohesin are only present in
the paternal or maternal chromosomes, respectively,
in the zygote and 2-cell stages. These interactions
converge in both chromosomes by the 8-cell stage.
Thus, mammalian gametes contain complex pat-
terns of 3D interactions that can be transmitted to
the zygote after fertilization.

INTRODUCTION

Terminally differentiated gametes are the foundational material
from which a complete organism is formed. Emerging evidence
suggests that phenotypes induced by environmental cues or
exposure to toxicants can be inherited by individuals in subse-
quent generations (Heard and Martienssen, 2014). Environ-
mental factors may affect the epigenome during gametogen-
esis, since this process provides an opportune window for
epigenetic reprogramming of the germline when chromatin un-
dergoes major alterations of epigenetic information. However,
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it remains unclear how acquired phenotypes can be maintained
through the reprogramming events taking place in the germline
and after fertilization to be transferred from parents to offspring.
Studies examining sperm chromatin revealed that sperm retain
nucleosomes and post-translationally modified histones in
different regions of the genome (Brykczynska et al., 2010;
Carone et al., 2014; Hammoud et al., 2009). Analyses of nucle-
osome retention in mouse sperm using assay for transposase-
accessible chromatin sequencing (ATAC-seq) and distribu-
tion of covalent histone modifications using native chromatin
immunoprecipitation sequencing (ChlP-seq) concluded that
approximately 60% of all promoters are in an active epigenetic
state, including well-positioned nucleosomes with H3K4me3,
H3K27ac, H3K9ac, and H3K36me3 (Jung et al., 2017). Sperm
also retain nucleosomes containing H3K4me1 and H3K27ac at
specific intergenic or intronic regions, suggesting that the sperm
genome may contain epigenetically active enhancers, despite
the absence of transcription (Jung et al., 2017). Furthermore,
the presence of regions protected from the insertion of Tn5
transposase suggests that some transcription factors may
remain bound to sperm DNA. This has been confirmed by map-
ping the presence of CCCTC-binding factor (CTCF) and Smc1
using ChlIP-seq. Results from these analyses suggest that
CTCF and cohesin are bound to the sperm genome in many of
the same sites where these proteins are present in the genome
of embryonic stem cells (ESCs) (Jung et al., 2017). Analysis of
Hi-C data in sperm indicates the presence of CTCF and cohesin
loops preferentially formed when CTCF sites are present in
convergent orientation, and many of these loops are also pre-
sent in ESCs and somatic cells. Sperm chromatin is folded
into A and B compartmental domains corresponding to regions
containing active or repressive histone modifications, respec-
tively (Jung et al., 2017). It is possible that this wealth of epige-
netic information present in the sperm is a leftover of prior gene
expression during sperm maturation without functional signifi-
cance during embryonic development. However, it is also
possible that proteins bound to the sperm genome play an
instructive role in the regulation of transcription in the early
embryo.
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Figure 1. Pol Il and Mediator Are Present at Sperm Promoters

(A) Genome browser view showing the distribution of RNAPIISer5ph and RNAPIISer2ph in a specific region of the mouse sperm genome. As a comparison,
RNAPIISer5ph and RNAPIISer2ph in ESCs and liver are shown.

(B) Genome browser view showing Med12 distribution with respect to that of RNAPIISer5ph and ATAC-seq THSSs in a specific region of the mouse sperm
genome.

(C) Heatmaps and average plots showing RNAPIISer5ph and RNAPIISer2ph enrichment at all mouse Refseq annotated genes. Sites are ordered by k-means
clustering of RNAPIISer5ph and RNAPIISer2ph signal between TSSs and TTSs. The enrichment of Pol Il in different clusters correlates with the enrichment of the
Med12 and ATAC-seq THSS signal. As a comparison, pan-Pol Il signal and RNA-seq in round spermatids and mature sperm are shown. RS, round spermatid; S,
mature sperm.

(legend continued on next page)
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Here, we explore the state of mouse sperm chromatin and find
that many sperm promoters contain components of the transcrip-
tion complex, including RNA polymerase Il (Pol Il) phosphorylated
in Ser2 and Ser5, and the Mediator complex. Footprint analyses
using ATAC-seq data suggest the presence of specific transcrip-
tion factors, and these factors are conserved in syntenic regions
of the macaque and human sperm genomes. In the female germ-
line, based on the presence of ATAC-seq sites containing the
CTCF motif, CTCF sites appear to be present in the germinal
vesicle (GV) oocyte, where they form loops, and remain in mature
MIl oocytes without contributing to the 3D organization of meta-
phase chromosomes at this stage. CTCF-dependent organization
is passed on to the zygote in a parent-of-origin-dependent
manner until the 8-cell stage, when CTCF loops become
the same in both homologous chromosomes. Furthermore,
enhancer-promoter interactions mediated by transcription fac-
tors in the gametes also persist in the early embryo. These find-
ings suggest that the contribution of information contained in
sperm and oocyte chromatin to early embryonic development is
greater than was previously recognized, suggesting that acquired
phenotypes in the parents may be transmitted through the germ-
line in the form of DNA-bound proteins and their interactions.

RESULTS

Components of the Transcription Complex Are Present
in Sperm Promoters

We recently reported that approximately 60% of transcription
start sites (TSSs) of annotated genes in sperm contain a nucleo-
some-free region flanked by well-positioned nucleosomes
marked by active histone modifications (Jung et al., 2017). The
presence of a hypersensitive region between the —1 and +1 nu-
cleosomes raises the question of whether TSSs in sperm are
occupied by the transcription machinery. To explore this issue,
we investigated the presence of Pol Il in sperm by performing
western analyses using antibodies to Pol Il phosphorylated
in Ser5 (RNAPIISer5ph) and Pol Il phosphorylated in Ser2
(RNAPIISer2ph). Sperm was isolated from the cauda epididymis
with a purity of <1 somatic cells per 1,000 sperm. Western ana-
lyses of histone H3 and protamine 1 in sperm and somatic cells
are in agreement with a pure population of sperm cells (Fig-
ure S1A). Results from western analyses show that both forms
of RNA polymerase are present in sperm (Figure S1B). Further-
more, results from immunofluorescence confocal microscopy
also indicate that RNAPIISer5ph and RNAPIISer2ph are present
in the sperm nucleus and that the observed staining can be
competed with peptides used to prepare the corresponding
antibodies (Figure S1C). Staining with a non-specific immuno-
globulin G (IgG) or with secondary antibodies failed to detect
any signal (Figure S1D). Finally, immunofluorescence confocal
microscopy of testis cryosections show the presence of
RNAPIISer5ph and RNAPIISer2ph in mature sperm present in

the seminiferous tubules (Figure S1E). We therefore performed
ChIP-seq in sperm with antibodies to these 2 phosphorylated
forms of Pol Il and identified 12,740 and 13,547 peaks of
RNAPIISer5ph and RNAPIISer2ph, respectively (Table S1). Anal-
ysis of their genome-wide distribution with respect to gene
features indicates that a large number of RNAPIISer5ph and
RNAPIISer2ph sites are located at TSSs and that their distribution
is similar to that in ESCs or somatic cells of the liver (Figure 1A).
Both forms of Pol Il are also located at distal intergenic regions
(Figures S1F and S1G), where they overlap with H3K4me1 and
H3K27ac, suggesting that they may represent active enhancers
(Figure STH). To further explore the significance of the distribution
of Pol Il in the mouse sperm genome, we performed ATAC-seq
using the Omni-ATAC protocol, which allows a higher signal-to-
noise ratio when generating chromatin accessibility profiles
(Corces et al., 2017). We obtained 2 biological replicates (Table
S1) and separated ATAC-seq reads into the 50- to 115-bp range,
corresponding to sites where bound proteins protect the DNA
from the Tn5 transposase (Tn5 hypersensitive sites [THSSs]),
and the 180- to 247-bp range corresponding to mono-nucleo-
somes (Schep et al., 2015). We identified a total of 61,238 THSSs.
We then used TSSs and transcription termination sites (TTSs) of
all mouse annotated genes as anchors and carried out k-means
clustering using the reads of RNAPIISer5ph and RNAPIISer2ph
ChIP-seq (Figure 1C). Results show that approximately 14,756
TSSs are enriched with RNAPIISer5ph and RNAPIISer2ph (clus-
ters 1-4), and the levels of Pol |l at these TSSs correlate with the
accessibility to Tn5 transposase and the nucleosome signal ob-
tained by ATAC-seq (Figure 1C). TSSs occupied by RNAPII-
Ser5ph and RNAPIISer2ph are hypo-methylated on DNA and
are enriched in CpG islands. Using the same TSS order as in Fig-
ure 1C, we found that flanking nucleosomes carry the active his-
tone modifications H3K4me3 and H3K36me3 (Figure 1D). We
also performed ChIP-seq with the histone variants H3.3 and
H2A.Z (Table S1) and found that these nucleosomes also contain
H3.3 and H2A.Z, while the +1 nucleosome is enriched in prot-
amine 1 (Figure 1D). TSSs in cluster 3 are also marked by
H3K27me3, suggesting a bivalent state (Figure 1D).

Mediator-promoter interactions stabilize the formation of
transcription complexes, helping to position the Pol Il complex
at the TSS. To test whether Mediator is also present in sperm,
we performed western and immunofluorescence confocal micro-
scopy analyses using antibodies to the Med12 subunit and
confirmed the presence of Mediator in sperm nuclei (Figures
S1B and S1C). We then performed ChiP-seq with Med12 anti-
bodies (Table S1). Results show that Med12 co-localizes with
RNAPIISer5ph and RNAPIISer2ph at specific gene promoters
(Figure 1B), and it is present at the same TSSs in the sperm
genome (Figure 1C). These results suggest that, in addition to nu-
cleosomes, sperm also retain components of the transcription
complex at approximately 60% of all annotated promoters,
despite the lack of transcription.

(D) Heatmaps and average plots showing sperm histone modifications H3K4me3, H3K27me3 and H3K36me3, histone variants H3.3 and H2A.Z, and protamine 1.

Clusters and gene order are the same as in (C).

(E) Enrichment of RNAPIISer5ph, RNAPIISer2p, H3K36me3, and H3K4me3 in ESCs and liver at gene promoters clustered in the same order as in (C).
(F) Average profiles of RNAPIISer2ph, H3K36me3, and protamine 1 for clusters 2 and 3 shown in (E).

See also Figure S1.
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To test whether the presence of Pol Il in mature sperm corre-
lates with transcriptional activity at earlier stages during sper-
matogenesis, we compared mature sperm Pol Il ChlP-seq data
with published Pol Il ChiP-seq and RNA-seq in round sperma-
tids. Results show that the presence of Pol Il in sperm does
not correlate well with Pol Il or RNA levels in round spermatids.
For example, TSSs in clusters 1 and 2 also contain Pol Il and
are transcribed in round spermatids, but TSSs in clusters 3
and 4 lack Pol Il in round spermatids, and TSSs in cluster 5 are
transcribed and contain Pol Il in these cells but not in sperm (Fig-
ure 1C). These results suggest that some or all of the accessible
promoters enriched with Pol Il in sperm may prepare genes for
expression at later stages of development after fertilization.
Most RNAPIISer2ph and H3K36me3 in sperm appear to be
present at TSSs but not extending through gene bodies (Figures
1C and 1D). This is distinct from the canonical patterns of
RNAPIISer2ph and H3K36me3 presence throughout coding re-
gions, including the 3’ end of transcribed genes, and correlating
with active elongation. To explore differences in the location of
Pol Il and H3K36me3 between sperm and cell types undergoing
active transcription, we compared their distribution in sperm with
that in ESCs and liver cells using published data from these 2 cell
types (Bunch et al., 2014; Ji et al., 2015; Li et al., 2014; Wamstad
et al.,, 2012). In ESCs, RNAPIISer5ph and RNAPIISer2ph are
present at TSSs in clusters 1-2, but extend into the gene bodies
in ESCs and liver cells, coincident with the enrichment of
H3K36me3 through the genes (Figures 1E and 1F). Therefore,
although sperm promoters are poised in an active chromatin
state with Pol Il, Mediator, and active histone modifications,
these promoters are not transcribed. One possible explanation
for the lack of transcription in sperm despite the apparent simi-
larity of the chromatin state to that of transcriptionally active
cell types is the presence of protamines on sperm DNA, specif-
ically enriched just downstream of the TSS and Pol Il (Figures 1D
and 1F). This raises the possibility that protamines may be
involved in preventing poised Pol Il in sperm from elongating
into the gene body.

Conservation of the Sperm Chromatin Regulatory
Landscape in Monkeys and Humans

Analysis of accessible regions detected by subnucleosome-
sized reads obtained by Omni-ATAC-seq indicates the occur-
rence of thousands of THSSs at non-TSS sequences, suggest-
ing the presence of DNA binding proteins at promoter-distal
regions, including introns and intergenic regions. We identified
50,082 distal THSSs corresponding to putative transcription fac-
tor binding sites excluding TSSs in sperm, and searched these
sites for DNA footprints of known transcription factor binding
motifs using Wellington (Piper et al., 2013). We found significant
enrichment of DNA footprints for numerous transcription factors
(TFs), including members of the Forkhead family such as Foxa1,
Zn finger proteins such as CTCF and Znf143, and nuclear
hormone receptors including androgen receptor (AR) and estro-
gen receptor (ER) (Figure S2A). To test whether this accessi-
bility landscape may have functional significance, we explored
whether it is conserved in the sperm of other mammalian spe-
cies. We performed Omni-ATAC-seq with sperm samples from
humans and rhesus macaques (Macaca mulatta). We obtained

2independent biological replicates for each species with high cor-
relation coefficients (Table S1). We combined replicates and
analyzed reads separately in the 50- to 115-bp and 180- to 247-
bp ranges, corresponding to the presence of TFs and mono-nu-
cleosomes, respectively. We identified 89,713 THSSs in humans
and 73,384 THSSs in monkeys. We then identified conserved
THSSs around TSSs corresponding to the presence of the tran-
scription complex between the +1 and —1 nucleosomes, as
described above. We considered only genes having syntenic lo-
cations in all 3 species. Tet3 is an example of a conserved gene
with a THSS at the promoter in all 3 species analyzed (Figure 2A).
Gene Ontology (GO) term analysis of genes whose TSS accessi-
bility is maintained among mice, monkeys, and humans is
enriched in terms for embryonic development. The hierarchical
clustering of homologous genes by accessibility indicates that hu-
mans show a greater similarity to monkeys than to mice (Fig-
ure 2B), which is consistent with the evolutionary distances
between the 3 species. Furthermore, analysis of footprints identi-
fied using ATAC-seq reads corresponding to distal THSSs indi-
cates that human and monkey sperm also contain footprints for
numerous TFs, including CTCF and Znf143, members of the
Fox family, and androgen and estrogen receptors (Figure 2C).

To gain further insight into the significance of the conservation
of TF binding sites across mammalian species, we examined
mouse CTCF ChIP-seq peaks and determined whether human
and monkey sperm have THSSs at CTCF syntenic sites. We
defined syntenic locations of mouse CTCF in human and mon-
key using LiftOver (mm9 to hg19 and hg19 to rheMac8). Notably,
CTCF syntenic locations in both species showed significant
chromatin accessibility compared to random control sequences,
and consensus CTCF motifs were also found at these conserved
sequences (Figure 2D). Furthermore, CTCF syntenic sites are
flanked by nucleosomes containing H3K4me1 in mouse and
human sperm (Figure 2E). Similar analyses show the conserva-
tion of Foxa1 and Znf143 sites (Figure S2B). Finally, distal THSSs
present in human sperm overlap with previously defined tissue-
specific enhancers (Figure S2C) (Gao et al., 2016). These obser-
vations suggest that putative protein binding sites in mammalian
sperm chromatin are evolutionarily conserved among mouse,
monkey, and human, suggesting that TFs may remain bound
to the sperm genome and may have functional relevance during
embryonic development.

The Pioneer Factor Foxa1 Co-localizes with Nuclear
Receptors at Putative Sperm Enhancers

Analysis of footprints generated by ATAC-seq subnucleosome-
sized reads suggests the presence of TFs bound to the sperm
genome, including the pioneer factor Foxal and the estrogen
and androgen receptors, both of which require Foxa1 for recruit-
ment to chromatin (Hurtado et al., 2011). To directly test the pos-
sibility that Foxal is bound to the sperm genome, we first
confirmed its presence in sperm nuclei using western analysis
(Figure S3A). Immunofluorescence confocal microscopy also
shows the presence of this protein in sperm nuclei, and the
observed staining can be competed with peptides used to pre-
pare the corresponding antibodies (Figure S3B). Furthermore,
immunofluorescence confocal microscopy of testis cryosections
show the presence of Foxal in mature sperm present in the
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Figure 2. Conservation of the Sperm Chromatin Regulatory Landscape in Mammals

(A) Genome browser view showing ATAC-seq THSS signal between species at a syntenic region of the genome.

(B) Hierarchical clustering of genes in syntenic regions of the genome by ATAC-seq accessibility between mouse, monkey, and human.

(C) Average footprint profile of ATAC-seq THSSs at regions containing the given TF-binding motif.

(D) Boxplots showing the RPKM of ATAC-seq THSSs present at distal accessible regions in mouse sperm containing the CTCF motif in syntenic regions of
humans and monkeys. The motifs found at these syntenic regions in monkeys and humans are also shown.

(E) Average profiles of ChIP-seq signal for H3K4me1 mouse and human sperm relative to conserved CTCF syntenic loci.

See also Figure S2.

seminiferous tubules (Figure S3C). We then carried out ChIP-seq
with antibodies to Foxal (Table S1) and identified 7,116 peaks in

the mouse sperm genome (Figure 3A). Some of these sites

are

present at promoters, but most are located in intergenic regions
or introns, likely corresponding to putative enhancers (Figure 3B).
Analysis of motifs present at Foxal binding sites indicates the
presence of binding sequences for estrogen, androgen, and

glucocorticoid receptors; grainyhead-like TF1; nuclear factor

I X

(also known as CCAAT-binding TF); and TF activator protein
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(AP)-2 gamma (Figure S3D). Since Foxal has been shown to
facilitate the binding of nuclear hormone receptors such as ERa
and AR, we confirmed that ERa and AR are present in sperm us-
ing western analysis (Figure S3A) and immunofluorescence
confocal microscopy (Figures S3B and S3C). We then examined
the genomic distribution of ERa. and AR using ChIP-seq (Fig-
ure 3A; Table S1). Like Foxa1, ERa and AR sites are located at
promoters, introns, and distal intergenic regions (Figure 3B).
The 3 proteins Foxal, ERa, and AR co-localize at 52% of all
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Figure 3. Foxa1, Nuclear Hormone Receptors, and Znf143 Are Present in Sperm Chromatin

(A) Genome browser view showing co-localization of Foxal, ERa, and AR in a region of the mouse sperm genome.

(B) Genome-wide distribution of Foxa1, ERa, and AR peaks identified by MACS. TSS + 500 bp are listed as promoters.

(C) Heatmaps and average profiles showing Foxal, ERa, and AR ChIP-seq signal around TSSs (+2 kb).

(D) Heatmaps showing Foxa1, ERa, and AR ChlIP-seq signal at ATAC-seq distal THSS non-TSS peaks. Clusters derived by k-means clustering of ChlP-seq reads.
Histone modifications related to potential enhancers and histone variants at these sites are also shown (center £2 kb).

(E) Pearson’s correlation of Foxal, ERa, and AR ChIP-seq read density genome-wide with histone modifications related to potential enhancers and histone
variants. The clustering method is hierarchical complete linkage.

(F) Venn diagram showing overlap of non-TSS Znf143 peaks with Smc1 and CTCF.

(G) Heatmaps showing Znf143, Smc1, and CTCF at distal non-TSS peaks from ChIP-seq signal for each protein. Clusters were derived by k-means clustering of
ChlIP-seq reads.

(H) Genome browser views of specific examples corresponding to the 3 types of sites shown in (G).

(legend continued on next page)
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annotated TSSs in the mouse genome (Figure 3C). These pro-
teins can also be found together at a large fraction of TSSs in so-
matic cells (Figure S3E).

In addition to TSSs, Foxa1, ERa, and AR are present at a large
number of distal sites in the genome. To analyze in detail the rela-
tive distribution of these 3 proteins, we combined the summits of
all distal peaks for the 3 proteins and used them as anchors to
perform k-means clustering. Results show that Foxa1 is present
at many distal sites containing ERa. and AR (Figure 3D). A subset
of these sites contains all 3 proteins, but other sites contain only
ERa or AR, others contain Foxa1 alone, and still others contain
ERa and/or AR but lack Foxal (Figure 3D). In somatic cells,
Foxa1l preferentially binds to lineage-specific enhancers that are
defined by H3K27ac, H3K4me1, and histone variant H2A.Z (Joz-
wik et al., 2016). In sperm, all distal Foxa1 sites are flanked by nu-
cleosomes containing H2A.Z, and those including ERa and AR
also contain H3.3, H3K9ac, H3K27ac, and H3K4me1 (Figure 3D).
To further analyze the relation among these proteins and histone
modifications, we used ChIP-seq data to perform unsupervised
hierarchical cluster analysis, and the results are shown in Fig-
ure 3E. These results suggest that Foxal and associated proteins
may remain bound to sperm chromatin to mark enhancer ele-
ments involved in the regulation of gene expression in different tis-
sues of the developing embryo. In agreement with this hypothesis,
Foxal sites in sperm overlap with enhancers defined in ESCs;
neural precursor cells (NPCs); and heart, lung, kidney, and other
celltypes of the developing embryo (Figure S3F) (Gao et al., 2016).

Znf143 Co-localizes with CTCF and Cohesin and Is
Involved in Loop Formation

Analysis of footprints using ATAC-seq subnucleosome-sized
reads suggests the presence of multiple Zn finger proteins
bound to the mouse sperm genome (Figure S2A). One of these
proteins, Znf143, is of special interest because it has been
shown to co-localize with CTCF and cohesin and to mediate
interactions between promoters and distal regulatory sequences
in somatic cells (Bailey et al., 2015). Western analysis of sperm
protein extracts supports the presence of this protein in mouse
sperm (Figure S3A). To examine the distribution of Znf143 in
mouse sperm, we performed ChIP-seq with antibodies to this
protein (Table S1). We observed a total of 20,492 peaks for
Znf143, most of which overlap with those of CTCF, Smc1, or
both (Figure 3F). Many of these peaks are present at promoters,
but also in introns and distal intergenic regions and are enriched
in motifs for Znf143 and CTCF. To examine the relative distribu-
tion of these 3 proteins in more detail, we combined all of the
peaks and used them as anchors to perform k-means clustering
of Znf143, Smc1, and CTCF ChlIP-seq signal. Most Znf143 peaks
overlap with Smc1 and CTCF, and small fractions contain Znf143
and Smc1 or CTCF and Smc1 (Figure 3G). Therefore, most CTCF
and cohesin sites in the sperm genome also contain Znf143.
Examples of each class are shown in Figure 3H.

To analyze the possible role of Znf143 in CTCF- and cohesin-
mediated interactions with high resolution, we performed in situ
Hi-C with the restriction enzyme Dpnll and obtained 2 biological
replicates with a total of 520 million intra-chromosomal contacts
(Table S2). We then used FitHi-C (Ay et al., 2014) to define signif-
icant interactions in sperm and examined the presence of
Znf143, CTCF, and Smc1 at anchors mediating these interac-
tions. Genomic sites containing the observed combinations of
these proteins mediate interactions in the sperm genome,
including sites containing Znf143 and Smc1, CTCF, and Smc1
and Znf143, CTCF, and Smc1 (Figure 3l). Interactions mediated
by Znf143 and Smc1 take place over shorter distance ranges
than those mediated by CTCF and Smc1 or the combination of
the 3 proteins (Figure 3l). Furthermore, most contacts in sperm
contain all 3 proteins at interacting anchors, and interacting sites
containing Znf143 are present at both enhancers and promoters
(Figure 3J). Examples of the different types of interactions are
shown in Figure S3G.

GV and MIl Stage Oocytes Contain Accessible Sites
Corresponding to Specific TFs

To examine whether female gametes also contain accessible
promoters and putative enhancers, we performed Omni-ATAC
optimized for a small number of nuclei in mouse oocytes at the
GV and MII stages of oogenesis. During fetal development, the
mammalian oocyte enters meiosis and is arrested at the diplo-
tene stage of prophase |, termed the GV stage, from birth to
puberty. After a hormone surge, the oocyte undergoes meiotic
maturation and is arrested again in metaphase of meiosis Il
(MI1), which is the mature stage fertilized by sperm (Von Stetina
and Orr-Weaver, 2011). We generated biological replicates of
Omni-ATAC-seq libraries using 300-400 oocytes for each sam-
ple (Table S1). For subsequent analyses, we used a previously
published list of oocyte TSSs that reflect the usage of alternative
promoters in this cell type (Veselovska et al., 2015). Using model-
based analysis of ChIP-seq (MACS) and THSS reads, we identi-
fied 28,439 and 31,597 THSS peaks in GV and MIl oocytes,
respectively. These sites are distributed across various gene
features such as promoters, introns, and distal intergenic regions
(Figure 4A). Therefore, condensed MIl oocyte chromosomes
contain a rich map of accessible sites similar to those of GV
oocytes. Using nucleosome-size reads to map the location of
nucleosomes, we found that oocytes at the GV and MIl stages
contain accessible TSSs flanked by well-positioned +1 and —1
nucleosomes (Figure 4B). Furthermore, using previously pub-
lished H3K4me3 ChlP-seq data (Dahl et al., 2016; Zhang et al.,
2016), we found good correlation between promoter accessibility
and the presence of H3K4me3 (Figure 4C). Specific examples of
genes with different degrees of correlation between these 3 fea-
tures are shown in Figure S4A. These results suggest that a large
number of promoters are accessible in GV oocytes, and these
promoters remain accessible in MIl metaphase chromosomes.

() Boxplot showing the distance of interactions mediated by Znf143, Smc1, and CTCF combinations present at anchors. These significant interactions are

defined by FitHi-C using sperm Hi-C data.

(J) Number of interaction loops defined by HICCUPS mediated by combinations of Znf143, Smc1, and/or CTCF. Enhancer-promoter interactions are defined

based on the presence of H3K27ac and TSS + 500 bp.
See also Figure S3.
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Although we have no direct evidence to suggest that accessible
promoters in oocytes contain components of the transcription
complex, the good correlation observed in sperm between
ATAC-seq THSSs and ChlP-seq signal for Pol Il and Med12 sug-
gests that these or other components of the transcription com-
plex may also be present at oocyte promoters.

In addition to THSSs present at the promoter, GV and MIi
oocytes contain a large number of THSSs in distal intergenic re-
gions and introns (Figure 4A). We identified 25,782 distal THSSs
shared by the 2 stages, 1,075 THSSs only present in the GV
stage, and 3,865 THSSs newly gained in the Mll stage (Figure 4D).
These sites are flanked by well-positioned nucleosomes in both
stages (Figures 4D and 4E). These nucleosomes lack H3K4me3
but contain H3K27ac in Mll oocytes, suggesting that they may
correspond to enhancers in an active state (Figure S4B). Inagree-
ment with this hypothesis, these sites have been identified as en-
hancers in various tissues of the developing embryo (Figure S4C).
To gaininsights into the nature of the TFs bound at these sites, we
performed motif discovery analyses using common, GV-specific,
and Mll-specific distal THSSs using Multiple EM for Motif Elicita-
tion (MEME) (Figure S4D). The most prevalent motifs at GV-spe-
cific peaks correspond to the TFs Nr5a2, Esrra, Sp1, and Gata3.
Mll-specific peaks —those appearing de novo as the oocyte goes
into metaphase—correspond to the AP-1 factors Fos and Junb,
Runx1, and Zfp691, whereas common peaks contain Junb,
CTCF, and Nr5a2 (Figure S4D). CTCF, Nr5a2, and Esrra are
known to be essential proteins for early development (Wu et al.,
2016). Although we lack direct evidence for the presence of these
TFs at oocyte THSSs, the results raise the intriguing possibility
that TFs that are important for early embryo development may
remain bound to the maternal chromatin through meiosis.

Of the 25,782 THSSs found in both GV and MIl oocytes at
distal sites, 4,681 contain the CTCF motif (Figure 4F). This is
surprising, since CTCF has been shown to be evicted from
metaphase chromosomes (Oomen et al., 2019), concomitant
to the dramatic reorganization of chromosome structure that
accompanies entry into mitosis (Gibcus et al., 2018). Analysis
of 3D chromatin organization using Hi-C suggests that GV
oocytes show the typical higher-order structures, such as topo-
logically associating domains (TADs) and compartments,
whereas MIl oocytes lack these structures and instead show a

similar organization to that observed in mitotic somatic cells
(Du et al., 2017). Though it is formally possible that a different
protein, rather than CTCF, is bound to THSSs containing the
CTCF motif, we asked whether these sites present in GV and
MIl oocytes are associated with the formation of loops by
analyzing published Hi-C data from these stages of oogenesis
using Hi-C Computational Unbiased Peak Search (HICCUPS)
(Durand et al., 2016b). Although chromatin accessibility at
many putative CTCF binding sites in GV oocytes is preserved
in the MIl stage, chromatin interactions mediated by these com-
mon sites are lost in MIl oocytes (Figure 4G). We also examined
Hi-C-derived interaction loops anchored by all distal ATAC-seq
THSSs. Again, interaction loops present in the GV stage were
not detectable in Mll oocytes (Figure 4H), even though accessi-
bility at THSSs present at loop anchors defined in GV show no
change between the 2 stages (Figure 4l). To further analyze
changes in interactions between the GV and MIl oocytes, we
defined active promoters as TSSs containing H3K4me3 and
lacking H3K27me3, and inactive promoters as TSSs containing
opposite histone modifications (Figure 4J). Promoters in an
active epigenetic state in GV oocytes maintain this state in Mll,
and their activity correlates with levels of RNA in these 2 stages
(Figure 4J). Specific examples are shown in Figure S4E. We also
defined putative enhancers as the THSSs present in cluster 2 in
Figure 4D. We then identified significant interactions in the Hi-C
data using FitHi-C and determined enhancer-promoter interac-
tions. We found that putative enhancers contact active pro-
moters in GV oocytes, but these interactions disappear in the
MII stage (Figure 4K), although TFs and the transcription com-
plex remain bound to these sequences in MIl chromosomes.
These results suggest that the compaction of chromosomes in
MIl oocytes does not affect the binding of most proteins present
in the GV stage, but interactions mediated by these proteins,
including CTCF or a putative different protein that binds to the
same motif and other distal sites presumed to be enhancers,
are reprogrammed during chromosome condensation.

Chromatin Accessibility at Promoters in the Gametes
Persists in Preimplantation Embryos

It is possible that promoters in an active state in the gametes
play an instructional role in establishing transcription early in

Figure 4. Differences in the Distribution of TFs and Their Interactions in GV and MIl Oocytes

(A) Genome-wide distribution of ATAC-seq THSSs from GV and Ml oocytes.

(B) Average profiles of ATAC-seq THSSs and nucleosome signals from GV and MIl oocytes at TSSs.

(C) Pearson’s correlation of ATAC-seq THSSs with RNA-seq and H3K4me3 ChlIP-seq at promoters in GV and Ml oocytes.

(D) Heatmaps showing ATAC-seq THSSs and nucleosome signal at distal non-TSS peaks. Clusters derived by k-means clustering of ATAC-seq THSS reads.
Cluster 1, GV specific; cluster 2, common between GV and MII; cluster 3, Ml specific.

(E) Average profiles of ATAC-seq THSS and nucleosome signals from GV and MIl oocytes at non-TSS peaks corresponding to clusters shown in (D).

(F) Venn diagram showing overlap of distal ATAC-seq THSS non TSS peaks between GV and MIl oocytes. The lower part shows the number of peaks containing

the CTCF motif.

(G) Metaplots of GV and MIl oocyte Hi-C significant interactions between anchors occupied by ATAC-seq THSSs (cluster 2 in D) containing the CTCF motif.
(H) Metaplots of GV and MIl oocyte Hi-C significant interactions between anchors occupied by all distal ATAC-seq THSSs present in GV oocytes.

(I) Boxplot comparing ATAC-seq THSS reads on the loop anchors shown in (H) between GV and Ml oocytes. RPKM, reads per kilobase million.

(J) Heatmaps showing RNA-seq, H3K4me3, and H3K27me3 ChIP-seq from GV and Ml oocytes at gene promoters interacting with common THSSs (cluster 2 in

D) analyzed in (K).

(K) Metaplots of GV and MIl oocyte Hi-C significant interactions between enhancers defined by the presence of THSSs and H3K27ac, and active promoters

containing H3K4me3.
See also Figure S4.
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embryogenesis. To test this hypothesis, we examined the corre-
lation between ATAC-seq accessibility of sperm promoters and
the levels of RNAPIISer5ph and found a high degree of correla-
tion, suggesting that the strength of THSS peaks at promoters
may be used as a direct measure of transcription complex occu-
pancy (Figure 5A). We then classified sperm TSSs into 4 groups
based on THSS signal and RNAPIISer5ph levels (Figure 5A). We
compared ATAC-seq accessibility in these 4 clusters of sperm
promoters with that of GV and MIl oocytes. The results suggest
that accessible promoters in sperm are also accessible in
oocytes (Figure 5B). To examine whether these promoters
remain accessible during embryogenesis, we made use of
DNase-seq obtained at various stages of embryonic develop-
ment (Lu et al., 2016). We found that promoters with high acces-
sibility in sperm and oocytes are also accessible in all examined
embryonic stages from zygote to morula (Figure 5B). Promoters
in cluster 1 consistently have the strongest signal, which be-
comes progressively weaker in clusters 2-4, with little to no
signal in cluster 4, and ATAC-seq accessibility correlates well
with density of CpG islands (Figure 5B). A similar result was
obtained using ATAC-seq data from preimplantation embryos
(Wu et al., 2016) (Figure S5A). We confirmed these qualitative
observations on chromatin accessibility in promoter regions in
a quantitative manner by calculating reads per kilobase million
(RPKM) for DNase-seq and fragments per kilobase million
(FPKM) for ATAC-seq data in each stage from the gametes to
the inner cell mass (ICM). The accessibility of promoters in
each cluster remains approximately the same between the
gametes, the PN3 and PN5 stages of the zygote, 2-cell and
4-cell stages, and increases during the 8-cell and morula stages
(Figures 5C and S5B). A detailed quantitative measurement of
the degree of correlation of normalized levels of DNase-seq
and ATAC-seq at promoters in sperm, oocytes, and preimplan-
tation embryos is shown in Figure S5C. An example showing
the maintenance of promoter accessibility between the gametes
and the early embryonic stages in the Dnpep gene is shown in
Figure 5D.

Widespread transcription in the mouse embryo does not occur
until the 2-cell stage, suggesting that the existence of accessible
promoters containing components of the transcription complex
is not sufficient for gene expression. To understand the relation
between epigenetic modifications and accessibility at pro-
moters, we re-analyzed published H3K4me3 and H3K27me3
data obtained in preimplantation embryos and gametes (Zhang
et al., 2016; Zheng et al., 2016). For allele-specific comparisons,
we distinguished between the paternal and maternal allele reads
using SNP information and processed only normalized SNP-
trackable reads in each allele (see STAR Methods). Results
show that the majority of the H3K4me3 signal present in sperm-
accessible promoters (clusters 1-3) is lost in the zygote and
begins reestablishment in the late 2-cell stage, perhaps as a
consequence of the start of major zygotic genome activation
(ZGA) (Figure 5F). An example of the distribution of H3K4me3
during embryonic development at the promoter of the Dnpep
gene is shown in Figure 5E. H3K4me3 is present at low levels in
the promoters of MIl oocytes, the maternal chromosomes of
the PN5 zygote, and, as is the case for the paternal chromo-
some, increases in the late 2-cell stage (Figure 5F). In contrast,

H3K27me3 shows a negative correlation with accessibility at
gene promoters in sperm, with those in cluster 4 showing the
highest levels of this modification (Figure S5D). Accessible sperm
promoters also lose this histone modification in the zygote,
and appreciable levels are restored only in the ICM (Fig-
ure S5D). However, H3K27me3 is retained in the metaphase
chromosomes of the MIl oocyte and persists during all stages
of early embryonic development in the maternal chromosome
(Figure S5D). To further explore the relation between promoter
accessibility in the gametes and preimplantation embryos and
epigenetic modifications, we examined previously published
genome-wide bisulfite sequencing (GWBS) data (Jung et al,,
2017; Wang et al.,, 2014). We found that most accessible
promoters in sperm have low DNA methylation levels (clusters
1-3) and remain unmethylated until embryonic day (E) 6.5, at
which time methylation levels increase slightly. Most methylation
changes in the early embryo take place in non-accessible pro-
moters (cluster 4), which become demethylated up to the blasto-
cyst stage and then are rapidly remethylated in both maternal
and paternal chromosomes (Figure 5G).

Comparison of Chromatin Accessibility at Regulatory
Regions between Sperm and Oocytes

A large fraction of THSS ATAC-seq peaks in sperm and oocytes
display enrichment in distal regions or introns, which are pre-
sumed to be regulatory elements (Figures 2C and 4A). We there-
fore asked whether these distal sites, which are bound by various
TFs in sperm, are different between male and female gametes.
Visual inspection of ATAC-seq data suggests the existence of
common and gamete-specific distal sites (Figure 6A). Therefore,
we combined the distal ATAC-seq sites in sperm, GV, and Mil
oocytes and used them as anchors to perform k-means clus-
tering. We found 23,168 sperm-specific, 10,058 oocyte-specific,
and 32,465 common distal THSSs (Figure 6B). All of the sites are
flanked by well-positioned nucleosomes containing H3K27ac in
the corresponding cell type. MIl oocyte-specific sites are flanked
by better-positioned nucleosomes containing higher levels of
H3K27ac (Figures 6B and 6C). To examine whether there are
other chromatin features that distinguish sperm-specific versus
common sites, we examined the distribution of histone variants
around these sites. Results show that sperm distal sites that
are also present in oocytes contain H3.3 and their flanking nucle-
osomes contain H2A.Z and high levels of H3K27ac in sperm,
whereas those that are sperm- or oocyte-specific lack histone
H3.3 (Figure 6C).

We next used ATAC-seq data obtained in preimplantation em-
bryos (Wu et al., 2016) to ask whether distal sites accessible to
Tn5 in sperm and oocytes are also accessible during early em-
bryonic development. We found that sperm- and oocyte-specific
distal sites are not maintained in preimplantation embryos. How-
ever, common sites present in both sperm and oocytes show
robust and similar accessibility at all embryonic stages beginning
7.5 h after fertilization (Figure 6B). Using nucleosome-sized
reads from ATAC-seq data, we found that these sites are flanked
by well-positioned nucleosomes in all preimplantation stages
(Figures 6C and 6SA). Gamete-specific distal sites that lack
ATAC-seq THSSs in the embryo, suggesting the absence of
bound TFs at these sites, still contain nucleosome-sized reads
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Figure 5. Promoter Accessibility Is Maintained between Germ Cells and Early Embryos

(A) Scatterplot showing the Pearson’s correlation between sperm ATAC-seq THSSs and RNAPIISer5ph ChiP-seq at promoters (TSS + 500 bp). Four clusters
were defined by k-means clustering.

(B) Heatmaps showing sperm and oocyte ATAC-seq THSSs at promoters clustered as shown in (A). Also shown is DNase-seq signal enrichment at the same
promoters in different stages of preimplantation embryos. GV, GV oocyte; MIl, Mll oocyte; PN3, zygote pronuclear stage 3; PN5, zygote pronuclear stage 5; 2C,
2-cell stage embryos; 4C, 4-cell stage embryos; 8C, 8-cell stage embryos; P, paternal; M, maternal.

(C) Plot showing the average ATAC-seq or DNase-seq signal in the different clusters and cell types shown in (B). Error bars indicate SEMs. SP, sperm; Mor,
morula; Pat, paternal; Mat, maternal. Other symbols as in (B).

(D) Track view of ATAC-seq and DNase-seq signal at an example gene for the different cell types shown in (C). E2C, early 2-cell stage embryo; L2C, late 2-cell
stage embryo. Other symbols as in (B).

(E) H3K4me3 and H3K27me3 ChlP-seq signal at an example gene for the different cell types shown in (C). Symbols as in (B).

(F) Plot showing average allele-specific signal of H3K4me3 ChlP-seq at the TSS clusters defined in (A). The paternal signal is shown on the left side of each panel,
and the maternal signal is shown on the right side. SP, sperm; Zy, zygote; E2C, early 2-cell stage embryo; L2C, late 2-cell stage embryo; 4C, 4-cell stage
embryos; 8C, 8-cell stage embryos; ICM, inner cell mass. The number of TSSs present in each cluster are as follows: cluster 1, 1,127; cluster 2, 3,196; cluster 3,
4,809; cluster 4, 7,563.

(G) Plot showing average allele-specific signal of BS-seq data at the TSS clusters defined in (A). The paternal signal is shown on the left side of each panel, and
the maternal signal is shown on the right side. Oo, oocytes. Other symbols as in (F). The number of TSSs present in each cluster are as follows: cluster 1, 513;
cluster 2, 1,498; cluster 3, 2,290; cluster 4, 3,325. Other symbols as in (F).

See also Figure S5.
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suggestive of positioned nucleosomes, although the intensity of
this signal is lower than at common sites (Figures 6C and S6A).
These findings suggest that distal THSSs present in both gam-
etes, which presumably represent regulatory sequences, may
be transmitted from germ cells to preimplantation embryos,
where they maintain an open chromatin state throughout early
embryonic development. In sperm, where this information is
available, sites that persist in the embryo are marked by H3.3
and flanking nucleosomes containing H2A.Z (Figure 6C). To
explore the possibility of additional epigenetic differences be-
tween distal THSSs in the gametes that persist in the embryo
and those that do not, we examined the DNA methylation state
at these sites. Sperm- and oocyte-specific sites are methylated
at intermediate levels in the gametes, become demethylated up
to the blastocyst stage, and are remethylated again to levels
similar to those present in the gametes (Figure S6B). However,
accessible regions common to the sperm and oocyte, which
remain accessible in the embryo, have methylation levels
<20% at all stages from gamete through epiblast (Figure S6B).
To determine which TFs are present at THSSs that persist be-
tween the gametes and the early embryo, we performed a motif
analysis with MEME-ChIP on these sites. We found a number of
TF motifs known to be essential for early development, including
CTCF, ZIC4, NFYA, NFYB, AR, and ESR2 (Figure S6C). To
further analyze the possible persistence of these proteins, we
examined the maintenance of binding sites for CTCF. We com-
bined all ATAC-seq THSSs present in sperm or oocytes contain-
ing a CTCF motif and used them as anchors to perform k-means
clustering. Only a small fraction of CTCF sites are gamete
specific, and those present in both sperm and oocytes are
maintained in preimplantation embryos (Figure 6D). CTCF sites
maintained in the early embryo are flanked by H3.3 and H2A.Z,
contain H3K27ac and H3K4me1, and are flanked by well-posi-
tioned nucleosomes in all stages of early embryonic develop-
ment (Figure 6E). In addition to CTCF, distal THSSs common
to sperm and oocytes and maintained in the early embryo
contain motifs for AR and ERs. Many of these sites also contain
Foxal in sperm. Analysis of ATAC-seq subnucleosome-sized
reads suggests that ChlP-seq sites containing Foxal, AR, and
ERa in sperm are also present in GV and Ml oocytes (Figure 6F).
Furthermore, these sites co-occupied by Foxal, AR, and ERa
in both sperm and oocytes are maintained in preimplantation
embryos based on the presence of THSSs observed in ATAC-
seq signal (Figure 6F). An example of a specific region of the

genome showing this maintenance of accessibility is shown in
Figure 6G.

Conservation of CTCF- and TF-Mediated DNA Loops
from Gametes through Preimplantation Embryos

Itis possible that interactions mediated by CTCF and other TFsin
sperm are maintained in preimplantation embryos and contribute
to the establishment of specific transcription patterns during
early embryogenesis. To test this hypothesis, we examined
publicly available Hi-C data obtained with oocytes, preimplanta-
tion embryos (Du et al., 2017; Flyamer et al., 2017), sperm (the
present study), and mouse brain cortex (Du et al., 2017). Hi-C
data obtained in mouse embryos were separated into interac-
tions present in the paternal or maternal chromosomes using
SNP information. We determined significant interactions in
the different Hi-C datasets using FitHi-C (Ay et al., 2014) and
then analyzed CTCF-mediated interactions using CTCF motif-
containing THSSs common to sperm, GV, and MIl oocytes.
These sites mediate interactions in both sperm and GV oocytes
(Figure S7A). Furthermore, some or all of the sperm or oocyte
interactions are also present in the paternal or maternal chromo-
somes of preimplantation embryos, respectively (Figure S7A).
Based on ChIP-seq experiments, we have identified 3 types of
cohesin-containing sites: those containing CTCF, Znf143, or
CTCF plus Znf143. All of these 3 types of cohesin-containing
sites mediate specific interactions in sperm and are maintained
in the paternal chromosomes from the 1-cell stage to the ICM
of the blastocyst (Figure S7B). To examine the persistence of
interactions between the gametes and the early embryo in a
different manner, we called paternal chromosome-specific loops
at the PN5 zygote stage using a derivative of the HICCUPS
method (Cubefas-Potts et al., 2017) and examined the presence
of these paternal-specific loops in sperm and embryos. We
found that paternal-specific loops present in the zygote are
also present in the sperm and in the paternal chromosomes up
to the blastocyst stage, as well as in the brain cortex (Figure 7A).
These loops are not present in the GV oocyte or in the maternal
chromosomes of 1- and 2-cell embryos. However, by the 8-cell
stage, the maternal chromosomes acquire the same loops as
those present in the paternal alleles (Figure 7A). Similarly,
CTCF loops present in the PN5 maternal chromosome are pre-
sentinthe GV oocyte and are conserved in the maternal chromo-
somes throughout early embryonic development. These loops
are not present in the paternal chromosomes until the 8-cell

Figure 6. Chromatin Accessibility at Regulatory Regions in Gametes and Preimplantation Embryos

(A) Track view of distal ATAC-seq THSSs in sperm, GV, and MIl oocytes at allele-specific or common accessible distal regulatory regions (highlighted).

(B) Heatmaps comparing distal ATAC-seq THSSs and nucleosomes between sperm, oocytes, and preimplantation embryos. Also shown is the distribution of
H3K27ac ChIP-seq signal in sperm and MIl oocytes and ATAC-seq THSSs in preimplantation embryos and ESCs. Clusters were derived by k-means clustering of

sperm and oocytes ATAC-seq THSS reads.

(C) Average profiles of ChlP-seq signal for histone variants H3.3 and H2A.Z in sperm and H3K27ac in sperm and Mll oocytes at the same distal regulatory regions,
as in (B). Lower panels show average plots of ATAC-seq nucleosome signals from preimplantation embryos.

(D) Heatmap showing ATAC-seq THSSs from sperm, GV, and MIl oocytes and preimplantation embryos at all distal regulatory regions containing the CTCF motif.
(E) Average profiles of ChIP-seq signal for histone variants H3.3 and H2A.Z in sperm and H3K27ac in sperm and MIl oocytes at the same distal regulatory regions
as in (D). Average plots of ATAC-seq nucleosome signals from preimplantation embryos are also shown.

(F) K-means clustering of Foxa1, ERa, and AR ChlIP-seq signal at distal THSSs overlapping a peak for at least 1 of these 3 proteins. ATAC-seq THSS signal from
sperm, GV, and MIl oocytes, and preimplantation embryos is shown at the same clusters.

(G) Track view of a specific genomic region showing the maintenance of accessibility at Foxa1 sites in sperm during embryo development.

See also Figure S6.
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Figure 7. Conservation of CTCF- and TF-Mediated DNA Loops from Gametes through Preimplantation Embryos

(A) Metaplot showing median, distance-normalized Hi-C of sperm, GV oocytes, and allele-specific preimplantation embryos at loops defined in paternal PN5
chromosomes using a derivative of the HICCUPS method. The bottom row shows the difference between paternal and maternal median, distance-normalized
Hi-C interactions.

(B) Metaplot showing median, distance-normalized Hi-C of sperm, GV oocytes, and allele-specific preimplantation embryos at loops defined in maternal PN5
chromosomes using a derivative of the HICCUPS method. The bottom row shows the difference between paternal and maternal median, distance-normalized
Hi-C interactions.

(C) Metaplot showing median, distance-normalized Hi-C of sperm, GV oocytes, and allele-specific preimplantation embryos at Foxa1-mediated enhancer-
promoter significant interactions determined by FitHi-C.

See also Figure S7.

stage, when both chromosomes appear to acquire the same 3D  significant interactions determined by FitHi-C, we examined
organization. contacts between these putative enhancers and promoters.

In addition to CTCF, a subset of distal Foxal sites containing These Foxal sites mediate interactions with promoters in the
the AR and ERa receptors are present in the gametes and persist  chromatin of sperm and GV oocytes (Figure 7C). Furthermore,
in different stages of preimplantation embryos (Figure 6F). Using  these contacts appear to be maintained in the paternal and
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maternal chromosomes during embryonic development be-
tween the zygote and the ICM of the blastocyst (Figure 7C).
These results suggest that chromosomal interactions mediated
by architectural proteins and TFs in the germline persist in the
chromosomes of the embryo and could play a significant role
in the expression of the genome during early embryogenesis
and in the inheritance of transcriptional states between the gam-
etes and the early embryo.

DISCUSSION

Here, we present evidence for the persistence of TF occu-
pancy between the gametes and the early mouse embryo.
The molecular mechanisms responsible for the transmission
of acquired epigenetic information between males and their
offspring via sperm remain uncertain, despite increasing re-
ports of environment-altering exposures producing heritable
phenotypes in the next generation. Current models to explain
transgenerational inheritance emphasize DNA methylation,
non-coding RNAs, and histone modifications, which undergo
extensive reprogramming during early development. The
results described here expand the repertoire of information
present in the gametes to include TFs, architectural proteins,
and the long-range contacts they mediate, and show that
this information persists in preimplantation embryos, making
DNA-bound proteins ideal candidates to explain the inheri-
tance of acquired epiphenotypes.

The chromatin state of the mammalian gametes has been diffi-
cult to explore in detail due to the high compaction of their chro-
matin. However, using Omni-ATAC-seq we have been able to
map thousands of sites in the mouse sperm genome, where
the occurrence of Tn5 transposase hypersensitive sites sug-
gests the presence of bound proteins. A subset of these sites
is located at TSSs of approximately 60% of all mapped genes.
Despite the transcriptionally inactive state of sperm, these pro-
moters contain Mediator and Pol Il phosphorylated in Ser5 and
Ser2 (i.e., at the initiation and elongation stages of transcription),
respectively. Oocytes at the prophase GV stage also contain
accessible promoters, which remain accessible in the Ml meta-
phase stage. Furthermore, the accessibility state is quantitatively
maintained from the gametes to various stages of the preimplan-
tation embryo; in other words, promoters with the highest subnu-
cleosome-sized ATAC-seq reads in embryos correspond to
those with the highest levels of ATAC-seq and Pol Il in sperm
and oocytes. It is possible that the apparent maintenance of
the transcription complex at these promoters is related to a
requirement for their expression in preimplantation embryos.
Alternatively, the persistence of promoter accessibility between
gametes and the early embryo may be related to the reprogram-
ming of DNA methylation of the paternal and maternal genomes
after fertilization. This hypothesis is supported by the low methyl-
ation levels of these promoters in the gametes, and the mainte-
nance of this state in preimplantation embryos, which is in
contrast to the high methylation and dramatic reprogramming
of methylation in non-accessible promoters.

In addition to promoters, Omni-ATAC-seq allows the identifi-
cation of thousands of sites located in distal regions of the
sperm and oocyte genomes. These sites may correspond to

168 Molecular Cell 75, 154-171, July 11, 2019

regulatory sequences such as enhancers, and their conserva-
tion in syntenic regions of the rhesus macaque and human
genomes suggests a functional role for these sequences. In
agreement with this, analysis of DNA binding motifs at these re-
gions suggests the presence of TFs that remain bound to the
sperm and oocyte genomes, including MIl oocytes. A subset
of these sites persists in the genome of the embryo at different
stages up to the time of implantation. The sites that are main-
tained correspond to those present in both sperm and oocytes.
In sperm, where this information is known, sites that persist in
the embryo are flanked by nucleosomes containing H3.3,
H2A.Z, and high levels of H3K27ac, whereas those that are
not maintained lack H3.3 and have lower levels of H2A.Z and
H3K27ac. The results suggest a regulated and determined
assembly of sperm chromatin with the possible objective of
controlling information passed on to the embryo. These obser-
vations agree with results obtained in zebrafish, in which
H2A.Z-containing placeholder nucleosomes correlate with the
persistence of epigenetic information between sperm and the
embryo (Murphy et al., 2018). Sperm-specific sites that fail to
persist still contain nucleosomes around these sites in the
embryo, but their positioning becomes less marked as develop-
ment proceeds. These results raise the interesting question of
whether the presence of the TF determines the presence of
the H2A.Z nucleosomes or conversely.

As proof of concept to show that TFs are actually present in
sperm chromatin at ATAC-seg-accessible regions, we used
ChIP-seq to analyze the distribution of Foxa1l and nuclear hor-
mone receptors. We found that these proteins are present at
thousands of TSSs and distal sites in the sperm genome flanked
by nucleosomes containing H2A.Z and active histone modifica-
tions. A subset of these sites is also present in GV and Ml
oocytes, and these common sites persist in preimplantation
embryos. Persistent sites contain H3.3 and higher levels of
H2A.Z and active histone modifications, including H3K4me1, in
sperm. These inheritable distal sites also contain AR and ERa,
supporting the idea that they constitute regulatory elements
that may play a role in controlling gene expression during early
embryo development. In agreement with this, Foxa1-mediated
interactions between these sites and gene promoters can be
observed in Hi-C data obtained in preimplantation embryo
stages. These interactions are already present in the gametes,
suggesting the transmission of 3D chromatin organization be-
tween the gametes and the embryo.

The organization of the chromatin fiber in the nuclear space
arises as a consequence of interactions between compartmental
domains in the same transcriptional state but point-to-point con-
tacts mediated by CTCF and cohesin are also important contrib-
utors to the establishment of this organization. Other proteins
with less clear roles, such as YY1 and Znf143, are also present
at CTCF sites and may regulate the specificity or frequency of
these interactions. In agreement with the finding of the Znf143
binding motif at accessible sites, ChIP-seq experiments demon-
strate the presence of this protein at thousands of sites in the
genome where it co-localizes with CTCF and/or cohesin. Some
Znf143 sites lack CTCF but contain cohesin, and these sites
appear to mediate shorter-range interactions among enhancers
and promoters than classical CTCF and cohesin loops. Most of



the CTCF sites present in sperm are accessible to Tn5 transpo-
sase in both GV and MII oocytes, and these sites shared by the
gametes persist during early embryogenesis up to the blastocyst
stage. In spite of their persistence in Mll oocytes, putative CTCF
sites present at this stage do not mediate interactions in Mil
metaphase chromosomes. However, CTCF loops present in
the GV oocyte have been reestablished in the maternal chromo-
some of the zygote by the PN5 stage, persist during early embry-
onic development, and can be observed in adult brain cortex.
These interactions are absent from the paternal chromosome
in the zygote and 2-cell stage, but are established by the 8-cell
stage. Similarly, paternal chromosome-specific interactions pre-
sent in sperm and the early embryo are absent in the maternal
chromosomes, which become the same as the sperm by the
8-cell stage. The mechanisms by which parent-of-origin specific
interactions are established in the sperm or the zygote and
converge in the 2 parental chromosomes by the 8-cell stage
are unknown and an important issue for future discovery.

Insummary, we have shown that sperm and oocytes contain far
more information with the potential to encode epigenetic memory
than was previously recognized. Specific sites on gamete chro-
matin are poised with TFs, despite the lack of transcriptional
inactivity, and chromatin accessibility at these sites and at distal
regulatory elements is maintained in the embryo until at least the
ICM stage. Since global remethylation occurs after the ICM stage,
persistent sites with bound TFs inherited from gametes and
retained through early embryogenesis may inhibit remethylation
at their binding motifs. These sites may then remain accessible
to the transcription machinery later in development as differentia-
tion ensues. These observations open the possibility that TFs,
whose distribution in the genome may be altered by environ-
mental effects, are the basis for the transmission of epipheno-
types between generations.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Znf143 Proteintech Cat#16618-1-AP; RRID:AB_2218324
Anti-RNAPIISer5ph Abcam Cat#ab5131; RRID:AB_449369
Anti-RNAPIISer2ph Abcam Cat#ab5095; RRID:AB_304749

Anti-Med12 Bethyl laboratories Cat#A300-774A; RRID:AB_699756
Anti-Foxa1 Abcam Cat#ab5089; RRID:AB_304744
Anti-ERa Santa Cruz Cat#sc-543; RRID:AB_631471
Anti-AR Santa Cruz Cat#sc-816; RRID:AB_1563391
Anti-H3.3 Abcam Cat#ab176840; RRID:AB_2715502
Anti-H2A.Z Abcam Cat#ab4174; RRID:AB_304345
Deposited Data

Raw and processed data of Hi-C libraries This study GEO: GSE116856

Raw and processed data of ChIP-seq libraries This study GEO: GSE116855

Raw and processed data of ATAC-seq libraries This study GEO: GSE116854

DNase-seq in mouse embryos Lu et al., 2016 GEO: GSE76642

ATAC-seq in mouse embryos Wu et al., 2016 GEO: GSE66390

Hi-C in mouse embryos Du et al., 2017 GEO: GSE82185

Hi-C in oocytes Flyamer et al., 2017 GEO: GSE80006

H3K4me3 ChIP-seq in mouse embryos Zhang et al., 2016 GEO: GSE71434

H3K27me3 ChlIP-seq in mouse embryos Zheng et al., 2016 GEO: GSE76687

WGBS in mouse embryos Wang et al., 2014 GEO: GSE56697

RNA-seq in GV and MIl oocytes Zhang et al., 2016 GEO: GSE71434

H3K4me3 ChIP-seq in GV oocytes Zhang et al., 2016 GEO: GSE71434

H3K27me3 ChlIP-seq in GV and MIl oocytes Zheng et al., 2016 GEO: GSE76687

H3K4me3 and H3K27ac ChlP-seq in MIl oocytes Dahl et al., 2016 GEO: GSE72784
RNAPIISer5ph & RNAPIISer2ph ChiP-seq in liver Lietal., 2014 GEO: GSE41472

H3K36me3 ChlP-seq in liver Lietal., 2014 GEO: GSE41472

H3K4me3 ChIP-seq in liver Bae et al., 2015 GEO: GSE53627
RNAPIISer5ph ChiP-seq in ESC Wamstad et al., 2012 GEO: GSE47949

RNAPIIS2ph ChiP-seq in ESC Bunch et al., 2014 GEO: GSE48253

H3K36me3 & H3K4me3 ChiP-seq in ESC Jietal, 2015 GEO: GSE62380

RNAPII2 ChlIP-seq in spermatids Hammoud et al., 2014 GEO: GSE49621

H3K4me3, H3K27me3, H3K36me3, H3K27ac, H3K9ac, Jung et al., 2017 GEO: GSE79230

H3K4me1, and Protamine1 ChIP-seq in sperm

RNA-seq in spermatids Hasegawa et al., 2015 GEO: GSE55060

RNA-seq in sperm Hammoud et al., 2014 GEO: GSE49622

BS-seq in sperm Jung et al., 2017 GEO: GSE79230

H3K4me1 ChlIP-seq in human sperm Hammoud et al., 2014 GEO: GSE57095

Smc1 and CTCF ChIP-seq in sperm Jung et al., 2017 GEO: GSE79230

ATAC-seq in ESC Maza et al., 2015 GEO: GSE67298

Foxal ChIP-seq in mouse caput epididymis Pihlajamaa et al., 2014 GEO: GSE47192

ERa ChIP-seq in mouse uterus Hewitt et al., 2012 GEO: GSE56501

AR ChIP-seq in mouse prostate Sahu et al., 2014 GEO: GSE51106

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and Algorithms

Juicer, HICCUPS

Durand et al., 2016b

https://github.com/aidenlab/juicer/wiki

Juicebox Durand et al., 2016a http://aidenlab.org/juicebox/

MACS2.0 Liu, 2014 https://github.com/tacliu/MACS

Bowtie Langmead et al., 2009 https://sourceforge.net/projects/bowtie-bio/
files/bowtie/1.2.1.1

Samtools Li et al., 2009 https://sourceforge.net/projects/samtools/files/

Picard Tools N/A http://picard.sourceforge.net; https://broadinstitute.
github.io/picard/

TOPHAT2 Kim et al., 2013 https://github.com/infphilo/tophat

Cufflinks Trapnell et al., 2010 http://cole-trapnell-lab.github.io/cufflinks

DANPOS Chen et al., 2013 https://sites.google.com/site/danposdoc/install

bedtools Quinlan, 2014 https://bedtools.readthedocs.io/en/latest/

ngsplot Shen et al., 2014 https://bioconductor.org/packages/release/bioc/
html/edgeR.html

MAnorm Shao et al., 2012 http://bcb.dfci.harvard.edu/~gcyuan/MAnorm/

MAnorm.htm

Wellington-bootstrap Piper et al., 2013 https://pythonhosted.org/pyDNase/

Java treeview N/A https://sourceforge.net/projects/jtreeview/files/

Cluster3 N/A http://bonsai.hgc.jp/~mdehoon/software/cluster/
software.htm

FIMO Grant et al., 2011 http://meme-suite.org/

LiftOver Hinrichs et al., 2006 http://genome.ucsc.edu/cgi-bin/hgLiftOver

MEME Bailey et al., 2006 http://meme-suite.org/

FitHi-C Ay et al., 2014 https://noble.gs.washington.edu/proj/fit-hi-c/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact Victor
Corces, email: vgcorces@gmail.com, Phone: 404-727-4250, Fax: 404-727-2880.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experiments presented in this study make use of sperm isolated from mice, monkeys, and humans. All experiments were conducted
according to the animal research guidelines from NIH and all protocols for animal usage were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) or the Institutional Review Board (IRB) of Emory University. Human sperm
was obtained from anonymous volunteers and no informed consent was required in the protocol approved by the IRB. Mice were
maintained and handled in accordance with the Institutional Animal Care and Use policies at Emory University. Mice were housed
in standard cages on a 12: 12 h light:dark cycle and given ad lib access to food and water. Healthy 8-week old CD1 mice (Charles
River Labs) not involved in previous procedures were used for sperm isolation. No genotyping was performed.

METHOD DETAILS

Isolation of mouse sperm and oocytes
Euthanasia was performed by CO, asphyxiation and the epididymes were removed. Mature sperm were collected from the dissected
cauda epididymis of 8-10-week-old CD1 mice (Charles River Labs). After dissection to eliminate blood vessels and fat, the cauda
epididymis was rinsed with PBS, deposited in Donners medium in a cell culture plate, and punctured with a needle. Sperm were
then transferred to a tube and allowed to swim up for 1 hr (Hisano et al., 2013). Purity of sperm was determined by examination under
a microscope after DAPI staining. After counting 1000 sperm, purity was determined to be at least 99.9% if no contaminating cells
were observed.

For the preparation of GV-stage oocytes, the ovaries were harvested from 16-day-old CD1 female pups. GV oocytes were har-
vested from the ovaries. The zona pellucida was removed with hyaluronidase to avoid any residual cumulus cells. For Ml oocyte
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collection, CD1 females at 6-8 weeks of age were hormonally stimulated by injection of 7.5 IU of pregnant mare serum gonadotropin
(PMSGQG,) followed by 5 IU of human chorionic gonadotropin (hCG) at 48 h post-PMSG injection. Mll oocytes were harvested at 13-14 h
post-hCG injection. Zona pellucida and polar bodies were removed with hyaluronidase.

Preparation of monkey semen

Ejaculates were collected from two male wild-type rhesus monkeys (Macaca mulatta) via electro-ejaculation. Each male was chair
trained (Primate Product Inc.) using the “pole and collar” technique (Bliss-Moreau et al., 2013; Moran et al., 2016). The monkey
was then lightly sedated with Ketamine (~0.4 mg/kg body weight) administered via intramuscular injection. One pre-sized defibrillator
gel electrode was wrapped around the base of the penis and connected to the negative electrode lead. The second gel electrode was
positioned immediately behind the glans and connected to the positive lead. The electro-ejaculator device was slowly raised up to
32V or until ejaculation. Ejaculates were kept at room temperature for 25 min to liquefy. The liquid sample was transferred into a fresh
15 mL conical tube and washed once with TALP-HEPES medium supplemented with 4 mg/ml BSA (Moran et al., 2016; Putkhao et al.,
2013), then centrifuged at 400 x g at room temperature for 5 min. Supernatant was removed, and sample was resuspended into 1 mL
total volume with TALP-HEPES + BSA. Density gradient centrifugation was carried out using PureSperm® (Nidacon). Briefly, sam-
ples were layered on a double density gradient of 2 mL of PureSperm®40 (top) and 2 mL PureSperm®80 (bottom) and centrifuged at
300 x g for 20 min at room temperature. Supernatant was removed and the pellets were washed with 1 mL PureSperm® Wash and
centrifuged at 500 x g for 10 min. Samples were then resuspended in 1 mL TALP-HEPES + BSA and an aliquot was examined for
sperm concentration and purity.

Preparation of human semen

Human semen samples were obtained from 20-25 year-old heathy donors. After seminal liquefaction, sperm was transferred to ster-
ile 10 mL centrifuge tubes and washed twice with Human Tubal Fluid medium (Irvine Scientific) supplemented with human serum
albumin. After washing, isolation and purification of human spermatozoa was carried out as described (Hisano et al., 2013).

Assay for transposase-accessible chromatin using sequencing (ATAC-seq)

ATAC-seq was carried out using the Omni-ATAC protocol (Corces et al., 2017). After sperm cells were counted, the nuclei from
100,000 sperm were isolated with Lysis Buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCl,) containing 0.1% NP40, 0.1%
Tween-20, and 0.01% digitonin. The purified sperm nuclei pellet was then resuspended in the transposase reaction mix containing
0.05% digitonin and incubated for 30 min at 37°C. Following incubation, sperm were treated with Proteinase K at 55°C for 2 hr, and
gDNA was isolated by phenol:chloroform:isoamyl alcohol and EtOH precipitation. Library amplification was done with 2x KAPA HiFi
mix (Kapa Biosystems) and 1.25 uM indexed primers using the following PCR conditions: 72°C for 5 min; 98°C for 30 s; and 10-11
cycles at 98°C for 10 s, 63°C for 30 s, and 72°C for 1 min.

ChIP-seq in sperm cells

Chromatin immunoprecipitation to detect the localization of DNA-binding proteins in sperm was performed using the standard ChlIP-
seq protocol with some modifications. Briefly, 10-20 million sperm cells were crosslinked with 1% formaldehyde in 1x PBS for 10 min
at RT, and the reaction was quenched with 125 mM glycine for 10 min at RT. After washing with PBS, crosslinked sperm were lysed
with 5 mM PIPES, 85 mM KCl, 0.5% NP40 and 1x protease inhibitors (P8107S, NEB) on ice for 15 min. After centrifugation, sperm
cells were resuspended in RIPA buffer (1x PBS; 1% NP40; 0.5% sodium deoxycholate; 0.1% SDS; 1x protease inhibitors) and incu-
bated on ice for 20 min. The purified sperm chromatin was sonicated to 300-1000 bp using a Diagenode Bioruptor. After 25 cycles
(380 s on and 60 s off) the supernatant containing sheared chromatin was collected. Immunoprecipitation was performed overnight at
4°C with antibodies against Med12 (A300-774A, Bethyl laboratories), RNAPIISer5ph (ab5131, Abcam), RNAPIISer2ph (ab5095,
Abcam), Foxa1(ab5089, Abcam), AR (sc-816, Santa Cruz), Znf143 (16618-1-AP, Proteintech) and ERa (sc-543, Santa Cruz). Libraries
for lllumina sequencing were constructed using the following standard protocol. Fragment ends were repaired using the NEBNext
End Repair Module and adenosine was added at the 3’ ends using Klenow fragment (3’ to 5’ exo minus, New England Biolabs).
Precipitated DNA and input DNA were incubated with adaptors at room temperature for 1 hr with T4 DNA ligase (New England
Biolabs) and amplified with lllumina primers. Chromatin immunoprecipitation to detect histone variants was carried out as described
(Hisano et al., 2013) using antibodies to H2A.Z (ab4174, Abcam) and H3.3 (ab176840, Abcam).

Western analysis

For Western analysis of chromatin proteins, an equal number of sperm and J1 mESCs were resuspended in 1x Laemmli sample buffer
(5% 2-mercaptoethanol, 0.002% bromophenol blue, 10% Glycerol, 2% SDS, 62.5 mM Tris-HCI pH 6.8). Samples were boiled for
5 min and supernatant was loaded onto SDS-PAGE 4%-15% gels at a ratio of 12:1 sperm:mESCs. Because sperm are haploid,
sperm lanes contain 6-fold more genome equivalents than lanes with mESCs. Membranes were blocked in TBST (20 mM Tris,
pH7.4, 150 mM NaCl, 0.05% Tween 20) with 5% nonfat milk powder and incubated overnight with the antibodies described above.
Membranes were washed 3 times with TBST and incubated with secondary antibodies-conjugated to HRP (1:5000, Jackson
ImmunoResearch Laboratories) for 1 hr. After three more washes, the presence of different proteins was detected using SuperSignal
West Pico/Dura Chemiluminescent substrate (Thermo Scientific).
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In situ Hi-C

in situ Hi-C libraries were prepared using Dpnll restriction enzyme as previously described (Rao et al., 2014). Briefly, 10 million sperm
were crosslinked with 1% formaldehyde, quenched with glycine, washed with PBS, and permeabilized to obtain intact nuclei.
Nuclear DNA was then digested with Dpnll, the 5 overhangs were filled with biotinylated dCTPs and dA/dT/dGTPs to make
blunt-end fragments, which were then ligated, reverse-crosslinked, and purified by standard DNA ethanol precipitation. Purified
DNA was sonicated to 200-500 bp small fragments and captured with streptavidin beads. Standard lllumina TruSeq library
preparation steps, including end-repairing, A-tailing, and ligation with universal adaptors were performed on beads, washing twice
in Tween Washing Buffer (5 mM Tris-HCI pH 7.5, 0.5 mM EDTA, 1 M NaCl, 0.05% Tween 20) between each step. DNA on the
beads was PCR amplified with barcoded primers using KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems) for 5~12 PCR
cycles to obtain enough DNA for sequencing. Generated libraries were paired-end sequenced on lllumina HiSeq2500 v4 or NovaSeq
6000 instruments. Two biological replicates were generated, and replicates were combined for all analyses after ensuring high
correlation.

Data Processing

Analysis of ATAC-seq data

All libraries were sequenced using an lllumina Hiseq2500 v4 sequencer and 50 bp paired-end format. Paired reads were aligned to
the mouse reference genome mm9, human reference genome hg19 and monkey reference genomes rheMac8 and MacaM using
Bowtie2. ATAC-seq reads were aligned using default parameters except -X 2000 -m 1. PCR duplicates were removed using Picard
Tools. To adjust for fragment size, we aligned all reads as + strands offset by +4 bp and - strands offset by —5 bp (Buenrostro et al.,
2013). For all ATAC-seq datasets except the pre-implantation embryo data, the THSSs (Tn5 hypersensitive sites) and mono-nucle-
osome fractions were separated by choosing fragments 50-115 bp and 180-247 bp in length, respectively. For the pre-implantation
embryo ATAC-seq data, THSS and mono-nucleosome fractions were separated by choosing fragments 50-125 bp and 171-256 bp
in length, respectively. Mono-nucleosome reads were analyzed using DANPOS2 (Chen et al., 2013). MACS2 was used for peak call-
ing for THSSs (Liu, 2014).

ChIP-Seq data processing

All reads were mapped to unique genomic regions using Bowtie2 (Langmead and Salzberg, 2012) and the mm9 genome. PCR
duplicates were removed using Picard Tools. MACS2 was used to call peaks using default parameters with IgG ChiP-seq data as
a control.

Transcription factor footprint analysis

To analyze the footprints of TFs in ATAC-seq data, motifs on a set of peaks were used as anchors for running dnase_average_pro-
file.py scripts of the Wellington program in ATAC-seq mode. The footprint p values of all motifs on a set of peaks were derived using
the wellington_footprints.py scripts of the Wellington program in ATAC-seq mode on read-normalized ATAC-seq THSSs (< 115 bp)
fragments.

Analysis of publicly available SNP-trackable ATAC-seq, DNase-seq, and ChIP-seq of gametes and embryos

All data were aligned to the mm9 mouse reference genome using Bowtie2 using the-no-mixed —no-discordant flags. Additionally,
the -X 2000 flag was used for the ATAC-seq and H3K4me3 ChiP-seq data. All data were aligned in paired-end mode except for
DNase-seq, which were aligned in single-end mode. Uniquely mapped reads were extracted and converted to bam format for all
downstream analyses. Uniquely mapped reads were inputted into the SNPsplit software in order to determine the parent-of-origin
for the data. SNP tables for the crosses for each dataset were downloaded from the Sanger Institute mouse genome project. DNase-
seq data were not split according to SNPs.

Analysis of publicly available DNA methylation data

Publicly available bed files containing counts of CpG methylation versus unmethlyated CpGs were separated by parent-of-origin
according to SNPs based on methylC-seq data (Wang et al., 2014). Average methylation values were calculated as a weighted
average, with the weight at each CpG being equal to the number of reads covering that CpG.

Normalization of SNP-trackable sequencing data

After separating reads by strain according to SNPs, regions were normalized with a modified form of either RPKM or FPKM.
The typical definitions for RPKM/FPKM were used, except instead of dividing by the total number of reads for each sample, we
divided by the total number of SNP-containing reads. For example, if N_P were the number of SNP-containing reads in the paternal
allele, and N_M were the corresponding number of reads on the maternal allele, the number of reads (or fragments) per kilobase in a
region of interest were divided by N_P+N_M in millions of reads. For visualization of tracks in IGV, reads were normalized by RPM
using the same N_P+N_M factor. This normalization was used for all strain-specific analyses using SNP reads coming from the
same sample.

Hi-C data processing

Paired-end reads from Hi-C experiments were aligned to the mouse mm9 reference genome using Juicer (Rao et al., 2014). After PCR
duplicates and low-quality reads were removed, high-quality reads were assigned to Dpnll restriction fragments, and Hi-C interaction
contacts where mapped in a binned matrix to create a hic file. A derivative of the HICCUPS method (Cubenas-Potts et al., 2017; Rao
et al., 2014) was used to call significant peaks in the Hi-C interaction matrix. All statistically significant peaks were post-filtered for
observed values greater than 12 Hi-C contacts, observed over expected values greater than 2 Hi-C contacts, and interactions that
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are less than 5 Mb apart. The WashU Epigenome browser was used to obtain arc views of significant loops. FitHi-C (Ay et al., 2014)
was used to call significant interaction at 25 kb resolution from the second pass with a g-value threshold of g > 0.001.

DATA AND SOFTWARE AVAILABILITY

ChIP-seq, ATAC-seq, and Hi-C data are available from NCBI's Gene Expression Omnibus (GEO). The accession number for all
the datasets reported in this paper is GEO: GSE116857. Reviewers can access these data using token whqtysowzriddkp. Custom
scripts were used to separate ATAC-seq reads into subnucleosomal and nucleosome-size ranges; to obtain the line plots shown in
Figures 5 and S5; and to obtain metaplots of Hi-C data shown in Figures 7 and S7. These scripts are available without restrictions
upon request.
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