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Abstract

Worldwide, over 15% of couples have difficulty conceiving a child. Long-term fertility in
males is governed by spermatogenesis, the developmental program responsible for producing
mature sperm. Sperm were once viewed primarily as carriers of paternal DNA, but they also
carry epigenetic information that can influence fertilization and early embryonic development.
This information is established through the remodeling of chromatin, the combination of DNA
and associated proteins, as germ cells develop. However, why and how molecular regulators and
environmental conditions shape the epigenome remains incompletely understood.

To address this gap in knowledge, I investigated how intrinsic and environmental factors
influence the epigenetic trajectory of the male germline. I approached this biological question
using two complementary mouse models: genetic deletion of a chromatin regulator,
ATF7IP2/MCAF2, and dietary folate deficiency. By independently assessing each model using a
combination of imaging and genome-wide analysis of gene expression and chromatin, I found
that disruption of either factor resulted in distinct, but converging cellular and epigenetic changes
in spermatogenesis. Genetic deletion of ATF7IP2/MCAF?2 revealed an unexpected role in gene
regulation and epigenetic reprograming in male meiosis. These findings also refined our
understanding of how meiotic checkpoints respond to disrupted chromatin regulation. In the
second model, paternal folate deficiency altered germ cell development, meiotic gene expression
and various chromatin features in meiosis.

Together, these findings identify meiosis as a period of both epigenetic vulnerability and
responsiveness. | propose that meiosis functions as a metabolic sensing window during which
nutritional conditions can influence the chromatin landscape as it is being extensively

reprogrammed. This conceptual framework helps explain how molecular regulation and



environmental exposures interact to shape sperm development and potentially influence the

information transmitted to the next generation.
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Abstract

Male meiosis is the developmental process in which germ cells halve their chromosome number
while continuing toward sperm formation. This review focuses on mechanistic studies of male
meiosis in mouse and develops an epigenetic framework for this transition, centered on two key
concepts. First, the foundation of meiosis is established ahead of meiotic entry. Prior to meiosis,
germ-cell genes are poised and chromosomes are organized to support the upcoming meiotic
program. Stage-specific signals and transcription factors then act on this prepared state to initiate
meiotic gene expression. Second, meiosis reorganizes the germline in preparation for the post-
meiotic spermiogenic program. In early prophase, nascent transcription remains low, allowing
chromosomes to reorganize for recombination. Later, pachytene spermatocytes undergo an
autosomal transcriptomic burst required for meiotic progression and post-meiotic development,
while retrotransposon expression is controlled and unsynapsed sex chromosomes are silenced.
Together, these concepts frame male meiosis as both the execution of a prepared developmental
process and a critical window during which the germline genome is reshaped. This epigenetic
trajectory connects gene regulation, chromosome organization, genome defense, and

developmental timing to ensure production of functional sperm.
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Epigenetic trajectory of male meiosis
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Abstract

Male meiosis is the developmental process in which germ cells halve their chromosome number while continuing toward sperm formation.
This review focuses on mechanistic studies of male meiosis in mouse and develops an epigenetic framework for this transition, centered on
two key concepts. First, the foundation of meiosis is established ahead of meiotic entry. Prior to meiosis, germ-cell genes are poised and
chromosomes are organized to support the upcoming meiotic program. Stage-specific signals and transcription factors then act on this prepared
state to initiate meiotic gene expression. Second, meiosis reorganizes the germline in preparation for the post-meiotic spermiogenic program.
In early prophase, nascent transcription remains low, allowing chromosomes to reorganize for recombination. Later, pachytene spermatocytes
undergo an autosomal transcriptomic burst required for meiotic progression and post-meiotic development, while retrotransposon expression
is controlled and unsynapsed sex chromosomes are silenced. Together, these concepts frame male meiosis as both the execution of a prepared
developmental process and a critical window during which the germline genome is reshaped. This epigenetic trajectory connects gene regulation,
chromosome organization, genome defense, and developmental timing to ensure production of functional sperm.
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Introduction

Spermatogenesis is a tightly regulated developmental process
that produces male gametes through the coordinated
progression of mitotic proliferation, meiotic chromosome
reduction, and post-meiotic differentiation. In mouse testis,
spermatogenesis occurs within the seminiferous tubules and
is organized by the seminiferous epithelial cycle, where germ
cells progress through distinct developmental stages in a
highly organized spatial and temporal cycle. A key transition
during spermatogenesis is entry into meiosis, when differenti-
ating spermatogonia develop into preleptotene spermatocytes.

These germ cells initiate premeiotic deoxyribonucleic acid
(DNA) replication and proceed into meiotic prophase I.
During this transition, germ cells must activate meiotic gene-
expression programs, assemble chromosome axes, initiate
homologous recombination, and subsequently establish
specialized chromatin domains such as the XY body. Thus,
male meiosis in mice is not simply a cell-division program;
it is a precisely controlled developmental process governed
by epigenetic mechanisms that integrate gene regulation,
chromosome architecture, genome defense, and germline
differentiation.
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Viewed from this broader perspective, meiosis has long
been proposed to function beyond merely reducing chro-
mosome number. In addition to reshuffling genetic informa-
tion through recombination, meiosis may also contribute to
epigenetic reprogramming and cellular rejuvenation across
generations [1, 2]. In male mouse germ cells, this process
is achieved through a developmental program in which pre-
existing regulatory competence is converted into new chro-
matin, transcriptional, and chromosomal states that support
haploid differentiation. Therefore, the epigenetic trajectory
of male meiosis in mice is both permissive and restrictive:
germ cells must activate meiotic and post-meiotic transcrip-
tional programs while simultaneously extinguishing earlier
mitotic programs, thereby preventing inappropriate transcrip-
tion, suppressing retrotransposon expression, and silencing
the sex chromosomes.

Although much of meiotic regulation is conserved between
sexes and across species, mouse spermatogenesis pro-
vides a distinctive framework in which meiotic entry and
subsequent programming can be followed continuously
within the seminiferous epithelium. In contrast to male
meiosis, female meiosis and fetal germ-cell sex determination
involve distinct developmental timing, regulatory inputs,
and chromatin states, and are discussed elsewhere [3, 4].
Related reviews have covered mammalian meiotic initiation
and gene regulation, germ-cell transcriptomics, meiotic
sex chromosome inactivation (MSCI), retrotransposon
regulation, and three-dimensional (3D) genome organization
[5-13]. Here, we examine how chromatin regulation shapes
successful execution of male meiosis during spermatogenesis
in mice.

We propose that male meiosis is best understood through
two complementary epigenetic principles (Figure 1). First, the
meiotic program is prepared before meiotic entry. Throughout
fetal and postnatal germ-cell development, chromatin states
and genomic architecture are progressively configured for
germ cells competent to respond to meiotic cues. Thus, meiotic
entry as a response to retinoic acid (RA) is not de novo.
Instead, differentiating spermatogonia inherit and refine a
preconfigured chromatin landscape that permits timely mei-
otic initiation. Second, extensive chromatin reorganization
occurs during meiosis. Following meiotic entry, early prophase
I undergoes low nascent transcription, recombination, and
extensive chromosome remodeling. At pachytene, autosomes
become transcriptionally active, retrotransposon expression is
selectively controlled, and MSCI silences the unsynapsed X
and Y chromosomes. Therefore, the male germline is epigenet-
ically primed before meiosis and extensively remodeled during
meiosis.

Here, we use the term “epigenetic trajectory” to describe
the directional yet dynamic progression of the chromatin
landscape as male germ cells prepare for and progress through
meiosis. This trajectory begins before meiotic entry, when
spermatogonia establish a regulatory foundation that main-
tains their developmental state while making meiotic genes
ready for activation. After meiotic entry, this prepared state
is remodeled to support chromosome organization, recom-
bination, and low nascent transcription in early prophase.
Later, pachytene spermatocytes activate large-scale but selec-
tive autosomal gene expression while controlling retrotrans-
posons and silencing the X and Y chromosomes. In this review,
we follow these stepwise changes to show that male meiosis is
not triggered by a single switch, but instead develops from a

Epigenetic trajectory of male meiosis

primed germ-cell state that is extensively remodeled to prepare
the genome for haploid differentiation.

Before meiotic entry: building a primed regulatory
foundation in spermatogonia

In male germ cells, meiotic competence is progressively estab-
lished before the RA response and subsequent activation of the
STRA8-MEIOSIN transcriptional program [13] (Figure 2).In
this review, we define competence as the ability of a gene-
regulatory state to respond to an activating signal by initi-
ating transcription. This competence can arise through dif-
ferent combinations of priming, licensing, and poising. Early
germline DNA methylation reprogramming creates a permis-
sive promoter landscape upon which eventual male germline
transcriptional programs are built. Studies of the primordial
germ cell-to-prospermatogonia (also known as gonocytes)
transition have identified DNA methylation and Polycomb-
associated reprogramming as key features of gonadal germline
maturation [14-16]. Further, emerging evidence suggests that
protection of promoters from de novo DNA methylation,
together with early chromatin priming in embryonic male
germ cells, creates a promoter landscape with long-term reg-
ulatory potential [17]. In parallel, studies of male germ-
cell reconstitution and fetal-to-postnatal germ-cell transitions
indicate that differentiation programs are established before a
spermatogonial stem cell population is fully formed, accompa-
nied by extensive chromatin remodeling and nuclear reorgani-
zation [18, 19]. Hence, meiotic competence in spermatogonia
reflects earlier epigenetic priming, rather than being newly
established at meiotic entry.

Epigenetic priming refers to the earlier establishment of
chromatin-based regulatory states that predispose a locus to
later activation. In spermatogenesis, many promoters used
after meiotic entry are already accessible before meiosis, repre-
senting a key feature of this primed landscape. Genome-wide
profiling of open chromatin during spermatogenesis showed
that promoter accessibility is relatively stable, in contrast to
stage-specific remodeling of distal regulatory elements [20].
This observation suggests that promoters provide a permis-
sive foundation for future gene activation. Consistent with
this idea, in spermatogonia, meiotic and spermatogenic genes
often carry accessible promoters, active epigenetic marks such
as H3K4me2/3, and paused ribonucleic acid (RNA) poly-
merase II (Pol II), allowing for later activation through devel-
opmentally regulated pause release [21-24]. In this review, we
categorize promoters as licensed when they acquire permis-
sive chromatin features, such as increased accessibility, active
histone modifications, enhancer engagement, or removal of
repressive constraints, but remain transcriptionally inactive
or lowly transcribed. Thus, promoter licensing constitutes an
early layer of meiotic competence (Figure 2).

To preserve developmental timing and spermatogonial iden-
tity, this permissive promoter framework must be balanced
by repressive mechanisms. In adult undifferentiated spermato-
gonia, Polycomb repressive complex 1 (PRC1) directs Poly-
comb repressive complex 2 (PRC2)-dependent H3K27me3
deposition, thereby preventing spermatogonial stem cell dif-
ferentiation [25]. To overcome the repression, spermatogo-
nial differentiation is accompanied by widespread reduction
and redistribution of H3K27me3, suggesting that Polycomb-
mediated repression is remodeled during germ cell differenti-
ation. SCML2, a germline-enriched Polycomb group protein,
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spermatocytes undergo chromosome remodeling, recombination, low nascent transcription in early prophase, autosomal transcriptional activation,
retrotransposon control, MSCI, and preparation for post-meiotic differentiation.
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Figure 2. Building a primed regulatory landscape before meiosis. Spermatogonia acquire regulatory competence before meiotic entry. Accessible
promoters, active chromatin marks, paused Pol I, Polycomb regulation, promoter-bound transcription factors, enhancers, and 3D genome organization
together prepare germ cells for later meiotic activation. Retinoic acid signaling, STRA8-MEIOSIN, chromatin remodeling, and RNA-regulatory pathways

then act on this prepared landscape to initiate meiosis.

adds an additional mechanism of precise developmental tim-
ing by marking spermatogonial genes that are active in sper-
matogonia but later repressed during meiosis, illustrating that
priming can encode both future activation and repression [26].
Thus, Polycomb regulation couples promoter licensing with
developmental restraint, preserving future activation potential
while simultaneously bookmarking earlier programs for later
repression (Figure 2).

Together, these findings indicate that promoter compe-
tence is not established by a single regulatory input, but
instead likely emerges from the combined action of multiple
promoter-bound factors. Recent profiling of undifferentiated

spermatogonia shows that transcription factor ZBTB16/PLZF
co-occupies meiotic promoter networks with SALL4, SOX3,
CTCEF, and Pol II, indicating that multi-factor occupancy
poises spermatogonia for differentiation and later meiotic
entry [24]. Additionally, recent work on NFYA adds an impor-
tant mechanistic layer to this model. Expressed in spermato-
gonia, NFYA helps establish the competence of STRAS8-
MEIOSIN target promoters and is required for proper mei-
otic entry, suggesting that promoter licensing before meiosis
enables timely activation of the meiotic program [27]. Studies
of CTCF and its germline paralog, BORIS/CTCFL demon-
strate that coordinated factor binding regulates spermatogenic
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gene expression [28, 29]. Promoter poising refers to a more
immediately activation-ready state that includes bound tran-
scription factors, paused Pol II, and in some cases, bivalent
chromatin that maintains a gene in a regulated, reversible state
until activating cues arrive. Together, these findings support a
model whereby multiple promoter-bound factors cooperate to
establish meiotic poising in spermatogonia (Figure 2).

Through enhancer activation and higher-order genome
architecture, this permissive promoter framework is linked
to stage-specific gene activation. Distal regulatory elements
are extensively remodeled during germ-cell development
and spermatogenic differentiation, indicating that enhancer
activation provides an additional layer of developmental
competence [20, 30] (Figure 2). Recent work from our
group suggests that spermatogonial epigenetic poising may
contribute to later RA responsiveness [31]. In this model, the
chromatin remodeler SMARCAS and the transcription factor
DMRTT1 help establish accessibility at poised enhancers and
promoters during the transition from prospermatogonia to
undifferentiated spermatogonia, and a subset of these sites
are later bound by RA receptors. These findings suggest
that pre-established chromatin accessibility may prime germ
cells for RA-induced spermatogenic differentiation. Enhancer
accessibility established during this transition may therefore
represent a pioneer-like priming step that creates regulatory
competence for the subsequent activation of meiotic gene-
expression programs. Higher-order genome architecture
further organizes this regulatory potential: long-range
interactions involving meiotic gene loci are already present
in spermatogonia and persist into meiosis, whereas long-
range interactions associated with mitotic programs decline
as germ cells progress through meiosis [32]. Consistent with
this observation, STAG3, traditionally viewed as a meiosis-
specific cohesin, also functions earlier in spermatogonia to
shape cohesin-dependent nucleome organization and support
differentiation priming [33]. Spermatogonia, therefore, carry
a poised regulatory landscape that preserves mitotic identity
while remaining competent for meiotic entry. This poised
state must also be coupled with anti-meiotic repression
to prevent premature activation of the meiotic program.
DMRT1 acts as a transcriptional gatekeeper that maintains
the spermatogonial program and suppresses inappropriate
meiotic entry, whereas NANOS2, an RNA-binding protein
required for male germ-cell fate, represses meiotic programs
earlier in male germline development [34, 35].

Collectively, these findings support a model in which mei-
otic competence is established prior to meiosis through pro-
moter configuration using a combination of chromatin and
molecular factors (Figure 2). Despite several factors contribut-
ing to meiotic competence in spermatogonia, premeiotic prim-
ing is likely permissive rather than fully instructive. It remains
unknown if all major factors of meiotic entry, such as RA
responsiveness, RNA regulation, and cell-cycle state, are pre-
determined in spermatogonia.

RA-STRA8-MEIOSIN: executing a preconfigured
program

Acting on pre-established chromatin states in responsive germ
cells, RA signaling provides a critical stage-dependent cue for
spermatogonial differentiation and subsequent meiotic entry
in the postnatal testis. In the seminiferous epithelium, somatic
Sertoli cells and pachytene spermatocytes supply RA that

Epigenetic trajectory of male meiosis

drives pulsatile signaling to coordinate stage-specific germ-
cell differentiation [36-39] (Figure 3). Importantly, a recent
study suggests that RA is required for spermatogonial differ-
entiation but may be dispensable for meiotic initiation and
progression, reinforcing the idea that RA acts primarily as an
upstream differentiation cue rather than a stand-alone meiotic
trigger [40].

Retinoic acid signaling promotes STRA8 expression, and
STRAS8 and MEIOSIN function together as a heterodimeric
transcription factor complex to activate the meiotic gene-
expression program [41]. STRAS is expressed in differ-
entiating spermatogonia and preleptotene spermatocytes
[42-44], whereas MEIOSIN is expressed in the preleptotene
stage, when germ cells undergo premeiotic S phase to prepare
for meiotic entry [41]. Premeiotic S phase, STRA8-MEIOSIN
activation, and prophase I onset are tightly coordinated but
separable steps of the mitosis-to-meiosis transition. Premeiotic
S phase is not merely a mitotic-like replication cycle: it is an
unusually prolonged phase in which premeiotic replication
follows a distinctive program with reduced origin firing,
and this replication pattern is linked to the broad-scale
organization of recombination in mice and humans [45].
Recent comparative and genetic analyses further refine this
model by showing that MEIOSIN can initiate aspects of
meiotic entry independently of STRAS8, whereas STRAS
reinforces MEIOSIN activity to ensure robust and complete
meiotic gene activation [46]. Although both STRAS8 and
MEIOSIN cooperate in meiotic gene activation [41, 47],
their genetic ablation phenotypes are not identical. Stra8-
deficient spermatocytes can initiate aspects of meiosis but
fail to complete the program [44], indicating that STRAS
is important for robust transcriptional activation and stable
meiotic progression. By contrast, MEIOSIN functions as a
central execution factor for the mitosis-to-meiosis transition,
and Meiosin loss causes a severe failure of meiotic gene
activation and meiotic program progression [41]. Thus,
MEIOSIN acts on a primed regulatory landscape to provide
core meiotic gene activation, while STRA8 enhances the
efficiency to ensure the robust and coordinated execution
of the meiotic program.

To support the execution of STRA8-MEIOSIN activation,
histone-specific chromatin remodeling marks meiotic genes
for targeted activation. ZNHIT1, a subunit of the SRCAP
chromatin remodeling complex, promotes deposition of
the histone variant H2A.Z and co-occupies promoters
with STRAS8 to activate meiotic genes, including Meiosin.
Loss of Znhitl arrests male germ cells as differentiating
spermatogonia and disrupts meiotic initiation [48]. This
arrest indicates that histone variant deposition cooperatively
establishes promoter competence for meiotic gene activation.

Meiotic entry requires not only induction of the STRA8-
MEIOSIN axis but also release from anti-meiotic repression
(Figure 3). DMRTT1 is a key transcriptional gatekeeper that
maintains the spermatogonial program and suppresses preco-
cious meiotic entry [35, 49]. By contrast, DMRT6 functions
in differentiating spermatogonia to promote the mitosis-to-
meiosis transition by repressing spermatogonial differentia-
tion genes and activating meiotic genes [50]. Timely Dmrt6
expression is fine-tuned post-transcriptionally through direct
targeting by miR-202 [51]. MEIOSIN and other meiotic genes
are also restrained before the appropriate developmental win-
dow. In mouse embryonic stem (ES) cells, the noncanoni-
cal PRC1 subcomplex PRC1.6, which contains transcription
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factors such as MGA, MAX, and E2F6, suppresses germline
and meiotic gene expression [52-54], although its in vivo
role in repressing meiotic genes remains unclear. Together,
these mechanisms support a model in which meiotic initia-
tion depends on both activation of the meiotic program and
removal of anti-meiotic repression.

Post-transcriptional regulation further reinforces this highly
orchestrated transition. DAZL links RA-induced meiotic com-
petence by post-transcriptionally enhancing translation of
key meiotic transcripts, including genes involved in synap-
sis and recombination [55-57]. After meiotic initiation, the
YTHDC2-MEIOC-RBM46 RNA binding complex stabilizes
the mitosis-to-meiosis transition by remodeling the germ-
cell transcriptome [58-62]. Loss of YTHDC2, MEIOC, or
RBM46 allows partial meiotic initiation but disrupts pro-
gression, in part through inappropriate persistence of mitotic
cell-cycle regulators such as CCNA2/Cyclin A2 and fail-
ure to accumulate meiotic proteins efficiently [59, 60, 62].
Emerging evidence suggests that MEIOC-YTHDC2-RBM46
enhances meiotic competence by promoting turnover of mes-
senger RNAs (mRNAs) encoding transcriptional repressors
such as E2F6 and MGA. By promoting post-transcriptional
mRNA turnover, germ cells enhance their competence to
activate STRA8-MEIOSIN and initiate meiosis in response to
RA [63].

Beyond regulating expression, post-transcriptional mech-
anisms shape timing by modulating which transcripts accu-
mulate. RNA decay is an example of one such mechanism.
The nuclear exosome-associated RNA helicase exemplifies
this role, limiting premature meiotic transcript accumulation
and supporting proper meiotic initiation and early prophase
progression [64]. An additional RNA-regulatory layer
involves N6-methyladenosine (m6A), an mRNA modification
that can influence RNA splicing, stability, and translation
[65]. Studies of m6A-associated factors, including METTL16
and METTL3/METTL14, indicate that RNA modification

contributes to spermatogenic progression [66, 67]. However,
these pathways are best viewed as broader RNA-regulatory
mechanisms rather than core components of the STRA8-
MEIOSIN meiotic-entry pathway.

Finally, meiotic entry may also be coupled to metabolic
remodeling. In cultured spermatogonia, nutrient restriction
cooperates with RA to induce meiotic gene expression and
SPO11-dependent double-strand break (DSB) formation [68].
In vivo studies further suggest that STRAS8 represses nutrient
transporter genes and reduces nutrient-sensing pathway activ-
ity during meiotic initiation [69]. These findings point to an
additional layer in which RA-STRAS8 signaling is coordinated
with metabolic state, although the physiological role of nutri-
ent restriction as an instructive meiotic cue remains to be fully
established.

Collectively, RA-STRA8-MEIOSIN converts premeiotic
competence into meiotic execution. RA signaling is a stage-
dependent cue, STRA8-MEIOSIN activates the transcrip-
tional program, anti-meiotic repressors prevent premature
entry, and RNA regulatory pathways reinforce the transition
by limiting mitotic transcripts and supporting meiotic protein
accumulation. This transition culminates in premeiotic S
phase, followed by meiotic prophase I, a prolonged G2-
like interval in which germ cells carry out homolog pairing,
recombination, synapsis, and chromosome remodeling
before the first meiotic division. Thus, meiotic entry is best
understood as the coordinated execution of a preconfigured
program rather than a de novo response to RA alone.

Early prophase: low nascent transcription and
recombination

Following premeiotic DNA replication and meiotic entry,
germ cells enter prophase I, a prolonged and non-proliferative
stage that lasts approximately 10 days in mouse spermatoge-
nesis and requires the accurate completion of chromosome

920z 1snbny g uo Jasn Aleiqi - siAe( ‘elulopied 10 Ausiaaiun Aq 69+8€.8/81 L BeOI/211010/S60 10 | /10P/3[01Ee-80UBAPE/PO.Idal|0Iq/WOoo dno dIWaped. WOl PAPEOjUMOQ



Preleptotene

Leptotene

Zygotene

Low nascent
transcription (EMLT)

Meiotic entry

DDR signaling
(STRA8-MEIOSIN)

Homolog pairing
and synpasis
initiation (SYCP1)

Premeiotic S phase | VA stability

PRDM9-dependent

Meiotic gene hotspot marking Recombination
poising (H3K4mes3, intermediates
H3K36me3)

SPO11-dependent
DSBs

Axis assembly
(SYCP2/3)

Low nascent transcription
and chromosome remodeling

Epigenetic trajectory of male meiosis

Pachytene

Diplotene

Autosomes chr XY

©

Transcription burst MSCI Recombination

(A-MYB/MYBLA1, resolution
TCFL5, BRDT) DDR retention

Synaptonemal
Enhancer and super = H3K9me3 complex
enhancer activation maintenance disassembly

MAPS/
pre-rRNA
organization

Preparation to

Retrotransposon o
complete meiosis |

control

H3K9me3 and

. DAXX-dependent
Polycomb repression

H3.4-H3.3
replacement
Metabolic sensing

Transcriptional activation
under epigenetic control

Figure 4. Meiotic prophase |: chromosome remodeling and transcriptional control. Meiotic prophase | coordinates chromosome remodeling with
changes in gene regulation. In preleptotene, germ cells enter meiosis and undergo premeiotic S phase. In leptotene and zygotene, low nascent
transcription, chromosome-axis formation, DSB formation, homolog pairing, recombination, and synapsis occur. In pachytene, autosomes show
large-scale but selective transcriptional activation, while retrotransposons are controlled and the X and Y chromosomes undergo MSCI. In diplotene,
synapsis is released, recombination is resolved, and cells prepare for meiotic division.

remodeling before gamete formation (Figure 4). During lep-
totene and zygotene, chromosomes undergo axis formation,
programmed DSB formation, homologous recombination,
and synapsis while nascent transcription remains low. This
extended duration of prophase I may provide a developmental
window for high-fidelity chromosome organization, ensuring
that recombination and synapsis are completed with the
precision needed to safeguard genetic information transmitted
to the next generation. This juxtaposition of reduced nascent
transcription and chromosome remodeling makes early
prophase a distinct example of epigenetic control in meiosis:
chromatin features commonly associated with active genes are
repurposed to specify where recombination-initiating DSBs
form and how recombination proceeds.

Low nascent transcriptional activity in leptotene and
zygotene spermatocytes has long been recognized from
classical RNA synthesis studies and later transcriptomic
analyses [70-72]. Recent nascent transcription profiling
defined this state more precisely as early meiotic low
transcription (EMLT), showing that nascent transcription is
reduced around meiotic entry and leptotene and recovers
toward pachytene [73]. EMLT is accompanied by mRNA
stabilization, depends on proper STRAS8-mediated timing of
meiotic entry, and is not simply caused by DSB formation or
recombination repair, providing a mechanistic framework for
early prophase transcriptional restraint [73]. Together, these
findings define early prophase as a restrained state in which
nascent transcription is reduced, existing RNAs are stabilized,
and chromosome remodeling for recombination proceeds.

Recombination is central to this early-prophase logic
because it shows how chromatin features normally associated
with transcriptionally active regions can be repurposed to
organize chromosome remodeling. Meiotic recombination
promotes accurate homolog segregation and reshuffles
genetic information between generations [74]. In mammals,
meiotic recombination is initiated at discrete genomic regions
known as recombination hotspots, whose specification is
largely directed by PRDMY, a sequence-specific histone
methyltransferase that recognizes DNA motifs through its
C2H2 zinc finger domain and deposits H3K4me3 and
H3K36me3 through its PR/SET domain [75-79]. These
PRDMOY-dependent marks are deposited independently
of DSB formation and precede recruitment of the DSB
machinery, placing chromatin marks upstream of physical
break formation [80, 81]. Consistent with this role in
DSB formation, altering the PRDM9 DNA-binding domain
redirects DSB hotspots and restores synapsis and fertility
in otherwise sterile male hybrids [82]. These data indicate
that the proper placement of PRDM9-dependent H3K4me3
marks is critical for productive recombination. PRDMY-
marked hotspots also show increased chromatin accessibility.
This local opening is promoted in part by HELLS, a
chromatin remodeler that cooperates with PRDM9 and is
required for PRDM9-dependent DSB activity at hotspots
[81, 83]. Temporal epigenomic profiling further suggests
that hotspot chromatin state can influence not only DSB
localization but also recombination outcome, with early-
forming, accessible hotspots showing greater competence to
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proceed toward crossover formation [84]. In species lacking
PRDMOY, recombination preferentially occurs at CpG islands
and promoter-associated H3K4me3 sites, reinforcing the
idea that conserved chromatin features can guide hotspot
localization when PRDMJ is absent [85, 86].

Following hotspot specification, recombination sites are
spatially organized through their association with the chro-
mosome axis, where DSB formation occurs. Meiotic chromo-
somes are structured into loop-axis configurations, with axes
composed of cohesin complexes and meiosis-specific axis-
associated proteins such as SYCP2, SYCP3, HORMAD1, and
HORMAD2. PRDM9-marked hotspots located on chromatin
loops are tethered to the axis through DSB factors, including
MEI4, REC114, and IHO1, which help connect hotspots with
the SPO11 recombination machinery [87-89]. This spatial
organization ensures that DSBs form at properly designated
sites along meiotic chromosomes.

DSB formation is then tightly controlled to preserve genome
integrity. The DNA damage response (DDR) kinases ATM
and ATR limit excessive or closely spaced breaks by enforcing
feedback mechanisms such as DSB interference and by modu-
lating the stability of axis-associated factors including IHO1
[90-94]. Additional chromatin remodelers also contribute to
early prophase progression. CHD8 is required for spermato-
gonial proliferation and for progression through early meiotic
prophase I; loss of CHDS8 is associated with defective DSB
repair, reduced RADS51 accumulation, persistent y H2AX, and
pachytene arrest, highlighting a role for chromatin remodeling
in coordinating recombination repair with prophase progres-
sion [95]. DSB formation is also temporally restricted: as cells
approach pachytene, ZFP541 represses promoters of DSB
machinery genes, helping prevent inappropriate DSB forma-
tion after the normal recombination window [96]. Thus, early
prophase chromatin regulation not only establishes where
DSBs form but also helps ensure that this potentially danger-
ous process is limited in time and space.

The relationship between EMLT and DSB-associated sig-
naling is important for the broader logic of this review.
Leptotene and zygotene spermatocytes show broad yH2AX
deposition associated with programmed DSBs, which raises
the possibility that DNA damage signaling directly causes
transcriptional repression. However, Bellutti et al. showed that
EMLT is not simply caused by DSB formation, DSB signaling,
or recombination repair [73]. Instead, transcriptional restraint
and recombination appear to be parallel features of the early
prophase program. In this view, early prophase creates a low
nascent transcription chromatin environment in which chro-
mosomes can undergo DSB formation, homology search, and
synapsis before the later pachytene transcriptional activation
state.

Low nascent transcription does not mean lack of regulation.
During EMLT, early meiotic spermatocytes preserve transcript
availability while new transcription is reduced, with mRNA
stabilization inferred from spliced-to-unspliced RNA ratios
that reflect preservation of the mature transcript pool [73].
Regulated intron retention in meiotic spermatocytes can also
generate stable nuclear transcripts that are stored and later
recruited for translation, providing a mechanism for delayed
transcript usage during germ-cell differentiation [97]. Along-
side RNA decay pathways that remove precocious transcripts,
these mechanisms suggest that early meiotic spermatocytes
actively manage the transcript pool by preserving needed
RNAs, storing transcripts for later use, and clearing RNAs

that accumulate at inappropriate stages [64]|. This balance
of RNA stabilization, storage, and decay helps synchronize
meiotic progression during a window in which nascent tran-
scription is low.

After DSB formation, hotspot-associated chromatin marks
are interpreted by reader proteins to promote repair. By
recognizing dual H3K4me3/H3K36me3 signatures deposited
by PRDM9, ZCWPW1 efficiently processes recombination
intermediates toward proper repair outcomes [98-100].
ZCWPW?2 provides a related reader function at PRDMY-
marked hotspots, although its role is still emerging [101]. A
subset of DSBs is ultimately resolved as crossovers, marked
cytologically by MLH1 and MLH3, ensuring proper homolog
segregation during the first meiotic division [102, 103].

Together, leptotene and zygotene represent a specialized
early-prophase state in which nascent transcription is reduced,
transcripts are stabilized, and chromatin is repurposed for
recombination. This state connects the STRA8-MEIOSIN-
driven entry program to the chromosome-scale events of
meiosis. As synapsis and repair progress, DSB formation is
curtailed and cells transition toward pachytene, where autoso-
mal transcription is resumed. Thus, recombination-associated
chromatin regulation is distinct from promoter/enhancer-
based gene regulation, but the two are temporally connected:
transcriptional programs produce the chromosome-axis and
DSB machinery, while PRDM9-dependent chromatin marking
determines where that machinery acts.

Autosomal transcriptional burst in pachytene
spermatocytes

In this section, we focus on autosomal transcription in
pachytene spermatocytes; regulation of the sex chromosomes
is discussed separately below. As germ cells progress from
zygotene to pachytene, the low-transcription state of early
prophase gives way to a major increase in autosomal
transcription. Pachytene and post-meiotic germ cells have
long been recognized as stages of widespread transcriptional
activity and a generally permissive chromatin state, as
revealed by transcriptome and chromatin profiling across
spermatogenesis [72, 104-106]. However, pachytene tran-
scription should not be viewed simply as global autoso-
mal activation. Here, we emphasize that the pachytene
transcriptional burst is large-scale but selective. Pachytene
spermatocytes increase autosomal nascent transcription to
activate stage-specific genes and produce transcripts needed
for later post-meiotic development. However, this activation
does not reflect a uniformly permissive chromatin state:
retrotransposons remain controlled, inappropriate mitotic
programs are suppressed, and developmental genes remain
in a repressed bivalent state. Thus, pachytene represents
large-scale autosomal transcription within an epigenetically
controlled environment that supports robust gene activation
while preserving regulatory specificity and genome defense.
The biological purpose of this activation extends beyond
meiotic prophase itself. Pachytene spermatocytes acti-
vate genes required for meiotic progression, chromosome
remodeling, and preparation for the meiotic divisions, but
they also produce transcripts needed later during haploid
differentiation. As spermatids undergo chromatin compaction
and histone-to-protamine replacement, transcription becomes
increasingly constrained; therefore, many transcripts required
during round and elongating spermatid development are
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produced earlier and regulated post-transcriptionally [8, 104,
107]. Thus, pachytene transcription functions as a prepara-
tory phase for the post-meiotic program, linking meiotic
progression to spermiogenesis.

Transcriptional activation in pachytene spermatocytes is
closely linked to enhancer remodeling. Genome-wide chro-
matin accessibility profiling showed that promoters remain
relatively stable across spermatogenesis, whereas distal reg-
ulatory elements are extensively reorganized, particularly at
the mitosis-to-meiosis transition and during meiotic progres-
sion [108-110]. Super-enhancer switching provides a clear
example of this principle. Spermatogonia and spermatocytes
use distinct sets of high-density regulatory elements, and
the pachytene super-enhancer landscape is associated with
stage-specific transcriptional activation [30]. Thus, pachytene
transcription reflects large-scale rewiring of enhancer usage,
transcription factor occupancy, and chromatin accessibility.

A central driver of this pachytene regulatory landscape is
the transcription factor A-MYB/MYBL1 [111]. A-MYB is
highly expressed in pachytene spermatocytes and activates
an expansive network of meiotic and post-meiotic genes
required for spermatogenic progression. Genetic and genomic
studies have shown that A-MYB controls expression of many
pachytene-stage transcripts, including protein-coding genes
and pachytene PIWI-interacting RNA (piRNA) loci, and
that loss of A-MYB disrupts the spermatocyte transcrip-
tional program [30, 111, 112]. Beyond promoter-proximal
regulation, A-MYB contributes to enhancer reprogramming
by helping establish H3K27ac-enriched regulatory regions
that support stage-specific gene activation [30, 113]. This
acetylated enhancer landscape provides a platform for
BRDT, a testis-specific BET-family bromodomain protein that
recognizes acetylated chromatin and promotes spermatogenic
gene activation [114-116]. The transcription factor TCFLS5
reinforces this network. A-MYB and TCFLS form a regulatory
circuit that supports pachytene gene expression and activation
of pachytene piRNA loci, which are marked by active
chromatin features including H3K4me3 and Pol II occupancy
[112, 117, 118]. BRDT adds another layer by promoting
productive transcriptional elongation and release of paused
Pol II, enabling high-level transcriptional output during this
stage [115, 119, 120]. Together, enhancer rewiring, A-MYB-
dependent establishment of H3K27ac-enriched regulatory
regions, TCFL5-mediated reinforcement, BRDT recognition
of acetylated chromatin, and Pol II pause release help convert
the restrained early-prophase state into a robust pachytene
transcriptional activation program.

Pachytene piRNA production is closely linked to this tran-
scriptional wave. Pachytene piRNA loci are among the most
highly transcribed regions in the male germline and generate
abundant small RNAs implicated in post-transcriptional regu-
lation during spermatogenesis. Because pachytene piRNA bio-
genesis and function have been reviewed extensively elsewhere
[121-125], we do not discuss the pathway in detail here. The
key point for this review is that pachytene transcriptional acti-
vation includes not only protein-coding genes but also highly
transcribed piRNA precursor loci, although the functions
of many non-transposon-derived pachytene piRNAs remain
incompletely understood.

Retrotransposon-derived sequences are an important
component of the regulatory landscape in pachytene sperma-
tocytes. Although potentially active endogenous retroviruses
(ERVs) and other transposable elements must be repressed

Epigenetic trajectory of male meiosis

to protect genome integrity, some retrotransposon-derived
loci show regulated transcription or chromatin accessibility
in germ cells, suggesting that these sequences can function as
regulatory elements. Over evolutionary time, ERV insertions
can also be co-opted as promoter and enhancer elements
that shape germline gene regulation during meiotic and post-
meiotic stages [113, 126]. Because many ERV insertions are
species- or lineage-specific, their co-option may contribute
to species-specific spermatogenic transcriptomes. KRAB
zinc-finger proteins are a rapidly evolving family of DNA-
binding proteins that recognize and regulate ERV-associated
sequences, and studies of these factors support a model in
which retrotransposons are balanced between repression and
regulatory use during spermatogenesis [127, 128]. Thus, the
pachytene transcriptional burst is large-scale but selective,
shaped not only by regulatory element remodeling and
transcription factor activity, but also by retrotransposon
control and chromatin-context-dependent regulation.

Autosomal chromatin and epigenetic control in
pachytene spermatocytes

The pachytene transcriptional burst occurs within a chro-
matin environment that is permissive but not unrestricted.
Histone modifications in pachytene must therefore be
interpreted in their chromatin context. Active marks such
as H3K4me3 and repressive marks such as H3K27me3
or H3K9me3 do not have fixed biological roles across
spermatogenesis; their regulatory consequences depend on
genomic position, developmental stage, depositing enzyme,
histone variant composition, and the surrounding chromatin
environment. This context dependence is especially important
in pachytene, where transcriptional activation coincides
with repression of selected developmental programs and
retrotransposons. Thus, the epigenetic trajectory of pachytene
is not defined by individual histone marks alone, but by how
activating and repressive chromatin states are combined and
deployed.

The interpretation of histone modifications must also
account for histone variant composition. H3K4me3 and
H3K27me3 are often discussed as modifications on histone
H3, but spermatogenesis involves extensive replacement and
specialization of H3 variants. The testis-specific H3 variant
H3T/H3.4 is required for early spermatogenesis [129], and
recent work demonstrated that DAXX directs H3.4-to-H3.3
replacement during male meiosis [130]. On autosomes, this
replacement is coupled to transcriptional activity, indicating
that histone variant exchange is integrated with the pachytene
transcriptional program rather than serving merely as a
passive change in histone substrate. Thus, the meaning of a
given histone mark depends not only on where it is deposited,
but also on which histone variant carries it.

Polycomb-associated bivalency provides another example
of context-dependent chromatin meaning. In pachytene sper-
matocytes, broad bivalent domains marked by H3K4me3 and
H3K27me3 emerge at developmental gene loci, preserving
repression while maintaining future regulatory potential [22,
131, 132]. Earlier work identified poised chromatin and
bivalent domains during the mitosis-to-meiosis transition,
and spermatogonial H3K4me2-marked promoters have been
linked to subsequent transcriptional activation in pachytene
spermatocytes [22, 30, 32]. SCML2 was later shown to
promote PRC2-dependent H3K27me3 at H3K4me2/3-rich,
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hypomethylated promoters in the male germline [20, 22].
H3K9 methylation provides an additional layer of repressive
control during meiosis. ATF7IP2/MCAF2, a germline-
enriched partner of the H3K9 methyltransferase SETDBI,
directs H3K9 methylation and meiotic gene regulation
in the male germline, supporting the idea that pachytene
autosomes are regulated by both activation and repression
[133, 134]. Together with recent work on Polycomb and
DNA methylation remodeling during spermatogenesis [135,
136], these findings suggest that pachytene chromatin is not
simply permissive; it is organized into domains that balance
activation, repression, and future developmental potential.

Metabolic inputs may further tune this pachytene and
post-meiotic chromatin landscape. One-carbon metabolism
supplies methyl donors for nucleotide synthesis and chro-
matin modification, and recent work on paternal folate defi-
ciency suggests that meiotic and post-meiotic development
can be sensitive to nutritional state, with effects on chromatin
accessibility and histone modification landscapes [137, 138].
Although this area is still emerging, these studies support
the idea that meiotic prophase and its aftermath form a
metabolically sensitive window of epigenomic remodeling.

Three-dimensional genome organization is also remodeled
during meiotic and post-meiotic development, but we discuss
this topic only briefly here because it has been reviewed in
detail elsewhere [12]. Hi-C studies in mouse spermatogen-
esis have consistently shown that topologically associating
domains (TADs) are attenuated or absent in pachytene sper-
matocytes, revealing a global reprogramming of 3D chro-
matin architecture [32, 110, 139-145]. For a broader discus-
sion of germ-cell 3D genome remodeling and its relationship
to meiotic chromosome dynamics, see our recent review [12].
The key point here is that pachytene transcriptional activation
occurs within a reorganized spatial genome environment, not
through promoter and enhancer activation alone.

Together, pachytene spermatocytes exhibit a highly active
but tightly regulated transcriptional state. Transcription fac-
tors, enhancer switching, Pol Il pause release, and active
chromatin states promote robust autosomal gene expression,
while repressive chromatin mechanisms, retrotransposon con-
trol, histone-variant dynamics, metabolic inputs, and genome
architecture constrain where and how this activation occurs.
This balance prepares germ cells for haploid differentiation
while preserving genome integrity and regulatory specificity.
Pachytene therefore marks the point at which the primed mei-
otic program is not only expressed but extensively remodeled
into the transcriptional and chromatin state required for post-
meiotic development.

Chromosome-wide silencing of the X and Y
chromosomes in pachytene spermatocytes

Pachytene creates divergent chromosome fates. Autosomes
resolve most DDR signaling and enter a transcriptionally
activated state, whereas the largely unsynapsed X and Y
chromosomes accumulate DDR signaling, undergo MSCI, and
form the XY body, a specialized silencing compartment. The
core mechanisms of MSCI, including BRCA1-regulated ATR
signaling [146-149], MDC1-dependent yH2AX spreading
[150], and XY-body formation, are reviewed in detail
elsewhere [151-158] (Figure 5A), including our earlier review
proposing a phase-separation model for MSCI and XY-
body organization [10]. Here, we focus on recent updates
that refine this model, especially how sex chromosome
silencing is established, maintained, and coordinated with the
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transcriptionally active autosomal environment of pachytene
spermatocytes.

A key update is that MSCI is more dynamic and reversible
than previously appreciated. ATR-dependent DDR signaling
constitutes the central pathway for initiating and maintaining
sex-chromosome silencing. Inhibition of ATR disrupts the
yH2AX domain, permits Pol I loading and nascent transcrip-
tion on the sex chromosomes, and thereby reverses MSCI
[159]. Upon removal of ATR inhibition, yH2AX accumu-
lation and Pol II exclusion are restored on XY chromatin.
These findings demonstrate that MSCI requires ongoing ATR-
dependent DDR signaling, rather than being a passively main-
tained silent chromatin state. Thus, ATR-dependent DDR
signaling provides the core regulatory framework for MSCI,
while H3K9me3 deposition, histone-variant exchange, RNA-
associated mechanisms, and chromosome-scale compartmen-
talization function as interconnected components that rein-
force and organize sex-chromosome silencing (Figure 5B).
SETDBI links meiotic DDR signaling to H3K9me3 deposition
on the sex chromosomes [160], and the SETDB1-associated
factor ATF7IP2/MCAF2 accumulates on XY chromatin and
supports H3K9 methylation and MSCI maintenance [134]. In
this view, H3K9me3 is not the initiating signal for MSCI, but
part of a chromosome-scale repression system that reinforces
and helps organize silencing across the sex chromosomes.

Recent work also refines the physical model of the XY
body. The phase-separation model proposed that DDR-
dependent MSCI involves condensate-like organization
of sex-chromosome chromatin [10]. Subsequent studies
support this idea from complementary angles. MAPS, a male
pachynema-specific protein, drives phase separation in vitro
and regulates sex body formation and chromatin behavior
in vivo [161]. In parallel, pre-ribosomal RNA localizes to
the XY body and reorganizes DNA repair factors around
programmed DSB sites during meiotic prophase, suggesting
that RNA can contribute to the spatial organization of
DDR signaling [162]. These studies suggest that MSCI is
embedded in a higher-order nuclear environment shaped by
DDR signaling, chromatin proteins, and RNA (Figure 5B).

Recent work further shifts attention from histone mod-
ifications to the nucleosome substrate on which those
modifications are written. The XY body is enriched for
the replication-independent histone variant H3.3 [163], and
new evidence indicates that this enrichment is generated
through DAXX-dependent replacement of the testis-specific
H3 variant H3T/H3.4 with H3.3 during male meiosis [130].
This finding suggests that sex-chromosome silencing involves
not only deposition of repressive marks on pre-existing
nucleosomes, but also active remodeling of nucleosome
composition across XY chromatin (Figure 5B).

Together, these updates refine the XY body as an actively
maintained chromatin compartment in which ATR-dependent
DDR signaling provides the core regulatory framework,
while H3K9me3-associated pathways, protein- and RNA-
mediated organization, and DAXX-dependent histone-
variant exchange act together to reinforce and organize sex-
chromosome silencing.

Conclusion: principles of the epigenetic
trajectory

The epigenetic trajectory of mouse male meiosis is best under-
stood as a developmental continuum rather than a single
switch at meiotic entry. Meiosis is prepared before it begins:
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while histone-variant exchange replaces H3T/H3.4 with H3.3 on XY chromatin.

spermatogonia carry a regulatory landscape shaped by pro-
moter licensing, Polycomb-mediated restraint, combinatorial
promoter occupancy, enhancer establishment, and 3D genome
architecture (Figure 1). This premeiotic organization allows
germ cells to preserve spermatogonial identity while acquiring
competence to respond to meiotic cues. In this framework,
RA and STRA8-MEIOSIN do not build the meiotic program
from scratch; they execute a program whose regulatory poten-
tial has already been established and constrained (Figure 2).
Yet meiosis is not merely the release of a pre-existing
transcriptional program. Entry into meiotic prophase creates
a new chromatin environment in which gene regulation
becomes coordinated with chromosome-scale processes.
In early prophase, low nascent transcription, RNA sta-
bility, recombination-associated chromatin marking, and
chromosome-axis organization allow histone modifica-
tions and chromatin accessibility to be redeployed from

conventional gene-regulatory contexts toward recombination
hotspot specification, DSB formation, and homolog engage-
ment. As cells progress to pachytene, autosomal transcription
is strongly activated to support meiotic progression and
prepare the post-meiotic program, but this activation remains
embedded within a regulated chromatin landscape. Thus,
meiotic chromatin is used not only to control transcription,
but also to organize chromosome remodeling, ensuring that
pachytene represents robust transcriptional activation under
epigenetic constraint (Figure 4).

These observations reconcile two views of spermatogenesis.
On one hand, the male germline remembers: regulatory
competence is established before meiotic entry and carried for-
ward into differentiating spermatogonia. On the other hand,
the male germline is rebuilt: meiotic prophase reorganizes
transcription, chromatin state, recombination landscapes,
retrotransposon control, and chromosome architecture. The
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same epigenetic systems that license future gene expression
also impose developmental timing, genome defense, and
chromosome-specific regulation.

An important frontier is to understand how this meiotic
chromatin state is resolved as cells exit prophase I. The tran-
sition from pachytene and diplotene into the meiotic divisions
and post-meiotic differentiation is not simply the endpoint
of earlier remodeling, but likely requires its own regulatory
trajectory framework. Work on the ZFP541-KCTD19 com-
plex suggests that meiotic prophase completion involves active
repression and reconstruction of transcriptional and chro-
matin networks, thereby linking late prophase progression to
the onset of post-meiotic development [164].

A central principle emerges from this dual trajectory: acti-
vation and repression are not opposing endpoints, but coordi-
nated modes of germline control. Competence must be paired
with restraint, transcription must be coordinated with chro-
mosome behavior, and epigenetic marks must be interpreted
within their genomic, developmental, and histone-variant con-
texts. Mouse male meiosis therefore provides a powerful
model for understanding how a germ cell converts inherited
regulatory potential into a new epigenetic state capable of
supporting chromosome reduction, genome integrity, and the
formation of the next generation.
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Abstract
H3K9 trimethylation (H3K9me3) plays emerging roles in gene regulation, beyond its

accumulation on pericentric constitutive heterochromatin. It remains a mystery why and how
H3K9me3 undergoes dynamic regulation in male meiosis. Here, we identify a novel, critical
regulator of H3K9 methylation and spermatogenic heterochromatin organization: the germline-
specific protein ATF7IP2 (MCAF2). We show that in male meiosis, ATF7IP2 amasses on
autosomal and X-pericentric heterochromatin, spreads through the entirety of the sex
chromosomes, and accumulates on thousands of autosomal promoters and retrotransposon loci.
On the sex chromosomes, which undergo meiotic sex chromosome inactivation (MSCI), the
DNA damage response pathway recruits ATF7IP2 to X-pericentric heterochromatin, where it
facilitates the recruitment of SETDBI, a histone methyltransferase that catalyzes H3K9me3. In
the absence of ATF7IP2, male germ cells are arrested in meiotic prophase I. Analyses of
ATF7IP2-deficient meiosis reveal the protein's essential roles in the maintenance of MSCI,
suppression of retrotransposons, and global up-regulation of autosomal genes. We propose that
ATF7IP2 is a downstream effector of the DDR pathway in meiosis that coordinates the
organization of heterochromatin and gene regulation through the spatial regulation of SETDBI1-

mediated H3K9me3 deposition.
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H3K9 trimethylation (H3K9me3) plays emerging roles in gene regulation, beyond its accumulation on pericentric
constitutive heterochromatin. It remains a mystery why and how H3K9me3 undergoes dynamic regulation in male
meiosis. Here, we identify a novel, critical regulator of H3K9 methylation and spermatogenic heterochromatin or-
ganization: the germline-specific protein ATF7IP2 (MCAF2). We show that in male meiosis, ATF7IP2 amasses on
autosomal and X-pericentric heterochromatin, spreads through the entirety of the sex chromosomes, and accu-
mulates on thousands of autosomal promoters and retrotransposon loci. On the sex chromosomes, which undergo
meiotic sex chromosome inactivation (MSCI), the DNA damage response pathway recruits ATF7IP2 to X-peri-
centric heterochromatin, where it facilitates the recruitment of SETDBI1, a histone methyltransferase that catalyzes
H3K9me3. In the absence of ATF7IP2, male germ cells are arrested in meiotic prophase I. Analyses of ATF7IP2-
deficient meiosis reveal the protein’s essential roles in the maintenance of MSCI, suppression of retrotransposons,
and global up-regulation of autosomal genes. We propose that ATF7IP2 is a downstream effector of the DDR
pathway in meiosis that coordinates the organization of heterochromatin and gene regulation through the spatial

regulation of SETDB1-mediated H3K9me3 deposition.
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Constitutive heterochromatin forms mainly at pericen-
tromeres and is maintained to ensure genome stability.
A hallmark of constitutive heterochromatin is histone
H3K9 trimethylation (H3K9me3) (Saksouk et al. 2015).
It was initially considered a static histone mark due to
its stable accumulation on tandem satellite repeats at
pericentric heterochromatin (PCH); however, a growing
literature reveals that H3K9me3—particularly H3K9me3
mediated by the histone methyltransferase SETDB1—
has broad, dynamic roles in suppressing developmental
regulator genes and endogenous retroviruses in embryon-
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ic stem cells (Bilodeau et al. 2009; Matsui et al. 2010),
thereby defining cellular identities in somatic develop-
ment (Becker et al. 2016; Nicetto and Zaret 2019).

An essential factor in the germline, SETDBI is required
for gene regulation, the suppression of transposable ele-
ments (TEs), and the control of meiotic chromosome
behavior (Liu et al. 2014; Hirota et al. 2018; Mochizuki
et al. 2018; Cheng et al. 2021). The redundant H3K9me3
methyltransferases SUV39H1 and SUV39H2 are also re-
quired for male meiosis (Peters et al. 2001). Thus, the
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regulation of H3K9me3 is critical in male meiosis, where
constitutive heterochromatin is remodeled to undergo
synapsis and meiotic recombination on homologous chro-
mosomes (Scherthan et al. 2014; Berrios 2017; Maezawa
et al. 2018a). However, it remains a mystery why and
how H3K9me3 undergoes dynamic regulation in male
meiosis.

In addition to its roles at PCH, H3K9me3 is subject to
dynamic temporal and spatial regulation on the male
sex chromosomes as they undergo meiotic sex chromo-
some inactivation (MSCI) (Turner 2015; Alavattam et al.
2022). An essential event in the male germline, MSCI is
initiated and maintained by a DNA damage response
(DDR) pathway (Ichijima et al. 2011; Royo et al. 2013;
Abe et al. 2022). Downstream from the DDR, SETDBI es-
tablishes H3K9me3 on the sex chromosome and regulates
MSCI (Hirota et al. 2018). SETDBI is expressed in a broad
range of cells, but there is a major knowledge gap as to how
SETDBI1 and H3K9me3 function in meiosis.

Here, we identify activating transcription factor 7-inter-
acting protein 2 (ATF7IP2), also known as MBD1-contain-
ing chromatin-associated factor 2 (MCAF2), as a novel,
critical regulator of SETDBI1’s spatiotemporal activity,
H3K9 methylation, and global spermatogenic gene regula-
tion. We identified ATF7IP2 based on its gene expression
in the germline. In the midst of our investigation, an IP-
mass spectrometry analysis identified ATF7IP2 as a
SETDBI1-binding protein (Hirota et al. 2018), lending the
factor further contextual significance. In mitotically cy-
cling cells, its homolog, ATF7IP (MCAF1), regulates
SETDBI for H3K9me3 establishment and transcriptional
silencing (Ichimura et al. 2005; Timms et al. 2016; Tsu-
saka et al. 2019, 2020). We show that ATF7IP2 is a coun-
terpart to ATE7IP that is highly expressed in the
germline and is essential in male meiosis, revealing roles
for ATF7IP2 in MSCI, global meiotic gene regulation, and
the fine-tuning of retrotransposon-derived loci such as en-
dogenous retroviruses. By uncovering ATF7IP2’s germline
functions, our study clarifies the regulatory logic for dy-
namic H3K9me3 deposition—and thus heterochromatin
—in the male germline.

Results

ATF7IP2 is highly expressed in male meiosis and
accumulates on heterochromatin

To understand the meiosis-specific regulation of
H3K9me3, we focused on Atf7ip2 (Mcaf2), a gene that is
highly expressed in male meiosis, as evidenced in RNA-
seq data sets for germ cell development and spermatogen-
esis (Fig. 1A; Seisenberger et al. 2012; Hasegawa et al.
2015; Maezawa et al. 2018b). Atf7ip2 expression is low
in male germ cells until the stage of meiosis, at which
point it is highly up-regulated in meiotic pachytene sper-
matocytes (Fig. 1A). On the other hand, its homolog,
Atf7ip (Mcaf1), which functions in mitotically dividing/
somatic cells (Ichimura et al. 2005; Timms et al. 2016),
is highly expressed in primordial germ cells and spermato-
gonia but is down-regulated in pachytene spermatocytes.
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Among various tissues, Atf7ip2 is highly expressed in tes-
tes (Supplemental Fig. SIA). Furthermore, mouse
ATF7IP2 has high homology with human ATF7IP2 (Sup-
plemental Fig. S1B), except for its long N-terminal amino
acid tail, and ATF7IP2 is highly expressed in the meiotic
spermatocytes of human testes (Supplemental Fig. S1C).
These results raise the possibility that ATF7IP2 is an evo-
lutionarily conserved counterpart to ATF7IP that is high-
ly expressed in late stages of spermatogenesis.

To understand the regulatory mechanism for Atf7ip2
expression, we examined the genomic distribution of
MEIOSIN and STRAS, both transcription factors that het-
erodimerize to initiate meiosis-specific transcription
(Kojima et al. 2019; Ishiguro et al. 2020). We observed
MEIOSIN and STRAS peaks at the Atf7ip2 transcription
start site (TSS) in preleptotene-enriched testes (the prelep-
totene stage is a liminal stage for germ cells transitioning
from mitosis to meiotic prophase I) (Fig. 1B, which is a re-
analysis of data from Ishiguro et al. 2020). These peaks co-
incide with the accumulation of RNA polymerase II
(POLII) and cap analysis of gene expression (CAGE) signals
in postnatal day 10.5 (P10.5) testes, which are enriched for
preleptotene spermatocytes (Fig. 1B, which is a reanalysis
of data from Li et al. 2013). In support of a role for MEIO-
SIN and STRAS8 in Atf7ip2 expression, Atf7ip2 was down-
regulated in Stza8~/~ and Meiosin™/~ testes at P21 (Fig.
1C). In mouse testes, the first wave of meiosis occurs
semisynchronously, and Atf7ip2 expression is at its high-
est in P18 testes, when late stages of meiotic prophase I
spermatocytes first appear (Fig. 1C). Taken together, these
results demonstrate that the expression of Atf7ip2 is up-
regulated by MEIOSIN and STRAS8, occurring amid a
broad range of meiotic transcription (Kojima et al. 2019;
Ishiguro et al. 2020).

To better understand the potential function of
ATF7IP2, we investigated ATF7IP2 protein localization
during stages of mouse male meiosis by performing im-
munofluorescence microscopy with chromosome spreads
(Fig. 1D,E). In the leptotene stage of meiotic prophase I,
when meiotic chromosome axes begin to condense,
ATEF71P2 localizes on DAPI-discernible heterochromatin.
ATF7IP2 continues to localize on all DAPI-discernible
PCH through the zygotene stage, when homologs undergo
synapsis; the pachytene stage, when homologs have com-
pleted synapsis; and the diplotene stage, when homologs
begin desynapsis (Fig. 1E). Meiotic nuclei were staged
through observations of chromosome axes as identified
by SYCP3 (Alavattam et al. 2016, 2018), a component of
meiotic axes, and the presence of the testis-specific his-
tone variant H1 T, which appears in mid-pachytene nuclei
and persists into haploid spermatids (Inselman et al.
2003). At the onset of the pachytene stage, the unsynapsed
sex chromosomes undergo MSCI, and the most intense
ATF7IP2 signals were observed on X-chromosome PCH
(X-PCH) at that time (Fig. 1EF). In the early and mid-
pachytene stages, ATF7IP2 localizes primarily on
X-PCH; from the late pachytene stage onward, ATF7IP2
gradually spreads across the entirety of the sex chromo-
some domain (also referred to as the “XY domain” or
“XY chromatin”). Thus, ATF7IP2 exhibits two distinct
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Figure 1. ATF7IP2 is highly expressed in male meiosis and accumulates on heterochromatin. (A,C) Heat maps showing bulk RNA-seq
gene expression levels across a male germline time course for Atf7ip2 and related genes. (PGC) Primordial germ cells, (ProSG) prosperma-
togonia, (SG) spermatogonia, (PS) pachytene spermatocytes, (RS) round spermatids. Original data for A are from Seisenberger et al. (2012),
Hasegawa et al. (2015), and Maezawa et al. (2018b), and original data for C are from Ishiguro et al. (2020). (B) Track views for MEIOSIN
(preleptotene-enriched testes), STRAS (preleptotene-enriched testes), and RNA polymerase I (POLIIL; postnatal day 10.5 [P10.5] testes)
ChIP-seq data and for CAGE (P10.5 testes). Numbers in brackets indicate ranges of normalized coverage. (D) Schematic of chromosome
behavior in meiotic prophase I of male Mus musculus. (Darker green) Autosomes, (lighter green) sex chromosomes. (E) Meiotic chromo-
some spreads stained with DAPI and antibodies raised against ATF7IP2, SYCP3, and H1T; spreads represent stages of meiotic prophase
1. (Insets) HI1T immunostaining; H1T is a nuclear marker that appears in mid-pachytene nuclei and persists into haploid spermatids.
SYCP3 is a marker of meiotic chromosome axes. Dashed squares are magnified in F. Scale bars, 5 um. (F, left) Schematic of sex chromo-
some configuration in male meiosis. (Right) Magnified images of sex chromosomes from E. Scale bars, 5 ym.

localization patterns in meiotic prophase I: One is on the
PCH of all chromosomes, and the other is intense accu-
mulation on X-PCH that proceeds to spread through the
entirety of the XY chromatin.

ATEF7IP2 is required for male meiosis

To test the function of ATF7IP2, we performed CRISPR-
mediated genome editing to generate Atf7ip2 knockout
mice. We targeted a guide RNA to a site within exon 4
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(Fig. 2A), which encodes a portion of the SETDB1-binding
domain (SETDB1-BD) that is conserved between ATF71P2
and ATF7IP (Fig. 2B). We obtained three alleles with dele-
tion lengths of 17, 31, and 169 bp. All caused Atf7ip2
frameshift mutations, and all three homozygous Atf7ip2
mutants displayed consistent and obvious testicular de-
fects. For subsequent analyses, we selected the 17-bp dele-
tion allele as a representative; hereafter, the homozygous
17-bp allele model is denoted as Atf7ip2~/~. Atf7ip2~/~
male mice were viable but infertile and had much smaller
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testes compared with littermate controls (Fig. 2C-E).
We confirmed the depletion of ATF7IP2 proteins in
Atf7ip2~/~ spermatocytes via immunofluorescence mi-
croscopy (Supplemental Fig. S2). Analyses of testicular tis-
sue sections showed that Atf7ip2~/~ testes were devoid of
haploid spermatids, and seminiferous tubules were small-
er than in control testes (Fig. 2F). However, Atf7ip2~/~
spermatocytes reached the stage when HIT is enriched,
the mid-pachytene stage, indicating that Atf7ip2~/~ sper-
matocytes are arrested and eliminated in meiotic pro-
phase 1. Unlike Atf7ip2~/~ males, Atf7ip2~/~ female
mice were fertile and, when crossed with Atf7ip2*/~
males, gave birth at Mendelian ratios (Supplemental Fig.
S3). These results suggest that the Atf7ip2~/~ phenotype
is caused by an essential, male-specific event in the germ-
line that has become defective.

Meiotic phenotypes in male Atf7ip2 ™/~ mice

To determine the function of ATF7IP2, we characterized
the meiotic phenotype of Atf7ip2~/~ male mice in detail.
We performed immunostaining to analyze chromosome
spreads from Atf7ip2~/~ testes for a specific marker of
the DDR: phosphorylated serine 139 of the histone vari-
ant H2AX (yH2AX). In the leptotene and zygotene stages,
the DDR/checkpoint kinase ataxia telangiectasia mutat-
ed (ATM) triggers the formation of yH2AX domains
throughout nuclei in response to programmed double-
stranded breaks (DSBs; induced by the topoisomerase-re-
lated enzyme SPO11); with the completion of DNA repair
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and concomitant autosomal synapsis, YH2AX disappears
from autosomes (Mahadevaiah et al. 2001; Bellani et al.
2005). In the latter steps of this process, ataxia telangiecta-
sia and Rad3-related (ATR), another DDR/checkpoint
kinase, mediates yYH2AX formation on unsynapsed chro-
matin; in normal pachytene nuclei, this results in the con-
finement of yH2AX to the unsynapsed XY chromosomes,
an essential event in the initiation of MSCI (Royo et al.
2013). Thus, yH2AX staining, together with SYCP3 stain-
ing, provides key insights into general meiotic phenotypes
(Abe et al. 2018; Alavattam et al. 2018). In Atf7ip2~/~ sper-
matocytes, pan-nuclear yH2AX formation occurs normal-
ly in the early/mid-zygotene stage (Fig. 3A), and relative
populations of zygotene spermatocytes are comparable
between Atf7ip2~/~ testes and littermate controls (Fig.
3B). In the Atf7ip2~/~ pachytene spermatocytes, yH2AX
formation on the XY chromosomes takes place (Fig. 3A);
however, we noted an increase in the relative population
of early/mid-pachytene spermatocytes, whereas late
pachytene and diplotene spermatocytes were rare and
largely depleted from Atf7ip2~/~ testes (Fig. 3B). These
analyses suggest that ATF7IP2 has a critical function as
spermatocytes transition from the pachytene to diplotene
stages.

Following our established criteria for SYCP3- and
yH2AX-based meiotic staging (Abe et al. 2018; Alavattam
et al. 2018), we analyzed yH2AX staining patterns in more
detail. In Atf7ip2~/~ early/mid-pachytene spermatocytes,
the removal of yH2AX from autosomes was disrupted in
comparison with controls (Fig. 3C). In normal meiosis,
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Figure 3. DDR and chromosome synapsis are mildly impaired in Atf7ip2~/~ spermatocytes. (A) Atf7ip2*/* and Atf7ip2~/~ spermatocyte
chromosome spreads stained with antibodies raised against SYCP3 and yH2AX. yH2AX accumulation patterns are one of three classifi-
cations described in C. Scale bars, 10 um. (B) Meiotic prophase I stage populations quantified as mean = SD. Numbers of analyzed nuclei are
indicated. Data are from three independent littermate pairs at P44, P66, and P69. (*) P <0.05, from unpaired two-tailed t-tests. (C) Stage-
wise proportions of yH2AX accumulation patterns for three independent littermate pairs and are quantified as mean + SD. Patterns are
classified with three criteria (see top). (****) P<0.0001, from Fisher’s exact tests. (D) Chromosome spreads stained with antibodies raised
against SYCP3 and MLHI1. Arrowheads indicate MLHI1 foci. The top dot plot shows distributions of MLH1 counts. The bottom dot plot
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(F). Data are from three independent littermate pairs at P44, P66, and P69 and are presented as mean + SD. Numbers of analyzed nuclei are
indicated. (**) P<0.01, from unpaired t-tests.

YH2AX accumulates through the whole of leptotene and concentrated accumulation on the chromatin associated
early zygotene nuclei (pattern I) (Fig. 3A,C). As spermato- with unsynapsed chromosome axes, albeit with partial
cytes progress into the late zygotene stage, yH2AX accu- signals remaining along synapsed autosomes (pattern II).
mulation transitions from a pan-nuclear diffuse signal to By the mid and late pachytene stages, yH2AX is confined
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to XY chromatin, having largely disappeared from auto-
somes (pattern III). In Atf7ip2~/~ early/mid-pachytene
spermatocytes, YH2AX remains on autosomes in compar-
ison with littermate controls (Fig. 3C), suggesting that in
the absence of ATF7IP2, autosomal DDR signaling is
affected.

Following on this, we investigated the outcome of mei-
otic recombination by scoring the numbers of MLH1 foci
(which illuminate crossover sites) on chromosome axes.
Numbers of MLH1 foci on autosomes were comparable
between Atf7ip2*/~ and Atf7ip2~/~ H1T-positive mid/
late pachytene spermatocytes (Fig. 3D). Although a recent
study of a separate Atf7ip2~/~ mouse line reported re-
duced numbers of XY pseudoautosomal regions (PARs)
with MLHI1 foci (Shao et al. 2023), our observations
showed no significant difference in the proportions of
MLH]1-associated PARs in Atf7ip2*/~ and Atf7ip2~/~
models (Fig. 3D). Next, we analyzed chromosome synap-
sis by immunostaining for SYCP3 (a marker of both unsy-
napsed and synapsed axes) and SYCP1 (a marker of only
synapsed axes). We observed occasional but significant au-
tosomal asynapsis in Atf7ip2~/~ pachytene spermato-
cytes; ~67% of Atf7ip2~/~ pachytene nuclei evidenced
complete synapsis, while nearly all Atf7ip2*/* spermato-
cytes showed complete synapsis (Fig. 3E). On occasion,
the shapes of sex chromosome axes exhibited abnormal
configurations, including apparent looped synapsis (“bub-
bles”), synapsis with large portions of itself (“irregular”),
and synapsis at ends (“circular”) (Fig. 3F); ~26% of
Atf7ip2~/~ pachytene nuclei demonstrated abnormal sex
chromosome synapsis (Fig. 3F). These results suggest
that although ATF7IP2 may not play an outsized role in
meiotic recombination, both DDR signaling and chromo-
some synapsis are impaired to some extent in Atf71'p2_/ -
spermatocytes.

ATF7IP2 directs SETDB1 and H3K9 methylation in male
meiosis

Because ATF7IP binds SETDBI to regulate H3K9me3 in
somatic cells (Ichimura et al. 2005), we suspected that
ATF7IP2 regulates H3K9me3 during meiosis. In meiotic
prophase I, H3K9me3 accumulates on autosomal PCH
and the sex chromosomes, where it is subject to dynamic
regulation as XY undergoes MSCI (van der Heijden et al.
2007); H3K9me3 on the sex chromosomes is established
by the methyltransferase SETDBI (Hirota et al. 2018;
Abe et al. 2022). Consistent with this, we observed normal
H3K9me3 accumulation on autosomal PCH and XY chro-
matin in wild-type pachytene nuclei (Fig. 4A). Through
careful examination, we noted multiple H3K9me3 accu-
mulation patterns on the sex chromosome in the early
pachytene stage of wild-type spermatocytes and recog-
nized four general patterns: class I, covering the entirety
of XY; classII, covering the entirety of Y and X-PCH,; class
I1I, covering X-PCH only; and class IV, in which H3K9me3
is absent from XY (i.e., no signal) (Fig. 4A,B; Supplemental
Fig. S4A). We evaluated the proportions of patterns and
found that H3K9me3 enrichment on the XY domain was
impaired in the early pachytene stage of Atf7ip2~/~ sper-
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matocytes; 21% of nuclei showed essentially no signal
anywhere on the XY chromosomes (class IV), a pattern
that was not observed in any Atf7ip2*/* early pachytene
nuclei (Fig. 4A,B). Innormal mid and late pachytene stages,
H3K9me3 is retained on X-PCH as it disappears from the
remainder of XY chromatin (Fig. 4A), presumably due to
histone replacement and the incorporation of histone var-
iant H3.3 (van der Heijden et al. 2007). Next, in the normal
diplotene stage, H3K9me3 signals promulgate through the
XY chromatin in a likely reflection of H3K9me3’s de novo
deposition on H3.3 (Fig. 4A). However, in Atf7ip2~/~ mid
and late pachytene spermatocytes, H3K9me3 on X-PCH
decreased, and re-establishment through the entirety of
XY did not take place in the diplotene stage (Fig. 4A,C).
Alongside the diplotene re-establishment of H3K9me3,
H3K9me2 also accumulates on XY chromatin; however,
in Atf7ip2~/~ diplotene spermatocytes, we noted a clear
loss of H3K9me2 (Fig. 4D,E). Concomitant with these
changes, in Atf7ip2~/~ spermatocytes, we observed the
strong accumulation of H3K9 acetylation (H3K9ac), which
counteracts H3K9 methylation, on X-PCH (Supplemental
Fig. S4B). On the other hand, proportions of H3K9mel ac-
cumulation patterns were unchanged between control and
Atf7ip2~/~ spermatocytes (Supplemental Fig. S4C,D),
highlighting a specific role for ATF7IP2 in the regulation
of H3K9me2/3 and H3K9ac. Together, these results indi-
cate that ATF7IP2 regulates the establishment of
H3K9me2/3 on diplotene XY chromatin, consistent with
the concurrent, dynamic localization of ATF7IP2 from X-
PCH through XY chromatin.

Given this, we hypothesized that ATF7IP2 regulates the
spatiotemporal recruitment of SETDB1 (which mediates
H3K9me3) to the sex chromosomes. In wild-type early
and mid-pachytene nuclei, SETDBI localizes on the XY
chromosomes and is notably enriched on the X-PCH. In
corresponding Atf7ip2~/~ spermatocytes, SETDBI was
not enriched on X-PCH, localizing instead to sex chromo-
some-adjacent nucleoli (Fig. 4F). Consistent with this,
Atf7ip2~/~ X-PCH was less DAPIL-intense compared with
controls (Supplemental Fig. S5), suggesting a defect in het-
erochromatin formation. We also noticed that the pachy-
tene accumulation of SETDBI on autosomal PCH was
disrupted in corresponding Atf7ip2~/~ spermatocytes. In
contrast to the constrained, intense SETDBI1 signals of
wild-type samples, we observed diffuse SETDBI1 signals
through the whole of mutant nuclei (Fig. 4F). We also ob-
served that in Setdb1 conditionally deleted mutants driv-
en by the germline-specific Ddx4-Cre (Setdb1-cKO) (Abe
et al. 2022), the accumulation of ATF7IP2 on X-PCH
was significantly reduced (Supplemental Fig. S6A). Taken
together, these results indicate a pan-nuclear role for
ATF7IP2 in the spatiotemporal regulation of SETDBI; fur-
thermore, at X-PCH, ATF7IP2 and SETDBI likely operate
in tandem, possibly as a protein complex.

A hallmark of normal MSCI is the sex chromosome-
wide accumulation of yH2AX, and yH2AX domain forma-
tion is tightly associated with the initiation and mainte-
nance of MSCI (Fernandez-Capetillo et al. 2003; Abe
et al. 2022). yH2AX domain formation is directed by
MDC1, a yH2AX-binding protein and central mediator
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of the DDR, through a feed-forward mechanism (Ichijima
et al. 2011). We hypothesized that the accumulation of
ATF7IP2 on XY chromatin occurs downstream from
MDCI. To test this, we stained for ATF7IP2 in Mdc1~/~
spermatocytes and found that in the absence of MDCI,
ATF7IP2 failed to concentrate on X-PCH (Fig. 4G). Simi-
larly, the accumulation of SETDBI1 on X-PCH depended
on MDCI1 (Supplemental Fig. S6B). These results suggest
that the MDCIl-dependent DDR pathway regulates
ATF7IP2 and SETDBI localization on the sex chromo-
somes. We infer that, in pachytene spermatocytes, the
MDC1-dependent DDR pathway recruits ATF7IP2 (pre-
sumably forming a complex with SETDBI1) to X-PCH; in
the subsequent diplotene stage, both factors spread
through the XY chromatin, and as this occurs, SETDBI1
deposits pan-XY H3K9me2/3 (Fig. 4H,I). Corroborating
this model, we found that MDC1 accumulation on XY
chromatin occurred independently of ATF7IP2 or
SETDBI (Supplemental Fig. S6C,D).

To parse mechanisms related to ATF7IP2, we tested the
localization of related factors. A previous study suggested
a role for the SETDBI-interacting protein TRIM28 as a
linker between the DDR pathway and SETDBI (Hirota
et al. 2018). However, we found that TRIM28 does not lo-
calize on the sex chromosomes in wild-type meiosis (Sup-
plemental Fig. S7A), which raises the possibility that
ATF7IP2 works independently of TRIM28 to link the
DDR pathway and SETDBI. In line with this possibility,
TRIM28 is dispensable for male meiotic progression
(Tan et al. 2020). Downstream from the DDR pathway,
the chromatin remodeler CHD4 is recruited to X-PCH
(Broering et al. 2014); in Atf7ip2~/~ spermatocytes,
CHD4 accumulation on X-PCH was unchanged from con-
trols (Supplemental Fig. S7B). The germline-specific Poly-
comb protein SCML2 also accumulates in pachytene and
diplotene nuclei; in Atf7ip2~/~ spermatocytes, SCML2 lo-
calization did not differ from controls (Supplemental Fig.
S7C,D). These results suggest that the disfunction of
ATF7IP2 is not related to the localization of TRIM2S,
CHD4, and SCML2.

We also examined the localization of ATEF7IP in
Atf7ip2~/~ spermatogenesis. In wild-type tissue sections,
ATF7IP was predominantly found in the nuclei of primary
spermatocytes (Supplemental Fig. S7E); more specifically,
it localized to the X-PCH in wild-type pachytene sper-
matocytes (Supplemental Fig. S7F,G). Contrastingly, in
Atf7ip2~/~ pachytene spermatocytes, ATE7IP was absent
from the X-PCH and instead localized to the XY PAR.
These results demonstrate that ATF7IP2 is essential for
directing ATF7IP and SETDBI to X-PCH in pachytene
spermatocytes.

ATF7IP2 is required for meiotic gene regulation

Having established its meiotic phenotype and essential
role in H3K9 methylation, we sought to investigate the
function of ATF7IP2 in meiotic gene regulation. To this
end, we performed single-cell RNA sequencing (scRNA-
seq) analyses of whole testicular cells from Atf7ip2~/~
mice and their Atf7ip2*/* littermates at P15. The cellular
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composition of the testis changes as development pro-
gresses, leading us to confirm that in P15 testes, the first
wave of spermatogenesis exhibited a similar cellular com-
position between Atf7ip2*/* and Atf7ip2~/~ mice. Indeed,
we observed this was the case until the mid to late pachy-
tene stages, when defects appeared based on immuno-
staining against major markers of spermatogenesis,
including ZBTB16/PLZF, STRAS8, SYCP3, yH2AX, and
HIT (Supplemental Fig. S8).

Using the scRNA-seq data, we endeavored to determine
when ATF7IP2 functions in wild-type spermatogenesis.
Since ATF7IP2 expression was restricted to germ cells,
scRNA-seq data derived from germ cell populations (sper-
matogonia and spermatocytes) were analyzed apart from
those of testicular somatic cells (Sertoli cells, Leydig cells,
peritubular myoid cells, endothelial cells, and hemocytes)
(Fig. 5A; Supplemental Fig. S9A B). Using the UMAP of
scRNA-seq data from Atf7ip2*/* and Atf7ip2~/~ germ
cell populations, we identified 13 cell type clusters; the
cluster numbers are based on the numbers of cells com-
prising each cluster; cluster O is the largest, and cluster
12 is the smallest (Fig. 5B,C; Supplemental Fig. SOC,D).
Assessing the expression of key marker genes for sperma-
togenesis with respect to the UMAP, we inferred the
developmental trajectory of P15 spermatogenesis (Fig.
5D). As suggested by the high expression of Gfral, cluster
8 represented a population of undifferentiated spermato-
gonia, including spermatogonial stem cells. Cluster 1 rep-
resented a population of differentiating spermatogonia, as
indicated by the initial up-regulation of Stra8. Clusters 6
and 7 represented cells at the initiation of meiosis, consis-
tent with the up-regulation of Meiosin and Stra8. Cluster
11 represented a population of spermatocytes in early
meiotic prophase, as denoted by the up-regulation of
Prdm9. Based on the expression of marker genes with re-
spect to the UMAP, we inferred that spermatogenesis pro-
gressed along the trajectory from cluster 8 to cluster 12.
Although Atf7ip2 was expressed in a broad range of sper-
matogenic stages, its expression level was higher in clus-
ters 7, 6, 11, and 5, all of which correspond to meiotic
prophase (Fig. 5E). Given that Atf7ip2 is bound by MEIO-
SIN and STRAS (Fig. 1B), it is possible that the expression
of Atf7ip2 is boosted, rather than initiated, at the entry to
meiosis. In contrast, Atf7ip is constitutively expressed in
spermatogenesis (Fig. 5E).

Next, we sought to understand when cell death takes
place in Atf7ip2~/~ spermatocytes. Starting from cluster
8 through to cluster 5, the gene expression profiles for
Atf7ip2*/* and Atf7ip2~/~ germ cell populations over-
lapped one another to a high degree (Fig. 5A,B), indicating
that Atf7ip2~/~ spermatogenesis progressed until the
stage of spermatogenesis that corresponds to cluster
5. However, we noticed certain subpopulations—clusters
10, 0, 2, and 3, representing B spermatogonia through to
preleptotene cells—were more numerous in Atf7ip2~/~
germ cells (Fig. 5C); the increased cluster sizes suggest
that in the absence of ATE7IP2, the entry into meiosis is
hampered. Furthermore, the subpopulation represented
by cluster 12 was present in Atf7ip2*/* germ cells but
missing amid Atf7ip2~/~ germ cells (Fig. 5B,C).

28



ATF71P2 directs H3K9 methylation in the germline

A ° Atf7ip2+/+ ° Atf7ip2-/- Merge B
. } o Alf7ip2+/+ %
1 e Atf7ip2-1- .
4 "‘(‘

\...-.."__-—7

UMAP_1

c —_
X
< 10
c
k<]
£
g s
o
o
K 3
0POO0O®60DO®ODOd2
| Atf7ip2+/+ W Atf7ip2-I- 0 5 o6 &
UMAP_1
D .
Gfrat Stra8 Meiosin
5 n.s. n.s. 'ﬁ‘
34 E o’ 3
3 84 ~ s 3
5° 5 o 2
a 2 <o 2 2
82 P 3 g
3 H% u% 28! 1
-4 i% 1 -4 g
0 ol=4—— 0 0 o
-0 5 0 5 - -0 5 0 5 ++4 -0 -5 0 5 5 0 5 -
UMAP_1 UMAP_1 UMAP_1 UMAP_1
F G
Autosomal genes (21,631 genes) Chromosome X genes (789 genes)
® Atf7ip2+/+ ® Atf7ip2-/- p-values ® Atf7ip2+/+ ® Atf7ip2-/- p-values
0: 0. 0.75 ok 0:5.03e-4
305 1:0. . 1: 0.449
go. 2 0. 2 2:0.131
- 3:0.69 2 3:0.00324
§ 40 5 0.50 . 40248
£g U lieeds i é soie
o : 0. K " ‘ " 2 0.
5 7:0. g 7:0.1459
3 8:0.6 028 ‘ 80310
o i IR
11:0. 0.00 11:0.5413
0DP200000000®2 5UM/SP1 5 0020000000 ®2
Y genes (19 genes)
1. . .
® Atf7ip2+/+ ® Atf7ip2-I- p-values
) R 0:3.90e-4
H Up-regulation of sex- . 1:0.00156
chromosomal genes in Atf7ip2-1- o, 3 10, TA T w2270
o < x| ek 41000365
< 2 N 5:4.91e-14
POOIDOOODO®®G @ Jonrie™ S £ o5 & 00136
: progression s Lbsres
Meioticientry T o 9: 0.0232
) . . iminati -to- 10:0.413
Differentiating spermatogonia Elimination at the pachytene-to 0.0 11: 8.180-6
diplotene transition in Atf7ip2-/- e e

5 0 &
UMAP_1

Figure5. scRNA-seqanalyses of Atf7ip2*/* and Atf7ip2~/~ spermatogenic germ cells. (A] UMAP representations of scRNA-seq transcrip-
tome profiles for germ cells from Atf7ip2*/* testes (left, P15), Atf7ip2~'~ testes (middle, P15), and both Atf7ip2*/* and Atf7ip2~/~ testes
(right). (Gray arrow) Inferred developmental trajectory. (B) Clustering of UMAP-projected scRNA-seq transcriptome profiles for
Atf7ip2*"* and Atf7ip2~/~ germ cells based on gene expression patterns. (C) Bar graph showing the proportions of Atf7ip2*/* and
Atf7ip2~/~ germ cells among the clusters. (D) UMAP representations showing expression patterns for key developmental marker genes
in spermatogenic cells. Genes shown include Gfral, which represents undifferentiated spermatogonia; Stra8, which represents differen-
tiating spermatogonia; Meiosin, which represents preleptotene spermatocytes; and Prdm9, which represents early meiotic prophase sper-
matocytes. (n.s.) Not significant, (*) P<0.05, from Wilcoxon rank sum tests. (E) Expression patterns for Atf7ip2 and Atf7ip upon the
UMAP. (F) Expression levels for autosomal genes. (G) Expression levels for X-chromosomal genes (top) and Y-chromosomal genes (bot-
tom) are shown. [*) P<0.05, (**) P<0.01, (***] P<0.001, from Wilcoxon rank sum tests. (H) Summary of Atf7ip2~/~ phenotypes in sperma-
togenic germ cells. Subtype clusters are ordered by inferred developmental progression. Key cell types and events in Atf7ip2*/* and
Atf7ip2~/~ spermatogenesis are shown.

GENES & DEVELOPMENT 123

29



Alavattam et al.

Furthermore, in Atf7ip2*/* germ cells, expression levels of
sex-linked genes were abruptly down-regulated in the
transition from cluster 5 to cluster 12 compared with
that of autosomal genes (Fig. 5F,G). Intriguingly, in
Atf7ip2~/~ cells, cluster 5 was associated with a strong,
abrupt up-regulation of sex-linked gene expression (Fig.
5@G), suggesting that MSCI failure began in the cluster 5
subpopulation of Atf7ip2~/~ cells. Thus, the loss of the
cluster 12 subpopulation in Atf7ip2~/~ testes was preced-
ed by an ectopic up-regulation of X- and Y-chromosomal
genes in cluster 5 (Fig. 5G), indicating that clusters 5 and
12 represent pachytene spermatocytes.

Remarkably, gene enrichment analysis revealed that
genes related to late spermatogenesis (e.g., Clgn, Hspa?2,
Piwill, and Ldhc) were highly expressed in the cluster 12
subpopulation of spermatocytes (Supplemental Fig. S9C;
Supplemental Table S1). Because those genes are known
to be expressed in the late pachytene stage onward, we in-
ferred that cluster 12 corresponds to cytologically defined
late pachytene spermatocytes (and/or diplotene spermato-
cytes). It is important to note that aligning exact substages
between cytology-defined and gene expression-based cri-
teria can be challenging. However, the single-cell RNA se-
quencing (scRNA-seq) results aligned well with
cytological observations, indicating that Atf7ip2~/~ sper-
matocytes progress through early meiotic prophase but
are predominantly eliminated via cell death during the
transition from the late pachytene to diplotene stages
(Fig. 3B). Thus, ATF7IP2 is required for spermatocytes to
progress beyond the pachytene-to-diplotene transition
(Fig. 5H).

ATF7IP2 binds broadly to the sex chromosomes and
autosomal gene promoters

To determine where ATF7IP2 binds the genome of wild-
type pachytene spermatocytes, we performed CUT&Tag
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for ATF7IP2 in two biological replicates. We observed
the specific enrichment of ATF7IP2 CUT&Tag signals rel-
ative to IgG CUT&Tag signals (Supplemental Fig. S10A).
Given the high correlation between replicates (Supple-
mental Fig. S10B), we combined them for subsequent
analyses. Analyses of ATF7IP2 coverage revealed 61,839
genome-wide regions of enriched ATF7IP2 binding; i.e.,
“ATF71IP2 peaks” (Fig. 6A). We observed ATF7IP2 peaks
on TSSs (26.73%), gene bodies (27.74%), TESs (0.1%),
and intergenic regions (45.43%). TSS peaks were enriched
on autosomes, whereas intergenic peaks were enriched on
the sex chromosomes (Fig. 6A), suggesting distinct func-
tions for ATF7IP2 on the autosomes and sex chromo-
somes. In our continued investigation of wild-type
pachytene spermatocytes, we conducted a clustering anal-
ysis incorporating ATF7IP2 peaks, regions of H3K9me3
coverage (data newly generated for this study, shown in
Supplemental Fig. S10C), and regions of coverage for the
active promoter mark H3K4me3 (data from our previous
study, as shown in Maezawa et al. 2018Db); this analysis re-
sulted in three distinct clusters (Fig. 6B). Cluster I regions
(6632) are associated with H3K4me3 deposition (Fig. 6B)
on autosomes and at TSSs (Fig. 6C,D). Cluster II regions
(22,579) are associated with broad H3K9me3 enrichment
(Fig. 6B); 70% of these regions are on the sex chromosomes
(Fig. 6C), mostly at intergenic regions and gene bodies (Fig.
6D), which is in line with the role of ATF7IP2 in the reg-
ulation of H3K9me3 on the sex chromosomes. Cluster
III regions (32,628) largely represent autosomal intergenic
regions and gene bodies (Fig. 6C,D).

Based on the enrichment of ATF7IP2 at TSSs, we sought
to identify ATF7IP2 target genes in pachytene spermato-
cytes. Our analyses revealed 4917 autosomal genes and
270 sex chromosomal genes (Supplemental Table S2).
ATEF7IP2 binds the promoters of a broad range of genes re-
quired for meiotic prophase and spermiogenesis, includ-
ing Hormad1 and Sycp3, both autosomal genes, as well
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Figure 6. ATF7IP2-binding sites in pachytene spermatocytes. (A) Numbers and genomic distribution of ATF7IP2 CUT&Tag peaks in
wild-type pachytene spermatocytes. (B) Clustering analysis of ATF7IP2 CUT&Tag peaks and H3K9me3- and H3K4me3-enriched regions.
Average tag density profiles (top) and heat maps (bottom) for each cluster are shown. (C) Chromosomal distribution of ATF7IP2 peak clus-
ters. (D) Genomic distribution of ATE7IP2 peak clusters. (E) Expression levels of ATF7IP2-bound autosomal genes in scRNA-seq. (*) P<
0.05, (**) P <0.01, from Wilcoxon rank sum tests. (F) Expression levels for ATF7IP2-bound sex chromosomal genes in scRNA-seq. (*) P<

0.05, (***) P<0.001, from Wilcoxon rank sum tests.
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as Y-linked Zfy1l. These promoter peaks are associated
with the active histone modifications H3K4me3 and
H3K27ac (Supplemental Fig. S10D). Next, using our
scRNA-seq data set for Atf7ip2*/* and Atf7ip2~/~ sperma-
togenic germ cells, we sought to understand the regula-
tion of ATF7IP2 target genes. We detected the
expression of 4626 ATF7IP2 target genes on autosomes
and 211 ATF7IP2 target genes on the sex chromosomes.
The autosomal genes were down-regulated in Atf7ip2~/~
pachytene spermatocytes (Fig. 6E, clusters 6 to 5, repre-
senting the early to mid-pachytene stages). Because
wild-type autosomal promoter peaks are associated with
H3K4me3, these results indicate that ATE7IP2 binds to
and positively regulates the expression of these genes.
On the other hand, in Atf7ip2~/~ pachytene spermato-
cytes, the 211 sex chromosomal genes are highly up-regu-
lated in cluster 5 (Fig. 6F, mid-pachytene spermatocytes),
indicating that ATF7IP2 binds to and negatively regulates
the expression of these genes. These results reveal two
separate functions for ATF7IP2 in pachytene spermato-
cytes: one for autosomal gene expression and, contrasting-
ly, another for sex chromosomal gene repression.

ATF7IP2 directs meiotic gene regulation

To elucidate gene regulatory mechanisms associated with
ATF7IP2, we isolated pachytene spermatocytes from both
Atf7ip2*"* and Atf7ip2~/~ testes and, after confirming
their purity, conducted bulk RNA sequencing with
ERCC spike-in controls across three biological replicates.
The transcription data derived from this process were
then analyzed (Supplemental Fig. S10E,F; Supplemental
Table S3). While isolating the cells, we were surprised to
observe that Atf7ip2~/~ spermatocytes were smaller
than their Atf7ip2*/* counterparts (Supplemental Fig.
S10E). This gross decrease in size suggests that in
Atf7ip2~/~ spermatocytes, the pachytene transcriptional
burst (Maezawa et al. 2020) is compromised, a possibility
consistent with the global down-regulation of ATF7IP2-
bound autosomal genes detected with scRNA-seq.
Comparing the spike-in-normalized mutant and con-
trol RN A-seq data, we identified 9446 autosomal differen-
tially expressed genes (DEGs)—218 up-regulated and 9228
down-regulated (Fig. 7A). To understand how autosomal
DEGs are expressed during normal spermatogenesis, we
reanalyzed separate RNA-seq data taken from cell types
sampled across wild-type spermatogenesis (Maezawa
et al. 2018b). The 218 up-regulated genes displayed high
expression levels in wild-type spermatogonia but were
suppressed in wild-type pachytene spermatocytes (Sup-
plemental Fig. S11A). Thus, their up-regulation in
Atf71'p2_/ ~ pachytene spermatocytes suggests an ectopic
expression of normally repressed premeiotic genes. The
top gene ontology (GO) (Ashburner et al. 2000) enrich-
ment terms for these genes are related to immune system
functions (Supplemental Fig. S11B), suggesting that
ATF7IP2 suppresses the expression of immune genes in
pachytene spermatocytes. In contrast, many of the 9228
down-regulated genes were highly expressed in wild-
type pachytene spermatocytes (Supplemental Fig. S11A),
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and the associated GO enrichment terms were related to
spermatogenesis (Supplemental Fig. S11B). These findings
indicate that many spermatogenesis-related genes fail to
activate in Atf7ip2~/~ pachytene spermatocytes. Further-
more, in Atf71'p2‘/ ~ spermatocytes, Atf7ip expression was
decreased (Supplemental Fig. S11C). Shifting focus to the
sex chromosomes, we detected 539 DEGs associated with
the Atf7ip2~/~ pachytene X chromosome; 533 were up-
regulated in mutants relative to controls, whereas six
were down-regulated (Fig. 7A). On the Y chromosome,
12 DEGs were up-regulated, and we detected no down-reg-
ulated DEGs (Fig. 7A). These results are largely consistent
with bulk RNA-seq analyses of P14 juvenile testes (Sup-
plemental Fig. S12), together indicating that MSCI is dis-
rupted in Atf7ip2~/~ pachytene spermatocytes.

We next examined the regulation of ATF7IP2 target
genes in Atf7ip2~/~ pachytene spermatocytes. A signifi-
cant overlap exists between these target genes and DEGs
in Atf7ip2~/~ spermatocytes (Supplemental Fig. S11D).
Notably, there is a considerable intersection between
down-regulated autosomal DEGs and ATF7IP2 autosome
targets, with an enrichment in key processes such as
mRNA and DNA metabolism, as well as translation (Sup-
plemental Fig. S11D). This indicates a direct regulatory
role for ATF7IP2 in vital cellular functions. Furthermore,
there is a significant overlap between XY up-regulated
DEGs and ATF7IP2 XY targets (Supplemental Fig. S11E),
reinforcing our conclusion that ATF7IP2 is involved in
suppressing gene expression to preserve MSCI.

MSCI is initiated by the DDR pathway and maintained
through active DDR signaling (Ichijima et al. 2011; Abe
etal. 2022). On the Atf7ip2~/~ XY domain, yH2AX signals
were observed (Fig. 2), but H3K9me2/3 deposition was not
established as the pachytene stage progressed into the dip-
lotene stage (Fig. 4). Indeed, in place of H3K9me2/3, we ob-
served signals for the active transcriptional mark H3K9ac
(Supplemental Fig. S4B). Thus, we suspect that MSCI is
initiated but not maintained in Atf7ip2~/~ spermatocytes.
To test this, we stained for POLII in Atf7ip2~/~ pachytene
spermatocytes. In normal mid-pachytene spermatocytes,
we observed the exclusion of POLII from XY domains in
100% of observed nuclei (n=65) (Supplemental Fig.
S11F), confirming the accurate detection of MSCI through
POLII immunostaining. However, in Atf7ip2~/~ mid-
pachytene spermatocytes, we observed the exclusion of
POLI from XY chromatin in only 73.3% of nuclei (n=
105) (Supplemental Fig. S11G); 26.7% of Atf7ip2~/~ nuclei
included POLII in XY domains (Supplemental Fig. S11H),
which is evidence for defective MSCI. These results sug-
gest that in the absence of ATF7IP2, the initiation of
MSCI occurs, but MSCI fails to be maintained.

To understand the mechanism through which ATF7IP2
regulates H3K9me3 deposition, we produced and ana-
lyzed H3K9me3 CUT&RUN data from Atf7ip2*/* and
Atf7ip2~/~ pachytene spermatocytes (Supplemental Fig.
S10G). We found that H3K9me3 is largely dependent on
ATEF7IP2, especially at the sites of cluster II ATF7IP2-
bound peaks (Fig. 7C; cluster II peaks are defined in Fig.
6B). ATF7IP2 and H3K9me3 signals frequently over-
lapped, with many regions of H3K9me3 deposition
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Figure 7. ATF7IP2 directs meiotic gene regulation and regulates TEs. (A) Comparison of Atf7ip2*/* and Atf7ip2~/~ pachytene spermato-
cyte transcriptomes. Autosomal, X, and Y genes were analyzed separately. Three independent biological replicates were examined. All
genes with adjusted P-values (Benjamini-Hochberg method) are plotted. Differentially expressed genes (DEGs; log, fold change > 2, adjust-
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ATF7IP2 CUT&Tag enrichment at DEG TSSs =2 kb in wild-type pachytene spermatocytes. Average tag density profiles (top) and heat
maps (bottom) for each cluster are shown. (C) ATF7IP2 CUT&Tag and H3K9me3 CUT&RUN enrichment in clusters I-1II (defined in
Fig. 6B). Average tag density profiles (top) and heat maps (bottom) for each cluster are shown. (D,E) Track views of the Zfy1 locus (an
up-regulated Y-linked locus) and the Hspa2 locus (a down-regulated autosomal locus). (F) Comparison of Atf7ip2*/* and Atf7ip2~'~ pachy-
tene spermatocyte transposable element (TE) expression. All TE types are plotted. Differentially expressed TE types (DEGs; log, fold chan-
ge>2, adjusted P-value < 0.05) are indicated by color ([red] up-regulated in Atf7ip2~'~, [blue] down-regulated in Atf7ip2~/~), and numbers
are shown. (G) Track view of the ATF7IP2 targeted TEs RLTR10B2 and MMERVK10C-int. (H) Summary and model of the function of
ATEF7IP2 on X-PCH. (I) Summary and model of the function of ATF7IP2 in TE regulation. (/) Summary and model of the function of

ATF7IP2 in gene expression regulation.

centered on ATF7IP2 peaks (Fig. 7C). Notably, H3K9me3
deposition was completely absent or strongly diminished
in the Atf7ip2~/~ model, indicating that H3K9me3 enrich-
ment is dependent on ATF7IP2 (Fig. 7C). As shown in a
track view of the Y-linked Zfy1 locus, ATF7IP2-binding
sites frequently align with, or are immediately adjacent
to, locations of ATF7IP2-dependent H3K9me3 (Fig. 7D).
Conversely, there was no observed H3K9me3 enrichment
on ATF7IP2-dependent autosomal genes, as evidenced by
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loci such as Hspa2 (Fig. 7E). We conclude that ATF7IP2 di-
rects H3K9me3 deposition while simultaneously orches-
trating meiotic gene activation on autosomes, much of
which is independent of H3K9me3. Furthermore, by cate-
gorizing H3K9me3 peaks in wild-type pachytene sper-
matocytes based on their ATF7IP2 binding status, we
revealed a reduction in H3K9me3 enrichment in both
ATF7IP2-bound and unbound regions in Atf7ip2~/~ sper-
matocytes (Supplemental Fig. SI10H). This finding
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supports a model in which ATF7IP2 potentially governs
H3K9me3 levels by regulating the nuclear localization
of SETDBI.

ATF7IP2 fine-tunes the expression of transposable
elements

SETDBI1-mediated H3K9me3 is a well-known suppressor
of transposable elements (TEs) (Matsui et al. 2010; Rowe
et al. 2013). Therefore, we sought to examine TE expres-
sion using our RNA-seq data in combination with a
“best-match” TE annotation set (Sakashita et al. 2020),
which enabled the detection of alignments uniquely
mapped to TEs that are not exon-derived (mRNA-derived).
This strategy eliminated detection of TEs that are parts of
mRNA, preventing the conflation of mRNA and TE ex-
pression. In Atf7ip2~/~ pachytene spermatocytes, we ob-
served an up-regulation of 13 TE types, including IAPEy-
int, RLTR10B2, and MMERVK10C-int, whereas 509 types
were down-regulated (Fig. 7F; Supplemental Table S4).
This up-regulation, particularly of IAPEy-int, RLTR10B2,
and MMERVK10C-int, was further confirmed by scRNA-
seq analysis (Supplemental Fig. S13). ATEF7IP2 was found
to bind these up-regulated TEs, with the H3K9me3 en-
richment at these loci being dependent on ATF7IP2 (Fig.
7G). In wild-type spermatogenesis, TE expression under-
goes dynamic changes at the mitosis-to-meiosis transi-
tion, and a subset of TEs—specifically, endogenous
retrovirus K (ERV) families that are also known as long-
terminal repeats (LTRs)—are activated as enhancers in
meiosis (Sakashita et al. 2020). Notably, these meiotic en-
hancer ERVs (RLTR10B2) are among the up-regulated TEs
(Fig. 7F). The meiotic enhancer ERVs are active in wild-
type pachytene spermatocytes and are further up-regulat-
ed in Atf7ip2~/~ cells. Thus, ATF7IP2 may fine-tune the
activity of these TEs. In contrast, various TE types,
particularly those enriched with LTRs and active in the
pachytene stage, are down-regulated in Atf7ip2~/~ sper-
matocytes. In all, our study identified distinct functions
for ATF7IP2 in regulating protein-coding genes on auto-
somes and sex chromosomes, as well as in the regulation
of TEs (Fig. 7H-J).

Discussion

Our study identified ATF7IP2 as a counterpart to ATF7IP
that is highly expressed in the male germline and directs
SETDBI-mediated H3K9 methylation—a conclusion sup-
ported by two major observations. First, in wild-type mei-
osis, ATF7IP2, SETDBI1, and H3K9me3 accumulate on
autosomal PCH; in pachytene spermatocytes, all are en-
riched on the X-PCH, the site from which they spread
through the diplotene XY domain. Second, in Atf7ip2~/~
pachytene spermatocytes, SETDB1 was grossly delocal-
ized, and H3K9me2/3 was largely absent on the XY chro-
matin in the late pachytene to diplotene stages. As might
be expected, the Atf7ip2~/~ meiotic phenotype overlaps to
some extent the meiotic phenotype of Setdb1-cKO mice.
Thus, our study revealed the molecular logic for the man-
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agement of SETDB1 and H3K9me3 in meiosis, demon-
strating the unique nature of meiotic heterochromatin
and its distinct regulation with respect to autosomes
and the sex chromosomes.

However, in the early pachytene stage, there is a pheno-
typic difference between Atf7ip2~/~ and Setdb1-cKO mice
with regard to H3K9me3 localization: H3K9me3, a
SETDBI-dependent marker of XY chromatin (Hirota
etal. 2018; Abe et al. 2022), is affected by but not complete-
ly absent from XY chromatin in Atf7ip2~/~ mice. Thus,
there may be an alternate regulator of SETDBI in early
pachytene spermatocytes. In support of this possibility,
Setdb1-cKO spermatocytes evidenced more severe chro-
mosome synapsis defects (Hirota et al. 2018; Cheng et al.
2021; Abe etal. 2022) than Atf7ip2~/~ spermatocytes. Nev-
ertheless, the meiotic arrest phenotype indicates that the
ATEF71P2-dependent regulation of SETDBI (likely through
an ATF7IP2-SETDB1 complex) and H3K9me3 becomes
essential in the pachytene-to-diplotene transition. Curi-
ously, we found that ATF7IP2 regulates ATF7IP localiza-
tion in meiosis, highlighting the critical role of ATF7IP2
in meiosis. Although Atf7ip expression was reduced in
the Atf7ip2~/~ spermatocytes, in our ATF7IP2 CUT&Tag
analysis, ATF7IP2 did not appear to bind to the Atf7ip
gene promoter. We infer that the observed effects could
be attributed to an indirect influence.

Our study also revealed novel aspects of the meiotic sex
chromosomes. We propose that, through the recruitment
of SETDB1, ATF7IP2 functions as an effector that links
DDR signaling and SETDBI1-mediated H3K9me3. The
yH2AX-binding partner MDC1 is necessary for the re-
cruitment of ATF7IP2 to X-PCH (Fig. 4G). A previous
study proposed that TRIM28 (KAP1), a SETDBI partner
in ERV suppression, links the DDR and SETDBI1 on the
meiotic sex chromosomes (Hirota et al. 2018). However,
we did not observe TRIM28 enrichment on XY, and so
we question TRIM28's status as a linker. Furthermore, it
was reported that young Trim28 mutant mice are initially
fertile and only become sterile with age (Tan et al. 2020),
indicating that TRIM28 is not essential for MSCL

We found that the enrichment of H3K9me2/3 on diplo-
tene XY chromatin is largely ATF7IP2-dependent. Given
the extensive histone replacement that occurs in MSCI
(H3.1/H3.2 to H3.3) (van der Heijden et al. 2007),
H3K9me2/3 deposition is likely to take place on “fresh”
H3.3. In the latter stages of spermatogenesis, H3K9me2/
3 is a persistent mark on the sex chromosomes, from
MSCI to postmitotic silencing (Namekawa et al. 2007);
thus, the ATF7IP2-dependent mechanisms described
here could be driving heritable epigenetic states through
meiotic divisions.

Unexpectedly, our study demonstrates that ATF7IP2 is
required for global gene regulation in pachytene spermato-
cytes. In mid-pachytene spermatocytes, a burst of gene ac-
tivation takes place that is driven by the transcription
factor A-MYB (MYBL1) through the activation of meiotic
enhancers (Bolcun-Filas et al. 2011; Maezawa et al. 2020).
Thus, there is an intriguing possibility that such meiosis-
specific transcription requires ATF7IP2. Importantly,
ATF7IP2 is present at thousands of autosomal promoters,
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where H3K9me3 is notably absent. Thus, ATF7IP2
could regulate transcriptional mechanisms independent
of H3K9me3. Intriguingly, ATF7, an ATF7IP2-interacting
protein, also accumulates on a wide range of autosomal
promoters in testicular germ cells, mediating epigenetic
inheritance through the regulation of H3K9me2 (Yoshida
et al. 2020). In future studies, a key goal will be to deter-
mine the mechanistic relationship between ATF7IP2
and ATF7 in the context of meiotic gene regulation. While
ATEF7IP2’s localization on the sex chromosomes requires
MDC], it is unknown what regulates its recruitment to au-
tosomes, although one possibility is ATM-dependent DDR
signaling. Furthermore, it is unknown what coordinates
ATF7IP2’s distinct autosomal and XY functions.

Finally, we show that ATF7IP2 fine-tunes the expres-
sion of retrotransposon-derived loci in male germ cells, a
function that coincides with SETDB1’s role in TE silenc-
ing. In Atf7ip2~/~ spermatocytes, we observed the up-reg-
ulated expression of immune genes, a phenomenon akin
to SETDBI1-mediated immune escape in tumorigenesis
(Griffin et al. 2021). In tumor cells, the depletion of
SETDBI facilitates the expression of immune genes,
thereby driving the intrinsic immunogenicity of tumors.
Also in tumor cells, SETDB1 works together with the
HUSH complex—itself functionally linked to ATF7IP
(Timms et al. 2016)—to suppress large domains of the ge-
nome enriched for rapidly evolved TEs (Griffin et al. 2021).
Notably, a large number of the germline genes activated in
pachytene spermatocytes are rapidly evolved (Soumillon
et al. 2013), as are the meiotic ERV enhancer loci that
drive germline gene expression (Sakashita et al. 2020). In
wild-type spermatocytes, these loci are associated with
broad domains of H3K9me3. Furthermore, like many tu-
mor cells, testicular germ cells are immunoprivileged,
found beyond the blood-testis barrier. Given the similar-
ities between germ and tumor cells, it is possible that
ATF71P2-directed SETDB1 mechanisms, which regulate
MSCI and TEs, drive the quick-paced evolution of the
germline genome. It may be that this work establishes a
foundation to understand the mechanisms behind germ-
line evolution in mammals.

A recent study reported another Atf7ip2 mutant mouse
line (Shao et al. 2023), and although the mouse pheno-
types detailed in the two studies were largely consistent,
we did not observe the reported difference in XY obligato-
ry crossover (Shao et al. 2023). This could be due to an
Atf7ip2 mutational difference in the mouse lines. Further
investigations are warranted to clarify the role of ATF7IP2
in male meiosis.

Materials and methods

Animals

All mice were handled according to the guidelines of the
Institutional Animal Care and Use Committee (IACUC;
protocol nos. IACUC2018-0040 and 21931) at Cincinnati
Children’s Hospital Medical Center and the University
of California, Davis.
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Generation of Atf7ip2~/~ mice

Atf71‘p2_/ ~ mice were generated using an sgRNA (target se-
quence TTCATGTCTACTCTTGCACT) that was select-
ed according to location and the on-target and off-target
scores from the web tool CRISPOR (Haeussler et al. 2016).

Preparation of meiotic chromosome spreads

Meiotic chromosome spread preparation, immunostain-
ing, and data analysis were performed as described
previously (Alavattam et al. 2018). Histology and immu-
nostaining were performed as described previously (Abe
et al. 2022).

Isolation of pachytene spermatocytes

Isolation of pachytene spermatocytes using fluorescence-
activated cell sorting (FACS) was performed using an
SHS800S Cell Sorter (Sony), with Vybrant DyeCycle Violet
(DCV)-stained (Invitrogen V35003) testicular single-cell
suspensions prepared as described previously (Yeh et al.
2021).

Next-generation sequencing analysis

Library generation and data analyses for bulk RNA-seq,
CUT&Tag, CUT&RUN, and scRNA-seq are described in
the Supplemental Material.

Other detailed experimental procedures are described in
the Supplemental Material.

Data availability

RNA-seq data and CUT&RUN/Tag data sets were depos-
ited in the Gene Expression Omnibus (accession no.
GSE244088). Bulk RNA-seq data for testes were deposited
in the Gene Expression Omnibus (accession no.
GSE223742). Single-cell RNA-seq data are available at the
DNA Databank of Japan (DDB]J) Sequence Read Archive
(DRA) under BioProject accession number PRJDB16643.
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Supplemental Material
Methods

Animals

Mice were maintained on a 12:12 light:dark cycle in a temperature- and humidity-controlled
vivarium (22 £+ 2 °C; 40-50% humidity) with free access to food and water in a pathogen-free
animal care facility. All mice were handled according to the guidelines of the Institutional
Animal Care and Use Committee (IACUC: protocol no. TACUC2018-0040 and 21931) at
Cincinnati Children’s Hospital Medical Center and the University of California, Davis. At least
three independent littermate pairs were used as biological replicates for all experiments with the
exception of the scRNA-seq, P14 whole-testis bulk RNA-seq, and CUT&Tag next-generation
sequencing experiments, which were performed using two independent biological replicates.
C57BL/6 (hereafter described as B6) mice were used for all experiments involving A#f7ip2"-
mice and littermate controls. To generate Setdb1-cKO (Setdb17°V1°%; Ddx4-Cre™®*) mice, a male
carrying the Setdb 17" : Ddx4-Cre™" alleles was crossed with a female carrying the

Setdb 171°¥1°% a]lele as described in our previous report (Abe et al. 2022). Males carrying the
Setdb11°%*; Ddx4-Cre™" alleles obtained from the same litter were used as littermate controls.
The control and Setdb1cKO mice greater than three weeks of age were harvested and analyzed.
The MdcI knockout (Mdc1”-) mice used in this study are described in our previous report
(Ichijima et al. 2011). In this study, the definition of postnatal days is the same as days
postpartum.

Generation of Atf7ip2”- mice

Atf7ip2”- mice were generated using a sgRNA (target sequence:
TTCATGTCTACTCTTGCACT) that was selected according to location and the on- and off-
target scores from the web tool CRISPOR (Haeussler et al. 2016). The sgRNA was in vitro
synthesized using a MEGAshorscript T7 kit (Thermo Fisher) and purified using a MEGAclear
Kit (Thermo Fisher), according to the manufacturer’s instructions. The sgRNA (100 ng/uL) and
Cas9 protein (200 ng/uL, Thermo Fischer) were mixed at 37 °C for 15 min to form the
ribonucleoprotein complex, then injected into the cytoplasm of one cell-stage embryos in the
C57BL/6N genetic background by piezo-driven microinjection (Scott and Hu 2019). Injected
embryos were immediately transferred into the oviductal ampulla of pseudopregnant CD-1
females. Live-born pups were genotyped by PCR and Sanger sequencing (data not shown).

Preparation of meiotic chromosome spreads

Meiotic chromosome spreads from testes were prepared essentially as described (Alavattam et al.
2018). Testes were excised, detunicated, and placed in 1x phosphate-buffered saline (PBS).
Seminiferous tubules were dissociated from whole testes. Seminiferous tubules were transferred
to one well of a four-well dish (Thermo Fisher Nunc, 055047) containing 1 mL of cold PBS kept
on ice. Seminiferous tubules were then gently unraveled into small clumps with fine-point
tweezers; care was taken not to tear or mince the tubules. The clumps of seminiferous tubules
were subsequently transferred to the second and third wells of 1 mL PBS for additional
unraveling before transfer to the fourth well, which contained 1 mL hypotonic extraction buffer
[HEB: 30 mM Tris base, 17 mM trisodium citrate, 5 mM ethylenediaminetetraacetic acid
(EDTA), 50 mM sucrose, 5 mM dithiothreitol (DTT), and 1x cOmplete Protease Inhibitor
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Cocktail (Sigma, 11836145001), pH. 8.2]. Once there, fine-point tweezers were used to carefully
expose the surface area of tubules to HEB. The seminiferous tubules were incubated in HEB on
ice for 30 min with gentle stirring every 10 min. After incubation, seminiferous tubules were
mashed using a disposable surgical blade in 60 pL of 100 mM sucrose on a plain, uncharged
microscope slide (Gold Seal: Thermo Fisher Scientific, 3010-002). After approximately 15-25
mashes, a semi-translucent cell suspension was formed. An additional 120 pL of sucrose (100
mM) was added to the suspension, and the suspension was mixed via gentle pipetting up and
down several times. The diluted cell suspension was applied to positively charged slides (Probe
On Plus: Thermo Fisher Scientific, 22-230-900) in volumes of 30 pL; before application of the
suspension, the slides had been incubated in chilled fixation solution (2% paraformaldehyde,
0.1% Triton X-100, and 0.02% sodium monododecyl sulfate, adjusted to pH 9.2 with sodium
borate buffer) for a minimum of 2 min. After applying the cell suspension/sucrose mixture, the
slide was slowly and gently tilted up and down at slight angles (<10°) to mix the cell
suspension/sucrose mixture with the remaining fixation solution. The slides were placed in
“humid chambers” (closed pipet tip boxes filled to approximately two-thirds volume with water)
at RT for a minimum of 1 h (maximum overnight). Then, the slides were washed in a low-
concentration surfactant, 0.4% Photo-Flo 200 (Kodak, 146—4510), at RT two times, 2 min per
wash. Slides were dried completely at RT (~30 min) before staining or storage in slide boxes at
—80 °C.

Immunostaining of meiotic chromosome spreads

For immunostaining experiments, chromosome spreads were incubated in 1x PBS containing
0.1% Tween 20 (PBST) for 5-30 min before blocking in antibody dilution buffer (PBST
containing 0.15% BSA) for an additional 30—60 min. Primary and secondary antibodies
(described below) were diluted in an antibody dilution buffer. Then, chromosome spreads were
coated with 100 pL of the antibody/antibody dilution buffer solution, gently covered with
Parafilm (Parafilm M All-Purpose Laboratory Film, Bemis Company, Inc.), and stored in humid
chambers at 4 °C for a minimum of 6 h to a maximum of overnight (~15 h). This study made use
of the following primary antibodies at the following dilutions [format: host anti-protein (source
or company with product/catalog number if applicable), dilution]: rabbit anti-ATF71P2
(generated for this study and recognizing amino acids 201-452 of mouse ATF71P2), 1/500;
mouse anti-SYCP3 (Abcam, ab97672), 1/5,000; rabbit anti-SYCP3 (Novus, NB300-232), 1/500;
rabbit anti-SYCP1 (Abcam, ab15090), 1/500; rabbit anti-H3K9me3 (Abcam, ab8898), 1/500;
rabbit anti-H3K9me3 (Millipore, 07-442), 1/200; mouse anti-H3K9me2 (Abcam, ab1220),
1/500; rabbit anti-H3K9mel (Millipore, 04-450), 1/500; rabbit anti-H3K9mel (Millipore, 07-
450), 1/500; rabbit anti-H3K9Ac¢ (Millipore, 06-942), 1/500; mouse anti-SYCP3 conjugated with
Alexa-488 (Abcam, ab205846), /2,000; rabbit anti-SCML2 (generated in the Namekawa Lab
(Hasegawa et al. 2015)), 1/500; rabbit anti-SETDBI1 (Proteintech, 11231-1-AP), 1/200; guinea
pig anti-H1T (a gift from Dr. Mary Ann Handel (Inselman et al. 2003)), 1/500; rabbit anti-MLH1
(Santa Cruz, sc-11442), 1/200; mouse anti-TRIM28 (Active Motif, 61173), 1/250; rabbit anti-
CHD4 (Active Motif, 39290), 1/100; mouse anti-H2AX-pS139 (yH2AX: Millipore, 05-636-1),
1/5,000; mouse anti-H2AX-pS139 conjugated Alexa 647 (YH2AX: Millipore, 05-636-AF647),
1/5,000; rabbit anti-ATF7IP (Abcam, ab84497), 1/500; and sheep anti-MDC1 (ABD Sertec,
AHP799), 1/500. After incubation with primary antibodies, slides were washed three times in
PBST, 5 min per wash. Then, the slides were incubated with the appropriate secondary
antibodies conjugated to Alexa 488, 555, or 647 fluorophores (Thermo Fisher Scientific). All
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secondary antibodies were diluted 1/500 in antibody dilution buffer. Slides were coated with 100
uL of the antibody/antibody dilution buffer solution; then, they were gently covered with
Parafilm for 1 h incubation at RT in humid chambers in darkness. After slides were washed three
times in PBST in darkness, 5 min per wash, they were counterstained with the DNA-binding
chemical 4',6-diamidino-2-phenylindole (DAPI; Sigma, D9542-5MG) diluted to 1 pg/mL
concentration in PBS. Finally, slides were mounted using 20 pL undiluted ProLong Gold
Antifade Mountant (Thermo Fisher Scientific, P36930). Slides were either imaged immediately
or stored at 4 °C in darkness for later imaging. Images were obtained with an ECLIPSE Ti-2
microscope (Nikon) equipped with an ORCA-Fusion sCMOS camera (Hamamatsu) and a 60x
CFI Apochromat TIRF oil immersion objective NA 1.4 (Nikon), and were processed using NIS-
Elements Basic Research (Nikon), Photoshop (Adobe), and Illustrator (Adobe) software.

Judgement of pachytene substages

Histone variant H1T is expressed starting in the mid-pachytene stage of male mouse meiosis
(Drabent et al. 1996), and the duration of the pachytene stage is approximately 160 h (7 days) in
mouse spermatogenesis (van der Heijden et al. 2007). Hl1 T-negative early pachytene
spermatocytes and H1T-positive mid-late pachytene spermatocytes were separately analyzed
based on H1T staining. In addition to assessing HIT, pachytene substages were determined by
examining the morphology of chromosome axes stained with the anti-SYCP3 antibody as
previously described (Alavattam et al. 2016; Alavattam et al. 2018).

Histology and immunostaining

For the preparation of testis paraffin blocks, testes were fixed with 4% paraformaldehyde and
0.1% Triton X-100 in PBS at 4 °C overnight. Testes were dehydrated and embedded in paraffin.
For histological analyses, 6 pm-thick paraffin sections were deparaffinized and stained with
hematoxylin and eosin. For immunostaining, sections were autoclaved in Target Retrieval
Solution, Citrate pH 6.1 (DAKO, S-1700) at 121 °C and 100 kPa (15 psi) for 10 min. The
sections were blocked with Blocking One Histo (Nacalai USA, 06349-64) at RT for 30 min; the
sections were then incubated with primary antibodies diluted in PBST at 4 °C overnight. The
following antibodies were used at the following dilutions [format: host anti-protein (source or
company with product/catalog number), dilution]: mouse anti-H2AX-pS139 (YH2AX: Millipore,
05-636), 1/5000; guinea pig anti-HIT (a gift from Dr. Mary Ann Handel (Inselman et al. 2003)),
1/500; rabbit anti-ATF7IP (Abcam, ab84497), 1/500; rabbit anti-STRAS8 (Abcam, ab49602),
1/500; goat anti-ZBTB16/PLZF (R&D Systems, AF2944); 1/500; goat anti-CD117/c-KIT (R&D
Systems, AF1356), 1/500; mouse anti-H2AX-pS139 (yYH2AX: Millipore, 05-636), 1/5000; and
mouse anti-H2AX-pS139 conjugated to Alexa 647 (YH2AX: Millipore, 05-636-AF647), 1/5,000.
The resulting signals were detected with secondary antibodies conjugated to Alexa 488 or 555
(Thermo Fisher Scientific), diluted 1/1,000 in PBST, and incubated at RT for 1 h. Sections were
counterstained with DAPI as described above. Images were obtained with a Zeiss LSM800
confocal microscope equipped with an Axiocam 506 monochrome camera (Zeiss) and a C-
Apochromat 40x/1.2 water lens (Zeiss), and were processed using Fiji (NIH) (Schindelin et al.
2012), Photoshop (Adobe), and Illustrator (Adobe) software.

Isolation of pachytene spermatocytes

Isolation of pachytene spermatocytes using fluorescence-activated cell sorting (FACS) was
performed using a SONY SHS800S instrument, with Vybrant DyeCycle Violet Stain (DCV)
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(Invitrogen, V35003) stained testicular single-cell suspensions prepared as described previously
(Yeh et al. 2021). For H3K9me3 CUT&RUN experiments and bulk RNA-seq experiments,
early-to-mid pachytene spermatocytes were isolated from P15 A¢f7ip2*/* mice, when germ cells
reach early-mid pachynema in the first wave of spermatogenesis. As spermatocytes are arrested
at mid-pachynema in A#f7ip2”- mice, >P15 mice were used for isolating arrested pachytene
spermatocytes from Atf7ip2” mice. For ATF7IP2 CUT&Tag experiments and H3K9me3
CUT&RUN experiments using wild-type pachytene spermatocytes, adult C57BL/6J mice were
used for isolation of pachytene spermatocytes.

In brief, to prepare single cells suspensions for cell sorting, detangled seminiferous
tubules from adult mouse testes were first washed with 1x Hanks’ Balanced Salt Solution
(HBSS, Gibco, 14175095) 3 times and then incubated with 1 mg/mL collagenage type 1
(Worthington, CLS1) for 20 min at 35 °C to remove interstitial cells. Then, the tubules were
digested in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 11885076) containing 2%
Fetal Bovine Serum (FBS, Gibco, 16000044), 2 mg/mL collagenase type 1, 0.25 mg/mL DNase |
(Sigma, D5025), 1.5 mg/mL hyaluronidase (Sigma, H3506) and 700 U/ml recombinant
collagenase (FUJIFILM Wako Pure Chemical Corporation, 036-23141) at 35 °C for 20-30 min
with vigorous pipetting for cell dissociation. The resulting cell suspension was plated in lectin
from Datura stramonium (Sigma L.2766)-coated plates for 20 min in DMEM/F-12 medium
(Gibco, 11330107) supplemented with 10% fetal bovine serum (FBS), which promoted the
adhesion of the remaining somatic cells. The floating germ cell-enriched cell suspension was
then collected from plates and washed with 10 mL FACS buffer (PBS containing 2% FBS) 3
times by centrifugation at 300 x g for 5 min and filtered through a 70 um nylon cell strainer
(Falcon, 352350). The resultant single cells were stained with DCV. After 30 min incubation at
35 °C, cells were filtered into a 5 mL FACS tube through a 35 um nylon mesh cap (Falcon,
352235). Samples were kept on ice until sorting.

Single-cell RNA-seq library generation

Testes were collected from two P15 Atf7ip2** and three P15 A#f7ip2”~ mice. In brief, to prepare
a testicular single-cell suspension, detangled seminiferous tubules from adult mouse testes were
first washed with 1x HBSS three times and then incubated in DMEM containing 2% FBS, 2
mg/mL collagenase type 1, 0.25 mg/mL DNase I, 1.5 mg/mL hyaluronidase, and 700 U/mL
recombinant collagenase at 35 °C for 20 min. Then, the tubules were dissociated using vigorous
pipetting before being incubated at 35 °C for another 10 min. The single cell suspension was then
washed with 10 mL FACS buffer (PBS containing 2% FBS) three times by centrifugation at 300
x g for 5 min prior to being filtered into a 5 mL FACS tube through a 35 um nylon mesh cap
(Falcon, 352235). 7-AAD Viability Staining Solution (Invitrogen, 00-6993-50) was added to cell
suspension for the exclusion of dead cells. Cells were collected using a SONY Cell Sorter SH800
after removing 7-AAD-positive dead cells.

Collected cells were resuspended in PBS containing 2% BSA and submitted to the DNA
Technologies & Expression Analysis Core of the University of California, Davis, for library
preparation. Briefly, suspensions of approximately 10,000 single cells were loaded on the
Chromium Controller (10X Genomics Inc.). Single-cell RNA-seq libraries were generated using
Chromium Single Cell 3° Reagent Kits (v3) following the manufacturer’s instructions and
sequenced on an Element Biosciences AVITI system with 75-bp paired-end reads.
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Bulk RNA-seq library generation with ERCC RNA spike-in for isolated pachytene
spermatocytes

RNA-seq libraries were prepared from A¢#f7ip2*"" and Atf7ip2”" pachytene spermatocytes using
the Smart-Seq2 method (Picelli et al. 2014). For each of the two independent biological
replicates, approximately 10,000 cells were used. Prior to RNA extraction, the External RNA
Controls Consortium (ERCC) RNA Spike-In Mix (Invitrogen, 4456740) was added to the cell
lysis. This mix was first diluted 1,000-fold with nuclease-free water, and then 1 pL of this
dilution was added to each suspension of 10,000 cells.

Total RNA was extracted using an RNeasy Plus Micro Kit (QIAGEN, 74034) according
to the manufacturer’s instructions. Libraries were constructed using a NEBNext Single Cell/Low
Input RNA Library Prep Kit for Illumina (NEB, E6420S) according to the manufacturer’s
instructions. Prepared RNA-seq libraries were sequenced on a HiSeq 4000 system (Illumina)
with 150-bp paired-end reads.

Bulk RNA-seq library generation for juvenile testes samples

For whole-testis bulk RNA-seq library preparation, total RNA was purified from A4¢f7ip2""* or
Atf7ip2"" testes using an RNeasy Plus Micro Kit (QIAGEN, 74034) according the manufacturer’s
instructions. Two independent biological replicates were used for the RNA-seq library
generation. RNA quality and quantity were checked using, respectively, a Bioanalyzer (Agilent)
and Qubit (Life Technologies). Library construction was performed by the CCHMC DNA
Sequencing and Genotyping Core (Cincinnati, Ohio, USA) using the TruSeq stranded mRNA Kit
(Illumina) after polyA enrichment. Prepared RNA-seq libraries were sequenced on a Novaseq
6000 system (Illumina) with 100-bp paired-end reads.

CUT&RUN/Tag library generation

Atf7ip2*"" or Atf7ip2” pachytene-spermatocyte H3K9me3 CUT&RUN library preparation was
conducted as previously described (Skene et al. 2018). A step-by-step protocol is available from
protocols.io: https://www.protocols.io/view/cut-amp-run-targeted-in-situ-genome-wide-
profiling-14egnr4ql5dy/v3. For each of the two independent biological replicates, approximately
10,000 cells were used. The antibody used was rabbit anti-H3K9me3 (Abcam, ab8898) at 1/100
dilution. Homemade Protein A/G-MNase was provided by the laboratory of Dr. Artem Barski.
Quantitative spike-in with E. coli DNA (0.4 ng/10,000 cells) was included in each reaction. The
libraries, constructed using NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB,
E7645S), were sequenced on a HiSeq 4000 system with 150-bp paired-end reads.

Wild-type pachytene-spermatocyte ATF7IP2 CUT&Tag library preparation with rabbit
anti-ATF7IP2 (generated for this study) at 1/100 and IgG control (Rabbit mAb IgG; CST,
66362) was prepared using CUTANA pAG-Tn5 (Epicypher, 15-1017), as previously described
(Kaya-Okur et al. 2019; Kaya-Okur et al. 2020). A step-by-step protocol is available from
protocols.io: https://www.protocols.io/view/bench-top-cut-amp-tag-kqdg34qdpl25/v3.
CUT&Tag libraries were constructed and sequenced as described in the preceding paragraph.

scRNA-seq data processing
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FASTQ files were processed and aligned to the mouse mm10 transcriptome (GENCODE
vM23/Ensembl 98) using the 10X Genomics Cell Ranger pipeline (version 7.0.0). Further
analyses were conducted using R (version 3.6.2) via RStudio (version 1.2.1335). Quality
assessment of sSCRNA-seq data and primary analyses were conducted using the package Seurat
(version 3.2.2) (Butler et al. 2018)(Stuart et al. 2019). To exclude the effects of low-quality cells,
only those cells that expressed more than 200 genes were used for further analyses. The scRNA-
seq data were merged and normalized using the Seurat function SCTransform. Dimension
reduction analyses and visualization of clusters were conducted using the Seurat function
RunUMAP. The clustering of cells was conducted using Seurat functions FindNeighbors and
FindClusters with default settings. The determination of differentially expressed genes (DEGs)
was performed using the Seurat function FindAllMarkers with the following options: only.pos =
TRUE, min.pict = 0.25, and logfc.threshold = 0.25; this was performed to identify marker genes
for each cluster. The Seurat function FindMarker was called with default settings to characterize
arbitrary groups of cells. To extract the germ cell population, cell populations expressing the
germ-cell marker Ddx4 were selected. Selected cell populations were then re-plotted on the
UMAP. Cell populations exhibiting the expression of somatic-cell marker genes and the
enrichment of mitochondrial genes were removed; the remaining cells were used as germ-cell
populations. RNA velocity analysis was conducted using the RNA velocyto package (La Manno
et al. 2018) for Python (Python 3.7.3) and R with default settings. They were visualized on
UMAP plots via Seurat.

Gene enrichment analyses were performed using Metascape (Zhou et al. 2019) with
default settings, and the results were visualized using R and Prism 9 (GraphPad). To characterize
features of each cluster, the top 100 representative genes in each cluster were used. The genes
located on autosomes and sex chromosomes were obtained from an mm10 GTF file. Average
expression values of genes on autosomes and sex chromosomes were calculated using
normalized values for each gene.

Bulk RNA-seq with ERCC spike-in data processing

Trim Galore (version 0.6.6) was used to trim raw RNA-seq reads with the --paired parameter
prior to alignment to the mouse genome (GRCm38/mm10) using STAR (version 2.5.4b) (Dobin
et al. 2013). Raw read-count files were generated using featureCounts (version 2.0.1) (Liao et al.
2014), incorporating UCSC mouse RefGene and ERCC annotated sequences. For ERCC spike-in
normalization and analysis, the edgeR (Robinson et al. 2010) and Limma (Ritchie et al. 2015)
packages were employed. Normalization factors were calculated from reads mapped to ERCC
annotated sequences, followed by the filtering of raw reads such that there were a minimum of
two counts in at least one sample. The filtered reads were assessed for library size using
normalization factors prior to voom transformation. The topTable function was used to identify
differentially expressed genes (DEGs) through the following criteria: Benjamini-Hochberg-
adjusted p-value < 0.05 and Log2FoldChange > 2. For GO analyses of DEGs, we utilized
Metascape (Zhou et al. 2019). Heatmaps of expression profiles were generated using Morpheus
(https://software.broadinstitute.org/morpheus).

Testis bulk RNA-seq data processing

Raw RNA-seq reads were trimmed and filtered using trimmomatic (version 0.39) (Bolger et al.
2014) prior to alignment to the mouse genome (GRCm38/mm10) using STAR (version 2.5.4b)
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(Dobin et al. 2013). To exclude >1 multi-mapping alignments, STAR was invoked with the
parameter --outFilterMultimapNmax 1. For analyses, the sequencing data were uploaded to the
Galaxy web platform (Afgan et al. 2016). To identify DEGs between A#f7ip2*"* or the Atf7ip27”"
conditions, raw read-count files were generated using featureCounts (version 2.0.1) (Liao et al.
2014) with respect to the UCSC mouse RefGene annotation. After quantification, a read-count
file was input to DESeq2 (version. 1.38.2) (Love et al. 2014) for differential gene expression
analyses. DEGs were identified through the following criteria: Benjamini-Hochberg-adjusted p-
value < 0.05 and fold change > 1.5 among expressed genes, which were defined as having TPM
values >1 in either A#f7ip2"* or Atf7ip2".

P-values for autosome and sex-chromosome comparisons were obtained from
hypergeometric tests. Average fold changes for autosomes and sex chromosomes were calculated
from the per-chromosome TPM averages for A#f7ip2*"" or Atf7ip2”~. Genes with TPM > 1 in
Atf7ip2"* or Atf7ip2”- were defined as expressed and were used in subsequent analyses. Plots of
differentially expressed genes for autosomes and sex chromosomes were produced using ggplot2
(3.4.0). For Gene Ontology (GO) analyses, the Database for Annotation, Visualization and
Integrated Discovery (DAVID) (version 2022q3) was used to identify terms (Huang da et al.
2009; Sherman et al. 2022). Heatmaps of expression profiles were produced using Morpheus
(https://software.broadinstitute.org/morpheus).

CUT&RUN/Tag data processing

For CUT&RUN/Tag data processing, the following step-by-step protocol available from
protocols.io was employed: https://protocols.io/view/cut-amp-tag-data-processing-and-analysis-
tutorial-bjk2kkye.html. Briefly, raw paired-end reads were trimmed with Trim Galore (version
0.6.6) prior to alignment to the mouse genome (GRCm38/mm10) using Bowtie 2 (version 2.4.2)
(Langmead and Salzberg 2012) with the following options: --end-to-end --very-sensitive --no-
mixed --no-discordant --phred33 -1 10 -X 700. For the alignment of E.coli spike-in reads, we also
the Bowtie 2 options --no-overlap --no-dovetail were invoked to avoid cross-mapping. PCR
duplicates were removed using the Picard (version 2.23.8) MarkDuplicates command . To
compare replicates, Pearson correlation coefficients were calculated and plotted with the
following deepTools (version 3.5.0) (Ramirez et al. 2016) commands: multiBamSummary bins
and plotCorrelation. Spike-in normalization was implemented using the exogenous scaling factor
computed from the E.coli mapping files; for CUT&RUN, scale factors = 1,000,000/spike-in
reads.

SEACR (Meers et al. 2019) was used to identify regions of enrichment—i.e., “peaks”—
for H3K9me3 CUT&RUN and ATF7IP2 CUT&Tag data. For peak annotation, HOMER
(version 4.11) (Heinz et al. 2010) was utilized. To intersect H3K9me3 and ATF7IP2 peaks, the
bedtools (version 2.29.2) (Quinlan and Hall 2010) function intersect was used. Genes with
ATF7IP2 peaks in the promoter region were classified as ATF7IP2 target genes. On the sex
chromosomes, genes with ATF7IP2 peaks associated with gene-body regions were also
considered targets of ATF7IP2.

To visualize H3K9me3 genome coverage in Atf7ip2*"" and Atf7ip2”- pachytene

spermatocytes, the Integrative Genomics Viewer (version 2.5.3) (Robinson et al. 2011) was used.
Genome coverage tracks were generated with the bedtools (version 2.29.2) function genomecov,
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applying the -bg -scale "${scale factor}" parameter for spike-in normalization. Additionally,
deepTools (Ramirez et al. 2016) was used for the creation of tag density plots and heatmaps
illustrating enrichment.

Analysis of TE expression

For the evaluation of TE expression, RNA-seq reads were aligned to the mouse genome
(GRCm38/mm10) using STAR (version 2.5.4b) (Dobin et al. 2013), allowing only uniquely
mapped reads. Raw read-count files were generated with featureCounts (version 2.0.1) (Liao et
al. 2014) with respect to a “best-match TE annotation” (Sakashita et al. 2020), thereby enabling
the counting of reads uniquely mapped to non-exon-derived TEs. This approach excludes the
counting of TEs that intersect with genes, thus mitigating the potential for erroneously counting
intron-derived reads as TEs. Alignments with >2 counts in at least one sample were analyzed
with DEseq2 (Love et al. 2014) to determine differential expression; the following criteria were
used: Benjamini-Hochberg adjusted p-value < 0.05 and Log2FoldChange > 2. For ERCC
normalization, the DESeq2 function estimateSizeFactor was employed with the controlGenes
option.

Quantification and statistical analysis

No data were excluded from analyses. The experiments were not randomized. For non-next-
generation sequencing experiments and outcome assessments reported in the study’s main
figures, investigators were blinded to allocation. Where appropriate, the mean is reported as a
measurement of central tendency, and the standard deviation (SD) is used as a measure of
precision. Statistical significance is threshold at a = 0.05; where appropriate, Benjamini-
Hochberg-adjusted p-values < a are considered significant; otherwise, unadjusted p-values < a
are considered significant. Details for statistical analyses performed in this study are described in
relevant portions of the Results section and figure legends, as are sample sizes used for analyses.
In predetermining sample sizes, we sought to analyze a minimum of three independent replicates
composed of knockout and wild-type or heterzygotic littermate controls; the only exception is
P14 whole-testis bulk RNA-seq, CUT&RUN, and CUT&Tag analyses, which are composed of
two independent samples. Measurements were recorded in Excel (Microsoft) or Sheets (Google).

Code availability

Source code for analyses performed by K.G.A. are available at the following GitHub repository:
https://github.com/kalavattam/2023 _Atf7ip2.

Source code for all software and tools used in this study with documentation, examples, and
additional information, is available at the URLs listed below:

trimmomatic [http://www.usadellab.org/cms/?page=trimmomatic]

Trim Galore [https://github.com/FelixKrueger/TrimGalore]

STAR [https://github.com/alexdobin/STAR]

Bowtie 2 [https://github.com/BenLangmead/bowtie2 ]
bedtools[https://github.com/arg5x/bedtools2]

featureCounts [http://subread.sourceforge.net]

DESeq? [https://bioconductor.org/packages/release/bioc/html/DESeq2.html]
ggplot2 [https://github.com/tidyverse/ggplot2]

deepTools [https://deeptools.readthedocs.io/en/develop/index.html]
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Morpheus [https://software.broadinstitute.org/morpheus]

DAVID [https://david.ncifcrf.gov]

Galaxy [https://usegalaxy.org]

Hypergeometric p-value calculator [https://systems.crump.ucla.edu/hypergeometric/]
Picard tools [https://broadinstitute.github.io/picard/]

SEACR [https://seacr.fredhutch.org/]

Metascape [http://metascape.org]
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Table S1 scRNA-seq analysis.
Top 100 differentially expressed genes for each cluster, and results of gene enrichment analyses
for each cluster.

Table S2 ATF7IP2-binding target genes as determined by ATF7IP2 CUT&Tag analyses.
Lists of (a) autosomal ATF7IP2-binding target genes for which ATF7IP2 binds promoters., (b)
XY-linked ATF7IP2-binding target genes for which ATF7IP2 binds promoters, and (c) XY-
linked ATF7IP2-binding target genes for which ATF7IP2 binds gene bodies.

Table S3 Differentially expressed genes in A¢f7ip2*"* versus Atf7ip2”- pachytene
spermatocytes.
List of differentially expressed genes (DEGs) following ERCC spike-in normalization.

Table S4 Differentially expressed TEs in Atf7ip2*"* versus Atf7ip2”- pachytene

spermatocytes.
List of differentially expressed TEs following ERCC spike-in normalization.
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A Expresson of Atf7ip2 in mouse tissues

€
Qo
2 2
£ S g g
€ =] - = =
3 = 12} [o% D
2 @ So @ 2
[ £ o > = =
SE = g O g8 8 52
a3 © [ 9 < e 3 = e °
g2 g 2 28 S §2 g 53 2 2
] TE € £E §=% o 8 £q €a E3 3 g
T~ = =1 ol € E a €8 ES G o 2 &
oW >a Q 23 ox £ 3 S® = ¢ b R
€= 20 , Dg €8 v 2 5 8 o5 S _ 59 o ® o = - €
- < g s O© ©3csB S £ s Z 9O Qc ESZE‘C alc TRoQ K 2 c .o
S g cs_t ®FS=S3 ©F S ® 2 T E TeTL LET L S&§3S > S Sc ¢
S gL BS3EZ 2ESTE-22. o e 2 E ] T8 8L2ezS0a S>oE 82 2 & o8 S
o =g s6c3- SBSQSEESE @ E To 982 S>=80Ea . o 35 B g 5%
kS © EZ_-T8 S,FCESS=822 € § cc.ct2 258,882 $22BES.S5 o Soy
S 2= 583825 _5909c5 =88 TQET S _EEE>c3 ES8Fg=38LO00S8 95588 =_cg8 $22>2908835 40
S eS80covs88583C088 280, =00t8EBRBLSS, S5 5333 C 0020 E 30580 cELEZT2E020
QgEgim:cQQQEEgag%%oogggg&zgggggcggégggggggmg;8m§£9035>?gammgc
8385888888885 8800s288228c o8 2SEEEEEELSS88860a0nanalEeES55883R
CD1
C57BL/6
DBA/2J
FANTOMS project - neonate
FANTOMS project - juvenile
FANTOMS project - adult
Log2(TPM+1)
: No Expression : No data available
0.0 6.0
B Amino acid sequences of human ATF7IP2 (682 aa) and mouse ATF7IP2 (452 aa) C Human testicular sections
25 years g.lwd
Human MASPDRSKRKILKAKKTMPLSCRKQVEMLNKSRNVEALKTAIGSNVPSGNQSEFSPSVITR 60 ik
Mouse —-m--mo oo oo
Human TTEITKCSPSENGASSLDSNKNSISEKSKVFSONCIKPVEEIVHSETKLEQVVCSYQKPS 120
Mouse = mm oo oo 0
Human RTTESPSRVFTEEAKDSLNTSENDSEHQTNVTRSLFEHEGACSLKSSCCPPSVLSGVVQM 180
Mouse = @ mm oo oo 0
Human PESTVTSTVGDKKTDOMVFHLETNSNSESHDKRQSDNILCSEDSGEFVPVEKTPNLVNSVT 240
Mouse =~ —mm——mmmmmmm—mmmmmo o MESPDRKR-QKVLKAKK--TMPTS——-----——- 21
FrRoKrorori*ou: HEN
Human SNNCADDILKTDECSRTSISNCESADSTWQSSLDTNNNSHYQKKRMFSENEENVKRMKTS 300
Mouse —YQKQLEILNK-—-—---— STNVEAPKTT----- VGTNIPNGHNQKMEFSKNKENVKVMKVS 68
. :**:' :* *: .:* * . -::***:*:**** **'*
Human EQINENICVSLERQTAFLEQVRHLIQQEIYSINYELFDKKLKELNQRIGKTECRNKHEGI 360
Mouse EQINENACGALERHTALLEQVKHWIRQEICMINCNLEFDKKLNELNERIGKTQCKSRHEAT 128
R :***:**:****:* *:*** * * :******:***:*****:*:.:**.*
Human ADKLLAKIAKLQRRIKTVLLFQRNCLKPNMLSSNGASKVANSEAMILDKNLESVNSPI-E 419
Mouse AGELFVKIRRLOQKRIKTVLSSQRNCLEPNTLPSNTVCKVTDSEAMNLNVTQKSVKSRSKR 188
*.:‘k:.*‘k :*‘k:‘k****k *k*k*:*k * kK ..*k::*k*k J(: . :**:*
Human KSSVNYEPSNPSEKGSKKINLSSDQONKSVSESNNDDVMLISVESPNLTTPITSNPTDTRK 479
Mouse ISSVNHTPLNSSEKAGRKTNLPSTCVEFASESNTDDVMLISVKNSNLTTSITSEQTEIRK 248
****: *  * ***":* * kK : '****'********:' * ok kK ***: *: * *
Human ITSGNSSNSPNAE--VMAVQKKLDSIIDLTKEGLSNCNTESPVSPLESHSKAASNSKETT 537
Mouse NTSRNLSNSPNSMIKVGPVEKKFDFVIDLTREGPSNYSIESPSFTLKSTSKAVLRSKEITL 308
L ‘k*‘k*‘k: * ‘k:‘k*:* :‘k*‘k*:*‘k * x . * kK *:* *‘k*. .***
Human PLAQNAVQVPESFEHLPPLPEPPAPLPELVDKTRDTLPPQKPELKVKRVEFRPNGIALTWN 597
Mouse PVAENGNEGFGSFEHLPPLPEPPAPLPEMADKIKDTLPPQKPELKVKWVLRPTSIALTWN 368
*:*:*. : *****************:.** :************* *:**'_******
Human ITKINPKCAPVESYHLFLCHENSNNKLIWKKIGEIKALPLPMACTLSQFLASNRYYFTVQ 657
Mouse IPKVNPNCAPVESYHLFLYYENS-DHLTWKKIAEIKALPLPMACTLSQNLASTKYYFAVQ 427
* *:**:*********** :*** ::* ****'*************** ***.:***:**
Human SKDIFGRYGPFCDIKSIPGFSENLT 682
Mouse SKDIFGRYGPFCNIKSIPRFSENLT 452

ATF71P2: DAB staining

Supplemental Figure S1. ATF7IP2 expression patterns in mouse tissues and human testes.

(A) Atf7ip2 expression levels in mouse tissues. Data were sourced and adapted from the Expression Atlas (https://ww-
w.ebi.ac.uk/gxa/home).

(B) Human and mouse ATF7IP2 amino acid sequences via Clustal Omega alignment.

(C) Representative testis sections from humans at 25, 46, and 56 years of age immunohistochemically stained with an antibody
raised against ATF7IP2 (brown) and counterstained with hematoxylin. Images of human testis sections were sourced and
adapted from the Human Protein Atlas (https://www.proteinatlas.org/). Scale bars: 200 um.
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Supplemental Figure S2. ATF7IP2 protein is absent from A¢f7ip2”- spermatocytes.

(A, B) Chromosome spreads of Atf7ip2** (A) and Atf7ip2”~ (B) spermatocytes stained with DAPI and antibodies raised against

SYCP3 (a marker of chromosome axes), ATF7IP2, and HIT (a marker of germ cells in mid pachytene and subsequent stages).
Scale bars: 10 um.

51



A Atf7ip2+/- mother x Atf7ip2+/- father B Atf7ip2-I- mother x Atf7ip2+/- father

n = 8 Atf7ip2+/- mothers n = 10 Atf7ip2-/- mothers
n =7 Atf7ip2+/- fathers n = 11 Atf7ip2+/- fathers
EEEE EEEEEEN
EEEN EEEEEEEN
EEER EEEEEEEN
EEEE EEEEEEER
TT17 EEEEEEN "M
11 EEEEEEE N-F
TT17 EEEEEEN
TT11 EEEEEEN
(T1 1] EEEEEER
49.2% 50.8% 50.7% 49.3%
P =0.034
(Male only) (Female only) (Male only) (Female only)
] 1] ANNEEEE EEEEEEE
] 1] EEEEEEE EEEEEEEE
] 11 EEEEEEE EEEEEEEE
] 1] ANENEEE EEEEEEEE wr
EE EER EEEEEEEE EEEEEEE W Hz
AN EEEm AEENEEEE EEEEEEE Em ©
] ] AEENEEEE EEEEEEE

(MaI:ang.li?nale) (Male and Female)

EEEEN AEEEEENEEEEEEE

EEEER EEEEEENEEEEEEEE

ENEEN AEEEEEEEEEEEEEE

ENEEN AEEEEEEEEEEEEEE v

EEEER AEEEEEENEEEEEENE B 1z

EEEEN ANEEEEENEEEEEEE B
EEEN AEEEEEENEEEEEEE
EEEEN AEEEEEENEEEEEEE
EEEEN AEEEEEEEEEEEEEE

32.3% 49.2% 18.5% 50.7% 49.3%

Supplemental Figure S3. Breeding summary of A¢f7ip2 knockout mice.
(A, B) Breeding summary of A¢f7ip2*- mothers and Atf7ip2*- fathers (A), and Atf7ip2*- mothers and A¢f7ip2*" fathers (B). Each
square represents an individual offspring. Numbers of mice used for breeding are shown. P-values are from chi-squared tests.
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Supplemental Figure S4. H3K9me3, H3K9ac, and H3K9mel localization in A#f7ip2”- spermatocytes.

(A) H3K9me3 accumulation patterns on the sex chromosomes in early pachytene spermatocytes. H3K9me3 distribution
patterns are categorized into four classes. The four classes are organized in order of decreasing H3K9me3 enrichment on the
XY domain. Class I: broad, uninterrupted H3K9me3 accumulation on the XY chromosomes; Class II: enrichment of H3K9me3
on X pericentric heterochromatin (PCH) and chromosome Y; Class I1I: H3K9me3 enrichment on X-PCH only. Class I'V:
little-to-no H3K9me3 accumulation on XY. Chromosome spreads of A¢f7ip2 control (Atf7ip2 ctrl: Atf7ip2** and Atf7ip2*") and
Atf7ip2-- spermatocytes stained with antibodies raised against H3K9me3 and SYCP3 (a marker of chromosome axes). Dashed
squares are magnified in the panels to the upper right, and XY schema are shown in the lower right. Scale bars: 10 pm for
whole nuclei, 5 pm for XY.

(B) Atf7ip2 Ctrl and Atf7ip2-- spermatocyte chromosome spreads stained with antibodies raised against H3K9ac and SYCP3.
Scale bars: 10 pm.

(C) Atf7ip2 Ctrl and Atf7ip2”- spermatocyte chromosome spreads stained with antibodies raised against H3K9mel and SYCP3.
Representative photos for nuclei with and without H3K9mel signal are shown for diplotene spermatocytes. Scale bars: 10 um.
(D) Quantification of pachytene and diplotene spermatocytes with H3K9mel signals on the sex chromosomes. Three indepen-
dent experiments. P-values are from Fisher’s exact tests: n.s. (not significant).
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Supplemental Figure S5. X-PCH defects in A#f7ip2”- spermatocytes.
Chromosome spreads of A¢f7ip2*"* and Atf7ip2"- spermatocytes stained with DAPI and antibodies raised against SYCP3 and
HIT. Scale bars: 10 um. Dashed squares are magnified in the panels to the right. In comparison to controls, A#/7ip2"- X-PCH

DAPI intensity is decreased.
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Supplemental Figure S6. Evaluation of Setdb1-cKO, MdcI”-, and Atf7ip2"- spermatocytes
(A, D) Setdb]! ctrl and Setdb1-cKO spermatocyte chromosome spreads stained with DAPI and antibodies raised against SYCP3

and ATF7IP2 (A) and MDCI1 (D).
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(C) Atf7ip2*"* and Atf7ip2” spermatocyte chromosome spreads stained with DAPI and antibodies raised against SYCP3 and

MDCI.
Scale bars: 10 um.
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Supplemental Figure S7. TRIM28, CHD4, SCML2, and ATF7IP localization in chromosome spreads.

(A) Wild-type spermatocyte chromosome spreads stained with antibodies raised against SYCP3 and TRIM2S. Scale bars: 10 um.
(B) Atf7ip2 ctrl and Atf7ip2”- spermatocyte chromosome spreads stained with antibodies raised against SYCP3 and CHD4. Scale
bars: 10 um.

(C) Atf7ip2 ctrl and Atf7ip2-" spermatocyte chromosome spreads stained with antibodies raised against SYCP3 and SCML2.
Scale bars: 10 um.

(D) Quantification of spermatocytes with SCML2 signals on the sex chromosomes. Three independent experiments. P-values are
from Fisher’s exact tests: n.s.: not significant.

(E) Wild-type testis sections from mice at 4 months of age stained with DAPI and antibodies raised against ATF7IP. Dashed
squares are magnified in the panels to the right. Scale bars: 100 um (left panel) and 25 pum (magnified panels).

(F) Atf7ip2*"* and Atf7ip2’ spermatocyte chromosome spreads stained with antibodies raised against SYCP3 and ATF7IP. Scale
bars: 10 um.

(G) Quantification of spermatocytes with X-PCH ATF7IP signals. Three independent experiments. P-value is from Fisher’s exact
tests.
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Supplemental Figure S8. Testis sections from A¢f7ip2** and Atf7ip2-- mice at P15.
Testis sections from A#f7ip2*" and Atf7ip2”- mice at P15 (used for scRNA-seq) stained with DAPI and antibodies raised against
ZBTB16, STRAS, SYCP3, HIT, and YH2AX. Scale bars: 100 pm.
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Supplemental Figure S9. Clustering analysis of scRNA-seq data of A#f7ip2*"" and Atf7ip2-- spermatogenic germ cells

(A) Table of 10X Genomics Chromium metrics for sScRNA-seq analyses of Atf7ip2** and Atf7ip2”" testicular germ cells. For the
Atf7ip2"" sample, two Atf7ip2"" testes from two individuals (P15) were merged. For the A#/7ip2-- sample, three testes from three
Atf7ip2”" individuals (P15) were merged. We show the total numbers of testicular germ cells subjected to sScRNA-seq analyses
and separated from other testicular somatic cells. We also show percentages of extracted testicular germ cells per total single
cells subjected to scRNA-seq analyses.

(B) UMAP representation of scRNA-seq transcriptome profiles for whole testicular cells from A#/7ip2** and Atf7ip2™ testes.

(C) Hierarchically clustered heatmap for the top 10 representative genes for each cluster. Relative expression levels are indicated
with the color code: yellow, up two positive standard deviations; black, mean; purple, up to two negative standard deviations.
(D) Gene enrichment analysis for genes in the cell clusters.
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Supplemental Figure S10. ATF7IP2 CUT&Tag, H3K9me3 CUT&RUN, and bulk RNA-seq analyses in pachytene
spermatocytes.

(A) Average tag density prots showing enrichment of ATF7IP2 and IgG CUT&Tag reads at ATF7IP2 CUT&Tag peaks =+ 3kb.
(B) Scatter plots showing Pearson correlations between biological replicates for ATF7IP2 CUT&Tag data from wild-type adult
pachytene spermatocytes.

(C) Scatter plots showing Pearson correlations between biological replicates for H3K9me3 CUT&RUN data from wild-type
adult pachytene spermatocytes.

(D) Representative track views of ATF7IP2 peaks at autosomal Hormadl and Sycp3 gene loci, and the Y-linked Zfy/ gene locus.
Solid bars: locations of detected peaks.

(E) Representative photos of isolated pachytene spermatocytes stained with DAPI; scale bars: 20 um. Insets: Representative
photos of isolated pachytene spermatocytes stained with antibodies raised against YH2AX and SYCP3; scale bars: 10 pm.

(F) Heatmap of Pearson correlations demonstrating the reproducibility of RNA-seq biological replicates.

(G) Heatmap of Pearson correlations demonstrating the reproducibility of H3K9me3 CUT&RUN biological replicates.

(H) Average tag density prots showing enrichment of ATF7IP2 CUT&Tag reads at ATF71P2-bound and ATF71P2-unbound
H3K9me3 peaks + 3kb.
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Supplemental Figure S11. The roles of ATF7IP2 and SETDB1 in meiotic gene regulation

(A) Heatmaps showing normalized expression of DEGs in A#f7ip2** and Atf7ip2”- wild-type pachytene spermatocytes: THY 1",
undifferentiated spermatogonia; KIT", differentiating spermatogonia; PS, pachytene spermatocytes; RS, round spermatids.

(B) The top five Gene Ontology enrichment terms for autosomal up- and downregulated genes and XY-linked upregulated genes
from differential expression analyses of A#f7ip2” and Atf7ip2*"* pachytene spermatocyte RNA-seq.

(C) Heatmaps showing RNA-seq expression levels of indidated genes.

(D, E) Overlaps among ATF7IP2 target genes detected by ATF7IP2 CUT&Tag and DEGs in Atf7ip2-/- pachytene spermatocytes
on ausotomes (D) and sex chromosomes (E). Representative Gene Ontology enrichment terms are shown. The P value in panel
D: when considering the ratio of ATF7IP2 autosome targets to all autosome genes in the Refseq (4,916 genes divided by all
22,361 autosome genes in the Refseq annotation), this association (2,690 genes divided by 9,228 genes) is statistically significant
(p = 3.88¢'%, two-sided hypergeometric test).

(F, G, H) Atf7ip2*" and Atf7ip2’- spermatocyte chromosome spreads stained with antibodies raised against SYCP3 (a marker of
chromosome axes) and RNA polymerase II (POLII). Three independent littermate pairs were examined. Numbers of analyzed
nuclei are shown. Scale bars: 10 um. Dashed circles indicate the sex chromosomes.
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Supplemental Figure S12. RNA-seq analysis of 4#f7ip2"* and Atf7ip2”" testes at P14.

(A) Comparison of transcriptomes in P14 A#/7ip2*"* and Atf7ip2”" testes. Autosomal, X, and Y genes were separately analyzed.
Two independent biological replicates were examined. All genes with adjusted p-values (Benjamini-Hochsberg method) are
plotted. Differentially expressed genes (DEGs: fold change > 1.5, adjusted p-value < 0.05) are colored (red: upregulated in
Atf7ip2" testes; blue: downregulated in A#f7ip2”" testes), and numbers are shown.

(B) Heatmaps showing normalized expression of DEGs between A#f7ip2** and Atf7ip2”" testes in wild-type spermatogenesis:
THY 17, undifferentiated spermatogonia; KIT*, differentiating spermatogonia; PS, pachytene spermatocytes; RS, round sperma-
tids.

(C) The top five Gene Ontology enrichment terms for autosomal up- and downregulated genes and X-linked upregulated genes
from differential expression analyses of Atf7ip2”- and Atf7ip2** P14 testis RNA-seq.
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Supplemental Figure S13. Expresson of transposable elements (TEs) in scRNA-seq data of A#f7ip2"* and Atf7ip2”- testes
at P15.

UMAP representations showing expression patterns for IAPEy-int, RLTR10B2, MMERVK10C-int, and average expression of all
TEs in spermatogenic cells. P-values are from Wilcoxon rank sum tests: * < 0.05, ** <0.01, *** <0.001.

66



Chapter 2: Paternal folate deficiency reveals meiosis as
a metabolic sensing window in the male germline®
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Abstract

Folate-dependent one-carbon metabolism supplies methyl donors required for chromatin modification, yet
how metabolic conditions shape epigenome establishment in the male germline remains poorly
understood. Here, using a folate-deficient mouse model, we identify meiotic prophase I as a metabolically
sensitive window in the male germline. By integrating in vivo germline analysis with bulk and single-cell
transcriptomic and epigenomic profiling, we show that folate deficiency disturbs the transcriptome in
pachytene spermatocytes and preferentially perturbs CpG island (CGI)-associated promoters, which are
characterized by bivalent H3K4me3 and H3K27me3 during meiosis. Consistent with this selective
vulnerability, active chromatin marks, including H3K4me3 and H3K27ac, are markedly reduced at CGI-
associated promoters under folate-deficient conditions. Notably, loci that later exhibit altered H3K4me3
enrichment in mature sperm show earlier chromatin perturbations during meiosis, suggesting that these
sperm epigenomic alterations may originate during meiotic development. Together, these findings
establish a mechanistic link between paternal folate deficiency and dynamic epigenomic remodeling of

CGl-associated chromatin in the male germline.
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Abstract

Folate-dependent one-carbon metabolism supplies methyl donors required for chromatin modification, yet how metabolic
conditions shape epigenome establishment in the male germline remains poorly understood. Here, using a folate-deficient
mouse model, we identify meiotic prophase I as a metabolically sensitive window in the male germline. By integrating in
vivo germline analysis with bulk and single-cell transcriptomic and epigenomic profiling, we show that folate deficiency
disturbs the transcriptome in pachytene spermatocytes and preferentially perturbs CpG island (CGI)-associated promoters,
which are characterized by bivalent H3K4me3 and H3K27me3 during meiosis. Consistent with this selective
vulnerability, active chromatin marks, including H3K4me3 and H3K27ac, are markedly reduced at CGl-associated
promoters under folate-deficient conditions. Notably, loci that later exhibit altered H3K4me3 enrichment in epididymal
sperm show earlier chromatin perturbations during meiosis, suggesting that these sperm epigenomic alterations originate
during meiotic development. Together, these findings establish a mechanistic link between paternal folate deficiency and

dynamic epigenomic remodeling of CGl-associated chromatin in the male germline.
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Introduction

The importance of paternal health in shaping offspring outcomes has gained increasing attention in recent years (Rando &
Simmons, 2015; Rotimi & Singh, 2024). In humans, poor diet, lifestyle factors, and environmental exposures can
negatively affect sperm parameters such as sperm count, motility, and morphology, as well as fertility (Eisenberg et al,
2014; Ferramosca & Zara, 2022; Gaskins et al, 2012; Giahi et al, 2016; Rotimi & Singh, 2024). Beyond their role as
carriers of genetic information, sperm convey epigenetic information linked to gene expression during early embryonic
development that can influence offspring health (Kimmins & Sassone-Corsi, 2005; Lambrot et al, 2013; Lismer et al,
2021; Siklenka et al, 2015). Nutritional status can shape the epigenome by modulating the availability of metabolites
required for chromatin-modifying reactions (Van den Veyver, 2002), providing a mechanistic link between paternal diet
and germline epigenetic regulation. However, the developmental origins of diet-induced epigenomic information carried
by sperm remain a critical gap in our understanding. Although germline epigenetic reprogramming during fetal
development is a well-established window of vulnerability (Hayashi et al, 2012; Hill et al, 2018; Seisenberger et al,
2012), accumulating evidence indicates that environmental exposures and lifestyle factors in adult males also shape sperm
epigenetic states and offspring phenotypes (Carone et al/, 2010; Lambrot et al., 2013; Siklenka et al., 2015; Watkins et al,
2018).

Spermatogenesis entails extensive chromatin remodeling and epigenomic reprogramming to establish germ cell-specific
transcriptomes required for male fertility (Alavattam et al, 2024; Hasegawa et al, 2015; Hu et al, 2024; Kitamura et al,
2025a; Kitamura & Namekawa, 2024, 2025; Kitamura et a/, 2025b; Lin et al, 2025; Maezawa et al, 2020; Maezawa et al,
2018b; Maezawa et al, 2023; Rabbani et al, 2022; Sin et al, 2015). These processes require tight coordination of cellular
metabolism, differentiation, and chromatin regulation. As germ cells enter meiosis, their metabolic requirements shift
from direct glucose utilization toward reliance on lactate supplied by Sertoli cells (Rotimi et al, 2024). Meiotic prophase
is accompanied by extensive chromatin reorganization and robust transcriptional activity in pachytene spermatocytes
(Bolcun-Filas et al, 2011; Maezawa ef al., 2020; Soumillon et al, 2013), raising the possibility that this developmental
window may be particularly sensitive to perturbations in the metabolic inputs required for epigenetic regulation.

Nevertheless, whether meiotic prophase translates nutritional status into germline epigenomic states remains unclear.

One-carbon metabolism, supported by dietary folate (vitamin B9) intake, supplies methyl donors such as S-
adenosylmethionine (SAM) for DNA and histone methylation reactions underlying epigenomic regulation, thereby linking
nutritional status to chromatin regulation (Petrova ef al, 2023). Folate, obtained from the diet as naturally occurring folates
or as synthetic folic acid from fortified foods and supplements, must be acquired exogenously (Berry et al, 2010; Crider et
al, 2022). Meiotic and postmeiotic germ cells reside within the adluminal compartment of the seminiferous epithelium,
where nutrient access is regulated by Sertoli cells and the blood—testis barrier. Although folate transport machinery is
expressed in the testis, how folate is delivered to these germ cells remains incompletely understood (Eisenga et al, 1992;
Fice & Robaire, 2023; Hinken et al, 2011). Thus, changes in systemic folate availability could alter the metabolic
environment experienced by adluminal germ cells. Perturbations in folate availability may in turn reduce the fidelity of

germline epigenetic programming during spermatogenesis. Although the benefits of maternal folate supplementation are
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well established (Jankovic-Karasoulos ef al, 2021; Liu et al, 2020; van Uitert & Steegers-Theunissen, 2013; Yang ef al,
2022), the role of paternal folate status in shaping the germ cell epigenome and offspring health has received
comparatively less attention, despite evidence linking paternal folate deficiency to adverse reproductive and
developmental outcomes (Hoek et al, 2020; Lambrot ef al., 2013; Lismer et al., 2021; Ly et al, 2017). Paternal folate
deficiency alters histone H3 lysine 4 trimethylation (H3K4me3) patterns in epididymal sperm and is associated with
offspring phenotypes (Lismer et al., 2021). Whether these epigenomic alterations are established during spermatogenesis,

including meiotic prophase, or arise later during postmeiotic germ cell maturation remains unknown.

Here, we integrate histological, bulk and single-cell transcriptomic, and epigenomic analyses to define the developmental
timing and chromatin contexts in which paternal folate deficiency perturbs spermatogenesis. We identify meiotic
pachytene spermatocytes as a particularly vulnerable stage in which folate deficiency perturbs epigenomic regulation,
preceding altered epigenetic states previously observed in epididymal sperm. Together, these findings establish meiotic
prophase as a metabolic sensing window in the male germline and link paternal nutrition to stage-specific germline

epigenomic reprogramming.

Results

Folate deficiency impairs the germ cell population beginning at meiosis.

To examine how paternal nutrition influences stage-specific epigenetic regulation during spermatogenesis, we used a
paternal folate—deficient (FD) mouse model previously established for folate-induced epigenetic inheritance (Lismer et
al.,2021) (Fig. 1A). Male littermates were maintained on a folate-sufficient (FS) diet until weaning at 3 weeks of age and
then randomly assigned to FS or FD diets until 14 weeks of age (Fig. 1B). Because spermatogenesis from spermatogonia
to spermatozoa requires approximately 35 days in mice, the 11-week dietary exposure encompassed multiple complete
cycles of spermatogenesis (Lismer ef al., 2021) (Fig. 1C, D). Previous work demonstrated reduced intratesticular folate
levels under this FD regimen (Lismer et al., 2021). Further supporting reduced methyl-donor availability,
immunofluorescence analysis revealed reduced SAM abundance in FD testes compared with FS testes, as measured by
fluorescence intensity normalized to DAPI (Fig. EV1A). Consistent with a prior report (Lambrot ef al., 2013), testis-to-
body weight ratios were comparable between FD and FS mice, although body weight—but not testis weight—was slightly
increased in FD mice (Fig. EV1B-D). Weekly food consumption was comparable between groups, indicating that the
body-weight difference was not explained by food intake (Fig. EV1E). Notably, several human studies have also reported
associations between folate deficiency and increased body mass index or body weight (Jafari et al/, 2023; Mlodzik-

Czyzewska et al, 2020; Pereira et al, 2019).

To assess the impact of folate deficiency on spermatogenesis, we quantified representative germ cell populations in
testicular sections from FS and FD mice. ZBTB16 (PLZF)" undifferentiated spermatogonia and KIT" differentiating
spermatogonia were maintained at similar cell densities in FS and FD testes (Fig. EV1F, G), suggesting preservation of

mitotically dividing spermatogonia under folate deficiency.
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Once germ cells enter meiosis and complete autosomal synapsis, pachytene spermatocytes (PSs) exhibit unsynapsed sex
chromosomes marked by YH2AX, reflecting activation of the DNA damage response pathway required for meiotic sex
chromosome inactivation (MSCI) and XY-body formation (Abe et al, 2022; Alavattam et al, 2021). FD testes displayed a
reduced cell density of PSs exhibiting yYH2AX* XY bodies (Fig. 1E, F), and relative YH2AX intensity within XY bodies
was also decreased (Fig. EV1H). We independently assessed this phenotype using chromosome spreads and found
reduced XY-body YH2AX intensity in FD early-, mid-, and late-pachytene spermatocytes and diplotene spermatocytes
(Fig. EV1I). Together, these findings suggest that folate deficiency attenuates DDR signaling on the sex chromosomes.
The densities of mid PSs and more advanced HIT" germ cells were also reduced in FD testes (Fig. 1E, G), whereas
SOX9" Sertoli cell densities were comparable between groups (Fig. EV1J). Seminiferous epithelial stage distributions
were similar between FS and FD testes (Fig. EV1K), indicating that these differences were not attributable to unequal
tubule-stage representation. Together, these data suggest that spermatogenesis is particularly sensitive to folate deficiency

at the pachytene stage.

Folate deficiency alters the transcriptome in pachytene spermatocytes.

To determine whether folate deficiency perturbs the transcriptome during meiosis, we performed bulk RNA sequencing
(RNA-seq) on fluorescence-activated cell sorting (FACS)-purified PSs from FS and FD testes (Fig. 1D). Consistent with
prior studies (Alavattam et al., 2024; Yeh et al, 2021; Yeh et al, 2026), FACS isolation yielded highly purified PS
populations (Fig. EV2A). RNA-seq biological replicates showed high concordance based on Pearson correlation analysis
(Fig. EV2B). Relative to FS controls, FD PSs exhibited 625 upregulated and 545 downregulated differentially expressed
genes (DEGs) (Fig. 1H, Dataset EV1). Of the 625 upregulated DEGs, 68 were located on the sex chromosomes (63 on the
X chromosome and 5 on the Y chromosome), including Rhox11, Cyptl, and Pgrmcl, consistent with altered sex-
chromosome regulation (Fig. 11). Gene ontology (GO) analysis revealed enrichment of spermiogenic pathways, including
flagellated sperm motility and spermatid differentiation (Fig. EV3A). These upregulated DEGs are normally highly
expressed in wild-type round spermatids (RSs) (Fig. 1J; Data ref: Hasegawa et al., 2015; Maezawa et al., 2018),

suggesting increased abundance of transcripts normally enriched at postmeiotic stages in FD PSs.

In contrast, 99% of downregulated DEGs were encoded on autosomes (Fig. 1I) and included multiple epigenetic
regulators and methyltransferases, such as Dotll, Mbd3, Mettl14, Prdm2, and Kmt2b. GO analysis revealed enrichment in
chromatin- and RNA-regulatory processes, including mRNA stability and DNA methylation-dependent constitutive
heterochromatin formation (Fig. EV3B). More than half of the downregulated DEGs are normally highly expressed during

wild-type meiosis (Fig. 1J), indicating perturbation of the meiotic transcriptome.

As a more stringent assessment, we also analyzed differential expression using an adjusted P value (P-adj) < 0.05. This

analysis identified 115 DEGs in FD PSs, including 75 upregulated and 40 downregulated genes (Fig. EV3C). Despite the

reduced number of DEGs, the major developmental expression pattern was preserved: nearly all downregulated DEGs

were normally highly expressed in wild-type PSs, whereas nearly all upregulated DEGs were normally highly expressed

in wild-type RSs (Fig. EV3D). All 115 DEGs meeting the P-adj < 0.05 criterion were autosomal (Fig. EV3E), indicating
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that the sex-chromosome expression changes identified using the original DEG criteria did not remain significant under

the more stringent criterion.

In mammals, a large proportion of gene promoters contain CpG islands (CGlIs; hereafter referred to as CGI promoters),
which are typically maintained in a hypomethylated state (Deaton & Bird, 2011). During spermatogenesis, these
hypomethylated CGI promoters are bound by the germline-specific Polycomb protein SCML2, which establishes bivalent
chromatin marked by repressive H3K27me3 and active H3K4me3 on thousands of genes in PSs (Maezawa et al, 2018a).
In contrast, promoters with low CG content are preferentially activated later in haploid RSs (Hammoud et al, 2014).
Consistent with this regulatory hierarchy, 90% of genes downregulated in folate-deficient PSs were CGl-associated (Fig.
11), indicating that actively transcribed CGl-associated genes during meiosis are particularly sensitive to folate deficiency.
Conversely, 17% of upregulated genes were CGl-associated, consistent with increased abundance of transcripts normally
enriched at postmeiotic stages (Fig. 1I). This relationship was also preserved among DEGs meeting the P-adj < 0.05
criterion, with 88% of downregulated DEGs and 15% of upregulated DEGs associated with CGI promoters (Fig. EV3E).
Together, these data indicate that folate deficiency preferentially affects CGI-associated meiotic gene regulation and is

associated with altered expression of postmeiotic transcripts during meiosis.

Folate deficiency results in loss of active epigenetic modifications in pachytene spermatocytes.

Because folate deficiency caused transcriptomic dysregulation during meiosis, we next examined whether it alters
underlying epigenetic states in meiotic cells. Accordingly, we assessed chromatin accessibility—reflecting regulatory
chromatin regions—using the assay for transposase-accessible chromatin with sequencing (ATAC-seq). Across five
biological replicates of PSs, although minor variability among replicates was observed, samples from the FS and FD
groups consistently segregated (Fig. EV2C). This pattern indicates a reproducible effect of folate deficiency despite minor

variability among biological replicates.

Combined analysis of ATAC-seq data across biological replicates identified 1,832 differentially accessible regions
(DARs) in FD PSs, including 768 regions with increased accessibility and 1,064 regions with decreased accessibility (Fig.
2A). The majority of DARs are located in intergenic regions or within gene bodies, whereas only a small fraction
overlapped transcription start sites (TSSs), suggesting that folate deficiency predominantly affects putative regulatory
regions outside of promoters in PSs (Fig. 2B). Notably, gained DARs in FD PSs were enriched on the sex chromosomes,

consistent with altered regulation of the sex chromosomes, whereas most lost DARs were located on autosomes (Fig. 2B).

To further examine epigenetic alterations associated with folate deficiency, we analyzed histone modifications using
cleavage under targets and tagmentation (CUT&Tag) for the active promoter mark histone H3 lysine 4 trimethylation
(H3K4me3), the active promoter/enhancer mark histone H3 lysine 27 acetylation (H3K27ac), and the repressive mark
histone H3 lysine 27 trimethylation (H3K27me3). We performed CUT&Tag with spike-in controls and cell-number
normalization to quantitatively evaluate changes in response to folate deficiency. Because H3K4me3 and H3K27me3 are

methylation-based modifications requiring SAM, whereas H3K27ac is acetylation-based, this approach allowed us to
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assess whether methyl-donor limitation selectively disturbs methylation-based marks or more broadly alters histone
modifications. For all three assays, samples from three biological replicates in both FS and FD groups consistently
segregated by diet (Fig. EV2D). Consistent with the widespread loss of chromatin accessibility, enrichment of the active
histone modifications H3K4me3 and H3K27ac was markedly reduced at many loci in FD PSs (Fig. 2C—F). Genomic
regions surrounding the Ddx4 and Prdm2 loci are shown as representative examples (Fig. EV3F, G). Among differentially
enriched regions (DERs) for H3K4me3 and H3K27ac, ~99% showed decreased enrichment in FD PSs (Fig. 2C, E). In
contrast, a modest gain of H3K27me3 DERs was observed in FD PSs (Fig. 2G). Thus, while active chromatin marks were
broadly decreased, regions of H3K27me3 enrichment were comparatively less affected, indicating that folate deficiency

does not uniformly alter methylation-based histone modifications.

Unlike DARs, which were predominantly located in intergenic regions and gene bodies away from TSSs, a substantial
fraction of DERs for all three histone modifications overlapped TSSs (Fig. 2D, F, and H). Notably, most DERs were
located on autosomes, indicating a preferential impact of folate deficiency on autosomal histone modifications compared
with sex chromosomes. Together, these data demonstrate that folate deficiency distinctly alters chromatin accessibility
and histone modification landscapes during meiosis, with pronounced losses of active histone marks at autosomal

promoters.

Folate deficiency results in loss of active epigenetic modifications at CpG island-associated promoters.

Because we found that CGl-associated genes expressed during meiosis are particularly sensitive to folate deficiency, we
next examined how CGI genes are regulated in FD PSs. Active histone modifications, H3K4me3 and H3K27ac, were
strongly enriched at CGI gene promoters, which are characterized by hypomethylated DNA (Data ref: Maezawa et al.,
2025), but were markedly reduced at CGI genes in FD PSs (Fig. 3A). In contrast, enrichment of the repressive mark
H3K27me3 was increased at CGI genes in FD PSs (Fig. 3A). These results indicate that CGI genes are primary targets of
folate deficiency and that loss of folate is associated with reduced H3K4me3 and H3K27ac accompanied by increased
H3K27me3. Consistent with this interpretation, 1,181 and 806 of genes containing lost H3K4me3 and H3K27ac DERs
(within the TSS, gene body, or TES) in FD PSs were CGI genes (Fig. 3B), whereas all genes containing ATAC-seq DARs
were non-CGI genes. Together, these findings demonstrate that folate deficiency preferentially disrupts histone

modifications at CGI genes, whereas alterations in chromatin accessibility predominantly occur at non-CGI genes.

At CGI gene promoters, H3K4me3 and H3K27me3 often coexist to form bivalent promoters, a hallmark of PSs thought to
prime chromatin states for spermiogenesis and subsequent embryogenesis (Lesch et al, 2016; Maezawa et al., 2018a; Sin
et al., 2015). CGI gene promoters (n = 25,775) were classified into four states: H3K4me3 only, H3K27me3 only, both
H3K4me3 and H3K27me3 positive, or lacking either modification. When comparing FS and FD conditions, the overall
distribution of these states was largely similar; however, the number of CGI gene promoters marked with both H3K4me3
and H3K27me3 increased from 5,752 to 6,500 in FD PSs, arising from promoters previously marked by either H3K4me3

or H3K27me3 alone (Fig. 3C). In contrast, CGI promoters lacking both modifications remained relatively stable between
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conditions (Fig. 3C). These data further demonstrate that histone modifications at CGI gene promoters are altered in

response to folate deficiency.

CGI genes are subject to epigenomic change in round spermatids in response to folate deficiency.

To examine the effects of folate deficiency during postmeiotic haploid stages, we performed bulk RNA-seq on highly
purified FACS-isolated RSs from FS and FD testes (Fig. 4A, Fig. EV2A). RS RNA-seq showed strong concordance
among biological replicates (Fig. EV2B). Relative to FS, FD RS transcriptomes showed minimal changes, with only 21
DEGs—17 upregulated and 4 downregulated—identified (Fig. 4A), indicating that RS transcriptomes are less sensitive to
folate deficiency than those of PSs. Notably, all RS DEGs were autosomal, and the majority of upregulated DEGs were
classified as CGI genes (Fig. 4B). Despite these modest transcriptomic changes, FD RSs exhibited widespread alterations
in chromatin accessibility, predominantly on autosomes (Fig. 4C, D). In contrast to PSs, where ATAC DARs were
enriched at non-CGI genes, ATAC DARs in RSs were preferentially enriched at CGI genes (Fig. 4E), suggesting that CGI

genes are particularly susceptible to alterations in chromatin accessibility in RSs in response to folate deficiency.

Consistent with these findings, FD RSs displayed reduced H3K4me3 intensity at CGI promoters (Fig. 4F) and an overall
loss of H3K4me3-enriched regions; 93% of H3K4me3 DERs (274/294) were lost in FD RSs, many of which were located
at TSSs (Fig. 4G, H). Notably, 99% of H3K27ac DERs (17,101/17,113) were lost in FD RSs, and the majority of these
regions are located in intergenic or gene body regions. In contrast, H3K27ac intensity increased at CGI promoters,
suggesting a redistribution of H3K27ac from distal regulatory regions to promoters (Fig. 4F, I, and J). Conversely,
H3K27me3 intensity, which counteracts H3K27ac, decreased at CGI promoters without substantial changes in the overall
number of H3K27me3 DERs (Fig. 4F, K). Together, these results demonstrate that CGI genes continue to exhibit
epigenomic alterations in RSs under folate deficiency, but that these chromatin states are reconfigured during the

transition from PSs to RSs.

Single-cell transcriptome analysis reveals stage-specific effects of folate deficiency on spermatogenesis.

Having established epigenomic alterations at the bulk-cell level in response to folate deficiency, we next sought to
determine how folate deficiency affects the transcriptome at the single-cell level throughout spermatogenesis. To this end,
single-cell RNA sequencing (scRNA-seq) was performed on FACS-sorted live testicular cells from two biological
replicates of FS and FD mice. The overall cellular composition of the testes was comparable between FS and FD mice
(Fig. 5A—C; Fig. EV4A). With more than 10,000 reads per cell and a 98.7% mapping rate, the sScRNA-seq dataset showed
high sequencing quality and detected a total of 17,879 genes (Fig. EV4A, B).

After filtering out low-quality cells and clusters with a high proportion of doublets, uniform manifold approximation and
projection (UMAP) analysis identified 19 major cell clusters, and developmental trajectories were inferred based on the
expression of key marker genes (Fig. 5D, E; Fig. EV4C-G). Cluster 1 corresponded to spermatogonia, as indicated by
high expression of Kit (Fig. EV4C). Cluster 4 represented meiotic spermatocytes, consistent with elevated expression of

Pou5f2 (Fig. EV4D). High expression of PrmI marked downstream clusters as spermatids (Fig. EV4E). Somatic cells
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clustered near mitotically dividing spermatogonia and were represented by Cluster 0, as indicated by high expression of

Vim (Fig. EV4F).

Notably, a germ cell population corresponding to early meiotic spermatocytes (Cluster 4) was markedly reduced in FD
testes compared to FS controls (Fig. 5F). In FD testes, reductions in germ cell proportions were also observed in
postmeiotic spermatid stages corresponding to Clusters 10—13, representing early to mid postmeiotic spermatids (Fig. SE,
F). Meiotic spermatocytes represented by Clusters 4 and 5 exhibited a higher number of DEGs compared to spermatids in
later clusters, whereas fewer DEGs were identified in spermatid clusters (Clusters 10—13) than in spermatocyte clusters

(Fig. 5G, Dataset EV2).

Interestingly, expression of the germ cell marker Ddx4, which encodes an essential RNA helicase, was markedly reduced
in FD testes (Fig. EV5A, B), consistent with reduced enrichment of active histone marks at the Ddx4 locus (Fig. EV3F).
Ddx4 belongs to a class of germline reprogramming-responsive genes that undergo promoter DNA demethylation in
primordial germ cells and play important roles in gametogenesis and meiosis (Hill ef a/., 2018). Reduced expression of
additional germline reprogramming-responsive genes, including Adadl, Sycpl, Sycp2, and Tdrdl, was also observed in
FD testes (Fig. EV5C-F). Gene Ontology analysis further indicated perturbation of pathways related to spermatogenesis
(Fig. EVAH-K), supporting molecular alterations in FD germ cells despite the modest reduction in germ cell density

observed in FD testes (Fig. 1E-G).

Because the whole-testis analysis indicated a particularly strong transcriptomic effect within meiotic spermatocytes, we
reclustered the spermatocyte populations to obtain greater resolution of meiotic progression (Fig. SH, I). This analysis
resolved ten spermatocyte subclusters spanning leptotene through the meiotic division transition based on stage-specific
marker-gene expression (Fig. SH). The reclustered populations formed a main developmental trajectory and an alternative
trajectory terminating in Cluster 7 (Fig. SH). Cluster 7 was enriched for FD spermatocytes, whereas Cluster 8 contained
comparable proportions of FS and FD cells (Fig. 51, J), raising the possibility that a subset of FD spermatocytes fails to
progress along the main trajectory, although the ultimate fate of these cells remains unresolved. Gene set enrichment
analysis showed enrichment of meiotic and chromosome-associated pathways in Cluster 8 relative to Cluster 7 (Fig.
EV5G). Stress-response scoring showed no enrichment across spermatocyte clusters (Fig. EV5SH), suggesting that the FD-

enriched state is not explained by a generalized cellular stress response.

We next examined CGI-promoter association among scRNA-seq DEGs across individual clusters. Downregulated DEGs
showed consistently high CGI overlap across clusters containing DEGs, with approximately 50-80% of downregulated
genes associated with CGI promoters (Fig. EVSI). In contrast, CGI association among upregulated DEGs was more
variable across clusters (Fig. EV5I). This preferential CGI association among downregulated genes was consistent with
the pattern observed by bulk RNA-seq in purified PSs, further supporting selective disruption of CGl-associated gene
regulation under folate deficiency. We further integrated cluster-specific sScRNA-seq DEGs with bulk transcriptomic and
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epigenomic profiles from purified PSs, revealing promoter-centered chromatin features across multiple DEG sets

(Appendix Fig. S1).

Sperm H3K4me3 alterations are preceded by meiotic chromatin remodeling at CpG-rich regions

Paternal folate deficiency alters H3K4me3 enrichment at developmental loci in epididymal sperm, and these altered
regions are associated with embryonic abnormalities (Lismer et al., 2021). We therefore asked whether these sperm
epigenomic alterations could be traced to earlier stages of spermatogenesis. Using the published sperm H3K4me3 dataset
(Data ref: Lismer et al., 2021), we examined whether regions exhibiting altered H3K4me3 in FD sperm also showed
epigenetic changes in FD PSs and RSs. Strikingly, loci that later became enriched for H3K4me3 in FD sperm first
exhibited marked depletion of the active chromatin marks H3K4me3 and H3K27ac in FD PSs relative to FS controls (Fig.
6A). In FD RSs, H3K4me3 remained reduced at these loci, whereas H3K27ac increased (Fig. 6C). H3K27me3 showed
the opposite developmental pattern, increasing in FD PSs but decreasing in FD RSs (Fig. 6A, C). These stage-specific

changes indicate dynamic chromatin remodeling preceding altered H3K4me3 enrichment in sperm.

Notably, 71% of sperm regions showing increased H3K4me3 overlapped CGI genes (Fig. 6E). In contrast, regions
exhibiting decreased H3K4me3 in FD sperm showed minimal epigenomic disruption in PSs or RSs (Fig. 6B, D), and only
11% overlapped CGI genes (Fig. 6E). These findings indicate that H3K4me3 gains and losses in FD sperm arise from
distinct genomic contexts, with CGl-associated regions showing greater developmental responsiveness to folate

deficiency.

The preferential association with CGI-containing genes prompted us to examine whether CGI distribution could explain
the broader genomic landscape of folate-sensitive molecular changes in FD PSs. We divided the mouse genome into 5-Mb
bins and integrated downregulated PS genes with regions showing reduced H3K4me3 and H3K27ac into a multi-mark
loss score (Fig. 6F). Regions with high multi-mark loss scores closely coincided with CGI-rich genomic regions (Fig. 6F,
G), and CGI density showed a strong positive correlation with the multi-mark loss score (Spearman p = 0.815, P =1.18 x
10733%; Fig. 6H). Thus, genomic regions with greater CGI density were substantially more likely to exhibit coordinated

loss of gene expression, H3K4me3, and H3K27ac under folate deficiency.

Together with the preferential CGI association among downregulated genes observed in both bulk and single-cell
transcriptomic analyses, these findings identify CGI density as a strong genomic correlate of susceptibility to folate-
sensitive epigenomic disruption. We therefore propose that CpG-rich genomic architecture may contribute to the selective
vulnerability of meiotic chromatin to folate deficiency, resulting in coordinated disruption of active histone modifications
and gene expression in pachytene spermatocytes and subsequent remodeling across later stages of spermatogenesis (Fig.

6l).

Discussion
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Epigenetic programming during spermatogenesis is essential for proper sperm formation and for supporting normal
offspring development. Although paternal nutrition has emerged as an important determinant of offspring health, how
metabolic perturbations influence epigenetic regulation across spermatogenic stages has remained unclear. Previous
studies showed that folate deficiency alters H3K4me3 patterns in epididymal sperm, suggesting sensitivity of the sperm
epigenome to methyl-donor availability. Here, we demonstrate that paternal folate deficiency alters spermatogenesis
beginning at meiotic prophase I, affecting both the transcriptome and chromatin organization. Consistent with impaired
one-carbon metabolism, SAM abundance was reduced in FD testes, providing evidence that dietary folate deficiency
alters the availability of a major cellular methyl donor within the testis. Importantly, transcriptomic perturbations were
most pronounced in pachytene spermatocytes and were greatly attenuated by the round spermatid stage, whereas

chromatin alterations persisted but were reconfigured during postmeiotic development.

In 1984, Robin Holliday proposed that meiosis functions not only to generate haploid gametes and promote genetic
recombination but also to reset epigenetic information for the next generation (Berger, 2024; Holliday, 1984). Although
this concept has long been neglected, recent studies have revealed that spermatogenesis is accompanied by extensive
chromatin reorganization during the transition from mitotically dividing spermatogonia to meiotic spermatocytes,
including large-scale transcriptional activation, histone modification remodeling, and chromatin structural reconfiguration
(Alavattam et al., 2024; Hasegawa et al., 2015; Kitamura et al., 2025a; Kitamura & Namekawa, 2024, 2025; Kitamura et
al., 2025b; Lin et al., 2025; Maezawa et al., 2020; Maezawa et al., 2018b; Maezawa et al., 2023; Rabbani ef al., 2022; Sin
et al., 2015). Our findings extend this concept by suggesting that meiotic prophase I may operate as a metabolic sensing
window in the male germline, during which nutritional conditions can influence the epigenomic landscape undergoing

reprogramming.

A previous paternal folate-deficiency model showed that adult testis histology and sperm counts were largely preserved
despite reduced pregnancy rates and adverse reproductive outcomes (Lambrot et al., 2013). In contrast, our study detected
reduced densities of pachytene spermatocytes and H1T-positive germ cells under folate deficiency, whereas
undifferentiated and differentiating spermatogonia and Sertoli cell densities were largely maintained. Differences between
the two models may reflect the timing and duration of folate deficiency, as the previous study initiated dietary exposure

during fetal development and continued it throughout life, whereas our exposure began after weaning.

Spermatogenesis is a lifelong developmental process sustained by a spermatogonial stem cell population. In our study,
spermatogonia were largely preserved under folate deficiency, whereas transcriptomic and epigenomic alterations were
more pronounced during meiosis. These observations raise the possibility that meiotic prophase is more responsive to
metabolic perturbation than the mitotic germ cell compartment. In this framework, meiotic prophase I may serve as a
developmental buffering stage that balances environmental responsiveness with germline stability. This model offers a
potential framework for understanding how adult paternal exposures can influence sperm epigenomic states while

preserving the spermatogonial stem cell pool that sustains long-term spermatogenesis.
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Single-cell analyses further suggest that folate deficiency alters the developmental trajectory of meiotic germ cells rather
than producing a uniform transcriptomic response across spermatogenesis. Reclustering of spermatocytes resolved meiotic
progression from leptotene through diplotene and identified an alternative trajectory terminating in an FD-enriched
mid/late pachytene population. In contrast, the main trajectory progressed through a mid-pachytene population
characterized by expression of canonical spermatocyte genes. Although the ultimate fate of these cells remains
unresolved, these findings raise the possibility that folate deficiency shifts a subset of spermatocytes toward an alternative
transcriptomic trajectory during pachynema. This altered trajectory is consistent with the pachytene-stage sensitivity

observed in the histological and bulk molecular analyses.

The epigenomic response to folate deficiency was not uniform across spermatogenesis. Active chromatin marks, including
H3K4me3 and H3K27ac, were reduced at CGI promoters in FD PSs, whereas the repressive mark H3K27me3 was
increased at these promoters (Fig. 3). Because both H3K4me3 and H3K27me3 depend on SAM as a methyl donor, their
opposing responses despite reduced testicular SAM suggest that methyl-donor limitation does not simply produce a
uniform decrease in histone methylation. Instead, folate deficiency may alter the recruitment, deposition, turnover, or
stability of specific chromatin states. The accompanying loss of H3K27ac, which is not dependent on SAM, further
indicates a broader disruption of active chromatin regulation rather than an effect restricted to methylation reactions.
These observations suggest that active chromatin states are particularly sensitive to folate deficiency, whereas repressive

chromatin marks are comparatively preserved during meiosis.

Our analyses further identify CGI genes as primary epigenomic sites of vulnerability under folate deficiency. CGI
promoters are typically hypomethylated and enriched for bivalent chromatin in PSs, a configuration thought to poise
developmental regulators for precise activation or repression during spermatogenesis and early embryogenesis (Lesch et
al., 2016; Maezawa et al., 2018a; Sin et al., 2015). Under folate deficiency, we observed widespread depletion of active
histone marks at CGI genes accompanied by redistribution toward increased bivalency or relative H3K27me3 dominance.
Notably, CGI loci that ultimately acquire strong H3K4me3 enrichment in epididymal sperm exhibited marked depletion
during meiosis, indicating that folate-dependent chromatin remodeling at these promoters is dynamic and developmentally
progressive. Our analysis integrates previously published sperm epigenomic datasets with stage-resolved profiling of
germ cells to infer the developmental origin of sperm chromatin alterations. This vulnerability extended beyond individual
CGl loci, as coordinated loss of PS gene expression, H3K4me3, and H3K27ac was concentrated in CGl-rich genomic
regions (Fig. 6F—H). Together, these findings suggest that CGI-rich genomic architecture may define regions particularly
susceptible to folate deficiency and support a model in which methyl-donor limitation perturbs chromatin regulation

during meiosis, potentially predisposing specific loci to altered epigenetic states in sperm.

Beyond these locus- and region-level chromatin changes, folate-dependent remodeling during meiosis may intersect with
additional layers of chromatin regulation. Recent work has shown that histone variant exchange mediated by the
chaperone DAXX promotes replacement of testis-specific histone H3 variants with H3.3 during meiotic prophase I (Yeh

et al., 2026). Because H3.3 preferentially marks retained nucleosomes in epididymal sperm and bivalent chromatin
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domains are implicated in paternal epigenetic inheritance (Erkek et al, 2013; Sakashita et a/, 2023), our findings raise the
possibility that folate-dependent chromatin regulation intersects with histone variant dynamics. This perspective suggests
that metabolic perturbation may influence multiple layers of germline chromatin organization beyond individual histone

modifications, contributing to broader epigenomic consequences during germ cell development.

The sensitivity of CGI genes to folate deficiency further raises the possibility that maintenance of DNA hypomethylated
states may become destabilized under methyl-donor limitation. Although genome-wide DNA methylation remains largely
stable during spermatogenesis, our recent study has revealed locus-specific methylation changes (Maezawa et al, 2025).
Whether CGI promoters maintain methylation fidelity under conditions of limited methyl-donor availability remains
unresolved. Future studies integrating histone modification, histone variant dynamics, chromatin accessibility, and DNA
methylation will be necessary to define how metabolic stress reshapes multilayered epigenetic regulation in the germline

and how these changes influence paternal epigenetic inheritance.

Together, our findings identify meiotic prophase I as a metabolically sensitive stage that integrates paternal nutritional
status into the germline epigenome. Rather than passively reflecting environmental stress, the meiotic program appears
positioned to selectively encode metabolic information during a developmental window characterized by extensive
chromatin remodeling and transcriptional reorganization. This stage-specific responsiveness provides a conceptual
framework for how adult environmental exposures can influence the sperm epigenome while largely preserving the
spermatogonial stem cell pool. More broadly, these results support a model in which meiosis functions as an adaptive
interface between environment and heredity, translating transient metabolic conditions into epigenetic states that persist
into sperm. Defining how metabolic inputs intersect with chromatin regulation during meiosis will be essential for
understanding the molecular basis of paternal epigenetic inheritance and how environmental factors shape developmental

trajectories across generations.

82



Methods and Protocols

Animals

Mice were maintained on a 12:12 light:dark cycle in a temperature- and humidity-controlled vivarium (22 £ 2°C; 40-50%
humidity) with ad libitum access to food and water in a pathogen-free animal care facility. All animal procedures were
approved by the Institutional Animal Care and Use Committee (IACUC protocol no. 21931 and 23545) at the University
of California, Davis. All mice were maintained on a C57BL/6J background (Jackson Laboratory, 000664). The study was
conducted and reported in accordance with the ARRIVE guidelines.

Dietary treatments

Dietary folate concentrations were based on established paternal diet mouse models (Knock et al, 2008; Lismer et al.,
2021). The folate sufficient (FS) diet contained 2.0 mg/kg folic acid (TD.01369, Inotiv), whereas the folate deficient (FD)
diet contained 0.3 mg/kg folic acid (TD.01546, Inotiv). All breeder mice were maintained on the FS diet. Male littermates
were weaned at 3 weeks of age, and litters with at least two males were randomly assigned to either the FS or FD diet.

Mice remained on their assigned diets for 11 weeks and were sacrificed at 14 weeks of age.

Preparation of meiotic chromosome spreads

Meiotic chromosome spreads were prepared as previously described (Alavattam et al, 2018). Testes were excised,
detunicated, and seminiferous tubules were detangled in 1x phosphate-buffered saline (PBS). Tubules were sequentially
washed in PBS and incubated in hypotonic extraction buffer (HEB) (30 mM Tris base, 17 mM trisodium citrate, 5 mM
ethylenediaminetetraacetic acid (EDTA), 50 mM sucrose, 5 mM dithiothreitol (DTT), and 1x cOmplete Protease Inhibitor
Cocktail (Sigma, 11836145001) on ice for 1 h. Tubules were mechanically dissociated in 100 mM sucrose, and cell
suspensions were applied to positively charged slides (Probe On Plus, Thermo Fisher Scientific, 22-230-900) precoated
with fixation solution (2% paraformaldehyde, 0.1% Triton X-100, and 0.02% sodium monododecyl sulfate, adjusted to pH
9.2 with sodium borate buffer). Slides were incubated in a humid chamber at room temperature for a minimum of 4 hours,

air-dried, washed twice in 0.4% Photo-Flo (Kodak, 146-4510) and stored at -80°C until use.

Histology and Immunostaining

Testes were fixed with 4% paraformaldehyde with 0.1% Triton X-100 in PBS at 4°C overnight, dehydrated in 70%
ethanol, and embedded in paraffin. Sections (4 um) were deparaffinized and subjected to antigen retrieval in citrate buffer
(pH 6.1, DAKO, S-1700) using an autoclave (121°C, 15 psi, 10 minutes). Sections were blocked in Blocking One Histo
(Nacalai USA, 06349-64) and then incubated in primary antibodies at 4°C overnight. Alexa Fluor-conjugated secondary
antibodies were applied for 1 h at room temperature. Slides were counterstained with DAPI and mounted in ProLong
Gold. Images were obtained with a Nikon AX Confocal microscope system and were processed using NIS-Elements
Advanced Research (Nikon), Photoshop (Adobe), and Illustrator (Adobe) software. Images were acquired using identical

microscope settings (laser power, gain, and exposure time) across experimental conditions within each staining
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experiment. Negative controls were performed in parallel by omitting the primary antibody while retaining all subsequent

staining and imaging steps.

This study used the following primary antibodies at the following dilutions [format: host-protein (source or company with
product/catalog number if applicable), dilution]: goat anti-ZBTB16/PLZF (R&D Systems, AF2944), 1/200; goat anti-
cKIT (R&D Systems, AF1356), 1/500; mouse anti-H2AX-pS139 conjugated Alexa 647 (yYH2AX) (Millipore, 05-636),
1/500; guinea pig anti-H1T (a gift from Dr. Mary Ann Handel (Inselman ef a/, 2003)), 1/500; rabbit anti-SOX9 (Millipore,
ABS5535), 1/500; rabbit anti-S-adenosylmethionine (MyBioSource, MBS2015171), 1/500.

FACS-isolation of male germ cells

PSs and RSs were isolated using Fluorescence-activated cell sorting (FACS) as described previously (Yeh et al., 2021). In
brief, single cell suspensions were generated from seminiferous tubules by enzymatic dissociation in DMEM containing
2mg/mL Type 1 collagenase (Worthington, CLS1), 0.25 mg/mL DNase I (Sigma, D5025), 1.5 mg/mL hyaluronidase
(Sigma, H3506), and 700 U/mL recombinant collagenase (FUJIFILM Wako Pure Chemical Corporation, 036-23141) at
35°C followed by several PBS washes. Cells were filtered through 70 um strainers (Falcon, 352350) and washed in FACS
buffer (PBS + 2% FBS). PSs and RSs were isolated using 2 pL/mL Vybrant DyeCycle Violet. Sorting was performed on a
Cell Sorter SH800 (SONY) into collection buffer (50% FBS diluted in PBS). After sorting, cells were washed in PBS,
resuspended in CELLBANKER 1 cryopreservation medium (Zenogen Pharma Co, 11910), and stored at -80°C until use.

Bulk RNA-seq library generation and sequencing

FACS-isolated PSs (~50,000) and RSs (~100,000) were collected from three independent biological replicates. ERCC
RNA Spike-In Mix 1 (Invitrogen, 4456653) diluted 1:10,000 was added prior to RNA extraction (5 pL for PS samples, 10
uL for RS samples). Total RNA was isolated using the RNeasy Plus Mini Kit (QIAGEN, 74134) according to the
manufacturer’s instructions. Libraries were prepared using the NEBNext® Single Cell/Low Input RNA Library Prep Kit
for [llumina® (NEB, E6420S) sequenced on the Illumina NovaSeq X Plus platform (150 bp paired-end).

Bulk RNA-seq read processing, quantification, and differential expression analysis

Paired-end RNA-seq reads were adapter- and quality-trimmed using Trim Galore (v0.6.10) with parameters --paired --
nextera --quality 25 --length 30 and FastQC (v0.12.1) reporting. Trimmed reads were aligned to mm10 (GRCm38) using
HISAT?2 (v2.2.1). Alignments were converted to BAM format using SAMtools (v1.16.1), and uniquely mapped reads were
retained (MAPQ >30; flags -q 30 -F 4). Filtered BAM files were sorted and indexed.

Gene-level counts were generated using featureCounts (Subread v2.0.2) with the GENCODE vM25 annotation in paired-

end mode (-p -B -C). Counts were generated separately for each biological replicate.

Differential expression analysis was performed using DESeq2 (v1.38.3). For each cell type (PS and RS), count matrices

were constructed by merging replicate count files by gene identifier. The design formula was: ~ batch + condition where
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batch corresponded to biological replicate. Differential expression was assessed using the Wald test. Differentially

expressed genes (DEGs) were defined using nominal P value < 0.05 and |log2FoldChange| > 1.5.

For quality control, variance-stabilizing transformation (VST; blind = TRUE) was applied. Pearson correlation matrices
were calculated from VST-transformed counts and visualized using pheatmap (v1.0.13). MA plots were generated using

ggplot2 (v3.5.1).

ATAC-seq library preparation and sequencing

ATAC-seq libraries were prepared as previously described from FACS-isolated PSs (~50,000) and RSs (~100,000)
collected from five independent biological replicates. Nuclei were isolated and subjected to Tn5-transposase (made in-
house) at 37°C for 30 min. After tagmentation, the transposed DNA was purified using the MinElute kit (Qiagen, 28004)
following the manufacturer’s instructions. Libraries were amplified using PCR, with cycle number determined by gPCR
to reach 25% saturation. Libraries were purified using SPRIselect beads (Beckman Coulter, B23317) and sequenced on an
Illumina NovaSeq X Plus (150-bp paired end).

ATAC-sequencing read processing, peak calling, and differential accessibility analysis

Raw paired-end ATAC-seq reads were adapter- and quality-trimmed using Trim Galore (v 0.6.10) with FastQC (v0.12.1)
reporting. Trimmed reads were aligned to the mouse reference genome (mm10/GRCm38) in paired-end mode with
parameters —end-to-end —no-mixed —no-discordant -1 10 -X 200. Alignments were converted to BAM format, sorted, and

indexed using SAMtools (v 1.16.1).

To account for TnS5 insertion offsets, alignments were shifted using deepTools alignmentSieve (--ATACshift; v3.5.2).
Uniquely mapped, properly paired reads were retained (SAMtools flags -f 2 -F 2048, MAPQ >30), and mitochondrial
reads (chrM) were removed. ENCODE mm10 blacklisted regions (v2) were excluded using BEDTools (v2.31.0). Library
complexity was assessed using csaw (readsDupFreq and estimateLibComplexity; v1.32.0). To normalize libraries to a
common molecular complexity following the approach of Reske et al. (Reske et al, 2020), BAM files were downsampled
using SAMtools to match the lowest number of unique fragments across the experiments per cell type. PCR duplicates
were removed using Picard MarkDuplicates (v 3.0.0) with REMOVE DUPLICATES=true, and final BAM files were

sorted and indexed.

Peaks were called on each biological replicate using MACS3 (v3.0.0b3) with parameters —-nomodel —nolambda -q 0.05 -g
mm -B —SPMR —keep-dup all. Peak sets were filtered to remove blacklist region overlaps and non-standard contigs.
Condition-level peak sets were obtained by pooling replicate BAMs within each condition and calling peaks with the
same MACS3 parameters. A consensus peak file was defined as the union of the pooled peak sets from FS and FD

samples.
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Differential accessibility was assessed in R using csaw and edgeR (v3.40.2) using the consensus peak file as the working
feature set (“peaks-only” analysis). Read counts over the consensus peaks were computed with csaw regionCounts using
paired-end mode, restricting to standard chromosomes (chr1-19, X, Y), and discarding blacklisted regions. Low
abundance peaks were filtered by average abundance (edgeR avgLogCPM threshold > -3). Library size normalization
factors were computed using TMM normalization from binned genomic windows (csaw windowCounts with 10-kb bins)
and applied to peak counts (csaw normFactors), following Reske et al. Differential accessibility was tested using edgeR
quasi-likelihood negative binomial generalized linear models (estimateDisp; glmQLFit with robust=TRUE; glmQLFTest)

comparing FD against FS samples.

To report region-level differential accessibility regions (DARs), nearby significant windows were merged (csaw
mergeWindows; tolerance 500bp; maximum merged width 5kb), and each merged region was assigned statistical
significance based on its most significant constituent window (csaw getBestTest). DARs were defined using P-value
threshold of <0.05 and an absolute log2 fold-change threshold of > 2. Normalized coverage tracks were generated using

deepTools bamCoverage with BPM normalization.

CUT&Tag library preparation and sequencing
FACS-isolated PSs (~50,000) and RSs (~100,000) were collected from three independent biological replicates. CUT&Tag
libraries of PSs and RSs were prepared as previously described (Kaya-Okur et al, 2020; Kaya-Okur et al, 2019) with some

modifications (a step-by-step protocol https://www.protocols.io/view/bench-top-cut-amp-tag-kqdg34qdpl25/v3) using
CUTANA™ pAG-Tn5 (Epicypher, 15-1017). To perform quantitative spike-in CUT&Tag, Drosophila S2 cells were
added to mouse germ cells at a fixed ratio (1000 S2 cells to 5000 mouse germ cells) at the beginning of each reaction. The
antibodies used were rabbit anti-H3K4me3 (1/50; Invitrogen; 703849, LOT 2920880), rabbit anti-H3K27ac (1/50; Cell
Signaling Technology; 8173S), and rabbit anti-H3K27me3 (1/50; Cell Signaling Technology; 9733S). CUT&Tag libraries
were sequenced on [llumina NovaSeq X Plus (150-bp paired end).

CUT&Tag data processing, spike-in normalization, and differential enrichment analysis

CUT&Tag paired-end reads were processed following the Henikoff Lab pipeline with modifications. Reads were adapter-
and quality-trimmed using Trim Galore (v0.6.10) and aligned to mm10 (GRCm38) using Bowtie2 (v2.4.5) with
parameters --end-to-end --very-sensitive --no-mixed --no-discordant --phred33 -1 10 -X 700. Spike-in Drosophila
melanogaster DNA (S2-derived) was aligned separately to dm6 using Bowtie2 with additional parameters --no-overlap --

no-dovetail to prevent cross-mapping.

Mouse-aligned BAM files were sorted and indexed using SAMtools (v1.16.1). ENCODE mm10 blacklist regions (v2)
were removed using BEDTools (v2.31.0), and properly paired high-confidence reads were retained (SAM flags -f 2 -F
2048, MAPQ >30). Library complexity was estimated using ATACseqQC (readsDupFreq, estimateLibComplexity), and
within each cell type % histone mark group, BAM files were downsampled to the minimum unique fragment count across

replicates. PCR duplicates were removed using Picard MarkDuplicates (v3.0.0).
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Spike-in normalization factors were calculated per replicate as: scale factor = 100,000 / (aligned dm6 reads)
Replicate-level spike-in—scaled coverage tracks were generated using deepTools bamCoverage (v3.5.5) with parameters --
binSize 1 --extendReads --samFlagInclude 64 --normalizeUsing RPKM --scaleFactor <sample-specific factor>.

For visualization only, biological replicates were merged using SAMtools merge. Group-level scale factors were
calculated as: scale factor = 100,000 / (sum of aligned dmo6 reads across replicates). Merged spike-in—scaled BigWig

tracks were generated for genome browser visualization (IGV v2.14.1).

Replicate concordance was assessed using deepTools multiBigwigSummary (bins mode). Log2-transformed signals were
batch-corrected using limma (removeBatchEffect, v3.54.2), and Pearson correlation matrices were visualized using

pheatmap (v1.0.13).

For differential enrichment analysis, replicate-level scaled BigWig files were summarized using multiBigwigSummary
(bins mode). The resulting matrices were analyzed using DESeq2 (v1.38.3). Because coverage tracks were spike-in
normalized prior to modeling, size factors were fixed to 1. Region values were scaled by a constant and rounded to
integers prior to modeling. Differential enrichment was assessed using the design formula ~ batch + condition, comparing
FD and FS samples using the Wald test. Differentially enriched regions (DERs) were defined using adjusted P value <
0.05 and |log2FoldChange| > 1.

Single-cell RNA-seq library preparation

Single cell suspensions were prepared from testes collected from two independent biological replicates as described
above. Dead cells were excluded by 7-AAD Viability Stain (35 pL./mL), and viable cells were sorted prior to fixation. For
each biological replicate, at least 1 x 10°viable testicular cells were collected. Cells were fixed for 22 h at 20 °C using the
Chromium Next GEM Single Cell Fixed RNA Sample Preparation kit (10X Genomics, 1000414). Approximately 20,000
cells were loaded on the Chromium Controller (10X Genomics Inc.). Libraries were prepared using the Chromium GEM-
X Flex Reagent kits (10X Genomics, CG000787 Rev A) and sequenced on the Element Biosciences AVITI system using a
paired-end read configuration of 28 bp (Read 1) x 10 bp (i7 index) x 10 bp (i5 index) x 90 bp (Read 2).

Single-cell RNA-seq processing and analysis

Alignment and gene counting was performed using the cloud-based 10x Genomics Cell Ranger Multi pipeline (v9.0.0)
against the mouse reference genome GRCm39 2024-A.

Downstream analysis was performed in R using Seurat (v5.3.0; SeuratObject v5.1.0). Feature-barcode matrices were
loaded using Read10X_h5 and converted to Seurat objects with an initial filter of >200 detected genes per cell. The
fraction of mitochondrial transcripts was calculated using PercentageFeatureSet (pattern ““mt-""), and low-quality cells
were removed by filtering for 200 < nFeature RNA < 4,000 and mitochondrial content <10%. Each sample was
normalized using SCTransform (SCTransform, default parameters), and datasets were integrated using SCT-based

integration with default integration features (SelectIntegrationFeatures), anchor identification (FindIntegrationAnchors,
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normalization.method = “SCT”), and data integration (IntegrateData). Principal component analysis was performed on the
integrated assay (RunPCA), and clustering was carried out using a shared nearest-neighbor graph constructed from the
first 10 principal components (FindNeighbors, dims = 1:10) followed by Louvain clustering (FindClusters, resolution =
0.4). UMAP embeddings were computed using the first 10 principal components (RunUMAP, dims = 1:10, min.dist = 0.3,
spread = 1).

Doublets were identified using scDblFinder (v1.20.2) by converting the integrated Seurat object to a
SingleCellExperiment and running scDblFinder. Cells classified as singlets were retained for downstream analyses.
Clusters enriched for predicted doublets were identified by inspection of scDblFinder classifications and marker
expression patterns and were excluded prior to re-running scaling, PCA, neighbor finding, clustering (resolution = 0.4),

and UMAP on the curated dataset.

For higher-resolution analysis of meiotic spermatocytes, cells from spermatocyte clusters 3—8 were subset from the
curated Seurat object and reclustered. The RNA assay was used for this analysis, RNA layers were joined using
JoinLayers, and expression values were normalized using NormalizeData with the LogNormalize method. PCA, neighbor
finding, clustering, and UMAP were repeated on the spermatocyte subset using the first 10 principal components, a
clustering resolution of 0.4, and UMAP parameters of min.dist = 0.3 and spread = 1. Reclustering annotations were
assigned based on expression of established stage-specific meiotic marker genes. Developmental trajectories within the
reclustered spermatocyte population were inferred using Slingshot, and the proportions of FS and FD cells within each

reclustered population were calculated.

For cluster-resolved differential expression testing between dietary conditions, the RNA assay was used. RNA layers were
joined (JoinLayers) and normalized log-expression values were computed with NormalizeData (RNA assay). Within each
cluster, cells were subset and identities were set to dietary group; differential expression between folate-deficient and
folate-sufficient samples was tested using FindMarkers (Seurat default test) on the RNA assay using the normalized data
layer (layer = “data”), with only.pos = FALSE. Genes were considered differentially expressed using thresholds of
adjusted P value <0.05 and |log2 fold change| > 1. The same differential expression workflow was applied to the

reclustered spermatocyte populations for integration with bulk RNA-seq, ATAC-seq, and CUT&Tag datasets.

Identification of CGI genes and non-CGI genes

CpG islands (CGlIs) were defined as published (Illingworth et al, 2010; Smallwood et al/, 2011), and their coordinates of
mouse genome GRCmM38/mm10 assembly (n=17,017) were downloaded from UCSC genome browser. Genes were
classified as CGI genes if a first base pair of any transcript TSSs +100-bp overlapped a CGI. In this way, the total 67,340
genes from Gencode vM25 mouse gene annotations (after removing Chromosome M genes) were divided into CGI genes

(n=25,775) and non-CGI genes (n=41,565).

Genome-wide multi-mark hotspot and CpG island density analysis
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To identify genomic regions exhibiting coordinated molecular loss in FD pachytene spermatocytes, the mouse genome
was divided into non-overlapping 5-Mb bins. Features showing decreased H3K27ac, decreased H3K4me3, or decreased
RNA expression in FD PSs were assigned to genomic bins according to their genomic start position. For each molecular
feature, the observed number of features within each bin was compared with the expected number based on the total
number of features and the genomic fraction represented by the corresponding bin. A Poisson Z-score was calculated as Z
= (observed — expected) / Vexpected, with zero-count bins retained in the analysis. Poisson Z-scores for H3K27ac,
H3K4me3, and RNA were combined within each genomic bin using a Stouffer-style statistic, Z combined =
(Z_H3K4me3 + Z_H3K27ac + Z_RNA) / Vn, where n = 3. Bins with a combined Z-score >2 were classified as multi-

mark loss hotspots.

CpG island density was quantified across the same 5-Mb genomic bins using CpG island coordinates from the mm10
genome assembly. For CpG islands spanning bin boundaries, the number of base pairs overlapping each bin was
calculated separately. Within each bin, total CpG island coverage was calculated as the sum of overlapping CpG island
base pairs and normalized to bin length to obtain CpG island density as base pairs per Mb. Bins containing no CpG island

overlap were retained with a density of zero.

The relationship between CpG island density and multi-mark loss was evaluated across all genomic bins using Spearman
rank correlation. CpG island density between bins classified as multi-mark hotspots and non-hotspot bins was compared
using a Wilcoxon rank-sum test. Genome-wide distributions of the combined multi-mark Z-score and CpG island density

were visualized across 5-Mb genomic intervals.

Quantification and statistical analysis

All image quantifications were performed in a blinded manner. Images were exported as individual experimental units
(e.g., individual seminiferous tubules for histological analysis) and file names were anonymized prior to analysis using the
File Name Encrypter tool (Blind Analysis Tool plugin v1.0) for ImageJ (v1.53t). Investigators performing quantifications
were unaware of dietary group assignments, and encrypted file names were decoded only after completion of analysis for
statistical analysis. Signal intensity measurements were performed using NIS Elements Advanced Research (AR)
software. Fluorescence intensity values were normalized to DAPI signal to control for variation in nuclear content and
imaging conditions. For tubule-based quantifications, the number of positive cells per tubule was determined and

normalized to tubule surface area, which was measured using manual region-of-interest tracing in NIS Elements AR.

Statistics

Statistical methods and P values for each plot are listed in the figure legends. Statistical significance for pairwise
comparisons was assessed using two-tailed unpaired t-tests or Wilcoxon rank-sum tests, with the statistical test used for
each comparison specified in the corresponding figure legend. Next-generation sequencing data were based on at least
three independent replicates except for single-cell RNA sequencing, which was based on two biological replicates. No

statistical methods were used to initially determine sample size in these experiments. Male littermates were randomly
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assigned to FS or FD diets. After tissue collection, downstream sample processing was not randomized; instead, samples
were processed as matched littermate pairs, with the corresponding FS and FD samples handled together. Investigators
were aware of dietary group allocation during staining and other experimental procedures. However, quantitative analysis

of images was performed with investigators blinded to dietary condition.

Data availability
Bulk RNA-seq data, ATAC-seq, CUT&Tag data, and scRNA-seq sets were deposited in the Gene Expression Omnibus
under accession no. GSE324234.
The accession codes for the raw published data used in this study are as follows:
e THYI1", PS, and RS RNA-seq (Fig. 1J): GSE55060 (Hasegawa et al., 2015)
e KIT" RNA-seq (Fig. 1J): GSE89502 (Maezawa et al., 2018a)
e MethylCap-seq (Fig. 3A) GSE262669 (Maezawa et al., 2025)
e Sperm H3K4me3 (Fig. 6A-D) GSE135678 (Lismer et al., 2021)
Sperm H3K4me3 data (GSE135678) (Lismer et al., 2021) were reanalyzed, and differentially enriched regions (DERs)

were identified using the following criteria: a p-value < 0.1 (quasi-likelihood F-test) and an average log2 CPM > 1.
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Figure legends

Figure 1. Folate deficiency affects spermatogenesis and alters the transcriptome in pachytene spermatocytes.

(A) Schematic of the folate-deficient (FD) dietary model. Breeder mice were maintained on a folate-sufficient (FS) diet.
(B) Dietary exposure timeline. Littermate males were maintained on an FS diet until weaning (3 weeks of age) and then
randomly assigned to FS or FD diets until 14 weeks of age.

(C) Overview of spermatogenesis. Undifferentiated spermatogonia (Undiff) maintain the stem cell population and, upon
differentiation cues, give rise to differentiating spermatogonia (Diff). Following meiotic entry, completion of autosomal
synapsis marks pachytene spermatocytes (PSs), and subsequent reductional divisions generate haploid round spermatids
(RSs), which ultimately differentiate into spermatozoa.

(D) Experimental design. Testes from adult FS or FD mice were collected for histological analysis or dissociated for
fluorescence-activated cell sorting (FACS) of germ cell populations, followed by bulk RNA-seq, ATAC-seq, CUT&Tag,
or single-cell RNA-seq.

(E) Representative testicular sections from FS (top) and FD (bottom) mice stained with DAPI (left) or immunostained for
YH2AX (a marker of PS XY bodies) and HIT (a marker from mid-pachytene onward) (right). Scale bars, 50 pum.

(F) Box-and-whisker plots showing PS density per seminiferous tubule, quantified by YH2AX-positive XY bodies, in FS
and FD testes (four biological replicates per condition). Points represent individual seminiferous tubules. Box plots show
median and interquartile range; whiskers extend to 1.5x IQR. Statistical significance was determined using a two-sided
Wilcoxon rank-sum (Mann—Whitney U) test.

(G) Box-and-whisker plots showing H1T-positive germ cell density per seminiferous tubule in FS and FD testes (three
biological replicates per condition). Points represent individual seminiferous tubules. Box plots show median and
interquartile range; whiskers extend to 1.5x IQR. Statistical significance was determined using a two-sided Wilcoxon
rank-sum (Mann—Whitney U) test.

(H) Transcriptome comparison of FS and FD PSs (three biological replicates per condition). Differentially expressed
genes (DEGs; |log2FoldChange| > 1.5, P < 0.05) are highlighted (red, upregulated in FD; blue, downregulated in FD),
with DEG counts indicated.

(I) Chromosomal distribution and proportion of CpG island (CGI) genes among PS DEGs.

(J) Heat maps showing Z-score—normalized expression of DEGs upregulated (left) or downregulated (right) in FD PSs.
THY 1%, undifferentiated spermatogonia; KIT*, differentiating spermatogonia; PS, pachytene spermatocytes; RS, round

spermatids.

Figure 2. Folate deficiency reshapes chromatin accessibility and histone modification landscapes in pachytene

spermatocytes.

(A) Comparison of chromatin accessibility in FS and FD PSs (five biological replicates per condition). Differentially

accessible regions (DARs; |log2 fold change| > 2, P < 0.05) are highlighted (red, gained in FD; blue, lost in FD), with
counts indicated.

(B) Genomic annotation and chromosomal distribution of PS DARs.
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(C) Comparison of H3K4me3 enrichment in FS and FD PSs (three biological replicates per condition). Differentially
enriched regions (DERs; |log2FoldChange| > 1, adjusted P < 0.05) are highlighted (red, gained; blue, lost).

(D) Genomic annotation and chromosomal distribution of PS H3K4me3 DERs.

(E) Comparison of H3K27ac enrichment in FS and FD PSs (three biological replicates per condition). DERs
(log2FoldChange| > 1, adjusted P < 0.05) are highlighted.

(F) Genomic annotation and chromosomal distribution of PS H3K27ac DERs.

(G) Comparison of H3K27me3 enrichment in FS and FD PSs (three biological replicates per condition). DERs
(log2FoldChange| > 1, adjusted P < 0.05) are highlighted.

(H) Genomic annotation and chromosomal distribution of PS H3K27me3 DERs.

Figure 3. Folate deficiency shifts active and bivalent chromatin states at CpG island promoters in pachytene
spermatocytes.

(A) CUT&Tag enrichment of H3K4me3, H3K27ac, and H3K27me3 at CGI genes and non-CGlI-associated genes in FS
and FD PSs. MethylCap-seq enrichment at CGI genes in wild-type PSs was reanalyzed from ref. (Maezawa et al., 2025)
and is shown for reference.

(B) Proportion of PS DARs and DERs (genic regions only) overlapping CGI genes. Counts are indicated.

(C) Proportion of CGI promoters (£100 bp from transcription start sites) classified as H3K4me3-only, H3K27me3-only,

double-positive, or no modification. Promoter counts are indicated.

Figure 4. Folate deficiency alters transcriptomic and chromatin landscapes in round spermatids.

(A) Transcriptome comparison of FS and FD RSs (three biological replicates per condition). DEGs (|log2FoldChange| >
1.5, P <0.05) are highlighted.

(B) Chromosomal distribution and proportion of CGI genes among RS DEGs.

(C) Comparison of chromatin accessibility in FS and FD RSs (five biological replicates per condition). DARs
(log2FoldChange| > 2, P < 0.05) are highlighted.

(D) Genomic annotation and chromosomal distribution of RS DARs.

(E) Proportion of RS DARs and DERs (genic regions only) overlapping CGI genes.

(F) CUT&Tag enrichment of H3K4me3, H3K27ac, and H3K27me3 at CGI genes and non-CGI genes in FS and FD RSs.
(G) Comparison of H3K4me3 enrichment in FS and FD RSs (three biological replicates per condition). DERs (fold
change > 1, adjusted P < 0.05) are highlighted.

(H) Genomic annotation and chromosomal distribution of RS H3K4me3 DERs.

(I) Comparison of H3K27ac enrichment in FS and FD RSs (three biological replicates per condition). DERs
(log2FoldChange| > 1, adjusted P < 0.05) are highlighted.

(J) Genomic annotation and chromosomal distribution of RS H3K27ac DERs.

(K) Comparison of H3K27me3 enrichment in FS and FD RSs. No significant DERs were detected.
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Figure 5. Single-cell transcriptomic profiling reveals altered germ cell composition and cluster-specific
transcriptomic changes under folate deficiency.

(A—C) UMAP projections of germ cell scRNA-seq datasets from FS testes (A), FD testes (B), and integrated FS and FD
datasets (C) (two biological replicates per condition).

(D) UMAP showing cluster identity of integrated germ cell datasets.

(E) Summary schematic of FD-associated phenotypes across spermatogenic subtypes. Subtype clusters are ordered by
inferred developmental progression. Red arrows mark developmental stages where germ cell proportions are substantially
reduced in FD mice.

(F) Proportion of FS and FD germ cells within each cluster ordered by inferred developmental progression.

(G) Number of DEGs per cluster (Jlog2FoldChange| > 1, adjusted P < 0.05) (purple, upregulated in FD; teal,
downregulated in FD),

(H) UMAP of reclustered spermatocyte populations showing ten subclusters spanning leptotene through the meiotic
division transition. Cluster 9 represents leptotene/early zygotene cells (Dmcl, Meiob, Spata22, Rad51, and Sycp3); Cluster
6, zygotene/early pachytene cells (Sycpl, Tex12, Piwill, Tdrdl, and Adad?); Cluster 5, early pachytene cells (Piwill,
Tdrdl, Hspa2, Tcfl5, and H1f6); Cluster 8, mid-pachytene cells (Hspa2, Zfp541, Kctd19, Ccnal, and HIf6); and Cluster 7,
mid/late pachytene cells (Nxf2, Scmli2, Foxjl, Tsga8, and Cfap47). Clusters 1 and 0 represent late pachytene cells,
followed by Cluster 4 at the late pachytene/early diplotene transition, Cluster 2 at diplotene, and Cluster 3 at the late
diplotene/meiotic division transition. Black and red lines indicate the interpreted main and alternative developmental
trajectories, respectively.

() UMAP of the reclustered spermatocyte populations colored by folate group (FS or FD).

(J) Relative proportions of FS and FD cells within spermatocyte clusters along the main (top) and alternative (bottom)

developmental trajectories. Percentages indicate the relative contribution of FS and FD cells to each cluster.

Figure 6. Chromatin regions altered in sperm originate from epigenomic perturbations during meiotic
prophase I and are associated with CpG island-rich genomic regions

(A) CUT&Tag enrichment in FS and FD PSs at regions exhibiting increased H3K4me3 in sperm.

(B) CUT&Tag enrichment in FS and FD PSs at regions exhibiting decreased H3K4me3 in sperm.

(C) CUT&Tag enrichment in FS and FD RSs at regions exhibiting increased H3K4me3 in sperm.

(D) CUT&Tag enrichment in FS and FD RSs at regions exhibiting decreased H3K4me3 in sperm.

(E) Proportion of sperm H3K4me3 gain and loss regions overlapping CGI genes.

(F) Genome-wide distribution of multi-mark loss hotspots in FD PSs across 5-Mb genomic bins. Poisson Z-scores for
regions exhibiting decreased H3K27ac, decreased H3K4me3, and decreased RNA expression were combined using a
Stouffer-style Z-score. Bins with a combined Z-score >2 are shown.

(G) CpG island density across the same 5-Mb genomic bins, quantified as CpG island base-pair coverage per Mb.

(H) Correlation between CpG island density and the combined multi-mark loss Z-score across genomic bins. Spearman p
=0.815,P=1.18 x 107!,

(D) Proposed model of stage-specific chromatin remodeling in response to folate deficiency.
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Fig. EV1. Folate deficiency reduces testicular SAM abundance and XY-body YH2AX without altering early germ
cell populations or seminiferous tubule stage distribution.

(A) Representative testis sections from FS and FD mice immunostained for yYH2AX and S-adenosylmethionine (SAM).
Merged images and individual YH2AX and SAM channels are shown. Dashed outlines indicate representative
seminiferous tubules used for fluorescence quantification. Box-and-whisker plots show SAM fluorescence intensity
normalized to DAPI. Each point represents an individual seminiferous tubule from three biological replicates per
condition (FS, n = 324; FD, n = 285). Scale bar, 25 pm.

(B-D) Box-and-whisker plots comparing testis-to-body weight ratio (B), body weight (C), and testis weight (D) between
FS and FD mice (30 biological replicates per condition).

(E) Weekly food consumption per mouse in FS and FD groups throughout the dietary exposure period. Points represent
individual mice from paired littermates, and lines indicate group means for each week. No significant differences were
detected between diets at any time point after Benjamini—-Hochberg correction for multiple testing.

(F) Representative testis sections immunostained for ZBTB16 (PLZF), marking undifferentiated spermatogonia, with
quantification of PLZF" cell density. FS, four biological replicates, n = 87 tubules; FD, seven biological replicates, n =
152 tubules. Scale bar, 50 um.

(G) Representative testis sections immunostained for KIT, marking differentiating spermatogonia, with quantification of
KIT" cell density. Three biological replicates per condition (FS, n = 42 tubules; FD, n = 58 tubules). Scale bar, 50 um.
(H) yYH2AX immunostaining and quantification of YH2AX fluorescence intensity within XY bodies normalized to DAPI.
FS, three biological replicates, n = 300 XY bodies; FD, five biological replicates, n = 500 XY bodies. Scale bar, 5 um.
(D) Representative chromosome spreads from FS and FD spermatocytes at early, mid, and late pachytene and diplotene
stages. SYCP3 is shown in green, YH2AX in red, and DAPI in blue. XY bodies are indicated by dashed boxes. Box-and-
whisker plots show YH2AX fluorescence intensity within the XY body normalized to DAPI at each meiotic stage. Three
biological replicates per condition; early pachytene, FS n =36 and FD n = 59; mid pachytene, FS n = 64 and FD n = 110;
late pachytene, FS n =49 and FD n = 57; diplotene, FS n = 80 and FD n = 57. Scale bar, 5 um.

(J) Representative testis sections immunostained for SOX9, marking Sertoli cells, with quantification of SOX9" cell
density. FS, three biological replicates, n = 71 tubules; FD, five biological replicates, n = 126 tubules. Scale bar, 50 pm.
(K) Seminiferous tubule staging analysis in FS and FD testes. Schematics illustrate representative germ cell composition
and the YH2AX- and H1T-based criteria used to classify tubules as stages [-V or IX—XI. Stacked bar plots show the
relative proportions of tubules assigned to each stage group. FS, three biological replicates, n = 128 tubules; FD, five
biological replicates, n = 331 tubules.

Box-and-whisker plots show the median and interquartile range; whiskers extend to 1.5x the interquartile range. P values
for pairwise comparisons were determined using two-tailed unpaired t-tests. For panel E, P values were adjusted for

multiple testing using the Benjamini—Hochberg method.

Fig. EV2. Reproducibility of transcriptomic and epigenomic datasets.
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(A) Immunostaining of FACS-isolated PSs stained with DAPI (left) and RSs (right) stained with DAPI and H1T. Insets
show higher magnification of PSs and RSs.

(B) Pearson correlation of RNA-seq datasets from FS and FD PSs (left) and RSs (right) (three biological replicates per
condition).

(C) Pearson correlation of ATAC-seq datasets from FS and FD PSs (left) and RSs (right) (five biological replicates per
condition).

(D) Pearson correlation of CUT&Tag datasets for H3K4me3, H3K27me3, and H3K27ac from FS and FD PSs (top) and
RSs (bottom) (three biological replicates per condition).

Fig. EV3. Transcriptomic and epigenomic features of folate deficiency-responsive genes.

(A, B) Gene ontology (GO) analysis of genes upregulated (A; n = 625) and downregulated (B; n = 545) in FD pachytene
spermatocytes (PSs). Selected enriched biological processes are shown. Bar length indicates —log1 0(FDR), and the
number of genes associated with each pathway is indicated.

(C) MA plot showing differential gene expression between FD and FS PSs using a more stringent adjusted P value (P-adj)
< 0.05 threshold. Seventy-five genes were upregulated and 40 were downregulated in FD PSs. Representative spermatid-
associated and chromatin-regulatory genes are indicated.

(D) Developmental expression patterns of the 75 upregulated and 40 downregulated DEGs meeting the P-adj < 0.05
criterion across wild-type spermatogenesis. RNA-seq expression is shown for THY 1™ undifferentiated spermatogonia,
KIT" differentiating spermatogonia, PSs, and round spermatids (RSs). Genes are annotated according to autosomal, X-
chromosomal, or Y-chromosomal location.

(E) Genomic and promoter features of the 115 DEGs meeting the P-adj < 0.05 criterion. Left, proportions of upregulated
and downregulated DEGs located on autosomes or sex chromosomes. Right, proportions of upregulated and
downregulated DEGs associated with CpG island (CGI) or non-CGI promoters.

(F, G) Genome-browser tracks surrounding the Ddx4 (F) and Prdm?2 (G) loci in FS and FD PSs and RSs. ATAC-seq,
H3K4me3, H3K27ac, H3K27me3 CUT&Tag, and RNA-seq signals are shown. RefSeq gene annotations are displayed

below each set of tracks.

Fig. EV4. Quality control, cluster validation, and functional annotation of spermatogenic cell populations.
(A) Summary of scRNA-seq quality control metrics.

(B) UMAP colored by number of detected genes per cell.

(C-F) UMAP feature plots of marker genes: Kit, Pou5f2, Prml, and Vim.

(G) Heat map of the top five marker genes per cluster ordered by inferred developmental progression.

(H-K) Gene ontology analysis of DEGs in selected clusters.

Fig. EVS. Stage-resolved single-cell analysis of spermatogenic responses to folate deficiency.

(A) UMAP feature plots showing expression of Ddx4 in FS and FD datasets.
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(B—F) Violin plots showing expression of Ddx4 (B), Adad1 (C), Sycpl (D), Sycp2 (E), and TdrdI (F) across
spermatogenic cell clusters in FS and FD testes. Gray shading and asterisks indicate clusters in which the corresponding
gene was identified as a differentially expressed gene (DEG) in the scRNA-seq analysis.

(G) Gene set enrichment analysis comparing spermatocyte Clusters 8 and 7. Pathways enriched in Cluster 8 relative to
Cluster 7 are shown with normalized enrichment scores (NES).

(H) Stress-response module scores across reclustered spermatocyte populations.

(D Proportion of upregulated and downregulated scRNA-seq DEGs associated with CpG island (CGI) promoters in each

cluster. Percentages are indicated.

Appendix Figure Legends

Appendix Fig. S1. Integration of scRNA-seq differential expression with bulk transcriptomic and epigenomic
profiles in pachytene spermatocytes.

Heatmaps show H3K4me3, H3K27ac, H3K27me3, ATAC-seq, and RNA-seq signals in folate-sufficient (FS) and folate-
deficient (FD) pachytene spermatocytes across +3 kb of transcription start sites (TSSs) for genes identified as
differentially expressed in scRNA-seq clusters CO—C9. Genes are grouped according to their corresponding scRNA-seq
cluster and direction of differential expression (Up or Down), with the number of genes in each group indicated on the

left. Each row represents an individual gene. Signal intensity scales for each dataset are shown at the bottom.
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Fig. EV1 Esparza et al.
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Fig. EV3 Esparza et al.
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Fig. EV4 Esparza et al.
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Structured Methods - Reagents and Tools Table

Instructions: Please complete the relevant fields below, adding rows as

needed. The following page provides an example of a completed table and
additional instruction for entering your data in the table.

Reagent/Resource

Reference or Source

Identifier or

Catalog Number

Experimental Models

C57/BL6 (M. Musculus)

Jackson Lab

Diet

dihydrate (CAS: 6132-04-
3)

Folate sufficient (2.0 Inotiv TD.01369
mg/kg folic acid)
Folate deficient (0.3 mg/kg | Inotiv TD.01546
folic acid)
Antibodies
Goat anti-ZBTB16/PLZF R&D Systems AF2944
Goat anti-CD117/cKIT R&D Systems AF1356
mouse anti-H2AX-pS139 Millipore 05-636
conjugated Alexa 647
(YH2AX)
guinea pig anti-H1T a gift from Dr. Mary Ann
Handel
rabbit anti-SOX9 Millipore AB5535
rabbit anti-H3K4me3 Invitrogen 703849, LOT
2920880
rabbit anti-H3K27ac Cell Signaling 8173S
Technology
rabbit anti-H3K27me3 Cell Signaling 9733S
Technology
rabbit anti-S- MyBioSource MBS2015171
adenosylmethionine
Chemicals, Enzymes and
other reagents
phosphate-buffered saline | Fisher BP399-20
(PBS)
Tris (CAS: 77-86-1) Sigma T1503-1KG
Sodium citrate tribasic Sigma-Aldrich C8532-1KG
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ethylenediaminetetraacetic | Sigma-Aldrich ED-500G

acid (EDTA) (CAS: 60-00-

4)

Sucrose (CAS: 57-50-1) Sigma 50389-5KG

DL-Dithiothreitol (CAS: Sigma-Aldrich D0632-5G

3483-12-3)

cOmplete Protease Sigma 11836145001

Inhibitor Cocktail

Paraformaldehyde (CAS: | Sigma-Aldrich 158127-500G

30525-89-4)

Triton X-100 (CAS: 9002- | Sigma T8787-100ML

93-1)

Sodium dodecyl sulfate Sigma L3771-1KG

(SDS)

Photo-Flo Kodak 146-4510

Citrate buffer (pH 6.1) DAKO S-1700

Blocking One Histo Nacalai USA 06349-64

ProLong Gold Antifade Invitrogen P36930

Mountant

Collagenase Worthington CLS1

DNase | Sigma D5025

Hyaluronidase Sigma H3506

recombinant collagenase | FUJIFILM Wako Pure 036-23141
Chemical Corporation

Vybrant DyeCycle Violet Invitrogen V35003

CELLBANKER 1 Zenogen Pharma Co 11910

cryopreservation medium

ERCC RNA Spike-In Mix 1 | Invitrogen 4456653

RNeasy Plus Mini Kit QIAGEN 74134

NEBNext® Single New England E6420S

Cell/Low Input RNA Biosciences

Library Prep Kit for

lllumina®

Tnb5 transposase enzyme | In-house

MinElute PCR Purification | Qiagen 28004

Kit for PCR Cleanup

SPRIselect beads Beckman Coulter B23317

CUTANA™ pAG-Tn5 Epicypher 15-1017

7-AAD Viability Stain Thermo Fisher 00-6993-50

Chromium Next GEM 10X Genomics 1000414

Single Cell Fixed RNA
Sample Preparation kit

113




Chromium GEM-X Flex
Reagent kits

10X Genomics

CG000787 Rev A

Software

TrimGalore (v 0.6.10)

Felix Krueger

https://www.trimgalo
re.com/

HISAT2 (v2.2.1)

(Kim et al, 2019)

https://daehwankiml
ab.github.io/hisat2/

SAMtools (v1.16.1)

(Li et al, 2009)

https://www.htslib.or
g/doc/1.9/samtools.h
tml

Subread (v2.0.2)

(Liao et al, 2013)

https://subread.sour
ceforge.net/

DESeq2 (v1.38.3)

(Love et al, 2014)

https://bioconductor.
org/packages/devel/
bioc/htmI/DESeq2.ht
ml

Pheatmap (v1.0.13)

https://cran.r-
project.org/web/packages
/pheatmap/index.html

https://cran.r-
project.org/web/pack
ages/pheatmap/inde
x.html

ggplot2 (v3.5.1)

(Wickham, 2016)

https://cran.r-
project.org/web/pack
ages/ggplot2/index.h
tml

FastQC (v0.12.1)

Babraham Bioinformatics

https://www.bioinfor
matics.babraham.ac.
uk/projects/fastqc/

deepTools (v3.5.2)

(Ramirez et al, 2016)

https://deeptools.rea
dthedocs.io/en/latest
/source/deeptools.ht
ml

BEDTools (v2.31.0)

(Quinlan, 2014)

https://bedtools.read
thedocs.io/en/latest/

Csaw (v1.32.0)

(Lun et al, 2016)

https://nbisweden.git
hub.io/workshop-
archive/workshop-
ChlP-seq/2018-11-
07/1abs/lab-
csaw.html

Picard (v3.0.0)

https://broadinstitute.githu
b.io/picard/

https://broadinstitute.
github.io/picard/

MACS3 (v3.0.0b3)

(Zhang et al, 2008)

https://macs3-
project.github.io/MA
CS/
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https://link.springer.com/article/10.1038/s44319-026-00808-2#ref-CR27
https://daehwankimlab.github.io/hisat2/
https://daehwankimlab.github.io/hisat2/
https://link.springer.com/article/10.1038/s44319-026-00808-2#ref-CR32
https://doi.org/10.1093/nar/gkt214
https://link.springer.com/article/10.1038/s44319-026-00808-2#ref-CR33
https://link.springer.com/article/10.1038/s44319-026-00808-2#ref-CR61
https://link.springer.com/article/10.1038/s44319-026-00808-2#ref-CR44
https://link.springer.com/article/10.1038/s44319-026-00808-2#ref-CR42
https://doi.org/10.1093/nar/gkv1191
https://link.springer.com/article/10.1038/s44319-026-00808-2#ref-CR68

edgeR (v3.40.2)

(Robinson et al, 2009)

https://bioconductor.

org/packages//releas
e/bioc/html/edge.htm
I

Integrative genomics
viewer (v2.14.1)

(Thorvaldsdoéttir et al,
2013)

https://igv.org/

Limma (v3.54.2)

(Ritche et al, 2015)

https://bioconductor.
org/packages/releas
e/bioc/html/limma.ht
ml

Cloud-based 10x
Genomics Cell Ranger
Multi pipeline (v9.0.0)

10X Genomics

https://www.10xgeno
mics.com/products/c
loud-analysis

Seurat (v5.3.0) Satija Lab https://cran.r-
project.org/package
=Seurat

SeuratObject (v5.1.0). Satija Lab https://cran.r-

project.org/package
=SeuratObject

scDblIFinder (v1.20.2)

(Germain et al, 2022)

https://bioconductor.
org/packages/releas
e/bioc/html/scDblFin
der.html

Slingshot (v2.18.0)

(Street et al, 2018)

https://bioconductor.
posit.co/packages/3.
22/bioc/html/slingsh

ot.html

Imaged (v1.53t)

(Schneider et al, 2012)

https://imagej.net/do
wnloads

Blind Analysis Tool (v1.0)

Astha Jaiswal 2019

https://imagej.net/Bli
nd_Analysis_Tools

NIS Elements Advanced
Research (AR)

Nikon

https://www.microsc
ope.healthcare.nikon
.com/en_AOM/produ
cts/software/nis-
elements/nis-
elements-advanced-
research

CpG islands (mm10
assembly)

UCSC

https://genome.ucsc.
edu/cgi-

bin/hgTables?db=m
m10&hgta group=re
gulation&hgta track
=cpglslandExt&hgta
table=cpqlslandExt
&hgta doSchema=d
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https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.12688/f1000research.73600.2
https://doi.org/10.1186/s12864-018-4772-0
https://doi.org/10.1038/nmeth.2089
https://genome.ucsc.edu/cgi-bin/hgTables?db=mm10&hgta_group=regulation&hgta_track=cpgIslandExt&hgta_table=cpgIslandExt&hgta_doSchema=describe+table+schema
https://genome.ucsc.edu/cgi-bin/hgTables?db=mm10&hgta_group=regulation&hgta_track=cpgIslandExt&hgta_table=cpgIslandExt&hgta_doSchema=describe+table+schema
https://genome.ucsc.edu/cgi-bin/hgTables?db=mm10&hgta_group=regulation&hgta_track=cpgIslandExt&hgta_table=cpgIslandExt&hgta_doSchema=describe+table+schema
https://genome.ucsc.edu/cgi-bin/hgTables?db=mm10&hgta_group=regulation&hgta_track=cpgIslandExt&hgta_table=cpgIslandExt&hgta_doSchema=describe+table+schema
https://genome.ucsc.edu/cgi-bin/hgTables?db=mm10&hgta_group=regulation&hgta_track=cpgIslandExt&hgta_table=cpgIslandExt&hgta_doSchema=describe+table+schema
https://genome.ucsc.edu/cgi-bin/hgTables?db=mm10&hgta_group=regulation&hgta_track=cpgIslandExt&hgta_table=cpgIslandExt&hgta_doSchema=describe+table+schema
https://genome.ucsc.edu/cgi-bin/hgTables?db=mm10&hgta_group=regulation&hgta_track=cpgIslandExt&hgta_table=cpgIslandExt&hgta_doSchema=describe+table+schema
https://genome.ucsc.edu/cgi-bin/hgTables?db=mm10&hgta_group=regulation&hgta_track=cpgIslandExt&hgta_table=cpgIslandExt&hgta_doSchema=describe+table+schema

escribe+table+sche

ma
Other

Probe On Plus Microscope | Thermo Fisher Scientific | 22-230-900
Slides

70 ym strainers Falcon 352350
Cell Sorter SH800 SONY LE-SH800S
Sony SH800 and MA900 SONY LE-C3210
Sorting Chip-100um (box

of 40)

Sony SH800 and MA900 SONY LE-B3001
Automatic Setup Beads

NovaSeq X Plus lllumina

Sequencer

AVITI Sequencer

Element Biosciences
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https://genome.ucsc.edu/cgi-bin/hgTables?db=mm10&hgta_group=regulation&hgta_track=cpgIslandExt&hgta_table=cpgIslandExt&hgta_doSchema=describe+table+schema
https://genome.ucsc.edu/cgi-bin/hgTables?db=mm10&hgta_group=regulation&hgta_track=cpgIslandExt&hgta_table=cpgIslandExt&hgta_doSchema=describe+table+schema

Concluding remarks
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Conclusions

The development of male germ cells requires one of the most extensive chromatin
transformations in mammalian biology. Throughout spermatogenesis, the epigenome is
progressively reorganized to coordinate gene expression, chromosome architecture, genome
defense, and the eventual packaging of the paternal genome into sperm. In Chapter 1, I described
these coordinated and directional changes as an epigenetic trajectory. This framework
emphasizes that each chromatin state both supports the immediate needs of a germ cell and
establishes its competence to enter the next developmental stage. However, this trajectory is not
executed in isolation. This dissertation demonstrates that its progression depends on both

intrinsic chromatin regulators and the extracellular environment in which germ cells develop.

Chapter 2 identified ATF7IP2/MCAF2 as an intrinsic regulator of the meiotic epigenetic
trajectory. MCAF?2 is highly expressed during male meiosis and localizes to pericentric
heterochromatin, the sex chromosomes, retrotransposon-derived loci, and thousands of
autosomal promoters. On the sex chromosomes, MCAF2 acts downstream of the DNA damage
response and facilitates the localization of SETDB1 and deposition of H3K9me3. Genetic
deletion of Mcaf2 disrupted meiotic sex chromosome inactivation, retrotransposon regulation,
and broad autosomal gene expression, ultimately causing germ-cell arrest during meiotic
prophase I (Alavattam et al., 2024). These findings expanded the known functions of H3K9me3
beyond constitutive heterochromatin and demonstrated that its spatial regulation contributes to

both transcriptional repression and activation during meiosis.

The MCAF?2 study also revealed that chromatin regulation during meiosis cannot always

be explained by a simple relationship between one chromatin factor, one histone modification,
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and one transcriptional outcome. Although SETDBI1 is a known MCAF2-interacting protein,
deletion of Setdb! in germ cells produces an earlier meiotic arrest than deletion of Mcaf?2.
MCAF?2 also occupies a large proportion of promoters across the genome despite lacking a
recognized DNA-binding domain. Together, these observations suggest that MCAF2 participates
in multiple regulatory complexes and may use different interacting partners to perform its

functions at promoters, retrotransposons, heterochromatin, and the sex chromosomes.

Whereas Chapter 2 examined the molecular machinery that directs the meiotic
epigenome, Chapter 3 investigated its responsiveness to the nutritional environment. Paternal
folic acid deficiency altered spermatogenic cell composition and produced extensive changes in
gene expression, chromatin accessibility, and histone modifications. These effects were
especially evident in pachytene spermatocytes, supporting meiosis as a period of heightened
sensitivity to folate availability. CpG island-associated promoters were strongly represented
among genes that lost active chromatin features and transcription, suggesting that promoter

context influences the response to nutritional deficiency.

Single-cell analysis further showed that folate deficiency did not simply delay the entire
spermatogenic program or induce a uniform cellular stress response. Instead, a subset of folate-
deficient spermatocytes followed an alternative transcriptional trajectory that diverged from the
expected path through pachytene. This population did not display strong enrichment for general
stress pathways, suggesting that these cells occupied an altered developmental state rather than
merely representing dying cells. In round spermatids, comparatively limited transcriptional
changes were observed despite persistent and, in some cases, extensive chromatin alterations.

Therefore, the postmeiotic findings do not indicate complete epigenetic recovery. Instead, they
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suggest partial developmental compensation or a decoupling between the chromatin and

transcriptional landscapes as germ cells progress beyond meiosis.

Together, these studies establish meiosis as a period of both epigenetic control and
environmental responsiveness. Specialized factors such as MCAF2 help enforce the molecular
organization required for meiotic progression, whereas folate availability influences the
metabolic conditions under which this reprogramming occurs. Disrupting either layer alters the
developmental trajectory, although the severity and nature of the resulting phenotypes differ.
These findings support a model in which the male germline epigenome is highly programmed

but not inflexible.
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Future Directions

An important unanswered question from the MCAF2 study is how a protein without a known
DNA-binding domain is recruited to such diverse genomic locations. Before completing this
dissertation, I began developing an antibody to address this question. I generated and purified a
6xHis-tagged fragment containing the MCAF2 SETDB1-binding region while selecting a
sequence that was specific to MCAF2 and distinct from its homolog, MCAF1. This antigen was
intended to produce an MCAF2-specific antibody that could be used to isolate endogenous

MCAF2-containing protein complexes.

With additional time, I would use this antibody for co-immunoprecipitation followed by
mass spectrometry (Co-IP MS) to define the MCAF2 interactome in meiotic germ cells.
SETDB1 would provide a known positive control, while additional proteins could explain how
MCAF?2 is recruited to promoters and how it performs functions not shared with SETDB1. ATF7
is one candidate because MCAF2 was originally identified as an ATF7-interacting protein.
However, the substantially milder phenotype of A#f7 deletion (data not shown) suggests that
ATF7, if confirmed as a partner, is unlikely to account for all MCAF2 functions. It may recruit

MCAF?2 to a subset of loci, or other transcription factors may compensate in its absence.

Proximity labeling using TurboID would provide a complementary approach. An
endogenous MCAF2—TurbolD fusion could capture transient or chromatin-associated proteins
that may be lost during conventional purification. Candidate partners identified by either method
could be tested through reciprocal co-immunoprecipitation, cellular colocalization, loss of
function experiments, and genomic profiling. Separation of function MCAF2 mutants would also

help distinguish SETDB1-dependent activities from other functions. Together, these experiments
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could determine whether MCAF2 uses distinct protein complexes to regulate promoters,

retrotransposons, pericentric heterochromatin, and the sex chromosomes.

For the folate study, a major next step would be to determine whether DNA methylation
contributes to the strong relationship between CpG islands, loss of active histone modifications,
and transcriptional repression. Enzymatic methyl-sequencing (EM-seq) of purified pachytene
spermatocytes and round spermatids could be integrated with the existing RNA-seq, ATAC-seq,
and CUT&Tag data. One possibility is that loss of H3K4me3 permits inappropriate DNA
methylation at affected CpG island promoters, thereby stabilizing transcriptional repression.
Alternatively, these promoters may remain hypomethylated despite losing active histone marks.
Continued hypomethylation could preserve their regulatory competence and help explain why

some transcriptional differences become less apparent after meiosis.

A dietary rescue experiment would determine whether the folate-deficient state is
reversible. Following the 11-week deficient diet, mice could be returned to a folate-sufficient diet
and evaluated across a time course. Single-cell RNA-seq could establish when the folate
deficiency-enriched spermatocyte population disappears, while CUT&Tag and DNA methylation
profiling could determine whether the chromatin landscape recovers at the same rate. Because
newly generated germ cells would eventually replace those exposed during the deficient period,
the timing of recovery would need to be interpreted relative to the spermatogenic cycle. Pulse-
labeling or lineage-tracing strategies could distinguish true reversal within exposed cells from

their replacement by newly developed cells.

Stable isotope tracing could connect dietary folate availability more directly to germ cell
metabolism. Isotope-labeled folate could be used to trace folate-derived one-carbon units through

methionine and S-adenosylmethionine metabolism and ultimately into methyl groups on DNA
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and histones. LC-MS measurements of folate & folate derivatives, methionine, S-
adenosylmethionine, and S-adenosylhomocysteine would help determine how rapidly the testis
responds to folate restoration and whether metabolic recovery precedes or follows epigenetic

recovery.

Finally, mating experiments are necessary to determine whether the chromatin alterations
observed in folate-deficient fathers influence fertilization, embryonic development, or offspring
health. These studies should begin by characterizing sperm from folate-sufficient and folate-
deficient males and then examining which molecular differences remain detectable after
fertilization. In vitro fertilization and embryo-transfer approaches could help isolate sperm-
mediated effects from other parental or maternal influences. Profiling early embryos would be
particularly important because similarity between fathers and adult offspring alone would not
demonstrate direct inheritance of an epigenetic mark. Subsequent analysis of offspring
development, fertility, and germ-cell chromatin could reveal whether paternal folate deficiency
produces persistent biological consequences and whether returning fathers to a folate-sufficient

diet before mating prevents them.
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Final Perspective

This dissertation shows that the male germline epigenetic trajectory emerges from an
interaction between intrinsic regulatory machinery and environmental conditions. MCAF?2 helps
organize meiotic chromatin and coordinate gene regulation, while folate availability influences
the metabolic environment in which this extensive reprogramming occurs. These findings
identify meiosis as a developmental window in which the germline must balance epigenetic
stability with environmental responsiveness. Understanding how these regulatory layers intersect
will be essential for explaining variation in male fertility and for determining when
environmentally induced germline changes remain reversible, become fixed during sperm

development, or influence the next generation.
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