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KRAB zinc-finger proteins regulate endogenous
retroviruses to sculpt germline transcriptomes
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Kai Otsuka,'-? Akihiko Sakashita,>* So Maezawa,? Richard M. Schultz, '
and Satoshi H. Namekawa'"3

7Deparl‘ment of Microbiology and Molecular Genetics, University of California, Davis, California 95616, USA; 2 Department of Applied
Biological Science, Faculty of Science and Technology, Tokyo University of Science, Noda, Chiba 278-8510, Japan; *Reproductive
Sciences Center, Division of Developmental Biology, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio 45229, USA;
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Pennsylvania, Philadelphia, Pennsylvania 19104, USA

As transposable elements (TEs) coevolved with the host genome, the host genome exploited TEs as functional regulatory
elements of gene expression. Here we show that a subset of KRAB domain-containing zinc-finger proteins (KZFPs), which
are highly expressed in mitotically dividing spermatogonia, repress the enhancer function of endogenous retroviruses
(ERVs) and that the release from KZFP-mediated repression allows activation of ERV enhancers upon entry into meiosis.
This regulatory feature is observed for independently evolved KZFPs and ERVs in mice and humans, suggesting evolution-
ary conservation in mammals. Further, we show that KZFP-targeted ERVs are underrepresented on the sex chromosomes in
meiosis, suggesting that meiotic sex chromosome inactivation (MSCI) may antagonize the coevolution of KZFPs and ERVs in
mammals. Our study uncovers a mechanism by which a subset of KZFPs regulate ERVs to sculpt germline transcriptomes.
We propose that epigenetic programming during the transition from mitotic spermatogonia to meiotic spermatocytes fa-

cilitates the coevolution of KZFPs and TEs on autosomes and is antagonized by MSCI.

[Supplemental material is available for this article.]

Transposable elements (TEs) are mobile genetic elements that ac-
count for a large fraction (~40%-50%) of the mammalian genome
(Koito and Ishizaka 2013; Trono 2015). Retrotransposons, a major
group of TEs, function by a copy-and-paste mechanism using an
RNA intermediate that can cause DNA damage upon integration
into the genome, thereby leading to genome instability. In re-
sponse to TEs, the host genome coevolved various defense mech-
anisms to silence and control retrotransposons, which include
DNA methylation, histone modifications, and piRNA pathways,
all of which tightly control expression of TEs in the germline
(Zamudio and Bourc’his 2010; Bao and Yan 2012; Di Giacomo
et al. 2013; Crichton et al. 2014; Fu and Wang 2014; Ku and Lin
2014; Elbarbary et al. 2016; Zhou et al. 2023). The host genome,
however, exploits TEs' requirement to be expressed in the germline
by co-opting them to serve as regulatory elements to gain repro-
ductive fitness. Thus, as TEs coevolved with the host genome,
the germline arose as the prominent site to maximize mutual fit-
ness (Zamudio and Bourc’his 2010; Elbarbary et al. 2016; Zhou
et al. 2023). Nevertheless, there remain major questions about
how the activities of TEs are regulated and how TEs coevolved
with the host in the germline.

Many TE-derived sequences function as gene regulatory ele-
ments, such as promoters and enhancers, to drive tissue- and cell
type-specific gene expression (Peaston et al. 2004; Pi et al. 2004;
Rebollo et al. 2012; Erwin et al. 2014; Friedli and Trono 2015;
Garcia-Perez et al. 2016; Thompson et al. 2016; Chuong et al.
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2017; Huang et al. 2017). Genome-wide studies demonstrate that
a significant portion of transcription factor (TF)-binding sites is
derived from TEs (Rebollo et al. 2012; Sundaram et al. 2014). Com-
prising ~10% of the mammalian genome, endogenous retrovirus-
es (ERVs) are subfamilies of TEs and remnants of retroviruses
integrated into the genome (Mouse Genome Sequencing Consor-
tium 2002). Most ERVs in the mammalian genome are truncated
but remain as long terminal elements (LTRs).

Testis-specific expression of ERVs in humans and mice was
initially reported over 40 years ago (Del Villano and Lerner
1976), and recent studies reveal regulatory functions for TEs in
male meiosis. These functions include post-transcriptional regula-
tion of mRNA and long noncoding RNAs (IncRNAs) via the piRNA
pathway (Watanabe et al. 2015), as well as promoter functions for
ERVs that drive IncRNA expression (Davis et al. 2017; Gill et al.
2023). Our recent study demonstrated that ERVs function as active
enhancers to drive expression of species-specific germline genes
during the transition from mitotic spermatogonia (SGs) to meiotic
spermatocytes (Sakashita et al. 2020), a critical developmental
transition during which both the chromatin state and epigenomic
modifications are altered (Sin et al. 2015; Maezawa et al. 2018b;
Alavattam et al. 2019; Patel et al. 2019; Wang et al. 2019). How
the activities of ERVs are dynamically regulated during spermato-
genesis is poorly understood.

© 2025 Otsuka et al. This article is distributed exclusively by Cold Spring Har-
bor Laboratory Press for the first six months after the full-issue publication date
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available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/by-
nc/4.0/.

35:1-15 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/25; www.genome.org

Genome Research 1
www.genome.org


mailto:snamekawa@ucdavis.edu
https://www.genome.org/cgi/doi/10.1101/gr.279924.124
https://www.genome.org/cgi/doi/10.1101/gr.279924.124
http://genome.cshlp.org/site/misc/terms.xhtml
https://genome.cshlp.org/site/misc/terms.xhtml
https://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 1, 2026 .

Otsuka et al.

Published by Cold Spring Harbor Laboratory Press

In this study, we address the regula-
tory mechanism of ERV enhancers to
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during spermatogenesis and how they
have coevolved through epigenetic pro-
gramming during spermatogenesis and
meiotic sex chromosome inactivation
(MSCI), an essential process in the male
germline (Turner 2015; Alavattam et al.
2022).

Results

Expression of KZFPs and ERVs
changes dynamically during
spermatogenesis in mice

Because the KZFP family of proteins
evolved rapidly in mammals and con-

Figure 1.

Expression of KZFPs and TEs during mouse spermatogenesis. (A) Amino acid sequence iden-

tities of 282 murine KZFPs (top) and 429 human KZFPs (bottom) among 12 mammalian species. All
mouse and human KZFPs registered in the BioMart database (282 for mice and 429 for humans) were
analyzed. (B) A heatmap showing a k-means clustering analysis of expression (RNA-seq data) for all pro-
tein-coding KZFPs in various tissues and testicular cell types in mice. (E18.5PGC) Prospermatogonia from
E18.5 testis, (THY1*) THY1* undifferentiated spermatogonia, (KIT*) KIT* differentiating spermatogonia,
(PS) pachytene spermatocytes, and (RS) round spermatids. (C) Schematic of mouse spermatogenesis
and the five representative stages. (D) A heatmap showing the expression (RNA-seq data) of all detected
TE types in male germ cells at the representative five stages. (E,G) Relative expression (RNA-seq data) of
each TE class (E) and each ERV subclass (G) during spermatogenesis. Box-and-whisker plots showing dis-
tributions of RNA-seq read data. The central lines represent medians. The upper and lower hinges corre-
spond to the 25th and 75th percentiles. The upperand lower whiskers are extended from the hinge to the
largest value no further than the 1.5x inter-quartile range (IQR) from the hinge. The values of KIT* were
set to one. The red crosses represent the average values. Pairwise permutation ANOVA test (nonparamet-
ric test). (**) P<0.01, (***) P<0.001. (F) A heatmap showing the expression (RNA-seq data) of all ERV
types in mouse spermatogenesis.

tributed to the evolution of gene regulatory networks in mammals
(Imbeault et al. 2017; Senft and Macfarlan 2021), we first evaluated
the amino acid sequence similarity of mouse and human KZFP
proteins across mammalian species using the BioMart web tool.
Notably, a subset of mouse KZFPs was present only in mice, and
the other subset of mouse KZFPs were rodent specific, whereas oth-
ers shared low sequence homologies with their counterparts in
other mammals (Fig. 1A). In addition to these rapidly evolved
KZFPs, a small group of KZFPs was highly conserved among mam-
mals (Fig. 1A). The same trend was also observed for human KZFPs,
including human-specific, primate-specific, lowly conserved, and

highly conserved KZFPs (Fig. 1A). These analyses, together with a
recent review (Senft and Macfarlan 2021), further highlight the
rapid evolution of KZFPs, as well as a subset of KZFPs specific to
evolutionary orders.

Because rapid gene evolution is a hallmark of germline genes
expressed in testis (Soumillon et al. 2013), we suspected that rapid-
ly evolving KZFP genes are expressed during spermatogenesis.
Furthermore, our recent study demonstrated dynamic expression
of ERVs during spermatogenesis (Sakashita et al. 2020), raising
the possibility that changes in expression of their counterpart
KZFPs occur during spermatogenesis. Accordingly, we analyzed
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expression of 363 mouse protein-coding KZFPs using RNA se-
quencing (RNA-seq) data sets from nine tissues, Sertoli cells, and
germ cells at representative stages of spermatogenesis (Fig. 1B).
For the analysis of male germ cells, we examined representative
stages such as THY1* undifferentiated SGs, which contain a stem
cell population; KIT" differentiating SGs, which have undergone
spermatogenic differentiation; pachytene spermatocytes (PSs),
which are in meiotic prophase I; and haploid round spermatids
(RS) (Fig. 1C). We were able to classify the 363 murine protein-cod-
ing KZFPs into six major classes based on nonhierarchical k-means
clustering analysis (Fig. 1B; Supplemental Table 1). Class I KZFPs
include 85 KZFPs that were highly expressed in mitotically
dividing male germ cells but suppressed upon entry into meiosis.
We also detected classes of KZFPs that were highly enriched in spe-
cific tissues (Class II: brain-enriched 67 KZFPs; Class III: ovary-en-
riched 60 KZFPs, which were also highly expressed in Sertoli cells;
Class 1V: testis-enriched 39 KZFPs; and Class V: lung, ovary, and
spleen-enriched 75 KZFPs). Classes II, 11, and V were downregu-
lated during the transition from mitotic SGs to meiotic spermato-
cytes. In contrast, Class VI KZFPs, comprising 35 PS-enriched
KZFPs, were upregulated when germ cells reached the pachytene
stage. Thus, nearly 90% of KZFPs undergo dynamic expression
changes during the transition from SGs to spermatocytes in the
male germline. We further evaluated the expression of KZFPs by
absolute expression (TPM)-based analysis and confirmed the tis-
sue-specific expression in each class (Supplemental Fig. STA).

Next, we examined changes in KZFP expression during differ-
ent stages of meiosis using published single-cell RNA-seq data
(Supplemental Fig. S1B; Hermann et al. 2018). Class I, I, III, and
V KZFPs were downregulated by the leptotene and zygotene stages
of meiotic prophase I, whereas expression of Class VI KZFPs was
observed from the pachytene stage. Thus, the transition occurs
during early meiotic prophase I. Although the expression patterns
of these KZFPs are dynamic, Gene Ontology (GO) term analysis re-
vealed that all classes of KZFPs are enriched with gene functions
that share common features, such as negative regulation of tran-
scription and transcriptional repressor activity, as expected from
previous studies (Supplemental Fig. S1C; Imbeault et al. 2017;
Kumar et al. 2020). A limitation of GO analysis, however, is that
it only represents known functions of genes and, therefore, cannot
be used to infer novel functions.

Because KZFPs are thought to regulate expression of TEs
(Imbeault et al. 2017; Senft and Macfarlan 2021), we next evaluat-
ed the dynamics of TE expression at representative stages of sper-
matogenesis by analyzing the expression of each unique TE
copy. We detected 486,155 uniquely expressed TE copies during
spermatogenesis (Supplemental Fig. S1D), and these unique copies
were categorized into 1097 TE types (representative of TE copies,
such as RLTR10B), including 159 types of long interspersed nucle-
ar elements (LINEs), 641 types of LTR/ERVs (hereafter abbreviated
as ERVs), and 35 types of short interspersed nuclear elements
(SINEs) (Fig. 1D). Consistent with our recent report (Sakashita
et al. 2020), expression of TEs changed dynamically during the
transition from mitotic SGs to meiotic spermatocytes (Fig. 1D).
Notably, we found that overall expression of ERVs was signifi-
cantly increased in PSs compared with KIT* SGs (Fig. 1E), whereas
expression of SINEs was largely downregulated during the transi-
tion from mitotic SGs to meiotic spermatocytes (Fig. 1D,E). The
number of differentially expressed TE types was increased during
the transition from KIT* SGs to PSs, and the number of upregulated
ERV types exceeded the number of downregulated ERV types
(Supplemental Fig. S1E). The overall upregulation of ERVs in PSs

mirrors the overall downregulation of KZFPs in PSs, suggesting a
mechanistic link. Therefore, we further investigated expression
of ERV types in four representative ERV families: ERV1, ERVK,
ERVL, and ERVL-MaLR. We found that expression of ERV types in
all ERV families was significantly increased during the transition
from mitotic SGs to meiotic spermatocytes (Fig. 1F,G). Among ERV
families, the number of upregulated ERVK types exceeded the num-
ber of downregulated ERVK types (Supplemental Fig. S1F). These
results suggest that ERVs are generally suppressed during the premei-
otic stage and are then expressed during the meiotic stage.

KIT* SG-enriched KZFPs target-specific TEs in mice

Because KZFPs are highly expressed in premeiotic cells and because
TEs, particularly ERVs, become active in meiotic cells, we hypoth-
esized that premeiotic KZFPs suppress expression of TEs and that
downregulation of KZFPs leads to activation of TEs in meiotic cells.
To test this hypothesis, we first determined possible interactions
between KZFPs and TEs by reanalyzing ChIP-seq data for 61 mu-
rine KZFPs in cultured cell lines, including embryonic stem cells
(ESCs) and embryonic carcinoma cells (Wolf et al. 2020). Because
of the sequence specificity of KZFP binding—KZFP binding sites
are considered to be conserved among various cell types
(Imbeault et al. 2017; Wolf et al. 2020)—this strategy should iden-
tify common binding sites of KZFPs present in KIT* SGs. Among 61
KZFPs, 13 belong to KIT* SG-enriched Class I KZFPs. Accordingly,
we examined their binding sites and determined their binding en-
richment to TEs across the mouse genome. First, we detected peaks
for the 13 KZFPs from the ChIP-seq data according to previously
described criteria (Supplemental Fig. S2A; Wolf et al. 2020).
Among the 13 KZFPs, several KZFPs, including GM14406,
GM14401, and ZFP987, showed unique binding sites that are
not shared by other members of this group (Fig. 2A). We next ex-
amined whether these peaks were enriched at TEs in the genome.
Among the 13 KZFPs, GM14393, ZFP600, REX2, GM14406, and
ZFP990 showed significant enrichment at all TE loci compared
with random loci (Supplemental Fig. S2B). Enrichment to TEs,
however, is class specific; GM14406 at LINEs (Fig. 2B), ZFP989,
GM14401, and ZFP987 at ERVs (Fig. 2C), and GM14393, ZFP990,
and ZFP986 at SINEs (Fig. 2D). These results demonstrate the target
specificity of KIT"-enriched KZFPs.

A general function of KZFPs is to repress transcription by pro-
moting H3K9me3 formation at the KZFP binding sites (Schultz
et al. 2002; Groner et al. 2010; Bruno et al. 2019). Therefore, we
next examined whether KZFP binding sites are enriched with
H3K9me3 in KIT* SGs. Consistent with KZFP enrichment at specif-
ic classes of TEs, we observed significant enrichment of H3K9me3
at GM14406-bound LINEs (Fig. 2E) and at ZFP989-bound ERVs
(Fig. 2F). H3K9me3 enrichment was also observed at other KZFP-
bound ERVs, including GM14406, GM14401, ZFP986, and
ZFP985 (Fig. 2F). Such H3K9me3 enrichment was not observed
on KZFP-bound SINEs, except for REX2-bound SINEs (Fig. 2G),
noting that REX2 did not preferentially associate with SINEs in
the genome (Fig. 2D). These results raise the possibility that
KIT*-enriched KZFPs independently recognize specific classes of
TEs and establish H3K9me3 at the target loci before germ cells en-
ter meiosis.

Correlation between expression of target ERVs and adjacent
genes in mice

To further elucidate how KIT*-enriched KZFPs regulate target ERVs,
we focused on three ERV-targeting KZFPs, ZFP989, GM 14401, and
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Figure 2.

Binding preference of KIT* spermatogonia-enriched KZFPs and the H3K9me3 enrichment. (A) Heatmap of the binding profiles of KIT* sper-

matogonia-enriched KZFPs. The numbers in parentheses represent the numbers of detected peaks. (B-D) Binding preference of KZFPs at LINEs (B), LTRs (C),
and SINEs (D). The bar plot represents the ratio value of the observed numbers of peaks versus the theoretically expected numbers of peaks. Binomial test.
(***) P<0.001. (E-G) Violin plots showing the data distribution of normalized H3K9me3 signals at each KZFP-bound LINEs (E), LTRs (F), and SINEs (G)
compared with enrichment at all interspersed copies in KIT" spermatogonia. The width of the plot illustrates the data density. Mann-Whitney U test.

(***) P<0.001.

ZFP987, which showed significant enrichment at ERV loci (Figs.
2C, 3A). Because these KIT*-enriched KZFPs bind to specific ERVs
that are enriched with H3K9me3 in KIT* SGs, we suspected that
the target ERVs would be activated as gene regulatory elements
when expression of these KZFPs is repressed in the meiotic stage.
To test this possibility, we first compared H3K9me3 levels at the
target ERVs during the transition from mitotic SGs to meiotic sper-
matocytes. At the KIT*-enriched KZFPs (ZFP989, GM14401, and
ZFP987) target 1170 ERV loci (Fig. 3A), H3K9me3 decreased from
KIT* SGs and PSs (Fig. 3B). The reduction of H3K9me3 was con-
firmed in track views of representative ERV loci that are targets of
KIT*-enriched KZFPs (Supplemental Fig. S3A). Notably, H3K27
acetylation (H3K27ac), a marker of active enhancers, was increased
at these ERV loci from KIT* SGs to PSs (Fig. 3C). Further examina-
tion of substages during meiotic prophase I confirmed the progres-
sive loss of H3K9me3 and gain of H3K27ac at these ERV loci
(Supplemental Fig. S3B,C). We examined the overlap of target
ERVs at which H3K9me3 levels decreased and H3K27ac levels in-
creased (Fig. 3D). The data indicate that target ERVs acquiring
H3K27ac in meiotic cells were predominantly marked with the re-
pressive H3K9me3 in mitotic SGs with a reduction in these repres-

sive marks upon entry into meiosis. These results suggest that
H3K9me3 KIT*-enriched KZFP-target ERVs are released from
KZFP-mediated silencing and acquire the hallmark of active en-
hancers during the transition from mitotic SGs to meiotic
spermatocytes.

Consistent with these epigenomic features, the KZFPs
ZFP989, GM14401, and ZFP987 target 1170 ERVs that were pre-
dominantly located in intergenic regions (Fig. 3E). Given our pre-
vious finding that a subset of ERVs serve as active enhancers during
meiosis to drive spermatogenic gene expression (Sakashita et al.
2020), we suspected that these ERVs also function as enhancers.
To test this proposal, from the 1170 ERV loci potentially regulated
by KZFPs, we first selected 286 ERV loci based on their transcripts
and the adjacent gene transcripts being detected by RNA-seq either
in KIT* SGs or in PSs. Whereas expression of intergenic ERVs was
readily detected (Supplemental Fig. S4A-C), expression of ERVs
located within introns was difficult to distinguish from the back-
ground level within introns (Supplemental Fig. S4D). To eliminate
the possible confounding effect of intron-derived signals, we ex-
cluded seven ERV loci located in intronic regions, resulting in se-
lecting 279 nonintronic ERVs as targets for KZFPs (Fig. 3A).
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Figure 3. KZFPs target and suppress ERVs until the mitosis-to-meiosis transition. (A) Flowchart of analyses to identify target ERVs. (B,C) Normalized en-
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(H-K) Correlation between expression of the adjacent gene and nonintronic ERVs at the mitosis-to-meiosis transition (PS/KIT"). All nonintronic ERVs
were separated into four groups according to the distance to the most adjacent genes. The correlation coefficient (r) and P-value were calculated on panels

with more than 50 plots (/,/).

Among these 279 nonintronic ERV loci, most loci were located 10
kb-100 kb from the gene TSS, and the distribution, when com-
pared with randomly selected ERVs, was skewed toward relatively
proximal regions (Fig. 3F,G), suggesting a potential role as distal
enhancers. We further classified 279 loci into four categories ac-

cording to their genomic distance to the nearest TSSs; nine loci
were located within 1 kb, 61 loci were within 1-10 kb, 173 loci
were within 10-100 kb, and 36 loci were located >100 kb from
adjacent genes (Fig. 3H-K). Although we could not calculate the
P-value owing to the small sample size in the groups of within 1
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kb and of >100 kb, we observed a positive correlation between the
increased expression of ERVs and increased expression of their ad-
jacent genes from KIT* SGs to PSs in all groups. Taken together, we
conclude that KIT*-enriched KZFPs repress the activity of ERVs,
and downregulation of KZFPs would subsequently activate the en-
hancer activity of ERVs and their adjacent genes in meiotic cells in
mice.

Knockdown of KIT*-enriched KZFPs results in derepression
of target ERVs and adjacent genes

To ascertain whether KIT*-enriched KZFPs suppress meiotic ERVs
in nonmeiotic cells, we performed siRNA knockdown experiments
for KIT*-enriched KZFPs. We used ESCs as an example of nonmei-
otic cells that undergo mitotic divisions to test the function of
KZFPs in nonmeiotic cells, a strategy we previously used to activate
meiotic enhancers in nonmeiotic cells (Maezawa et al. 2020;
Sakashita et al. 2020). Because meiotic ERV enhancers and germ-
line genes are not active in nonmeiotic cells, we examined wheth-
er, after KZPF knockdown, meiotic ERVs and their adjacent genes
were derepressed in ESCs. ZFP987 binds and suppresses one type
of meiotic ERV, ERVB4_1C-LTR, and its adjacent germline genes,
Or1f19 and Vmn2r100 (Fig. 4A). Targeting Zfp987 reduced expres-
sion of Zfp987 and derepressed ERVB4_1C-LTR, Orlf19, and
Vmn2r100 (Fig. 4B). In line with this observation, an overall
decrease in H3K9me3 signals and an increase in H3K27ac signals
were observed in adjacent regions of ZFP987 binding sites near
the Or1f19 and Vmn2r100 gene loci at the KIT*-to-PS transition
(Fig. 4C,D), although the increase in RNA-seq signals was only
observed at the Or1f19 locus. These results suggest that ZFP987 re-
presses ERVB4_1C-LTR via H3K9me3 in KIT* and that ERVB4_1C-
LTR and its target gene Or1f19 are activated in PSs after the loss of
ZFP987. We also performed siRNA knockdown experiments for an-
other KIT*-enriched KZFP, Zfp989, which targets a type of ERV,
IAPLTR1a, adjacent to the Ube3a gene (Fig. 4E). siRNA knockdown
of Zfp989 resulted in derepression of IAPLTR1a and the Ube3a gene
(Fig. 4F). During the KIT-to-PS transition, a decrease in H3K9me3
signals and an increase in RNA-seq and H3K27ac signals were ob-
served in adjacent regions of ZFP989 binding sites near the Ube3a
gene locus (Fig. 4G), leading to the upregulation of the Ube3a gene
in PSs. Thus, the results observed in siRNA knockdown experi-
ments likely reflect in vivo events in the transition from mitotic
SGs to meiotic spermatocytes. Taken together, these results suggest
that KIT*-enriched KZFPs repress target ERVs and that the release
from KZFP-mediated repression allows activation of ERV enhanc-
ers and their target genes, which occurs during the transition
from SGs to spermatocytes during spermatogenesis (Fig. 4H).

Expression of human KZFPs at the mitotic stage is associated
with ERV suppression in male germ cells

We next examined whether human KZFPs, which have undergone
distinct evolution from mouse KZFPs, also regulate expression of
meiotic ERVs. Like mouse ERVs, human ERVs have undergone
rapid evolution. Some human ERVs act as enhancers to drive spe-
cies-specific genes in meiosis (Sakashita et al. 2020), raising the
possibility that KZFPs repress meiotic ERVs in premeiotic cells in
humans. To test this possibility, we reanalyzed previous RNA-seq
data of human spermatogenic cells (Zhu et al. 2016). Human
KZFPs showed a drastic change in expression during the transition
from SGs to primary spermatocytes (PriSCs), which include PSs
(Fig. 5A). Human KZFPs undergo a further change from PriSCs to
RSs (Fig. 5A). Four hundred sixty-nine human KZFPs were catego-

rized into three classes, including 118 SG-enriched KZFPs (Class I),
211 PriSC-enriched KZFPs, and 141 RS-enriched KZFPs (Fig. 5A;
Supplemental Table 2). Further, the stage-specific expression of
each Class was confirmed with a TPM-based expression analysis
(Supplemental Fig. S5A). Likewise, human TEs, including LINEs
and ERVs, undergo dynamic expression changes during spermato-
genesis (Fig. 5B), consistent with our previous analysis (Sakashita
et al. 2020). LINEs and ERVs were significantly upregulated from
SGs to PriSCs (Supplemental Fig. S5B). Of note, like mouse, human
SINEs were predominantly expressed in SGs but were suppressed in
PriSCs and RSs (Fig. 5B; Supplemental Fig. S5B).

To examine the interactions between human KZFPs and TEs,
we reanalyzed a previous data set of ChIP-exo (ChIP with lambda
exonuclease and sequencing) experiments of 222 human KZFPs in
HEK293T cells (Imbeault et al. 2017). Among 118 SG-enriched
KZFPs, 65 KZFPs have ChIP-exo data, and 62 KZFPs were highly en-
riched on ERVs based on the previous analysis (Fig. 5C; Imbeault
et al. 2017). Using these data, we detected binding peaks that
have varied frequencies of unique peaks that do not overlap with
peaks of other KZFPs (Supplemental Fig. S5C,D). These 62 KZFPs
bind 16,998 ERV loci, of which 70.1% were located in intergenic
regions and 28.6% were located in introns (Fig. SD).

Among 16,998 ERV loci targeted by SG-enriched KZFPs, we
first selected 9812 ERV loci, whose transcripts and the adjacent
gene transcripts were detected by RNA-seq in either SGs or
PriSCs. After excluding 2233 ERVs located in intronic regions,
7579 nonintronic ERVs remained as targets for KZEPs (Fig. 5C).
The majority of the nonintronic ERV loci were located within 10
kb-100 kb from the gene TSSs, and the distribution, when com-
pared to randomly selected ERVs, was skewed toward relatively
proximal regions (Fig. SE,F), again suggesting a potential role as
distal enhancers. We further classified 7579 loci into four catego-
ries according to their genomic distance to the nearest TSSs; 300
loci were located within 1 kb, 2283 loci were within 1-10 kb,
4412 loci were within 10-100 kb, and 584 loci were located >100
kb from adjacent genes (Fig. 5G-J). In all categories, we observed
a positive correlation between the increased expression of human
ERVs and increased expression of their adjacent genes from SGs to
PriSCs. These results suggest that in human SGs, a subset of SG-en-
riched KZFPs bind and repress the expression of ERVs that later
function as enhancers. In addition, a subset of proximal ERVs
(<1 kb from TSSs) were activated from SGs to PriSCs and correlated
with adjacent gene expression (Supplemental Fig. SSE,F), suggest-
ing that a subset of proximal ERV's act as promoters to drive meiotic
gene expression.

The transition from mitosis to meiosis underlies coevolution
of KZFPs and ERVs in mammals

Our analysis suggests a molecular mechanism by which a group of
KZFPs controls ERVs to regulate meiotic gene expression in mam-
mals. Because KZFPs and ERVs have evolved rapidly through an
arms race (Imbeault et al. 2017; Senft and Macfarlan 2021), we de-
termined the evolutionary history of SG-enriched KZFPs and their
target ERV's that are activated in meiosis. In mice, 66 KIT*-enriched
KZFPs were relatively conserved KZFPs and also formed a rodent-
specific clade (Fig. 6A,B). This finding suggests that the KIT*-en-
riched KZFPs also evolved rapidly and function in closely related
species such as mice and rats.

We also evaluated the evolutionary distance of murine KZFPs
to other mammalian species based on previous data sets (Imbeault
et al. 2017). We found that KIT*-enriched KZFPs were enriched
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Figure4. Knockdown of KIT*-enriched KZFPs results in derepression of ERVs and their adjacent genes. (4,E) Schematic of ERV enhancers and their target
loci. (B,F) Results of gRT-PCR for KZFP gene-targeted ERV and ERV-adjacent genes under Zfp987 knockdown (B) and Zfp989 knockdown (F). Data values for
controls were normalized to 1.0. Student’s t-test. (**) P<0.01, (*) P<0.05. n=4. (C,D,G) Track views of KZFP, RNA-seq, H3K9me3, and H3K27ac enrich-
ment in KIT* and PSs at the target ERV loci. Genomic regions around target genes (Or1f19 [C], Vmn2r100 [D], and Ube3a [G]) are shown. Target ERVs are
represented as red-colored letters and quadrangles. Adjacent regions of ZFP987 or ZFP989 binding sites are highlighted with gray-colored areas. (H)
Summary: In spermatogonia, spermatogonia-enriched KZFPs bind and suppress ERVs that later function as enhancers. At the ERV loci targeted by sperma-
togonia-enriched KZFPs, after entering meiosis, KZFPs were displaced and H3K9me3 decreased, whereas H3K27ac increased to become active enhancers.

with relatively conserved KZFPs (Supplemental Fig. S6A). Among
mouse KIT*-enriched KZFPs, we specifically focused on three
ERV-targeting KZFPs, ZFP989, GM14401, and ZFP987, because
they preferentially bound ERVs (Fig. 2C). These three KZFPs were
identified as Mus genus-specific (Imbeault et al. 2017), and we
found that these three KZFPs consistently recognized a specific

subset of Mus genus—specific ERVKs; such pairs include ZFP989-
IAPLTR1a_Mm, GM14401-IAPEz-int, and ZFP987-ERVB4_1C-LTR
(Fig. 6C,D). The ERVK family showed the most significant upregu-
lation after the transition from mitotic SGs to meiotic spermato-
cytes in mice (Fig. 1F), and indeed, the target ERVs of these three
KZFPs were upregulated in PS (Supplemental Fig. S7A). Thus, these
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Figure 5. Human premeiotic KZFPs can act as suppressors of meiotic enhancer ERVs. (A) Heatmaps showing a k-means clustering analysis of expression
(RNA-seq data) for all protein-coding KZFPs in human testicular germ cells. (B) Heatmaps showing the expression (RNA-seq data) of all detected TE types in
human testicular germ cells. (C) Flowchart of analyses to identify target ERVs. (D) Genome annotation of the human ERV loci targeted by 62 human SG-
enriched KZFPs. (E) Cumulative curve of active nonintronic ERVs targeted by 62 human SG-enriched KZFPs, based on the distance to the most adjacent
TSSs. The gray dots represent the distance from randomly chosen ERVs to the most adjacent TSSs. D and P-value are calculated by the Kolmogorov-Smirnov
test. (F) Distances between ERVs targeted by 62 human SG-enriched KZFPs and their adjacent genes. (G—/) Correlation between expression of the adjacent
gene and nonintronic ERVs at the mitosis-to-meiosis transition (PriSC/SG). All nonintronic ERVs were separated into four groups according to the distance to
the most adjacent genes. The correlation coefficient (r) and P-value are shown.

murine-specific KZFPs (ZFP989, GM14401, and ZFP987) target
newly evolved ERVKs in SGs, and these targeted ERVKs become ac-
tive in meiosis, showing an evolutionary relationship with the tar-
get ERVs.

Next, we examined the evolutionary aspects of human KZFPs.
Overall, 113 SG-enriched KZFPs had relatively high sequence ho-
mologies among primates and were less enriched with human-spe-
cific KZFPs (Fig. 6E). Consistent with this feature, SG-enriched
KZFPs were relatively well conserved between humans and chim-
panzees (Fig. 6F), a feature consistent with murine KZFPs. We
also evaluated the evolutionary distance of human KZFPs and
found that SG-enriched KZFPs were enriched with relatively con-

served KZFP genes (Supplemental Fig. S6B). We then evaluated
the evolutionary relationship between human SG-enriched
KZFPs and their target ERVs. We focused on four representa-
tive SG-enriched KZFPs (ZNF468, ZNF792, ZNF442, and ZNF317)
as models because these KZFPs showed a decrease in expression
during the transition from mitotic SGs to meiotic spermatocytes
(Supplemental Fig. S5G). These four human SG-enriched KZFPs
targeted various ERV families with a bias toward the ERV1
and ERVL-MalLR families (Fig. 6G). The evolution of these four
KZFPs corresponds to the evolution of target ERVs; Catarrhini-
specific ZNF468-targeted Catarrhini-specific MER11A and
LTR17, and Eutheria-specific ZNF792 and ZNF317 primarily
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Figure 6. The evolutional aspects of KZFPs enriched in the mitotic spermatogonia. (A) The heatmap represents the identity of all 282 murine KZFPs (left)
and 66 KIT*-enriched KZFPs (right) compared among mammalian species. The dendrogram represents the result of the hierarchical analysis, which cate-
gorizes all species into two groups. (B) The violin plot with a box plot overlay of the sequence identity of ALL KZFPs (white) and KIT*-enriched KZFPs (gray)
between mice and rats (top) and mice and humans (bottom). The central lines represent medians. The upper and lower hinges correspond to the 25th and
75th percentiles. The upperand lower whiskers are extended from the hinge to the largest value no further than the 1.5X inter-quartile range (IQR) from the
hinge. The red dots in the box plot are the average of the normalized enrichment. Mann-Whitney U test. (**) P<0.01. (C) The left pie chart represents the
proportion of subfamilies of target ERVs. The names of the ERV types shown in the middle represent the top three ERV types targeted by each KZFP. The right
pie chart represents the proportion of evolutional ages of target ERVs. The evolutional history of each KZFP is shown in parentheses. (D) Schematics of evolu-
tional clades for mice (top) and humans (bottom). (E) The heatmap represents the identity of all 429 murine KZFPs (left) and 113 KIT -enriched KZFPs (right)
compared among mammalian species. The dendrogram represents the result of the hierarchical analysis, which categorizes all species into two groups. (F)
The violin plot with a box plot overlay of the sequence identity of All KZFPs (white) and KIT*-enriched KZFPs (gray) between humans and chimpanzees (top)
and humans and mice (bottom). The central lines represent medians. The upper and lower hinges correspond to the 25th and 75th percentiles. The upper
and lower whiskers are extended from the hinge to the largest value no further than the 1.5X IQR from the hinge. The red dots in the box plot are the
average of the normalized enrichment. Mann-Whitney U test. (*) P<0.05. (G) The evolutional age of four representative human SG-enriched KZFPs
and their target ERVs. The left pie chart represents the proportion of subfamilies of target ERVs. The names of the ERV types shown in the middle represent
the top three ERV types targeted by each KZFP. The right pie chart represents the proportion of evolutional ages of target ERVs.
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targeted Eutheria-specific ERVs. Furthermore, Simiiformes-spe-
cific ZNF442-targeted Simiiformes-specific ERVs. These target
ERVs were upregulated in PriSCs (Supplemental Fig. S7B). These
results suggest concomitant evolution of SG-enriched KZFPs
and their target meiotic ERVs in mice and humans. Such coevo-
lution is consistent with an arms race between these subsets of
KZFPs and ERV pairs that are associated with the transition
from mitotic SGs to meiotic spermatocytes in mammals.

Meiotic KZFPs are unlikely to be associated with ERV
repression in meiosis

In contrast to SG-enriched KZFPs, groups of KZFPs were highly
upregulated after the transition from mitotic SGs to meiotic sper-
matocytes in both mice and humans. In mice, 35 Class VI KZFPs
were highly expressed in PSs (Fig. 1B), raising the possibility that
they function in meiotic cells. Of note, these 35 KZFPs are relative-
ly conserved compared with KIT*-enriched KZFPs among mam-
mals (Supplemental Fig. S8A), and their human orthologs tend
to be expressed in meiosis or in postmeiotic RSs (Supplemental
Fig. S8B). To characterize these PS-enriched KZFPs, we first ana-
lyzed the binding preference of five PS-enriched KZFPs for which
ChIP-seq data were available (Supplemental Fig. S8C,D). Among
these five KZFPs, ZFP992, ZKSCAN17, and ZFP94 showed a signifi-
cant enrichment at TE loci (Supplemental Fig. S8E). ZFP992 and
ZFP94 were significantly enriched at ERVs, and ZFP992, ZFP94,
and ZFP457 were significantly enriched at SINEs, whereas none
of the five KZFPs were preferentially bound to LINEs (Supplemen-
tal Fig. S8F). However, these target ERVs and SINEs did not show
expression changes during the transition from mitotic SGs to mei-
otic spermatocytes (KIT* to PS) (Supplemental Fig. S8G,H), sug-
gesting that PS-enriched KZFPs are not associated with repression
of target ERVs in meiosis in mice.

We next examined whether human KZFPs that are highly ex-
pressed in meiosis are associated with repression of target ERVs in
meiosis. In contrast to mouse meiotic KZFPs, which were well con-
served among mammals (Supplemental Fig. S8A), human PriSC-
enriched KZFPs were not well conserved among mammals (Supple-
mental Fig. S9A). Of the 211 PriSC-enriched KZFPs, 89 of the 99
KZFPs with ChIP-exo data preferentially bind ERVs (Supplemental
Fig. S9B). We further selected 34 KZFPs that were significantly ex-
pressed in PriSCs (Supplemental Fig. S9C). However, expression of
the target ERV loci of these 34 KZFPs was not significantly changed
during the transition from mitotic SGs to meiotic spermatocytes
(SGs to PriSC) (Supplemental Fig. S9D). Together with the mouse
analysis, our results suggest that meiotic KZFPs are unlikely to be
associated with ERV repression in meiosis in mammals.

MSCI may antagonize the coevolution of KZFPs and ERVs
in mammals

During meiosis, sex chromosomes undergo MSCI, which is an es-
sential process in the male germline (Turner 2015; Alavattam et al.
2022). MSCI silences expression of most sex chromosome-linked
genes during the pachytene and diplotene stages and largely con-
tinues to postmeiotic silencing, with a subset of genes associated
with spermiogenesis escaping postmeiotic silencing (Namekawa
et al. 2006; Mueller et al. 2008). Of note is that MSCI impacts sex
chromosome evolution (Potrzebowski et al. 2008). For example,
the X Chromosome is enriched with genes expressed before meio-
sis (Khil et al. 2004) and with spermatid-specific genes that escape
postmeiotic silencing of the sex chromosomes (Sin et al. 2012;
Mueller et al. 2013). Therefore, we sought to determine whether

MSCI impacted the coevolution of KZFPs and ERVs in mammals.
Because we found that SG-enriched KZFPs regulate meiotic ERVs,
we examined the chromosome distribution of these ERVs in
mice and humans. Notably, meiotic ERVs were significantly en-
riched on autosomes and underrepresented on the sex chromo-
somes in mice (Fig. 7A,B). Nevertheless, when focusing solely on
the X Chromosome, we found a similar trend in humans (Fig.
7C,D). The previous human KZFP ChIP-exo experiments were per-
formed using HEK293T cells from a female donor, which precludes
evaluating KZFP-binding sites on the Y Chromosome. We next ex-
amined the chromosomal distribution of ERVs targeted by meiotic
KZFPs and found that these ERVs were predominantly located on
autosomes and underrepresented on the sex chromosomes (Sup-
plemental Fig. S10A-D). In humans, although PriSC-enriched
KZFPs were not located on the X Chromosome, the presence of
SG-enriched KZFPs was observed on the X Chromosome (Supple-
mental Fig. S10E,F). This distribution pattern is consistent with
the enrichment of genes expressed before meiosis on the X Chro-
mosome (Khil et al. 2004). These analyses suggest that MSCI may
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Figure7. Chromosomal distribution of ERVs targeted by mouse and hu-
man spermatogonia-enriched KZFPs. (A) Chromosomal distribution of
mouse ERV copies targeted by KIT*-enriched KZFPs. The bar plot repre-
sents the ratio values of the observed copy number of ERVs versus the the-
oretically expected number. The color of each bar represents the statistical
significance: black indicates P<0.05; gray, not significant; binomial test.
(B) Distribution of mouse ERV copies targeted by KIT*-enriched KZFPs
on autosomes or sex chromosomes. Binomial test. (***) P<0.001. (C)
Chromosomal distribution of human ERV copies targeted by SG-enriched
KZFPs. The bar plot is represented the same way as panel A. The Y
Chromosome data are absent because the HEK293T cells used in the
ChlIP-exo experiments to determine human KZFP binding were derived
from a female donor and, therefore, lacked Y Chromosomes. (D)
Distribution of human ERV copies that are targeted by PriSC-enriched
KZFPs on autosomes or sex chromosomes. The bar plot is represented
the same as panel B. (E) Summary. MSCI antagonizes the coevolution of
KZFPs and ERVs on the sex chromosomes in mammals.
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KZFPs regulate ERVs and germline transcriptomes

antagonize the coevolution of KZFPs and ERVs on the sex chromo-
somes in mammals (Fig. 7E).

Discussion

In this study, by focusing on KZFPs, one of the most rapidly evolv-
ing families of TFs during mammalian radiation (Tadepally et al.
2008; Yang et al. 2017; Bruno et al. 2019; Wolf et al. 2020; Senft
and Macfarlan 2021), we describe a molecular logic by which a
large number of ERVs are controlled and specifically activated after
the transition from mitotic SGs to meiotic spermatocytes. The ex-
pression of KZFPs changes drastically during the same transition
during spermatogenesis in both mice and humans, and these
changes accompany expression changes of a variety of TEs. At
the ERV loci targeted by a subset of SG-enriched KZFPs, active en-
hancers likely form after entering meiosis, as KZFPs are lost,
H3K9me3 decreases, and H3K27ac increases (Fig. 4H).

Because retrotransposons require transcription to integrate
into the germline, retrotransposons are activated in the germline,
where their expression is tightly controlled to minimize genome
instability. What remains largely unknown is when retrotranspo-
sons are activated in the germline. Our study suggests that the tran-
sition from mitosis to meiosis is a critical time window for the
coevolution of rapidly expanding TEs and rapidly evolving sup-
pressive KZFPs as reflected in the reciprocal pattern of expression
of KZFPs and their target ERVs. One consequence of such coevolu-
tion would be lineage-specific germline transcriptomes. Notably,
this window of coevolution coincides with genome-wide changes
in chromatin state and epigenomic modifications from mitosis to
meiosis (Sin et al. 2015; Maezawa et al. 2018b; Alavattam et al.
2019; Patel et al. 2019; Wang et al. 2019). Results reported here pro-
vide further support for such coevolution. Coevolution of KZFPs
and ERVs has also been suggested in the context of mouse and hu-
man embryonic development (Pontis et al. 2019, 2022; Seah et al.
2019; louranova et al. 2022). Thus, there may be multiple windows
in the germline cycle to drive genomic evolution.

We also sought to understand the functions of KZFPs that
are enriched at the meiotic stage. Although some PS-enriched
KZFPs show a binding preference for ERVs or SINEs, we did not
find any association with gene expression changes. Therefore,
meiotic KZFPs may have functions other than transcriptional re-
pression, may still be evolving toward TE regulation, or may
have lost some of their targets owing to the arms race. For example,
PRDM9, a well-conserved, and the most ancient, type of KZFP,
functions as the determinant of meiotic DNA double-strand break
sites during meiotic recombination but is not involved in gene reg-
ulation. Although human and mouse PRDMY9 protein has a
KRAB-A domain, it does not interact with an essential regulator
of heterochromatin, TRIM28, and thus is not involved in tran-
scriptional repression (Baudat et al. 2010; Myers et al. 2010; Patel
etal. 2016; Imai et al. 2017). In addition, a previous study revealed
that an evolutionarily ancient group of KZFPs, termed variant
KZFPs, do not interact with TRIM28 and may have different roles
other than TRIM28-dependent TE suppression (Helleboid et al.
2019); the study identified 35 human KZFPs as variant KZFPs,
and there are 26 orthologs in the mouse genome. Notably, among
26 orthologous genes, nine KZFP genes (Zfp202, Zkscan5, Zkscaneé,
Zkscanl7, Zfp212, Zfp786, Zfp473, Zfp446, Zfp78) are classified as
PS-enriched KZFPs in our current study and therefore may not act
as transcriptional repressors.

We find that KZFPs-targeted ERVs are underrepresented on
the X Chromosome, presumably because of MSCI. A previous

study reported that autosomes carry many retrotransposed genes
that originated from the X Chromosome to avoid MSCI; these
genes are expressed later during spermatogenesis (Emerson et al.
2004). These cases of retrotransposition coincide with the timing
of the dynamic changes in expression of KZFP and retrotranspo-
sons reported here. Therefore, extensive genomic evolution may
be driven in part by MSCI during the transition from mitotic SGs
to meiotic spermatocytes when extensive epigenetic programm-
ing takes place. During meiosis, H3K9me3 is established on the
X Chromosome by SETDB1 and its germline-specific partner
ATF71P2, but this action of SETDB1-ATF7IP2 is regulated down-
stream from the DNA damage response (DDR) pathway (Hirota
et al. 2018; Alavattam et al. 2024), which is the master regulator
of MSCI (Alavattam et al. 2022). Both X-linked protein-coding
genes and TEs are also highly enriched with H3K9me3 in PSs
(Liu et al. 2019; Alavattam et al. 2024), likely by the action of
DDR-directed H3K9me3, which can be KZFP independent. Of
note, we previously showed enrichment of ERV enhancers marked
with H3K27ac on the X Chromosome in PSs (Sakashita et al. 2020),
which may reflect that these X-linked ERVs do not require KZFPs as
aregulatory mechanism. In addition to H3K9me3, H3K27ac is also
established by the DDR pathway on the sex chromosomes in mei-
osis (Adams et al. 2018). Our observation suggests that distinct
mechanisms regulate the activities of ERVs on autosomes and
sex chromosomes during spermatogenesis.

The binding-site information generated in previous studies
(Imbeault et al. 2017; Wolf et al. 2020) restricted our analysis to
a limited number of KZFPs and, therefore, limited our ability to
make broad generalizations of the KZFP function. Nevertheless,
we predict not only that there is a much broader network of inter-
actions taking place between KZFPs and ERVs in the mammalian
male germline but also that the germline functions of KZFPs are
much broader than previously thought, such as the cases for
PRDM?9 and other KZFPs required for imprinting control (Li et al.
2008; Takahashi et al. 2019).

Our results provide the first evidence that an evolutionary
arms race between virus-derived sequences, ERVs, and endogenous
KZFP defense machinery takes place during the transition from mi-
totic SGs to meiotic spermatocytes in germ cells. Expression of
KZFPs mirrors expression of ERVs, and the target ERVs bound by
a subset of SG-enriched KZFPs are highly covered with H3K9me3
in SGs. After germ cells enter meiosis, H3K9me3 disappears, and
the ERV loci acquire an active enhancer mark H3K27ac
that is accompanied by the loss of KZFPs we assessed, leading
to activation of adjacent genes in meiotic PSs. This trend is
found in mice and humans, suggesting that mammalian species
have evolved regulatory machinery consisting of rapidly evolving
KZFPs and ERV activity in the male germline. Furthermore,
KZFP-dependent ERV suppression mainly operates on autosomes
and is underrepresented on the sex chromosomes. We propose
that epigenetic programming in the mammalian germline during
the transition from mitotic SGs to meiotic spermatocytes facili-
tates the coevolution of KZFPs and TEs on autosomes and is antag-
onized by MSCI.

Methods

Sequence comparison of KZFPs among mammalian species

The identity scores of KZFPs were calculated using the BioMart web
tool (https://www.ensembl.org/biomart/martview). We first orga-
nized the gene names of KZFPs in mice or humans as a gene listand
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then chose the data set “GRCm39” or “GRCh38.p14” for mice and
humans, respectively. The gene list was then entered as an input.
As attributes, we chose the percentage of identities of target species
(including 11 mammalian species) gene identical to query gene
(mice or human) to obtain the sequence identity of the KZFP
homolog.

RNA-seq data analysis

Raw reads of previous RNA-seq reads were first trimmed using Trim
Galore! (version 3.3; https://github.com/FelixKrueger/TrimGal ore)
and then aligned to either the mouse (GRCm38/mm10) or human
(GRCh38/hg38) genomes using STAR alignment software (version
2.5.3a) (Dobin et al. 2013). Multiple mapped reads were used to
quantify gene expression. All aligned reads were then sorted and in-
dexed by SAMtools (version 1.11) (Li et al. 2009) function sort and
index, respectively. The gene annotation file was obtained from the
GENCODE database (v41 for humans and vM25 for mice; https
://www.gencodegenes.org). The list of KZFPs was obtained from
the previous study (Imbeault et al. 2017).

To quantify TE expression, only uniquely aligned reads were
used. All aligned reads were sorted and indexed by SAMtools func-
tion sort and index, respectively. TEs and repeat sequence annota-
tion files were downloaded from the UCSC Genome Browser
RepeatMasker Track (https://genome.ucsc.edu/cgi-bin/hgTrackUi
?g=rmsk), which is based on the Repbase (Bao et al. 2015) library.

After alignment and sorting, the reads mapped on genes were
counted by the function featureCounts using the Subreads soft-
ware with the -M option(multiple-mapped reads count mode)
(Liao et al. 2014). To quantify RNA-seq reads per TE copy, we per-
formed the function featureCounts without -M option (uniquely
mapped reads count mode) using RepeatMasker track. After the
read count, unexpressed TE copies (fewer than two raw read counts)
in the data sets were removed and served as a cutoff. To obtain an
overview of TE expression levels, we recalculated the read counts
by aggregating the reads of each copy according to the type it be-
longs to, thereby obtaining the read counts at the type level.

To determine differentially expressed genes and TE copies,
read counts were used as input data for the DESeq2, the R package
(version 1.34.0) (Love et al. 2014). To perform k-means cluster-
ing analysis for the subset of genes and TEs and draw heatmaps,
we used the web tool Morpheus distributed by the Broad
Institute (https://software.broadinstitute.org/morpheus). Each TE
copy was classified as we did in our previous report, briefly, starting
with the largest categories, class, and then in the order of subclass >
order > superfamily > family > type > copy (Sakashita et al. 2020).
To perform GO enrichment analysis for the subset of KZFPs,
we used the web tool DAVID (Huang et al. 2009; Sherman et al.
2022).

ChlP-seq and ChlIP-exo data analysis

Raw reads of previous ChIP-seq and ChIP-exo reads were first
trimmed using Trim Galore! and then aligned to either the mouse
(GRCm38/mm10) or human (GRCh38/hg38) genomes using
Bowtie 2 software (version 2.4.4) (Langmead and Salzberg 2012).
All aligned reads were then sorted and indexed using the
SAMtools function sort and index, respectively. Peak calling for
ChIP-seq and ChIP-exo data was performed using MACS2 (version
2.2.7.1) (Zhang et al. 2008) following the setting described in a pre-
vious study (Imbeault et al. 2017; Wolf et al. 2020). The expected
background was estimated by randomly generating and cal-
culating numbers of background genomic regions equal to the
numbers of ChIP-seq peak regions determined by BEDTools
(version 2.30.0) (Quinlan and Hall 2010) function random.

Target TEs of each KZFP were determined by examining the
overlap between TE annotations and detected peaks by BEDTools
function intersect. The normalized signal of H3K9me3 and
H3K27ac was calculated using BEDTools function coverage using
corresponding BAM files and genome coordinates (BED file) ob-
tained by intersect. This coverage function enabled us to evaluate
the extent to which H3K9me3 or H3K27ac occupies TE regions.
The genomic annotation of target TEs was analyzed by HOMER
software (version 4.11) (Heinz et al. 2010) function annotate-
Peaks.pl using a genome coordinate file (BED file) that contains
the genomic location of target ERVs as input data. The quantitative
analysis of H3K9me3 and H3K27ac levels was performed with rep-
licates supplied by the previous studies (Adams et al. 2018; Liu et
al. 2019; Chen et al. 2020; Maezawa et al. 2020). The P-value was
calculated by the paired t-test. Because H3K27ac ChIP-seq data
were deposited with only two biological replicates, we employed
P<0.1 as a threshold to evaluate the significance.

The program deepTools (version 3.5.1) (Ramirez et al. 2016)
was used to draw tag density plots and heatmaps for read enrich-
ment (H3K9me3, H3K27ac, and each KZFP ChIP-seq read). To
detect genes adjacent to target ERVs, we used ChIPpeakAnno,
the R package (version 3.28.1) (Zhu et al. 2010), using a genome co-
ordinate file (BED file) that contains the genomic location of target
ERVs as input data. To visualize read enrichment over representa-
tive genomic loci, bigWig files were created from sorted BAM files
using deepTools function bamCoverage and visualized by using
IGVTools (Robinson et al. 2011). To determine the evolutional
age of target TEs, we referred to the database of the research com-
munity Dfam (Storer et al. 2021).

ESC culture and KZFP knockdown experiment

The J1 male ESCs were cultured in ESC medium (15% FBS
[Hyclone], 1x GlutaMAX [Invitrogen], 1x MEM nonessential
amino acids solution [Invitrogen], 1x penicillin-streptomycin
[Invitrogen], and 55 uM B-mercaptoethanol in knockout DMEM
[Invitrogen]) containing 2i (1 uM PD0325901, LC Laboratories; 3
uM CHIR99021, LC Laboratories) and LIF (1300 U/mL, Merck)
on cell culture plates coated with 0.2% gelatin under feeder-free
conditions.

One day before transfection, 1.0 x 10° cells were seeded onto
a 24-well plate coated with 0.2% gelatin. For transfection,
Lipofectamine RNAiIMAX (Invitrogen) was used following the
manufacturer’s guidelines with 10 pmol siRNA. Six days after
transfection, cells were lysed, and total RNA was isolated using
the RNeasy plus micro kit (Qiagen). One hundred nanograms
of total RNA was reverse-transcribed by using SuperScript IV
(Invitrogen). cDNA was subjected to qRT-PCR using PowerUp
SYBR Green master mix (Applied Biosystems) with the primers list-
ed in Supplemental Table 3.

Evaluation of amino acid sequence similarities across
mammalian species

To calculate amino acid sequence similarities and detect ortholo-
gous KZFP proteins to mouse and human KZFPs across mammalian
species, we applied a list of mouse and human KZFP genes to the
BioMart web tool from the Ensembl database (Kinsella et al.
2011) to compute amino acid sequence similarities, that is, per-
centage identities of target genes in other species in comparison
to the respective query genes. Among all 363 mouse KZFPs and
469 human KZFPs registered in the GENCODE gene annotation,
282 mouse KZFPs and 429 human KZFPs are registered in the
BioMart database. Thus, 282 mouse KZFPs and 429 human
KZFPs were analyzed in Figure 1A. The divergence time of each
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evolutionary clade was determined by referring to the web tool
TimeTree (Kumar et al. 2022).

Statistical analyses

All the statistical analyses were performed using R software (ver-
sion 4.1.3) (R Core Team 2018; https://www.R-project.org/).

Data sets

The raw reads of RNA-seq, ChIP-seq, and ChIP-exo from previous
studies were downloaded under the accession numbers as
Supplemental Table 4. Germ cell isolation for NGS data was per-
formed in previous studies using different methods. For the
RNA-seq data, THY1"* and KIT* SGs were isolated by magnetic-acti-
vated cell sorting (MACS), and PSs and RSs were isolated by the
BSA-gradient method using STA-PUT (Hasegawa et al. 201S5;
Maezawa et al. 2018a). For the ChIP-seq (GSE137744), KIT* SGs
were isolated by MACS, and PSs were isolated by fluorescence-acti-
vated cell sorting (FACS) (Liu et al. 2019). For the ChIP-seq
(GSE107398), KIT* SGs were isolated by MACS, and PSs were isolat-
ed by the BSA-gradient method (Adams et al. 2018; Maezawa et al.
2020). For the ChIP-seq (obtained from the Gene Expression
Omnibus [GEO; https://www.ncbi.nlm.nih.gov/geo/] under ac-
cession number GSE132446), the germ cell differentiation was first
synchronized by a RA-synthesis inhibitor, WIN 18446, and then
each spermatogenic cell type was collected after RA induction
followed by FACS (Chen et al. 2020). Single-cell RNA-seq data
from the previous study (Hermann et al. 2018) were downloaded
from the Mendeley Data Deposition (https://data.mendeley.com/
datasets/kxd5f8vpt4/1) and were processed using 10x Genomics
Loupe Browser (version 6.0.0, https:/www.10xgenomics.com/
products/loupe-browser).
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