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Abstract 29 

H3K9 tri-methylation (H3K9me3) plays emerging roles in gene regulation, beyond its 30 

accumulation on pericentric constitutive heterochromatin. It remains a mystery why and how 31 

H3K9me3 undergoes dynamic regulation in male meiosis. Here, we identify a novel, critical 32 

regulator of H3K9 methylation and spermatogenic heterochromatin organization: the germline-33 

specific protein ATF7IP2 (MCAF2). We show that, in male meiosis, ATF7IP2 amasses on 34 

autosomal and X pericentric heterochromatin, spreads through the entirety of the sex 35 

chromosomes, and accumulates on thousands of autosomal promoters and retrotransposon loci. 36 

On the sex chromosomes, which undergo meiotic sex chromosome inactivation (MSCI), the 37 

DNA damage response pathway recruits ATF7IP2 to X pericentric heterochromatin, where it 38 

facilitates the recruitment of SETDB1, a histone methyltransferase that catalyzes H3K9me3. In 39 

the absence of ATF7IP2, male germ cells are arrested in meiotic prophase I. Analyses of 40 

ATF7IP2-deficient meiosis reveal the protein9s essential roles in the maintenance of MSCI, 41 

suppression of retrotransposons, and global upregulation of autosomal genes. We propose that 42 

ATF7IP2 is a downstream effector of the DDR pathway in meiosis that coordinates the 43 

organization of heterochromatin and gene regulation through the spatial regulation of SETDB1-44 

mediated H3K9me3 deposition. 45 

 46 

  47 
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Introduction 48 

Constitutive heterochromatin forms mainly at pericentromeres and is maintained to 49 

ensure genome stability. A hallmark of constitutive heterochromatin is histone H3K9 tri-50 

methylation (H3K9me3) (Saksouk et al. 2015). It was initially considered a static histone mark 51 

due to its stable accumulation on tandem satellite repeats at pericentric heterochromatin (PCH); 52 

however, a growing literature reveals that H3K9me34particularly H3K9me3 mediated by the 53 

histone methyltransferase SETDB14has broad, dynamic roles in suppressing developmental 54 

regulator genes and endogenous retroviruses in embryonic stem cells (Bilodeau et al. 2009; 55 

Matsui et al. 2010), thereby defining cellular identities in somatic development (Becker et al. 56 

2016; Nicetto and Zaret 2019). 57 

 58 

An essential factor in the germline, SETDB1 is required for gene regulation, the 59 

suppression of transposable elements (TEs), and the control of meiotic chromosome behavior 60 

(Liu et al. 2014; Hirota et al. 2018; Mochizuki et al. 2018; Cheng et al. 2021). The redundant 61 

H3K9me3 methyltransferases SUV39H1 and SUV39H2 are also required for male meiosis 62 

(Peters et al. 2001). Thus, the regulation of H3K9me3 is critical in male meiosis, where 63 

constitutive heterochromatin is remodeled to undergo synapsis and meiotic recombination on 64 

homologous chromosomes (Scherthan et al. 2014; Berrios 2017; Maezawa et al. 2018a). 65 

However, it remains a mystery why and how H3K9me3 undergoes dynamic regulation in male 66 

meiosis. 67 

 68 

In addition to its roles at PCH, H3K9me3 is subject to dynamic temporal and spatial 69 

regulation on the male sex chromosomes as they undergo meiotic sex chromosome inactivation 70 
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(MCSI) (Turner 2015; Alavattam et al. 2021). An essential event in the male germline, MSCI is 71 

initiated and maintained by a DNA damage response (DDR) pathway (Ichijima et al. 2011; Royo 72 

et al. 2013; Abe et al. 2022). Downstream of the DDR, SETDB1 establishes H3K9me3 on the 73 

sex chromosome and regulates MSCI (Hirota et al. 2018). SETDB1 is expressed in a broad range 74 

of cells, but there is a major knowledge gap as to how SETDB1 and H3K9me3 function in 75 

meiosis. 76 

 77 

Here, we identify Activating transcription factor 7 interacting protein 2 (ATF7IP2), also 78 

known as MBD1-containing chromatin-associated factor 2 (MCAF2), as a novel, critical 79 

regulator of SETDB19s spatiotemporal activity, H3K9 methylation, and global spermatogenic 80 

gene regulation. We identified ATF7IP2 based on its gene expression in the germline. In the 81 

midst of our investigation, an IP-mass spectrometry analysis identified ATF7IP2 as a SETDB1-82 

binding protein (Hirota et al. 2018), lending the factor further contextual significance. In 83 

mitotically cycling cells, its homolog ATF7IP (MCAF1) regulates SETDB1 for H3K9me3 84 

establishment and transcriptional silencing (Ichimura et al. 2005; Timms et al. 2016; Tsusaka et 85 

al. 2019; Tsusaka et al. 2020). We show that ATF7IP2 is a counterpart to ATF7IP that is highly 86 

expressed in the germline and essential in male meiosis, revealing roles for ATF7IP2 in MSCI, 87 

global meiotic gene regulation, and the fine-tuning of retrotransposon-derived loci such as 88 

endogenous retroviruses. By uncovering ATF7IP29s germline functions, our study clarifies the 89 

regulatory logic for dynamic H3K9me3 deposition4and thus heterochromatin4in the male 90 

germline. 91 

 92 
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Results  93 

ATF7IP2 is highly expressed in male meiosis and accumulates on heterochromatin 94 

To understand the meiosis-specific regulation of H3K9me3, we focused on Atf7ip2 95 

(Mcaf2), a gene that is highly expressed in male meiosis as evidenced in RNA-seq datasets for 96 

germ cell development and spermatogenesis (Seisenberger et al. 2012; Hasegawa et al. 2015; 97 

Maezawa et al. 2018b) (Fig. 1A). Atf7ip2 expression is low in male germ cells until the stage of 98 

meiosis, at which point it is highly upregulated in meiotic pachytene spermatocytes (Fig. 1A). 99 

On the other hand, its homolog Atf7ip (Mcaf1), which functions in mitotically dividing/somatic 100 

cells (Ichimura et al. 2005; Timms et al. 2016), is highly expressed in primordial germ cells and 101 

spermatogonia but is downregulated in pachytene spermatocytes. Among various tissues, Atf7ip2 102 

is highly expressed in testes (Supplemental Fig. S1A). Furthermore, mouse ATF7IP2 has high 103 

homology with human ATF7IP2 (Supplemental Fig. S1B), except for its long N-terminal amino 104 

acid tail, and ATF7IP2 is highly expressed in human testes9 meiotic spermatocytes 105 

(Supplemental Fig. S1C). These results raise the possibility that ATF7IP2 is an evolutionarily 106 

conserved counterpart to ATF7IP that is highly expressed in late stages of spermatogenesis. 107 

 108 

To understand the regulatory mechanism for Atf7ip2 expression, we examined the 109 

genomic distribution of MEIOSIN and STRA8, both transcription factors that heterodimerize to 110 

initiate meiosis-specific transcription (Kojima et al. 2019; Ishiguro et al. 2020). We observed 111 

MEIOSIN and STRA8 peaks at the Atf7ip2 transcription start site (TSS) in preleptotene-enriched 112 

testes (the preleptotene stage is a liminal stage for germ cells transitioning from mitosis to 113 

meiotic prophase I) [Fig. 1B, reanalysis of (Ishiguro et al. 2020)]. These peaks coincide with the 114 

accumulation of RNA polymerase II (POLII) and Cap Analysis of Gene Expression (CAGE) 115 
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signals in postnatal day 10.5 (P10.5) testes, which are enriched for preleptotene spermatocytes 116 

[Fig. 1B, reanalysis of (Li et al. 2013)]. In support of a role for MEIOSIN and STRA8 in Atf7ip2 117 

expression, Atf7ip2 was downregulated in Stra8-/- and Meiosin-/- testes at P21 (Fig. 1C). In mouse 118 

testes, the first wave of meiosis occurs semi-synchronously, and Atf7ip2 expression is at its 119 

highest in P18 testes, when late stages of meiotic prophase I spermatocytes first appear (Fig. 1C). 120 

Taken together, these results demonstrate that the expression of Atf7ip2 is upregulated by 121 

MEIOSIN and STRA8, occurring amid a broad range of meiotic transcription (Kojima et al. 122 

2019; Ishiguro et al. 2020). 123 

 124 

To better understand the potential function of ATF7IP2, we investigated ATF7IP2 125 

protein localization during stages of mouse male meiosis by performing immunofluorescence 126 

microscopy with chromosome spreads (Fig. 1D, E). In the leptotene stage of meiotic prophase I, 127 

when meiotic chromosome axes begin to condense, ATF7IP2 localizes on DAPI-discernible 128 

heterochromatin. ATF7IP2 continues to localize on all DAPI-discernible PCH through the 129 

zygotene stage, when homologs undergo synapsis; the pachytene stage, when homologs have 130 

completed synapsis; and the diplotene stage, when homologs begin desynapsis (Fig. 1E). Meiotic 131 

nuclei were staged through observations of chromosome axes as identified by SYCP3 132 

(Alavattam et al. 2016; Alavattam et al. 2018), a component of meiotic axes, and the presence of 133 

the testis-specific histone variant H1T, which appears in mid pachytene nuclei and persists into 134 

haploid spermatids (Inselman et al. 2003). At the onset of the pachytene stage, the unsynapsed 135 

sex chromosomes undergo MSCI, and the most intense ATF7IP2 signals were observed on X-136 

chromosome PCH (X-PCH) at that time (Fig. 1E, F). In the early and mid pachytene stages, 137 

ATF7IP2 localizes primarily on X-PCH; from the late pachytene stage onward, ATF7IP2 138 
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gradually spreads across the entirety of the sex chromosome domain (also referred to as the <XY 139 

domain= or <XY chromatin,=). Thus, ATF7IP2 exhibits two distinct localization patterns in 140 

meiotic prophase I: one is on the PCH of all chromosomes, and the other is intense accumulation 141 

on X-PCH that proceeds to spread through the entirety of the XY chromatin. 142 

 143 

ATF7IP2 is required for male meiosis 144 

 To test the function of ATF7IP2, we performed CRISPR-mediated genome editing to 145 

generate Atf7ip2  knockout mice. We targeted a guide RNA to a site within exon 4 (Fig. 2A), 146 

which encodes a portion of the SETDB1-binding domain (SETDB1-BD) that is conserved 147 

between ATF7IP2 and ATF7IP (Fig. 2B). We obtained three alleles with deletion lengths of, 148 

respectively, 17, 31, and 169 bp. All caused Atf7ip2 frameshift mutations, and all three 149 

homozygous Atf7ip2 mutants displayed consistent and obvious testicular defects. For subsequent 150 

analyses, we selected the 17 bp-deletion allele as a representative; hereafter, the homozygous 17 151 

bp-allele model is denoted Atf7ip2-/-. Atf7ip2-/- male mice were viable but infertile, and had much 152 

smaller testes compared to littermate controls (Fig. 2C, D, E). We confirmed the depletion of 153 

ATF7IP2 proteins in Atf7ip2-/- spermatocytes via immunofluorescence microscopy 154 

(Supplemental Fig. S2). Analyses of testicular tissue sections showed that Atf7ip2-/- testes were 155 

devoid of haploid spermatids, and seminiferous tubules were smaller than in control testes (Fig. 156 

2F). However, Atf7ip2-/- spermatocytes reached the stage when H1T is enriched, the mid 157 

pachytene stage, indicating that Atf7ip2-/- spermatocytes are arrested and eliminated in meiotic 158 

prophase I. Unlike Atf7ip2-/- males, Atf7ip2-/- female mice were fertile and, when crossed with 159 

Atf7ip2+/- males, gave birth at Mendelian ratios (Supplemental Fig. S3). These results suggest 160 
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that the Atf7ip2-/- phenotype is caused by an essential, male-specific event in the germline that 161 

has gone defective. 162 

 163 

Meiotic phenotypes in male Atf7ip2-/- mice 164 

 To determine the function of ATF7IP2, we characterized the meiotic phenotype of 165 

Atf7ip2-/- male mice in detail. We performed immunostaining to analyze chromosome spreads 166 

from Atf7ip2-/- testes for a specific marker of the DDR: phosphorylated Serine 139 of the histone 167 

variant H2AX (³H2AX). In the leptotene and zygotene stages, the DDR/checkpoint kinase 168 

Ataxia Telangiectasia Mutated (ATM) triggers the formation of ³H2AX domains throughout 169 

nuclei in response to programmed double-stranded breaks (DSBs; induced by the topoisomerase-170 

related enzyme SPO11); with the completion of DNA repair and concomitant autosomal 171 

synapsis, ³H2AX disappears from autosomes (Mahadevaiah et al. 2001; Bellani et al. 2005). In 172 

the latter steps of this process, Ataxia Telangiectasia and Rad3-Related (ATR), another 173 

DDR/checkpoint kinase, mediates ³H2AX formation on unsynapsed chromatin; in normal 174 

pachytene nuclei, this results in the confinement of ³H2AX to the unsynapsed XY chromosomes, 175 

an essential event in the initiation of MSCI (Royo et al. 2013). Thus, ³H2AX staining, together 176 

with SYCP3 staining, provides key insights into general meiotic phenotypes (Abe et al. 2018; 177 

Alavattam et al. 2018). In Atf7ip2-/- spermatocytes, pan-nuclear ³H2AX formation occurs 178 

normally in the early/mid zygotene stage (Fig. 3A), and relative populations of zygotene 179 

spermatocytes are comparable between Atf7ip2-/- testes and littermate controls (Fig. 3B). In the 180 

Atf7ip2-/- pachytene spermatocytes, ³H2AX formation on the XY chromosomes takes place (Fig. 181 

3A); however, we noted a significant increase in the relative population of early/mid pachytene 182 

spermatocytes, while diplotene spermatocytes were rare and largely depleted from Atf7ip2-/- 183 
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testes (Fig. 3B). These analyses suggest that ATF7IP2 has a critical function as spermatocytes 184 

transition from the pachytene to diplotene stages. 185 

 186 

Following our established criteria for SYCP3- and ³H2AX-based meiotic staging (Abe et 187 

al. 2018; Alavattam et al. 2018), we analyzed ³H2AX staining patterns in more detail. In Atf7ip2-
188 

/- early/mid pachytene spermatocytes, the removal of ³H2AX from autosomes was delayed in 189 

comparison to controls (Fig. 3C). In normal meiosis, ³H2AX accumulates through the whole of 190 

leptotene and early zygotene nuclei (Pattern I, Fig. 3A and 3C); as spermatocytes progress into 191 

the late zygotene stage, ³H2AX accumulation transitions from a pan-nuclear diffuse signal to 192 

concentrated accumulation on the chromatin associated with unsynapsed chromosome axes, 193 

albeit with partial signals remaining along synapsed autosomes (Pattern II); by the mid and late 194 

pachytene stages, ³H2AX is confined to XY chromatin, having largely disappeared from 195 

autosomes (Pattern III). In Atf7ip2-/- early/mid pachytene spermatocytes, ³H2AX remains on 196 

autosomes longer than in littermate controls (Fig. 3C), suggesting that, in the absence of 197 

ATF7IP2, autosomal DDR signaling is affected. 198 

 199 

Following on this, we investigated the outcome of meiotic recombination by scoring the 200 

numbers of MLH1 foci4which illuminate crossover sites4on chromosome axes. Numbers of 201 

MLH1 foci were comparable between Atf7ip2+/- and Atf7ip2-/- H1T-positive mid/late pachytene 202 

spermatocytes (Fig. 3D). While a recent study of a separate Atf7ip2-/- mouse line reported 203 

reduced numbers of XY pseudoautosomal regions (PARs) with MLH1 foci (Shao et al. 2023), 204 

our observations showed no significant difference in the proportions of MLH1-associated PARs 205 

in Atf7ip2+/- and Atf7ip2-/- models (Fig. 3D). Next, we analyzed chromosome synapsis by 206 
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immunostaining for SYCP3 (a marker of both unsynapsed and synapsed axes) and SYCP1 (a 207 

marker of only synapsed axes); we observed occasional but significant autosomal asynapsis in 208 

Atf7ip2-/- pachytene spermatocytes: ~87% of Atf7ip2-/- pachytene nuclei evidenced complete 209 

synapsis, while nearly all Atf7ip2+/+ spermatocytes showed complete synapsis (Fig. 3E). On 210 

occasion, the shapes of sex chromosome axes exhibited abnormal configurations, including 211 

apparent looped synapsis (<bubbles=), synapsis with large portions of itself (<irregular=), and 212 

synapsis at ends (<circular;= Fig. 3F); ~25% of Atf7ip2-/- pachytene nuclei demonstrated 213 

abnormal sex chromosome synapsis (Fig. 3F). These results suggest that, although ATF7IP2 may 214 

not play an outsized role in meiotic recombination, both DDR signaling and chromosome 215 

synapsis are impaired to some extent in Atf7ip2-/- spermatocytes. 216 

 217 

ATF7IP2 directs SETDB1 and H3K9 methylation in male meiosis 218 

Because ATF7IP binds SETDB1 to regulate H3K9me3 in somatic cells (Ichimura et al. 219 

2005), we suspected that ATF7IP2 regulates H3K9me3 during meiosis. In meiotic prophase I, 220 

H3K9me3 accumulates on autosomal PCH and the sex chromosomes, where it is subject to 221 

dynamic regulation as XY undergoes MSCI (van der Heijden et al. 2007); H3K9me3 on the sex 222 

chromosomes is established by the methyltransferase SETDB1 (Hirota et al. 2018; Abe et al. 223 

2022). Consistent with this, we observed normal H3K9me3 accumulation on autosomal PCH and 224 

XY chromatin in wild-type pachytene nuclei (Fig. 4A). Through careful examination, we noted 225 

multiple H3K9me3 accumulation patterns on the sex chromosome in the early pachytene stage of 226 

wild-type spermatocytes, coming to recognize four general patterns: Class I, covering the 227 

entirety of XY; Class II, covering the entirety of Y and X-PCH; Class III, covering X-PCH only; 228 

and Class IV, absent from XY, i.e., no signal (Fig. 4A, B; Supplemental Fig. S4A). We evaluated 229 
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the proportions of patterns, finding that H3K9me3 enrichment on the XY domain was impaired 230 

in the early pachytene stage of Atf7ip2-/- spermatocytes: 33% of nuclei showed essentially no 231 

signal anywhere on the XY chromosomes (Class IV), a pattern that was not observed in any 232 

Atf7ip2+/+ early pachytene nuclei (Fig. 4A, B). In normal mid and late pachytene stages, 233 

H3K9me3 is retained on X-PCH as it disappears from the remainder of XY chromatin (Fig. 4A), 234 

presumably due to histone replacement and the incorporation of histone variant H3.3 (van der 235 

Heijden et al. 2007). Then, in the normal diplotene stage, H3K9me3 signals promulgate through 236 

the XY chromatin in a likely reflection of H3K9me39s de novo deposition on H3.3 (Fig. 4A). 237 

However, in Atf7ip2-/- mid and late pachytene spermatocytes, H3K9me3 on X-PCH decreased, 238 

and reestablishment through the entirety of XY did not take place in the diplotene stage (Fig. 4A, 239 

C). Alongside the diplotene reestablishment of H3K9me3, H3K9me2 also accumulates on XY 240 

chromatin; however, in Atf7ip2-/- diplotene spermatocytes, we noted a clear loss of H3K9me2 241 

(Fig. 4D, E). Concomitant with these changes, in Atf7ip2-/- spermatocytes, we observed the 242 

strong accumulation of H3K9 acetylation (H3K9ac), which counteracts H3K9 methylation, on 243 

X-PCH (Supplemental Fig. S4B). On the other hand, proportions of H3K9me1 accumulation 244 

patterns were unchanged between control and Atf7ip2-/- spermatocytes (Supplemental Fig. S4C, 245 

D), highlighting a specific role for ATF7IP2 in the regulation of H3K9me2/3 and H3K9ac. 246 

Together, these results indicate that ATF7IP2 is required for the establishment of H3K9me2/3 on 247 

diplotene XY chromatin, consistent with the concurrent, dynamic localization of ATF7IP2 from 248 

X-PCH through XY chromatin. 249 

 250 

Given this, we hypothesized that ATF7IP2 regulates the spatiotemporal recruitment of 251 

SETDB1, which mediates H3K9me3, to the sex chromosomes. In wild-type early and mid 252 
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pachytene nuclei, SETDB1 localizes on the XY chromosomes and is notably enriched on the X-253 

PCH. In corresponding Atf7ip2-/- spermatocytes, SETDB1 was not enriched on X-PCH, 254 

localizing instead to sex chromosome-adjacent nucleoli (Fig. 4F). Consistent with this, Atf7ip2-/- 255 

X-PCH was less DAPI-intense compared to controls (Supplemental Fig. S5), suggesting a defect 256 

in heterochromatin formation. We also noticed that the pachytene accumulation of SETDB1 on 257 

autosomal PCH was disrupted in corresponding Atf7ip2-/- spermatocytes: In contrast to the 258 

constrained, intense SETDB1 signals of wild-type samples, we observed diffuse SETDB1 259 

signals through the whole of mutant nuclei (Fig. 4F). We also observed that, in Setdb1 260 

conditionally deleted mutants driven by the germline-specific Ddx4-Cre (Setdb1-cKO) (Abe et 261 

al. 2022), the accumulation of ATF7IP2 on X-PCH was significantly reduced (Supplemental Fig. 262 

S6A). Taken together, these results indicate a pan-nuclear role for ATF7IP2 in the 263 

spatiotemporal regulation of SETDB1; furthermore, at X-PCH, ATFIP2 and SETDB1 likely 264 

operate in tandem, possibly as a protein complex. 265 

 266 

A hallmark of normal MSCI is the sex chromosome-wide accumulation of ³H2AX, and 267 

³H2AX domain formation is tightly associated with the initiation and maintenance of MSCI 268 

(Fernandez-Capetillo et al. 2003; Abe et al. 2022). ³H2AX domain formation is directed by 269 

MDC1, a ³H2AX-binding protein and central mediator of the DDR, through a feed-forward 270 

mechanism (Ichijima et al. 2011). We hypothesized that the accumulation of ATF7IP2 on XY 271 

chromatin occurs downstream of MDC1. To test this, we stained for ATF7IP2 in Mdc1-/- 272 

spermatocytes, finding that, in the absence of MDC1, ATF7IP2 failed to concentrate on X-PCH 273 

(Fig. 4G). Similarly, the accumulation of SETDB1 on X-PCH depended on MDC1 274 

(Supplemental Fig. S6B). These results suggest that the MDC1-dependent DDR pathway 275 
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regulates ATF7IP2 and SETDB1 localization on the sex chromosomes. We infer that, in 276 

pachytene spermatocytes, the MDC1-dependent DDR pathway recruits ATF7IP2, and thus 277 

SETDB1, to X-PCH; in the subsequent diplotene stage, both factors spread through the XY 278 

chromatin and, as this occurs, SETDB1 deposits pan-XY H3K9me2/3 (Fig. 4H, I). Corroborating 279 

this model, we found that MDC1 accumulation on XY chromatin occurred independently of 280 

ATF7IP2 or SETDB1 (Supplemental Fig. S6C, D). 281 

 282 

To parse mechanisms related to ATF7IP2, we tested the localization of related factors. A 283 

previous study suggested a role for the SETDB1-interacting protein TRIM28 as a linker between 284 

the DDR pathway and SETDB1 (Hirota et al. 2018). However, we found that TRIM28 does not 285 

localize on the sex chromosomes in wild-type meiosis (Supplemental Fig. S7A), which raises the 286 

possibility that ATF7IP2 works independently of TRIM28 to link the DDR pathway and 287 

SETDB1. In line with this possibility, TRIM28 is dispensable for male meiotic progression (Tan 288 

et al. 2020). Downstream of the DDR pathway, the chromatin remodeler CHD4 is recruited to X-289 

PCH (Broering et al. 2014); in Atf7ip2-/- spermatocytes, CHD4 accumulation on X-PCH was 290 

unchanged from controls (Supplemental Fig. S7B). The germline-specific Polycomb protein 291 

SCML2 also accumulates on XY chromatin downstream of the DDR pathway; in Atf7ip2-/- 
292 

spermatocytes, SCML2 localization did not differ from controls (Supplemental Fig. S7C, D). 293 

These results suggest that the disfunction of ATF7IP2 is not related to the localization of 294 

TRIM28, CHD4, and SCML2. 295 

 296 

We also examined the localization of ATF7IP in Atf7ip2-/- spermatogenesis. In wild-type 297 

tissue sections, ATF7IP was predominantly found in the nuclei of primary spermatocytes 298 
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(Supplemental Fig. S7E); more specifically, it localized to the X-PCH in wild-type pachytene 299 

spermatocytes (Supplemental Fig. S7F, G). Contrastingly, in Atf7ip2-/- pachytene spermatocytes, 300 

ATF7IP was absent from the X-PCH and, instead, localized to the XY PAR. These results 301 

demonstrate ATF7IP2 is essential for directing ATF7IP and SETDB1 to X-PCH in pachytene 302 

spermatocytes. 303 

 304 

ATF7IP2 is required for meiotic gene regulation 305 

Having established its meiotic phenotype and essential role in H3K9 methylation, we 306 

sought to investigate the function of ATF7IP2 in meiotic gene regulation. To this end, we 307 

performed single-cell RNA sequencing (scRNA-seq) analyses of whole testicular cells from 308 

Atf7ip2-/- mice and their Atf7ip2+/+ littermates at P15. The cellular composition of the testis 309 

changes as development progresses, leading us to confirm that, in P15 testes, the first wave of 310 

spermatogenesis exhibited a similar cellular composition between Atf7ip2+/+ and Atf7ip2-/- mice. 311 

Indeed, we observed this was the case until the mid-to-late pachytene stages, when defects 312 

appeared based on immunostaining against major markers of spermatogenesis, including 313 

ZBTB16, STRA8, SYCP3, gH2AX, and H1T (Supplemental Fig. S8). 314 

 315 

Using the scRNA-seq data, we endeavored to determine when ATF7IP2 functions in 316 

wild-type spermatogenesis. Since ATF7IP2 expression was restricted to germ cells, scRNA-seq 317 

data derived from germ cell populations (spermatogonia and spermatocytes) were analyzed apart 318 

from those of testicular somatic cells (Sertoli cells, Leydig cells, peritubular myoid cells, 319 

endothelial cells, and hemocytes) (Fig. 5A; Supplemental Fig. S9A, B). Using the UMAP of 320 

scRNA-seq data from Atf7ip2+/+ and Atf7ip2-/- germ cell populations, we identified 13 cell-type 321 
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clusters; the cluster numbers are based on the numbers of cells comprising each cluster: Cluster 0 322 

is the largest, and Cluster 12 is the smallest (Fig. 5B, C; Supplemental Fig. S9C, D). Assessing 323 

the expression of key marker genes for spermatogenesis with respect to the UMAP, we inferred 324 

the developmental trajectory of P15 spermatogenesis (Fig. 5D). As suggested by the high 325 

expression of Gfra1, Cluster 8 represented a population of undifferentiated spermatogonia, 326 

including spermatogonial stem cells. Cluster 1 represented a population of differentiating 327 

spermatogonia as indicated by the initial upregulation of Stra8. Clusters 6 and 7 represented cells 328 

at the initiation of meiosis, consistent with the upregulation of Meiosin and Stra8. Cluster 11 329 

represented a population of spermatocytes in early meiotic prophase as denoted by the 330 

upregulation of Prdm9. Based on the expression of marker genes with respect to the UMAP, we 331 

inferred that spermatogenesis progressed along the trajectory from Clusters 8 to 12. Although 332 

Atf7ip2 was expressed in a broad range of spermatogenic stages, its expression level was higher 333 

in Clusters 7, 6, 11, and 5, all of which correspond to meiotic prophase (Fig. 5E). Given that 334 

Atf7ip2 is bound by MEIOSIN and STRA8 (Fig. 1B), it is possible that the expression of Atf7ip2 335 

was boosted, rather than initiated, at the entry to meiosis. In contrast, Atf7ip is constitutively 336 

expressed in spermatogenesis (Fig. 5E).  337 

 338 

Next, we sought to understand when cell death takes place in Atf7ip2-/- spermatocytes. 339 

Starting from Cluster 8 through to Cluster 5, the gene expression profiles for Atf7ip2+/+ and 340 

Atf7ip2-/- germ cell populations overlapped one another to a high degree (Fig. 5A, B), indicating 341 

that Atf7ip2-/- spermatogenesis progressed until the stage of spermatogenesis that corresponds to 342 

Cluster 5. However, we noticed certain subpopulations4Clusters 10, 0, 2, and 3, representing B 343 

spermatogonia through to preleptotene cells4were more numerous in Atf7ip2-/- germ cells (Fig. 344 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 2, 2023. ; https://doi.org/10.1101/2023.09.30.560314doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.30.560314
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

16 

5C); the increased cluster sizes suggest that, in the absence of ATF7IP2, the entry into meiosis is 345 

hampered. Furthermore, the subpopulation represented by Cluster 12 was present in Atf7ip2+/+ 346 

germ cells but missing amid Atf7ip2-/- germ cells (Fig. 5B, C). Furthermore, in Atf7ip2+/+ germ 347 

cells, expression levels of sex-linked genes were abruptly downregulated in the transition from 348 

Clusters 5 to 12 (Fig. 5G). Intriguingly, in Atf7ip2-/- cells, Cluster 5 was associated with a strong, 349 

abrupt upregulation of sex-linked gene expression (Fig. 5G), suggesting that MSCI failure began 350 

in the Cluster-5 subpopulation of Atf7ip2-/- cells. Thus, the loss of the Cluster-12 subpopulation 351 

in Atf7ip2-/- testes was preceded by an ectopic upregulation of X and Y chromosomal genes in 352 

Cluster 5 (Fig. 5G), indicating Clusters 5 and 12 represent pachytene spermatocytes. 353 

 354 

Remarkably, gene enrichment analysis revealed that genes related to late spermatogenesis 355 

(e.g., Clgn, Hspa2, Piwil1, and Ldhc) were highly expressed in the Cluster-12 subpopulation of 356 

spermatocytes (Supplemental Fig. S9C, Table S1). Since those genes are known to be expressed 357 

in the late pachytene stage onward, we infer Cluster 12 corresponds to cytologically defined late 358 

pachytene spermatocytes. This is consistent with the cytological observation that Atf7ip2-/- 
359 

spermatocytes progressed through early meiotic prophase but were eliminated via apoptosis at 360 

the transition from the late pachytene to diplotene stages (Fig. 3B). Thus, ATF7IP2 is required 361 

for spermatocytes to progress beyond the late pachytene stage represented by Cluster 12. 362 

 363 

ATF7IP2 binds broadly to the sex chromosomes and autosomal gene promoters 364 

To determine where ATF7IP2 binds the genome of wild-type pachytene spermatocytes, 365 

we performed CUT&Tag for ATF7IP2 in two biological replicates. The replicates were highly 366 

correlated (Supplemental Fig. S10A), allowing us to merge them for downstream analyses. 367 
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Analyses of ATF7IP2 coverage revealed 61,797 genome-wide regions of enriched ATF7IP2-368 

binding, i.e., <ATF7IP2 peaks= (Fig. 6A). We observed ATF7IP2 peaks on TSSs (26.7 %), gene 369 

bodies (27.7 %), and intergenic regions (45.4 %). TSS peaks were enriched on autosomes, while 370 

intergenic peaks were enriched on the sex chromosomes (Fig. 6A), suggesting distinct functions 371 

for ATF7IP2 on the autosomes and sex chromosomes. Continuing to analyze wild-type 372 

pachytene spermatocytes, we performed two-step clustering with ATF7IP2 peaks, regions of 373 

H3K9me3 coverage, and regions of coverage for the active promoter mark H3K4me3, generating 374 

three clusters (Fig. 6B). Cluster I regions (6,632) are associated with H3K4me3 deposition (Fig. 375 

6B) on autosomes and at TSSs (Fig. 6C, D). Cluster II regions (22,579) are associated with broad 376 

H3K9me3 enrichment (Fig. 6B); 70% of these regions are on the sex chromosomes (Fig. 6C), 377 

mostly at intergenic regions and gene bodies (Fig. 6D); this is in line with the role of ATF7IP2 in 378 

the regulation of H3K9me3 on the sex chromosomes. Cluster III regions (32,628) largely 379 

represent autosomal intergenic regions and gene bodies (Fig. 6C, D). 380 

 381 

Based on the enrichment of ATF7IP2 at TSSs, we sought to identify ATF7IP2-target 382 

genes in pachytene spermatocytes. Our analyses revealed 4,917 autosomal genes and 270 sex 383 

chromosomal genes (Supplemental Table S2). ATF7IP2 binds the promoters of a broad range of 384 

genes required for meiotic prophase and spermiogenesis, including Hormad1 and Sycp3, both 385 

autosomal genes, as well as Y-linked Zfy1. These promoter peaks are associated with the active 386 

histone modifications H3K4me3 and H3K27ac (Supplemental Fig. S10B). Next, using our 387 

scRNA-seq data set for Atf7ip2+/+ and Atf7ip2-/- pachytene spermatocytes, we sought to 388 

understand the regulation of ATF7IP2-target genes. We detected the expression of 4,626 389 

ATF7IP2-target genes on autosomes and 211 on the sex chromosomes. The autosomal genes 390 
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were downregulated in Atf7ip2-/- pachytene spermatocytes (Fig. 6E: Clusters 6 to 5, representing 391 

the early-to-mid-pachytene stages). Because wild-type autosomal promoter peaks are associated 392 

with H3K4me3, these results indicate that ATF7IP2 binds to and positively regulates the 393 

expression of these genes. On the other hand, in Atf7ip2-/- pachytene spermatocytes, the 211 sex 394 

chromosomal genes are highly upregulated in Cluster 5 (mid pachytene spermatocytes), 395 

indicating that ATF7IP2 binds to and negatively regulates the expression of these genes. These 396 

results reveal two separate functions for ATF7IP2 in pachytene spermatocytes: one for 397 

autosomal gene expression and, contrastingly, another for sex chromosomal gene repression. 398 

 399 

ATF7IP2 directs meiotic gene regulation 400 

To elucidate gene regulatory mechanisms associated with ATF7IP2, we isolated 401 

pachytene spermatocytes from Atf7ip2+/+ and Atf7ip2-/- testes, verified their purity (Supplemental 402 

Fig. S10D), performed bulk RNA-seq with spike-in controls, and analyzed the resulting 403 

transcription data. In isolating the cells, we were surprised to observe that Atf7ip2-/- 404 

spermatocytes were smaller than their Atf7ip2+/+ counterparts (Supplemental Fig. S10D). This 405 

gross decrease in size suggests that, in Atf7ip2-/- spermatocytes, the pachytene transcriptional 406 

burst (Maezawa et al. 2020) is compromised4a possibility consistent with the global 407 

downregulation of ATF7IP2-bound autosomal genes detected with scRNA-seq. 408 

 409 

Comparing the spike-in-normalized mutant and control RNA-seq data, we identified 410 

8,507 autosomal differentially expressed genes (DEGs): 185 upregulated and 8,322 411 

downregulated (Fig. 7A). To understand how autosomal DEGs are expressed during normal 412 

spermatogenesis, we reanalyzed separate RNA-seq data taken from cell types sampled across 413 
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wild-type spermatogenesis (Maezawa et al. 2018b). The 185 upregulated genes displayed high 414 

expression levels in wild-type spermatogonia but were suppressed in wild-type pachytene 415 

spermatocytes (Supplemental Fig. S11A). Thus, their upregulation in Atf7ip2-/- pachytene 416 

spermatocytes suggests an ectopic expression of normally repressed premeiotic genes. The top 417 

Gene Ontology (GO) (Ashburner et al. 2000) enrichment terms for these genes are related to 418 

immune-system functions (Supplemental Fig. S11B), suggesting that ATF7IP2 suppresses the 419 

expression of immune genes in pachytene spermatocytes. In contrast, many of the 8,322 420 

downregulated genes were highly expressed in wild-type pachytene spermatocytes 421 

(Supplemental Fig. Fig. S11A), and the associated GO enrichment terms were related to 422 

spermatogenesis (Supplemental Fig. S11B). These findings indicate that many spermatogenesis-423 

related genes fail to activate in Atf7ip2-/- pachytene spermatocytes. Shifting focus to the sex 424 

chromosomes, we detected 528 DEGs associated with the Atf7ip2-/- pachytene X chromosome: 425 

522 were upregulated in mutants relative to controls, while 6 were downregulated (Fig. 7A). On 426 

the Y chromosome, 12 DEGs were upregulated, and we detected no downregulated DEGs (Fig. 427 

7A). These results are largely consistent with bulk RNA-seq analyses of P14 juvenile testes 428 

(Supplemental Fig. S12), together indicating that MSCI is disrupted in Atf7ip2-/- pachytene 429 

spermatocytes. 430 

 431 

MSCI is initiated by the DDR pathway and maintained through active DDR signaling 432 

(Ichijima et al. 2011; Abe et al. 2022). On the Atf7ip2-/- XY domain, ³H2AX signals were 433 

observed (Fig. 2), but H3K9me2/3 deposition was not established as the pachytene stage 434 

progressed into the diplotene stage (Fig. 4). Indeed, in place of H3K9me2/3, we observed signals 435 

for the active transcriptional mark H3K9ac (Supplemental Figure S4B). Thus, we suspect that 436 
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MSCI is initiated but not maintained in Atf7ip2-/- spermatocytes. To test this, we stained for 437 

POLII in Atf7ip2-/- pachytene spermatocytes. In normal mid pachytene spermatocytes, we 438 

observed the exclusion of POLII from XY domains in 100% of observed nuclei (n = 65, 439 

Supplemental Fig. S11C), confirming the accurate detection of MSCI through POLII 440 

immunostaining. However, in Atf7ip2-/- mid pachytene spermatocytes, we observed the exclusion 441 

of POLII from XY chromatin in only 73.3% of nuclei (n = 105, Supplemental Fig. S11D); 26.7% 442 

of Atf7ip2-/- nuclei saw the inclusion of POLII in XY domains (Supplemental Fig. S11E)4443 

evidence for defective MSCI. These results suggest that, in the absence of ATF7IP2, the 444 

initiation of MSCI occurs, but MSCI fails to be maintained.  445 

 446 

In terms of ³H2AX signals on XY chromatin and the loss of H3K9me3 deposition, the 447 

Atf7ip2-/- phenotype overlaps the reported phenotype for Setdb1-cKO mice (Hirota et al. 2018; 448 

Cheng et al. 2021; Abe et al. 2022). To determine the relationship between Atf7ip2 and Setdb1 449 

mutations, we reanalyzed Setdb1-cKO RNA-seq data for pachytene spermatocytes (Hirota et al. 450 

2018) (Supplemental Fig. S12). Although MSCI was disrupted, the massive downregulation of 451 

autosomal genes was not observed in the Setdb1-cKO spermatocytes. Thus, we infer that 452 

ATF7IP29s gene regulatory functions are broader in consequence than those of SETDB1. 453 

 454 

To understand the mechanism through which ATF7IP2 regulates H3K9me3 deposition, 455 

we produced and analyzed H3K9me3 CUT&RUN data from Atf7ip2+/+ and Atf7ip2-/- pachytene 456 

spermatocytes (Supplemental Fig. 10F). We found that H3K9me3 is largely dependent on 457 

ATF7IP2, especially at the sites of Cluster II ATF7IP2-bound peaks (Fig. 7C; Cluster II peaks 458 

were defined in Fig. 6B). ATF7IP2 and H3K9me3 signals frequently overlapped, with many 459 
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regions of H3K9me3 deposition centered on ATF7IP2 peaks (Fig. 7C). Notably, H3K9me3 460 

deposition was completely absent or strongly diminished in the Atf7ip2-/- model, indicating 461 

H3K9me3 enrichment is dependent on ATF7IP2 (Fig. 7C). As shown in a track view of the Y-462 

linked Zfy1 locus, ATF7IP2-binding sites frequently align with, or are immediately adjacent to, 463 

locations of ATF7IP2-dependent H3K9me3 (Fig. 7D). Conversely, there was no observed 464 

H3K9me3 enrichment on ATF7IP2-dependent autosomal genes, as evidenced by loci such as 465 

Hspa2 (Fig. 7E). We conclude that ATF7IP2 directs H3K9me3 deposition while simultaneously 466 

orchestrating meiotic gene activation on autosomes, much of which is independent of H3K9me3. 467 

 468 

ATF7IP2 fine-tunes the expression of transposable elements 469 

SETDB1-mediated H3K9me3 is a well-known suppressor of transposable elements (TEs) 470 

(Matsui et al. 2010; Rowe et al. 2013). Therefore, we sought to examine TE expression using our 471 

RNA-seq data in combination with a <best-match= TE annotation set (Sakashita et al. 2020), 472 

which enables the detection of alignments uniquely mapped to TEs that are not exon-derived 473 

(mRNA-derived). This strategy eliminates detection of TEs that are parts of mRNA, preventing 474 

the conflation of mRNA and TE expression. In Atf7ip2-/- pachytene spermatocytes, three TE 475 

types (IAPEy-int, RLTR10B2, MMERVK10C-int) were upregulated, while 115 types were 476 

downregulated (Fig. 7F). ATF7IP2 bound these upregulated TEs, and H3K9me3 at these loci 477 

was ATF7IP2-dependent (Fig. 7G). In wild-type spermatogenesis, TE expression undergoes 478 

dynamic changes at the mitosis-to-meiosis transition, and a subset of TEs4specifically 479 

endogenous retrovirus K (ERV) families that are also known as long-terminal repeats (LTRs)4480 

are activated as enhancers in meiosis (Sakashita et al. 2020). Notably, these meiotic enhancer 481 

ERVs (RLTR10B2) are among the upregulated TEs (Fig. 7F). The meiotic enhancer ERVs are 482 
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active in wild-type pachytene spermatocytes and were further upregulated in Atf7ip2-/- cells. 483 

Thus, ATF7IP2 may fine-tune the activity of these TEs. In contrast, various TE types, 484 

particularly those enriched with LTRs and active in the pachytene stage, were downregulated in 485 

Atf7ip2-/- spermatocytes. In all, our study identifies distinct functions for ATF7IP2 in regulating 486 

protein-coding genes on autosomes and sex chromosomes, as well as in the regulation of TEs 487 

(Fig. 7H, I, J). 488 

 489 

Discussion 490 

Our study identifies ATF7IP2 as a counterpart to ATF7IP that is highly expressed in the 491 

male germline and directs SETDB1-mediated H3K9 methylation4a conclusion supported by 492 

two major observations. First, in wild-type meiosis, ATF7IP2, SETDB1, and H3K9me3 493 

accumulate on autosomal PCH; in pachytene spermatocytes, all are enriched on the X-PCH, the 494 

site from which they spread through the diplotene XY domain. Second, in Atf7ip2-/-  pachytene 495 

spermatocytes, SETDB1 was grossly delocalized, and H3K9me2/3 was not present on the XY 496 

chromatin in the late pachytene-to-diplotene stages. As might be expected, the Atf7ip2-/- meiotic 497 

phenotype overlaps to some extent the meiotic phenotype of Setdb1-cKO mice. Thus, our study 498 

reveals the molecular logic for the management of SETDB1 and H3K9me3 in meiosis, 499 

demonstrating the unique nature of meiotic heterochromatin and its distinct regulation with 500 

respect to autosomes and the sex chromosomes. 501 

 502 

However, in the early pachytene stage, there is a phenotypic difference between Atf7ip2-/- 
503 

and Setdb1-cKO mice with regards to H3K9me3 localization: H3K9me3, a SETDB1-dependent 504 

marker of XY chromatin (Hirota et al. 2018; Abe et al. 2022), is affected but not completely 505 
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absent from XY chromatin in Atf7ip2-/- mice. Thus, there may be an alternate regulator of 506 

SETDB1 in early pachytene spermatocytes. In support of this possibility, Setdb1-cKO 507 

spermatocytes evidenced more severe chromosome synapsis defects (Hirota et al. 2018; Cheng et 508 

al. 2021; Abe et al. 2022) than Atf7ip2-/- spermatocytes. Nevertheless, the meiotic arrest 509 

phenotype indicates that the ATF7IP2-dependent regulation of SETDB1 (likely through an 510 

ATF7IP2-SETDB1 complex) and H3K9me3 becomes essential in the pachytene-to-diplotene 511 

transition. 512 

 513 

 Our study also reveals novel aspects of the meiotic sex chromosomes. We propose that, 514 

through the recruitment of SETDB1, ATF7IP2 functions as an effector that links DDR signaling 515 

and SETDB1-mediated H3K9me3. The gH2AX-binding partner MDC1 is necessary for the 516 

recruitment of ATF7IP2 to X-PCH (Fig. 4G). A previous study proposed that TRIM28 517 

(KAP1)4a SETDB1 partner in ERV suppression4links the DDR and SETDB1 on the meiotic 518 

sex chromosomes (Hirota et al. 2018). However, we did not observe TRIM28 enrichment on XY, 519 

and so we question TRIM289s status as a linker. Furthermore, it was reported that young Trim28 520 

mutant mice are initially fertile and only become sterile with age (Tan et al. 2020), indicating 521 

that TRIM28 is not essential for MSCI. 522 

 523 

We find that the establishment of H3K9me2/3 on diplotene XY chromatin is ATF7IP2-524 

dependent. Given the extensive histone replacement that occurs in MSCI (H3.1/H3.2 to H3.3) 525 

(van der Heijden et al. 2007), H3K9me2/3 deposition is likely to take place on <fresh= H3.3 in a 526 

process that is also ATF7IP2-dependent. In the latter stages of spermatogenesis, H3K9me2/3 is a 527 

persistent mark on the sex chromosomes, from MSCI to postmitotic silencing (Namekawa et al. 528 
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2007); thus, the ATF7IP2-dependent mechanisms described here could be driving heritable 529 

epigenetic states through meiotic divisions. 530 

 531 

Unexpectedly, our study demonstrates that ATF7IP2 is required for global gene 532 

regulation in pachytene spermatocytes. In mid pachytene spermatocytes, a burst of gene 533 

activation takes place, and this is driven by the transcription factor A-MYB (MYBL1) through 534 

the activation of meiotic enhancers (Bolcun-Filas et al. 2011; Maezawa et al. 2020). Thus, there 535 

is an intriguing possibility that such meiosis-specific transcription requires ATF7IP2. 536 

Importantly, ATF7IP2 is present at thousands of autosomal promoters, where H3K9me3 is 537 

notably absent. Thus, ATF7IP2 could regulate transcriptional mechanisms independent of 538 

H3K9me3. Intriguingly, ATF7, an ATF7IP2-interacting protein, also accumulates on a wide 539 

range of autosomal promoters in testicular germ cells, mediating epigenetic inheritance through 540 

the regulation of H3K9me2 (Yoshida et al. 2020). In future studies, a key goal will be to 541 

determine the mechanistic relationship between ATF7IP2 and ATF7 in the context of meiotic 542 

gene regulation. While ATF7IP29s localization on the sex chromosomes requires MDC1, it is 543 

unknown what regulates its recruitment to autosomes4although one possibility is ATM-544 

dependent DDR signaling. Furthermore, it is unknown what coordinates ATF7IP29s distinct 545 

autosomal and XY functions. 546 

 547 

 Finally, we show that ATF7IP2 fine-tunes the expression of retrotransposon-derived loci 548 

in male germ cells, a function that coincides with SETDB19s role in TE silencing. In Atf7ip2-/- 549 

spermatocytes, we observed the upregulated expression of immune genes, a phenomenon akin to 550 

SETDB1-mediated immune escape in tumorigenesis (Griffin et al. 2021). In tumor cells, the 551 
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depletion of SETDB1 facilitates the expression of immune genes, thereby driving the intrinsic 552 

immunogenicity of tumors. Also in tumor cells, SETDB1 works together with the HUSH 553 

complex4itself functionally linked to ATF7IP (Timms et al. 2016)4to suppress large domains 554 

of the genome enriched for rapidly evolved TEs (Griffin et al. 2021). Notably, a large number of 555 

the germline genes activated in pachytene spermatocytes are rapidly evolved (Soumillon et al. 556 

2013), as are the meiotic ERV enhancer loci that drive germline gene expression (Sakashita et al. 557 

2020). In wild-type spermatocytes, these loci are associated with broad domains of H3K9me3. 558 

Furthermore, like many tumor cells, testicular germ cells are immunoprivileged, found beyond 559 

the blood-testes barrier. Given the similarities between germ and tumor cells, it is possible that 560 

ATF7IP2-directed SETDB1 mechanisms, which regulate MSCI and TEs, drive the quick-paced 561 

evolution of the germline genome. It may be that this work establishes a foundation to 562 

understand the mechanisms behind germline evolution in mammals. 563 

 564 

 A recent study reported another Atf7ip2 mutant mouse line (Shao et al. 2023), and 565 

although the mouse phenotypes detailed in the two studies were largely consistent, we did not 566 

observe the reported difference in XY obligatory crossover (Shao et al. 2023). This could be due 567 

to an Atf7ip2 mutational difference in the mouse lines. Further investigations are warranted to 568 

clarify the role of ATF7IP2 in male meiosis. 569 

 570 

Materials and Methods 571 

 572 

Animals 573 
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All mice were handled according to the guidelines of the Institutional Animal Care and Use 574 

Committee (IACUC: protocol no. IACUC2018-0040 and 21931) at Cincinnati Children9s 575 

Hospital Medical Center and the University of California, Davis. 576 

 577 

Generation of Atf7ip2-/- mice 578 

Atf7ip2-/- mice were generated using a sgRNA (target sequence: 579 

TTCATGTCTACTCTTGCACT) that was selected according to location and the on- and off-580 

target scores from the web tool CRISPOR (Haeussler et al. 2016). 581 

 582 

Preparation of meiotic chromosome spreads 583 

Meiotic chromosome spread preparation, immunostaining, and data analysis were performed as 584 

described (Alavattam et al. 2018). Histology and immunostaining were performed as described 585 

(Abe et al. 2022). 586 

 587 

Isolation of pachytene spermatocytes 588 

Isolation of pachytene spermatocytes using Fluorescence-activated cell sorting (FACS) was 589 

performed using SH800S (SONY), with Vybrant DyeCycle Violet Stain (DCV) (Invitrogen, 590 

V35003) stained testicular single-cell suspensions prepared as described previously (Yeh et al. 591 

2021). 592 

 593 

Next-generation sequencing analysis 594 

Library generation and data analyses for bulk RNA-seq, CUT&Tag, CUT&RUN, and scRNA-595 

seq are described in the Supplemental Material. 596 
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 597 

Other detailed experimental procedures are described in the Supplemental Material. 598 

 599 

Data Availability 600 

RNA-seq data and CUT&RUN/Tag datasets were deposited in the Gene Expression Omnibus 601 

(accession: GSE244088). Testes bulk RNA-seq data reported in this paper were deposited in the 602 

Gene Expression Omnibus (accession: GSE223742). Single-cell RNA-seq data are available at 603 

DDBJ Sequence Read Archive (DRA) under the BioProject accession: PRJDB16643. 604 
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Figure legends 633 

Figure 1. ATF7IP2 is highly expressed in male meiosis and accumulates on 634 

heterochromatin. 635 

(A, C) Heatmaps showing bulk RNA-seq gene expression levels across a male-germline time 636 

course for Atf7ip2 and related genes. PGC: Primordial germ cells, ProSG: prospermatogonia, 637 

SG: spermatogonia, PS: pachytene spermatocytes, RS: round spermatids. Original data are from 638 

(Seisenberger et al. 2012; Hasegawa et al. 2015; Maezawa et al. 2018b) for (A) and (Ishiguro et 639 

al. 2020) for (C) 640 

(B) Track views for MEIOSIN (preleptotene-enriched testes), STRA8 (preleptotene-enriched 641 

testes), and RNA polymerase II (POLII; postnatal day (P) 10.5 testes) ChIP-seq data, and CAGE 642 

(P10.5 testes). Numbers in brackets: ranges of normalized coverage. 643 

(D) Schematic: chromosome behavior in meiotic prophase I of male Mus musculus. Darker 644 

green: autosomes; lighter green: sex chromosomes. 645 

(E) Meiotic chromosome spreads stained with DAPI and antibodies raised against ATF7IP2, 646 

SYCP3, and H1T; spreads represent stages of meiotic prophase I. Insets: H1T immunostaining; 647 

H1T is a nuclear marker that appears in mid pachytene nuclei and persists into haploid 648 

spermatids. SYCP3 is a marker of meiotic chromosome axes. Dashed squares are magnified in 649 

panel F. Scale bars: 5 ¿m. 650 

(F) Schematic: sex chromosome configuration in male meiosis. Right: magnified images of sex 651 

chromosomes from panel E. Scale bars: 5 ¿m. 652 

 653 

Figure 2. ATF7IP2 is required for male fertility. 654 

(A) Schematic: mouse Atf7ip2 gene and the location of the CRISPR-mediated deletion. 655 
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(B) Schematic: mouse ATF7IP2 and ATF7IP proteins, and their functional domains. 656 

(C) Atf7ip2+/+ and Atf7ip2-/- males, and their testes, at postnatal day 66 (P66). Scale bars: 10 mm. 657 

(D) Cumulative numbers of pups sired with Atf7ip2+/- and Atf7ip2-/- males. 658 

(E) Testis weights for Atf7ip2-/- males and littermate controls (Atf7ip2 ctrl: Atf7ip2+/+ and 659 

Atf7ip2+/-). Numbers of independent mice analyzed are shown in parentheses. P-values are from 660 

pairwise t-tests adjusted with Benjamini-Hochberg post-hoc tests: *** < 0.001. Data are 661 

presented as mean ± SEM. 662 

(F) Testis sections from Atf7ip2+/+ and Atf7ip2-/- mice at 4 months of age stained with DAPI and 663 

antibodies raised against ATF7IP2, ³H2AX (a marker of the DNA damage response), and H1T 664 

(a marker of germ cells in mid pachytene and subsequent stages). Scale bars: 100 ¿m. 665 

 666 

Figure 3. DDR and chromosome synapsis are mildly impaired in Atf7ip2-/- spermatocytes. 667 

(A) Atf7ip2+/+ and Atf7ip2-/- spermatocyte chromosome spreads stained with antibodies raised 668 

against SYCP3 and ³H2AX. ³H2AX accumulation patterns are one of three classifications 669 

described in panel C. Scale bars: 10 ¿m. 670 

(B) Meiotic prophase I stage populations quantified as mean ± SEM for three independent 671 

littermate pairs. Numbers of analyzed nuclei are indicated. Data are from five independent 672 

littermate pairs at P44, P56, P66, P66, and P69. P-values are from unpaired two-tailed t-tests: * < 673 

0.05, ** < 0.01. 674 

(C) Stage-wise proportions of ³H2AX accumulation patterns for three independent littermate 675 

pairs. Patterns are classified with three criteria (see top). P-values are from Fisher9s exact tests: 676 

**** < 0.0001. 677 
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(D) Chromosome spreads stained with antibodies raised against SYCP3 and MLH1. Arrowheads 678 

indicate MLH1 foci. Dot plot (top): distributions of MLH1 counts from three independent 679 

littermate pairs. Dot plot (bottom): proportions of MLH1 focus-associated XY pseudoautosomal 680 

regions (PARs) from three independent littermate pairs. Numbers of analyzed nuclei are 681 

indicated. Data are from three independent littermate pairs at P108, P115, P122. Bars represent 682 

means. P-values are from unpaired t-tests. 683 

(E, F) Chromosome spreads stained with antibodies raised against SYCP3 (a marker of all 684 

chromosome axes) and SYCP1 (a marker of only synapsed axes). Scale bars: 10 ¿m (E), 5 ¿m 685 

(F). Bar plots: proportions of pachytene nuclei with normal synapsis of autosomes (E) and sex 686 

chromosomes (F). Data are from four independent littermate pairs at P44, P66, P66, and P69, 687 

and presented as mean ± SEM. P-values are from unpaired t-tests: * < 0.05, ** < 0.01.  688 

 689 

Figure 4: ATF7IP2 is required for H3K9 methylation on the sex chromosomes during male 690 

meiosis. 691 

(A) Atf7ip2+/+ and Atf7ip2-/- spermatocyte chromosome spreads stained with antibodies raised 692 

against H3K9me3 and SYCP3 (a marker of chromosome axes, both synapsed and unsynapsed). 693 

Dashed circles indicate the sex chromosomes. Scale bars: 10 ¿m. 694 

(B) H3K9me3 accumulation patterns on the sex chromosomes of Atf7ip2+/+ and Atf7ip2-/- early 695 

pachytene spermatocytes. Patterns are classified with four criteria (see right). Three independent 696 

experiments. P-values are from Fisher9s exact tests: **** < 0.0001. Scale bars: 10 ¿m. 697 

(C) Quantification of mid pachytene, late pachytene, and diplotene spermatocytes with 698 

H3K9me3 signals on the sex chromosomes. Three independent experiments. P-values are from 699 

Fisher9s exact tests: * < 0.05, *** < 0.001, **** < 0.0001. 700 
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(D) Chromosome spreads stained with antibodies raised against H3K9me2 and SYCP3. 701 

(E) Quantification of diplotene spermatocytes with H3K9me2 signals on the sex chromosomes. 702 

Three independent experiments. P-values are from Fisher9s exact tests, **** < 0.0001. 703 

(F) Chromosome spreads stained with antibodies raised against SETDB1 and SYCP3. Dashed 704 

squares are magnified in the panels to the right. Scale bars: 10 ¿m. 705 

(G) Mdc1+/+ and Mdc1-/- spermatocyte chromosome spreads stained with antibodies raised 706 

against ATF7IP2 and SYCP3. Scale bars: 10 ¿m. 707 

(H) Summary of the ³H2AX/MDC1-ATF7IP2-SETDB1 pathway on X-PCH. 708 

(I) Schematic: establishment of H3K9me3 on the sex chromosomes in normal mid pachytene-to-709 

diplotene spermatocytes.  710 

 711 

Figure 5. scRNA-seq analyses of Atf7ip2+/+ and Atf7ip2-/- spermatogenic germ cells 712 

(A) UMAP representations of scRNA-seq transcriptome profiles for germ cells from Atf7ip2+/+ 713 

testes (left: P15), Atf7ip2-/- testes (middle: P15), and both Atf7ip2+/+ and Atf7ip2-/- testes (right). 714 

Gray arrow: inferred developmental trajectory. 715 

(B) Clustering of UMAP-projected scRNA-seq transcriptome profiles for Atf7ip2+/+ and Atf7ip2-
716 

/- germ cells based on gene expression patterns. 717 

(C) Bar graph showing the proportions of Atf7ip2+/+ and Atf7ip2-/- germ cells among the clusters. 718 

(D) UMAP representations showing expression patterns for key developmental marker genes in 719 

spermatogenic cells. Genes include Gfra1, which represent undifferentiated spermatogonia; 720 

Stra8, differentiating spermatogonia; Meiosin, preleptotene spermatocytes; and Prdm9, early 721 

meiotic prophase spermatocytes. P-values are from Wilcoxon rank sum tests: n.s., not 722 

significant; * < 0.05. 723 
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(E) Expression patterns for Atf7ip2 and Atf7ip upon the UMAP. 724 

(F) Expression levels for autosomal genes. P-values are from Wilcoxon rank sum tests: * < 0.05, 725 

** < 0.01, *** < 0.001. 726 

(G) Expression levels for X chromosomal genes (top) and Y chromosomal genes (bottom). P-727 

values are from Wilcoxon rank sum tests: * < 0.05, ** < 0.01, *** < 0.001. 728 

(H) Summary of Atf7ip2-/- phenotypes in spermatogenic germ cells. Subtype clusters are ordered 729 

by inferred developmental progression. Key cell types and events in Atf7ip2+/+ and Atf7ip2-/- 730 

spermatogenesis are shown. 731 

 732 

Figure 6. ATF7IP2-binding sites in pachytene spermatocytes. 733 

(A) Numbers and genomic distribution of ATF7IP2 CUT&Tag peaks in wild-type pachytene 734 

spermatocytes. 735 

(B) Two-step clustering analysis of ATF7IP2 CUT&Tag peaks and H3K9me3 and H3K4me3 736 

enriched-regions. Average tag density profiles (top) and heatmaps for each cluster (bottom). 737 

(C) Chromosomal distribution of ATF7IP2 peak clusters. 738 

(D) Genomic distribution of ATF7IP2 peak clusters. 739 

(E) Expression levels of ATF7IP2-bound autosomal genes in scRNA-seq. P-values are from 740 

Wilcoxon rank sum tests: * < 0.05, ** < 0.01. 741 

(F) Expression levels for ATF7IP2-bound sex chromosomal genes in scRNA-seq. P-values are 742 

from Wilcoxon rank sum tests: * < 0.05, ** < 0.01, *** < 0.001 743 

 744 

Figure 7. ATF7IP2 directs meiotic gene regulation and regulates TEs. 745 
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(A) Comparison of Atf7ip2+/+ and Atf7ip2-/- pachytene spermatocyte transcriptomes. Autosomal, 746 

X, and Y genes were analyzed separately. Two independent biological replicates were examined. 747 

All genes with adjusted p-values (Benjamini-Hochberg method) are plotted. Differentially 748 

expressed genes (DEGs: log2 fold change g 2, adjusted p-value f 0.05) are colored (red: 749 

upregulated in Atf7ip2-/- testes; blue: downregulated in Atf7ip2-/- testes), and numbers are shown. 750 

(B) ATF7IP2 CUT&Tag enrichment at DEG TSSs ± 2 kb in pachytene spermatocytes isolated 751 

from Atf7ip2-/- mice. Average tag density profiles (top) and heatmaps for each cluster (bottom). 752 

(C) ATF7IP2 CUT&Tag and H3K9me3 CUT&RUN enrichment in Clusters I3III (defined in 753 

Fig. 6B). Average tag density profiles (top) and heatmaps for each cluster (bottom). 754 

(D, E) Track views of the Zfy1 locus (an upregulated Y-linked locus) and the Hspa2 locus (a 755 

downregulated autosomal locus). 756 

(F) Comparison of Atf7ip2+/+ and Atf7ip2-/- pachytene spermatocyte transposable element (TE) 757 

expression. All TE types are plotted. Differentially expressed TE types (DEGs: log2 fold change 758 

> 2, adjusted p-value < 0.05) are colored (red: upregulated in Atf7ip2-/-; blue: downregulated in 759 

Atf7ip2-/-), and numbers are shown. 760 

(G) Track view of the ATF7IP2-targeted TEs RLTR10B2 and MMERVK10C-int. 761 

(H) Summary and model of the function of ATF7IP2 on X-PCH. 762 

(I) Summary and model of the function of ATF7IP2 in TE regulation. 763 

(J) Summary and model of the function of ATF7IP2 in gene expression regulation. 764 

 765 

 766 

  767 
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Chromosome X genes (789 genes)
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