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Loss of histone reader Phf7 leads to immune
pathways activation via endogenous
retroviruses during spermiogenesis

Jianxing Cheng,1,2,7 Tongtong Li,3,7 Zhongjie Zheng,1,2,7 Xueguang Zhang,3 Mengyang Cao,1,2

Wenhao Tang,1,2,4 Kai Hong,1,2 Rui Zheng,3 Jichun Shao,5 Xiaomiao Zhao,6 Hui Jiang,1,2,* Wenming Xu,3,*

and Haocheng Lin1,2,8,*

SUMMARY

Genetic studies have elucidated the critical roles of Phf7 in germline development in animals; however, the
exact etiology of Phf7 mutations leading to male infertility and the possibility of mechanism-based ther-
apy are still unclear and warrant further investigation. Using the Phf7 knockout mouse model, we verified
that genetic defects were responsible for male infertility by preventing histone-to-protamine exchange,
as previously reported. The deficiency of spermatogenesis caused by Phf7 deletion through the endoge-
nous retrovirus-mediated activation of the immune pathway is a common mechanism of infertility.
Furthermore, we identified PPARa as a promising target of immunity and inflammation in the testis,
where endogenous retroviruses are suppressed, and Phf7 as a crucial regulator of endogenous retro-
virus-mediated immune regulation and revealed its role as an epigenetic reader. The loss of Phf7 activates
immune pathways, which can be rescued by the PPARa agonist astaxanthin. These results showed that
astaxanthin is a potential therapeutic agent for treating male infertility. The findings in our study provide
insights into themolecularmechanisms underlyingmale infertility and suggest potential targets for future
research and therapeutic development.

INTRODUCTION

Spermatogenesis involves different stages, including premeiotic divisions, meiosis, and spermiogenesis. One of the key characteristics of

spermatogenesis is histone-protamine replacement.1 A recent study showed that histonemodification, especially histone ubiquitination, con-

stitutes amajor epigenetic change in the transcription of post-meiotic genes required for spermiogenesis.2 There are several genes, including

RNF8, HIWI, and SCML2, are involved in histone ubiquitination during spermiogenesis, as demonstrated in amouse knockoutmodel.3–5 How-

ever, apart from the defect in human spermatogenesis caused byHIWImutation, other candidate genetic changes related to ubiquitination in

patients with azoospermia have not been reported.

Phf7 (NYD-SP6) is a specific E3 ligase in humans andmice that is highly expressed in the testis, and its homolog is critical to promotingmale

sexual determination in the Drosophila germline.6,7 Phf7-mediated H3K9me acts as a conserved epigenetic reader regulating germ cell iden-

tity during female germ cell development.8 A recent study found that Phf7 is an E3 ligase of H2A ubiquitination and the deletion of Phf7 leads

to abnormal H2A ubiquitination in sperm cells, which then damages the exchange of histone and protamine in the late stage of spermato-

genesis, leading to infertility in male mice.9 However, its specific role in mammalian spermatogenesis is poorly understood.

Endogenous retroviruses (ERVs) are remnants of exogenous retroviruses (proviruses) that have been integrated into the germline

genome.10 Transposable Elements (TE) with long terminal repeats are common features of ERVs and exogenous retroviruses, accounting

for approximately 10% of the mammalian genome.11 ERVs play essential roles in spermatogonia proliferation, meiosis, and other processes.

For example, ERVs influence species-specific germline transcriptomes after the mitosis-to-meiosis transition in male mice. Specific ERVs
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function as active enhancers to drive germline genes, including a mouse-specific gene set, and bear binding motifs for critical regulators of

spermatogenesis, including A-MYB.12 However, the specific functions of ERVs in spermatogenesis remain largely unknown.

In the current study, we identified two Phf7 heterozygousmutations in a group of patients with azoospermia and demonstrated that Phf7 is

a potential etiological factor in patients with non-obstructive azoospermia. Using Phf7-knockout mice constructed with CRISPR-Cas9 technol-

ogy, we demonstrated that genetic defects are responsible for male infertility, preventing histone-to-protamine exchange during late sper-

miogenesis, as previously reported.9 In addition, we discovered that the up-regulation via ERV-mediated ‘‘immune pathway’’ shared the

mechanism of infertility in Phf7 knockoutmice. Moreover, our results demonstrated that PPARa is an emerging target of immunity and inflam-

mation in the testis, which was suppressed by ERV, and astaxanthin is a promising drug for treating male infertility.

RESULTS

Phf7 mutations were detected in patients with azoospermia

To determine whether Phf7 is involved in human spermatogenesis, we screened 40 patients with non-obstructive azoospermia (NOA) for po-

tential mutations in Phf7. By sequencing the exons of Phf7 in the blood samples of all patients, we identified one heterozygous mutation,

p.K143E (Figures 1A and 1B) and named it as patient 1. In addition, we accidentally found another mutation, p.S239X, using next-generation

sequencing and named it as patient 2 (Figure 1A and Data S1). Both variants are nonsynonymous mutations, leading to the change of protein

function. The first patient had amutation located in the second zinc finger domain, and the second patient had a stop codonmutation located

outside the functional domain. Besides two patients presented with similar clinical phenotype and patient 1 had elevated follicle-stimulating

hormone and luteinizing hormone levels (Figure 1C). These findings suggested that mutations in Phf7 maybe related to male infertility.

Furthermore, we found that the expression level of Phf7 in patients with NOA was significantly reduced in Sertoli cell-only and mature arrest

Figure 1. Validation of the pathogenic Phf7 mutations using Sanger sequencing and decreased expression of Phf7 is a common manifestation of

patients with non-obstructive azoospermia

(A) Comparison of the wild-type and mutated Phf7 proteins in patients detected and the analysis of conservative Phf7 sequences (dark).

(B) DNA sequencing results of mutation sites in patient #1. Regarding the locations of the mutations, the first patient had a mutation located in the second zinc

finger domain, and the second patient had a stop codon mutation located outside the functional domain.

(C) Clinical Presentation of two patients with mutations in Phf7.

(D) Relative expression levels of Phf7mRNA by qPCR. Results from the control (n = 6), Sertoli cell-only syndrome patients (n = 7), andmature arrest patients (n = 7).

Two-tailed unpaired Student’s t test was used for the comparison of the mean values between two groups. Data are presented as themeanG SD for each group

and Significant differences were defined as *p < 0.05.

(E) Immunostaining images of Phf7 in human haploid sperm of patients with oligospermia and normal male. Phf7 was stained in green and nuclei were stained

with DAPI (blue); the left panel is 103 magnification, the right panel is the enlarged picture showing the staining result.
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two kind patients with NOA specifically (Figure 1D and S2), and Phf7 expression was lower than that in the control group, as confirmed by

immunofluorescence (Figure 1E). These findings clearly indicated that Phf7 was involved in humanmale spermatogenesis, and the expression

of Phf7 in patients with NOAwas significantly reduced.We could not rule out other potential modifiers in the genome of mutant patients that

may contribute to the expression of the disease phenotype, but the decreased expression of Phf7 was a common manifestation in patients

with NOA in the current study.

Phf7 knockout mice showed male infertility

To investigate whether Phf7 mutations play a causative role in male infertility and elucidate the underlying mechanism, we constructed a

Phf7+/� mouse model with frameshift mutations by injecting Cas9 mRNA, sgPhf7-A, and sgPhf7-B into zygotes with a C57BL/6 background.

Two sgRNAs were designed to target exons 3 and 4 of Phf7 (Figures 2A, S2A, and S2B). While two sgRNAs (sgPhf7-A and sgPhf7-B) were

designed to target exons 2 and 4 of Phf7 as shown in the previous article [9]. After obtaining these mice, Phf7+/� females were backcrossed

with WT males, leading to stable mouse lines carrying the mutant Phf7+/�. Knockout efficiency was confirmed using qPCR (Figure S2D). Ho-

mozygous Phf7 knockoutmice were then obtained by crossing Phf7+/�mice.We found that all Phf7�/�males were sterile, whereas all Phf7�/�

females exhibited normal fertility during cage breeding. We then counted the number of offspring of each genome type mice (Figure 2B).

Subsequently, we investigated the stage at which spermatogenesis failed in the Phf7�/�mice. The average weight of the testes from adult

Phf7�/�mice was similar to that of theWT controls (Figure 2C), and histological analysis indicated that spermatocytes, round spermatids, and

early elongating spermatids were unaltered (Figure 2D), whereas sperm harvested by dissecting the epididymis was strongly reduced in

Figure 2. Loss of Phf7 causes sterility in male mice with defective spermatogenesis at a later spermatogenic stage

(A) Schematic diagram for CRISPR-Cas9-mediated Phf7 knockout mice. Two sgRNAs were designed to target exons 3 and 4 of Phf7.

(B) Summary of the fertility test of Phf7 KO mice. All Phf7 KO male mice were infertile, while the females were fertile. Males were kept with females for 14 weeks

since their sexual maturity.

(C) The testis and epididymis weight showed no significant change after Phf7 deletion.

(D) Hematoxylin and Eosin staining of testes sections from 10-week-old Phf7 WT and KO mice.

(E) Sperm counts in cauda epididymis from Phf7 KO andWTmice (n = 6). CASA assays of motility and immobility of sperm from 10-week-oldmutant and wild-type

mice.

(F) Western blot of PRM1 and PRM2 in sperm from 10-week-old Phf7 KO and WT mice with Lamin B as a loading control.

(G) Comparation of PRM1 and PRM2 RNA expression of 10-week-old Phf7 KO andWT mice testes using qPCR. Two-tailed unpaired Student’s t test was used to

compare the mean values between two groups. Data are presented as the mean G SD for each group and Significant differences were defined as *p < 0.05.
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Phf7�/� mice. CASA showed that the percentage of immotile sperm in Phf7�/� mice was significantly increased (Figure 2E). Thus, we pro-

posed that the loss of Phf7 could cause defective spermatogenesis at a later spermatogenic stage. Western blotting and real-time PCR

showed that the expression of PRM1 and PRM2 in the sperm was significantly decreased in Phf7�/� mice (Figures 2F and 2G). These results

demonstrated that the deletion of Phf7 results in a significantly compromised spermiogenesis process, whichwas consistent with the results of

previous studies.9,13 By replicating the disease phenotype in a mouse model, these results suggested that primitive mutations may be the

driving factor of human diseases.

Phf7 deletion causes the activation of immune pathways and remodeling of endogenous retroviruses expression

Previous studies have shown that mutations in Phf7 can cause H2A ubiquitination and alteration of H3K4me2/me3.6 As both histone

modifications are mainly involved in transcriptional regulation, we analyzed previously published RNA-seq data by Wang et al.9 to

compared the transcriptional changes after Phf7 deletion. The targeted exons were not consistent; however, the knockout fragments

overlapped. In addition, the phenotypes of Phf7 knockout mice were consistent. Therefore, previous transcriptome datasets were

largely same to our own. The volcano plot showed that the deletion of Phf7 resulted in 385 upregulated genes and 530 downregulated

genes (Figure 3A). GO analysis showed that the upregulated genes were mainly enriched in complement activation, classical pathway,

humoral immune response mediated by circulating immunoglobulin, and B cell receptor signaling pathways, among others (Figure 3B).

Two-dimensional hierarchical clustering of distinguishable gene expression profiles displays specific immune-related genes (Figure 3C).

Gene enrichment analysis showed that the downregulated genes enrich biological processes such as the regulation of cell growth and

Wnt signaling pathways. These results showed that the "immune pathway" was among the most significant enrichment pathways

(Figure S3A).

Figure 3. RNA-seq analysis of mouse testis round spermatids shows the enrichment of immune pathways and remodeling of ERV expression

(A) Volcano plot of differentially expressed genes in Phf7 KO round spermatids compared with those of WT. Red points represent significantly up-regulated and

blue points represent significantly down-regulated genes in Phf7 KO with greater than 2.0-fold change.

(B) Some biological functions related to the 20 up-regulated genes compared with WT mice.

(C) Two-dimensional hierarchical clustering of distinguishable gene expression profiles.

(D and E) (D) Volcano plot of differentially expressed ERVs in Phf7 KO compared with wild-type mice. Red points represent significantly up-regulated and blue

points represent significantly down-regulated genes in Phf7 KOwith greater than 2.0-fold change (E) Heatmap showing the expression of differentially expressed

ERVs. MTD-838849 is highlighted on the right-hand side.

(F) Real-time PCR showing differentially expressed genes in Phf7 KO mice. All quantitative biochemical data were representative of at least three independent

experiments. A two-tailed unpaired Student’s t-test was used to compare the mean values between two groups. Data are presented as mean G SD for each

group, and significant differences were defined as *p < 0.05, **p < 0.01.
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During spermatogenesis, germ cells undergo massive cellular reconstruction and dynamic chromatin remodeling to facilitate highly

diverse transcriptomes that are required for the production of functional sperm.14 Recent studies have shown that ERVs are a major driving

force for the rapid evolution of mammalian genes.15 Genes regulated by ERV can be adjacent to ERV and can affect immune response,

placental development, and embryonic development process. Therefore, we analyzed changes in ERV expression after Phf7 deletion. Our

results showed that 955 ERVs were upregulated, and 926 ERVs were downregulated, two-dimensional hierarchical clustering of distinguish-

able gene expression profiles displays specific immune-related ERVs (Figures 3D and 3E). These findings indicated a significant dysregulation

of ERVs. Subsequently, we performed a coverage analysis on the differentially expressed ERVs to study the relationship between the expres-

sion changes of ERVs and adjacent genes (Figure S3B). We found that the enriched ‘‘immune pathways’’ were most significantly affected by

the upregulation of ERV-MTD (Figures S3C and S3D), and these enriched ‘‘immune pathway’’ genes were shown (Data S2). Subsequently, we

examined the expression of ERV-MTD and its affected genes in the testes of Phf7�/� mice, including PPARa, H2Eb1, Mill2, Rac2, and Stxbp1.

Quantitative PCR results showed that ERV-MTD was significantly increased in the testes of Phf7�/� mice, and PPARa and H2Eb1 expression

was also increased significantly (Figure 3F). In addition, western blotting demonstrated that PPARa expression in the testes of Phf7�/� mice

was upregulated (Figure S4A). These results indicated that Phf7 mutation increased the expression of ERV-MTD and "immune pathway"

genes.

Endogenous retroviruses-MTD might suppress the expression of "immune pathway" genes

Recent studies have shown that ERVs are critically involved in the regulation of spermatogenesis12; therefore, we focused on the function of

ERV-MTD. We investigated whether ERV-MTD controls spermatogenesis in vitro. We designed gRNAs targeting ERV-MTD, constructed

Cas-9 lentivirus (Figures 4A and S5A), and transfected them into GC1 and GC2 cells. We established two ERV-MTD knockout germline cells

with 760 or 1015 bp deletion including ERV-MTD (Figures 4B, 4C, and S5B). We found that the morphology was altered, and cell proliferation

was reduced after ERV-MTD deletion (Figures 4D and 4E). Subsequently, we examined the expression of PPARa after the deletion of ERV-

MTD. Our results showed that the deletion of ERV-MTD downregulated PPARa expression (Figures 4F and 4G). In addition, the expression

of "immune pathway" genes, includingMill2, Rac2, andH2Eb1 also decreased (Figure 4H). These results suggested that ERV-MTDmay play a

key role in spermatogenesis by suppressing "immune pathway" genes.

Metabolism of testicular germline cells changed after Phf7 mutation

Given that Phf7 functions as a histone code reader that bindsmethylated histoneH3 (H3K4me2/me3) and controls gene expression programs,

we attempted to understand the underlying transcriptional chromatin accessibility of Phf7 using ATAC-seq. The IDR was used to test and

analyze the reproducibility between replicates. We used DiffBind to identify significantly differentially bound sites using ATAC-seq data.

We identified 6,139 differentially bound sites (Figure 5A, fold changeR2, FDR%0.01). Our results showed that the mutation of Phf7 resulted

in more open chromatin of cells in the testis, and the peaks occupied a wide region in the promoter (Figures 5A and 5B). GO enrichment

analysis revealed that DNA repair was the most significantly enriched pathway among the differentially expressed peaks (Figure 5C). Further-

more, peaks were found to be enriched in the "neurodevelopmental" pathway in the WT mice while the peaks of Phf7�/� group were en-

riched in the "ketone metabolism" pathway (Figures 5D and 5E), suggesting that the metabolism of testicular germ cells changed after

Phf7 mutation. In addition, the shared common processes between spermatogenesis and neurodevelopment confirmed the reliability and

authenticity of our sequencing data.

Furthermore, we used both ChIP-seq and ATAC-seq to determine whether the expression was related to the shift in epigenetic regulation

from normal regulation to immune-related gene regulation (Figures S6A and S6B). Motif analysis showed that the Ahr motif was most signif-

icantly enriched within the Phf7�/� group (Figure 5F). Ahr is a transcription factor enriched in the PPARa pathway,16 and our results showed

that mice harboring Phf7 deletion displayed the upregulation of Ahr and PPARa in the testis (Figure S4A). This result demonstrated that

increased Ahr binding may be involved in the regulation of the PPARa-related pathway. However, whether this regulation is dependent or

independent of MTD is unclear. Furthermore, GO pathway analysis of the best-matched genes with calling motifs in Phf7�/� ATAC-seq

showed that several pathways were activated, including sex differentiation, cell fate determination, reproductive structure development,

and reproductive system development, indicating that proliferation-related pathways were activated after the deletion of Phf7

(Figures S6C, S6D, and S6E). Besides, bioinformatic analysis showed that PPARa is a potential target gene regulated by ERV-MTD

(Figure S6F).

Astaxanthin partially rescued the sperm count and motility of Phf7�/�mice

PPARa regulates spermatogenesis, and its key role in spermiogenesis has been well established in previous studies.17,18 Astaxanthin is a

PPARamodulator that has been shown to have anti-inflammatory and anti-oxidative properties.19,20 It has been widely used to treat diseases

related to oxidative stress.21 Since the transcriptome and in vitro studies showed that immune pathways are the major downstream pathways

activated by the deletion of Phf7, we examined the therapeutic effect of astaxanthin on Phf7�/�mice. For the in vivo study, Phf7�/�mice were

gavaged with astaxanthin for 4 weeks, while the control mice were treated with the same volume of solution (six replicates per treatment). We

found that astaxanthin significantly increased sperm count and motility (Figures 6A and 6B). In addition, experiments revealed that the addi-

tion of astaxanthin resulted in reduced ROS levels and germ cell apoptosis (Figures 6C–6E) in the testis. These results indicated that astax-

anthin can partially rescue the spermatogenesis defects caused by Phf7 deletion. Thus, our results suggested that PPARa is a promising target

that can be explored using astaxanthin and other drugs targeting the PPARa pathway.
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The expression levels of Phf7 were downregulated, whereas those of PPARa andMTDwere significantly upregulated in patients with NOA

(Figures S7A and S7B), indicating that the regulatory pathway also regulates human spermatogenesis. ChIP-qPCR was conducted in testes of

mice to validate the binding sites, revealing that PHF7 could regulate PPARa transcription by binding to the specific locations on the ERV-

MTD region, while decreased binding in the Phf7 knockoutmice. The results of ChIP-seq showed that almost PHF7-binding peaks overlapped

Figure 4. Germline cells decreased the expression of "immune pathways" genes after ERV-MTD knockout

(A) Schematic diagram showing CRISPR/Cas9-mediated deletion of ERV-MTD using four sgRNAs.

(B) DNA sequencing results of mutation sites in two germline cells.

(C) Validation of two MTD�/� germline cells (GC1 and GC2) by genomic DNA PCR with primers. M, DNA marker.

(D) Cell morphology was changed after the deletion of MTD, including GC-1 and GC-2 cells. Scale bar, 100 mm.

(E) Results of CCK-8 assays indicated that the depletion of MTD significantly decreased the proliferation of spermatogenic cells.

(F) Western blot analysis of PPARa protein in WT and MTD�/� spermatogenic cells. a-Tubulin was used as a loading control.

(G) Relative gray scale of PPARa expression determined following WB analysis.

(H) The expression levels of MTD, PPARa, and Rac2 after MTD depletion in GC1 and GC2 cells were significantly decreased, as measured by qPCR and

normalized to b-Actin levels. All quantitative biochemical data were representative of at least three independent experiments. Two-tailed unpaired Student’s

t test was used to compare the mean values between two groups. Data are presented as the mean G SD for each genotype and significant differences were

defined as *p < 0.05, **p < 0.01.
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Figure 5. ATAC-seq analysis of mouse testis

(A) Heatmap and density plot of differential Phf7 ATAC-seq peaks (G3 kb window centered on the peak summit). n = 2 biologically independent replicates per

group.

(B) Venn diagram shows differential peaks between Phf7 and WT were determined in ATAC-seq.

(C) GO pathway analysis of differential peak annotated genes.

(D) GO pathway analysis of regions with peaks in the absence of Phf7 as determined by clusterProfiler.

(E) GO analysis shows the significantly enriched pathway in the WT ATAC-Seq analysis,’’ Nerve development’’ was the most significantly enriched pathway.

(F) Motif analysis indicated that Ahr, WT1, FoxQ1, and PRDM1 were significantly enriched after Phf7 deletion, while in WT testis, Pou2f2, Runx3, PRDM1, and

FoxF1 were significantly enriched.
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with those of H3K4me3, providing supporting evidence for the specific binding of PHF7 toH3K4me3. SoH4K4me3ChIP-qPCRwas conducted

in testes to validate the effect of PPARa agonist Astaxanthin on chromatin state. We found H4K4me3 association is reduced after the treat-

ment of astaxanthin in the Phf7�/� mouse for most of the ERV-MTD analyzed. Indicated the activated immune pathways were suppressed

(Figures S8A and S8B).

DISCUSSION

Patients with azoospermia constitute more than 1% of the general population; however, the only gene with recurrent mutations detected in

non-obstructive azoospermia is TX11.22,23 Liu et al. recently reported that two heterozygous mutations in PIWI genes lead to spermiogenesis

defects caused by the blocked shuttling of RNF8 from the cytoplasm to the nucleus.5 Phf7 is one of the early identified genes responsible for

histone H2A ubiquitination, leading to the compromised transition of histones to protamine, resulting in spermiogenesis defects.9 Therefore,

the current study is the first to show that Phf7mutationsmaybe related to the etiology of azoospermia. In addition, patients with NOA showed

reduced expression of Phf7 at the RNA and protein levels. Moreover, we found that mice with Phf7 deletion had defects in the late stage of

spermatogenesis, leading to male infertility, and these results are consistent with those of previous studies.9,13 Although the mutations in the

mouse model were not the same as those observed in human patients, our study provided insights into the potential role of Phf7 in male

infertility and the molecular mechanisms underlying it. Further investigation is required to confirm the relevance of our findings to human

biology.

ERVs are widely expressed in the testis, and the dysregulation of ERVs contributes to spermiogenesis defects in male infertile patients.24,25

In the current study, our transcriptome analysis showed that the ‘‘immune pathways’’ were activated after Phf7 deletion and that ERV expres-

sion was altered simultaneously. Furthermore, overlap andGO analyses showed that ERVs can significantly activate immune pathways. More-

over, the in vitro results showed that ERV-MTD has an immunosuppressive function and plays a role in germ cell proliferation. Our results

Figure 6. Astaxanthin improves sperm motility and reduced reactive oxygen species (ROS) levels and germ cell apoptosis

(A) Sperm counts in cauda epididymis from Phf7 KO and WT mice. (n = 6).

(B) CASA assays of motility and immobility percentage of sperm from cauda of 10-week-old mutant and wild-type mice after a month astaxanthin treatment.

(C) Astaxanthin decreased sperm ROS generation. ROS level as quantified in the Phf7 KO testis.

(D) TUNEL assay of testis sections from astaxanthin treatedmice. Testis sections were stained with TUNEL (green) to indicate apoptosis cells. Nuclei were stained

with DAPI (blue).

(E) Quantification of the seminiferous tube with a positive TUNEL signal in the testis. Two-tailed unpaired Student’s t test was used to compare the mean values

between two groups. Data are presented as the mean G SD for each genotype and significant differences were defined as *p < 0.05, **p < 0.01.
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suggested that the crosstalk of H3K4me3 in Phf7 KOmice may regulate the ERV-MTD-mediated immune pathway, leading to defective sper-

matogenesis. However, further studies are needed to understand themolecular mechanisms underlying the deletion of Phf7-mediated trans-

posable elements activation and their link to spermatogenesis. And some of the downregulated genes identified in the knockoutmodel were

related to the Wnt signaling pathway, which is known to play a role in cell growth and development. This also requires further extensive

research.

Genetic studies have shown that Phf7 is a histone code reader that can specifically associate with H3K4me2/me3 and influence gene

expression6; however, how Phf7 affects chromatin structure remains unclear. Our ATAC-seq results showed significantly altered chromatin

accessibility after the deletion of Phf7. Compared with WT mice, GO analysis showed that DNA repair was the most significantly enriched

pathway, indicating that Phf7 plays a role in DNA repair during spermiogenesis. Moreover, the enrichment pathway shifted from "neurode-

velopment" to "ketone metabolic process,’’ indicating that the metabolic process had changed. Furthermore, motif analysis showed that

various transcription factors, including Ahr, were activated, and GO analysis showed that most transcription factors bind to germline cell pro-

liferation, which corresponds to the key role of Phf7 in the epigenetic regulation of germ cells. A recent study showed that Phf7 is a critical

factor in heart regulation as it plays a critical role in cardiac reprogramming.26 Mechanistically, Phf7 reprogram fibroblasts to cardiomyocytes

by binding to cardinal super-enhancers through cooperation with the SWI/SNF complex.27 Our results showed that the epigenetic switchmay

be a common mechanism for the role of Phf7, and that the binding of Phf7 with histone modification markers, including H3K4, is critical for

activating ERV-MTD transcription and metabolic activation (Figure 7).

Spermatogenesis is a complex process that mainly includes histone modification and flagellar development.2,28,29 Few studies have estab-

lished a functional link between histone modifications and immune pathway activation during spermiogenesis. In the current study, we showed

that Phf7, an epigenetic reader, played a critical role in immune suppression during spermatogenesis. Our results showed that histone modifi-

cation defects could cause abnormal immunepathway activation, which contributes to spermiogenesis defects, andanti-oxidation drugs, such as

astaxanthin, can be promising drugs for treating patients with asthenospermia and oligospermia. Antioxidant drugs have been widely used in

male infertility clinics.30Our results showed that PPARa is an emerging target of immunity and inflammation in the testis, and that astaxanthin is a

promising drug for treating male infertility. However, its clinical efficacy remains controversial and requires further clinical data.

Figure 7. Mechanistic insights from the current study

The results show that PHF7, an epigenetic reader, is one of the factors causing human infertility. The loss of Phf7 causes more open chromatin in testicular cells

and upregulation through ERV-mediated "immune pathways." Furthermore, the expression of PPARa was inhibited by ERV.
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Limitations of the study

Our findings demonstrate that genetic mutations in the epigenetic reader Phf7 are a potential etiological factor in patients with NOA; how-

ever, our study has several limitations, and therefore it needs to be cautious to extend our conclusions on the mice data to human infertile

cases directly. First, we found that the phenotypes of phf7mutations in humans andmice are inconsistent. In humans, heterozygousmutations

can cause azoospermia, whereas in mice, homozygous mutations are required to cause similar phenotypes. Second, the location of the hu-

man mutation was p.K143E and p. S239X found in our study, while the mice mutant location is different, indicating that the phenotypic result

maybe different betweenmice and human cases. In addition, spermatogenesis deficiency caused by the deletion of Phf7 through ERV-medi-

ated activation of the immune pathway is a commonmechanism of infertility. However, whether the cause of these changes in ERV expression

is because of the loss of E3 ligase H2A ubiquitination function or associated with H3K9me3 is unclear. Therefore, more research is needed to

understand the epigenetic mechanism of Phf7 leading to ERV changes and the molecular mechanism of Phf7 and ERV-mediated testicular

immune pathway activation.
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Berman, A.J., Jaffe, T., Olszewska, M.,
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Trizol Invitrogen 15596018

RevertAid First Strand cDNA Thermo K1622

ABI PowerUp SYBR Green Applied biosystems A25742

astaxanthin solarbio A9241

Deposited data

RNA-seq data https://www.ncbi.nlm.nih.gov/geo/ GSE119701

ChIP-Seq data https://www.ncbi.nlm.nih.gov/geo/ (GSE112912)

Experimental models: Cell lines

Phf7 gene knockout mouse Cyagen Biosciences N/A

Male germ cell lines GC-1spg procell CL-0600

Male germ cell lines GC-2 procell CL-0593

Software and algorithms

ImageJ ImageJ https://ImageJ.nih.gov/ij/

GraphPad Prism 8.0 GraphPad www.graphpad.com

Adobe Illustrator 2020 Adobe http://aotucad2.xmjfg.com/pg/230.html
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal use and care

All animal studies were approved by the Biomedical Ethics Committee and the Animal Care and Use Committee of Peking University. The

Phf7 gene knockout mousemodel was created using Cyagen Biosciences (Suzhou, China). Female andmale mice with Phf7 knockout hetero-

zygotes were hybridized and homozygous mice were bred. Genomic DNA was isolated frommouse tail fragments, and genotyping was per-

formed using polymerase chain reaction (PCR). The primer sequences used for genotype identification are listed in Table S1. All mice were

raised under standard laboratory conditions with a 12 h light/dark cycle and free access to food and water. For the in vivo study, Phf7�/�mice

were oral administrated with astaxanthin; 30 g mice were treated with 30 mg/kg of astaxanthin in 200 mL corn oil, with six replicates per treat-

ment. Control mice were treated with the same volume of the solution throughout the experiment. Astaxanthin was provided by FARMNAN

Biopharmaceutical (Shenzhen) Co., Ltd. (Shenzhen, China). Phenotypic changes in mouse sperm were detected after 4 weeks.

Generation of ERV-MTD knockout cell lines

ERV-MTD knockout cell line was established using the CRISPR gene editing system obtained from Professor Zhang Feng.31 Briefly, according

to a published protocol, four guide RNAs (sgRNAs) targeting themouse ERV-MTD-838849 (chr15:85759279-85759583) region (Table S1) were

designed. The experimental germline cells, including GC1 and GC2, were infected with lentivirus, selected by puromycin, and transfected

with HitransG/P transfection reagent (REVG0058, Genechem). Monoclonal cells were selected using the limited dilutionmethod and cultured

for 6‒14 days to obtain the genomic DNA of a single colony, which was verified by PCR, and the mutation sites were sequenced using the

primers listed in Table S1. Mouse germline cells were cultured in dishes coated with poly-D-lysine/laminin (Corning) in Dulbecco’s modified

Eagle’s medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin at 37�C under 5% CO2. All reagents required for

cell culture are from Hyclone.

Human samples

The study was approved by the Medical Ethics Committee of the Peking University Third Hospital (2017sz-048). Patients with idiopathic azoo-

spermia (no sperm in the ejaculate even after centrifugation) and fertile male controls (with at least natural bred one child) were recruited from

the Department of ReproductiveMedicine Center at Peking University Third Hospital. All patients underwent semen analysis on at least three

different occasions, and those with a history of orchitis, vas deferens obstruction, or endocrine disorder were excluded. For two patients with

confirmed Phf7 mutations, we further obtained a testicular biopsy. Genomic DNA was prepared from the blood samples, and exon

sequencing was performed. All participants signed an informed consent form.

METHOD DETAILS

RNA extraction and reverse transcriptase polymerase chain reaction (RT-PCR)

Total RNA was extracted from the testes and cells using Trizol reagent (Invitrogen) according to the manufacturer’s instructions. cDNA was syn-

thesizedusingaRevertaidFirst StrandcDNASynthesisKit (Appliedbiosystem, k1622). cDNAwasamplifiedbyPCRusingprimer sets for the target

and housekeeping genes. Powerup SYBRGreenmaster mix was used according to themanufacturer’s instructions (Applied Biosystems, a25742)

and the QuantStudio 6 Flex System (Applied Biosystems) was used for quantitative PCR (q-PCR). PCR cycle consisted of denaturation for 45 s at

94�C, annealing for 1min at 55�C, and extension for 1min 30 s at 72�C. Theprimer sequences used for qPCR analysis are listed in Table S1. All RT-

PCR primers were designed according to sequences obtained from GenBank and synthesized using Genepharma Biotech (Suzhou, China).

Sperm isolation and computer-assisted sperm analysis (CASA)

Sperms were harvested by dissecting and cutting the cauda epididymis. Briefly, Ham’s F10 medium was preheated at 37�C supplemented

with 25 mm HEPES and 4 mg/mL bovine serum albumin. The epididymal tail was washed in Ham’s F10 medium, cut, and released into

1 mL Ham’s F10 medium using scissors, and further gently filtered through 70 mm filter to remove tissue fragments. The culture medium con-

taining sperm was placed into a calibrated slide. Sperm counting and sperm activity analysis were performed using CASA.

Histology and immunohistochemical staining

Testicular and epididymal tissues were fixed in Bouin’s fixative for 24 h, embedded in paraffin, and sectioned. Before staining, 5 mm paraffin

sections were dewaxed in xylene, rehydrated by reducing the concentration of ethanol, and washed in distilled water. The sections were

stained with Hematoxylin and Eosin. For immunostaining, 5 mm paraffin-embedded sections of testes were used for staining Phf7. After de-

paraffinization and rehydration, slides were incubated with boiling 0.01 M sodium citrate (pH 6.0) for 10 min to retrieve the antigens before

immunostaining. Standard immunostaining was then performed.

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) and reactive oxygen species (ROS)

For apoptosis analysis, firstly, testes were fixed with optimal cutting temperature compound and 8 mm frozen sections were taken. The Color-

imetric TUNEL Apoptosis Assay Kit was then used for the analysis (Beyotime Biotech C1091). ROS analysis was performed using ROS assay kit

(Beyotime S0033s).
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Scanning electron microscopy

Sperm cells were fixed in 2.5% glutaraldehyde solution at room temperature for 2 h and stored at 4�C. The sperm cells were collected by

centrifugation andwashed thrice with PBS. The samples were then fixedwith 1%osmium tetroxide for 15min. After PBS cleaning, the samples

were collected and dried. The sperm cells were clinging to the double-sided adhesive of conductive carbon film. They were placed on the

sample table of the ion sputtering instrument, sprayed with gold for 30 s, and examined using a transmission electron microscope.

Immunofluorescence staining

Cells on the glass and tissue sections were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature, followed by three times

washingwith PBS every 5min. The samples were then blockedwith permeabilizing buffer (1% Triton X-100) for 1 h. All primary antibodies were

diluted with blocking buffer and incubated with samples overnight at 4�C, followed by three times washing with PBS every 5 min. The

samples were treated with a secondary antibody coupled with fluorescence for 1 h in the dark at room temperature. The nuclei were stained

with 40,6-diamidino-2-phenylindole (DAPI) for 10 min. Laser confocal scanning images were captured using a ZEISS inverted spectral confocal

microscope.

Western blot analysis

Testes and cells were lysed in Radio Immunoprecipitation Assay lysis buffer (Beyotime Biotech, P0028) with protease inhibitor phenylmethyl-

sulfonyl fluoride (Beyotime Biotech, ST505), and the protein concentration wasmeasured using a bicinchoninic acid Protein Assay Kit (Thermo

Scientific, A55865). The samples were loaded onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyviny-

lidene fluoridemembrane (Millipore), which was blocked in 5%milk and probed with primary antibodies, and subsequent horseradish perox-

idase (HRP)-linked secondary antibodies. HRP activity was detected using pierce enhanced chemiluminescence western blotting substrate

detection kit (Thermo Scientific,3 4095). The intensity of a specific strip was scanned using image analysis software in the laboratory.

ChIP-qPCR analysis

The chromatin immunoprecipitation (ChIP) procedure was performed using the High-Sensitivity ChIP Kit (ab185913) following the manufac-

turer’s instructions. 2 mg antibodies against PHF7 (Invitrogen) or Histone H3K4me3 (Active motif), isotype IgG used as negative control were

added and the complex co-precipitates are captured by Protein G magnetic beads. Genomic DNA pellets were purified using phenol-chlo-

roform extraction and ethanol precipitation, then resuspended in 20 mL water, which is ready for PCR. Relative enrichment was calculated as

the amount of amplified DNA relative to values obtained after normal IgG immunoprecipitation. The primers used are listed below.

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

ATAC-seq was performed as previously reported,32 two mice were used in each group of Phf7�/� and wild-type (WT) groups. Nuclei were

extracted from the testicular tissue samples, and the nuclear pellet was resuspended in Tn5 transposase reaction mix. The transposition re-

action was incubated at 37�C for 30 min. Equimolar amounts of Adapter 1 and Adatper 2 were added after transposition, and PCR was per-

formed to amplify the library. After the PCR reaction, libraries were purified with AMPure beads, and library quality was assessed usingQubit.

The library preparations were sequenced on an Illumina HiSeq platform and 150 bp paired-end reads were generated.

The adaptor sequences were trimmed from the reads using Trim Galore (https://github.com/FelixKrueger/TrimGalore/releases). These

reads were aligned to a reference genome using HISAT2 (http://github.com/infphilo/hisat2)33 with standard parameters. SAMtools 1.1634

was used to convert the comparison files into bam format, and Picard (http://broadinstitute.github.io/picard/) was used to delete the dupli-

cates generated by PCR of the above file to obtain clean reads. All peak calling was performed using model-based analysis of chip-seq

(MACS2).35 To identify enriched regions from biologically replicated samples in Phf7�/� ATAC-seq, we used the Irreproducible Discovery

Rate (IDR) method (https://github.com/nboley/idr),36 where the parameter setting of MACS2 should not be too strict to identify more peaks.

Following this method, peak calling was performed using MACS2 with relaxed conditions (–shift �100 –extsize 200 –nomodel -B –SPMR -g

mm) on each of the two replicates of the pooled dataset. IDR analysis was then performed, and reproducibility was checked. To obtain the

final peak sets, the data were sorted by -log10 (p value). The threshold recommended by the authors was used. The peakswere annotated and

visualized using the R packageChIPseeker.37 R packageDiffBind38 was used to find the difference in peaks between the Phf7�/� andwild-type

(WT) groups, with | fold change|R 2 and false discovery rate (FDR)% 0.01. Motif calling was performed using the Homer command annotate

Peaks and Homer command find Motifs Genome (http://homer.ucsd.edu/homer/motif/) with parameter ‘‘-size 200 and -len 8, 10, and 12’’.39

RNA-seq analysis

RNA-seq (GSE119701) and chromatin immunoprecipitation sequencing (ChIP-Seq) (GSE112912) data were obtained from the Gene Expres-

sion Omnibus (https://www.ncbi.nlm.nih.gov/geo/).9 The reads were mapped against the Mus musculus GRCm38. The RNA-seq data were

processed in this study, and the analysis process included quality control, mapping, and filtering.

Differential expression analysis

Sequence alignments were processed usingDESeq2 software (http://bioconductor.org/packages/DESeq2/) to quantify the expression levels

and analyze differentially expressed genes. H3K4me3-ChIP-seq sequencing files were processed in the same way as the ATAC-seq files,
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where peak calls used MACS2. To show the ChIP binding signal surrounding Transcriptional Start Sites (TSSs) or gene bodies, alignments

were converted into bigWig tracks using the bamCoverage function implemented in DeepTools40 and used for visual inspection with the

Integrative Genomics Viewer genome browser.41 Gene set enrichment analysis was performed using R package clusterProfiler42 and Meta-

scape (http://metascape.org).43

ERV analysis

A mouse RepeatMasker file was downloaded from the UCSC database. A Python script was written to extract the location information of the

ERV from the downloaded files. The above-mentioned files were organized into annotated files to calculate the ERV expression. To identify

the ERV of each location, we assigned an identification ID to each ERV element. Differentially expressed ERVs were analyzed using DeSeq2.

ERV provides a promoter and also acts as an enhancer to affect the expression of surroundinggenes. Gene annotation files and ERV sequence

location files were used to identify genes that overlapped with ERV, including those overlapping with promoter regions, using BEDtools.44

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative biochemical data were representative of at least three independent experiments. For statistical comparisons, all data

were first subjected to a Gaussian distribution test. Only the data with normal distribution and similar variances between groups were

used for comparison and parametric statistical test. A two-tailed unpaired t test was used to compare the mean values between two groups

and overlapping enrichment significance was calculated using Fisher’s exact test. Prism software (GraphPad 8.0) was used to generate graphs

and analyze the data. ClusterProfiler (version 4.0.5)45 andMetascape (http://metascape.org)43 were used for GeneOntology (GO) enrichment

analyses.
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