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ARTICLE INFO ABSTRACT

Keywords: Infertility is becoming increasingly common, affecting one in six people globally. Half of these cases can be
Expression attributed to male factors, many driven by abnormalities in the process of sperm development. Emerging evi-
Histone modification dence from genome-wide association studies, genetic screening of patient cohorts, and animal models highlights
Genomics . . . . L o .

Fertility an important genetic contribution to spermatogenic defects, but comprehensive identification and character-
Spermatogenesis ization of the genes critical for male fertility remain lacking. High divergence of gene regulation in spermato-
Evolution genic cells across species poses challenges for delineating the genetic pathways required for human

spermatogenesis using common model organisms. In this study, we leveraged post-translational histone modi-
fication and gene transcription data for 15,491 genes in four mammalian species (human, rhesus macaque,
mouse, and opossum), to identify human-specific patterns of gene regulation during spermatogenesis. We
combined H3K27me3 ChIP-seq, H3K4me3 ChIP-seq, and RNA-seq data to define epigenetic states for each gene
at two stages of spermatogenesis, pachytene spermatocytes and round spermatids, in each species. We identified
239 genes that are uniquely active, poised, or dynamically regulated in human spermatogenic cells distinct from
the other three species. While some of these genes have been implicated in reproductive functions, many more
have not yet been associated with human infertility and may be candidates for further molecular and epide-
miologic studies. Our analysis offers an example of the opportunities provided by evolutionary and epigenomic
data for broadly screening candidate genes implicated in reproduction, which might lead to discoveries of novel
genetic targets for diagnosis and management of male infertility and male contraception.

1. Introduction

Well-regulated development of human sperm is essential for fertility.
Approximately one in six people globally have experienced infertility
[1], with half of the cases attributable in whole or in part to male factors
[2]. Intrinsic defects in sperm development leading to azoospermia
(absent sperm) and oligozoospermia (reduced sperm count) are thought
to account for about half of these cases [3]. Other factors including
congenital or acquired obstruction of the reproductive tract, testicular
injury, surgery, infections, toxin or radiation exposure, exogenous
testosterone and anabolic steroids intake, dysfunction of the
hypothalamic-pituitary-testis axis, and sexual dysfunction, each explain
an additional portion of male infertility [2,4]. While assisted repro-
duction technologies (ART) have made significant progress in treating
male infertility, including cases with defects in spermatogenic
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development [2], such treatments are expensive, emotionally taxing,
and time consuming for both partners. In addition, spermatogenic fail-
ure often correlates with pathological changes in other organ systems
[4]. Improved understanding of the underlying molecular causes of
human spermatogenic failure will advance diagnosis and treatment of
infertility, with additional potential to enhance general health and
well-being for these patients.

Chromosomal aberrations including Klinefelter syndrome (karyo-
type 47, XXY) and microdeletions of the azoospermia factor (AZF) re-
gions on the human Y chromosome together account for about 16-17%
of azoospermia diagnoses [3,5,6]. At the single-gene level, substantial
progress has been made in understanding the molecular basis of sper-
matogenic failure using studies of highly conserved genes in animal
models, including mouse, rat, pig, and non-human primates [7-9].
These models remain fundamentally important for understanding
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mechanisms of spermatogenesis that are deeply conserved in the
mammalian lineage. For example, loss-of-function mutations in the
X-linked meiosis-specific gene Testis-expressed 11 (TEX11) has been
implicated as causal of infertility in approximately 1-2% of men with
azoospermia, and modeling of the analogous mutations in mouse
revealed similar defects in meiotic progression leading to absence of
sperm and infertility [10,11]. Two additional genes, nuclear receptor
subfamily 5, group A, member 1 (NR5AI1) and doublesex- and
MAB3-related transcription factor 1 (DMRT1), have been used in pre-
liminary diagnostic testing in a clinical setting, but causal diagnoses still
cannot be established for most cases of azoospermia [3].

While genes with highly conserved spermatogenic functions and
genes with human-specific functions in spermatogenesis are both likely
to be important for human fertility, the former are much easier to
discover and study using animal models. In contrast, genes with human-
specific regulatory states are less amenable to study using model or-
ganisms. As a result, progress in identifying genes that play human-
specific roles in spermatogenesis has been limited. Male germ cells
have one of the highest rates of divergence in gene expression across
tissues [12,13], and species-specific gene expression is likely to be
functionally important for fertility [12,14-16]. To understand the mo-
lecular basis of male infertility, it is thus essential to identify genes that
play human-specific roles in spermatogenesis and discover their func-
tions. However, this class of genes is by definition understudied in model
systems, and despite extensive efforts, there are no in vitro systems that
accurately model spermatogenesis beyond the spermatogonial stem cell
stage [17]. Genome-wide association studies (GWAS) and exome
sequencing studies have revealed several genes associated with sper-
matogenic defects in infertile patients, but even the best hits from these
studies explain only a small fraction of cases (reviewed in Cannarella
et al, 2019) [3,18,19]. A major conclusion from genetic studies of pa-
tients with spermatogenic defects is that male infertility is associated
with many de novo variants in diverse genes, making it difficult to
achieve the power required to comprehensively identify genes that make
critical contributions to male factor infertility [11,19].

To address this weakness, we collected an extensive dataset
comprising RNA-seq and ChIP-seq data for two histone modifications in
two spermatogenic cell types from six amniote species [20]. Our initial
analysis of these data focused on general patterns of conservation and
divergence for a specific pluripotency-associated chromatin state called
poising or bivalency [21-23]. We found that species-specific poising
correlates with gain of species-specific developmental functions for the
associated genes, indicating that divergence in regulatory states at
specific genes can be used to discover developmental roles for these
genes that are unique to a given species.

Here, we used a new approach to mine our dataset with the explicit
goal of identifying regulatory states that are uniquely human among the
included species. We binned all genes into categories based on eight
possible regulatory states across four species and two spermatogenic cell
types, and performed additional filtering to retain only genes most
robustly associated with human-specific regulatory states. We identified
three categories of genes with human-specific regulatory signatures that
may be functionally important for human spermatogenesis: genes that
are active exclusively in human spermatogenic cells, genes that are
poised exclusively in human spermatogenic cells, and genes that un-
dergo developmental transitions in regulatory state during spermato-
genesis uniquely in human but not in other mammalian species. Several
of these genes have been implicated in human reproductive function,
while others represent new candidates for reproductive roles. Together,
our analysis nominates multiple genes with putative human-specific
roles in male reproduction, representing novel targets for understand-
ing the genetic basis of male infertility.
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2. Material and methods
2.1. Data source and availability

This is a secondary analysis of data previously published by Lesch
et al. [20] (Gene Expression Omnibus accession number GSE68507), of
which data from human, rhesus macaque, mouse, and opossum are
included in the current analysis. Sample collection and initial data
processing methods originally described in that study are reproduced
below for clarity.

2.2. Antibodies

Anti-H3K4me3 (rabbit polyclonal, Abcam #8580) and anti-
H3K27me3 (mouse monoclonal, Abcam #6002) were used for ChIP-
seq in all species. These antibodies have been validated for ChIP-seq
applications in human (Histone Modification Antibody Validation
Database) [68,69], rhesus macaque [70], and mouse [71,72], as well as
non-mammalian species including Drosophila [68].

2.3. Human samples

For immunohistochemistry, de-identified human testis samples were
obtained from the Yale autopsy service and sections were reviewed by a
pathologist (M.D.) to confirm the presence of normal spermatogenesis.
For ChIP-seq and RNA-seq, human testis samples were obtained from
adult male patients undergoing vasectomy reversals and normal sper-
matogenesis was confirmed by the presence of abundant, motile,
morphologically normal epididymal sperm proximal to the vasectomy
site, as well as prior history of fertility demonstrated by at least one
living child. Samples for ChIP-seq and RNA-seq were minced, dissoci-
ated using collagenase and trypsin, and then filtered to obtain a single-
cell suspension as described [73]. Pachytene spermatocyte (PS) and
round spermatid (RS) fractions were collected by StaPut [73-75], and
pooled fractions were counted on a hemocytometer. Purity was > 95%
for each sample, as assessed by counts of 100 cells from each fraction
under phase optics. Cells were washed once in PBS and then split into
two aliquots. One aliquot (for ChIP) was fixed in 1% formaldehyde for 8
min at room temperature and then quenched with 2.5 M glycine for 5
min at room temperature, while the second (for RNA) was kept on ice
during this time. Both fixed and unfixed aliquots were snap frozen in
liquid nitrogen, then stored at -80 °C.

2.4. Non-human samples

Testes from rhesus monkeys were obtained from adult male animals
undergoing necropsy for other purposes. Testes were isolated from adult
male CD1 mice (Charles River Laboratories), and tissue from several
mice was pooled before cell separation. Testes from gray short-tailed
opossums (Monodelphis domestica) were obtained from adult male ani-
mals. In each case, populations of pachytene spermatocytes and round
spermatids were recovered using a StaPut gradient as described [26,73,
76-79]. Purity was 89-90% for Monodelphis samples, and > 90% for
samples from the other species. For immunohistochemistry, testes were
isolated from adult male C57BL6 animals. Husbandry and euthanasia of
these animals was approved by Yale’s IACUC under protocol
2023-20169.

2.5. RNA isolation

Unfixed aliquots of sorted cells were thawed on ice, washed once in
cold PBS, resuspended in 350 ul RLT Plus buffer from the RNEasy Mini
kit (Qiagen #74134) and then disrupted by drawing up and down five
times in a 26 G insulin needle and syringe. Genomic DNA was removed
using gDNA eliminator columns supplied with the kit. The remainder of
the RNA isolation was performed using the RNEasy Mini kit according to
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the manufacturer’s instructions.
2.6. Chromatin immunoprecipitation

For ChIP-seq, between 5 x 10%and 5 x 10° cells were used as starting
material. For human samples, fixed cells frozen in lysis buffer (1% SDS,
10 mM EDTA, 50 mM Tris-HCI [pH 8]) were thawed on ice. For non-
human samples, fixed cell pellets were thawed on ice, then washed
once in cold PBS and resuspended in 100 ul lysis buffer. Once in lysis
buffer, cells were incubated on ice 5 min. 200 ul ChIP dilution buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI [pH
8], 167 mM NaCl) was then added to each sample. Samples were soni-
cated at 4 °C using a BioRuptor (Diagenode) for 35 cycles. Chromatin
from each sample was then split into two separate tubes (150 ul in each),
and ChIP was performed as previously described [17,20]. 50 ul of each
sample was set aside as input.

2.7. Illumina library preparation and sequencing

RNA libraries were prepared using an Apollo 324 library prep in-
strument with supplied reagents (Integenx) for non-human samples, and
using a SMARTer stranded RNA prep kit (Clontech) for human samples,
according to the manufacturer’s instructions. ChIP libraries were pre-
pared using a TruSeq ChIP sample prep kit (Illumina), according to the
manufacturer’s instructions, except that size selection was performed
after PCR amplification. All libraries were sequenced on an Illumina
GAII or [llumina HiSeq2500, with 36- or 40-base-pair single-end reads
for ChIP libraries and 100-base-pair or 40-base-pair paired-end reads for
RNA-seq libraries.

2.8. Sequence alignment and poised gene calls

All datasets were filtered for read quality using FASTX-toolkit and
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aligned to a species-appropriate genome build (hgl19, rheMac2, mm10,
bosTau7, monDomb5, or galGal4) using Bowtie v1.1.1 [81]. For RNA-seq
data, libraries were aligned using Tophat v2.0.11 [82] with Ensembl
[83] (release 75) transcripts as a reference. We used the same data
processing pipeline as in our previous analysis in order to ensure
comparability. In some cases, this meant that we did not use the most
recent version of the relevant software package, for example Bowtiel
instead of Bowtie2. Bowtiel is considered to be an equivalent or better
aligner for single-end, ungapped, very short reads as exemplified by the
ChlIP-seq libraries in this study [24,25]. For ChIP data, we counted total
reads in the 4-kb interval surrounding each transcript TSS (Ensembl
build 75) using htseq-count [84] with the intersection-nonempty option.
For each dataset, total ChIP or input reads in each interval were
normalized to reads per million, and the normalized input count was
subtracted from the normalized ChIP count in each interval to get a final
ChIP signal. For RNA, we obtained FPKM values using Cufflinks v2.2.1
[85], with Ensembl release 75 transcripts as a reference (-G option). We
set thresholds for H3K4me3, H3K27me3, and RNA-seq signal (Fig. 1)
based on continuous modification of thresholds and selection of the
thresholds at which the numbers of active and poised genes called were
robust to threshold changes (Supplementary Table 1).

2.9. Handling of replicates

There were two biological replicates for rhesus macaque, mouse, and
opossum, which demonstrated good inter-replicate correlations for
H3K4me3, H3K27me3, and expression data [20]. Three biological rep-
licates were available for human, among which a high level of consis-
tency was observed between replicates 2 and 3, while replicate 1 was
more distinct from the other two replicates based on principal compo-
nent analysis and hierarchical clustering [20]. Therefore, human repli-
cate 1 was excluded from the current analysis. For each species, values of
H3K4me3, H3K27me3, and expression were calculated by averaging
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Fig. 1. Regulatory states in the male germlines of four mammalian species defined by expression and post-translational modifications of histone proteins. (a)
Phylogeny of the mammalian species examined in this study. The bird/reptile lineage is included for clarity but no data from these species is included. (b) Data
processing workflow. Genes were compared within cell types across species for each of the three data types indicated (H3K4me3 ChIP-seq, H3K27me3 ChIP-seq, and
RNA-seq). Human-specific states are the focus of the analyses. (c) Gene state designations based on combinations of expression and enrichment of post-translational
histone modifications. The first four states (highlighted) most likely represent true signals and were used for further analysis, while the remaining four states likely
represent artifacts. (d) Histogram showing the total numbers of different epigenetic states (as defined in (c)) across all conditions (combinations among four species
and two cell types) associated with a given gene. All eight possible epigenetic states are considered. PS, pachytene spermatocyte, RS, round spermatid.
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reads from both replicates, which were then used to define the epige-
netic states of each gene in pachytene spermatocytes and round sper-
matids, respectively.

2.10. Orthologous gene sets

Orthology lists that were previously obtained from Ensembl release
75 [26,27] were used for consistency. Only genes that have orthologs in
all the four species are included. Because there is no strong a priori
expectation that gene duplication would have a specific effect (loss,
gain, or retention) on chromatin state surrounding the TSS, we reasoned
that exclusion of genes with one-to-many relationships could result in
loss of biologically meaningful information and might introduce bias.
We therefore included genes with both one-to-one and one-to-many
orthology relationships in our analysis. This total gene list includes 15,
492 human, 15,904 rhesus macaque, 16,253 mouse, and 15,966
opossum genes. To account for possible artifacts of including
one-to-many orthologs, we also performed a parallel analysis with only
one-to-one orthologs, including 12,104 genes in each species.

2.11. Human-specific regulatory states

In each condition defined by a combination of cell type and species,
an epigenetic state was assigned to each gene based on the strength of
the H3K4me3 and H3K27me3 ChIP-seq signals and level of gene
expression defined by RNA-seq signal. A gene was considered to have a
human-specific active state when it met the criteria for an “active” state
(H3K4me3 >= 0.5, H3K27me3 < 0.5, FPKM >=5) only in human PS
and/or RS, but not in any other species. Similarly, a gene was considered
uniquely poised in human when it met the “poised” definition
(H3K4me3 >= 0.5, H3K27me3 >= 0.5, FPKM <5) only in human cell
types, but not in any other species. Genes are considered to have human-
specific changes when they manifest the same epigenetic states or
transition patterns from PS to RS in rhesus, mouse, and opossum, but
have different states or dynamics in human PS and RS.

2.12. Functional enrichment analysis

Functional enrichments were evaluated via enrichment of gene
ontology (GO) categories using the GOStats package in R [28]. The
adjusted p values were derived by conditioning out the child categories
and accounting for multiple comparisons using the Benjamini-Hochberg
method. The Molecular Signatures Database (MSigDB) was used to
further confirm the functional enrichment of these gene sets [29,30].

2.13. Testicular gene expression profile

Data from the Human Protein Atlas (proteinatlas.org) [31], the GTEx
database [32], and the Human Testis Atlas Browser [80] were used to
confirm mRNA and protein levels in human testes for genes with unique
epigenetic profiles in our cross-species comparisons.

2.14. Immunohistochemistry

Immunohistochemical staining was performed on sections of
formalin fixed paraffin embedded testes from mouse and human.
Rehydrated sections were subjected to 20 mins of antigen retrieval with
citrate buffer (Abcam, ab93678). The sections were then treated with
1% hydrogen peroxide for 10 mins, permeabilized with 0.3% Triton X-
100 (MP Biomedicals, #807426)) for 5 mins and then blocked with
horse serum for 30 mins (Vector Labs, MP-7401). Primary antibodies
were diluted in 5% BSA (Sigma, A9647) and incubated with sections at 4
degrees Celsius. The following day the sections were washed with PBS
and incubated with horseradish peroxidase horse anti-rabbit secondary
antibody (Vector Labs, MP-7401) for 30 mins at room temperature.
After washing with PBS, the sections were incubated with a DAB
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solution (Vector labs, SK-4105) for 3 mins and then washed with tap
water. Finally, the sections were counterstained with Gill’s hematoxylin
II (Electron Microscope Services, #26030-20), blued with a sodium
bicarbonate solution and dehydrated before coverslipping with DPX
(Sigma, 06522). Primary antibodies used were: panH3 (1:1000, Abcam,
ab1791), NEKS5 (1:100, Atlas antibodies, HPA035565), OR4N4 (1:100,
Atlas antibodies, HPA057442).

2.15. Code availability

Original R code is available at https://github.com/Lesch-Lab.
3. Results
3.1. Epigenetic states of male germ cells across four species

To define human-specific regulatory states in spermatogenesis, we
focused on data from pachytene spermatocytes (PS) and round sper-
matids (RS) in human, rhesus macaque, mouse, and opossum, spanning
approximately 160 million years of evolutionary divergence in the
mammalian lineage [33] (Fig. 1a,b). Pachytene spermatocytes are in
prophase of meiosis I and contain large nuclei with 4 C (tetraploid) DNA
content, and synapsed homologous chromosomes. In contrast, round
spermatids are post-meiotic cells containing compact nuclei with 1 C
(haploid) DNA content. These cell types therefore represent distinct
stages in male germline development. The eight possible combinations
between these two cell types and four species constitute eight distinct
conditions for any given gene. We compared the epigenetic states of a
gene across these eight conditions to identify patterns of evolutionary
conservation and divergence, and sought to explore their functional
implications.

We used H3K4me3 and H3K27me3 immunoprecipitation (ChIP-seq)
and RNA-seq data to measure histone modification enrichment and gene
expression (Supplementary Table 2). Combinations of these three vari-
ables give rise to eight possible epigenetic states that can be associated
with a given gene in each condition defined by species and cell type
(Fig. 1c). Of these, the presence of H3K27me3 with low or absent gene
expression (“repressed”), presence of H3K4me3 with gene expression
(“active™), co-existence of H3K4me3 and H3K27me3 with low or absent
gene expression (“poised”), and absence of both histone modification
marks as well as absence of gene expression (“all negative™), are the
most biologically plausible states and hence are the focus of this anal-
ysis. We assume that the remaining four states are identified due to false
positive or false negative calls from one or more of the histone modifi-
cation or gene expression data. For example, a false negative in the gene
expression signal may lead to the categorization of an “active” gene as
“K4 only”. A false positive in the H3K27me3 read may result in an
“active” gene being classified as “all positive”. A false positive in the
gene expression data could bring a “repressed” gene into the group of
“K27 and expression”, and can also bring an “all negative” gene into the
group of “expression only”.

To identify patterns of divergence, we classified each gene based on
the total number of epigenetic states it had across the eight conditions
defined by cell type and species. Most genes had at total of two or three
epigenetic states across conditions (Fig. 1d). Consistent with our as-
sumptions, across all conditions the four biologically plausible states are
most common (Fig. 2a-c), further suggesting that these four states are
more likely to represent true biological signals.

We identified 2262 genes with uniform epigenetic features across all
eight conditions (Fig. 2b), a plurality of which are consistently active
(N = 836). As expected, many of these 836 consistently active genes are
housekeeping genes that are involved in macromolecule metabolism and
transport, nucleic acid processing and localization, organization and
function of cellular organelles such as mitochondria, endoplasmic re-
ticulum and microtubules, and essential cellular functions such as cell
cycle regulation and cell division (Fig. 2d, Supplementary Table 3). 761
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Fig. 2. Distributions of each of the combinatorial epigenetic states across species and cell types. (a) All genes with orthologs in each species (N = 15,491). (b) Subset
of genes with uniform states across species and cell types (N = 2262). (c) Subset of genes with exactly two different states across species and cell types (N = 5566).
Each state is annotated following the same color legend defined in Fig. 1c. (d-e) Selected enriched gene ontology (GO) categories for genes that are consistently active
(d) or poised (e) across eight conditions. PS, pachytene spermatocyte, RS, round spermatid. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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genes are consistently poised across all conditions, in agreement with
our previous finding that 405 genes are consistently poised in both PS
and RS across human, rhesus macaque, mouse, opossum, and a fifth
species, bull [20]. Similar to our previous observation [20] and consis-
tent with commonly described associations with the poised state [21,
22], these 761 genes are strongly enriched for GO categories involving
transcriptional and developmental regulation (Fig. 2e, Supplementary
Table 4). Among the remaining genes with uniform epigenetic features
across conditions (Fig. 2b), 583 are consistently “all negative”, and 16
are consistently repressed.

Our recovery of functional enrichments for housekeeping and
developmental genes in the consistently active and poised classes,
respectively, underscores the validity of our approach for identifying
biologically significant patterns of regulatory conservation and diver-
gence across cell types and species. To further validate our accurate
classification of epigenetic states, we calculated the number of genes
that are stably poised in both PS and RS in two or three species among
human, rhesus macaque, mouse, and opossum in the current analysis,
and compared that to the results that we previously reported [20]. Since
the underlying dataset is the same, we expect a high level of agreement if
the current analysis accurately captures regulatory states. Indeed, we
found a high level of agreement, with discrepancy ranging from 1.2% to
10.2% (Supplementary Table 5).

Among genes with a total of two epigenetic states across eight con-
ditions (N = 5566; Fig. 2¢), most are active or poised. A minority of
genes are in K4 only, all positive, K27 and expression, or expression only
states in any subgroup (Fig. 2a-c), again underscoring that these four
states are most likely to represent artifacts rather than biologically
meaningful categories. The depletion of artifactual categories could also
explain why relatively few genes were observed to have five or more
epigenetic states across the eight conditions (Fig. 1d), as these genes
would need to have at least one of the four putative artifact states in at
least one condition to be associated with five or more total states.
Therefore, in the remainder of this analysis we excluded genes that are
in any of these four putative artifact states in any of the eight species/cell
type conditions in order to focus on the patterns most likely to corre-
spond to true biological signals and minimize noise and bias.

3.2. Identification of genes uniquely active in human spermatogenic cells

We first asked if there are genes that are uniquely active in human
germ cells, implying that they may play human-specific roles in sper-
matogenesis. We identified 22 genes that were active in human PS and/
or RS but not in any of the other three species (Fig. 3a, Supplementary
Table 6). Nineteen of these had one-to-one orthologs across species,
while three had one-to-many orthology relationships (Supplementary
Fig. 1). We confirmed expression specifically in human samples by
independently assessing FPKM values in individual replicates for each
species (Supplementary Fig. 2) and by evaluating expression profiles in a
published human single cell RNA-seq dataset [80](Supplementary
Fig. 3). To further confirm and expand our finding, we evaluated
H3K4me3 and H3K27me3 signal in human [34] and mouse [35] sperm
and we found that species-specific signatures are often retained in
sperm: most human-specific active genes retained H3K4me3 signal in
sperm, while most of their mouse orthologs are either positive for
H3K27me3 only or negative for both modifications (Fig. 3b, Supple-
mentary Fig. 1b). Interestingly, while these genes are not enriched for
H3K27me3 in human spermatogenic cells, some gain H3K27me3 in
addition to H3K4me3 in sperm.

Among the set of human-specific active genes, BVES manifests a
distinct epigenetic profile, where it is poised in both PS and RS (stably
poised) of rhesus, mouse, and opossum, but consistently active in both
PS and RS in human (Fig. 3c). The consistency of epigenetic states across
two spermatogenic cell types in each species reinforces the likelihood
that the active state is human-specific. Similarly, NEK5 is consistently
active in human PS and RS, and consistently poised in the PS and RS of
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mouse and opossum and in one rhesus replicate (Fig. 3d). While formally
classified as “K4 only” in PS and RS of rhesus, we included NEKS5 in the
list of human-specific active genes as it was consistently poised in all but
one non-human sample, and recent literature suggests it may play a role
in human reproduction. In human, NEK5 protein is localized to cen-
trosomes and is essential for efficient and appropriate spindle assembly
[36]. Deficiency in NEK5 has been associated with erroneous chromo-
somal segregation during mitosis and meiosis in human cells, contrib-
uting to genome instability [36]. NEKS5 also localizes to the cilia roots of
human airway epithelia in lung [37], suggesting a role in cilia/flagella
biology, motor functions, and male fertility. Immunohistochemistry
(IHC) for NEKS5 revealed its localization to spermatocytes and the head
of elongated/late spermatids in human testis, in contrast to restricted
expression only in spermatogonia in mouse (Fig. 3e, Supplementary
Fig. 1c-d). The evolutionary significance of NEK5 is supported by recent
discovery of structurally divergent regions in primate genomes which
encompass NEK5 and contain lineage-specific variations that could give
rise to both enhanced fitness in some cases and increased disease sus-
ceptibility in others [38].

By contrast, BVES has not yet been implicated in male fertility. Public
IHC data for BVES in human testis indicates that it is expressed as a
cytoplasmic and membranous protein in the testes, mainly in the Leydig
cells, and to a lesser extent, the seminiferous tubules (Supplementary
Fig. 1c). BVES belongs to the Popeye domain-containing (POPDC) gene
family and encodes cAMP-binding membrane proteins abundantly
expressed in heart and skeletal muscles [39]. BVES has been implicated
in cell migration, skeletal muscle regeneration, and regulation of cardiac
pacemakers in response to stress stimulation [39]. Correspondingly,
BVES is the disease-causing gene for autosomal recessive cardiac
arrhythmia and limb-girdle muscular dystrophy [40]. The divergent
epigenetic activation of BVES in human spermatogenic cells uncovered
in this analysis may imply unexplored roles for BVES in human fertility.

3.3. Genes uniquely poised in human spermatogenic cells

Poising (also called bivalency) is defined by the presence of both the
H3K4me3 and H3K27me3 histone modifications, as well as low
expression of the associated gene, and is thought to facilitate appro-
priate regulation of key developmental genes during embryogenesis [21,
23,41,42]. It is especially enriched in pluripotent cells and germ cells,
which have pluripotent potential [42]. We identified 176 genes that
were poised in human PS and/or RS but not in any of the other three
species (Fig. 4a-b, Supplementary Table 7). This number is lower than
the 796 genes we reported as poised in both human PS and RS, but not
germ cells of other mammalian species, in our previous analysis [20].
We attribute this discrepancy to the improved stringency of our current
approach; we excluded the least reproducible human replicate, and
removed 577 genes that manifest one of the presumed artifactual states
in at least one species/cell type condition. Therefore, these 176 genes
represent high-confidence candidates for the human-specific poised
state. One hundred and twenty-four of these had one-to-one orthologs
across species (Supplementary Fig. 4a-b), while 52 had one-to-many
orthology relationships. In sperm, species-specific epigenetic signa-
tures are retained: many human-specific poised genes retained both
H3K4me3 and H3K27me3 signal in sperm, while most of their mouse
orthologs are either positive for H3K4me3 only, positive for H3K27me3
only or negative for both (Fig. 4c, Supplementary Fig. 4c).
Human-specific poising in the male germ line may be associated with
genes that play human-specific roles during embryonic and fetal
development [41-45], suggesting that some human-specific poised
genes may have roles in human congenital disease that are inaccessible
for study in model organisms.

Notably, we identified some genes with human-specific poised states
that have previously been associated with reproductive function. For
example, KISS1 encodes multiple structurally related peptides called
kisspeptins, which have pleiotropic biological roles including
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Fig. 3. Human-specific active genes. (a) Distribution of epigenetic states among the 23 genes that are in the “active” state in human pachytene spermatocytes (PS) or
round spermatids (RS), but not either cell type of the other three species. (b) H3K4me3 and H3K27me3 signal at promoters of the genes listed in (a) in human and
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suppression of metastasis [46]. Kisspeptins are natural ligands for G
protein-coupled receptor 54 (GPR54, also known as KISS1R) and
strongly stimulate pituitary gonadotropin release [47] via actions on the
gonadotropin-releasing hormone (GnRH) neurons in the hypothalamus
[48-50]. While some central functions of kisspeptin/GPR54 are shared
in rodents [50,51], humans also exhibit germ cell-specific functions for
these factors. Kisspeptin/GPR54 are found in the head, neck, and fla-
gellum midpiece of human spermatozoa, and exposure of human sper-
matozoa to kisspeptin induces intracellular calcium increase and
hyperactivated motility essential for binding and fusing with the oocyte
[52]. The uniquely poised state of KISSI we identify in human round
spermatids (Fig. 4d) underscores the evolutionary and functional sig-
nificance of KISS1, which may serve as a novel target for human fertility
assessment and interventions.

HIPK4, a second gene with human-specific poising, encodes
Homeodomain-Interacting Protein Kinase 4, a serine/threonine kinase
robustly expressed in both murine and human testes [53] (Fig. 4e). We
found that HIPK4 is poised in human PS, but active in human RS as well
as in both cell types of all other species. In mice, HIPK4 protein is spe-
cifically expressed in round and early elongating spermatids [53].
HIPK4-null male mice produce reduced numbers of spermatozoa, and
the sperm that are produced exhibit multiple defects including deformed
heads, detached acrosomes, and expanded perinuclear space, and are
more prone to apoptosis and phagocytosis by Sertoli cells [54]. In
humans, rare missense and nonsense HIPK4 variants have been reported
in men with nonobstructive azoospermia (NOA) [54]. Our identification
of developmentally dynamic poising at HIPK4 in human suggests that
precise developmental regulation of its activation during spermatogenic
development may be important for human male fertility.

All together, our analysis indicates that human-specific poising of
KISS1, HIPK4, and other genes that have not yet been assigned a
reproductive function (Figs. 4b, 4f) in human male germ cells may reveal
previously unknown pathways that modulate human spermatogenesis
and fertility.

a
40
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3.4. Genes with unique changes in epigenetic states in human
spermatogenic cells

Finally, we examined a group of 56 genes with unique transitions in
their epigenetic states between the PS and RS stages in human compared
to other species (Fig. 5a-b, Supplementary Table 8). This subset again
includes HIPK4, which is poised in PS and becomes active in RS after
meiosis. We noted multiple olfactory receptor (OR) genes in this group.
ORs have been proposed to play important roles in fertility by control-
ling Ca®*-induced sperm flagella motility, mediation of sperm chemo-
taxis toward the oocyte, as well as facilitation of capacitation and
acrosomal reaction [55-58]. Interestingly, all of the ORs recovered from
this analysis are transcriptionally silent in testis, but exhibit species
differences in the developmental dynamics of the repressive histone
modification H3K27me3, potentially indicating a change in regulatory
potential and/or chromatin structure even in the absence of altered
expression. On the other hand, LRFN4 loses H3K27me3 to transition
from a “poised” to an “active” state during the progression from PS to RS
specifically in human testis (Fig. 5c), potentially indicating a
human-specific developmental requirement during spermatogenesis.

4. Discussion

In this study, we used in-depth comparison of chromatin and gene
expression state in spermatogenic cells of four mammalian species to
identify a total of 239 genes with human-specific regulatory features
during spermatogenesis. These include 23 genes that are uniquely active
during spermatogenesis in humans, but not in other species examined;
176 genes that are epigenetically poised uniquely in humans; and 56
genes that are dynamically regulated during human spermatogenesis
but do not exhibit the same dynamics in other species, some of which
overlap with the first two categories. We predict that human-specific
regulatory states identified using the four biologically plausible combi-
nations of histone modification enrichment and transcript level could
indicate human-specific functions for these genes in male fertility.
Indeed, mutations in several of these genes have been suggested to
impact male fertility, and we confirmed that the proteins encoded by
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some of these genes are expressed in germ cells during spermatogenic
development.

Our analysis excluded genes associated with any of four potentially
artifactual states in any species or cell type. This may have excluded
some genes with true human-specific functions, including HIPK2 [54], a
gene we found to be uniquely poised in human in our previous analysis
[20] and a paralog of one gene (HIPK4) identified in this analysis. We
decided to tolerate reduced sensitivity in exchange for higher confidence
in our output. For example, the “all positive” state was the most common
among the excluded; we believe this is likely to represent a mixture of
repressed and active states among the total population of germ cells
used, and therefore reduces the ability to accurately infer regulatory
state.

Importantly, while some of the identified genes have been implicated
in male reproduction, the exact molecular and developmental roles of
most these genes during human spermatogenesis are not known. Mo-
lecular characterization of their roles in spermatogenesis will be an
important subject for future studies. Mechanistic studies of these genes
may present a challenge since we expect that, by definition, their
reproductive functions cannot be accurately modeled in mouse or in
other common model organisms. Development of in vitro culture sys-
tems and organoids for human spermatogenic cells is an active area of
investigation (reviewed in Robinson et al, 2023) [17] and will ulti-
mately be an important tool for testing the roles of these genes in male
fertility. Until such models are available, comparative studies of mo-
lecular function using reciprocal expression of human and mouse pro-
tein orthologs in non-spermatogenic human and mouse cell lines may
help elucidate the aspects of their molecular function that are unique to
human. Novel descriptive datasets from human systems, such as those
emerging from spatial transcriptomics [59], may also reveal species
differences in developmental expression and function. Furthermore,
clinical relevance for these genes can be examined in population studies
with targeted genomic and epigenomic analyses coupled with longitu-
dinal follow-up for pregnancy and birth outcomes. Complementary in-
formation gained from molecular and clinical studies can accelerate
discoveries of genes with potential for clinical applications.

Some of the genes we identified as having human-specific regulatory
states have been shown to be important for male reproduction in both
human and non-human mammals, indicating that their reproductive
function overall is not exclusively human. For example, several lines of
evidence implicate KISS1 in regulation of GnRH secretion from the hy-
pothalamus in rats [47-49] and rhesus macaques [60]. Genetic variants
leading to loss of kisspeptin/GPR54 signaling can lead to a hypo-
gonadotropic hypogonadism phenotype in mice, with substantially
smaller testes and ovaries than in wild type animals, arrested sper-
matogenesis mainly at early haploid spermatid stage, failure of folli-
culogenesis and ovulation, as well as impaired uterine endometrial
gland development [50,51]. Similar phenotypes have been observed in
human, where loss-of-function KISS1 variants led to normosmic idio-
pathic hypogonadotropic hypogonadism inherited in an autosomal
recessive fashion [61], and decreased circulating kisspeptin level has
been associated with impaired spermatogenesis in human in a
dose-dependent manner [62]. Intriguingly, kisspeptin has been impli-
cated in regulation of puberty timing [47,60,63]; increased Kkiss-
peptin/GPR54 signaling in the hypothalamus triggers puberty initiation
in rodents and primates [47,60]. Species differences in KISS1 regulation
might therefore control variation in timing, rather than absolute pres-
ence or absence, of this important life history trait. Similarly, while
mutations in HIPK4 are associated with apparently similar defects in
spermatogenesis in both mice and humans [53,54], the different regu-
lation dynamics we identified here may reflect functional develop-
mental differences that remain to be defined.

We detected multiple olfactory receptor genes in both the human-
specific poised gene set (Fig. 4b) and the set of genes with human-
specific regulatory dynamics (Fig. 5b). OR proteins constitute the
largest group within the G protein-coupled receptor family, encoded by
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over 1000 genes in mice and over 450 genes in human (reviewed in Kang
and Koo, 2012) [64], and many OR genes (N = 275) were included in
the set of the orthologous genes analyzed in this study. In the olfactory
epithelium, ORs that are exposed to their ligands initiate signal trans-
duction by triggering an intracellular increase of cAMP via actions of the
adenylyl cyclase, followed by an external Ca®" influx [64]. OR gene
transcripts have also been found in PS and RS in testis of several
mammalian species, including humans, dogs, and mice [65,66]. In rats,
some ORs are not expressed in the testis until it is sexually maturing or
mature, whereupon they localize to the post-meiotic, differentiating
germ cells in sexually maturing and mature testes and serve chemotactic
functions [57]. ORs have been proposed to play important roles in
fertility by controlling Ca?™-induced sperm flagella motility, mediation
of sperm chemotaxis toward the oocyte, as well as facilitation of
capacitation and acrosomal reaction [55-58]. ORs are also rapidly
evolving, making them good candidates for acquisition of
species-specific functions [67]. Temporally precise regulation of OR
gene expression during human spermatogenesis suggests that there may
be important roles for these genes in sperm development and function.

Our analysis approach revealed a new gene set that can be exploited
in several ways. First, the genes identified here suggest new hypotheses
about basic molecular and developmental features that distinguish
human spermatogenesis from that of other mammalian species; these
hypotheses can be tested in future studies. Second, this list represents a
set of potential candidates for improved screening and diagnosis of male
factor infertility, which may also facilitate the development of tools that
predict the likelihood of success in surgical sperm retrievals for patients
with NOA. And third, some genes on these lists may represent good
targets for development of male contraceptives. In fact, due to its spe-
cific roles in the post-meiotic stages of spermiogenesis, HIPK4 has been
postulated as a novel target for reversible male contraception, as a
HIPK4 antagonist can rapidly and specifically disrupt sperm formation
and function without affecting the hypothalamic-pituitary-gonadal axis,
somatic cells in the testes, or genetic composition of the zygote if
fertilization occurs [53].

5. Conclusions

We identified 239 total genes whose regulation in human sper-
matogenic cells differs from other mammalian species. We confirmed
divergence in chromatin state and associated gene expression for a
subset of genes using ChIP-seq and RNA-seq data in spermatogenic cells
and sperm, as well as IHC data. Recent evolutionary changes in regu-
lation of these genes could indicate novel functions for these genes in
human reproduction, motivating future studies examining the molecular
and developmental features associated with the function of these genes
in human tissues. We conclude that differential regulation of ortholo-
gous genes could underlie human-specific features of spermatogenesis.
Understanding the functions of these differentially regulated candidate
genes in humans may ultimately improve management of male factor
infertility and male contraception.
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