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ABSTRACT

Spermatogenesis depends on the crosstalk of Sertoli cells (SCs) and
germ cells. However, the gene regulatory network establishing the
communications between SCs and germ cells remains unclear. Here,
we report that heterogeneous nuclear ribonucleoprotein H1
(hnRNPH1) in SCs is essential for the establishment of crosstalk
between SCs and germ cells. Conditional knockout of hnRNPH1 in
mouse SCs leads to compromised blood-testis barrier function,
delayed meiotic progression, increased germ cell apoptosis,
sloughing of germ cells and, eventually, infertility of mice.
Mechanistically, we discovered that hnRNPH1 could interact with
the splicing regulator PTBP1 in SCs to regulate the pre-mRNA
alternative splicing of the target genes functionally related to cell
adhesion. Interestingly, we also found hnRNPH1 could cooperate
with the androgen receptor, one of the SC-specific transcription
factors, to modulate the transcription level of a group of genes
associated with the cell—cell junction and EGFR pathway by directly
binding to the gene promoters. Collectively, our findings reveal
a crucial role for hnRNPH1 in SCs during spermatogenesis and
uncover a potential molecular regulatory network involving hnRNPH1
in establishing Sertoli-germ cell crosstalk.

KEY WORDS: hnRNPH1, Sertoli cells, Alternative splicing,
Spermatogenesis, Mouse

INTRODUCTION

Mammalian spermatogenesis is a complex physiological process
of sperm production in the testicular seminiferous tubules, which
is supported by intricate crosstalk between Sertoli cells (SCs) and
germ cells (Neto et al., 2016). Meiotic and post-meiotic germ cell
development is confined to a specialized microenvironment within
the seminiferous epithelium, and a key determinant of such a
microenvironment is the formation of specialized tight junctions
between SCs (Mruk and Cheng, 2015; Stanton, 2016). These
specialized junctions form the basis of the blood—testis barrier
(BTB), which comprises adherents, gap and occluding junctions
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interspersed with tubulobulbar complexes (TBCs) and actin-based
SC cytoskeletal structures (Dunleavy et al., 2019; Vogl et al., 2008).
BTB divides the seminiferous epithelium into the basal and the
apical (adluminal) compartments, and prevents the free passage of
substances into the adluminal compartment of the seminiferous
tubules (Chen et al., 2016a).

Increasing studies focus on the biology of the BTB because a
complete loss of BTB function leads directly to infertility
(Mao et al., 2020). BTB formation coincides with the increases
in serum gonadotropins during puberty, such as follicle-
stimulating hormone (FSH), luteinizing hormone (LH) and
androgens (Stanton, 2016). Tight junction formation can be
prevented by the removal of these hormones (Bressler, 1976).
Androgens are mainly secreted by Leydig cells upon LH
stimulation and act directly on receptors found in SCs
to promote spermatogenesis (McLachlan et al., 2002;
O’Shaughnessy, 2014). Previous studies have demonstrated that
androgens can stimulate the mRNA expression, protein
production and localization of tight junction proteins into the
BTB (Stanton, 2016). The finding that androgen action was
essential for BTB function in vivo was confirmed via a mouse
model in which the androgen receptor (AR) in the SC was knocked
out (Meng et al., 2005; Smith and Walker, 2014; Willems et al.,
2010). As a transcription factor, AR regulates its activity
by forming different splicing variants that are mediated by
several splicing factors, such as PTBP1 (also known as hnRNPI)
(Liu et al., 2014). Interestingly, PTBP1 was also reported to
maintain the integrity of the BTB by regulating the expression
levels of tight junction-associated proteins (Yang et al., 2021).
However, the underlying molecular networks among PTBP1 and
AR in SCs for the regulation of BTB and spermatogenesis are
poorly understood.

RNA-binding proteins (RBPs) are key components in RNA
metabolism that play crucial roles in the post-transcriptional
control of RNAs, including splicing, mRNA stability, mRNA
localization, polyadenylation and translation (Bataclan et al., 2021).
Heterogeneous nuclear ribonucleoproteins (hnRNPs) are a large
family of RNA binding proteins with crucial roles in multiple
aspects of RNA metabolism as well. Several members of the hnRNP
family were reported to be highly expressed in male germ cells and
SCs and involved in the process of spermatogenesis (Li et al., 2012;
Wen et al., 2021; Xu et al., 2018). Among the hnRNP family
members, hnRNPH1 has attracted increasing public attention based
on its critical function in neurological diseases and cancers
(Prudencio et al., 2015; Uren et al., 2016; Wu et al., 2021).
Notably, our recent study showed that hnRNPH1 could recruit
the splicing factors PTBP2 and SRSF3 to regulate alternative
splicing in germ cells (Feng et al., 2022). However, the

1

DEVELOPMENT


mailto:shuiqiaoyuan@hust.edu.cn
http://orcid.org/0000-0001-6238-8758
http://orcid.org/0000-0003-1460-7682

RESEARCH ARTICLE

Development (2023) 150, dev201040. doi:10.1242/dev.201040

physiological role and potential mechanism of hnRNPH1 in SCs on
spermatogenesis and male fertility remain elusive.

Here, we show that the hnRNPHI1 protein is highly expressed in
mouse SCs and is indispensable for spermatogenesis and male
fertility. The loss of function of hnRNPH1 in mouse SCs leads to
complete male infertility, characterized by not only severe
destruction of the structure and function of the BTB but also by
impaired meiotic processes. We further discovered that hnRNPH1
could interact with the splicing regulator PTBP1 to regulate the
alternative splicing of its target genes that are functionally related
to cell adhesion in SCs. In addition, we found that hnRNPHI1 in SCs
could also cooperate with the AR, one of the SC-specific
transcription factors, to modulate gene transcription by directly
binding their promoter. Our data, for the first time, identify a
previously unreported role for hnRNPHI in SCs on
spermatogenesis and male fertility. Furthermore, our data
uncovered a molecular regulatory network of hnRNPHI1 in SCs
through cooperation with the splicing factor PTBP1 and the
transcription factor AR to regulate pre-mRNA alternative splicing
and gene transcription in SCs.

RESULTS

hnRNPH1 is highly expressed in SCs through pre-pubertal to
adult mouse testis

To explore the functions of hnRNPHI in spermatogenesis, we first
examined its expression pattern in adult mouse testes through
immunofluorescence (IF) assays. The results showed that
hnRNPHI is highly expressed in SCs because of the significant
colocalization with WT1 (an SC marker) in testes and purified SCs
(Fig. 1A,B). In addition, hnRNPHI is expressed in germ cells,
especially in spermatocytes and round spermatids (Fig. 1A).
Furthermore, IF analyses revealed that hnRNPHI1 is continuously
expressed in SCs at different developmental stages (Fig. 1C);
however, its expression level is relatively low in the early stages
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from embryonic day 17.5 (E17.5) to postnatal day 7 (P7), suggesting
that hnRNPH1 may play a crucial role in SCs at multiple stages of
germ cell development.

hnRNPH1 in SCs is required for spermatogenesis and male
fertility

Given the strong expression of hnRNPH1 in SCs, we speculate that
hnRNPHI in SCs may play a role in spermatogenesis. To test this
hypothesis, we generated SC-specific conditional knockout (cKO)
mice by crossing Hnrnphl1°¥1°% mice with the Amh-Cre transgenic
mouse strain to investigate the function of hnRNPHI in SCs on
spermatogenesis. A Hnrnphl-null allele in SCs was created after
Amh-Cre-mediated recombination of the floxed-Hnruphl allele
with LoxP sites flanking exon 6 (Fig. S1A), and the conditional
knockout (Amh-Cre; Hnrnphl1o¥1°%; hereafter referred to as
hnRNPHI1 cKO) and control (Hnruph /% or Hnrnphl ¥/,
Amh-Cre; hereafter referred to as control) mice were verified
through PCR-based genotyping with indicated primers (Fig. S1B).
Both mRNA and protein levels of hnRNPH1 were almost absent in
the purified hnRNPH1 c¢KO SCs compared with the control
(Fig. 2A,B). Furthermore, co-staining of hnRNPH1 with WT1 in
control and hnRNPH1 cKO testis sections at P56 further confirmed
a specific ablation of hnRNPHI in the hnRNPHI1 cKO SCs
(Fig. 2C). These data indicate that, in the hnRNPH1 cKO male mice,
the Hnrnphl gene was successfully deleted in SCs.

After fecundity testing for 6 months, the control males produced
8.2 pups per cage, whereas the hnRNPH1 cKO males never
produced any pups (Fig. 2D), suggesting the hnRNPH1 cKO males
are completely infertile. In addition, the testis size of hnRNPH1
cKO mice was significantly smaller than that of controls (Fig. 2E),
and the ratio of testis weight/body weight of hnRNPH1 ¢KO mice
was obviously reduced compared with controls from P21 onwards
(Fig. 2F). Consistent with this result, histological analyses of
developing testes showed that the diameter of seminiferous tubules
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Fig. 1. hnRNPH1 localizes in mouse SCs. (
testicular cryosections. Scale bars: 50 pm. (B) The purity of the isolated SCs from wild-type P21 testes was determined by the immunofluorescence co-
staining of WT1 and TRA98. Anti-hnRNPH1 and anti-WT1 antibodies were used for double immunostaining of purified SCs from wild-type P21 testes. Scale
bars: 20 um. (C) Double immunostaining with hnRNPH1 and WT1 on testicular cryosections from wild-type mice at different ages. Scale bars: 50 ym.

A) Anti-hnRNPH1 and anti-WT1 antibodies (an SC marker) were used to double immunostain wild-type adult
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Fig. 2. Conditional knockout of hnRNPH1 in SCs results in

severe obstruction of spermatogenesis and male infertility.
(A,B) RT-gPCR (A) and western blot (B) analyses of Hnrnph1
expression levels in SCs isolated from control and hnRNPH1
cKO mouse testes. Data are meants.e.m., n=3. ***<0.001
(unpaired Student’s t-test). GAPDH served as a loading control.
(C) Representative co-immunofluorescent images of hnRNPH1
and WT1 in adult control and hnRNPH1 cKO testis cryosections.
Scale bars: 50 ym. (D) The average numbers of pups per litter
produced from control and hnRNPH1 cKO male mice. Data are
meanzs.e.m., n=6. ****P<0.0001 (unpaired Student’s t-test).

(E) Gross morphology of the testes and epididymides from adult
control and hnRNPH1 cKO male mice. (F) Testis growth curves
from control and hnRNPH1 cKO mice at different ages. Data are
meanzts.e.m., n=3. **P<0.01 and ***P<0.001 (unpaired Student’s
t-test). (G) Periodic acid-Schiff (PAS) staining showing the
histology of testes and epididymides sections from adult control
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was decreased in hnRNPHI cKO mice compared with that of
control mice from P21 onwards (Fig. S1C). Further histological
analyses of adult testes showed that, in control males, the various
stages of spermatogenic cells were observed in seminiferous tubules
(Fig. 2G and Fig. S1D), whereas in hnRNPH1 cKO males, there
were no detectable mature spermatozoa in seminiferous tubules and
cauda epididymis (Fig. 2G), and spermatogenesis was arrested in
step 15 spermatids (Fig. S1E). Furthermore, quantitative analysis
revealed a significant decrease in spermatocytes or spermatids in the
adult hnRNPH1 cKO mice. (Fig. S1F). The TUNEL assay revealed
that the number of apoptotic cells in hnRNPH1 cKO testes was
much more than that of controls even at the early P14 stage
(Fig. S1G), suggesting dystrophy of the developing spermatocytes
during the first wave of spermatogenesis. Of note, a large number of
round spermatids and a few spermatocytes were found to be
prematurely sloughed into cauda epididymis at P28 and P60
(Fig. 3H). We then examined the development of germ cells and
SCs in the perinatal period because hnRNPH1was expressed in
SCs as early as the embryonic stage. Interestingly, we found
that the numbers of germ cells (TRA98") and SCs (WT1")
are comparable between control and hnRNPHI1 cKO testes
(Fig. S2A,B). Moreover, the hnRNPH1 deficiency does not
affect the development and differentiation of spermatogonia
both in in juvenile and adult mice (Fig. S2C-F). Together, these
results indicate that hnRNPH1 in SCs is essential for late
spermatogenesis in mice and that ablation of hnRNPHI1 in SCs
results in male sterility.

hnRNPH1 interacts with PTBP1 and AR in SCs

To explore the underlying molecular mechanism of hnRNPH1 in
SCs regulating spermatogenesis, a combined immunoprecipitation-
mass spectrometry (IP-MS) approach was applied to identify the
interactome of hnRNPHI1 in purified SCs. Consequently, a total of
128 proteins were identified from the immunoprecipitates,

P60 Cauda

(left) and P60 (right). Scale bars: 50 um.

including hnRNPHI1 itself (Fig. 3A and Table S1). Gene ontology
(GO) and KEGG enrichment analyses indicated that these proteins

are functionally most related to ‘mRNA splicing’ and
‘Spliceosome’ (Fig. 3B). Interestingly, among the 20 hnRNPH1-
interacting proteins screened by the STRING database (Fig. S3A),
three key splicing factors [PTBP1 (Yang et al., 2021), SFPQ (Knott
et al., 2016) and NONO (Dong et al., 2017)] and a transcription
factor [androgen receptor, AR (Willems et al., 2010)] have been
reported to be highly expressed in SCs and involved in
spermatogenesis. Thus, we focused on these four candidate
proteins for further investigation. Co-immunoprecipitation (co-IP)
and GST-pull down assays demonstrated that both PTBP1 and AR
interact with hnRNPHI1 in the purified SCs (Fig. 3C and Fig. S3B),
whereas the interaction of SFPQ and NONO with hnRNPHI1
seemed to depend on RNA or DNA (Fig. S3C). In addition, an
apparent colocalization of hnRNPH1 with PTBP1 and AR was
observed in the SC nucleus (Fig. S3D,E), further supporting the
potential cooperation of hnRNPH1 with PTBP1 and AR in the SCs.
Notably, the expression and localization of PTBP1 and AR were not
affected upon hnRNPH1 ablation (Fig. S3D,E). Interestingly,
similar to hnRNPH1, both AR and PTBP1 began to be highly
expressed in SCs from the P14 stage but displayed lower expression
in earlier stage SCs from E17.5 to P7 testes (Fig. S3F,G). To further
understand the potential mechanism by which hnRNPHI1 interacts
with PTBP1 and AR in vitro, their direct association was checked
via ectopic co-expression of hnRNPHI1, PTBP1 and AR in
HEK293T cells. Reciprocal co-IP assays revealed that hnRNPH1
could directly bind PTBP1 and AR (Fig. 3D-G). It was further
found that the 1-100 amino acid region (containing the qRRM1
domain) of hnRNPHI and the 623-685 amino acid region
(containing the Hinge domain) of AR was responsible for the
interaction between hnRNPH1 and AR (Fig. 3D,E); the 200-288
amino acid region (containing the GRY domain) of hnRNPH1 and
the 50-180 amino acid region (containing the RRM1 domain) of
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Fig. 3. hnRNPH1 interacts with PTBP1 and AR in SCs. (A) A list of 10 hnRNPH1-interacting partners in purified SCs from wild-type testes at P21 identified
by immunoprecipitation-mass spectrometry (IP-MS). (B) GO (upper) and KEGG (lower) term enrichment analyses show the hnRNPH1-interacting proteins
identified from IP-MS data. (C) Validation of interactions between hnRNPH1 and four putative hnRNPH1-interacting proteins (PTBP1, SFPQ, NONO and AR)
in purified SCs by co-IP assays. IgG was used as a negative control. (D-G) Reciprocal co-IP assays of interaction domains between hnRNPH1 and its
binding partners AR and PTBP1. HEK293T cells were co-transfected with MYC-AR and the indicated fragments of FLAG-hnRNPH1 (D), co-transfected with
FLAG-hnRNPH1 and the indicated fragments of MYC-AR (E), co-transfected with MYC-PTBP1 and the indicated fragments of FLAG-hnRNPH1(F), or co-
transfected with FLAG-hnRNPH1 and the indicated fragments of MYC-PTBP1 (G), immunoprecipitated with anti-FLAG antibody, and immunoblotted with
FLAG and MYC antibodies, respectively.

PTBP1 were essential for the interaction between hnRNPH1 and Ablation of hrnRNPH1 in SCs results in disruption of BTB and

PTBPI1 (Fig. 3F,G). Altogether, these data suggest that hnRNPH1  meiosis
cooperates with transcription factor AR and mRNA splicing factors  Considering that PTBP1 and AR have been reported to regulate
PTBP1 in mouse SCs through specific regions. spermatogenesis and that a common phenotype in their knockout
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mice was the abnormal BTB function (Willems et al., 2010; Yang
et al., 2021), we decided to clarify whether the BTB integrity was
abolished in hnRNPH1 ¢KO mouse testes. BTB is a specialized cell
junction between SCs that is composed of tight junction (TJ), basal
ectoplasmic specialization (ES) and a gap junction (Wen et al.,
2018). An IF assay showed that, in control testes, the basal TJ
proteins (N-cadherin and B-catenin) and ES proteins (ZO-1) were
localized in the basal membrane of seminiferous tubules (Fig. 4A
and Fig. S4A). In contrast, in hnRNPH1 cKO testes, these proteins
were found to be beyond the basement membrane and diffusely
present at the BTB, extending towards the lumen (Fig. 4A and
Fig. S4A). As the BTB structures are supported by the concerted
efforts of the microtubule- and actin-based cytoskeletons (Dunleavy
et al,, 2019), we examined whether the cytoskeletons of SCs
were affected in the hnRNPH1 cKO testes. Consequently,
immunostaining of a-tubulin and F-actin revealed disruption of
microtubular arrangement and actin organization in the hnRNPHI1
cKO SCs (Fig. 4B,C). Thereafter, the BTB integrity was further
detected by biotin tracing assay in vivo, and the results showed that
the biotin tracer could permeate into seminiferous tubules in the
hnRNPHI1 cKO testes; this was similar to observations made in the
positive control after treatment with cadmium chloride (CdCl,),
which is known to have destructive effects on the BTB (Jia et al.,
2017) (Fig. 4D-F). Furthermore, ultrastructural analysis by
transmission electron microscopy (TEM) revealed an intact BTB
structure in control seminiferous tubules (Fig. S4B); by contrast, an
abnormal SC morphology and BTB structure with large irregular
cavities was observed in the hnRNPH1 cKO seminiferous
epithelium. These data indicate that ablation of hnRNPH1 in SCs
compromises the BTB integrity of SCs. In addition, we found that
the length of vimentin (a cytoskeleton marker in the cytoplasm of
SCs) filaments of SCs in hnRNPH1 ¢KO seminiferous tubules is
shorter than that of controls (Fig. 4G,H), which suggests that the
destruction of BTB may be attributed to the abnormal development
of SCs with disorganized cytoskeleton due to ablation of hnRNPH1
in SCs. To explore whether the apical ES is affected upon hnRNPH1
depletion in SCs, F-actin staining was conducted in control and
hnRNPH1 cKO mouse testis. As shown in Fig. 41, F-actin is
disorganized in hnRNPHI1 cKO seminiferous tubules, and the
structure of apical ES is also disrupted. Considering that disruption
of BTB function is related to the appearance of many immune cells
in the testes (Qu et al., 2020), we then tested this by immunostaining
for the macrophage marker CD68 and the T-cell marker CD8. The
results revealed a significant increase in the number of immune cells
in the hnRNPH1 cKO testicular interstitial regions compared with
controls (Fig. S4C), suggesting that the disruption of BTB function
in hnRNPH1 cKO testes may cause an imbalance in the immune
barrier of the testicular microenvironment.

Given that AR deficiency in mice causes abnormal meiosis (Chen
et al., 2016b), we next asked whether hnRNPH]1 ablation in SCs
affects the meiotic process by chromosome spreading analyses. As
shown in Fig. 4], in control pachytene spermatocytes, YH2AX
signals completely disappear from autosomes but are confined to
the XY bodies formed by sex chromosomes. However, a higher
proportion of hnRNPH1 cKO spermatocytes (48.5% in cKO versus
2.9% in control) displayed an abnormal y-H2A.X distribution from
controls (Fig. 4K), indicating the DNA damage response remained
active in synapsed homologs of hnRNPH1 cKO spermatocytes.
This conclusion was further verified by immunostaining of RPA
(a DNA recombination marker), which showed abnormal DSB
repair in the hnRNPH1 ¢KO pachytene spermatocytes (Fig. 4L,M).
In addition, the hnRNPH1 cKO spermatocytes exhibited

developmental retardation because of a lower proportion of
pachytene and diplotene spermatocytes than controls (Fig. 4N). A
similar result was found from the staining of HIT (a mid-late
pachytene marker) (Fig. 40,P). These data reveal that hnRNPH1
ablation in SCs can impair the meiotic process.

hnRNPH1 in SCs regulates mRNA alternative splicing
through cooperation with PTBP1

Previous studies have elucidated the role of hnRNPHI in the
regulation of pre-mRNA splicing (Uren et al., 2016). Interestingly,
we identified numerous hnRNPH I -interacting partners in this study,
and many of them were splicing factors, such as PTBP1; thus, we
speculated that hnRNPH1 is likely involved in regulating pre-
mRNA alternative splicing (AS) in SCs. To test this, high-purity
SCs from P21 hnRNPH1 cKO and control testes were isolated, and
total RNA was extracted and processed using high-throughput
RNA-seq analysis. As expected, the RNA-seq analysis identified
110 aberrant mRNA alternative splicing events in hnRNPH1 c¢cKO
purified SCs (Table S2), including skipped exons (SE), alternative
5’ splice sites (AS5SS), alternative 3’ splice sites (A3SS), mutually
exclusive exons (MXE) and retained introns (RI) (Fig. 5A; |APS]|
>10%, P<0.05), affecting a total of ~92 genes. Approximately
59.1% and 40.9% of AS events were found to be upregulated and
downregulated in hnRNPH1 cKO purified SCs, respectively
(Fig. 5B). Among the aberrant AS events affected by hnRNPH1
deletion, SE is the predominant splicing type (40.9%) (Fig. 5C).
Interestingly, GO term analysis of these abnormal AS event-
involved genes revealed enrichment of functional categories related
to ‘cell-cell junction maintenance’ and ‘actin cytoskeleton
organization’ (Fig. 5D), which may explain the phenotype of
compromised BTB function in hnRNPH1 cKO testes. We then
examined the splicing levels of corresponding exons of those genes
to determine whether they were altered in hnRNPH1 cKO purified
SCs by RT-PCR analysis. The results confirmed that eight out of 12
tested genes displayed abnormal mRNA splicing in the hnRNPH1-
null SCs (Fig. 5E and Fig. S5A). Furthermore, western blot results
revealed a significant change in protein levels of some of these
abnormal AS event-involved genes (e.g. Espn, Pard6a, Atplal and
Hgf) in hnRNPH 1-deficient SCs, compared with controls (Fig. SF
and Fig. S5B). Consistent with this result, IF assays also showed
reduced fluorescence signal for ESPN and PARDG6A in the
hnRNPHI1 cKO testis sections (Fig. 5G,H). Combined with the
previous reports that these abnormal AS event-involved genes
identified in this study, Espn (Chen et al., 1999), Pard6a (Wong
etal., 2008), Atplal (Rajamanickam et al., 2017) and Hgf'(Catizone
et al., 2008) have been found to be involved in maintenance of BTB
integrity, our data indicate that the aberrant mRNA alternative
splicing of these four genes in hnRNPH1-deficient SCs leads to
impaired BTB integrity and impaired communication between SCs
and germ cells.

Because hnRNPH is expressed in embryonic and neonatal SCs
(Fig. 1C), we asked whether any similar effect on splicing events
occurs in the early stages. To this end, we first examined the mRNA
expression of these target genes in isolated SCs of various stages by
RT-PCR. Interestingly, we found that these target genes are almost
not expressed in the E17.5 and PO testes, and some of these target
genes (e.g. Efempl, Pard6a, Kifc3 and Tnntl) begin to express in
testes from P7 onwards (Fig. S5C). We then checked their
alternative splicing in isolated SCs from P7 to P21 and found that
these genes display abnormal splicing in hnRNPH1 ¢KO SCs of
P14 and P21 but not P7 testes (Fig. S5D). To clarify whether the
homologous proteins of hnRNPHI1, such as hnRNPF and
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Fig. 4. Ablation of hnRNPH1 in SCs results in severe disruption of the
cytoskeleton and aberrant meiosis. (A,B) Co-immunofluorescence
staining of TRA98 and either N-cadherin (A) or a-tubulin (B) in adult control
and hnRNPH1 cKO testes. Scale bars: 50 pm. (C) Co-immunofluorescence
staining of hnRNPH1 and F-actin in adult control and hnRNPH1 cKO testes.
Scale bars: 20 ym. (D) The appearance of biotin tracer dye in the adluminal
compartment of seminiferous tubules of adult hnRNPH1 cKO mice suggests
a leaky BTB, whereas control mice show restriction of the biotin tracer to the
basal compartment. As a positive control, mice were treated with a single
dose of CdCl, at 5mg/kg 3 days before a BTB integrity assay. Scale bars:
50 uym. (E,F) Histograms illustrating results of the BTB integrity assay. The
permeability of the BTB was semi-quantified by the ratio of diffusion distance
of the biotin tracer (Dgiotin) @and the radius of the corresponding tubule
(Dradius)- Data are meants.d. of 100 tubules randomly selected from three
mice. ***P<0.001 (one-way ANOVA). (G) Co-immunofluorescence staining of
TRA98 and vimentin in adult control and hnRNPH1 cKO testes. Scale bars:
50 pym. (H) Quantification of vimentin-positive cell arms in G. The total length
of the vimentin-positive SC arm shows the sum of all cytoplasmic vimentin
signals reaching from the basal membrane up to the tubular lumen in
vimentin-stained testicular sections. Data are meants.d., n=3, **P<0.01
(unpaired, two-tailed Student’s t-test). (I) Co-immunofluorescence staining of
PNA and F-actin at different stages for adult control and hnRNPH1 cKO
testes. Scale bars: 50 um. (J) Co-immunofluorescence staining of SYCP3
with yYH2AX in spermatocyte spreads from control and hnRNPH1 cKO mice.
Scale bars: 5 um. (K) Percentages of abnormal yH2AX distribution at the
pachytene stage in the control and hnRNPH1 cKO male mice. Data are
meanzs.d., n=3, ***P<0.001 (unpaired Student’s t-test). (L) Co-
immunofluorescence staining of SYCP3 with RPA2 in spermatocyte spreads
at the leptotene, zygotene, early-pachytene (E-pachytene), late-pachytene
(L-pachytene) and diplotene stages from control and hnRNPH1 cKO male
mice. Scale bars: 5 pm. (M) Percentages of abnormal RPA2 distribution at
the pachytene stage in the control and hnRNPH1 cKO male mice. Data are
meanzs.d., n=3, **P<0.01 (unpaired Student’s t-test). (N) Percentages of
spermatocytes at the leptotene, zygotene, pachytene and diplotene stages
in the control and hnRNPH1 cKO mice. Data are meants.e.m., n=3,
**P<0.01, ***P<0.001 (unpaired Student’s t-test). (O) Co-
immunofluorescence staining of H1T and SYCP3 in control and hnRNPH1
cKO testes at P15. Scale bars: 50 ym. (P) Quantification of H1T-positive
cells per tubule for O. Data are meants.e.m., n=3, ***P<0.001 (unpaired,
two-tailed Student’s t-test).

hnRNPH2, can compensate for the deficiency of hnRNPH1 in SCs,
we examined their expression levels in postnatal and adult stage
SCs. As shown in Fig. SSE-I, the mRNA and protein levels of
hnRNPF and hnRNPH2 in SCs were not affected during these
periods after hnRNPHI1 deletion. Similarly, the expression of the
hnRNPH 1-related proteins AR and PTBP1 in the hnRNPH1 c¢KO
SCs was also unchanged (Fig. S5J-L). Given that hnRNPH1 was
found to interact with the splicing factor PTBP1 in SCs, we next
sought to determine whether there is a cooperation between
hnRNPHI and PTBP1 in the regulation of pre-mRNA alternative
splicing in SCs. A RNA immunoprecipitation (RIP) assay was
performed using the anti-hnRNPH1 and anti-PTBP1 antibodies to
immunoprecipitate the pre-mRNAs from purified SCs. Eight genes
with proven abnormal mRNA splicing in hnRNPH -deficient SCs
were chosen for qPCR analyses. The results showed that four genes
(Kifc3, Tnntl, Espn and Pard6a) were enriched both in hnRNPH]1
and in PTBP1 immunoprecipitates (Fig. S5I). Thereafter, the
knockdown experiments were performed in HEK293T cells in
vitro to check whether PTBP1 could regulate the above four genes at
the splicing level. Interestingly, the alternative splicing of three
genes (Kifc3, Espn and Pard6a) was found to have changed in the
same direction when hnRNPH1 and PTBP1 were knocked down
(Fig. 5J). Furthermore, the binding affinity of these three target
genes to PTBP1 was tested by RIP-qPCR assay in control and
hnRNPH1 cKO SCs. The result showed that the enrichment level of
these three genes bound to PTBP1 protein significantly decreased in

hnRNPH 1-deficient SCs compared with control (Fig. SK-M). These
data suggest that hnRNPH]1 could recruit PTBP1 and cooperatively
regulate the mRNA alternative splicing of its target genes.

hnRNPH1 in SCs regulates gene transcription by modulating
AR activity
In addition to the spliced genes, many differentially expressed genes
(DEGs) were found in hnRNPH1 ¢KO SCs from the RNA-seq data
(Table S3). Hierarchical clustering of DEGs showed that 305 genes
were upregulated and 106 genes were downregulated (P<0.05, fold
change>2) in hnRNPHI-deficient SCs compared with control
(Fig. 6A). Further GO term enrichment analyses revealed that the
upregulated genes were mainly members of categories related to
‘cell-cell adhesion’ and ‘cytoskeleton organization’, and the
downregulated genes were members of categories related to ‘cell
junction organization’, ‘cell adhesion molecules’ and ‘cell-substrate
adhesion’ (Fig. 6B,C), which are consistent with the phenotypic and
functional results of hnRNPH1 c¢KO mice. Of note, among the GO
terms, the ‘retinoic acid metabolic process’ was also reported to
regulate the BTB structure (Hasegawa and Saga, 2012). We then
chose some differentially expressed genes mainly related to cell
adhesion and retinoic acid metabolism to perform RT-qPCR assays,
and the results were almost consistent with the RNA-seq data
(Fig. 6D,E and Fig. S5B). Interestingly, some of these ‘cell
junction’ genes are directly associated with the regulation of BTB
function, such as Sox8 (Singh et al., 2013), Krt18 (Setthawong et al.,
2019), Pkp2 (Li et al., 2009), Itga6 (Wang et al., 2016), Lepl (Lv
et al., 2020) and Cldn5 (Morrow et al., 2009). Western blots were
performed to examine whether the protein expression of these
crucial genes is affected in hnRNPH1-deficient SCs. The results
showed that, compared with the control groups, the protein levels of
KRT18, PKP2 and ITGA6 in hnRNPH1 ¢cKO SCs decreased, while
the levels of CLDNS and LCP1 increased (Fig. 6F and Fig. S6A). In
addition, IF analysis further revealed abnormal distribution and
reduced expression of KRT18 and PKP2 in hnRNPH1 cKO testis
sections compared with controls (Fig. 6G,H). These data indicate
that hnRNPHI1 ablation in SCs could affect the gene expression at
both transcriptional and post-transcriptional levels in SCs.
Notably, we identified that many DEGs are involved in retinoic
acid metabolism and the EGFR pathway from our RNA-seq datasets
(Table S3 and Fig. S6B,C). As AR was identified as an hnRNPH1-
interacting partner in SCs in this study and has previously been
reported to control the meiotic process by modulating the EGFR
pathway in spermatocytes (Chen et al., 2016b), we examined
whether the expression of the EGFR is affected in the hnRNPH1
cKO spermatocytes. Both IF and western blot results showed that
the p-EGFR level is significantly increased in hnRNPH1 cKO testes
while the total EGFR expression appears unchanged (Fig. S6D-G).
qPCR was then performed to check whether hnRNPH1 ablation in
SCs has similar effects on the mRNA expression of meiosis-related
genes as AR deletion in SCs. As shown in Fig. S7A, some of the
tested genes, including the Rad51 and Dmcl, are downregulated in
hnRNPH1 cKO testes. Furthermore, compared with controls, the
protein levels of RADS51 and DMCI, and their localization on
chromosomes in the hnRNPHI c¢KO spermatocytes were
significantly decreased (Fig. S7B-I), which is consistent with AR
c¢KO mice (Chen et al., 2016b). These results suggest that hnRNPH 1
in SCs may regulate the gene transcription of meiosis by
cooperation with AR. To further understand the underlying
molecular regulation of hnRNPHI1 in gene transcription, the
previous ChIP-seq data (Xiao et al., 2019) of hnRNPHI in
HepG2 cells were re-analyzed to clarify whether hnRNPH1 has
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Fig. 5. hnRNPH1 and PTBP1 co-regulated the alternative splicing of cell
junction-related genes in SCs. (A) Different types of alternative splicing
(AS) identified in hnRNPH1 cKO SCs are shown. Numbers on the right are
the amount of corresponding misregulated splicing events in hnRNPH1 cKO
SCs. (B) Pie chart showing percentages of changed AS events identified in
hnRNPH1 cKO SCs versus control SCs. (C) Pie chart representing the
distribution of regulated splicing events among different splicing patterns in
hnRNPH1 cKO SCs versus control SCs. (D) GO-term enrichment analyses
of AS changed genes caused by hnRNPH1 deficiency in SCs. (E)
Representative examples of RT-PCR analyses for indicated AS events for
genes differentially regulated in control and hnRNPH1 cKO SCs. Middle
panels are schematic diagrams of alternatively spliced exons detected by
RNA-seq analysis. Right panels show the quantification of percentage
spliced in index (PSI). Data are meanzs.d., n=3. **P<0.01, ***P<0.001
(unpaired Student’s t-test). (F) Western blot analyses of the expression of
ESPN, HGF, ATP1A1, PARD6A, TNNT1 and hnRNPH1 in control and
hnRNPH1 cKO SCs. GAPDH was used as a loading control. (G,H) Co-
immunofluorescence staining of TRA98 with ESPN (G) and with PARD6A
(H) on testis sections from control and hnRNPH1 cKO mice at P56. Scale
bars: 50 um. (I) Histograms show RIP-gPCR analyses of selected mRNA of
eight genes co-precipitated using anti-hnRNPH1, anti-PTBP1 antibodies and
control IgG in RIP experiments performed from purified SCs. (J) RT-PCR
analyses of splicing assays were performed in HEK293T cells transfected
with the indicated minigenes and knockdown-related vectors for hnRNPH1
and PTBP1. The corresponding quantification of percent spliced in index
(PSI) are also shown. Data are meants.d., n=3. *P<0.05, **P<0.01 (one-
way ANOVA). (K,L) RIP-gPCR (K) and RT-PCR (L) analyses of the
association of the selected gene mRNAs with PTPB1 in control and
hnRNPH1 cKO SCs are shown. Data are meants.d., n=3. **P<0.001
(unpaired Student’s t-test). (M) Quantification of relative fold enrichment of
indicated genes in L. Data are meants.d. *P<0.05, **P<0.01 (unpaired
Student’s t-test).

the ability to bind DNA. The result showed a large number of
binding peaks of hnRNPH1 near the promoter and the transcription
start site (TSS) of more than 10,000 genes (Table S4), suggesting
that hnRNPH1 could bind to the promoter of many genes.
Combined with our RNA-seq data, a total of 143 differentially
expressed genes (105 upregulated and 38 downregulated) were
found to overlap with the genes whose promoters are bound by
hnRNPHI1 (Fig. S7J), suggesting that hnRNPH1 may directly bind
to the promoters of these genes to regulate their transcription.

As mentioned above, hnRNPH1 can interact with AR, a
transcription factor highly expressed in SCs; we thus speculated
that hnRNPH1 might participate in transcriptional regulation as a
co-factor of AR. Combined with the previous ChIP-seq data of AR
(Raut et al., 2021), a total of 50 differentially expressed genes (35
upregulated and 15 downregulated) were found to be bound by
hnRNPHI and AR (Fig. 6I). GO term analysis indicated that these
genes are mainly involved in ‘cell—cell adhesion’ and ‘extracellular
matrix organization’ (Fig. 6J). Thereafter, 10 out of these genes
were selected for ChIP-qPCR verification and it was found that six
of the tested genes (Smoc2, Vwal, Lrp2, Itga6, Pkp2 and Nfasc)
have their promoter bound by hnRNPHI1 and AR (Fig. 6K). To
further explore whether hnRNPH1 can regulate the gene
transcription by cooperation with AR, two target genes (Pkp2 and
Itga6) were selected for the luciferase reporter assay because of their
known role in modulating BTB structure. Luciferase reporter
plasmids containing the promoters (2 kb fragment upstream of the
TSS of Pkp2 and Itga6) were transfected into HEK293T cells with
other vectors. After treatment with DHT (an activator of AR),
exogenous AR translocated to the nucleus in HEK293T cells
(Fig. S7K), and the Pkp2 and Itga6 reporter activities were slightly
increased compared with control cells (Fig. 6L). When AR and
hnRNPHI1 are overexpressed together, both reporter activities were
significantly higher than when overexpressing only AR (Fig. 6L),

and both AR and hnRNPH1 were completely colocalized in the
nucleus under DHT stimulation (Fig. S7K). Interestingly, if we
transfected only Hnruphl in the absence of AR or transfected
Hnrnphl with AR but without DHT, the transcriptional activity of
the target gene did not change or only increased slightly (Fig. 6L).
Additionally, the ability of AR to bind the two target genes is
severely affected by hnRNPH1 deletion (Fig. S7L). These data
suggest that hnRNPH1 can promote the transcription of some target
genes by modulating the AR activity, and AR activity is required for
Hnrnphl transcriptional activation.

DISCUSSION

The functions of SCs in spermatogenesis have attracted
considerable attention recently. Although the functions of some
genes and signaling pathway in SCs has been elucidated (Ni et al.,
2019), the gene regulatory network establishing the crosstalk
between SCs and germ cells remain unclear. In the current study, we
found that hnRNPH1, a RNA-binding protein, is highly expressed
in SCs and interacts with the splicing factor PTBP1 and the
transcription factor AR, which have been demonstrated to regulate
spermatogenesis in SCs. hnRNPHI1 deletion in SCs led to
compromised BTB function, delayed meiotic progression,
increased germ cell apoptosis, sloughing of germ cells and
eventually infertility of mice. Furthermore, we revealed that, in
the SCs, hnRNPHI1 regulates the mRNA splicing by cooperating
with PTBPI; it also works with AR to regulate the gene
transcription and, notably, some target genes regulated by both
AR and hnRNPH1 are known to be involved in the establishment of
crosstalk between SCs and germ cells. Interestingly, our recently
published study elucidated the role of hnRNPH1 in germ cells and
found that it can cooperate with the critical splicing factors PTBP2
and SRSF3 to regulate the alternative splicing of their target genes
that are involved in the normal development of spermatogenic cells
(Feng et al., 2022). Although hnRNPHI plays a similar role in germ
cells and SCs to support spermatogenesis by modulating mRNA
splicing, its interacting proteins, regulated target genes and signal
pathways are distinct in each cell type. Thus, combined with our
published study, the current study added another layer of the
function of hnRNPH1 on spermatogenesis, highlighting the vital
roles of hnRNPHI1 in establishing the crosstalk between SCs and
germ cells during spermatogenesis; however, this study also hints at
a complex gene regulatory network in testes.

One of the crucial findings in this study is that hnRNPH]1 ablation
in SCs resulted in severe damage to the BTB structure with
abnormal microtubule distribution and disordered cytoskeleton,
which compromises SC functions (Fig. 4B-D). The BTB is a
specialized cell junction between adjacent SCs that prevents the
deleterious exchange of macromolecules between blood and
seminiferous tubules (Stanton, 2016). Adhesion, gap and
occluding junctions constitute the basis of the BTB, which are
interspersed with tubulobulbar complexes and actin-based
cytoskeletal structures (Dunleavy et al., 2019). Our RNA-seq data
revealed that, among the splicing changed and differentially
expressed genes, many are identified to be involved in the cell
junctions, which supports the phenotype of the BTB structure
disruption. Another important readout of SC function and structure
is the disruption of apical ES, which may be a cause of spermatids
sloughing into the young adult epididymis, much like our recent
report that depletion of the Uhrfl gene in SCs disrupts the intact
structure of the BTB and ES, leading to spermatids sloughed from
seminiferous tubule (Wu et al., 2022). However, the role of other
genes related to cell adhesion and cytoskeletal structures in SCs has
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Fig. 6. See next page for legend.

unable to extend into the lumen of the seminiferous tubule, thus
likely affecting its junction with germ cells (especially post-meiotic
germ cells). This may be why some round spermatids sloughed from

not been studied; these may also contribute to BTB damage and
need to be further investigated. In addition, the SCs of hnRNPH1
¢KO mice showed abnormal morphology with short pseudopodia
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Fig. 6. hnRNPH1 cooperates with AR to regulate the transcription of the
cell junction-related genes in SCs. (A) Scatter plots showing the
differentially expressed genes in hnRNPH1 cKO SCs. (B,C) GO term
analyses of the 305 upregulated genes (B) and 106 downregulated genes
(C) in hnRNPH1 cKO SCs are shown. The 10 enriched GO pathways in the
upregulated and downregulated genes are illustrated by gene counts and
P-values. (D,E) RT-qPCR validates the selected upregulated (D) and
downregulated (E) genes that are associated with the cell junction in
hnRNPH1 cKO SCs from RNA-seq data. Data are meants.e.m., n=3.
*P<0.05, **P<0.01, ***P<0.001 (unpaired Student'’s t-test). (F) Western blot
analyses of the expression of CLDN5, KRT18, PKP2, ITGA6, SOX8, LCP1
and hnRNPH1 in control and hnRNPH1 cKO SCs isolated from P21 mice.
GAPDH was used as a loading control. (G,H) Co-immunofluorescence
staining of TRA98 with KRT18 (G) and PKP2 (H) in adult control and
hnRNPH1 cKO testes, respectively. Scale bars: 50 um. (I) Venn diagrams
showing overlap of hnRNPH1-regulated differentially expressed genes,
hnRNPH1-bound genes and PTBP1-bound genes in SCs. (J) GO term
enrichment analyses of hnRNPH1-regulated differentially expression genes
bound by both hnRNPH1 and PTBP1 in SCs. (K) Histograms show ChIP-
gPCR analyses of the mRNA of 10 selected genes precipitated by anti-
hnRNPH1, anti-AR antibodies and control IgG in ChIP experiments
performed in SCs. Data are meants.e.m., n=3. *P<0.05, **P<0.01,
***P<0.001 (unpaired Student’s t-test). (L) Luciferase-based reporter assays
show the luciferase activity of the Pkp2 (left) and Itga6 (right) promoter
region in SCs significantly increases when hnRNPH1 is overexpressed.
Data are meanzts.e.m., n=3. *P<0.05, **P<0.01, ***P<0.001 (unpaired
Student’s t-test).

the seminiferous tubules and prematurely entered the lumen of the
epididymis. Of note, in addition to the cell junction-related genes,
many genes that belong to other categories, such as ‘cation
transmembrane transport’ (de Liz Oliveira Cavalli et al., 2013),
‘TGF-beta signaling pathway’ (Sun et al., 2008), ‘Rap1 signaling
pathway’ (Berruti and Paiardi, 2014), ‘Signaling by WNT’ (Tanwar
et al., 2010) and ‘cholesterol metabolic process’ (Shi et al., 2018)
were also closely related to the SCs development (Fig. SD). Thus,
we cannot rule out the possibility that hnRNPH]1 ablation in SCs
could affect many aspects of SC function.

SCs exhibit extraordinary stage specificity in mRNA and protein
expression because they must adapt to the changing needs of the
germ cells (Johnston et al., 2008). As a RNA-binding protein,
hnRNPHI showed high protein expression in the SCs from P14
onwards (Fig. 1C), which likely started to function from the meiotic
stage because the phenotypic defects of hnRNPH1 ¢cKO mice began
to appear during the meiotic stage. Otherwise, although the
spermatocytes showed developmental retardation and even
underwent apoptosis, many of them could enter the post-meiotic
stage. We speculate that the following reasons may explain this
phenotype: first, a small amount of residual hnRNPH1 protein exists
in some SCs due to low knockout efficiency (although it cannot be
observed by IF whether these SCs can still support adjacent
spermatocytes to develop normally); second, the SCs are
heterogeneous, and in some of these cells loss of hnRNPHI1 has
been compensated for by other unknown homologous proteins;
third, spermatocytes may show different degrees of connection with
SCs depending on their spatial distribution, leading to those
spermatocytes that are not closely connected with SCs being more
prone to apoptosis and/or developmentally delayed due to the lack
of support from SCs. Considering the significantly decreased
number of post-meiotic germ cells (especially the elongating
spermatids), this raises a possible role for nRNPH1 in SCs in the
balance of gene expression to maintain the normal function of SCs
during multiple spermatogenesis stages.

Previous studies mainly focused on the role of hnRNPHI in the
control of alternative splicing (Uren et al., 2016), and herein we also

found some splicing factors were the potential interacting partner of
hnRNPHI1 in the SCs, such as PTBP1, NONO and SFPQ. In this
study, hnRNPH1 has been found to cooperate with PTBPI to
regulate the mRNA splicing of TCF3, a transcription factor that
plays an essential role in stem cell maintenance (Yamazaki et al.,
2019). PTBP1 was reported to be present in SCs and to regulate the
BTB structure (Yang et al., 2021), but the relevant mechanisms are
unclear. This study demonstrates their coordinated regulation in
supporting SC function, suggesting that they may participate in the
various biological processes as cooperators. Moreover, this finding
reveals that hnRNPH1 and PTBP1 can bind some target genes and
cooperate to regulate their mRNA splicing in SCs. More
interestingly, the binding affinity of PTBPI to some target genes
(Espn and Pard6a) in SCs was significantly decreased in the
absence of hnRNPH1, indicating that hnRNPH1 could recruit the
PTBP1 to its target genes to regulate the alternative splicing.
However, PTBP1 was not recruited to all the hnRNPHI target
genes, indicating a selective association between hnRNPH1 and
PTBP1 (or other splicing factors) by specific target genes. Of note,
alternative splicing could typically generate protein isoforms with
different biological properties that differ in their protein interactions,
subcellular localization or catalytic ability, or could introduce
premature stop codons in their mRNAs, resulting either in the
formation of truncated proteins or in the degradation of the mRNA
by nonsense-mediated decay (Chen and Manley, 2009). In the
current study, based on the RNA-seq data, we found that the mRNA
level of these genes with abnormal splicing in hnRNPH1 ¢KO SCs
was almost unchanged, suggesting that the abnormal splicing did
not affect the mRNA expression or stability of these genes upon
hnRNPHI depletion in SCs. Moreover, no protein isoforms were
observed in our western blot results (Figs 5F and 6F), but the
expression levels of these target proteins changed. In fact,
alternative splicing can also generate mRNAs that differ in their
untranslated regions (UTRs) or coding sequence, and these
differences might affect mRNA localization or translation, in
addition to mRNA stability (Baralle and Giudice, 2017). Therefore,
many alternative splicing events are unnecessary for producing
functional proteins. This can be explained in several ways: first, the
abnormal transcripts could be non-coding and thus not translated
into a protein; second, abnormal mRNA localization could prevent
the correct function of the transcript; and third, the efficiency of
mRNA translation could be seriously affected. Our data indicate that
the abnormal splicing of these genes results in altered protein
expression levels but not in the production of other protein isoforms;
however, the detailed mechanism needs to be further investigated.

In this study, another exciting previously unreported finding is
that hnRNPH1 can interact with the AR to regulate gene
transcription in SCs by binding gene promoters. In fact, many
RNA-binding proteins are able to bind to DNA to participate in
transcriptional regulation (Xiao et al., 2019), such as HNRNPK
(Pintacuda et al., 2017), HNRNPL (Kuninger et al., 2002) and
hnRNPU (Wen et al., 2021). Indeed, we found that hnRNPH1 can
bind to a vast number of gene promoters by re-analyzing previously
published ChIP data (Xiao et al., 2019). hnRNPH1 has not been
reported to function as a transcription factor, but we speculate that it
is more likely that a recruiter of transcription factors regulates the
transcription of its target genes as the transcription level of the target
genes is significantly increased only in the presence of hnRNPH1
despite activated AR (Fig. 6L). Interestingly, hnRNPHI has
previously been found to interact with AR to control prostate
tumorigenesis in vivo, to promote the expression of AR and to prime
the activation of androgen-regulated genes (Yang et al., 2016).
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However, this finding revealed that hnRNPH1 did not affect AR
expression in SCs, but promoted the transcription of target genes by
interacting with AR, suggesting the complex of hnRNPH1 and AR
may play different roles in diverse contexts. In addition, in the
present study, we found that hnRNPHI1 deletion may affect AR
recruitment to promoters of some of its target genes in SCs
(Fig. S7L). Combining our luciferase assay data (Fig. 3L), it is
highly likely that hnRNPH]1 regulates the transcriptional activity of
AR as a co-factor in SCs and recruits AR to the promoters of target
genes through its RRM domain to promote their transcription but
not the RNA-mediated processes. As one of the SC markers, AR
regulates the meiotic process by modulating the EGFR pathway,
which affects the expression of the meiosis-related genes in germ
cells (Chen et al., 2016b). Interestingly, in the current study, some
genes associated with the EGFR pathway could also be regulated by
hnRNPH1, and meiosis-related genes (such as Rad51 and Dmcl)
were affected in the hnRNPH1 cKO germ cells. However, AR
ablation in mice resulting in meiosis defects was much more severe
than hnRNPH1 depletion in mouse SCs. This suggests that the
functions of hnRNPH1 and AR in SCs in regulating meiotic
processes are only partially overlapped. Of note, hnRNPH1 has also
been reported to play roles in other biological processes, such as
mRNA decay and translation (Uren et al., 2016); in the current
study, the protein levels of many DEGs were found to be changed in
hnRNPH1-deficient SCs (Fig. 6F-H). Meanwhile, many proteins
associated with RNA degradation were identified from our IP-MS
data (Fig. 3B). Therefore, the possible functions of hnRNPH1 in the
post-transcriptional regulation of SCs cannot be excluded and needs
to be investigated further.

In summary, this study uncovers an essential role for hnRNPH1
in SCs in maintaining the BTB integrity and supporting normal
meiosis. It also expands our understanding of the physiological
functions of SCs in regulating spermatogenesis. These findings
reveal a previously unreported mechanism by which hnRNPH1
regulates the alternative splicing by recruiting the splicing factor
PTBP1 and controls the gene transcription through cooperation with
the transcription factor AR (Fig. S8). This provides new insights
into the gene regulatory network of hnRNPH1 in SCs that regulate
the expression of target genes that are essential for establishing
crosstalk between SCs and germ cells.

MATERIALS AND METHODS

Mice

All animal work was performed and approved by the Institutional Animal
Care and Use Committee (IACUC) of Huazhong University of Science and
Technology. Floxed hnRNPH1 mice (Hnrnphlfo¥1°%) were generated by
embryonic cell (ESC) targeting and blastocyst injection at the Model
Animal Research Center of Nanjing (T001430). In brief, ESCs were targeted
by carrying two loxP sites flanked in exon 6 and a neomycin selection
cassette flanked by FRT sites in introns 5 and 6 of Hnrnphl. The Hurnphl
flox mice were obtained by chimera formation and germline transmission.
Mice were then crossed with FLP transgenic mice to remove the neomycin
cassette and maintained on a C57BL/6J background. The Amh-Cre mouse
strain in the C57BL/6J background was purchased from the Jackson
Laboratory. Amh-Cre recombinase had recombinase activities in SCs
(Lécureuil et al., 2002). Amh-Cre males were first crossed with Hnrnphlfo¥
flox females to generate the Amh-Cre; Hurnphl 1% males, then the Amh-
Cre; Hnrnphl*1°% male mice were bred with Hnrnphl1°¥/10% female mice
to obtain the Amh-Cre; Hnrnphl"®2 (designated as hnRNPHI cKO)
males. The primers for genotyping are listed in Table SS5.

Fertility test
Sexually mature (older than 8 weeks) control and hnRNPH1 ¢cKO male mice
were caged with fertility-proven female mice for 5 months, respectively.

The females were checked for vaginal plugs every morning. The plugged
females were separated and single caged, and the pregnancy was recorded.
The number of pups in each cage was also recorded after birth.

Western blotting

The indicated samples were collected and lysed in ice-cold RIPA buffer
(CWBIO, 01408). Protein extracts were rotated at 4°C for 10 min and
centrifuged at 12,000 g for 15 min at 4°C. They were then denatured with 5x
SDS loading buffer (Beytime, POO15L) at 100°C for 10 min. The prepared
proteins were separated by SDS-PAGE on 10% resolving gels and
transferred to a PVDF membrane (Bio-Rad). The membrane was probed
with primary and secondary antibodies (Table S6). Images were detected
with ECL according to the manufacturer’s instructions (Clarity Western
ECL Substrate, Bio-Rad).

Immunoprecipitation

Mouse tissues or cells were homogenized in ice-cold RIPA buffer (CWBIO,
01408) and the resultant cell extracts were treated with or without a mix of
RNaseA and DNase (1 pg/ml) at 4°C for 1 h, followed by clarification of the
lysates by centrifugation at 13,000 g for 25 min. The relevant antibodies and
pre-cleaned magnetic protein A/G beads were then incubated with the tissue
lysates overnight at 4°C. The beads were washed with Cell lysis buffer for
Western and IP (Beytime, P0O013) with protease inhibitor cocktail (P1010,
Beyotime) and then boiled in 5x SDS loading buffer (Beytime, PO015L) for
western blotting analyses.

Glutathione S-transferase (GST) pull-down assay

The recombinant plasmids pGEX4G-1-glutathione S-transferase (GST)-
hnRNPH1 and GST empty vectors were transformed into Escherichia coli
DH5a cells, and expression was induced using isopropyl thiogalactoside
(IPTG) at 20°C for 8 h. The cells were then harvested and lysed using
ultrasound, and centrifuged to separate the supernatant. The soluble cell
lysates containing GST or GST-hnRNPH1 were incubated with GST beads
at 4°C for 6 h and then washed with PBS buffer. Then the GST beads were
collected and incubated with isolated mouse SC lysates overnight at 4°C
followed by washing as described above. Finally, the sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE) electrophoresis was used to detect
the binding of AR and PTBP1.

Transmission electron microscopy (TEM)

TEM of mouse testis followed a previously described protocol (Wang et al.,
2018). Briefly, the adult testes were collected from control and hnRNPH1
cKO mice then fixed in 0.1 M cacodylate buffer (pH=7.4) containing 3%
paraformaldehyde and 3% glutaraldehyde plus 0.2% picric acid for 2 h at
4°C and for 1 h at room temperature. After washing with 0.1 M cacodylate
buffer, the samples were post-fixed with 1% OsO4 for 1h at room
temperature. The samples were then dehydrated in sequential ethanol
solutions (30, 50, 70, 90 and 100%) and embedded in an Eponate mixture
(Electron Microscopy Sciences) for polymerization for ~24 h at 60°C.
Ultrathin sections (~70 nm) were cut with a diamond knife. After staining
with uranyl acetate and lead citrate, the sections were photographed using a
transmission electron microscope (Tecnai G2 12, FEI).

Histological analyses and immunohistochemistry

Testes from control and hnRNPH1 ¢cKO mice were fixed in Bouin’s solution
(Sigma-Aldrich, HT10132) overnight at 4°C and then dehydrated in graded
ethanol (50, 70, 95 and 100%). 5 um sections were cut after they were
embedded in paraffin wax. Periodic acid-Schiff (PAS) staining was
performed using a standard protocol. For the immunohistochemistry, 5
um tissue sections were prepared with embedded mouse testes in paraffin
wax. After dewaxing and hydration, they were microwaved for antigen
retrieval by 0.01% Tris-EDTA (pH 9.0). The tissues were then washed three
times using PBS and treated with 3% H,O, at room temperature for 15 min.
After washing with PBS thoroughly, the sections were blocked in 5% BSA
for 1.5 h at room temperature and then incubated with primary antibodies at
4°C overnight. The sections were then incubated with a secondary antibody
for 1.5h at room temperature. After coloring with DAB at room
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temperature, the sections were stained with Hematoxylin and washed with
double-distilled H,O. The sections were then mounted using neutral resin
and photographed after hydration.

Immunofluorescence and TUNEL staining

For immunofluorescence, testes were fixed in 4% paraformaldehyde
overnight at 4°C, dehydrated in 20% sucrose and embedded in Tissue-
Tek optimal cutting temperature (OCT). Frozen sections (5 um) were cut,
followed by antigen retrieval with 0.01 M sodium citrate buffer (pH 6.0).
After blocking for 1h, the sections were incubated with primary and
secondary antibodies (Table S6). TUNEL staining was performed on frozen
sections using the In Situ Cell Death Detection kit, Fluorescein (Roche),
according to the manufacturer’s instructions. The images were captured
using a Scope A1 microscope (Zeiss) with a digital camera (MSX2, Micro-
shot Technology).

Biotin tracer

The control and hnRNPH1 ¢KO mice were anesthetized, and then the
testes were sequentially exteriorized and injected with biotin tracer dye
(Thermo Fisher Scientific). Mice were kept anesthetized for 30 min and
euthanatized. Testes were harvested, fixed in 4% formaldehyde and
sectioned at 5 pm. Sections were blocked with 10% normal goat serum
followed by incubation with FITC-conjugated streptavidin (Invitrogen)
and DAPIL

Meiotic chromosome spread analyses

Chromosome spreads were prepared as previously reported with
slight modifications (Alavattam et al., 2018). In brief, testes were
collected from euthanized mice and the tunica albuginea was removed.
Testicular seminiferous tubules were pretreated by hypotonic
buffer [30 mM Tris, 50 mM sucrose, 17 mM trisodium citrate dihydrate,
S5mM EDTA, 0.5mM DTT and 0.5mM phenylmethylsulphonyl
fluoride (PMSF) (pH 8.2)] for 1 h. The seminiferous tubules were
mashed with tweezers and were suspended in 100 mM sucrose for
dispersing into single cells and spreading as a thin cell layer on slides,
which were soaked in 2% (w/v) paraformaldehyde solution treated with
0.15% Triton X-100. The prepared slides were placed in closed humid
chambers for 4 h at room temperature. After incubation, the damp slides
were washed with 0.4% Photo-Flo (Kodak, 1464510), followed by air-
drying at room temperature for 30 min, and then stored at —80°C for later
immunostaining.

Primary SC cultures

Primary cultures of SCs were performed as described previously (Wu et al.,
2022), with slight modifications. Briefly, testes from mice at P21 were
decapsulated and digested with collagenase IV (1 mg/ml) at 37°C for
10 min. The supernatant containing Leydig/interstitial cells was
removed after the seminiferous tubules were allowed to settle down.
Seminiferous tubules were then treated with trypsin (2.5 mg/ml) and
DNase I (0.5 mg/ml) for 15 min at 37°C in the shaker. After being
treated with trypsin inhibitor, the mixed cells containing SCs were
centrifuged (300 g/min), washed (three times with DMEM/F12 medium)
and filtered (40 um pore-size nylon mesh) to prepare a single-cell
suspension, and then cultured in dishes at 35°C in the DMEM/F12
medium containing 10% FBS. After a 48 h culture, the cells were treated
with hypotonic solution [20 mM Tris-HCI (pH 7.4)] for 3 min, followed
by washing with DMEM/F12 three times to remove residual germ cells
and other types of cells. Pure SCs were cultured for 24 h and then
resuspended on Matrigel (Corning)-coated culture dishes or microscopic
cover glasses, depending on their use in subsequent experiments. First,
60 mm culture dishes at 0.5x10° cells/cm? containing 5 ml DMEM/F12 or
six-well culture dishes at 0.5x10° cells/cm? containing 3 ml DMEM/F12
were used for lysate preparation or RNA extraction. Second, microscopic
(10 mm round) cover glasses at 0.05x10° cells/cm® were placed in 12-well
dishes containing 2ml DMEM/F12 per well for dual-labeled
immunofluorescence analysis. The immunofluorescence staining of
WT1 and TRA98 determined the purity of the isolated primary SCs and
was more than 90% (Fig. 1B).

RNA isolation, RT-PCR and RT-qPCR

Total RNA was extracted from the samples by using Trizol reagent (Thermo
Fisher Scientific). The concentration and purity of RNA were determined by
absorbance at 260/280 nm. Total RNA (1 pg) was reverse transcribed using
a HiScript II 1st Strand cDNA Synthesis Kit (Vazyme Biotech) according to
the manufacturer’s instructions. RT-PCR primers designed to amplify two
or multiple isoforms of different sizes are shown in Table S5. PCR products
were quantified using Image J software. Splicing ratios are represented as
PSI (percent spliced in) values, representing the percentage of mRNA
transcripts of a gene that include a specific exon or splice site. We
quantitated the relative expression of genes of interest by real-time gPCR
(RT-qPCR) using the SYBR green master mix, (TaKaRa) according to the
manufacturer’s instructions.

Plasmid and minigene construction

Full-length and indicated fragments of Hnrnphl cDNA were cloned into a
pCMV vector containing the N-terminal Flag epitope tag, and full-length
and indicated fragments of AR and Prbpl cDNAs were cloned into a pCMV
vector containing the N-terminal c-Myc epitope tag. HEK293T cells were
transfected with indicated plasmids using Lipofectamine 2000 (Life
Technologies). After 36 h, immunoprecipitation was performed using
anti-Flag rabbit polyclonal antibody (5 pg antibody in 500 ul cell lysate,
20543-1-AP, Proteintech), followed by a western blot to identify protein
interactions. For minigenes construction, the Espn, Pard6a, Kifc3 and Tnntl
minigenes were amplified from genomic DNA of adult mouse testis using
primers shown in Table S5, and then the minigenes were cloned into
pCDNA3.1(—) vector and validated by sequencing.

Luciferase reporter assays

HEK293 cells were transfected with luciferase reporter plasmids (120 ng)
linked with the Pkp2 and Ifga6 promoters using Lipofectamine LTX
transfection reagent when cells were ~80% confluent. The media were
changed after 4-6 h for media with vehicle (ethanol) or DHT (108 M). The
cells were then harvested and lysed 24 h later. Luciferase activity was
measured using a dual-luciferase reporter assay system following the
manufacturer’s instructions (Promega).

RIP assays

SCs were purified from control and hnRNPH1 cKO mouse testes at P21, and
then lysed in buffer containing 100 mM KCIl, 10 mM HEPES (pH 7.0),
0.5% Triton X-100, 5mM MgCl,, 1 mM DTT, 0.5% NP-40, RNase
inhibitor (100 U/ml) (Invitrogen) and EDTA-free proteinase inhibitor
(Roche). A brief sonication using a Bioruptor 200 (Diagenode) was
necessary to make the cracking more thorough. The prepared cell lysates
were incubated with IgG and anti-hnRNPH1 (or PTBP1)-coupled Protein G
overnight at 4°C. After washing the beads with washing buffer [SO mM Tris-
HCI (pH 7.4), 0.1% Triton X-100, 500 mM NaCl, 5 mM EDTA, protease
inhibitor cocktail and RNase inhibitor], protein-bound mRNAs were
extracted with an RNA extraction kit (ZYMO research) and subjected to
RT-qPCR assays.

ChIP assays

The purified SCs from control and hnRNPHI1 c¢KO mice at P21 were
crosslinked in 1% formaldehyde diluted in PBS for 20 min and then
inactivated with 0.125 M glycine for 5 min at room temperature. Then cells
were lysed, and the DNA fragments were broken into an average of 150-
800 bp using the SimpleChIP Plus Enzymatic Chromatin IP Kit (Magnetic
Beads) according to the manufacturer’s instructions. Immunoprecipitation
was performed with hnRNPH1 and AR antibody, and IgG-coupled beads.
Immunoprecipitated and input DNAs were precipitated with ethanol after
de-crosslinking and were then analyzed using a real-time qPCR assay.

RNA-seq analyses

Total RNA was isolated from primary cultured SCs (three biological repeats
from control and hnRNPH1 ¢cKO mouse testes at P21) using TRIzol reagents
(Invitrogen). The RNA concentration was verified using a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific). Total RNA (1 pg) was used
from each sample to prepare the mRNA libraries using a TruSeq Stranded
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mRNA Library Preparation Kit Set A (RS-122-2101, Illumina) according to
the manufacturer’s instructions. All libraries were sequenced using the
[lumina HiSeq 4000 platform. The FASTX-Toolkit was used to remove
adaptor sequences and low-quality reads from the sequencing data. To
identify all the transcripts, we used Tophat2 and Cufflinks to assemble the
sequencing reads based on the UCSC MMI0 mouse genome. The
differential expression analysis was performed by Cuffdiff. The
differential expressed genes were set with the threshold of P<0.05 and
fold change>2.

Statistical analyses

All data are mean+s.e.m. unless otherwise noted in the figure legends.
Statistical differences between datasets were assessed using one-way
ANOVA or a unpaired Student’s f-test using the SPSS16.0 software
(*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001).
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