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Abstract

During neonatal testis development, centrally located gonocytes migrate to basement membrane of
the seminiferous cords, where physical contact with a niche established by Sertoli cells is essential
for transition of gonocytes into spermatogonial stem cells (SSCs). To provide structural support
and signaling stimuli for the gonocyte-to-SSC transition that occurs at a specific location during a
finite phase, temporal-spatial establishment of the niche is critical. To date, the factors that guide
Sertoli cells to establish the initial stem cell niche remain largely unknown. Using the Sertoli cell-
specific Arid4db knockout (Arid4bSCKO) mice, we demonstrated that ablation of AT-rich
interaction domain 4B (ARID4B) resulted in abnormal detachment of Sertoli cells from the
basement membrane of seminiferous cords during the gonocyte-to-SSC transition phase,
suggesting failure to establish a niche for the SSC formation. Without support by a niche
environment, gonocytes showed disarranged cell distribution in the Arid4bSCKO testes and
underwent apoptosis. The commitment of gonocytes to differentiate into the spermatogonial
lineage was broken and the capability of SSCs to self-renew and differentiate was also impaired.
Gene expression profiling revealed the molecular mechanisms responsible for the phenotypic
changes in the Arid4dbSCKO testes, by identifying genes important for stem cell niche function as
downstream effectors of ARID4B, including genes that encode gap junction protein alpha-1, KIT
ligand, anti-Mullerian hormone, Glial cell-line derived neurotrophic factor, inhibin alpha, inhibin
beta, and cytochrome P450 family 26 subfamily b polypeptide 1. Our results identified ARID4B
as a master regulator of a signaling network that governs the establishment of a niche during the
critical gonocyte-to-SSC transition phase to control the fate of gonocytes and SSCs.
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Introduction

Spermatogonial stem cells (SSCs) continuously produced spermatozoa through
spermatogenesis [1]. Gonocytes are direct precursors of the SSCs. During neonatal
development between postnatal day (P) 0-6, gonocytes enter mitosis to expand the
population and differentiate into SSCs [2, 3]. These primary SSCs serve as a foundational
self-renewing reservoir to ensure continuous production of spermatozoa throughout adult
life. Failure to form the primary SSC pool results in loss of the germ cell lineage, which can
lead to male infertility. In rodents, the SSCs are A-single (Asingle) Spermatogonia and have
the ability to self-renew by undergoing cell divisions to produce two new Agjngle
spermatogonia. In addition, SSCs can undergo differentiating divisions to form progenitor
spermatogonia (Apaired and Agligned)- SSCs and progenitor spermatogonia are collectively
described as the undifferentiated spermatogonial population [3, 4]. The Agjigned
spermatogonia further differentiate into differentiating spermatogonia that undergo
spermatogenic differentiation to produce spermatozoa. While a portion of the gonocyte
population transforms into SSCs, another portion of gonocytes bypasses the undifferentiated
spermatogonial phase and directly differentiates into differentiating spermatogonia [5].
These gonocyte-derived differentiating spermatogonia contribute to the first round of
spermatogenesis, whereas all subsequent rounds of spermatogenesis originate from SSCs
[5]. The events that gonocytes differentiate to the spermatogonial lineage occur at a defined
phase of neonatal development, whereas SSCs maintain a undifferentiated state with the
ability to either self-renew or differentiate throughout adulthood [6]. Although genes and
pathways that regulate SSC self-renewal and differentiation have recently garnered extensive
interest, the mechanisms that regulate the formation of the primary SSCs from gonocytes are
seldom investigated, despite being important for male reproduction.

Sertoli cells, the somatic cells and epithelium inside the seminiferous cords, are the major
component of the niche that provides critical architectural support and regulatory factors to
establish a niche microenvironment for the formation and maintenance of the SSC
population [7, 8]. Before birth, gonocytes are located at the center of the seminiferous cords,
whereas Sertoli cells are anchored to the basement membrane. Shortly after birth (P0.5-P3
in mice), gonocytes migrate toward the basement membrane, where physical contact with
Sertoli cells occurs [2]. During migration or shortly after contact with Sertoli cells,
gonocytes undergo mitotic cell cycle progression and start differentiation, resulting in the
formation of the primary SSC population [2, 3]. These events are tightly regulated by
extrinsic factors in the niche microenvironment provided by Sertoli cells. For example,
cytokines KIT ligand (KITL) and platelet-derived growth factor (PDGF) promote gonocyte
migration from the center of seminiferous cords to the basement membrane during neonatal
development [9, 10]. Retinoic acid (RA) stimulates differentiation of gonocytes and SSCs
[11, 12]. Anti-Mdllerian hormone (AMH) increases the number of gonocytes that undergo
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differentiation to become SSCs [13]. Notch signaling regulates the timing of gonocyte
differentiation [14]. Other proteins produced by Sertoli cells, such as Glial cell-line derived
neurotrophic factor (GDNF) [15], gap junction protein alpha-1 (GJA1) [16], cytochrome
P450 family 26 subfamily b polypeptide 1 (CYP26B1) [17], and ets variant 5 (ETV5) [18]
are indispensable for maintenance of gonocytes and/or SSCs in their niche. Collectively, the
formation and maintenance of the SSC pool is controlled by a signaling network provided by
the niche microenvironment. However, it remains to be determined how these different
signaling pathways are regulated and coordinated to mediate the establishment of the initial
SSC niche during neonatal development.

AT-rich interaction domain 4B (ARIDA4B) is a chromatin remodeling protein that belongs to
the ARID family. ARID4B has been identified as a component of the HDAC1/SIN3A
chromatin remodeling complex [19]. Although ARID4B does not have the intrinsic
methyltransferase nor acetyltransferase activities, ARID4B contains a Tudor domain and a
chromo domain [20]. These two domains bind to methylated histones and promote
subsequent assembly of the chromatin remodeling complexes [21, 22]. Previously, we
reported that mice globally deficient for Arid4b (Arid46™'~) died during early
embryogenesis between embryonic day (E) 3.5 and 7.5 [23]. To overcome embryonic
lethality and investigate the function of Arid4b in specific tissue, the conditional knockout
mice were generated. Given that ARID4B was mainly expressed in Sertoli cells of the testis
[24], we generated the Sertoli cell-specific Arid4b knockout (Arid4bSCKO) mice and
uncovered that the mutant males were infertile throughout their lifespan [25]. The
Arid4bSCKO mice contain a deleted allele and a floxed allele in the Arid4b gene and a
transgene of Cre recombinase driven by the anti-Miillerian hormone promoter (Arig4tflox
Amh-cre) to obtain the most complete Arid4b deletion in Sertoli cells [25]. In this study, we
used the Arid4bSCKO mice and identified Arid4b as an essential gene that governs the
temporal and spatial establishment of the initial SSC niche by Sertoli cells during the
neonatal testis development. Importantly, we showed that the establishment of an elaborate
SSC niche is indispensable for the successful formation of the primary SSC pool from
gonocytes and impacts the cell fate decisions of gonocytes and SSCs. Analysis of the
mechanisms further revealed that ARID4B functions as a master regulator to control
expression of factors critical for the stem cell niche function, including GJA1, KITL,
CYP26B1, AMH, GDNF, inhibin alpha (INHA), and inhibin beta B (INHBB). Our study
underscores an important role of ARID4B in regulation of the gonocyte-to-SSC transition.

Materials and Methods

Mouse Lines

The Arid4bSCKO (Arid4b™Mo%; Amh-cre) mice and their control (Arid4b*M19%; Amh-cre)
mice have been described previously [25]. These mice are maintained on a hybrid C57BL6/J
and 129/SvEv genetic background. Experimental animals and studies were approved by the
Institutional Animal Care and User Committee (IACUC) of The George Washington
University (protocol number: A208). All of the mice were bred and maintained at the
institution’s specific pathogen-free mouse facility. The facility is approved by the American
Association for Accreditation of Laboratory Animal Care and operated in accordance with
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current regulations and standards of the US Department of Agriculture and the Department
of Health and Human Services.

Results

Failure to Establish the Initial Stem Cell Niche in the Arid4bSCKO Testes During Neonatal
Development

Previously, we reported expression of Arid4bin Sertoli cells of testes from embryonic day
(E)15.5 through P42 [25]. Sertoli cells are the major component of the SSC niche. Using the
Arid4bSCKO mice, we investigated whether ablation of ARID4B in Sertoli cells affects the
niche establishment. Before birth, gonocytes are in a quiescent state and centrally located in
the seminiferous cords, whereas Sertoli cells reside along the periphery of the cords.
Histological analyses revealed similar structure and cell distribution of the seminiferous
cords between the control and Arid4bSCKO testes at E18.5 (Fig. 1A-1D). To further
analyze the cell distribution clearly, double immunofluorescent staining for two Sertoli cells
markers, AMH (cytoplasm) and Wilms Tumor 1 (WTZ1, nuclear), was performed. The result
showed that Sertoli cells were properly located along the periphery of the seminiferous cords
in both control and Arid46SCKO testes (Fig. 1E, 1F). To clearly define the location of
gonocytes in the seminiferous cords, double immunofluorescent staining for AMH and the
gonocyte/undifferentiated spermatogonia marker, promyelocytic leukemia zinc finger
(PLZF), was performed. The result showed that gonocytes were located in the lumen of
seminiferous cords in the control and Arid4bSCKOtestes at E18.5 (Fig. 1G, 1H). These
results suggest that no change in cellular distribution was observed in the E18.5
Arid4bSCKO testes. As expected, Arid4bwas knocked out in Sertoli cells at this stage,
because immunofluorescent analysis detected ARID4B protein in the nuclear region of
Sertoli cells only in the control testes but not in the Arid4bSCKO testes (Supporting
Information Fig. S1).

The transformation of gonocytes into SSCs begins shortly after birth when gonocytes exit
from quiescence. Between P0.5-P3, centrally located gonocytes migrate to the periphery of
seminiferous cords, where gonocytes are in close contact with Sertoli cells [2]. Sertoli cells
that reside along the basement membrane of the seminiferous cords are responsible for
establishing a permissive niche to direct gonocyte migration and facilitate gonocyte
differentiation into SSCs [2]. Histological analyses indeed showed that cells distributed
along the periphery of seminiferous cords in the control testes at P2.5 (Fig. 11, 1K).
However, the P2.5 Arid4bSCKO testes showed disarranged cell distribution in the
seminiferous cords, and the boundary of the seminiferous cords was not clearly recognizable
by H&E staining (Fig. 1J, 1L). To detect Sertoli cells, double immunofluorescent staining
for AMH and WT1 was performed. The result showed that Sertoli cells in the control testes
resided along the periphery of seminiferous cords (Fig. 1M). In contrast, most of Sertoli
cells in the Arid4bSCKO testes no longer anchored to the basement membrane of the
seminiferous cords, but instead, translocated to the lumen of the cords (Fig. 1N). Next,
double immunofluorescent staining for PLZF and AMH showed that gonocytes had
migrated to the basement membrane of the seminiferous cords in the control testes (Fig.
10). In the Arid4bSCKO testes, some gonocytes remained in the center of the seminiferous
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cords (Fig. 1P, white arrowheads), while some gonocytes were found scattered outside of the
cord structure (Fig. 1P, yellow arrows). Furthermore, while some Sertoli cells broke away
from the seminiferous cords in the Arid4bSCKO testes (Supporting Information Fig. S2,
orange arrows), it is of note that the integrity of the seminiferous cords was perturbed with
breaches on the basement membrane (Supporting Information Results; Supporting
Information Fig. S3), which could cause gonocytes escaping from the seminiferous cords
(Supporting Information Fig. S2, yellow arrows). These results suggest that ablation of
ARIDA4B resulted in failure to retain Sertoli cells on the basement membrane of seminiferous
cords during neonatal development, leading to a defect in establishment of a niche
environment. Without support from the niche, the homing of gonocytes was disrupted,
resulting in abnormal distribution of gonocytes in the Arid4bSCKO testes.

Given that Sertoli cells and gonocytes abnormally distributed in the P2.5 Arid4bSCKO
testes, we examined whether the disarranged cellular distribution is permanent. Histological
and immunostaining analyses were performed on the control and Arid4bSCKO testes at P10.
The results showed that Sertoli cells were present along the periphery of seminiferous
tubules in the Arid46SCKOtestes at P10 (Fig. 1R, 1T, 1V), which is similar to that found in
the age-matched control testes (Fig. 1U). Concomitantly, undifferentiated spermatogonia,
including SSCs and progenitor spermatogonia both stained by PLZF, were also in close
association with the basement membrane of the tubules in the P10 Arid4bSCKO testes (Fig.
1X), as they were in the P10 control testes (Fig. 1W). These results suggest that Sertoli cells
with ablation of ARID4B might be able to establish the niche that allowed homing and
retention of the residual undifferentiated spermatogonia in the Arid46SCKO testes at P10.
However, it is clear that the establishment of initial stem cell niche in the Arid46SCKO
testes lag behind developmentally, as it occurred later than the timeframe (P2.5) during
which the niche has been established in the control testes (Fig. 1M, 1N). These results
indicate that ARID4B is required by Sertoli cells for timely establishment of the initial niche
during the critical gonocyte-to-SSC transition phase.

Notably, the P10 Arid4bSCKO testes contained fewer undifferentiated spermatogonia than
the control testes (Fig. 1W, 1X), which is possibly due to increased apoptosis and failure of
SSC self-renewal in the Arid4bSCKO testes (Figs. 2 and 3, respectively). In addition, AMH
was found to be decreased in the P2.5 Arid4bSCKO testes (Fig. 1N), but elevated in the P10
Arid4bSCKO testes (Fig. 1V). The differential expression of Am#hwas confirmed by
quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) (Fig. 4B) and was
further discussed in Supporting Information Results and Supporting Information Figure S9.

Increased Apoptosis in Sertoli Cells and Gonocytes in the Arid4bSCKO Testes

We investigated the consequence of abnormal distribution of Sertoli cells and gonocytes in
the P2.5 Arid4bSCKO testes. As evidenced by immunofluorescent staining of WT1, the
mutant testes contained fewer Sertoli cells than the control testes (Fig. 2A, left).
Concomitant with the reduced number of Sertoli cells, immunofluorescent staining of PLZF
showed a striking decrease in gonocytes in the mutant testes (Fig. 2B, left). Quantification
results showed approximately 53% reduction in Sertoli cells and approximately 50%
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reduction in gonocytes in the Arid4bSCKO testes when compared with the control testes
(Fig. 2A, 2B, right).

Given the significant reduction in the number of Sertoli cells and gonocytes in the P2.5
Arid4bSCKO testes (Fig. 2A, 2B), we next examined whether cell death was responsible.
Results from terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
which detects apoptotic DNA fragmentation clearly showed an increase in the TUNEL-
positive cells in the Arid4bSCKO testes compared with controls (Fig. 2C), suggesting
increased apoptosis in the Arid40SCKO testes.

The ability of gonocytes to migrate from the center of seminiferous cords toward the
basement membrane to occupy the appropriate niche is essential for gonocyte survival [26].
Given that failure of the niche establishment affected the homing of gonocytes in the
Arid4bSCKO testes at P2.5 (Fig. 1P), we examined whether gonocytes undergo apoptosis in
the mutant testes. Co-immunostaining using the antibody against the apoptosis marker
cleaved caspase 3 (Casp3) and the anti-germ cell specific antigen TRA98 antibody showed a
marked increase in the population of the Casp3* TRA98™ cells in the P2.5 Arid4bSCKO
testes, indicating presence of apoptotic gonocytes (Fig. 2D, white arrows). In addition, the
Arid4bSCKO testes contained an increased number of Casp3™ TRA98™ cells inside the
seminiferous cords (Fig. 2D, yellow arrowheads), indicating that Sertoli cells also underwent
apoptosis. Quantification results confirmed that total apoptotic cells increased dramatically
in the P2.5 Arid4bSCKOtestes (Fig. 2E, left panel), with approximately 30% of gonocytes
and approximately 40% of Sertoli cells undergoing apoptosis (Fig. 2E, middle and right
panels, respectively). These results suggest that expression of Arid4bin Sertoli cells is
required for the survival of Sertoli cells and gonocytes during neonatal development.

Sertoli Cell-Specific Ablation of ARID4B Impairs Gonocyte and SSC Fate

Although the sizes of the control and Arid4bSCKO testes were similar at P2.5 of age, testis
sizes of the Arid4bSCKO mice barely increased from P2.5 to P20, whereas the sizes of the
control testes increased with maturity as expected (Supporting Information Fig. S4) [25].
Therefore, the Arid4bSCKO testes at P10 and P20 were markedly smaller. At P3-P6 after
gonocyte homing, contributions from the niche microenvironment provided by Sertoli cells
facilitate gonocytes to either differentiate into SSCs or directly into differentiating
spermatogonia that enter the first wave of spermatogenesis [2]. The primary SSCs first
appear at P5 and become enriched at P7-P10 [27, 28]. An elaborate niche microenvironment
established by Sertoli cells is required to support the gonocyte-to-spermatogonia transition.
The niche also supports SSCs to self-renew and to undergo differentiation for all subsequent
rounds of spermatogenesis. Given the fact that ablation of ARID4B in Sertoli cells impaired
the timely establishment of the niche at P2.5 (Fig. 1), we examined whether the delay in
establishing the initial niche has lasting effects on the cell fate decisions of gonocytes and
SSCs. To this end, the Arid4bSCKO and control testes at P10 and P20 were analyzed by
double immunofluorescent staining using PLZF and TRA98 antibodies. While the TRA98
antibody recognizes the germ cell specific antigen expressed in both undifferentiated and
differentiating germ cells, expression of PLZF is restricted to the undifferentiated
spermatogonia population that includes SSCs. Strikingly, our results showed a reduced
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number of undifferentiated spermatogonia (PLZF") and total germ cells (TRA98%) in the
Arid4bSCKOtestes at P10 and P20 compared with that in the age-matched controls (Fig.
3A). Depending on the presence of undifferentiated spermatogonia and differentiating germ
cells, the following four different types of seminiferous tubule in the Arid4bSCKO testes
were identified. First, when compared with the seminiferous tubules in the control testes
(Fig. 3Ba, 3Bb), some of the Arid4bSCKO tubules containing both undifferentiated
spermatogonia and differentiating germ cells (PLZF*TRA98*) exhibited a relatively normal
appearance (Fig. 3Bc, 3Bd). Second, some Arid4bSCKO tubules contained differentiating
germ cells but showed depletion of undifferentiated spermatogonia (PLZFWTRA98*) (Fig.
3Be, 3Bf), suggesting failure to establish a self-renewing pool of SSCs. Third, many
Arid4bSCKOtubules contained mainly undifferentiated spermatogonia, but few or no
differentiating germ cells (PLZF*TRA98Y) (Fig. 3Bg, 3Bh), suggesting a defect in the
ability of gonocytes and/or SSCs to differentiate into differentiating spermatogonia. Finally,
numerous Arid4bSCKO tubules were devoid of any germ cell (PLZF"TRA987) (Fig. 3BlI,
3Bj). These tubules contained only Sertoli cells as identified by presence of Sertoli cell
marker WT1 and absence of TRA98* germ cells in seminiferous tubules of the
Arid4bSCKOtestes (Fig. 3Cc, 3Cd), while all of the control tubules contain Sertoli cells and
germ cells (Fig. 3Ca, 3Cb). Together, ablation of ARID4B in Sertoli cells resulted in loss of
either undifferentiated spermatogonia or differentiating germ cells, or lack of germ cells
altogether in the seminiferous tubules.

Quantification results clearly showed that undifferentiated spermatogonia and differentiating
germ cells were present in all seminiferous tubules (PLZF*TRA98") in the control testes at
P10 and P20 as expected (Fig. 3Bk). The percentages of the PLZF*TRA98* tubules were
severely decreased in the Arid4bSCKO testes at P10 and P20 (Fig. 3Bl). In the P10
Arid4bSCKO testes, the presence of the PLZFTWTRA98* and PLZF*TRA98™ tubules
suggests that differentiation of gonocytes into SSCs or differentiating spermatogonia,
respectively, was impaired (Fig. 3Bm, 3Bn). In addition, the Sertolicell-only tubules
(PLZF"TRA987) were found in the Arid4bSCKO testes at P10, suggesting that the
commitment of gonocytes to differentiate into a spermatogonial lineage was completely
disrupted (Fig. 3B0). In the P20 Arid4bSCKO testes, the decreased percentage of the
PLZF*TRA98" tubules and the increased percentage of the PLZF"TRA98™ tubules were
even more pronounced (Fig. 3BI, 3B0), suggesting that the ability of SSCs to self-renew and
differentiate was compromised. These data demonstrated a progressive loss of
undifferentiated spermatogonia and differentiating germ cells in the Arid4bSCKO testes,
leading to increased number of Sertoli-cell-only tubules. Collectively, ablation of ARID4B
in Sertoli cells that resulted in failure to establish a stem cell niche during neonatal
development (Fig. 1N) affected gonocyte and SSC fate.

Ablation of ARID4B Impaired Expression of Genes Critical for Function of the Stem Cell

Niche

To gain insight into the molecular mechanisms responsible for the phenotypic changes
caused by ablation of ARID4B in Sertoli cells, gene expression profiling by whole
transcriptome sequencing (RNA-Seq) analysis was performed using the control and
Arid4bSCKOtestes collected at P1.5. The P1.5 testes were used because Sertoli cells were
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dislocated in the Arid4bSCKO testes at P2.5 (Fig. 1N), but remained at the periphery of
seminiferous cords in the Arid46SCKO testes at P1.5 (Supporting Information Results;
Supporting Information Fig. SSE-S5H). Compared with the control, ablation of ARID4B
resulted in significant upregulation or downregulation (p < 0.05, |Log2FC| = 0.59) of 608
and 555 genes, respectively (Supporting Information Table S1). It is of note that Arid4b was
identified as one of the genes whose expression was significantly reduced in the
Arid4bSCKOttestes (Fig. 4A), which validated our RNA-Seq analysis. Functional
classification of gene annotations revealed that the Arid4b regulated genes are involved in
extracellular stimuli, cell-cell adhesion, and cell—cell signaling (Supporting Information Fig.
S6; Supporting Information Table S2).

Consistent with the observed phenotypic changes, transcripts of numerous genes expressed
by Sertoli cells and known to be important for development of gonocytes and SSCs,
including Amh, Gjal, Inhbb, Ganf, Inha, Kitl, and Cyp26b1, were decreased in the
Arid4bSCKOtestes at P1.5 (Fig. 4A). Using newly collected RNA different from that used
for RNA-seq, gRT-PCR analysis confirmed decreased expression of these genes in the P1.5
Arid4bSCKOtestes (Fig. 4B-4H). In contrast, Arid4a, an Arid4b related gene, and Notchl,
a gene known to regulate maintenance and differentiation of gonocytes [14], were not
downregulated (Fig. 41, 4J), which were used as controls for gqRT-PCR analysis to suggest
specific downregulation of Amh, Gjal, Inhbb, Ganf, Inha, Kitl, and Cyp26b1. Collectively,
ARIDA4B is required for the optimal expression of Amh, Gjal, Inhbb, Ganf, Inha, Kitl, and
Cyp26b1 at the time when gonocytes migrate to the basement membrane of the seminiferous
cords to contact with Sertoli cells and differentiate into spermatogonia (P0-P6).
Interestingly, expression of Gjal, Inhbb, Ganf, Inha, Kitl, and Cyp26b1 was comparable
between the control and Arid4bSCKO testes at P10 (Fig. 4C—4H). These results are in line
with the phenotypes that the niche in the Arid4bSCKO testes was established at P10 (Fig.
1V), but not at P2.5 (Fig. 1N).

Given that Arid4b is required for Sertoli cells to remain attached along the basement
membrane of seminiferous cords and for gonocytes to contact with Sertoli cells during
neonatal development (Fig. 1N, 1P), it is plausible to suggest that ARID4B regulates genes
involved in cell-cell adhesion. One such gene whose transcripts were significantly reduced
in the Arid4bSCKOtestes at P1.5 (Fig. 4A, 4C) is Gjal. GJA1, also known as Connexin-43,
is a predominant gap junction protein expressed by Sertoli cells, and is located between
neighboring Sertoli cells and between Sertoli cells and germ cells [29]. Although GJAL is
known to be critical for maintaining the cell composition of the bone marrow niche and
controlling migration and homing of hematopoietic stem cells [30], the role of GJAL in the
establishment of the SSC niche in testes is not clear. By immunofluorescent staining, we
found that the abundance of GJA1 protein was low in both control and Arid46SCKO testes
at E18.5, and no clear difference was observed between the E18.5 control and Arid4bSCKO
testes (Fig. 4K). The abundance of GJA1 was elevated in seminiferous tubules of the control
testes from P2.5 onward (Fig. 4K). In contrast, GJA1 was reduced in the P2.5 Arid4bSCKO
tubules (Fig. 4K). However, GJAL in the P10 Arid4bSCKO tubules was elevated to the
abundance similar to that in the P10 control tubules (Fig. 4K). These results are consistent
with the mRNA level of GjaZ which was decreased in the P1.5 Arid4bSCKO testes, but was
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increased to the level comparable with that in the P10 control testes (Fig. 4C). It should be
emphasized that the period (P2.5) during which GJAL in the Arid4bSCKO testes was
strikingly less abundant than that in the age-matched control testes coincides with the timing
when Sertoli cells failed to establish the initial niche (Fig. 1N) and gonocytes failed to reside
in an appropriate niche in the P2.5 Arid4bSCKO testes (Fig. 1P). It is also interesting to note
that at P10 when GJAL in the mutant testes increased to the similar abundance as the control
testes (Fig. 4K), Sertoli cells were found located at the basement membrane of the tubules
(Fig. 1V) and homing of undifferentiated spermatogonia were also observed in the
Arid4bSCKO testes (Fig. 1X). Together, these results suggest that Gja? is regulated by
ARID4B and may be involved in the timely establishment of the initial niche required for
the homing of gonocytes.

To establish the niche, Sertoli cells not only provide architectural support for gonocyte and
SSC homing but also secrete factors in the niche microenvironment that impinge on the
signaling pathways in gonocytes and SSCs [4, 7, 8]. RNA-Seq and gRT-PCR analyses
showed decreased expression of Amh, Ganf, Kitl, Cyp26b1, Inha, and Inhbb in the
Arid4bSCKO testes at P1.5 (Fig. 4A, 4B, 4D-4H). These Sertoli cell-expressed genes
encode factors that have been shown to be involved in the cell fate decision of gonocytes and
SSCs. Regulation of these genes by ARID4B is consistent with the results suggesting that
ARID4B in Sertoli cells is required for gonocytes to differentiate into spermatogonia and for
SSCs to self-renew and differentiate (Fig. 3). Double immunofluorescent staining for AMH
and WT1 confirmed a striking decrease in the protein level of AMH in the P2.5
Arid4bSCKO Sertoli cells, where expression of WT1 was relatively abundant, suggesting
selective downregulation of AMH in Sertoli cells (Fig. 4L). This result is consistent with the
decrease at the mRNA level of Amhin the P1.5 Arid4bSCKO testes (Fig. 4A, 4C). During
neonatal development, AMH induces gonocytes to differentiate into SSCs [13]. Decreased
expression of AMH in the Arid4bSCKO testes during the gonocyte-to-SSC transition phase
(PO-P6) may be responsible for the defect of gonocyte differentiation into SSCs (Fig. 3Ce,
3Cf). Decreased levels of other Sertoli cell-produced factors GDNF, INHA, CYP26B1, and
KITL in the P2.5 Arid4bSCKO testes were also verified by immunofluorescent staining
(Supporting Information Fig. S7). Together, the immunofluorescent staining results along
with RNA-Seq and gRT-PCR analyses identified ARID4B-regulated genes which express
key factors in Sertoli cells to allow the appropriate establishment of a niche environment
supporting the gonocyte-to-SSC transition.

Gdnf Is a Direct Target of ARID4B

To globally identify ARID4B direct targets, chromatin immunoprecipitation (ChIP) using
the antibody against ARID4B followed by DNA sequencing analysis (ChlP-Seq) was
performed on wild type testes collected at P1.5. In all, 6,503 genes were identified to contain
the ARID4B binding sites within 10 Kb of their gene margins (Supporting Information
Table. S3). Among these genes, 6,231 genes (94%) have the ARID4B binding sites within
the CpG islands. In addition, massive enrichment of ARID4B binding was found to center
around the transcriptional start sites of genes (Fig. 5A), with 4,529 genes having the
ARID4B binding sites within + 500 bp of the transcriptional start sites (Fig. 5B). While
RNA-Seq analysis identified both directly and indirectly regulated genes of ARID4B, ChIP-
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Seq analysis revealed the ARID4B direct binding targets. To look for the ARID4B directly
regulated targets, 426 genes were identified by both RNA-Seq and ChIP-Seq analyses
(Supporting Information Table. S4). Among these 426 potential ARID4B direct target genes,
211 of them (approximately 50%) contain the ARID4B binding sites within £ 500 bp of the
transcriptional start sites (Fig. 5B). Notably, Ganfis one of these potential ARID4B direct
targets (Fig. 5B), with ARID4B binding to the Ganfpromoter from 275 bp upstream (-275)
of the transcriptional start site (Fig. 5C, red line). To confirm the recruitment of ARID4B to
the Ganfpromoter, we performed ChIP-qPCR analysis using the antibody against
endogenous ARIDA4B in the control and Arid4bSCKO testes collected at P1.5. Our results
showed that ARID4B was recruited to the Ganfpromoter in the control testes (Fig. 5D). The
recruitment of ARID4B to the Ganfpromoter was specific, as only little ARID4B
recruitment to this promoter was detected in the Arid4bSCKOtestes (Fig. 5D). Small
nuclear ribonucleoprotein N (Snrpn), a known ARID4B direct target gene [23], was used as
a control for ChIP-gPCR analysis, showing that ARID4B was recruited to the promoter of
Snrpn (exon 1) but not exon 7 (Fig. 5D). Together with the fact that ARID4B regulated
expression of Ganf (Fig. 4E), our results suggest that Ganfis a direct target gene of
ARID4B.

Discussion

In this study, we demonstrated that ARID4B is essential for the temporal—spatial
establishment of the initial SSC niche during neonatal development. Study into the
molecular mechanism identified several new downstream effectors of ARID4B and provides
evidence that ARID4B is a master regulator of a gene network governing the establishment
of SSC niche. These ARID4B downstream effectors include GJA1L, KITL, CYP26B1, AMH,
GDNF, INHA, and INHBB.

GJAL, also known as connexin-43, is a predominant gap junction protein produced by
Sertoli cells and located between neighboring Sertoli cells and between Sertoli cells and
germ cells. In addition, GJA1 is shown to maintain the cell composition in the bone marrow
niche and is involved in migration and homing of hematopoietic stem cells [31]. It has been
reported that the Sertoli cell-specific GjaZ knockout male mice are infertile and display
Sertoli-cell-only syndrome or an arrest of spermatogenesis at the level of spermatogonia [16,
32]. However, whether GJA1 is involved in the establishment of the initial SSC niche in
testes during neonatal development remains unclear. In the Arid4bSCKO testes,
disassociation of Sertoli cells from the basement membrane of the seminiferous cords was
detected, concomitant with downregulation of GjaZ at the critical gonocyte-to-SSC transition
period. It is plausible that GJAL is the key structural protein maintaining Sertoli cells in
proper organization for the establishment of the initial niche during neonatal development.

Decreased abundance of GJAL in the Arid4bSCKO testes could also impair the interaction
between Sertoli cells and gonocytes, leading to a defect in gonocyte homing to the niche.
Consistent with this hypothesis, our results showed that some gonocytes were scattered
outside of the seminiferous cord structure, and some remained in the center of the
seminiferous cords in the neonatal Arid4bSCKO testes, as opposed to gonocytes in the
neonatal control testes that reside in the niche located at the basement membrane of the
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seminiferous cords. In addition to the defects in gonocyte homing, the fact that some
gonocytes remained in the center of the seminiferous cords in mutant testes suggests a
potential defect in gonocyte migration. KITL is secreted by Sertoli cells and signals via
binding to its cognate receptor, the transmembrane tyrosine kinase receptor ¢-KIT, on
gonocytes. KITL/c-KIT signaling promotes migration of gonocytes from the center of
seminiferous cords to the periphery during neonatal development [10]. In the Arid4bSCKO
testes, decreased expression of KITL is consistent with the defect that gonocytes fail to
migrate to the basement membrane of seminiferous cords.

CYP26B1 is another downstream effector of ARID4B. CYP26B1 is expressed in Sertoli
cells, and is able to metabolize and inactivate RA. RA signaling promotes differentiation of
gonocytes and SSCs. Knockout of Cyp26b1 in mice increases RA levels in embryonic testes,
resulting in abnormal development, increased apoptosis, and complete absence of male germ
cells in mutant male neonates [33]. Therefore, CYP26B1 acts as a survival factor to prevent
apoptosis and maintains gonocytes and undifferentiated spermatogonia by metabolizing RA
[17]. Because ablation of ARID4B in Sertoli cells resulted in decreased expression of
Cyp26b1, we measured the levels of RA in the P1.5 control and Arid46SCKOtestes. The
result showed upregulation of RA in the Arid4bSCKO testes (Supporting Information Fig.
S8), which could medicate aberrant entry of gonocytes and SSCs into differentiation.
Therefore, ablation of ARID4B in Sertoli cells that caused a decrease in CYP26B1 during
early postnatal development may not be beneficial for the formation and maintenance of a
self-renewing SSC population.

In the Arid4bSCKO testes, failure to establish the niche impairs the transition of gonocytes
into the SSCs and differentiating spermatogonia. SSCs in the Arid4bSCKO testes also lost
their ability to self-renew and differentiate. We demonstrated that expression of Am#h is
downregulated in the Arid46SCKO mice. AMH produced by Sertoli cells has been shown to
induce gonocytes to differentiate into SSCs [13]. In this regard, decreased expression of
AMH is consistent with the failure of gonocytes to transition into the SSCs in the
Arid4bSCKO mice. In addition, activin, a homodimers of two inhibin B-subunits, pa
(INHBA) or a b (INHBB), is able to induce differentiation of gonocytes and SSCs. Inhibin,
a heterodimer consisting of an inhibin a.-subunit (INHA) and an INHBA or an INHBB
subunit, exerts an opposite biological effect on activin. In the testes from the Arid4bSCKO
mice, reduced expression of /nhaand /nhbb could result in the deficiency of both activin and
inhibin proteins, which may be responsible for the defect in differentiation of gonocytes and
SSCs.

Finally, we demonstrated that Ganfis a direct target gene of ARID4B. As a secreted factor
produced by Sertoli cells, GDNF acts as a chemoattractant for SSCs and promotes self-
renewal of SSCs [15, 34-36]. Consequently, disruption of GDNF signaling resulted in loss
of SSCs and led to the appearance of Sertoli-cell-only seminiferous tubules [37, 38]. In the
Arid4bSCKO testes, ablation of ARID4B in Sertoli cells resulted in downregulation of
Ganf, which may be one of the factors responsible for the defect in SSC self-renewal,
leading to depletion of SSCs and Sertoli-cell-only tubules.
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Defects in spermatogenesis decrease production of spermatozoa, which could result in male
infertility. Spermatogenesis includes two phases. The first phase consists of gonocytes and
subsequent formation of SSCs from gonocytes. The second phase starts from differentiation
of undifferentiated spermatogonia, progressing through spermatogenic differentiation, and
end with the formation of spermatozoa. Spermatogenic progression is highly dependent on a
microenvironment provided by Sertoli cells. Here, we showed that ARID4B regulated the
establishment of SSC niche by Sertoli cells to control gonocyte differentiation into SSCs and
SSC self-renewal and differentiation. In our previous reports [24, 25], we demonstrated that
ARID4B, as an AR coactivator, is involved in regulation of the second phase
spermatogenesis, from undifferentiated spermatogonia through spermatogenic differentiation
(Supporting Information Fig. S10). Using the Arid4b knockout mouse model, these studies
advance our understanding into the cause of spermatogenesis defects, which could improve
the evaluation and therapeutic intervention for patients with idiopathic infertility.

Conclusion

Although GJA1, GDNF, AMH, CYP26B1, INHA, and INHBB expressed by Sertoli cells are
critical for gonocyte homing and cell fate decision of gonocytes and/or SSCs, how these
genes are regulated and coordinated remains poorly understood. Our data showed that
ARID4B is required for the optimal expression of these genes. Using the Arid4bSCKO
mice, we demonstrated that ARID4B is essential for the temporal-spatial establishment of
the initial SSC niche during neonatal development. More importantly, downregulation of
Gjal, Ganf, Amh, Cyp26b1, Inha, and Inhbb in the Arid4bSCKO testes is consistent with
the failure in the commitment of gonocyte to differentiate into a spermatogonial lineage and
the impairment in the capabilities of SSCs to self-renew and differentiate. Taken together,
our study identified ARID4B as the master coordinator of a gene network that regulates the
establishment of the initial SSC niche to dictate the fate of gonocytes and SSCs.
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Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

The primary spermatogonial stem cells (SSCs), which arise from gonocytes during
neonatal development, serve as a foundational self-renewing reservoir to ensure
continuous production of spermatozoa throughout adulthood. The transformation of
gonocytes into SSCs takes place in a niche established by Sertoli cells. We provide the
first evidence that the AT-rich interaction domain 4B regulatory network determines the
timing and location for the establishment of initial stem cell niche during the crucial
gonocyte-to-SSC transition stage. The establishment of an elaborate niche impacts the
cell fate decision of gonocytes and SSCs. These findings uncover the mechanisms that
control the formation of the primary SSC population.
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Figure 1.
Failure to establish the spermatogonial stem cell niche in the Arid4bSCKO testes at P2.5 of

age. (A-D, I-L, Q-T): Histological analyses of the control and Arid4bSCKO testes at
E18.5, P2.5, and P10. Paraffin-embedded testis sections were stained with H&E. The
basement membrane of the seminiferous tubules is outlined with dashed lines (K). Original
magnifications of images were 100x (A, B, I, J, Q, R) and 400x (C, D, K, L, S, T). Scale
bars = 100 um (R) and 25 um (T). (E, F, M, N, U, V): Double immunofluorescent staining
of anti-Mullerian hormone (AMH) (green, cytoplasmic) and Wilms Tumor 1 (red, nuclear)
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to detect Sertoli cells in testis sections from the Arid46SCKO and control mice at E18.5,
P2.5, and P10. DNA was stained by DAPI (blue). Scale bar = 20 um. (G, H, O, P, W, X):
Double immunofluorescent staining of AMH (green, cytoplasmic) and promyelocytic
leukemia zinc finger (red, nuclear) to detect Sertoli cells and gonocytes, respectively. Testis
sections were from the Arid4bSCKO and control mice at E18.5, P2.5, and P10. Nuclear
DNA was stained by DAPI (blue). White arrowheads point to gonocytes at central location
within the seminiferous cords, and yellow arrows point to gonocytes scattered outside the
cords in the Arid4bSCKO testes at P2.5 (P). Scale bar = 25 um. Abbreviations: AMH, anti-
Miillerian hormone; DAPI, 4’,6-diamidino-2-phenylindole; PLZF, promyelocytic leukemia
zinc finger; WT1, Wilms Tumor 1.
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Figure 2.

Increased apoptosis in the P2.5 Arid4bSCKOtestes. (A): Reduced number of Sertoli cells in
the P2.5 Arid4bSCKO testes. Immunostaining of Wilms Tumor 1 (WT1) detected Sertoli
cells (red) in the control and Arid4bSCKO testes at P2.5 (left). Nuclear DNA was stained by
DAPI (blue). Scale bar = 50 um. For quantification of Sertoli cells, WT1-positive cells per
testis section of the P2.5 control and Arid4bSCKO mice were counted (right). Three mice
from each genotype and different litters were analyzed. Data are means + SEM. (B):
Depletion of gonocytes in the Arid4bSCKO testes at P2.5. Immunostaining of promyelocytic
leukemia zinc finger (PLZF) detected gonocytes (red) in the control and Arid4bSCKO testes
at P2.5 (left). Nuclear DNA was stained by DAPI (blue). Scale bar = 50 um. For
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quantification, PLZF-positive cells per testis section of the P2.5 control and Arid46SCKO
mice were counted (right). Three mice from each genotype and different litters were
analyzed. Data are means = SEM. (C): Detection of apoptosis by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay in testis sections from the control and
Arid4bSCKO littermates at P2.5. Apoptotic cells were TUNEL-positive (green). Nuclear
DNA was stained by DAPI (blue). Original magnifications of images were 40x (left) and
600x (right). Scale bars = 250 pm (left) and 10 um (right). (D): Double immunofluorescent
staining using the anti-cleaved Casp3 antibody (red, nuclear) and the anti-germ cell specific
antigen TRA98 antibody (green, nuclear) in testis sections from the control and
Arid4bSCKO littermates at P2.5. The white arrows point to cleaved Casp3-positive
apoptotic germ cells (Casp3*TRA98™). The yellow arrowheads point to cleaved Casp3-
positive apoptotic Sertoli cells (Casp3*TRA987). Original magnifications of images were
40x (left) and 600x% (right). Scale bars = 250 um (left) and 10 um (right). (E): Quantification
of apoptotic cells in the control and Arid4bSCKO testes at P2.5. Total apoptotic cells, the
percentage of apoptotic germ cells, and the percentage of apoptotic Sertoli cells were
compared between the control and Arid4bSCKO testes. Three mice from each genotype and
different litters were analyzed. Data are means + SEM. Abbreviations: DAPI, 4’ ,6-
diamidino-2-phenylindole; PLZF, promyelocytic leukemia zinc finger; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labeling; WT1, Wilms Tumor 1.
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Figure 3.

Defects in the formation, self-renewal, and differentiation of spermatogonial stem cells in
the Arid4bSCKOtestes. (A): Loss of undifferentiated spermatogonia and germ cells in the
Arid4bSCKOtestes at P10 and P20. Double immunofluorescent staining using the anti-
promyelocytic leukemia zinc finger (PLZF) (red) and TRA98 (green) antibodies which
detect undifferentiated spermatogonia and germ cells, respectively, was performed in testis
sections from the control and Arid46SCKO littermates at P10 and P20. Nuclear DNA was
stained by DAPI (blue). Original magnifications of images were 40x. Scale bars = 300 pum.
(B): High magnification of seminiferous tubules in the control and Arid4bSCKO testes at
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P10 and P20 with double immunofluorescent staining using the anti-PLZF (red) and TRA98
(green) antibodies. Seminiferous tubules from the control and Arid4bSCKO testes contained
both undifferentiated spermatogonia (PLZF*) and germ cells (TRA98") (a—d). In the
Arid4bSCKO testes, some seminiferous tubules showed depletion of undifferentiated
spermatogonia (PLZFWTRA98™) (e, f), very few differentiating germ cells
(PLZF*TRA98W) (g, h), or loss of germ cells altogether (PLZF"TRA98") (i, j). The
basement membrane of the tubule is outlined with a dashed line. Arrows indicate
seminiferous tubules. Original magnification of images was 600x. Scale bar = 20 um.
Percentages of the PLZF*TRA98" seminiferous tubules in the control and Arid4bSCKO
testes (k, 1), the PLZFTWTRA98* tubules in the Arid4bSCKO testes (m), the
PLZF*TRA98™Y tubules in the Arid4bSCKO testes (n), or the PLZF"TRA98™ tubules in the
Arid4bSCKOtestes (0) at P10 and P20 were shown. Three mice from different litters of
each genotype and each age group were analyzed. Data are means £ SEM. *** p < 0.001;
** p < 0.01. (C): Sertoli-cell-only tubules in the Arid4bSCKO testes. Double
immunofluorescent staining for Wilms Tumor 1 (red) and TRA98 (green) to detect Sertoli
cells and germ cells, respectively, was performed using the control and Arid4bSCKO testes
at P20. Nuclear DNA was stained by DAPI (blue). The arrow points to one of the Sertoli-
cell-only tubules (d). Original magnifications of images were 40x (top) and 6003 (bottom).
Scale bars = 300 um (top) and 20 Im (bottom). Abbreviations: DAPI, 4”,6-diamidino-2-
phenylindole; PLZF, promyelocytic leukemia zinc finger; WT1, Wilms Tumor 1.
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Figure 4.
Downregulation of Sertoli cell-expressed genes important for the function of stem cell niche

in the Arid4bSCKOtestes at P1.5. (A): RNA-Seq analysis showed decreased expression of
Amh, Arid4b, Gjal, Inhbb, Ganf, Inha, Kitl, and Cyp26b1 in the Arid4bSCKO (MU) testes
at P1.5 compared with the age-matched control (CL) testes. (B-J): Quantitative reverse
transcriptase polymerase chain reaction analyses measured the mRNA levels of Amh, Gjal,
Inhbb, Ganf, Inha, Kitl, Cyp26b1, Arid4a, and Notchl in testes from the control and
Arid4bSCKO mice at P1.5 and P10. Three mice from different litters of each genotype and
each age group were analyzed. The level of gene expression from one of the control testis at
P1.5 was set as 1. Data are means + SEM. (K): Gap junction protein alpha-1 (GJA1) protein
was decreased in the Arid4bSCKOtestes at P2.5. Double immunofluorescent staining of
GJAL (red) and anti-Miillerian hormone (AMH) (green) was performed on testis sections
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from the control and Arid4bSCKO mice at E18.5, P2.5, and P10. Scale bar = 20 um. (L):
AMH protein was decreased in the Arid4bSCKO testes at P2.5. Double immunofluorescent
staining of AMH (green, cytoplasmic) and Wilms Tumor 1 (red, nuclear) was performed in
testis sections from the control and Arid4bSCKO mice at P2.5. Scale bar = 50 pm.
Abbreviations: AMH, anti-Mullerian hormone; DAPI, 4’,6-diamidino-2-phenylindole;
GJA1, gap junction protein alpha-1; WT1, Wilms Tumor 1.

Stem Cells. Author manuscript; available in PMC 2018 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wu et al. Page 24

A B ChIP-Seq:
o 6,503 genes
800
700 RNA-Seq;
600 1,163
genes
500
400
300
200
100 211
() bt i it i genes
10K -5K 0 5K 10K 4,529 genes with ARID4B
TSS binding sites within +/-
500 bp of TSS
C 26- Chromosome 15
7,800,000 7,810,000 7,820,000 7,830,000 7,840,000
5
j=1
Ezé_ ‘llml .A.‘..l“ mm“l‘iklao_nhL“uma
& .
g e
S adinatdl .M FOP RV Y YRR WY T W
D Ganf exon1 M Control [JArid4bSCKO ~ *** P < 0.001
=275 06
. o s |:|— 05 i
1 2 3 4 3;:
Primer sets — 04
g
Snipn T 03
E Rk el ek
exon 1 exon7 O g2 :
—I:l |:|_ 0.1 -
5.8 I P [ P [N 1Y
ontrol primer sets 0
L B 9 ESE) LW B
Normal IgG  + - + - - + — TER T =
Anti-ARID4B - + - + -+ - 4 - -
Primer set 1 2 3 4 5 6

Figure 5.
Identification of Ganfas an ARID4B direct target in the neonatal testes. (A): Histogram of

ARID4B binding sites within + 10 Kb ranges of transcriptional start sites (TSS) of target
genes identified by chromatin immunoprecipitation (ChlP)-Seq analysis. Results of ChlIP-
Seq analysis using anti-ARID4B antibody (blue peaks) and input (red line) showed
enrichment of ARID4B binding close to the TSS of genes. (B): RNA-Seq and ChIP-Seq
analyses identified Ganfas one of the potential ARID4B direct targets with ARID4B
binding sites within + 500 bp of the transcriptional start sites. (C): ChIP-Seq analysis
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showed the enrichment of ARID4B binding to the promoter region of Ganf. Results were
analyzed using the mouse mm10 assembly on UCSC genome browser. Red line indicates the
ARID4B binding region (D): ChIP-gPCR analysis showed that ARID4B was recruited to the
Gadnfpromoter. Cross-linked chromatin from testes of the control and Arid4bSCKO mice at
P1.5 was immunoprecipitated with normal rabbit IgG or anti-ARID4B antibody.
Immunoprecipitated DNA was subject to gPCR analysis using the primer sets 1-6. The
promoter region of Ganfis shown with four primer sets 1-4, which indicate the region of
each gPCR product in ChIP-gPCR analysis. The distance (bp) upstream of -275 that
indicates from the transcriptional start site of Ganfis the starting point of the ARID4B
binding region identified by ChIP-Seq analysis. The primer set 5 that overlaps the Snrpn
exon 1 was used as a positive control, and the primer set 6 that overlaps the Snrpnexon 7
was used as a negative control. Data are means £ SEM. Abbreviations: ChIP, chromatin
immunoprecipitation; TSS, transcriptional start site.
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