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Abstract

The reproductive homeobox X-linked (Rhox) genes encode transcription factors that are expressed selectively in reproductive tissues including
the testis, epididymis, ovary, and placenta. While many Rhox genes are expressed in germ cells in the mouse testis, only Rhox8 is
expressed exclusively in the Sertoli cells during embryonic and postnatal development, suggesting a possible role of Rhox8 in embryonic
gonad development. Previously, Sertoli cell-specific knockdown of RHOX8 resulted in male subfertility due to germ cell defects. However, this
knockdown model was limited in examining the functions of Rhox8 as RHOX8 knockdown occurred only postnatally, and there was still residual
RHOX8 in the testis. In this study, we generated new Rhox8 knockout (KO) mice using the CRISPR/Cas9 system. Sex determination and fetal
testis development were apparently normal in mutant mice. Fertility analysis showed a low fecundity in Rhox8 KO adult males, with disrupted
spermatogenic cycles, increased germ cell apoptosis, and reduced sperm count and motility. Interestingly, Rhox8 KO testes showed an increase
in testis size with dilated seminiferous tubules and rete testis, which might be affected by efferent duct (ED) Rhox8 ablation dysregulating the
expression of metabolism and transport genes in the EDs. Taken together, the data presented in this study suggest that Rhox8 in the Sertoli cells
is not essential for sex determination and embryonic testis differentiation but has an important role in complete spermatogenesis and optimal
male fertility.

Summary Sentence

Rhox8 knockout results in male subfertility together with a disrupted spermatogenic cycle, increased germ cell apoptosis, and reduced sperm
count and motility, suggesting that Rhox8 has an important role for optimal male fertility.
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Introduction

Spermatogenesis is the process that produces male haploid
germ cells (spermatozoa) from diploid spermatogonial stem
cells in the seminiferous tubules (STs) of the testis. In the
testis, the Sertoli cells, as the somatic constituents of the
seminiferous epithelium, are directly associated with all types
of germ cells including spermatogonia, spermatocytes, sper-
matids, and spermatozoa and are primarily committed to sus-
taining spermatogenesis as they nourish the developing germ
cells [1]. In the Sertoli cells, many transcription factors have
been identified, including homeobox, SRY-related HMG-box,
zinc-finger, heat-shock, and cAMP-response family members,
and their essential roles in controlling testis development and
spermatogenesis have been studied, particularly using knock-
out (KO) mouse models [2, 3]. While many transcription
factors have been known to be expressed in Sertoli cells,
their roles in testis development as well as in spermatogenesis
remain to be investigated. Particularly, the global ablation
of homeobox factors expressed in non-gonadal tissues often
results in developmental errors, which result in embryonic
lethality.

Homeobox genes encode transcription factors containing a
homeodomain that consists of ~60 amino acid DNA binding
motif [4]. Homeodomain proteins regulate gene expression
and cell differentiation during embryonic development
including body-axis formation, organogenesis, and limb
development [5, 6]. Thus, mutations in the homeobox genes
often lead to developmental disorders [5, 6]. Rodent genomes
contain ~200 homeobox genes, 25% of which are known
to be expressed in the testis [7, 8]. However, an evident
function of the majority has not been identified. Among
the homeobox genes, the reproductive homeobox X-linked
(Rhox) genes are known to be selectively expressed in both
male and female reproductive tissues including the testis,
epididymis, ovary, and placenta. To date, 33 Rhox genes
have been identified in the mouse genome, and many Rhox
genes are expressed in germ cells [7, 8]. However, only
Rhox5 and Rhox8 are expressed in Sertoli cells [9, 10],
suggesting that these genes regulate the expression of Sertoli
cell genes critical for male germ cell development. Rhox5,
the founding member of the Rhox cluster, is regulated by
androgen, and its ablation results in male subfertility together
with increased germ cell apoptosis and compromised sperm
motility [9]. RHOXS8 in vivo knockdown in Sertoli cells
using a tissue-specific RNAi approach results in reduced
spermatogenic output, increased germ cell apoptosis, and
decreased sperm motility, leading to impaired male fertility,
which is similar to phenotypes of the Rbhox5 null male
mice [10]. In the fetus, Rhox8 is the only member of the
Rhox gene family that is expressed in the Sertoli cells of
the embryonic gonads, while Rbhox5 is expressed in the
embryonic germ cells [11], suggesting a unique role of Rhox8
in embryonic Sertoli cell specification and function. However,
in the RHOX8 knockdown model used in the previous
study, RHOX8 expression was not initially targeted until
postnatal day 5 when the androgen-regulated, Sertoli cell-
specific Rhox5 promoter used to drive the Rhox8-siRNA
transgene is first active. Subsequently, significant RHOXS8
knockdown was not achieved until postnatal day 18 [10],
creating a limitation of the RHOXS8 knockdown model
to study the role of Rhox8 in the embryonic Sertoli cell
function and the first wave of spermatogenesis. In addition,
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some RHOXS8 functionality may have remained after siRNA
activation due to the actions of the residual RHOXS protein.
Therefore, a new strategy was required to overcome these
obstacles.

In the present study, in an effort to elucidate the function
of Rbhox8 in the testis, a Rhox8 KO mouse model was created
through the clustered regularly interspaced short palindromic
repeats/CRISPR associated protein 9 (CRISPR/Cas9) tech-
nology [12], and its phenotypes were investigated. We show
that Rhox8 KO male mice are subfertile together with a
disturbed spermatogenic cycle, increased germ cell apoptosis,
and reduced sperm concentration and motility, suggesting
an important role of Rhox8 in germ cell development and
function.

Materials and methods

Experimental animals and generation of Rhox8
knockout mice

All animal experiments were performed in accordance with
the relevant National Institutes of Health guidelines and in
compliance with the Southern Illinois University Carbondale
and the Washington State University Institutional Animal
Care and Use Committees. To produce Rhox8 mutant mice,
C57BL/6 ] mouse embryos at the one-cell stage and CRISPR/-
Cas9 reagents were electroporated by the Genome Editing
and Animal Models Core at the University of Wisconsin
Biotechnology Center. The guide RNA sequence used in
the gene editing is 5-GACGACTGGGTGACTTCTTG-3'.
The embryos were implanted into pseudopregnant recipients
(B6D2F1 background). A single founder carrying 2-bp (TT)
insertion was identified and backcrossed to C57BL/6 J. Wild-
type (Rhox8*Y) and Rhox8 KO (Rhox8”Y) male embryos
or mice were generated by crossing wild-type (WT) or
Rhox8 KO males with Rhox8 heterozygous (Rhox81/~)
females. Genotyping was done using genomic DNA extracted
from tail snips. PCR was performed using a primer set:
5-AAGTGGGCCAGGCCAGAAGAG-3' (forward) and 5'-
AAGGAAGGGCTGCAGGCAGAG-3' (reverse). Then, the
amplified DNA (284 bp for WTs; 286 bp for mutants) was
digested with a restriction enzyme, BpuElL The fragments of
116 and 168 bp were detected in the WT, or the intact DNA
of 286 bp was detected in Rhox8 KO.

To collect embryonic testes, the embryos on embryonic
days 12.5 (E12.5), E13.5, E14.5, and E15.5 were obtained
from pregnant mice, and then, the gonads were dissected
from the embryos. The morning of an observed mating
plug was defined as E0.5. The embryos were sexed by
morphological assessment at the time of collection and
later confirmed by PCR for Sry gene using a primer set:
5’-CATCGGAGGGCTAAAGTGTC-3' (forward) and 5'-
TTGGAGTACAGGTGTGCAGC-3' (reverse). The obtained
testes were subjected to quantitative real-time reverse tran-
scription polymerase chain reaction (RT-PCR) or immunoflu-
orescence staining. To test fertility of the mice, WT and
Rhox8 KO male mice at 2 months of age were housed with
two WT CS57BL/6 female mice (Rhox87/t) at 2 months of
age for 5 days or 8 weeks. The number of litters and pups
were systematically recorded. To analyze postnatal testes, the
tissues were obtained from the WT and Rhox8 KO mice at
12 days (P12), 30 days (P30), 2 months (2mo), and 3 months
(3mo) of age and subjected to further experiments.
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Immunohistochemistry

Immunohistochemistry was performed as described previ-
ously with some modifications [13]. Tissues were fixed in
Bouin’s solution and then embedded in paraffin. Sections
(5 pm) were mounted on glass slides, deparaffinized, and
rehydrated. Antigen retrieval was performed using 10 mM
citrate buffer at 110°C for 10 min. The slides were incubated
in 1% HO; in methanol to block endogenous peroxidase
activity. Then, the immunostaining was performed using a
VECTASTAIN Elite ABC Kit (PK-6101, Vector Laborato-
ries). The primary antibodies for RHOX8 (1:2000 dilution,
NBP2-23671, Novus Biologicals) and SOX9 (1:1000 dilution,
AB5535, Millipore) were applied overnight at 4°C. The signal
was developed using a 3,3’-diaminobenzidine (DAB) substrate
kit (SK-4105, Vector Laboratories); the nuclei were stained
using hematoxylin. From the SOX9-stained sections, SOX9-
positive cells and the total STs were counted, and the numbers
of Sertoli cells per ST were calculated. For immunofluores-
cence staining, the tissues were fixed in 4% paraformaldehyde
in PBS and then embedded in paraffin. Sections (5 pm)
were mounted on glass slides, deparaffinized, and rehydrated.
Antigen retrieval was performed using 10 mM citrate buffer
at 110°C for 10 min. The slides were blocked with 5%
donkey serum for 30 min and then incubated in Alexa Fluor
555-conjugated SOX9 antibody (AB5535-AF555, Millipore)
diluted 1:100 in 1% donkey serum at room temperature for
1 h. The nuclei were stained using DAPI.

Sperm analysis

Sperm analysis was performed as described previously with
some modifications [10]. The cauda epididymis was dissected
from WT and Rhox8 KO male mice, cut one time, placed in
500 pl EmbryoMax M2 medium (Millipore) warmed to 37°C,
and incubated for 10 min. After the incubation, 8 pl of the
sperm suspension was placed in the center of a Cell-Vu sperm
counting chamber. And then, motile and non-motile sperm
were counted under a dark-field microscope to determine
sperm concentration and motility. For more sophisticated
and automated analysis, sperm samples were incubated at
37°C for 15 min and analyzed using computer-assisted sperm
analysis (CASA) (SCA CASA system; Fertility Technology
Resources, Inc.) following the manufacturer’s instructions as
previously described [14, 15].

Detection of DNA fragmentation in situ

Paraffin sections (5 pm thick) of testes isolated from WT
and Rhox8 KO mice at 2-3 months of age were subjected
to detection of DNA fragmentation. The DNA fragmentation
in sections was identified by TUNEL (terminal deoxynu-
cleotidyl transferase dUTP nick end labeling) using an in
situ cell death detection kit (Roche, Mannheim, Germany).
In brief, sections were dewaxed, rehydrated, and incubated
with permeabilization solution (0.1% Triton X-100, 0.1%
sodium citrate) for 8 min. After washing in PBS, sections were
incubated with TUNEL reaction mixture (label and enzyme
solution) for 60 min at 37°C in a humidified atmosphere
in the dark. The sections were counterstained with DAPI.
TUNEL-positive STs and cells were counted, and the percent-
ages of TUNEL-positive STs and the numbers of TUNEL-
positive cells per ST were calculated as described previously
[9, 10, 16].
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Quantitative reverse transcription polymerase
chain reaction

Total RNA was isolated from the testes, efferent ducts (EDs),
and epididymides using a TRIzol reagent (Invitrogen), and
then RT was performed using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Real-time PCR was
performed using PowerUp SYBR Green Master Mix (Applied
Biosystems) in a StepOnePlus Real-time PCR System (Applied
Biosystems). Real-time PCR was performed using the follow-
ing protocol: 2 min at 95°C, 40-45 cycles of denaturation
(15 s at 95°C) and annealing/extension (1 min at 60°C), and
a final step of melting curve analysis. As an internal control,
Rpl19 was used. The relative levels of mRNA were calculated
using the 2"224Ct method. The primers for gene amplification
have been previously reported [10, 13, 17-21] or are listed in
Supplementary Table S1.

Statistical analysis

Data were analyzed by the Student #-test for the compar-
ison between WT and Rhox8 KO at the same time point
or by the chi-square (x?) test for the estimation of sex or
genotype distribution using Prism (GraphPad) or Excel soft-
ware (Microsoft Office). Significance was accepted when the
P-value was smaller than 0.05.

Results

Generation of Rhox8 knockout mice

To elucidate the function of Rhox8, we used CRISPR/Cas9
technology to ablate Rhox8 in the mouse. The mutant mice
were generated by introducing a guide RNA/Cas9 expression
vector into mouse embryos. As a result, a mutant line car-
rying a 2-bp (TT) insertion was established. In this mouse
line, a frame shift mutation was induced, which leads to
premature termination of translation at a new termination
codon (TGA) (Figure 1A). For the genotyping, genomic DNA
was extracted from tail snips, PCR was performed using a
primer set, and then, the amplified DNA was digested with a
restriction enzyme, BpuFl. The fragments of 116 and 168 bp
were detected in the WT allele, or the intact DNA of 286 bp
was detected in the Rhox8 KO allele (Figure 1B). To validate
the absence of RHOXS8 protein in the Rhox8 KO mice,
immunohistochemical analysis for RHOX8 was performed
using mouse testes at P12 when the Rhox8 expression is
relatively the highest temporally in total testis after birth as
well as when the Sertoli cells make up approximately half of
the cells within STs [10, 22]. The RHOXS8 protein was not
detectable in Rhox8 KO testis, while RHOXS8 was localized
in the nuclei of all the Sertoli cells of WT testis (Figure 1C),
indicating a complete Rbhox8-null mutation in the mutant
mice.

Effect of Rhox8 ablation on the embryonic testis
development

Rhox8 is expressed in the Sertoli cells of embryonic gonads
[11], and RHOXS putatively regulated Sox9 postnatally [10],
suggesting a possibility that Rhox8 participates in the sex
determination or sex maintenance during embryo gonad
development if it regulates Sox9 in the embryo. To begin
to determine the involvement of Rbhox8 in sex determination,
we observed the sex distribution of the pups produced from
breeding pairs. For the breeding, each WT or Rhox8 KO male
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Figure 1. Generation of Rhox8 KO mice. (A) Schematic drawing for Rhox8 gene editing. The Rhox8 KO mice were generated using CRISPR/Cas9
technology. The Rhox8 gene consists of four exons. The coding sequences of exon 1 and their corresponding amino acids are presented below the
Rhox8 gene structure. A guide RNA (gRNA) applied in the gene editing is presented above WT DNA sequence. The blue-lined sequence is a restriction
site that is recognized by a restriction enzyme, BpuEl. In the mutant, a frame shift was induced by an insertion of two bases (TT), resulting in premature
termination of translation at a new stop codon (TGA). F and R, forward and reverse PCR primers used in genotyping PCR. (B) Genomic PCR and
restriction enzyme treatment for genotyping. After BpuEl treatment, the WT male shows two fragments (116 and 168 bp), and the mutant male shows
the intact DNA (286 bp). A heterozygous female shows three bands (116, 168, and 286 bp). (C) Immunohistochemical analysis for RHOX8 in the testes at
postnatal day 12. The RHOX8 protein is localized to Sertoli cells in the WT, whereas it is not detectable in the Rhox8 KO. Inset presents a negative

control in which preimmune serum was applied. Scale bars, 100 um.

Table 1. Distribution of sexes and genotypes in the pups produced from breeders

Mating No. of No. of pups Genotype of pups

litt
Male Female eers Total g Q P-value*  +/y —ly +/+ +/— —/— P-valueb
Rhox81Y Rhox81/~ 25 221 117 104 0.9431 59 58 46 58 0 0.7216
Rhox8"Y Rhox8*'~ 22 191 98 93 0.9979 51 47 0 47 46 0.9810

aIn both mating groups, no significant differences in the observed sex distribution of the pups were observed by x2-test. "In both mating groups, no significant
differences in the observed genotype distribution of the pups were observed by y2-test.

was crossed with Rhox8 heterozygous females. The neonates
were sexed based on the external genitalia at first. In both
mating groups (Rbox8+Y male and Rhox81/~ female pairs
and Rhox8”Y male and Rhox8*/~ female pairs), there were
no significant differences between the numbers of males and
females in the litters from any KO line (Table 1). After the
initial sexing, from six independent litters per mating group,
the sexes were validated by PCR for the Sry gene, and we
could not find any sex reversal in all the tested litters (data
not shown), indicating that Rbhox8 is not necessary for sex
determination. The distribution of the genotypes from the
litters was normal in both mating groups (Table 1), suggesting
Mendelian inheritance of the mutant allele and no significant
embryonic loss of mutant mice.

To determine whether Rhox8 deficiency affects the devel-
opment of embryonic testis, the testes were isolated from WT
and Rhox8 KO embryos at E12.5-E15.5 and were analyzed
(Figure 2). We did not find a difference in the embryonic testis
morphology between WT and Rhox8 KO (Figure 2A). To
identify Rhox8-regulated genes in the embryonic testis as well

as to determine whether Rhox8 is involved in embryonic testis
development, we examined the temporal expression of the key
genes essential for sex determination and gonad development
in the embryonic testes from E12.5 to E15.5 (Figure 2B). At
first, to examine the expression of Rhox8 mRNA in Rhox8
KO testes, quantitative RT-PCR was performed using a primer
set containing a forward primer spanning the target region
for gene editing. The Rhox8 mRNA was barely detectable in
Rhox8 KO testes from E12.5 to E15.5. The expressions of
Sox9, Fgf9, Fgfr2, Ptgds, Amb, and Wnt4 mRNA were not
significantly altered by Rhox8 ablation from E12.5 to E15.5.
Among them, in particular, the Wnt4 mRNA level in Rhox8
KO testes at E12.5 was increased by 1.63-fold compared
to that in WT testes, although the difference is not statis-
tically significant (7=4; P=0.1202). We analyzed a panel
of germ cell-specific markers, Pou5f1 (Oct4) and Ddx4, and
found that their mRNA expression levels in Rhox8 KO testes
were significantly lower than those in the WT only at E13.5
(P=0.0147 and 0.0332 for Pou5f1 and Ddx4 expression,
respectively), indicative of a partial or transitory perturbation
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Table 2. Effect of Rhox8 ablation on male fertility
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Mice N(?. of No. of Litter freq.* Mean litter No. of pups

pairs litters size? T b

otal d Q P-value

5-day timed mating
Rhox8+Y 21 20 0.95 £0.05 8.9+£0.3 178 94 84 0.4535
Rhox8-"Y 20 11 0.55 £ 0.11** 9.1 +£0.6 100 51 49 0.8415
8-week continuous mating
Rhox8*"Y 10 20 2.00 £ 0.00 9.0+0.3 179 93 86 0.6008
Rhox8"Y 10 14 1.40 £ 0.23* 8.6 £0.7 120 59 61 0.8551

Values are presented as mean + SEM. *, P < 0.05; **, P < 0.01 versus Rhox8%¥ by Student #-test. PNo significant differences in the observed sex distribution

of the pups were observed by y2-test.

of embryonic gonad development, which might be caused by
Rhox8 ablation. To confirm the normal expression of SOX9
protein in the Rhox8 KO embryonic testes, immunofluores-
cence staining of SOX9 was performed using testes at E12.5—
E15.5 (Figure 2C). There were no significant differences of
SOX9 immunoreactivity between WT and Rhox8 KO testes,
which is consistent with the expression of Sox9 mRNA.

Subfertility of Rhox8 knockout male mice

To determine the reproductive fitness of Rhox8 KO males, a
fertility test was performed as each male mouse was paired
with a WT female mouse (Table 2). In 5-day timed mating
experiments in which 21 (for WT males) or 20 (for Rhox8
KO males) pairs were observed, Rhox8 KO mice produced
11 litters, while WTs produced 20 litters, indicating that the
litter frequency was significantly reduced by Rhox8 ablation
(the average values were 0.95 and 0.55 for WT and Rhox8
KO, respectively). When pairs were monitored for 8 weeks,
the Rhox8 KO males also showed significantly lower litter
frequency than WT males (the average values were 2.00 and
1.40 for WT and Rhox8 KO, respectively; n =10 pairs each).
Although Rhox8 KO males showed low litter frequency, their
litter size was not significantly different from those in WTs
(the average values in the 5-day timed matings were 8.9 and
9.1 for WT and Rhox8 KO, respectively, and 9.0 and 8.6 in
the 8-week continuous matings). In addition, the numbers of
males and females were counted. There were no significant
differences in the sex ratio of the pups, which is consistent with
our prior observation from breeding pairs (Table 1). During
these fertility tests, the virginal plugs generated by males were
checked every morning for 5 days. There was no significant
difference between WT and Rhox8 KO (17/21 matings in wild
type and 17/20 matings in Rhox8 KO; P =0.7385), indicating
a normal mating behavior of Rhox8 KO males.

Germ cell defects in Rhox8 KO male mice

Because male fecundity could be affected by sperm function,
we examined sperm concentration and motility extracted
from cauda epididymides of adult WT and Rhox8 KO male
mice. Manual counting of the caudal sperms showed that
sperm count was significantly reduced to 63.5% of the WT
sperms by Rhox8 ablation (P=0.0039), and sperm motility
was also significantly reduced in the Rhox8 KO, assessed to be
81.8% of the WT (P=0.0006) (Figure 3A). These decreased
sperm concentration and motility were confirmed by CASA
(P=0.0001 and 0.0005 for sperm count and motility, respec-
tively; Figure 3B). These results indicate that sperm defect may
be a factor causing the low fecundity in Rhox8 KO males.

Based on our previous studies in which the low spermatogenic
output of mutants was attributed to increased germ cell
apoptosis [9, 10, 16, 23], we performed TUNEL assay using
testis cross sections obtained from adult WT and Rhox8 KO
mice, and TUNEL-positive STs and cells were counted. In
Rhox8 KO mice, the number of TUNEL-positive cells per
ST (P=0.0444) as well as the percentage of TUNEL-positive
tubules (P =0.0357) was significantly increased (Figure 3C).
Most of the TUNEL-positive cells were likely germ cells
(mainly spermatocytes), based on their position within STs.
Therefore, these results indicate that the reduced sperm con-
centration in Rhox8 KO arose due to the increased apoptotic
germ cells.

Spermatogenesis, as a complex biological process of germ
cell transformation, is strictly orchestrated with seminiferous
epithelium periodically cycling diverse stages defined by the
combination of germ cell types that can be found within
a cross section of an ST [24]. In the mouse, the spermato-
genic cycle of the seminiferous epithelium is divided into
12 stages [25]. To determine whether spermatogenesis was
affected in Rhox8 KO mice, we examined the distribution
of spermatogenic stages (Figure 3D), as described previously
[10, 24, 26]. In Rhox8 KO, the proportion of the STs at
stages I-VI was significantly increased, while fewer STs at
stage VII and VIII were observed (Figure 3E). There were no
significant differences between WT and Rhox8 KO at stage
IX and afterward. This result indicates a partial inhibition of
the spermatogenic cycle in Rhox8 KO males, particularly in
the early stage to stage VII transition.

Physical and histological changes in Rhox8
knockout male mice

As the loss of Rhox8 resulted in spermatogenic defects includ-
ing altered spermatogenic cycle, increased germ cell apoptosis,
and reduced spermatogenic output in the males, we expected
that physical and histological changes would accompany the
phenotypes of Rhox8 KO. The male mice at ages P12, P30,
2mo, and 3mo were used to assess body and testis weight.
There were no differences in the body weight between WT
and Rhox8 KO in all age groups tested (Figure 4A). However,
testis weights and the ratio of the testis to body weight
in Rhox8 KO mice were higher than those in WT from
P30 onward with an increased testis size (Figure 4B-D). In
addition, the ST diameter was slightly, but significantly, higher
in Rhox8 KO testes at 2mo-3mo (Figure 4E). The number
of Sertoli cells per ST was not affected by Rhox8 ablation
(Figure 4F), which was assessed by counting Sertoli cell nuclei
after immunostaining of SOX9, a Sertoli cell marker. The



Y. Oh et al., 2023, Vol. 109, No. 4 525

Rhox8 KO  Wild type

Rhox8 Sox9 Fgf9
s wt 20 20
® |= ko o = =R
£ 2 | ko 2 [=Em ko
£3 215 215
5 s
2 T z
£2 210 € 10
[3 °® *
H 3 3
<1 < 05 < 05
4 = z
‘E sk ek *k dedek E E
v " " " 00 0.0
E125 E135 E145 E155 E125 E135 E145 E155 E125 E135 E145  E155
Fgfr2 Ptgds Amh
4.
150wt 3 O wT =
2 |m Ko g (E= Ko 2 |mm Ko
s 23 & 20
S 10 S S
S z 2 15
e £, 3
= K] T 1.0
205 e 3
< g < o5
© % [4
E 00 o E o0
E125 E135 E145 E155 E125 E135 E145  E155 E125 E135 E145  E155
Wnt4 Pousf1 Ddx4
5
2o wr 2o wr o
& |m ko g |m ko 2,|m ko
§ 20 § 20 s4
§ 2 § 2 s
S 5 S
T
315 3 15 5 3
g g I g
T 10 T 10 22 *
3 3 2
<
L o5 L o5 Z1
[4 o IE
E 00 E 00 o
E125 E135 E145 E155 E125 E135 E145 E155 E125 E135 E145 E155

Wild type

Rhox8 KO

Figure 2. Normal development of embryonic testis in Rhox8 KO mice. (A) Representative images of testes isolated from WT and Rhox8 KO embryos at
embryonic day 12.5 (E12.5), E13.5, E14.5, and E15.5. Scale bars, 500 wm. (B) Quantitative RT-PCR analysis of WT and Rhox8 KO testes at E12.5, E13.5,
E14.5, and E15.5. As an internal control, Rp/79 mRNA was used. The data are presented as the means + SEM (n=4). *P <0.05, **P < 0.01,

*#%P < 0.001. (C) Immunofluorescence staining for SOX9 (red) in WT and Rhox8 KO testes at E12.5, E13.5, E14.5, and E15.5. The nuclei (blue) were
stained using DAPI. Asterisks indicate non-specific autofluorescence in the interstitium. Scale bars, 50 um.
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+ SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (D) Testis sections from the mice were stained with hematoxylin and eosin. And then, the stages of
spermatogenic cycle were identified in each ST. Scale bars, 50 wm. (E) Comparison of the relative proportions of the spermatogenic stages in WT and
Rhox8 KO mice. The data are presented as the means + SEM (n=10) . *P < 0.05, **P < 0.01.

increase in testis weight and ST diameter of Rhox8 KO was
unexpected as these findings were opposite results from our
previous study in which RHOXS8 knockdown in Sertoli cells
resulted in decreased testis weight and tubule diameter [10].
Intriguingly, further histological analysis showed a dilated rete
testis (RT) in Rhox8 KO testis (Figure 4G), which has not been
observed in the RHOX8 knockdown mice [10].

Analysis of transition region and efferent ducts in
Rhox8 knockout mice

The transition region (TR), as an area that forms the junction
between STs, is composed of modified Sertoli cells and a low
population of germ cells, and the modified Sertoli cells form
a valve-like structure to prevent fluid reflux from the RT
[27]. The EDs connect the RT with the initial section of the
epididymis and has a function of absorption of water from

the fluid produced by the testis [28]. Therefore, the TR and
EDs have an important role to maintain the environment of
the STs and RT and hence might be responsible for testis size.
To address the physiological issue of the increased testis size
with the dilated RT in Rbhox8 KO mice, we examined the
expression of Rhox8 in the TR and EDs, the morphology of
the modified Sertoli cells in the TR, and the expression of
functional genes in the EDs. Immunohistochemical analysis
showed that RHOXS protein is expressed in the modified
Sertoli cells in the TR and a few epithelial cells in the RT of WT
mouse, whereas it is not detectable in Rhox8 KO (Figure 5A).
In the EDs, the RHOXS protein is localized to ciliated cells in
WT (Figure 5B). To determine whether loss of Rhox8 affects
the function of the TR, histological analysis was performed in
the TR. Both WT and Rhox8 KO showed normal Sertoli cells
of valve-like structure (Figure 5C). A previous study revealed
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that dysregulation of Notch-FGF signaling contributes to a
dilated RT in mice [21]. Hence, we investigated the expression
of Notch target genes, Hes1 and Hey1, as well as Fgf4 in the
testes. There were no significant differences in the expression
of these genes (Figure 5D). When we examined the expression
of Rhox8 mRNA in the excurrent ducts including the EDs and
caput, corpus, and cauda epididymis, the Rhox8 expression
is the highest in the EDs (Figure SE), suggesting a possible
role of Rhox8 in the function of EDs. It has been known that
Esr1 ablation in the EDs cause an inhibition of fluid reab-
sorption from the lumen, which is related to increased testis
size with dilated STs and RT [29, 30], suggesting a possible
interaction between the Rhox8 and Esr1 genes. To determine a
possibility of the involvement of Rhox8 in the ESR1 pathway,
we examined the expression of Esr1 and Esr1-regulated genes
(Agp1, Agp9, Car2, Carl4, Slc4a4, and Slc9a3 which are
downregulated in Esr1 KO; Cftr, e, and Slc26a3, which are
upregulated in Esrl KO) [31]. The expression of Carl4,

SIc9a3, Cftr, and Slc9al was significantly reduced in Rhox8
KO EDs; meanwhile, there were not significant changes in the
expression of the other genes in the Rhox8 KO (Figure 5F),
which does not coincide with that in Esr1 KO, suggesting that
Rbhox8 regulates functional genes in the EDs through another
mechanism than the ESR1 pathway.

Expression of Sertoli cell-specific genes in Rhox8
knockout testes

In our previous study, in P18 and P30 testes, RHOXS8 knock-
down downregulated the expression of two genes, Sox8 and
Sox9 [10], which are crucial for Sertoli cell development and
function [32]. However, in this study, the expressions of Sox8
and Sox9 mRNA were not altered by Rhox8 ablation in
the testes from P12 to 3mo (Figure 6), indicative of different
gene regulation between the RHOXS8 knockdown and Rbhox8
KO models. The mRNA expression of two other Sertoli cell
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data are presented as the means + SEM. **P < 0.01, ***P < 0.001.

specific transcription factors, Rhox5 and Gatal, was exam-
ined. The mRNA level of Rhox5 and Gatal was significantly
lower in Rhox8 KO testes than WT testes at P12, but there
were no differences between WT and Rhox8 KO at P30 and
afterward (Figure 6), suggesting that Rhox8 has a role in gene
regulation as it regulates the other transcription factors in the
Sertoli cells in a temporal manner. In addition, taking into
account that the partial inhibition of the spermatogenic cycle
in Rhox8 KO mice (Figure 3E) and that Rhox5 mRNA is
induced by P7 and peaked at P12 [10] and Gata4 is a marker
of mature Sertoli cells in the mouse [33], it is suggested that
there might be a developmental delay of germ cells during the
first wave of spermatogenesis and that the reduction of Rhox5
and Gatal mRNA at P12 could reflect the delayed germ cell
development.

Discussion

The Rhox gene cluster was initially identified by our group
[9, 34] and others [7, 35]. In the mouse, and most Rhox genes

are expressed in germ cells of the testis and are differentially
regulated in spermatogonia and spermatocyte [11, 35-37],
suggesting the roles of Rbhox genes in germ cell development.
Recent studies have revealed the roles of several Rhox genes
expressed in germ cells: Rhox6 has a role in the determi-
nation of the germ cell lineage [38], Rhox10 is involved
in spermatogonial stem cell establishment as it induces
pro-spermatogonia differentiation [39], and Rbhox13 is
required for germ cell development, particularly during the
first wave of spermatogenesis [40]. Within the Rhox cluster,
only Rhox5 and Rhox8 are expressed in postnatal Sertoli cells
[10]. We previously reported that total ablation of Rhox5
results in male subfertility together with increased germ cell
apoptosis and decreased sperm concentration and motility
[9]. In the embryonic/fetal gonads, only Rhox8 is expressed
in Sertoli cells, while Rhox5 is expressed in germ cells [11],
suggesting a potentially unique role of Rhox8 in Sertoli cell
specification, differentiation, and function during embryonic
testis development. The goal of this study was to examine the
impact of total ablation of Rhox8 in Sertoli cells at all ages.
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Characterization of our new Rbhox8-null mouse revealed
that Rhox8 is required for optimal spermatogenesis and male
fertility. Rhox8 deletion elicited low male fecundity with
disrupted spermatogenic cycles, increased germ cell apoptosis,
and decreased sperm count and motility. These observations
recapitulated and were only slightly more severe than the phe-
notype observed in the RHOX8 knockdown males [10]. How-
ever, interestingly, testis weights were increased by 14% in
Rhox8 KO mice, inconsistent with the phenotype of RHOXS8
knockdown mice in which the testis mass was decreased by
16.5% [10]. This opposite result was also shown in ST diam-
eter: the tubule diameter was increased in Rhox8 KO, while
RHOXS knockdown showed the decreased tubule diameter.
In addition, Rhox8 KO showed a dilated RT, which has not
been observed in the RHOXS8 knockdown mice. We previ-
ously characterized the epididymal expression of the Rhox
cluster and Rhox8 is highly expressed in the rodent epididymis
[9, 18]. Previously, no reduction in Rhox8 mRNA and protein
was observed in the epididymis of RHOX8 knockdown mice,
presumably because the transgene did not produce a sufficient
inhibitory response to impede translation [10]. As the mutant
mice used in this study is a global KO, Rhox8 was also deleted
in the other reproductive tissues including epididymis. Thus,
the increased testis size and dilated STs and RT in the Rhox8
KO mice may be attributed to the ablation of Rhox8 in
the other excurrent ducts rather than a testis-specific defect.
Indeed, in previous studies using global Esr1 KO mouse, the
Esrl KO testes at P35 to 3mo exhibited an increased testis
size with disruption of spermatogenesis, dilated STs and RT,
and reduced sperm counts and motility [29, 30, 41], which
is similar to those of Rhox8 KO explored in the present
study. In the Esr1 KO males, these phenotypes are related to
dysfunction of EDs in which the fluid reabsorption from the
lumen is inhibited by Esr1 deletion [29]. In our analysis of
the excurrent ducts, Rhox8 mRNA in the EDs was relatively
higher than that in caput, corpus, and cauda epididymis and
RHOXS protein was detected in the ciliated cells of the EDs. In
addition, the expression of metabolism and transport related
genes (Carl4, Slc9a3, Cftr, and Slc9al) were regulated by
Rhox8 ablation, but its regulation pattern was not coincident
with that in Esr1 KO. This suggests that RHOXS in the EDs
may have a role in maintaining normal testis morphology as it
regulates the functional genes in the EDs through other than
ESR1 pathway. In the ED epithelium, the ciliated cells serve
to stir luminal fluids, and the non-ciliated cells are involved
in fluid absorption [28]. Therefore, Rhox8 might play a role
via cross-talk between ciliated cells and non-ciliated cells.
In addition, we speculate that Rhox8 in the ciliated cells
might have a role in propelling the luminal fluids toward the
epididymis; hence, it is possible that loss of Rhox8 in the EDs

results in fluid reflux from the epididymis, contributing to the
increased testis size.

The cycle of the seminiferous epithelium is defined by the
association of germ cell types which are found within a cross
section of an ST [24]. During a cycle of the seminiferous
epithelium, the cycle is divided into 12 and 14 stages in
the mouse and rat, respectively [25, 42]. It is important to
identify the groups of genes that are expressed in each specific
stage to understand their specific roles during germ cell
development because Sertoli cell functions are regulated by the
coordinated development of spermatogonia, spermatocytes,
and spermatids and the potential consequences of the Sertoli—
germ cell interactions [43, 44]. Actually, many studies have
described the stage-specific gene expression patterns in the
Sertoli cells [43]. Especially, using staged testicular tissues
or purified testicular cells, high-throughput analyses, such as
microarray and RNA-seq, have revealed the genes expressed
in a stage-specific manner in the Sertoli cells of mice and rats
[45, 46]. Previously, through immunostaining of RHOXS8 on
the mouse testes, we showed that RHOXS8 is expressed in
all the stages during the cycle of the seminiferous epithelium
[10]. But, in that study, we could not investigate whether
there is a specific pattern or difference in Rhox8 expression in
each stage. Recently, the Griswold lab has reported the stage-
specific transcriptomes using the Sertoli cells isolated from
the mouse testes in which spermatogenesis was synchronized
after WIN18,446 and retinoic acid treatment [45, 47].
They showed that Rhox8 expression increases from stage
I to III, peaks at stage VII-VIII, and then, decreases until
stage XI-XII [45]. In the present study, interestingly, the
staging of the seminiferous epithelium in Rhox8 KO mice
showed an increase in STs at stage I-VI and a significant
reduction at stage VII-VIII when the Rhox8 expression is the
highest during the cycling. Between stage VI and VII, type B
spermatogonia differentiate into preleptotene spermatocytes
[24], i.e., meiosis begins at this time point. Therefore, it
is suggested that Rhox8 regulates the genes involved in
meiosis during spermatogenesis. In addition, at stage IX-
XII, there were no significant differences between WT and
Rhox8 KO, indicating a normal spermatogenesis during
this period, which implies a crucial role of Rhox8 at the
stage VII-VIII rather than at the later stages including
spermiation. Taking into account that the action of retinoic
acid is required for spermatogonial differentiation and
that the level of retinoic acid is high at stage VII-VIII
when type A spermatogonia differentiate into type Al
spermatogonia [48, 49], the highest level of Rhox8 expression
at stage VII and VIII implies a possible role of Rhox8
in retinoic acid signaling pathway during spermatogonia
differentiation.
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We have previously reported that Rbhox$ ablation results
in the misregulation of the majority of the Rhox gene cluster
including Rhox8 in the epididymis [18] and that Rhox8
expression is dependent upon RHOXS during early folliculo-
genesis in the ovary [19], suggesting that Rhox8 expression is
regulated by Rhox5 in the epididymis and ovary. However, our
lab and others have not been able to identify changes in Rhox
gene expression in the testes of RhoxS5-null mice in previously
published and unpublished works. Herein, quantitative RT-
PCR showed that the expression of Rhox5 mRNA is reduced
by Rhox8 ablation in the testes at P12, suggesting that Rhox8
regulates Rhox5 in the testis, which implies tissue-specific
differences in the cross-regulation of genes within the Rhox
cluster. In addition to the downregulation of Rhox5, Gatal,
a marker of mature Sertoli cells [33], was also downregu-
lated by Rhox8 ablation at P12. The regulation of the other
transcription factors by Rbhox8 suggest that Rhox8 controls
the gene network in the testis as it plays upstream of the
other regulators during testis development. To reveal the
molecular mechanism by which RHOXS controls the gene
network in the testis, an integrated analysis of transcriptome
and cistrome through RNA-seq and ChIP-seq using Rhox8
KO model should be performed in the future. Subsequently,
the expression of Rhox5 and Gatal was not different between
WT and Rhox8 KO testes from P30 to 3mo. Regarding this,
there is a notion that must be considered to interpret the
gene expressions produced from whole testis tissues. In mice,
after birth, Sertoli cell proliferation continues until around
P12 when the Sertoli cells show their typical adult appearance
with a high proportion (39%) in the testis [22, 50], and
then, the proportion of the Sertoli cells continuously decrease
until adulthood [51], indicating a relatively lower population
of Sertoli cells in the testis from prepuberty to adulthood.
Moreover, a study that examined the transcriptomes from
whole testes after ablation of germ cells or Sertoli cells has
revealed 701 Sertoli-specific transcripts and 4302 germ cell-
specific transcripts among total 25 255 transcripts expressed
in the mouse testis [3], indicating that extensive transcripts
are expressed in both Sertoli and germ cells, although it could
not be ignored that there are some transcripts specific for
the other cell types such as interstitial cells including Leydig
cells. Furthermore, in case of some genes including Rhox8,
they are expressed in a stage-specific manner, which can show
smaller changes in their expression than they actually are.
Taken together, these factors preclude the identification of
gene expression profiles changed within the Sertoli cells when
whole testis tissues are subjected. To address this issue, the
use of spatial transcriptomic technology would be definitely
beneficial, which allows visualization and quantitative analy-
sis of the transcriptome with spatial resolution in individual
tissue sections [52].

In our previous study using RHOXS8 knockdown mice,
the expression of Sox8 and Sox9, crucial regulators of testis
development and function [32], were downregulated in the
mutant at P18 and P30 [10]. This suggested that complete
ablation of RHOXS8 during embryonic testis development
might reveal a role in sex determination. Many studies have
characterized the transcription factor cascade that acts in
Sertoli cells to promote male development [53, 54]. In this
study, the expression of the key genes for embryonic gonad
development (Sox9, Fgf9, Fgfr2, Ptgds, Amb, and Wnt4) was
not changed by Rbhox8 ablation in the testes from E12.5 to
E15.5, although the expression of Pou5f1 and Ddx4 showed

Male subfertility in Rhox8 -deficient mice, 2023, Vol. 109, No. 4

a transitory change. Therefore, it is suggested that Rbhox8
in the Sertoli cells does not have an essential role in sex
determination and embryonic testis differentiation. However,
it could not be excluded that Rhox8 may have a role in regu-
lating the genes that orchestrate optimal gonad development
or that upregulation or compensation by other unexamined
testis-promoting factors may occur to replace lost RHOXS.
A further study that analyzes the transcriptomic change in
the Rhox8 KO would be helpful to determine whether and
understand if Rhox8 subtly contributes to gonad function
during testis development.

At present, it is a mystery why Sox gene misregulation was
not recapitulated in our new Rhox8 KO mice. The knock-
down model that we employed was developed by Manjeet
Rao and Miles Wilkinson and was successful in the Sertoli-
specific ablation of the tumor suppressor WT1 [16, 55]. This
ablation resulted in germ cell death largely attributed to dis-
ruption of the blood-testis barrier. Consistent with that trans-
gene becoming postnatally active via Rhox5’s Sertoli-specific
androgen regulated promoter, no obvious differences in sex
determination were observed and the expression of Sox8 and
Sox9 was not examined in postnatal WT1-knockdown mice.
Inhibitory siRNAs (typically 21 base pair hairpin structures)
are an effective tool for specific gene silencing for experimen-
tal and therapeutic purposes in diverse tissues. Nevertheless,
it could not be excluded that the siRNAs might affect the
expression of off-target genes. Indeed, siRNAs can unexpect-
edly stimulate or repress the expression of non-specific genes
in a concentration-dependent manner [56]. In addition, during
the process of RNAi, DROSHA and DICER, RNase III family
enzymes, have central roles in the biogenesis of miRNAs
and siRNAs, which act targeting mRNAs for translational
repression and degradation of endogenous genes [57]. In our
knockdown mice, some of those factors could have been
sequestered from their normal role in regulating genes such
as Sox9 due the need to process an excessive load siRNAs
produced in RHOX8 knockdown Sertoli cells, which might
cause systemic deregulation of genes in the Sertoli cells. This
indirect effect may explain the disagreement between our
prior and current RHOXS8 mutant lines. Unfortunately, the
RHOXS8 siRNA knockdown mice are now defunct and it is
impossible to elucidate whether there are non-specific gene
regulation events and by which mechanism they occurred.

In summary, we generated a new mutant mouse model,
Rhox8 KO, using the CRISPR/Cas9 system to overcome the
limits that a previous animal model retains and explored its
phenotypes through a series of assessments including a breed-
ing test, sperm analysis, apoptotic and histological evaluation,
and gene expression analysis. The Rhox8 KO showed normal
sex determination and embryonic/fetal testis development,
suggesting that Rbhox8 is dispensable for testis development
during the embryonic development. However, Rhox8 KO
adult males showed disrupted spermatogenic cycle, increased
germ cell apoptosis, and reduced sperm count and motility,
resulting in male subfertility. In addition, these mice showed
an enlarged testis accompanied with a dilated RT, which is a
new finding that has not been observed in the previous mutant
model. Collectively, Rhox8 is required for complete testis
development postnatally and optimal male fertility. Further
investigations using high-throughput sequencing technologies
such as RNA-seq and ChIP-seq are needed to understand the
mechanism how Rbox8, as a regulator of the spermatogenesis,
controls the gene network in the testis.
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