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Sry-Independent Overexpression of Sox9 Supports Spermatogenesis and Fertility in
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ABSTRACT

The Y chromosome gene Sry is responsible for sex determi-
nation in mammals and initiates a cascade of events that direct
differentiation of bipotential genital ridges toward male-specific
fate. Sox9 is an autosomal gene and a primary downstream
target of SRY. The activation of Sox9 in the absence of Sry is
sufficient for initiation of male-specific sex determination. Sry-
to-Sox9 replacement has mostly been studied in the context of
sex determination during early embryogenesis. Here, we tested
whether Sry-to-Sox9 replacement affects male fertility in
adulthood. We examined males with the Y chromosome carrying
a deletion removing the endogenous Sry, with testes determina-
tion driven either by the Sox9 (XY'®™'Sox9) or the Sry
(XYT¥™1gry) transgenes as well as wild-type males (XY).
XY'®™156x9 males had reduced testes size, altered testes shape
and vasculature, and increased incidence of defects in seminif-
erous epithelium underlyin} the coelomic blood vessel region
when compared to XY'®™'Sry and XY. There were no
differences between XY'¥™'Sry and XY'®™'Sox9 males in
respect to sperm number, motility, morphology, and ability to
fertilize oocytes in vitro, but for some parameters, transgenic
males were impaired when compared to XY. In fecundity trials,
XY™y, XYT¥™Igox9, and XY males yielded similar average
numbers of pups and litters. Overall, our findings support that
males lacking the testis determinant Sry can be fertile and
reinforce the notion that Sry does not play a role in mature
gonads. Although transgenic Sox9 overexpression in the absence
of Sry results in certain testicular abnormalities, it does not
translate into fertility impairment.

fertility, sex determination, Sox9, sperm, Sry, testis

INTRODUCTION

In most mammals, including humans, testis determination is
regulated by the Y chromosome encoded gene Sry, which acts
in fetal gonads and induces development of testes rather than
ovaries [1-3]. Identification of Sry as a testis determinant was
followed by extensive molecular studies of testis development.
The progress in this field was enormous, and much has been
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learned about the players and pathways involved in this process
(reviewed in [4-11]). In short, Sry signaling in XY genital
ridges is the first time when the developmental fates of male
and female gonads diverge. In the presence of Sry, somatic
bipotential precursor cells develop into Sertoli cells, which then
support differentiation and development of the male germline.
Pre-Sertoli cell differentiation is initiated by the SRY-induced
upregulation of autosomally encoded Sox9 (Sry-related HMG
box gene 9). Once upregulated, SOX9 is involved in the
induction and maintenance of other male specific factors.
Together, these factors form a molecular regulatory pathway
that helps to antagonize ovarian development while concur-
rently promoting the male pathway.

Sox9 is a direct target of SRY and has been shown to play a
pivotal role in male sexual development. Ablation of Sox9 in
humans [12, 13] and mice [14-16] causes male-to-female
phenotypic sex reversal while Sox9 gain-of-function, such as
duplication of the SOX9 locus in humans [17, 18] and Sry-
independent upregulation of Sox9 in the fetal gonadal ridges of
Wtl-Sox9 transgenic mice, causes testis formation in XX
individuals [19]. The role of Sox9 in sex determination has
mostly been studied in the context of two X chromosomes and
focused on the period during fetal development when the sex
determination takes place. In XX mice transgenic for Wt/-Sox9
(XXS0x9), gonadal development follows a male-specific
program but the resulting testes are small and display
seminiferous tubules with germline development arrested at
the early mitotic stage [19]. This is thought to be due to the
presence of two X chromosomes and therefore an increased
dosage of X-linked gene products [20, 21], and the absence of
Y chromosome genes needed to initiate and support normal
spermatogenesis [22, 23].

Here, we investigated adult mice carrying the Y chromo-
some with deleted endogenous Sry (Y'®") in which male sex
determination was driven by transgenic overexpression of Wt/-
Sox9. In these mice, Sox9 is expressed from the Wt/ regulatory
elements within a yeast artificial chromosome, mimicking
gonadal expression of the endogenous Wt gene [19]. Thus,
transgenic Sox9 is expressed both during the critical sex
determination window and during adulthood, allowing SOX9
to participate in testis and germ cell development after the
initial steps of sex determination. We examined testis
morphology and vasculature, spermatogenesis progression,
sperm function in vitro, and male fertility, and demonstrated
that although Sox9-driven sex determination results in certain
testicular abnormalities in adulthood, they do not translate to
fertility and sperm function impairment.

MATERIALS AND METHODS
Chemicals and Media

Mineral oil was purchased from Squibb and Sons; equine chorionic
gonadotropin (eCG) and human chorionic gonadotropin (hCG) were purchased
from Calbiochem. Unless otherwise stated, all the other chemicals were
obtained from Sigma Chemical Co. Medium T6 was used for in vitro
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fertilization (IVF), Hepes-buffered CZB (Hepes-CZB) for gamete handling [24,
25], and CZB medium [25] for embryo culture. Both CZB and T6 were
maintained in an atmosphere of 5% CO2 in air, and HEPES-CZB was
maintained in air.

Mice

We used 6- to 12-wk-old B6D2F1 (C57BL/6J X DBA/2) females (NCI) as
oocyte donors for IVF and for fecundity testing, and C57BL/6 (NCI) and MF1
females (bred in-house) were used for backcrossing. The mice of interest in this
study were males with a Y chromosome with an 11-kb deletion removing the
testis determinant Sry (dlIRIb) [1, 26], designated as Y'*", complemented
either by an autosomally located Sry transgene [Tg(Sry)2Ei] [27] XYTDmI gy
or by an autosomally encoded Sox9 transgene driven by Wt/ (Wilms tumor 1)
promoter [19] (XY™ §0x9).

To produce XY ™ Sox9 males, XY males transgenic for Wrl-Sox9
(XYSox9) were generated by intracytoplasmic sperm injection with cryopre-
served sperm obtained from Andreas Schedl (University of Nice) and oocytes
from wild-type females. The XYSox9 males were subsequently bred to
XY ™! females, which carried an X chromosome and a Y chromosome with
deleted Sry, resulting in XY " 50x9 males. The XY males with an intact Y
chromosome were used as wild-type controls. Transgenic mice were either on
partial MF1 or partial C57BL/6 genetic background (backcrossed for at least
four generations), and wild-type controls were full MF1 or C57BL/6. The mice
were fed ad libitum with a standard diet and maintained in a temperature and
light-controlled room (22°C, 14L:10D) in accordance with the guidelines of the
Laboratory Animal Services at the University of Hawaii and guidelines
presented in National Research Council’s Guide for Care and Use of
Laboratory Animals published by Institute for Laboratory Animal Research
of the National Academy of Science. The protocol for animal handling and
treatment procedures was reviewed and approved by the Animal Care and Use
Committee at the University of Hawaii.

Fecundity Testing

Eight-wk-old males were cohabitated for 10 wk with robust and highly
fertile BOD2F1 females (one female per male). The number of litters and pups
generated by each breeding pair and offspring sex and genotypes were
recorded.

IVF

Sperm capacitation and IVF were performed as previously described [28].
Briefly, oocytes were collected from B6D2F1 females induced to superovulate
with injections of 5 international units eCG and hCG given 48 h apart.
Epididymal sperm were collected by release of cauda epididymis directly into
T6 medium and were capacitated for 1 h at 37°C in humidified atmosphere of
5% CO,. Gametes were coincubated for 4 h. After gamete coincubation, the
oocytes were washed several times with Hepes-CZB medium, followed by at
least one wash with CZB medium. Morphologically normal oocytes were
selected for culture.

Sperm Analyses

Cauda epididymal sperm were released into T6 and incubated for 15 min at
37°C. Sperm counts and motility assessments were performed using a
hemocytometer. For analysis of sperm morphology, epididymal sperm spreads
were stained with silver nitrate as previously described [29]. The slides were
scored blind, and 100 sperm per male were examined.

Testes Analyses

The testes were dissected, weighed, and subjected to gross morphological
assessment using a stereo microscope. The length and width of each testis were
measured, and testis shape was defined as length:width ratio. Testis surface
vasculature was scored by quantifying the number of major and minor branches
of the coelomic artery. For histology assessment, testes were Bouin-fixed,
paraffin-embedded, sectioned (thickness, 5 um), and stained with hematoxylin
(H) and eosin (E) and/or periodic acid Schiff (PAS). We followed a strict
protocol for testes sectioning. The testes were first halved along the short axis.
The sections were then done from the center toward the pole. We routinely
prepared six slides, the first for PAS-H staining, the second for H&E staining,
and the third to sixth were unstained. The sections were placed on these six
slides in a specific order, which allows for having sections of different depth on
the same slide. For the analysis of the coelomic region, we used PAS-H stained

slides, and for every male, we scored the same depth sections. Five scored
sections were taken from the following depths: 5, 10, 15, 20, and 25 pm.

Isolation of Genital Ridges

Embryos were collected from timed matings of transgenic males with
hybrid B6D2F1 strain females, with 1200 h of the day on which the mating
plug was observed designated as 0.5 Days Postcoitum (dpc). The embryos were
collected at 11.5 dpc into ice-cold diethyl pyrocarbonate-phosphate buffer
solution. Genital ridges with mesonephros attached were dissected, immedi-
ately frozen in liquid nitrogen, and kept in —80°C until further processing by
quantitative RT-PCR (qRT-PCR). The genotypes of the embryos were
determined by PCR with Y chromosome markers using genomic DNA
extracted from tail tissue. Primers sequences are shown in Supplemental Table
S1 (Supplemental Data are available online at www.biolreprod.org).

RNA Isolation and Real Time RT-PCR

RNA was extracted from mature testes using Trizol and DNase I treatment
(Ambion) and purified using RNeasy kit (Qiagen). For genital ridges, RNA was
isolated from individual pairs of gonads using Micro-RNA Kit (Qiagen)
following the manufacturer’s instructions. Reverse transcription of polyade-
nylated RNA was performed with Superscript Reverse Transcriptase III,
according to the manufacturer’s guidelines (Invitrogen). Real-time PCR was
performed using SYBR Green PCR Master mix on an ABI QuantStudio 12K
Flex machine (Applied Biosystems). PCR reactions were incubated at 95°C for
10 min followed by 37 PCR cycles (10 sec at 95°C and 60 sec at 60°C). At least
four adult mice or seven embryos per genotype and per background were
analyzed. All the reactions were carried out in at least triplicate per assay, and
two ubiquitously expressed genes (Actb and Sdha) were used as loading
controls. Actin, beta (Actb) was used because it is one of the most commonly
used reference genes. Succinate dehydrogenase complex, subunit A, flavopro-
tein (Sdha) was used before by others working in sex determination field and is
considered a suitable reference gene for qRT-PCR expression studies during
early gonad development [30]. It has also been reported as one of the most
stable reference genes across different tissues (including testis and ovary) in
juvenile as well as adult mice [31]. The ACt value for each individual sample
was calculated by subtracting the average Ct of loading control(s) from the
average Ct of a tested gene. The AACt value was calculated by subtracting the
ACt of each tested male from the average ACt of reference samples (XY®™
males). The data were expressed as a fold value of expression level. Primers
sequences are shown in Supplemental Table S1.

Statistics

The Fisher exact test was used to assess the differences between the
genotypes for IVF data and to analyze the progeny genotype frequencies.
Student #-test was used for all other analyses.

RESULTS

In this study, our goal was to investigate the effects of Sry-
to-Sox9 substitution in directing sex determination on sper-
matogenesis and fertility in mature male mice. To achieve this,
we used mice with the Y chromosome carrying a deletion of
endogenous Sry in which this loss was counterbalanced either
by transgenic addition of Sry (XY™ Sry) or transgenic
overexpression of Sox9 (XY'®™ §ox9). Mice with an intact Y
chromosome (XY) were included in all the analyses as wild-
type controls. We investigated these three genotypes on two
genetic backgrounds, inbred C57BL/6 and outbred MF1.

Sry and Sox9 Expression

In wild-type males, Sry is first expressed at 10.5 dpc, peaks
at 11.5 dpc, and declines after 12.5 dpc [32—-34]. When present,
it triggers Sox9 expression, which is subsequently maintained
throughout life. In the absence of Sry, the female pathway
becomes activated, resulting in expression of Wnt4 (and other
female factors) (reviewed in [4, 7, 11]). In mature testes, Sry is
highly expressed although produced transcripts are considered
nonfunctional [35]. We examined transcript levels of Sry, Sox9,
and Wnr4 in fetal gonads from 11.5 dpc XY'®"S0x9 and
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Sry, Sox9, and Wnt4 transcript expression in fetal gonads. Relative Sry (A, B), Sox9 (C, D), and Wnt4 (E, F) mRNA levels in genital ridges from 11

dpc XY, XYTdV"”Sry and XYTY"7S0x9 fetuses, on MF1 (A, C, E) and C57BL/6 (B, D, F) genetic backgrounds were obtained by real-time PCR; the levels
obtained with XY were arbitrarily set to 1. The loading controls were two ubiquitously expressed genes Actb and Sdha. Values are mean = SEM, with n=
6 fetuses per group (except Sox9 run where for XY M1S0x9 n =5 fetuses were used). Statistical significance (t-test): *P < 0.05; **P < 0.01; ***P < 0.001;
Adifferent than the same genotype on C57BL/6 background (P < 0.05). In the pilot experiment, we tested for presence of Sry transcripts in XY'®™Sox9
males and, as expected, none were found. Therefore, XY™ S0x9 males were not included in runs shown in A and B. Primer sequences are shown in

Supplemental Table S1.

XY ™ gy males using XY males as references (Fi7g. 1?. Sry
mRNA was not present in fetal gonads from XY'®"Sox9
males, as expected. XY™ Sry males had Sry transcripts
elevated when compared to XY (Fig. 1, A and B). The fold
increase was higher on C57BL/6 (~6- to 9-fold) than on MF1
(~5-fold) genetic background. Sox9 transcript levels were
higher in XY'®"/Sox9 males than in XY males, on both
backgrounds. Two types of transgenics had similar levels of
Sox9 expression on C57BL/6 background, while on MF1
background, XY ®"/Sox9 males yielded higher transcript

levels (Fig. 1, C and D). There were no differences between
groups in the expression of female pathway gene Wnt4 except
for XY™™ Sry versus XY comparison on C57BL/6 genetic
background, with Actb being used as the reference gene, which
showed an increase in the former genotype (Fig. 1, E and F).
Next, we examined Sry and Sox9 transcript levels in mature
testes (Fig. 2). Sry expression in testes from XY Sry males
was lower than in XY on the MF1 background but similar on
the C57BL/6 background. Sox9 expression in XY7™ Sox9
males was higher than in XY and XY’ Sry males. On MFI,
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Sry and Sox9 transcript expression in mature gonads. Relative Sry (A, B) and Sox9 (C, D) mRNA levels in whole testes from 8- to 11-wk-old XY,

XY™ 5py, and XY'¥™Sox9 males, on MF1 (A, C) and C57BL/6 (B, D) genetic backgrounds were obtained by real-time PCR; the levels obtained with XY
were arbitrarily set to 1. The loading controls were two ubiquitously expressed genes Actb and Sdha. Values are mean = SEM, with n=4 males per group.
Statistical significance (t-test): *different than all the others (P < 0.05); “different than the same genotype on C57BL/6 background (P < 0.05); *P < 0.05;
**p < 0.01; ***P < 0.001. XY ¥™'S0x9 males do not have Sry and were not included in runs shown in A and B. Primer sequences are shown in

Supplemental Table S1.

but not C57BL/6, background, XYT‘lymISry males had lower
Sox9 levels than XY. Altogether, these analyses demonstrated
that expression of Sry and Sox9 in transgenic males is not
equivalent to that of XY males, with transgenic Sry levels
elevated in fetal gonads and Sox9 levels elevated in both fetal
and mature gonads.

Testes Analyses

We next carried out the analyses of testes from XY,
Xy Fdym! Sry, and XY ™ §0x9 males. Testis weight, expressed
as a testis weight:body weight ratio, was decreased in
XY ™ $0x9 males when compared to XY and Xy7e m]Sry,
on both genetic backgrounds (Fig. 3A). Testes from XY™ Sox9
males had a distorted shape and appeared more roundish rather
than oval typical for XY males (Fig. 3C and Supplemental Fig.
S1). This was also evidenced quantitatively, with decreased
testis length:width ratio (Fig. 3B). XY™ Sry males had
similar but milder testis shape distortion noted on MF1, but not
C57BL/6 background. Interestingly, testes from ~75% of
XY™™ §ox9 MF1 males had white patches visible under the
tunica albuginea (Supplemental Fig. S2).

To assess testis vasculature, the numbers of branches of
coelomic artery were counted, with distinction between the
primary, secondary, and other vascular branches (Table 1 and
Fig. 4). This analysis demonstrated that, regardless of the

genotype, mice on MF1 background had overall fewer vascular
branches than mice on C57BL/6 background (Table 1). This
decrease in branch number did not affect the arbitrary vascular
strength score except for XY "/ S0x9 males on an C57BL/6
background, which had vascular development impaired as
evidenced by 2-fold decrease in the score (Table 1 and Fig. 4).

The analysis of testis sections revealed severe defects in the
region underlying and adjacent to the coelomic artery in
XY™™ §ox9 males (Fig. 5). In these males, this area had an
abundance of interstitial tissue and poor formation of
seminiferous tubules (Fig. 5A), and the affected area made
up more of the testis, measured as the proportion of the entire
cross section (Fig. 5B). In XY'®"/ Sy males, milder defects in
this region were noted. In both XY'®"/Sry and XYY" Sox9
males, the tubules outside affected region were normally
formed and contained the expected germ cells, including well-
developed elongated spermatids (Fig. 6 and Supplemental Fig.
S3).

Occasional seminiferous epithelium abnormalities, such as
apoptotic cells, cells with hypercondensed/degenerating nuclei,
cell remnants, and sloughed Sertoli cells (Fig. 7A and
Supplemental Fig. S4) were observed in all the genotypes.
When these abnormalities were quantified, XY’*"/Sry had
more defects than XY on MF1 background, and both XY and
XY ™ gry were more affected on MF1 background when
compared to C57BL/6. XY™ §ox9 males did not differ from
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Testis size and shape. A) Testis:body weight ratio. B) Testis length:width ratio. C) Representative images of testes from all genotypes. Values are

mean * SEM, with the number of testes examined shown under the X axes. Statistical significance (t-test, P < 0.05): *different than other genotypes within
background; “different than the same genotype on other background; **P < 0.01. Bar = 1 mm. Males were 10-20 wk at testes collection. Testis:body
weight ratio was calculated by dividing the combined weight of both testes in milligrams by body weight in grams.

other genotypes on either background (Fig. 7B). The
distribution of abnormality types expressed as a percentage
of all defects varied between the genotypes (Fig. 7C). On an
MF1 background, XY™™ §ry males had less apoptotic cells
and more cells with hypercondensed/degenerating nuclei, and
both XY™ §ry and XY™ S0x9 had more sloughed Sertoli
cells when compared to XY (P < 0.05, r-test). On C57BL/6
background, XY " Sox9 had less apoptotic cells than the
other genotypes (P < 0.05, t-test). When the respective
genotypes were compared across backgrounds, XY™/ Sy
and XY had more cells with hypercondensed/degenerating
nuclei, XY™ ’"]Sry had less apoptotic cells, and XY had less
sloughed Sertoli cells on an MF1 background. XY™/ Sox9
yielded similar results on both backgrounds. The number of
Sertoli cells was similar across genotypes and backgrounds
(Supplemental Fig. S5).

Altogether, the analyses of testes revealed presence of some
defects in XY " S0x9 males, which affected testis weight,
shape, vasculature, and the area within the testes underlying the
coelomic vessel. XY'®"/Sry males had remnants of this
testicular phenotype, with mild impairment in testis shape and

area underlying coelomic artery. In both genotypes, these
defects did not translate into spermatogenic deficiency because
the majority of tubules had efficiently developing germ cells.
The cellular abnormalities were infrequent and observable in
all genotypes, including XY controls, and thus not specific to
transgenic males.

Sperm Analyses In Vitro

Because histological assessment of testes indicated that
spermatogenesis was ongoing and that elongated spermatids
were produced, we next carried out analyses of epididymal
sperm. Both types of transgenic males produced high numbers
of sperm (Fig. 8A), at least 50% of which were progressively
motile (Fig. 8B), and more than 75% with morphologically
normal head sha;}e (Fig. 8C). There were no differences
between XY, XY ™ Sry, and XY™/ Sox9 MF1 males in
sperm number and proportion of motile and morphologically
normal sperm. On the C57BL/6 background, however, both
types of transgenic males scored lower for motility and
morphology than XY males. When sperm function was

TABLE 1. Vasculature analysis of testes from XY™ 50x9, XYT"JV"”Sry, and XY males.*

No. of vascular branches (mean = SEM)

Vasculature strength

Background Genotype No. of testes examined 1°and 2° 3°and 4° score (mean = SEM)
MFI XY 10 3.30 = 0.15° 7.40 + 0.34 10.60 * 0.56° 2.00 % 0.00
XyTdvmigp, 15 3.60 + 0.13° 6.67 * 0.33 11.73 + 0.69° 1.93 * 0.07
XYmI50x9 24 3.58 = 0.12° 7.79 = 0.23 11.79 + 0.51° 1.92 = 0.06
C57BL/6 XY 25 3.84 * 0.07 7.84 + 0.24 17.08 = 1.03 1.80 + 0.08
XYTdymigr, 12 4.00 = 0.12 7.58 + 0.47 22.08 + 1.52° 1.83 = 0.11
XY ™1 50x9 21 3.00 * 0.10° 7.76 + 0.28 16.33 = 1.04 0.90 = 0.00°

* See Figure 4 for clarification of 1°-4°. Males were 10-20 wk at testes collection.
b Statistical significance (t-test): “different than other genotypes within a background; “different than the same genotype on the C57BL/6 background.
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with n=15 cross sections (five per male) per group. Male age was 10-11 wk for Aa-Ac, 25 wk for Ad-Ae, and 8-11 wk for B. Statistical significance (t-test,
P < 0.05): bars with different letters within background are statistically different; asterisk (*) different than respective genotype on C57BL/6 background.
Bar =500 um.
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spermatogenesis is ongoing in all the tubules. In D-F, single tubules are shown at higher magnification to emphasize that all the expected germ cells are
present, with elongated spermatids shown in insets. Tubule stages are shown in roman numerals. Bar=50 pum. Inset=3X magnification. The same analysis
was performed for mice on MF1, and the images are shown in Supplemental Figure S3.

assessed in vitro, sperm from both types of transgenic males
were less able to fertilize oocytes than sperm from XY with a
difference more pronounced on MF1 background, but did not
differ from each other (Table 2). Males on MF1 genetic
background yielded lower fertilization rates than C57BL/6
males, regardless the genotype. For all the tested genotypes,
most of the two-cell embryos developed to the blastocyst stage
(Table 2). To summarize, sperm analyses support that there are
no differences between males with sex determination driven by
transgenic Sry and by transgenic Sox9, and that in both
genotypes sperm are functional in vitro.

Fecundity

As a final check for the differences between XY/ Sox9
and XY™™ §ry males, we performed fecundity trials. No
differences were observed between the examined groups (XY,
XY™ §0x9, and XY™™ Sry) in the number of litters and
pups per male (Table 3). Males on the MF1 genetic
background were overall more efficient breeders than
C57BL/6 males, although the difference reached statistical
significance only in the comparison of XY males. Because the
transgenic sex determinant (Sry and Sox9) is transmitted
independently from the Y chromosome, transgenic males are
expected to yield four progeny types: XX and XY™ females
and XY and XXSry/Sox9 males. XY, XY ®™S§ox9, and
Xy Tdym! Sry males all yielded a similar, and expected, sex ratio
(Fig. 9A) and Y chromosome transmission (Fig. 9B).

Age Effect

The analyses of testis weight, shape, and vasculature were
performed on males ranging in age from 10 to 20 wk, while all
other analyses were done on younger males (8—11 wk of age).
We therefore wondered whether the testicular defects were due
to an increase in age. To address that, we performed a
regression analysis to correlate the age of mice with these three
specific testicular phenotypes. No correlations were observed
for transgenic males (Supplemental Figs. S6-S8). In fecundity
trials, when we extended breeding time (data not shown), no
decline was observed in older males. However, when the
analysis of the region underlying the coelomic vessels (see Fig.
5 for data obtained with younger males) was performed for
three old XYY" Sox9 MF1 males, the percentage of affected
area increased ~3-fold in 25- to 38-wk-old males as compared
to 8- to 11-wk-old males of the same genotype. Moreover,
patchy testes (Supplemental Fig. S2) were observed more
frequently in old (19-38 wk) than in young (9 wk)
XY ™™ §0x9 MF1 males. Altogether these data suggest that
while the age has no impact on testis weight, shape, vascular
patterning, and fertility, some internal testicular defects are
enhanced in older XY’/ $0x9 MF1 males.

DISCUSSION

We demonstrated that males devoid of the Y chromosome-
encoded sex-determining gene Sry and with sex determination
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FIG. 7. Testis histology and abnormalities. A) Cross sections of testicular tubules from XY'®™Sry and XY™™'Sox9 males showing exemplary
abnormalities of seminiferous epithelium. Four types of defects were differentiated: apoptotic cell (AC), degenerating/hypercondensed nucleus (DHN),
cell remnant (CR), and sloughed Sertoli cell (SS). B) Total number of abnormalities in XY, XYTdyr”’Sry, and XYTdm1Sox9 males. C) Distribution of
abnormality types in XY, XY79™7Sry, and XY'#™’Sox9 males. Data shown in B and C are from the analysis of three males per genotype on each genetic
background. For each male, five tubules per each stage cluster (XII-I, [I-IV, V=-VI, VII-VIII, IX-X, XI) were scored, adding to 30 tubules examined per male
and 90 per genotype on a given background. In B, bars are mean and SEM of n = 3 males. Statistical significance (t-test, P < 0.05): “different than
respective genotype on C57BL/6 background; *P < 0.05. Statistical differences between groups for data shown in C were assessed after percentages were
transformed to angles and are discussed in the text. Tubule stages in A are shown in roman numerals. Bar =50 pum. Insets = 3X magnification. Males were

8-11 wk old at testes collection.

driven by SRY direct target, Sox9, produce functional
spermatozoa and are fertile.

We are aware of only one study describing spermatogenesis
and fertility in mice lacking Sry [36]. In this study, the
investigated mice carried the Ods (Odsex; ocular degeneration
with sex reversal)-dominant insertional mutation, which
upregulates Sox9 by altering the upstream enhancer elements
[37]. When the Ods mutation was added to mice with a Y
chromosome lacking the endogenous Sry (Y'®™!), the
resulting heterozygous males were transiently fertile and
exhibited abnormal testicular vasculature. These defects were
rescued in homozygous males that were long-term fertile. The
rescue of the phenotype was likely due to an increase in Sox9
expression because the testicular SOX9 level in homozygotes

was ~3-fold higher than in heterozygotes [36]. The Odsex
model has been lost and is no longer available to the scientific
community (Richard Behringer, University of Texas, MD
Anderson Cancer Center, personal communication).

Here, we examined males with transgenic overexpression of
Sox9. The Wtl-Sox9 transgene we used drives an upregulation
of Sox9 in the developing gonads at the appropriate time (10.5
dpc). The Wil promoter also maintains transgenic Sox9
expression at later stages and during adulthood, allowing
transgenic SOX9 to participate in testis and germ cell
development after the initial steps of sex determination. The
presence of the Wtl-Sox9 transgene increased global Sox9
expression above that noted in wild-type males in both fetal
and mature gonads. When XY'®"/S0x9 males were bred
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FIG. 8. Sperm analyses. Sperm analyses were performed for 8- to 11-wk-
old XY, XY™™Isry and XY'®™'Sox9 males. A) Sperm number. B)
Progressive sperm motility. C) Normal sperm head shape. Values are mean
*+ SEM, with n = 4 males per group. Statistical significance (t-test, P <
0.05): “different than other genotypes within background; "different than
the same genotype on other background.

between 2 and 4 mo of age, they were fertile at the level
comparable to XY’®™Sry and XY controls. When we
continued breeding for the subsequent 2.5 mo (data not
shown), no decline was observed. This stands in contrast to
what was observed with heterozygous Odsex mutant males,
which at the age of 5-6 mo were completely sterile [36], and
suggests that Sox9 levels in XY™ §0x9 males were sufficient
and compatible with stable fertility.

Similarly, as in Odsex mice, we observed some testicular
defects in XY™ Sox9 males. The testicular phenotype
included decreased testis weight, abnormal testis shape, and
impairment in testis vasculature and in the region underlying
the coelomic vessel (Figs. 3-5). Decreased testis weight is
often associated with depleted germ cell counts [23]. Although

TABLE 2. The results of in vitro fertilization (IVF) with sperm from
XY™ 5ox9, XYTN™ISry and XY males.*

Two-cell embryos

Oocytes inseminated developing to

Background Genotype that cleaved % (no.)  blastocyst % (no.)

MF1 XY 43 (169/393)*P 70 (118/169)°
Xy'dmigp, 12 (27/227)° 78 (21/27)
XYTH™150x9 7 (16/215)° 94 (15/16)°

C57BL/6 XY 64 (130/203)* 89 (116/130)
Xy'dmigp, 51 (149/290) 91 (136/149)
XYT™I50x9 46 (124/269) 94 (117/124)

* Four 8- to 11-wk-old males were examined per group, in four
independent IVF experiments.

ab.c giatistical significance (Fisher exact test): °different than other
genotypes within background; different than the same genotype on
C57BL/6 background; “different than XY within background.

a quantitative analysis of spermatogenesis progression on testes
sections was not performed, the epididymal sperm counts in
XY™™ §0x9 males were normal. Decreased testes weights
were also observed in Odsex mutants although in this model it
was linked to germ cell degeneration [36].

Testis vasculature in adult XY™/ §0x9 males on a C57BL/
6 background was impaired, with a poorly resolved coelomic
artery and collateral vessels. It has been shown previously that
testis morphogenesis is at least partially dependent on both
internal and external vascularization [38—40]. Perturbation of
the developing coelomic artery and transient vascular plexus
that sits between the mesonephros and gonad may not only be
linked to gross anatomy abnormality of XY Sox9 testes but
may also be the cause of the poorly resolved external
vasculature observed. Vasculature disorganization similar to
that noted in XY”®"/S0x9 males was reported for heterozy-
gous, but not homozygous, Odsex mice in both fetal and
mature gonads [36]. Although we did not examine the
vasculature of fetal gonads from XY™ Sox9 males, when
the expression of Wnt4, a signaling molecule for proper pattern
of gonadal vascularization, was quantified with qRT-PCR in
11.5 dpc genital ridges, we observed no differences between
XY ™™ §0x9 and wild-type XY males. Wnt4 misexpression in
male fetal gonads has been linked to disruption of vascular
patterning [41, 42], and in the Odsex model, Wnt4 was
deregulated in heterozygous but not homozygous males [36].

The testicular phenotype observed in mature males can be a
consequence of disturbances taking place during the sex
determination window (10.5-12.5 dpc), events occurring
during later stages of gonadal formation, and/or mechanisms
operating in the mature gonad. There is ample published
evidence showing that deregulation of Sox9 expression during
sex determination can have profound effects on testis
formation, with a potential to induce partial or complete sex
reversal [12—-19]. In mature testes Sox9 is expressed in Sertoli
cells [13, 43, 44]. The presence of SOX9 at puberty suggests
that this protein is needed for Sertoli cell maturation and their
acquisition of the ability to support spermatogenesis. When
Sox9 was conditionally turned off after sex determination had
taken place (from 14.5 dpc), testis cords developed normally in
spite of decreased transcript levels of anti-Mullerian hormone
(Amh), the SOX9 target gene responsible for Mullerian duct
regression [45]. Null mutants showed normal embryonic
development and fertility when young but suffered from severe
spermatogenesis defects starting from about 3 mo of age, and
eventually became sterile due to progressive depletion in germ
cell number [45]. By 1 yr of age, testes from these Sox9-null
mice were dominated by Sertoli cell only and hypospermato-
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TABLE 3. The analysis of fecundity of XY'®™'Sox9, XY'#™Sry, and XY
males.*

No. of litters/male ~ No. of pups/male

Background Genotype (mean = SEM) (mean = SEM)

MF1 XY 3.5 +0.3° 35 + 32
Xy'dmigr, 2.8 *05 31+ 4
XYT™I50x9 3.0 * 0.4 26 * 4

C57BL/6 XY 2.0 0.0 22 + 1
Xy'dmigry, 2.5%05 21 +3
XYT™IS0x9 23 +03 21 + 1

* Four males, 8 wk old at the time cohabitation with females started, were
examined for all groups.

? Statistical significance (t-test): different than the same genotype on
C57BL/6 background.

genic seminiferous tubules, but interestingly, the coelomic
artery was normally developed and resolved [45]. Together,
these published findings suggest that testis cord differentiation
is independent of Sox9 but reinforces that Sox9 is essential for
maintenance of testicular function in adults. Because testoster-
one levels were unaffected, spermatogenic failure was not due
to a repression of steroidogenesis. Rather, the lack of SOX9
seemed to impair functional interaction between Sertoli and
germ cells, possibly involving deregulation of genes involved
in stress response and inflammation in Sertoli cells [46]. Here,
we did not observe Sox9 depletion. On the contrary, Sox9
transcript levels were elevated in both fetal and mature gonad
of XYT4™"Sox9 males. This is probably why the deregulation
of Sox9 in XY ™™ §ox9 males was compatible with fertility
and the observed testicular phenotype was not linked to sperm
dysfunction.

Previous studies have shown that Sox9 is involved in stem
cell/progenitor cell maintenance and/or regulating differentia-
tion in adult neural, mammary, intestinal, dermal, and hepatic
tissues [47-51]. Given that Sertoli cells form the blood-testis
barrier, which encapsulates proliferating and differentiating
spermatogonia, a similar function for Sox9 in the adult testis
seems plausible. The age- and stage-specific differences in the
level of Sox9 expression in the seminiferous tubules of the
adult suggest that Sox9 may have a pivotal role in germ cell
differentiation as well. Indeed, it has been shown that in the
adult rat, the Sertoli cells of most regions of the seminiferous
tubules were positive for SOX9 but the strongest reaction was
found in the dark zone of seminiferous tubules containing
preleptotene spermatocytes, the cells representing the first stage
of meiosis I that will traverse through the blood-testis barrier to
enter the luminal compartment [52]. Thus, elevated levels of
testicular Sox9, as we see in XY ®" S0x9 males, may actually
be beneficial for spermatogenesis progression.

One possibility that cannot be disregarded is that the
testicular phenotype in XY ®"/Sox9 males can be due to the
lack of Sry, rather than to changes in the level of Sox9
transcripts. This is particularly important considering that it has
recently been elegantly shown that SRY with its downstream
targets is capable of guiding of Sertoli cell differentiation in a
SOX9-independent manner [53]. We observed that XY™ §ry
males, in which sex determination is driven by transgenic
overexpression of Sry, had remnants of the testicular phenotype
noted in XY’®"/Sox9 males. The Sry transcript level in fetal
gonads from these males was ~5- to 8-fold higher than in wild-
type XY. Because the Sry transgene is present in the genome in
12—14 copies [54], high overexpression was expected. Indeed, it
has recently been shown that the same transgene resulted in
enhanced Sry expression in the brain [55]. The Sry transcripts in
adult mouse testes are circular and thought to be aberrant and
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FIG. 9. Progeny genotype fre(;]uencies. Offspring obtained after mating
of XY, XY ™5ty "and XY™™ S0x9 males with wild-type females were
sexed and genotyped. A) Proportion of males. B) Proportion of offspring
carrying Y chromosome. No differences between groups were observed (t-
test, after transformation of percentage to angles). The number of
genotyped offspring is shown under the X axis.

nontranslatable [35]. However, they have been shown to serve
as sponges for at least one type of microRNAs, miR-138 [56],
so their potential role as epigenetic regulator(s) in testes
cannot be disregarded. Contrary to what we have seen in fetal
gonads, transgenic Sry expression in testes from mature
XY7®™ g1y males was similar to or lower than in XY. The
lack of overexpression is probably due to transgene-silencing
mechanisms, the presence of which has been previously
reported [57]. The Sox9 expression in XY "/ Sry males was
elevated in fetal and mature gonads, although in fetal gonads
only on a C57BL/6 background. The interdependence of Sry
and Sox9 makes it difficult to conclude which of these two
factors, when dere%ulated, contribute to the testicular
phenotype in XY™ Sry males.

We used mice on two genetic backgrounds, outbred MF1
and inbred C57BL/6, and observed some background-specific
phenotypes. Several studies suggested that the C57BL/6
background is sensitized to disruptions in testis determination
due to the relatively delayed expression of testis-determining
genes and higher levels of expression of ovary-determining
genes [11, 58, 59]. Here, testis vasculature was weak in
XY " §6x9 males on the C57BL/6 but not on the MFI1
background (Table 1 and Fig. 4B), but the defects in the region
underlying the coelomic vessels were more pronounced in
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XY ™M §0x9 MF1 males (Fig. 5B); in addition, the patchy
testis appearance (Supplemental Fig. S2) was present exclu-
sively on the MF1 background. There were also background-
specific differences affecting XYY" Sry males, which had
higher Sry expression on the C57BL/6 background and
elevated incidence of abnormalities of seminiferous epithelium
on the MF1 background. We conclude that observed
background-specific differences are not unusual and relate to
the genetic differences between strains, likely affecting
spatiotemporal regulation of expression of sex determination-
specific genes. The genetic background influenced sex
determination also in the Odsex model, but only when the
Sox9 levels were not sufficient. Heterozygous XXOds mice
developed as males, or females, or intersex, depending on the
background, while homozygous XXOds/Ods mice developed
always as males [60].

Our work provided evidence that the Sry role in male sex
determination can be dispensed by manipulating its downstream
target Sox9 and that the resulting males are fertile. These males
represent the only currently available model in which sex
determination is driven by Sox9 upregulation in the absence of
Sry. Although we observed some testicular defects, these did not
affect sperm development and function. Our findings support the
notion that Sry does not play an essential role in the mature
testis. We recently reported that in the mouse only two Y
chromosome genes, the testis determinant Sry and the
spermatogonial proliferation factor Eif2s3y, are needed for a
male to be able to reproduce with the help of assisted-
reproduction technologies [23]. The demonstration that Sry
function can be substituted by Sox9 overexpression opens the
possibility to further reduce the Y chromosome contribution and
produce males with only one Y chromosome gene, Eif2s3y,
followed by testing if these males generate haploid gametes and
can sire assisted-reproduction technology offspring.
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