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Interplay between p53 and Ink4c in spermatogenesis and fertility
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ABSTRACT

The tumor suppressor p53, and the cyclin-dependent kinase inhibitor Ink4c, have been both implicated in
spermatogenesis control. Both p53-/- and Ink4c-/- single knockout male mice are fertile, despite testicular
hypertrophy, Leydig cell differentiation defect, and increased sperm count in Ink4c-/- males. To investigate
their collaborative roles, we studied p53-/- Ink4c-/- dual knockout animals, and found that male p53-/-
Ink4c-/- mice have profoundly reduced fertility. Dual knockout male mice show a marked decrease in
sperm count, abnormal sperm morphology and motility, prolongation of spermatozoa proliferation and
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delay of meiosis entry, and accumulation of DNA damage. Genetic studies showed that the effects of p53 p1g'ka
loss on fertility are independent of its downstream effector Cdkn1a. Absence of p53 also partially reverses
the hyperplasia seen upon Ink4c loss, and normalizes the Leydig cell differentiation defect. These results
implicate p53 in mitigating both the delayed entry into meiosis and the secondary apoptotic response
that occur in the absence of Ink4c. We conclude that the cell cycle genes p53 and Ink4c collaborate in
sperm cell development and differentiation, and may be important candidates to investigate in human

male infertility conditions.

Introduction

The process of mammalian spermatogenesis has been exten-
sively studied. It occurs in the seminiferous tubules of the tes-
ticles, proceeding from germ cells, the spermatogonia, at the
periphery of the tubules towards the central lumen, during
which time the spermatogonia undergo multiple mitotic divi-
sions, gradually differentiating in preparation for meiosis. Pri-
mary spermatocytes undergo meiosis I, forming secondary
spermatocytes which undergo meiosis II, producing haploid,
round spermatids. These spermatids then undergo spermiogen-
esis, where they form a condensed spherical head with an acro-
some, undergo elongation, and shed excess cytoplasm,
producing mature spermatozoa that are released into the lumen
[1]. In mice, spermatogonia begin to differentiate around post-
natal (P) day 8, or P8 [2]. Primary spermatocytes are present
by P10, and they undergo the first meiotic division at around
P17-18 [3]. Secondary spermatocytes divide again at around
P20. Round spermatids are formed, undergo differentiation,
and first mature sperm cells begin to form around P35, thus
reaching puberty around the age of 6 weeks [4].

Sertoli cells within the seminiferous tubules provide support
for spermatocytes and spermatids, in addition to producing
several growth factors and phagocytizing residual cytoplasm
that is shed by spermatids during spermiogenesis. The other
major supporting cell type is the Leydig cell, located between
the tubules, the primary function of which is to produce testos-
terone. Luteinizing hormone (LH) and follicle stimulating hor-
mone (FSH) are secreted by the anterior pituitary in response
to gonadotropin releasing hormone released by the

hypothalamus. LH stimulates Leydig cells to produce testoster-
one [1,5], which is need for the completion of meiosis and for
spermiogenesis after the onset of puberty [5]. Meanwhile, FSH
helps initiate and maintain spermatogenesis by acting on Ser-
toli cells [6].

Spermatogenesis has also been shown to be regulated by cell
cycle proteins, including cyclin-dependent kinase inhibitors
(CDKi) [7-9]. The CDKi INK4 family includes p161“k4a,
p15™4) p18™k4e and p19™*9, all of which primarily act by
binding CDK4 and CDK6 to inhibit their activity, and thus
arrest progression through the G1/S checkpoint of the cell cycle
[10,11]. While mutations/deletions in most of the INK4 family
result in an increase in the incidence of tumors [10], an effect
on spermatogenesis was also noted for Ink4c and Ink4d pro-
teins. Specifically, Ink4c-/- mice exhibit failure of appropriate
Leydig cells differentiation resulting in hyperplasia, low testos-
terone levels and high testicle weights, with elevated sperm
counts but no obvious effect on fertility [8]. On the other hand,
Ink4d-/- male mice show testicular atrophy with increased apo-
ptosis of germ cells, but also without affecting fertility [9].
However, Ink4c-/- Ink4d-/- double knockout male mice are
infertile, with extensive testicular atrophy and degeneration [8].
This observed phenotype has been proposed to be a conse-
quence of delayed differentiation of spermatogonia, which
then undergo p53-independent apoptosis instead of entering
meiosis [8].

One of the most investigated tumor suppressor proteins,
p53, also functions in cell cycle regulation, through its effects
on transcription regulation in response to DNA damage
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and cell stress, resulting in DNA repair, cellular senescence,
growth suppression, or apoptosis [12,13]. During normal sper-
matogenesis, p53 is expressed in the intermediate layer of the
seminiferous tubules, in spermatocytes and round spermatids,
suggesting that it might play a role in regulation of this intricate
process [14]. Indeed, p53-/- mice seem to have a higher per-
centage of abnormal sperm morphology when compared to
wild-type counterparts, with an increased number of Al sper-
matogonia suggesting an increase in early proliferation, but
with no noticeable effect on male fertility [15,16].

In this report, we identify that p53-/- Ink4c-/- double knock-
out male mice have markedly reduced fertility, due to a defect
in spermatogenesis. Our investigation reveals that absence of
p53 partially reverses the Ink4c-/- phenotype of testicular and
Leydig cell hyperplasia, and leads to persistent and prolonged
delay in mitotic exit and meiotic progression, enhanced DNA
damage and prolonged wave of apoptosis, culminating in
abnormal and reduced sperm count. These findings shed light
onto the cooperation between the p53 and the RB pathways in
development and male fertility, and suggest that these players
should be investigated in pathophysiology of human male
infertility disorders.

Materials and methods
Mouse strains

Mouse strains that are p53 -/- (FVB.129-Trp53"™'*™), Cdknla -/-
(B6;126S2- Cdknla™™/]) (both from Jackson Laboratory,
Maine), or p18Ink4c -/- [7] were intercrossed, while maintained
in a mixed C57BL/6 x 129Sv genetic background. pI18Ink4c-/-
females were bred with p53-null males to yield compound heter-
ozygotes. Interbreeding generated wild-type and single- and dou-
ble-null animals at the expected Mendelian frequencies. PCR for
targeted alleles was used to verify mouse genotypes as previously
described [7,17]. Animals were euthanized at defined time points
for harvesting testes, in accordance with the American Univer-
sity of Beirut (AUB) Institutional Animal Care and Use Com-
mittee guidelines; all studies were approved by this committee.

Histological studies and Immunostaining

Testes were placed in 4% paraformaldehyde for at least 6 hours,
then in 70% ethanol at 4°C and embedded in paraffin. 4 ;wm sec-
tions were deparaffinized, and stained with hematoxylin and
eosin or processed for immunostaining. Antigen retrieval was
performed in a steamer for 40 minutes in citrate antigen retrieval
buffer (pH 6.0). Slides were incubated with anti-PCNA (Santa
Cruz Biotechnology) or anti-phosphorylated H2AX (Millipore,
California, CA) antibodies, followed by biotinylated secondary
antibody; and detected using streptavidin conjugated to horserad-
ish peroxidase and DAB substrate (DAKO, Carpinteria, CA). For
immunofluorescence staining, anti-p450scc (Santa Cruz Biotech-
nology) or anti-phosphorylated H2AX (Millipore, California,
CA) antibodies were detected with Cyanine 2 or Cyanine 3 sec-
ondary antibodies (Jackson Immunoresearch, West Grove, PA),
and counterstained with DAPI (Vector Laboratories). Apoptotic
cells were visualized by the terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick 3’-end labeling (TUNEL) assay.
TUNEL labeling was done using the Dead-End Cell Death

Labeling Kit (Roche, Indianapolis, IN). The numbers of PCNA
positive tubules and the total number of TUNEL positive cells
per tubule were manually counted from 5 representative fields, at
40x magnification. For PCNA, a tubule was considered positive if
it had more than 3 positive peripheral layers of cells. Image J soft-
ware was used to quantify size of Leydig cells, by using the area
quantitation tool and computing the mean area of Leydig cells
per field, from 7 representative fields at 40x magnification for at
least 3 mice of each genotype. Digital photomicrographs were
obtained using a Zeiss 510 NLO multiphoton/ confocal laser
scanning microscope. Composite images were constructed using
Photoshop CS6 software (Adobe Systems, Mountain View, CA).

Assessment of sperm count, motility, and morphology

Three-month old male mice of the specified genotypes were
used. For each mouse, two cauda epididymes were harvested at
a similar time of day (between 12:00 p.m. and 2:00 p.m.). The
sperm-containing fluid was squeezed out of the cauda, which
was then cut into pieces. The sperm fluid and the pieces of
cauda were suspended in 1 ml of Dulbecco’s modified Eagle
medium containing 25 mM HEPES buffer (pH 7.5) and 4 mg
of bovine serum albumin per ml and were incubated at 37°C
for 20 min. Suspensions of spermatozoa (20 pl) were fixed in
480 1 of 10% formalin. We used a hematocytometer to deter-
mine the number of spermatozoa.

For sperm motility assessment, the epididymides were iso-
lated, cut and placed at 37°C in a cell incubator, in a tube con-
taining 5 ml warm Dulbecco’s Modified Eagles Medium
(DMEM) containing 10% fetal bovine serum, 1% glutamine,
and 1% Pen/Strep, and incubated for 30 minutes to allow sper-
matozoa to swim out. 100 pL of the solution were pipetted
onto a glass slide and covered with a cover slip (size 22 x
22 mm), at room temperature. The motility of 100 spermatozoa
was observed at a magnification of 40X and assessed by two dif-
ferent examiners, and graded as ‘progressive’, ‘nonprogressive’
or ‘immotile’, where progressive motility refers to sperm with
linear or nonlinear forward motility (linear velocity > 22 um/s
and velocity > 5 pum/s), and nonprogressive motility to slug-
gish, circular or any pattern of movement with the absence of
progression. Immotile sperm fail to move at all. The motility
was expressed as the ratio of immotile to motile spermatozoa.

To assess the sperm morphology, 100 uL of the solution
were spread onto a glass slide and allowed to air-dry at room
temperature. The smears were then stained with Eosin Y stain.
Two different examiners counted 100 cells per smear. A mor-
phologically normal spermatozoon has an oval head and an
acrosome covering 40%-70% of the head area. A normal sper-
matozoon has no neck, midpiece, tail abnormalities nor cyto-
plasmic droplets larger than 50% of the sperm head. The
morphology was expressed as the ratio of abnormal to normal
spermatozoa.

Results

Ink4c-/- p53-/- double knockout males, but not females,
have markedly reduced fertility

We observed that, while Ink4c-/- and p53-/- male and female
mice each are fertile with an average litter of 6 and 9 pups,



Table 1. Pregnancy rate and average litter size by mouse genotype.

Number of
Number Pregnancies Average pups
Row Male Female of (Success Rate in  per successful
# Genotype Genotype  Matings %) litter
1 p53-/- p53-/- 193 129 (67%) 7
2 Ink4c-/- Ink4c-/- 128 92 (72%) 8
3 Ink4c-/- Ink4c-/- 36 3 (8%) 3
p53-/- p53-/-
4 p53-/- Ink4c-/- 5 3 (60%) 7
p53-/-
5 Ink4c-/- Ink4c-/- 3 3 (100%) 8
p53-/-
6 Ink4c+/- Ink4c-/- 9 6 (67%) 5
p53-/- p53-/-
7 Ink4c-/- Ink4c-/- 1 8 (73%) 6
p53+/- p53-/-
8 Ink4c-/- p53-/- 3 0 (0%) 0
p53-/-
9 Inkdc-/- Inkéc-/- 3 0 (0%) 0
p53-/-
10 Ink4c-/- WT 4 0 (0%) 0
p53-/-

respectively, and a pregnancy rate of 72% and 64% respectively,
the double-knockout animals (Ink4c-/-p53-/-) had markedly
reduced fertility, with a pregnancy rate of 8% and average litter
size of 3 in the few successful pregnancies (Table 1, compare
row 3 to rows 1-2). Pregnancy rates and litter sizes were com-
parable to controls when double-knockout females were mated
to either single knockout males, or males retaining one copy of
either p53 or Ink4c (Table 1, rows 4-7). However, pregnancy
rates were extremely low when double knockout males were
mated to either wild type or single knockout females (Table 1,
rows 8-10), signifying male infertility as the underlying prob-
lem in double-knockout mating.

Absence of p53 patrtially reverses the testicular
hyperplasia seen in Ink4c-/- mice

To investigate the underlying mechanism of male infertility in
this setting, we assessed testicular phenotype at post-natal day
(P) 15, P19, P30, and P90, corresponding to Meiosis I, Meiosis
II, first round of spermiogenesis, and adult spermatogenesis,
respectively (see Figure 1(A)).

We compared testis size and weight across genotypes. While
p53-/- mice were similar to wild-type (wt) mice in terms of tes-
ticular weight, Ink4c-/- mice showed an increased mean testis
weight, as expected and previously described [8] (Figure 1(B)).
Interestingly, loss of p53 partially reversed this phenotype, with
mice doubly deficient for both Ink4c and p53 exhibiting an
intermediate mean testis weight which is significantly higher
than that of wt and p53-/- mice, but lower than that of Ink4c-/-
mice (Figure 1(B)).

Previous studies had demonstrated that testes of Ink4c-/-
animals show Leydig cell hyperplasia [8]. Histologic compari-
son of testes from wt, p53-/-, Ink4c-/-, and Ink4c-/-p53-/- mice
at P15, P19 and P90 revealed that the hyperplasia of the Leydig
cells seen in Ink4c-/- animals, which is most pronounced in
adulthood, was partially reversed in the Ink4c-/-p53-/- double
knockout animals (Figure 1(C,E)).

The onset of mature Leydig cell function at puberty is char-
acterized by their ability to terminally differentiate and produce
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testosterone and other androgens. To evaluate whether double
knockout animals show a defect in Leydig cell differentiation,
we assessed for P450scc expression, a steroidogenic enzyme
responsible for conversion of cholesterol to pregnenolone,
which is the first and rate-limiting step in the steroidogenic
pathway [18]. Similar to what has been previously reported [8],
we found reduced levels of P450ssc immunoreactivity in Leydig
cells of Ink4c-/- mice (Figure 1(D)). Interestingly, and as for
testicular size, the phenotype of double-knockout animals was
intermediate, with a decreased but not absent expression of
P450scc (Figure 1(D)), suggesting a partial reversal of the
effects of Ink4c loss on Leydig cell differentiation as well as
hyperplasia in absence of p53.

Ink4c-/- p53-/- double knockout mice have low sperm
counts and a high proportion of immotile, sluggish, and
abnormal sperm

Sperm count, mobility and morphology play a determining role
in fertility [19], therefore we anticipated that low sperm counts,
reduced sperm mobility or morphological abnormalities might
contribute to the observed infertility in the double knockout
mice. It has been previously described that Ink4c-/- mice show
a significantly increased sperm count as compared to wild-type
mice, but maintain normal fertility [8]. Consistently, we found
that the number of spermatozoa in fluid extruded from the epi-
didymides of Ink4c-/- males was significantly greater than that
of both wild type and p53-/- males (Figure 2(A)). Strikingly,
p53-/-Ink4c-/- double knockout infertile males had much lower
sperm count compared to the control genotypes (Figure 2(A)).
Importantly, only 3 tested double knockout male mice had
sperm counts comparable to controls (see 3 outliers in Figure 2
(A)), and 2 of these 3 mice were included in the breeding study
and were responsible for 2 of the 3 successful pregnancies
observed and reported in Table 1.

We then evaluated the motility of sperm of the different
genotypes, defined as their ability to propel themselves forward.
Motility is typically categorized into three grades: Normal
sperm categorized as having progressive rapid motility swim
fast in a straight line, or tend to travel forward in a curved
motion. Nonprogressive motile sperm do not move forward
despite the fact that they move their tails, and immotile sperm
fail to move at all. For fertility, the percentage of normal pro-
gressively motile sperm should be over 32%, whereas reduced
sperm motility beyond this level is termed asthenozoospermia
[19]. Indeed, we found that double knockout mice show a high
ratio of immotile to motile spermatozoa as compared to wt ani-
mals (Figure 2(B)). Interestingly, one of the 2 male mice that
had successfully sired a pregnancy was included in this analysis,
and showed an outlier value similar to that of the wild-type
mice (Figure 2(B), see outlier), further implicating these find-
ings in the responsibility for reduced fertility.

We next evaluated sperm morphology, as morphological
defects of sperm can also be important factors in infertility
[20]. Among morphological sperm abnormalities are head
defects including round head sperms, multiple heads and tail,
pinhead and broken neck, while abnormalities in the tail
include nonflagellated free head, multiple tails, tail-stumps, and
dag defects [21]. Indeed, we found that the morphology of
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Figure 1. p53 loss partially reverses the Ink4c-/- testicular phenotype. A) Spermatogenesis overview, with time points of the first wave of spermatogenesis in mice. The
time line from birth onward indicates the temporal sequence of events. Red color denotes the timepoints at which phenotype analysis was performed in this study. Inter-
vals in which mitotic cell division, meiosis |, meiosis Il, and spermiogenesis occur are indicated above the time line, noting different stages during prophase of meiosis I.
Spermatogonia are present within the seminiferous tubules at birth, and then give rise to spermatocytes, spermatids, and spermatozoa, at the indicated timepoints. B)
Box plots representing the testis average weight (mg) for the WT (wild-type) (n = 7), p53-/- (n = 4), Ink4c-/- (n = 4) and Inkdc-/- p53-/- (n = 6) mice. Asterisks indicate sig-
nificant p-value < 0.05. C) Representative staining for Hematoxylin and Eosin (H&E) in WT (wild-type), p53-/-, Inkdc-/- and Ink4c-/- p53-/- testis at 15 days postnatal (P15),
19 days postnatal (P19) and 3 months (m) of age. The lower row shows testes at a higher magnification (HM). Arrows denote the Leydig cells area. D) Representative
staining for p450scc (middle), corresponding DAPI nuclear stain (left), and Merge (right), in WT (wild-type), p53-/-, Inkdc-/- and Ink4c-/- p53-/- testis at 3 months of age. E)
Quantitation of the Leydic cells area compared to WT (wild type) in p53-/-, Inkdc-/- and Ink4c-/- p53-/- testis at 3 months of age. Asterisks indicate significant p-value <
0.05. NS denotes non-significant p-value.
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Figure 2. Effect of dual p53 and Ink4c loss on sperm count, motility and morphology, and on ability of spermatozoa to exit mitosis. A) Box plots representing the sperm
counts (10%/ml) for WT (wild-type) (n = 5), p53-/- (n = 3), Inkdc-/- (n = 3) and Ink4c-/- p53-/- mice (n = 10, 3 outliers). Asterisks indicate significant p-value < 0.05. B) Box
plots representing the ratio of immotile to motile sperm for WT (wild-type) (n = 5) and Ink4c-/- p53-/- mice (n = 6, 1 outlier). Asterisks indicate significant p-value < 0.05.
C) Box plots representing the ratio of abnormal to normal sperm for WT (wild-type) (n = 5) and Ink4c-/- p53-/- mice (n = 6, 1 outlier). Asterisk indicates significant
p-value < 0.05. D) Representative Eosin Y staining of WT (wild-type) and Ink4c-/- p53-/- sperms at 3 months of age. 1 denotes Free head, 2: Free tail, 3: Broken neck, 4:
Dag defect, 5: Hook defect and 6: Tail-stump sperms. E) Representative Immunostaining for PCNA in WT (wild-type), p53-/-, Ink4c-/- and Ink4c-/- p53-/- testis at 15 days
postnatal (P15), 19 days postnatal (P19) and 3 months (m) of age. The last row shows tubules at a higher magnification (HM). F) Box plots representing the percentage
(%) of PCNA positive tubules compared to the total number of tubules per field in WT (wild-type) (n = 4), p53-/- (n = 4), Inkdc-/- (n = 4) and Ink4c-/- p53-/- mice
(n =7, 3 outliers). For quantification of difference, a tubule was considered positive if it had more than 3 positively stained peripheral layers of cells. Asterisks indicate

significant p-value < 0.05. NS denotes non-significant p-value.

residual epididymal spermatozoa in the double-null mice was
abnormal, having a greater ratio of abnormal to normal sper-
matozoa compared to wild-type males (Figure 2(C,D)). Similar
to what was observed for sperm count, the one male mouse
that had successfully sired a pregnancy showed an outlier value
similar to that of the wild-type mice (Figure 2(C), see outlier).

Mice lacking both genes show a prolonged delay in
spermatozoa entry into meiosis

Because Ink4c and p53 are cell cycle regulators [11,13], we
anticipated that the loss of both inhibitors might affect

premeiotic spermatogonial proliferation. To detect mitotically
active spermatogonia, sections of testes were stained with
PCNA, a marker of proliferation expressed in S phase [22]. Up
to P15, PCNA-positive cells were detected in testicular tubular
cells of all genotypes (Figure 2(E)). By P19, the number of
PCNA-positive cells in tubules decreased in all genotype back-
grounds, suggesting that many cells had exited the mitotic
cycle. By adulthood, germ cell proliferation was restricted to a
monolayer of cells along the basement membrane in the major-
ity of seminiferous tubules in wild-type animals, but persisted
in multiple cell layers in double knockout animals (Figure 2(E),
lower 2 panels). Quantitation of PCNA-positive tubules at the
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3-month time-point showed that p53-/-Ink4c-/- mice had
higher percentage of tubules with active proliferation, as com-
pared to wild type and Ink4c-/- genotypes (Figure 2(F)),
whereas p53-/- males also had a higher percentage of positive
tubules as compared to wild type (but not Ink4c-/-) males. This
persistence of mitotic activity of the spermatogonial population
in 3-month-old doubly deficient mice suggests that loss of both
tumor suppressors leads to continuation of the mitosis phase in
spermatogonia, and thus a delay in meiosis entry throughout
adulthood.

p53-/-

DAPI DAPI TUNEL

TUNEL

P15

Mice lacking both genes have an increase in spermatozoa
apoptosis and evidence of DNA damage in spermatids

In testes from wild-type mice, as the first cohort of germ cells
reaches the pachytene stage at P14 or P15, apoptosis of sper-
matogonia increases but then declines by P19 as some cells
complete meiosis I [4]. This wave of apoptosis is reflected by a
quantifiable number of cells with condensed nuclei and DNA
free ends detected by TUNEL assay (Figure 3(A), left panel).
We found that, while this wave of apoptosis is similar in p53-/-
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with its corresponding DAPI nuclear stain (left) in WT (wild type), p53-/-, Ink4c-/- and Ink4c-/- p53-/- testis at postnatal days P15, P19, and 3 months (m) of age. B) Quantita-
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animals to that in wt mice, it was somewhat prolonged in
Ink4c-/- mice (Figure 3(A), compare second and third panels to
first panel). However, in double-null mice, apoptosis persisted
into adult mouse age (Figure 3(A), right panel). Quantitation of
the number of tubules containing TUNEL-positive cells showed
that both Ink4c-/- single knockout and Ink4c-/-p53-/- double
knockout testes show a prominence of apoptosis at P15 and
P19, when compared to wt and p53-/- testes (Figure 3(B)).
However, only the double knockout testes show persistent apo-
ptosis in testes of adult mice (Figure 3(B)).

We considered whether the persistent proliferation noted in
adult double knockout testes (see Figure 2(D)) might be associ-
ated with DNA damage, as a possible cause for apoptosis in
spermatogonia. Indeed, immunostaining for phospho-H2AX, a
marker of DNA damage [23], in testis at P90 showed positive
staining in nuclei of spermatozoa of p53-/- Ink4c-/- double
knockout mice, at all stages of maturation as well as in sperma-
tids, a finding not seen in single knockout or wild type testes
(Figure 3(C)). Quantitation of pH2AX positive tubules showed
that up to 50% of tubules stained for pH2AX in adult double
knockout animals, compared to 10-15% of tubules in the wild
type and single knockout animals (Figure 3(D)).

The effects of p53 loss on spermatogonia are not due to
loss of Cdkn1a

Another Cdk-inhibitor, Cdknla, is a well-studied downstream
effector of p53 in cell cycle arrest [24]. While Ink4c acts as an
inhibitor of the cell cycle kinases Cdk4 and Cdké, Cdknla acts
primarily as an inhibitor of Cdk2 and Cdkl [25,26]. We there-
fore investigated whether the effects of p53 on fertility in the
setting of Ink4c loss are mediated through loss of induction of
its downstream effector Cdknla. Previous studies have indeed
noted some role for Cdknla in spermatogenesis control and
cell cycle progression [24,27,28]. However, we found that, in a
total of 9 matings of Ink4c-/- Cdknla-/- mice, all 9 male mice
sired offspring, with a pregnancy rate of 78% and an average lit-
ter size of 8 pups, thus comparable to wild type and single
knockout mice (compare to Table 1). We conclude that Cdknla
is not responsible for the downstream effects of p53 in sper-
matogenesis control in this setting.

Discussion

Our work has uncovered a previously unrecognized interplay
between p53 and Ink4c in spermatogenesis and male fertility.
Consistent with their known roles as tumor suppressors, loss of
p53, Ink4c, or both predisposes mice to different types of
tumors [10,29-31]. However, their roles in spermatogenesis
and fertility are less well defined. Male p53-/- mice are fertile
with no evidence of defects in spermatogenesis [15,30], beyond
a noted increase in number of early (Al) spermatogonia, sug-
gesting an increase in proliferation at that stage [15,30]. On the
other hand, Ink4c-/- mice have morphologic abnormalities in
male testes, including testicular hypertrophy, defects in Leydig
cell differentiation, and significantly increased sperm count;
however they have normal fertility [8]. Our findings now impli-
cate p53 in maintaining fertility in the setting of Ink4c loss, as
double knockout mice have partial reversal of the morphologic
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abnormalities seen in Ink4c-/- testes, including testes size and
Leydig cell differentiation defect. However, the end result is a
marked decrease in sperm count, and extensive abnormalities
in sperm morphology and motility.

On a cellular level, we found that testes from double knock-
out mice show a prolongation of the period of spermatozoa
proliferation and secondary delay of entry into meiosis, with
accumulation of DNA damage in spermatozoa and spermatids,
and persistent apoptosis continuing into adult male life. A
wave of apoptosis is normally seen during the first wave of
spermatogenesis. One function seems to be preventing cell
crowding in seminiferous tubules and maintaining a proper
ratio of differentiating spermatogonia to Sertoli cells [32].
Another possible function is to act as a quality control mecha-
nism, removing germ cells that could give rise to abnormal
spermatozoa [16]. While this wave of apoptosis seems to be
transiently prolonged in Ink4c-/- mice, it persists into adult-
hood in Ink4c, p53 double knockout animals.

The transient increased apoptosis in Ink4c-/- testes has been
suggested to be secondary to the observed transient delay in mei-
otic progression [8]. Our results now suggest that p53 plays an
important role in mitigating this effect, as loss of p53 results in
further prolongation of meiosis entry, continued proliferation
past P19, accumulation of cells with DNA damage, and persis-
tent p53-independent apoptosis in adult testes, along with abnor-
mal sperm cell morphology and motility, and male infertility.

The prolonged proliferation seen in Ink4c/p53 double
knockout mice is not present in either single knockout geno-
type. This is different from the phenotype reported upon dual
loss of another CDK4 inhibitor, Ink4a, and an upstream activa-
tor of p53, pI19Arf. Similar to Ink4c, loss of Ink4a results in tes-
ticular hyperplasia, increase in sperm count, and increase in
proliferation of early spermatogonia [33]. However, the Leydig
cell hyperplasia and differentiation defect seen in Ink4c-/- mice
has not been reported in Ink4a-/- mice, suggesting an addi-
tional non-overlapping role for Ink4c in this setting. Loss of Arf
leads to increased DNA damage in spermatogonia, which
results in p53-mediated apoptosis, decreased testes size and
reduced sperm count, but normal mouse fertility [33]. Dual
Ink4a/Arf knockout mice show increase in proliferation of
spermatogonia similar to that observed in Ink4a-/- animals,
and a persistent increase in pH2AX and induction of apoptosis
similar to that seen in Arf-/- animals [33]. In this manner, the
Ink4a/Arf-/- double knockout results in normalization of testic-
ular weight and sperm count, likely due to the independent but
additive effects of both phenotypes. Notably, all 3 genotypes
(Ink4a-/-, Arf-/- and double knockout) have normal fertility
[33]. In contrast, loss of p53 in Ink4c-/- animals leads to DNA
damage, apoptosis, decreased (normalized) testes weight,
decreased sperm counts, and markedly reduced fertility, which
are not present in either single knockout phenotype. Therefore,
unlike the case for Arf and Ink4a, which seem to act indepen-
dently, p53 and Ink4c act in series in this setting, where p53 is
necessary to prevent DNA damage and ensuing apoptosis in
Ink4c-/- spermatogonia. The exact mechanism by which Ink4c
loss leads to DNA damage accumulation (which is ameliorated
by p53) is still unclear. Notably, both p53-dependent and p53-
independent mechanisms of apoptosis have been described in
testicular germ cells upon exposure to stress [15,34,35].
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Interestingly, absence of p53 also partially reverses the Ley-
dig cell hyperplasia seen upon Ink4c loss, and allows normaliza-
tion of Leydig cell differentiation defect. The previous study by
Zindy et al [8], and as our study replicates, shows that Ink4c is
important in Leydig cell biology and differentiation, as well as
in early meiosis exit in spermatogonia. Our study is the first to
show a role for p53 in Leydig cell differentiation and hyperpla-
sia in the setting of Ink4c loss, but the exact mechanistic path-
way by which this occurs needs to be further elucidated. Also,
since p53 loss affects both Leydig cells and spermatogonia in
Ink4c-/- animals, the relative importance of the two cell types
on the final infertility phenotype is not clear, although we sus-
pect that the role of spermatogonia may be the most important,
due to the findings of DNA damage, apoptosis, and abnormal
sperm morphology.

The CDK2 inhibitor Cdknla is a well-characterized
downstream effector of p53 in cell cycle control [25,26].
Previous studies have demonstrated a role for Cdknla in
spermatogonial stem cell renewal and differentiation [24].
Cdknla is expressed in quiescent primordial germ cells,
spermatogonia, and supporting cells in the marbled newt,
with a direct effect of p53 expression on levels of Cdknla
and cell cycle arrest [28]. In the mouse and the rat,
Cdknla is expressed in spermatocytes and spermatids
[27,36]. However, our results showed that it does not play
a role in mediating effects of p53 loss on fertility in the
Ink4c-/- setting. Indeed, p53 may act on the cell cycle
independently of Cdknla, as previously shown in certain
forms of senescence [37,38] at least partly through induc-
tion of Decl [38], and cell cycle exit in response to DNA
damage via upregulation of other downstream effectors
such as TIGAR [39], FOXM1 [40], or direct repression of
CDC20 [41] and Cyclin Bl [42]. Identifying the exact
downstream effectors of p53 in the testis may provide fur-
ther insights into the specific interplay among cell cycle
proteins, DNA damage response, and differentiation path-
ways during spermatogenesis.

In male infertility disorders in humans, it is well recognized
that there is a correlation between presence of markers of DNA
damage, and abnormalities in sperm count, morphology, and
motility [43,44], and therefore a causation effect may well be
likely. However, no studies have yet characterized the underly-
ing mechanisms, including the role of cell cycle pathways such
as those converging on RB1 and p53, in disorders of male fertil-
ity. Our work suggests that cell cycle pathways such as p53 and
Ink4c may be important candidates to investigate in such infer-
tility conditions.
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