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Interacts with Ras Protein Pathway and Contributes to
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Background: Understanding how spermatogenesis occurs in mammals is not yet fully understood.

Results: L-GILZ deficiency in germ cells leads to complete loss of germ cell lineage resulting in male sterility.

Conclusion: Our study identifies L-GILZ as an important factor for spermatogenesis.

Significance: Identification of genes critical for maintenance of spermatogenesis is pivotal for diagnosis and treatment of male

infertility.

Correct function of spermatogonia is critical for the mainte-
nance of spermatogenesis throughout life, but the cellular path-
ways regulating undifferentiated spermatogonia proliferation,
differentiation, and survival are only partially known. We show
here that long glucocorticoid-induced leucine zipper (L-GILZ)
is highly expressed in spermatogonia and primary spermato-
cytes and controls spermatogenesis. Gilz deficiency in knock-
out (gilz KO) mice leads to a complete loss of germ cell lineage
within first cycles of spermatogenesis, resulting in male sterility.
Spermatogenesis failure is intrinsic to germ cells and is associ-
ated with increased proliferation and aberrant differentiation of
undifferentiated spermatogonia and with hyperactivity of Ras
signaling pathway as indicated by an increase of ERK and Akt
phosphorylation. Spermatogonia differentiation does not pro-
ceed beyond the prophase of the first meiotic division due to
massive apoptosis associated with accumulation of unrepaired
chromosomal damage. These results identify L-GILZ as a novel
important factor for undifferentiated spermatogonia function
and spermatogenesis.

Spermatogenesis is a tightly controlled process of germ cell
maturation programmed to produce spermatozoa through life
(1). The generation and maintenance of the germ cell lineage
occur within the seminiferous tubules of the testis where the
processes of spermatogonia proliferation and differentiation
take place (1, 2). The molecular mechanisms underlying the
function of undifferentiated spermatogonia have not been elu-
cidated largely due to the lack of specific biologic markers. The
undifferentiated spermatogonia population contains the sper-
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matogonial stem cells (SSCs),> which are the adult stem cells of
germ cell lineage. An appropriate equilibrium between SSC
self-renewal, proliferation, and differentiation is necessary to
maintain spermatogenesis and male fertility. Previous studies
have implicated several genes in the regulation of undifferenti-
ated spermatogonia function, but factors influencing their pro-
liferation and differentiation to mature germ cells have not
been fully defined (3-8).

The Ras signaling pathway is important in regulating cell
proliferation, survival, and differentiation (9). Ras interacts
with and activates several effectors which in turn trigger a mul-
titude of signaling pathways (10). Raf and PI3K, the best char-
acterized Ras effectors, activate respectively MEK/ERK kinase
and Akt/PKB serine/threonine kinase (Akt) cascades (11) and
cooperate in regulating cell death and proliferation (12-15).
Moreover, Ras activity correlates with ERK and Akt phospho-
rylation and cyclin D1 expression. Notably, Ras signal transduc-
tion is controlled by several proteins which, by enhancing or
disrupting physical interactions between pathway components,
efficiently up- and down-regulate the signal (16, 17). It is well
established that such control mechanisms, based on protein-
to-protein interaction, serve to maintain normal cell growth
rate and function (18 -21).

Glucocorticoid-induced leucine zipper (GILZ) was initially
described as a regulator of the immune response and an impor-
tant player of the anti-inflammatory and immunomodulatory
effects of glucocorticoids. Glucocorticoid effects are in part due
to the GILZ-mediated modulation of cell proliferation and dif-
ferentiation (22-25). In particular, we have shown that GILZ
directly binds Ras and inhibits downstream MAPK/ERK Ras-
dependent signals, thus functioning as a physiological brake on
cell proliferation (26). Moreover, we have shown that this

2 The abbreviations used are: SSC, spermatogonial stem cell; a6-int, a6-integ-
rin; dpp, days postpartum; GILZ, glucocorticoid-induced leucine zipper;
L-GILZ, long GILZ; GSEA, Gene Set Enrichment Analysis; LH, luteinic hor-
mone; gPCR, quantitative PCR; PLZF, promyelocytic leukaemia zinc finger.
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inhibitory effect is associated with decreased ERK, Akt, and Rb
phosphorylation, and cyclin D1 expression (26, 27).

The GILZ locus gene is characterized by two main isoforms,
GILZ and a longer isoform, long GILZ (L-GILZ), that are
expressed differentially in various tissues (28). We show here
that L-GILZ is the only isoform expressed in testis. Using gilz
knock-out (gilz KO) mice, we demonstrate that L-GILZ is
important for spermatogenesis. Gilz deletion in germ cells
results in eradication of germ cell lineage, associated with
hyperactivation of Ras signaling, increased spermatogonia pro-
liferation at the premeiotic phase, deregulated meiotic gene
expression, and massive apoptosis in meiosis.

EXPERIMENTAL PROCEDURES

Generation of Gilz KO Mice—Animal care was in compliance
with regulations in Italy (Ministerial Decree 116192), Europe
(O.]. of European Community 358/1 December 18, 1986), and
the United States (Animal Welfare Assurance No. A5594-01,
Department of Health and Human Services, Washington, DC).
For genotyping, genomic DNA was isolated from mice tails, and
genotypes were determined by Southern blot analysis. 15-20
g of DNA was digested with Kpnl or HindIII and separated in
a 0.8% agarose gel. The DNA was transferred to a GeneScreen
Plus membrane (PerkinElmer Life Sciences) and hybridized
with 5" or 3’ probes. The 5’ probe hybridizes to 5.0-kb (WT)
and 7-kb (targeted) HindIII fragments. The 3’ probe hybridizes
to 12.4-kb (WT) and 8.4-kb (targeted) Kpnl fragments.

Histology—Mouse testes at various stages were collected and
fixed for 24 h in 10% buffered formalin and embedded in par-
affin wax. Semiserial sections were stained with H&E or used
for immunohistochemistry. Dewaxed and rehydrated sections
of WT and gilz KO testes at the indicated time points were
incubated with specific antibodies for L-GILZ (eBioscience),
PLZF (Calbiochem), GATA-1 (Santa Cruz Biotechnology),
TRA98 (BioAcademia), cyclin D1 (Santa Cruz Biotechnology),
and yH2AX (Upstate). Rat IgG2a K isotype control was pur-
chased from BD Biosciences. A full automated staining system
(Vision BioSystems Bond Max) was used for the immunohisto-
chemical staining using a biotin-free polymeric HRP linker
antibody conjugate system (Bond Polymer Defined Detection;
Vision BioSystems Ltd.). The number of positive cells/seminif-
erous tubule was counted for six individual animals and average
values and standard deviation determined. At least 60 seminif-
erous tubules were counted per testis. Digital images were
acquired with an Olympus BX51 microscope equipped with a
Leica EC3 camera (Leica) and analyzed with LAS EZ software
(Leica).

Cell Staining and Flow Cytometry— Analysis of testis cell sus-
pensions was obtained from 7-days postpartum (dpp) testes by
enzymatic digestion with type I collagenase (Sigma), filtered
through a 70-wm nylon mesh, and incubated in cell dissociation
buffer (Invitrogen) for 25 min at 32 °C. After centrifugation,
cells were incubated with anti-integrin-a6 (a6-int; eBiosci-
ence), anti-c-Kit (eBioscience), or phosphorylated Ser-473 Akt
(pAkt; Cell Signaling) antibodies for 15 min at room tempera-
ture in PBS and 2% FCS and washed twice with excess of PBS
and 2% FCS.
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Proliferation BrdU Assay—Cell proliferation was measured
by BrdU incorporation (Roche Applied Science). Cells were
plated at 10° cells/well and treated with 0.2 um wortmannin
(Sigma) for 6 h. BrdU was added during last 2 h. Cells were
stained with surface markers for 15 min, washed, and fixed in
2% paraformaldehyde. Incorporated BrdU was immunode-
tected using FITC BrdU Flow Kit (BD Biosciences). Flow
cytometry experiments were performed using a one laser stand-
ard configuration FACS Canto (BD Biosciences). Data were
analyzed using FlowJo software (Tree Star).

Whole Mount Immunostaining—Tubules were removed
from the tunica albuginea from WT and gilz KO testis at 7, 10,
14, 25, and 35 dpp (n = 5) and fixed with 4% paraformaldehyde
at 4 °C. Samples were incubated overnight at 4 °C with primary
antibodies with PBS, 0.1% Triton X-100, 1% BSA, 5% donkey
serum against PLZF and GILZ. After washing, samples were
incubated with anti-mouse Alexa Fluor 488 or anti-rat Alexa
Fluor 568 secondary Abs (Invitrogen). Successively, tubules
were mounted on slides with Vectashield (Vector Laborato-
ries). Nuclei were counterstained with Hoechst 33342. Confo-
cal photomicrographs were acquired with a Leica TCS SP2
(Leica) equipped with three laser lines (argon 488, 543, 633 nm).
Each channel was acquired separately using specific laser lines
to avoid bleed-through of the fluorochromes. Photomicro-
graphs were acquired with LAS AF Software (Leica) at 1024 X
1024 or 2048 X 2048 pixels. Values for positive staining cells
were measured using the National Institutes of Health software
program Image].

Quantitative Real Time PCR Analysis—Total RNA was
extracted using TRIzol (Invitrogen). RT-PCR was done using
QuantiTect Reverse Transcription (Qiagen). PCR analyses
were done with the primers shown in supplemental Table S2.
PCR was performed in a final volume of 20 ul containing 0,02
uM cDNA, 0.5 uMm sense and antisense primers, 1.5 mm MgCl,,
and 1 unit of platinum TagDNA polymerase (Invitrogen). The
PCR was done according to the manufacturer’s instructions.
The PCR products were electrophoresed on a 2% agarose gels in
the presence of ethidium bromide. Real-Time quantitative PCR
(qPCR) analysis was performed in Applied Biosystems Real
Time PCR machine (AB7300) using Power SYBR Green PCR
Master Mix (Applied Biosystems). Relative amounts of L-GILZ
and other mRNAs analyzed (supplemental Table S2) were cal-
culated by the Comparative AAC(t) method.

Cell Transfection and Immunoprecipitation—HEK293 cells
were transfected using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions, with pcDNA3.1-FLAG-
L-GILZ and pCMVTag-H-Ras-Myc. 24 h after transfection,
whole cell extracts were prepared, and immunoprecipitations
were performed with anti-FLAG M2 beads (Sigma). Inputs and
immunoprecipitated proteins were separated by SDS-PAGE
and analyzed by Western blotting. Exogenous expression of
transfected proteins was detected by primary Abs recognizing
FLAG peptide (Sigma) and Myc peptide (Invitrogen).

Western Blotting—Total protein extracts in radioimmuno-
precipitation assay buffer were separated by SDS-PAGE, trans-
ferred to the PVDF membrane, and immunoblotted using the
primary antibodies against GILZ (Santa Cruz Biotechnology),
ERK1/2 and phospho-ERK1/2, Akt and phospho-AKT Ser-473
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(Cell Signaling), and B-tubulin (Sigma-Aldrich); signal was
revealed using secondary HRP-conjugated antibodies (Thermo
Scientific) and the ECL visualization system (Amersham Bio-
sciences). Western blot films were scanned, and band signal
intensities were determined using Scion Image software (Scion
Corporation). Expression levels were normalized to B-tubulin
expression.

Gene Expression Profiling—The experiment was performed
using 12 Affymetrix GeneChip Human Mouse ST 1.0 arrays.
The aim of the analysis was to compare gene expression
profiling of 7-dpp testes from WT and gilz KO mice. Total
RNAs were purified from 7-dpp testes from WT and gilz KO
littermates using TRIzol (Invitrogen). 18 samples were
pooled in six groups, each made of three biological repli-
cates. The two experimental groups were: WT 7 dpp; KO 7
dpp. Differentially expressed genes were identified using
Partek Genomic Suite 6.4 software. ANOVA was performed
and differentially expressed genes filtering for a false discov-
ery rate < 0.05. A p value < 0.05 and -fold change > 1.5 (in
modulus) were used to filter.

Additional procedures are presented in the supplemental
Materials and Methods.

RESULTS

L-GILZ Isoform Is Expressed in Spermatogonia and in Pri-
mary Spermatocytes—We have recently described a novel
GILZ protein isoform, L-GILZ, that is involved in the regula-
tion of cell growth and differentiation (28). L-GILZ comprises
all characterized functional domains of GILZ including the
N-terminal part encoded by an upstream alternative exon 1
(Fig. 1A). L-GILZ is transcribed from an independent promoter
(28) and has distinct pattern of expression compared with
GILZ, with highest expression observed in testis where L-GILZ
is the only detectable isoform (Fig. 1, B and C). Testicular
expression of L-GILZ is confined to the germ cell lineage as
Sertoli and Leydig cells are completely devoid of L-GILZ (Fig.
1D). During the first wave of spermatogenesis, L-GILZ is
expressed in spermatogonia and spermatocytes until the early
prophase I (leptotene, zygotene), as indicated by morphological
criteria (Fig. 1D). It is not detected in late meiotic (pachytene
and diplotene spermatocytes) and postmeiotic cells (sperma-
tids and spermatozoa) (Fig. 1D), suggesting that L-GILZ plays a
role in early stages of spermatogenesis.

The SSCs are part of a subset of germ cells called undifferen-
tiated spermatogonia (6, 8, 29). This subset includes Asingle
spermatogonia, which are thought to be the SSCs, that either
self-renew by mitotic division or divide into Apaired and
Aaligned spermatogonia. Using PLZF expression as a marker of
undifferentiated and early dividing spermatogonia (4) (Asingle,
Apaired, and Aaligned), we detected L-GILZ in PLZF-positive
cells as well as in more differentiated PLZF-negative spermato-
gonia (Fig. 1E). Therefore, the L-GILZ expression pattern sug-
gests that L-GILZ could be involved in spermatogenesis by reg-
ulating undifferentiated spermatogonia function.

Lack of L-GILZ Impairs Spermatogenesis—\We generated gilz
KO mice by a standard LoxP-Cre approach (Fig. 24). The gilz
gene is located in the X chromosome and is composed of 6
exons (30). A targeting vector was constructed by placing one
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LoxP site upstream of the coding exon 6 that is the largest cod-
ing exon and is common to all of the gilz isoforms, and a second
LoxP site linked to a SV40-neomycin (SV40-neo) selectable
marker downstream of exon 6 (Fig. 24). SV40-neo cassette was
flanked by FRT sites to allow its subsequent deletion in vivo by
Flp recombination. The floxed allele of the gilz gene was gener-
ated through homologous recombination in C57BL/6 mouse
embryonic stem (ES) cells. Two positive ES clones were used to
produce chimeras. Correct targeted clones were determined by
Southern blot analysis (Fig. 2B). Two chimeras have transmit-
ted targeted modification through the germ line (gilz"**’¥ males
and gilz"¥/" females). We first generated a total gilz KO mice
by crossing “floxed” gilz mice with general Cre-Deletor mice
(31) that express CMV-CRE transgene starting from oocytes
and mediate Cre-mediated excision at early embryonic stages
of development generating “general” KO of gilz mice (here
called gilz KO mice). Cre-mediated deletion of floxed exon 6 is
expected to result in premature termination of gilz protein
translation and destabilization of the truncated transcript (Fig.
2, Cand D). Gilz KO mice are born at Mendelian ratios with the
expected sex distribution and appear overtly normal. However,
we found a dramatic phenotype in gilz KO testis, with a
70-80% reduction in testis size and weight compared with
the WT littermate controls (Fig. 3, A and B). Moreover, when
three gilz KO males were each mated with two females, none
of the females became pregnant in a 6-month time period,
indicating that although gilz KO males are viable and healthy
at birth and adulthood, they are sterile. The seminiferous
tubules in gilz KO mice rapidly lost all germ lineage cells (Fig.
3, Cand D, and supplemental Fig. S1, A and B). In fact, adult
gilz KO testes contained seminiferous tubules totally devoid
of germ cells, with only GATA-1-positive Sertoli cells (32)
remaining (Fig. 3, E and F). Analysis of testis cell count after
birth reveals that the number of PLZF-positive cells decrease
over time and completely disappear in adult gilz KO testes,
suggesting a progressive loss of all germ cells including SSC
(Fig. 3, G-I). Of note, gene expression analysis of germ line-
age markers (1, 2) confirmed the absence of Oct-4, Nanos2,
DAZL, or Mvh transcripts in adult gilz KO testis, whereas
SOX-9 and luteinizing hormone receptor, markers of Sertoli
and Leydig cells, respectively (2), were present (supplemen-
tal Fig. S1C).

Histological analysis aimed to define when, during spermato-
genesis, gilz KO cells are lost showed no obvious differences in
WT and gilz KO testes at birth (supplemental Fig. S1, A and B).
However, differential numbers of germ cells were observed
starting from 7 dpp. The number of gilz KO germ cells/tubule
was higher at 7 dpp and decreased significantly at 14 dpp when
spermatocytes progress through the pachytene stage of meiosis
(supplemental Fig. S1, A and B). During the first meiotic phase
we observed gilz KO tubule atypical spermatocytes containing
condensed or scattered chromatin, showing a strong increase in
histone H2AX phosphorylation (yH2AX), which is normally
associated with double-strand breaks and genomic instability
(supplemental Fig. S1D). Massive apoptosis was demonstrated
in 14-dpp KO testes by TUNEL assay (supplemental Fig. S2, A
and B). Consequently, round spermatids of the postmeiotic
phases of differentiation were never found in 21-dpp gilz KO
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FIGURE 1. L-GILZ is highly expressed in spermatogonia and primary spermatocytes. A, graphical representation of conserved protein domains of gilz
isoforms. The two proteins share an amino acid sequence that includes TGFB-stimulated clone box (TSC box), leucine zipper domain (LZ), and PER region (PER).
L, leucine residues. B, L-GILZ protein expression in different murine tissues evaluated by Western blot analysis. n = 3 mice/group. C, GILZ and L-GILZ mRNA
expression in testis at different ages evaluated by qPCR. GILZ expression in 1-dpp WT testis was arbitrarily considered as a unit. Results are shown as means =
S.E. (error bars); n = 5 mice/group. *, p < 0,05, two-tailed Student’s t test. D, L-GILZ expression in adult testis. Immunohistochemical analyses show that L-GILZ
expression in testis is restricted to germ cells. Upper panels, isotype control. Lower panels, L-GILZ staining. Scale bars, 100 wm (magnification, X20); 50 wm (X40).
E, whole mount immunostaining in 9-dpp testes with anti-GILZ (red) and anti-PLZF (green) antibodies. a-c, low magpnification; scale bars, 75 um). d and e, high
magnification image (scale bars, 20 um) showing co-expression of L-GILZ and PLZF (white arrows) in spermatogonia with large nuclei and the absence of
chromocenters (white asterisks) as evidenced by Hoechst 33342 staining (Hoe). Arrowheads indicate L-GILZ expression in PLZF-negative spermatogonia.

testes (supplemental Fig. S1, A and B). To note, no increase in
cell death was observed at the premeiotic stage of differentia-
tion before 10 dpp, as indicated by TUNEL assay and gene
expression analysis of apoptosis-related genes (supplemental
Fig. S2, Cand D). These results demonstrate that lack of L-GILZ
leads to a complete depletion of the germ cell lineage, including
SSCs, resembling the phenotype occurring in the human Sertoli
cell-only syndrome (33). Thus, L-GILZ is essential for
spermatogenesis.
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Spermatogenesis Failure in Gilz KO Mice Is Intrinsic to Germ
Cells—Pituitary gland-derived gonadotropins luteinic hor-
mone (LH) and follicle-stimulating hormone (FSH) control the
physiological activity of Sertoli and Leydig cells, both essential
for regulation of germ cell function. Spermatogenesis is also
controlled by steroid hormones produced by Leydig cells (34).
To rule out the possibility that defects in cells other than of the
germ lineage contribute to cell depletion in gilz KO animals, we
first analyzed spermatogenesis-related hormone levels (34). LH
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FIGURE 2. Targeted disruption of murine gilz gene. A, schematic represen-
tations of WT allele, targeting vector, floxed and recombinant locus of gilz
gene. K, Kpnl; H,Hindlll. B, genotype analysis of WT and gilz KO mice. Genomic
DNA was isolated from mice tails, and genotypes were determined by South-
ern blot analysis with 5’ and 3’ probes represented with black boxes below
the gilzKO allelein C. The 5’ probe hybridized to 5-kb (WT) and 7-kb (targeted)
Hindlll fragments. The 3’ probe hybridized to 12.4-kb (WT) and 8.4-kb (tar-
geted) Kpnl fragments. C, Western blot analysis of spleen and testis of WT or
gilz KO adult mice. Figure is representative of three different experiments. D,
Western blot analysis of 7-dpp and 10-dpp WT or gilz KO testis. Figure is
representative of three different experiments.

and FSH levels in the pituitary gland as well as serum testoster-
one were similar in WT and gilz KO mice (supplemental Fig. S3,
A and C). No differences were observed in estrogen receptor,
androgen receptor, FSH receptor, and LH receptor expression
(supplemental Fig. S3B). To prove that the defect in spermato-
genesis was not due to a stem cell niche dysfunction or to
abnormalities in the hypothalamic-pituitary-gonadal axis, we
crossed gilz"**"Y males with mice carrying the Mvh-Cre trans-
gene to generate germ cell-specific gilz KO mice (gilz cKO). As
in the gilz KO mice, the tubules of germ cell-specific gilz cKO
adult testes were devoid of germ cells (supplemental Fig. S4A4)
and lacked the expression of germ stem cell markers (supple-
mental Fig. S4B). The ultimate proof that defective spermato-
genesis in gilz KO mice is intrinsic to germ cells was given by
transplantation of WT germ cells into gilz KO testis, in which
we were able to restore normal spermatogenesis in recipient
mice (supplemental Fig. S4, C-F), indicating that recipient gilz
KO testis was able to support normal spermatogenesis by func-
tional WT germ cells. These results demonstrate that failure of
spermatogenesis is caused by the absence of L-GILZ in germ
cells.
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FIGURE 3. GILZ is necessary for normal spermatogenesis. A, testis from
12-week-old WT and gilzKO mice. B, average ratio of body/testis body weight
at different ages as indicated in the figure. Results are shown as means = S.E.
(error bars); n = 10 mice/group.*, p < 0.05, two-tailed Student’s t test. Cand D,
histology of WT and gilz KO adult testis. Gilz KO tubules contain only Sertoli
cells (arrowheads). Scale bars, 100 um. E and F, immunohistochemistry for
GATA-1 staining. Gilz KO adult testis contains only GATA-1-positive cells (F,
black arrows). Scale bars, 100 um. G and H, loss of PLZF-positive cells in gilzKO
adult testis. Scale bars, 100 um. I, quantitative analysis of PLZF-expressing
cells. 10 different sections of testes of each genotype were randomly selected.
The average numbers of PLZF-positive cells/area of each mouse were calcu-
lated at each time point; results are shown as means * S.E;; n = 5 mice per
group. *, p < 0.05, two-tailed Student’s t test.

Increased Proliferation and Differentiation in Gilz KO Undif-
ferentiated Spermatogonia—To elucidate the molecular defects
leading to spermatogenesis failure in gilz KO mice we per-
formed gene expression profiling of WT and gilz KO testes at 7
dpp, when the phenotypic differences become evident.
Microarray and qPCR analysis revealed deregulation of expres-
sion of relatively few genes (Fig. 44 and supplemental Table S1).
Nevertheless, important differences between gilz KO and WT
testes were revealed by Gene Set Enrichment Analysis such as
the deregulation of cell cycle-related gene sets, suggesting that
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FIGURE 4. Increased proliferation and differentiation in spermatogonia of gilz KO neonatal mice. A, microarray analysis of gene expression in testis from
7-dpp WT and gilz KO mice. Results are visualized in the table as relative -fold changes between gilz KO versus WT. Expression of selected genes identified in the
microarray analysis was validated by gPCR (right column) using as template an aliquot of the same RNA used for microarray (up-regulated genes in blue, and
down-regulated genes in red). 18 samples were pooled in six groups, each made of three biological replicates. The two experimental groups were: 7-dpp WT
and 7-dpp KO. Global variation over genotype results in 36 genes selected for p value and -fold change. The analysis indicates that variation in these contrasts
islow,and WT and gilzKO results yield 59 differentially expressed genes (supplemental Table S1). B, GSEA analysis identified enrichment of proliferation-related
gene sets in gilz KO testis. Enrichment profile describes positively correlated KO gene set represented on the left part of each graph (red bar) and negatively
correlated WT gene sets on the right part (blue bar). The enrichment score curves were obtained from GSEA software. C-H, immunohistochemical analyses of
TRA98 and cyclin D1 expression in sections of postnatal testis at different stages of development. Numbers of both TRA98 ™" (C-£) and cyclin D17 (F-H) cells are
significantly higher in 7-dpp gilz KO testis compared with controls. Scale bars, 100 um. The average numbers of TRA98™ or Cyclin D17 cells/area of each section
were calculated at each time point and are represented in the graphic charts; results are shown as means = S.E. (error bars); n = 5 mice/group. *, p < 0.05,
two-tailed Student’s t test.

gilz KO spermatogonia proliferate faster (Fig. 48). Consistently, ~observed down-regulation of glial cell line-derived neu-
7-dpp and 10-dpp testes of gilz KO mice had significantly more rotrophic factor receptor (GFR)a-1/Ret, components of glial
TRA98-positive germ cells (7) (Fig. 4, C—E), and tubules con-  cell-derived neurotrophic factor receptor shown to be essential
tained more cells positive for cyclin D1 (Fig. 4, F-H), a marker  for SSC self-renewal (5, 36) (Fig. 44). Notably, expression of
of mitotically active spermatogonia (35). In addition, we also factors regulating spermatogonia differentiation such as
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Sohlh-2, scpl, scp2, scp3, and xmr (37, 38) (Fig. 4A) was
increased in gilz KO testis. Moreover, magea-1, -2, -3, -5, and -6
transcripts, which are specifically expressed at a later stage of
differentiation (39), were expressed in gilz KO testis (Fig. 4A4).
Altogether, these data indicate that L-GILZ absence leads to
enhanced proliferation and differentiation of undifferentiated
spermatogonia thus suggesting that L-GILZ regulates sper-
matogonial function.

To address the role of L-GILZ in control of spermatogonia
proliferation, we performed BrdU incorporation assay in 7-dpp
spermatogonia. The degree of BrdU incorporation was evalu-
ated in spermatogonia expressing a6-int, a marker of germ cell
lineage, positive or negative for expression of c-Kit, a marker of
differentiating spermatogonia (40). Undifferentiated a6-int-
positive (a6-int™) and c-Kit negative (c-Kit™) spermatogonia
showed a 2-fold increase in BrdU incorporation in gilz KO com-
pared with WT cells (Fig. 5, A—C), indicating that gilz KO undif-
ferentiated spermatogonia are cycling faster. At the same time,
we observed an accumulation of differentiating spermatogonia
as the frequency of a6-int"/c-Kit" subset increased signifi-
cantly in gilz KO testis (Fig. 5D). These data indicate that
a6-int™ /c-Kit ™ undifferentiated subset had a higher prolifera-
tion rate.

GILZ Regulates Ras Pathway in Undifferentiated
Spermatogonia—It is known that the Ras signaling pathway is a
key regulator of spermatogonia proliferation (41-43). More-
over, it has been shown previously that GILZ binds Ras and
inhibits Ras-dependent cell proliferation (26). Here, we found
that the L-GILZ, similar to GILZ, is able to bind Ras in transient
transfection co-immunoprecipitation experiments (Fig. 6A).
To evaluate whether the L-GILZ absence leads to the activation
of Ras intracellular signaling cascade in undifferentiated sper-
matogonia, we compared the levels of the activated form of ERK
and Akt in a6-int*/c-Kit™ WT and gilz KO spermatogonia, by
measuring ERK and Akt phosphorylation. We found increased
levels of ERK and Akt phosphorylation suggesting that L-GILZ
regulates the Ras signaling in undifferentiated spermatogonia
(Fig. 6, B—D). Pharmacologic inhibition of Akt was able to
revert increased BrdU uptake by a6-int™*/c-Kit™ gilz KO sper-
matogonia, further suggesting that Akt activity downstream of
Ras contributes to a hyperproliferative phenotype of gilz KO
spermatogonia (Fig. 6E). Consistent with increased ERK and
Akt phosphorylation and cell proliferation, we also found an
increased level of cyclin D1 expression in gilz KO a6-int*/c-
Kit™ spermatogonia (Fig. 6, F and G). Together, our results
suggest that L-GILZ controls Ras signaling and inhibits undif-
ferentiated spermatogonia proliferation.

DISCUSSION

We here show that L-GILZ, a longer isoform of previously
described GILZ, is highly expressed in germ lineage and is
required for its maintenance. In particular, deletion of gilz gene
in the whole mouse as well as specifically in germ cell lineage
resulted in a drastic phenotype characterized by germ cell loss
associated with altered undifferentiated spermatogonia prolif-
eration, aberrant differentiation, and massive apoptosis during
the first meiotic stage.
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experiments means = S.E. (error bars); n = 6 mice per group. *, p < 0.05,
two-tailed Student’s t test.
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Previous studies showed that the shorter isoform GILZ can  enhanced cycling of the less differentiated a6-int*/c-Kit ™ sper-
inhibit T cell activation/proliferation (22, 24, 26,44 —46). GILZ  matogonia, with a concomitant increase frequency in a6-int™/
has also been shown to control proliferation and differentiation  c-Kit™ differentiating spermatogonia.
in other cell types including adipocytes, osteoblasts, and myo- It is known, on the basis of results obtained in many experi-
blasts (28, 47, 48). Conservation of most of the GILZ functional =~ mental models, that Ras signaling is important in controlling
domains in L-GILZ isoform suggests that L-GILZ can act as cell proliferation and differentiation (9, 12—15). Downstream
suppressor of cell growth and differentiation. effectors of Ras MAPK/ERK and PI3K/Akt signaling pathways

Here, we demonstrate that L-GILZ, but not GILZ, is highly have been shown to play an important role in controlling cell
expressed in undifferentiated spermatogonia and in primary survival, proliferation, and differentiation in many experimen-
spermatocytes. Lack of L-GILZ results in complete loss of the  tal models including spermatogenesis (36, 42,43, 49). GILZ-Ras
whole germ cell lineage within few weeks after birth. No germ  interaction has been already characterized in other cell types,
cells beyond pachytene spermatocytes were observed in gilz KO  and it has been shown that GILZ is able to inhibit Ras signaling
testis due to massive apoptosis during meiotic phase. No and cell proliferation (26). Here, we show that L-GILZ binds
increase in apoptosis was found in gilz KO testis before meiosis  Ras, and gilz KO spermatogonia have enhanced Ras signaling.
entry, indicating that cells lacking L-GILZ die when they reach  Moreover, gilz KO spermatogonia have an increased level of
meiosis differentiation stage. Nevertheless, we do not observe ERK and Akt phosphorylation, augmented cyclin D1 expres-
accumulation of premeiotic spermatogonia in gilz KO testis. sion, and increased proliferation. These results are in line with
On the contrary, gilz KO mice have empty tubules, containing many studies indicating an important role of Ras signaling in
only Sertoli cells. L-GILZ is expressed not only in primary sper-  undifferentiated spermatogonia proliferation and differentia-
matocytes but also in spermatogonia, including PLZF-positive  tion (36, 42, 43, 50-52). Here, we show that a novel link
undifferentiated spermatogonia. The PLZF-positive cells grad-  L-GILZ-Ras emerges as a critical axis in the regulation of undif-
ually decrease over time and completely disappear in adult gilz  ferentiated spermatogonia proliferation, differentiation, and
KO testes, suggesting that L-GILZ plays also a role in undiffer-  survival.
entiated spermatogonia, including SSCs. In conclusion, this study demonstrates that lack of L-GILZ

We show that L-GILZ acts as an inhibitor of undifferentiated  causes eradication of the germ cell lineage and male sterility
spermatogonia proliferation. In fact, lack of L-GILZ resulted in ~ with a phenotype similar to pathological features of Sertoli cell-
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only syndrome (33). This phenotype is a combination of at least
three steps: (i) acceleration of proliferation of undifferentiated
spermatogonia associated with hyperactivated Ras signaling;
(ii) aberrant spermatogonial differentiation; and (iii) massive
apoptosis during meiotic phase. We cannot exclude that these
events are linked, but more studies are needed to dissect further
the role of L-GILZ in spermatogenesis. This discovery is a clear
advance in our knowledge of the mechanisms underlying sper-
matogenesis and indicate L-GILZ as a possible target for novel
therapies to intervene in male sterility.
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