Role of miR-34c microRNA in the late steps
of spermatogenesis
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ABSTRACT

Spermatogenesis is a cyclic process in which diploid spermatogonia differentiate into haploid spermatozoa. This process is
highly regulated, notably at the post-transcriptional level. MicroRNAs (miRNAs), single-stranded noncoding RNA molecules of
about 20-25 nucleotides, are implicated in the regulation of many important biological pathways such as proliferation,
apoptosis, and differentiation. We wondered whether miRNAs could play a role during spermatogenesis. The miRNA expression
repertoire was tested in germ cells, and we present data showing that miR-34c was highly expressed only in these cells.
Furthermore, our findings indicate that in male gonads, miR-34c expression is largely p53 independent in contrast to previous
results showing a direct link in somatic cells between the miR-34 family and this tumor suppressor protein. In order to identify
target genes involved in germinal lineage differentiation, we overexpressed miR-34c in Hela cells, analyzed the transcriptome
of these modified cells, and noticed a shift of the expression profile toward the germinal lineage. Recently, it has been shown
that exogenous expression of Ddx4/Vasa in embryonic chicken stem cells (cESC) induces cESC reprogramming toward a germ
cell fate. When we simultaneously expressed miR-34c in such cells, we could detect an up-regulation of germ cell-specific genes
whereas the expression of other lineage specific markers remained unchanged. These data suggest that miR-34c could play
a role by enhancing the germinal phenotype of cells already committed to this lineage.
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INTRODUCTION differentiate into haploid male gamete cells. Spermatogen-
esis is commonly divided into three main phases: (1) the
formation of spermatogonia from germline stem cells fol-
lowed by mitotic divisions to produce primary spermato-

cytes; (2) meiosis, by which diploid spermatocytes differ-

Spermatogenesis is a complex multistep developmental pro-
cess that leads undifferentiated diploid cells to eventually
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entiate into haploid spermatids; and (3) spermiogenesis,
which leads to the production of mature sperm from round
spermatids. In mammals, the differentiation of germ cells
into spermatozoa occurs in the seminiferous epithelium of
the testis and is highly regulated by extrinsic and intrinsic
factors. Male germ cell differentiation is achieved through
the sequential expression of genes that can be used as
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markers of the different germ cell types, such as TPI and
TP2 for round spermatids and TH2B/P19 for pachytene
spermatocytes (Hecht 1998; Marret et al. 1998; He et al.
2009). However, despite intensive investigations, the mech-
anisms regulating the cell-type specificity of their expres-
sion remain largely unknown. Furthermore, numerous
mRNAs in the differentiating germ cells also undergo
post-transcriptional and translational regulation.

MicroRNAs (miRNAs) are small, noncoding single-
stranded RNA molecules of about 22 nucleotides (nt) that
are potent negative regulators of mRNA transcription,
stability, and translation. They recognize their mRNA
target through base-pairing, generally in their 3'UTR
(Ambros 2008; Bartel 2009; Younger et al. 2009). They
are evolutionarily conserved and play critical roles in many
biological processes in various species (e.g., neural, muscle,
germline development, cell cycle control, apoptosis, cancer,
etc.). A large number of them show a tissue-specific ex-
pression, and several experiments have confirmed their
importance in regulating cellular differentiation (Plasterk
2006; Ambros 2008; Bartel 2009; He et al. 2009). More-
over, Lim et al. (2005) have shown that the overexpres-
sion of a tissue-specific miRNA in a recipient nonrelated
cell shifted its transcriptome toward that of the lineage
expressing the miRNA (miR-1 and muscle; miR-124 and
brain).

All these observations lead the authors to consider that
miRNAs could play an active and important role during
spermatogenesis. Several lines of evidence suggest that this
is indeed the case. Tnp2, a testis-specific gene involved in
chromatin remodeling during spermatogenesis, is regulated
by miR-122a (Yu et al. 2005). The microRNAs, miRNA-372
and miRNA-373, have been implicated as oncogenes in
testicular germ cells, but their precise role during sper-
matogenesis remains elusive (Voorhoeve et al. 2006).
miRNA expression profiles of various testicular cell pop-
ulations have been described, and many testicular miRNAs
have been isolated (Yu et al. 2005; Ro et al. 2007; Yan et al.
2007; Hayashi et al. 2008; Bannister et al. 2009; Yan et al.
2009). Furthermore, Dicerl, a protein necessary for miRNA
processing, and Dndl, a protein implicated in the pro-
tection of mRNAs from miRNAs, are essential for sper-
matogenesis completion (Kedde et al. 2007; Hayashi et al.
2008; Maatouk et al. 2008).

To explore the connection between miRNA and germ
cells, we analyzed the miRNA repertoire expressed in
pachytene spermatocytes and round spermatids. These cells
were chosen because they could be considered as represen-
tative of two main phases of spermatogenesis, meiosis and
the beginning of spermiogenesis, respectively. We then
focused our attention on miR-34c, a particular miRNA
emphasized by this study. We present data showing its
germ cell-specific expression, and we demonstrate, through
different overexpression experiments, that miR-34c could
enhance spermatogenesis.

RESULTS

miR-34c is specifically expressed in germ cells

To test whether miRNA expression varies during the late
stages of spermatogenesis, we determined the developmen-
tal expression profile of miRNAs in adult mouse pachytene
spermatocytes and round spermatids; these germ cells are
being considered as representative of two main phases of
spermatogenesis: meiosis and the beginning of spermio-
genesis. A miRNA array capable of monitoring the expres-
sion of murine miRNAs was used (mirVANA miRNA
Probe Set, Ambion). Following hybridization and result
analysis, five miRNAs were found to be expressed above the
detection threshold in these cells: miR-17-5p, miR-191,
miR-15b, miR-106a, and miR-34c. To confirm these re-
sults, we analyzed their expression by Northern blot. Only
miR-34c showed a testis-specific expression pattern, the
others being more or less ubiquitously expressed (Fig. 1A).
Moreover, a high level of miR-34c was present in adult
pachytenes spermatocytes and round spermatids. This
microRNA, miR-34c, belongs to a family of evolutionarily
conserved miRNAs (miR-34a, miR-34b, and miR-34c),
whose expression is regulated by the tumor suppressor
protein p53 and are implicated in the negative control of
the cell cycle (Corney et al. 2007; Dutta et al. 2007; He et al.
2007; Raver-Shapira et al. 2007; Lujambio et al. 2008;
Markey and Berberich 2008; Ji et al. 2009), cell cycle arrest
(Paris et al. 2008; Sun et al. 2008), senescence (He et al. 2007;
Tazawa et al. 2007; Kumamoto et al. 2008; Christoffersen
et al. 2009), and apoptosis (Bommer et al. 2007; Chang
et al. 2007; Raver-Shapira et al. 2007; Welch et al. 2007;
Yamakuchi et al. 2008). However, the involvement of miR-
34c in the differentiation process has not yet been reported.
We examined the expression of mature miR-34c in a
larger panel of mouse tissues following the method de-
scribed by Raymond et al. (2005). The highest expression
was noticed in the testis, with a weaker one in the lungs
(30% of testis expression) and almost no expression in
other organs (Fig. 1B). These results are in agreement with
previous reports. In these studies that used microarray pro-
filing and RT-qPCR on pre-miRNA, miR-34a was shown to
be ubiquitous and less expressed than miR-34c in testis and
miR-34b to be similarly expressed to miR-34c, but to
a lower level, except in fallopian tubes where miR-34b is
more highly expressed (Baskerville and Bartel 2005; Dutta
et al. 2007). We focused our attention on testis cells and we
noticed a high miR-34c expression in purified pachytene
spermatocytes and round spermatids and only a weak one
in the enriched Sertoli cell fraction (contamination by germ
cells was estimated at 30%) (Fig. 1B; see Materials and
Methods). This suggested that miR-34c was germ cell
specific or very weakly expressed in somatic testis cells.
To test this hypothesis, we examined different mouse
models with various germ cell contents. Heterozygous c-Kit
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FIGURE 1. miR-34c expression profile in different mouse tissues. (A) Northern blot analysis of miR-34c, miR-106a, miR-15b, miR-191, and
miR-17-5p expression in different tissues. Thirty micrograms of total RNA were loaded in each well and hybridized with the indicated probes. (B)
RT-qPCR analysis of miR-34c expression in various tissues. A value of 100 was given to the miR-34c relative expression in testis. Two different RT
reactions were carried out three times and used to calculate the mean and standard error (SEM).

mice showed a reduced spermatogenesis proportional to
the haplo deficiency of the receptor c-Kit. In this case, miR-
34c expression in testis was also reduced when compared
with the control (Fig. 2A). This suggested that miR-34c
expression was closely correlated to the germ cell number.
Moreover, wild-type (WT) mice were treated with busul-
fan, a cytotoxic drug known to deplete the germ cells in the
testis. Busulfan treatment led to a miR-34c expression
decrease in the same order of magnitude as the germ cell
loss (95%) (Fig. 2B). Since germ cells in these two models
were the direct target of either the genetic impairment or
the chemical treatment, we therefore hypothesized that
miR-34c is mainly expressed in germ cells.

We then performed in situ hybridization on adult mouse
testis sections with a locked nucleic acid (LNA) miR-34c-
specific probe (Exiqon). In adult mouse seminiferous tu-
bule sections, a significant signal was observed in all tubules
and was more intense in late stages of the seminiferous
epithelium (due to the presence of late pachytene sper-
matocytes) (Fig. 3, Al). No signal was noticed in interstitial
tissues (testis somatic cells). At a higher magnification, we
could see clearly that pachytene spermatocytes and round
spermatids were stained (Fig. 3, A2). Moreover, the in-
tensity of the staining was higher in late pachytene
spermatocytes (belonging to stages IX to XI) than in young
pachytene spermatocytes (present at stages I to VI) (Fig. 3,
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FIGURE 2. miR-34c is expressed preferentially in germ cells. (A) miR-34c expression in adult mouse c-Kit = testis. miR-34c, Clusterin (Sertoli
marker), KIhl10 (germ cell marker), and c-Kit RNA expressions were tested by RT-qPCR. (B) miR-34c expression in busulfan-treated adult mouse
testis. miR-34c, Clusterin (Sertoli marker) and Vasa (germ cell marker) RNA expressions were tested by RT-qPCR. (C) miR-34c expression in
p53-deficient mouse testis. miR-34c, Clusterin (Sertoli marker), KIhl10 (germ cell marker), and p53 RNA expressions were tested by RT-qPCR.
For each experiment, a value of 100 was given to the relative gene expression in the wild-type mouse testis (Ctrl). Three different RT reactions
were carried out three times and used to calculate the mean and standard error (SEM).
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FIGURE 3. Localization of miR-34c by in situ hybridization of adult
mouse seminiferous tubule sections. (Section A1) A significant signal
was observed in all tubules and was more intense in late stages (IX and
XI) of the seminiferous epithelium. No signal was noticed in in-
terstitial tissue (IT). (Section A2) The expression of miR-34c was
localized in meiotic cells: young pachytene spermatocytes (yPS), late
pachytene spermatocytes (LPS), and in round spermatids (RS).
(Section A3) No signal was observed in Sertoli cells (SC). Two Sertoli
cells (SC1 and SC2) are shown on the section treated with miR-34c¢
probe and on the control adjacent section. Note that when the nucleus
of a SC is seen on a section, only a small part of it is present on the
adjacent section. (Section C) Background in the absence of the
miR-34c-specific probe. The stages of the seminiferous epithelium
cycle (roman numerals) were identified from adjacent sections BI, B2,
and B3. Adjacent sections BI and B2) were stained with PAS and
hematoxylin. Adjacent section B3 was incubated with an antivimentin
antibody (a somatic cell marker) and stained with PAS and hema-
toxylin. Magnification: sections A1, BI, and C, X100; sections A2 and
B2, X400; and sections A3 and B3, X1000. Bars in sections Al, BI,
and C represent 50 wm. Bars in sections A2, B2, A3, and B3 represent
10 pm.

A1,A2). Furthermore, as illustrated in Figure 3, A3, Sertoli
cells showed no staining; this latter observation confirmed
that somatic cells of the testis did not express miR-34c in
contrast to germ cells. Altogether, these results suggested
that miR-34c is highly expressed in testis and is germ cell
specific.

Since miR-34 family expression is regulated by p53 and
its functions could be closely interwoven with those of the
tumor suppressor, we wondered whether this was also the
case in the testis. We compared miR-34c expression
between p53-deficient mice testis and its normal counter-
part. We observed only a slight miR-34c expression de-
crease (20%) (Fig. 2C), suggesting that miR-34c expression,
at least in testis, is not only p53 dependent.

miR-34c overexpression induced a shift of the HeLa
expression profile

Lim et al. (2005) have shown that the overexpression of
a cell type-specific microRNA could shift the expression
profile of the recipient cells toward that of the cell originally
expressing the microRNA. Since miR-34c appeared to be
germ specific, to explore the biological effects of miR-34c
we wondered whether miR-34c¢ overexpressing HeLa cells
could present a modified transcriptome. HeLa cells were
therefore transfected with a miR-34c miRNA precursor
(Ambion). Recent work has established that the miR-34
family negatively controls the cell cycle and induces
apoptosis in p53-expressing cells (Bommer et al. 2007;
Chang et al. 2007; Corney et al. 2007; He et al. 2007; Raver-
Shapira et al. 2007; Tarasov et al. 2007; Kumamoto et al.
2008; Paris et al. 2008; Rokhlin et al. 2008). Two days after
RNA transfection, we also noticed that miR-34c over-
expression in HeLa cells led to a substantial inhibition of
growth and to a mild apoptosis, as already reported for
p53-deficient cells (data not shown). These positive pre-
liminary controls being completed, DNA array gene pro-
filing was performed to examine the transcriptomes of
these cells. We analyzed their mRNA profiles (fold change
of 1.5 between control and miR-34c-expressing cells) and
noticed that 1138 genes showed a decreased expression and
961 an increased expression (see Supplemental Data Table
S3). This list of genes (up and down) was then compared
with the list of potential miR-34c target genes predicted by
the miRGen target interface software. Significant enrich-
ment of miR-34c target genes was noticed in the down-
regulated genes (15.6%, P-value <10~*) when compared
with the up-regulated genes (7.1%, P-value = 0.58) and to
the unmodified genes (6.5%) (Fig. 4B). We also performed
another analysis with the Allegro algorithm, which exam-
ines the frequency of hexamer nucleotides present in a list
of genes. The hexamer ACTGCC, which is the target
sequence recognized by miR-34c (Fig. 4A, miR-34c seed-
box), was the most statistically enriched motif present in
the down-regulated gene 3'UTRs (Fig. 4C); no significant
motif was found in the up-regulated gene 3'UTRs. These
data confirmed that miR-34c exerted its effects by down-
regulating the expression of its target genes in our model.
To gain further insight into the global effects of miR-34c
ectopic expression in Hela cells, we examined the Gene
Ontology Classification of the up- and down-regulated
genes with annotation, mapping, expression, and network
(AMEN) software. When we tested Gene Ontology (GO)
terms and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, we found an enrichment of “cell cycle”
genes in the list of down-regulated genes, as already shown
in cells overexpressing miR-34 microRNAs. The only signif-
icant pathway identified by KEGG was the “p53-signaling
pathway,” as expected for a miRNA acting downstream
from p53 (Bommer et al. 2007; Chang et al. 2007; He et al.
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FIGURE 4. Sites complementary to the miR-34c targeted sequence
are enriched in the 3'UTRs of down-regulated transcripts. (A)
Schematic representation of miR-34c base pairing with its targets.
(B) miRGen results: miRGen (http://www.diana.pcbi.upenn.edu/
cgi-bin/miRGen/v3/Targets.cgi) is a tool that provides a list of genes
potentially recognized by a miRNA. We compared the miR-34c
targeted gene list provided by miRGen with our experimental lists
(DNA arrays on miR-34c overexpressing cells) of up- and down-
regulated genes. The down-regulated gene list harbored more miR-34c
regulated genes in comparison with up-regulated genes (15.6% versus
7.1%). (C) Allegro results: overrepresented motifs in the 3'UTRs of
down-regulated genes. We submitted the miR-34c down- and up-
regulated gene lists to the allegro software (http://acgt.cs.tau.ac.il/
allegro/). Allegro is a software tool for discovering motifs statistically
overrepresented in gene 3'UTR. The only noticeable motif highlighted
by this analysis was a sequence corresponding to the miR-34c seedbox
(ACTGCC) in the down-regulated gene list, whereas no particular
motif was recognized in the up-regulated gene list.

2007). In the list of genes implicated in cell division
and down-regulated here, we noticed CCND3, CCNGI,
CCNBBI1, CCNC, CCNEI, CDK4, CDK®6, E2F5, FOS, CDC2,
AURKA, and AURKB; most of these are direct targets
of miR-34c except AURKA and AURKB. Furthermore,
in the up-regulated genes there existed a subset of known
p53-target genes including BAX, SFN (14-3-30), PPMID,
PUMA, SESN1, and ZMATS3.

The AMEN suite of tools was then used to identify genes
with a specific or preferential expression in a single tissue
(Chalmel et al. 2007; Chalmel and Primig 2008). The most
noticeable feature was that the percentage of genes prefer-
entially expressed in testis diminished in the list of miR-34c
down-regulated genes (2%; P-value <10~ *) (Fig. 5; Sup-
plemental Data Table S3) when compared with the un-
modified ones (5.1%), whereas the percentage of genes
preferentially expressed in testis remained unchanged in the
list of miR-34c up-regulated genes (5%; P-value = 0.92).
This meant that the list of genes down-regulated by miR-
34c had proportionally less genes preferentially expressed in
testis, and thus had a more distant relationship to the testis
profile than the up-regulated genes or unmodified genes. In
similar experiments, Lim et al. (2005) observed similar
results for miR-1 and miR-124 and suggested that it could
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be envisaged as a transcriptome shift. In our case, we
considered that the shift was weak but of interest in the
context of germ cell differentiation. This is illustrated in
Figure 5 by the heat map showing the expression of miR-
34c up- and down-regulated genes in different organs and
tissues. Although up-regulated genes were not different
from the unmodified ones in terms of the percentages of
those preferentially expressed in testis genes, we neverthe-
less noticed some interesting genes that we analyzed further
by RT-qPCR. SPATA17, GOPC, SPEF2, and KLHLIO are
germ-specific genes mostly expressed in the late stages of
spermatogenesis, and were up-regulated in these miR-34c
HelLa cells (Table 1). We did not find any direct association
between them and miR-34c, Further studies are required to
uncover the reality, if any, of this link or to determine if it
was only due to a stochastic process.

TGIF2 and NOTCH?2 are direct targets of miR-34c

Furthermore, among the down-regulated genes harboring
a miR-34c recognition site in their 3'UTRs, we wondered
whether some of these could be linked to pathways
implicated in spermatogenesis control. Two down-regu-
lated genes, TGIF2 and NOTCH?2, appeared to be worthy of
note. TGIF2 is an inhibitor of the TGFB (TGFB1) pathway,
and thus, its down-regulation enhances the signal elicited
by this factor (Melhuish et al. 2001; Massague and Gomis
2006). Although the TGEFP signaling pathway was not
highlighted by KEGG analysis, we nevertheless noticed that
the expression of genes known to be targeted by TGF was
modified by miR-34c ectopic expression in HeLa cells: an
increased expression of CDKN2B/P15 and NANOG, with
decreased expression of CDC25A (Table 1; lavarone and
Massague 1997; Massague and Gomis 2006; Xu et al. 2008).
Combined with the fact that TGFf plays a major role
during spermatogenesis (Damestoy et al. 2005; Itman and
Loveland 2008), we speculated that the potential role of
miR-34c during this process could be closely associated
with the TGFB pathway, and so, we focused our attention
on TGIF2. We confirmed by RT-qPCR, that TGIF2 gene ex-
pression was indeed down-regulated in miR-34c overex-
pressing cells (Fig. 6A), and we investigated its pattern
of expression in testis. As illustrated in Figure 6B, Tgif2
was expressed in mouse testis, but principally in somatic
cells. Tgif2 was virtually undetectable in round spermatids
and pachytene spermatocytes, where conversely, miR-34c, as
already mentioned, was highly expressed. We then explored
whether miR-34c regulated TGIF2 directly. We fused
a TGIF2 3'UTR to luciferase. Cotransfection with miR-
34c (pre-miR-34c miRNA precursor) decreased luciferase
activity in contrast to control miRNA (pre-miR miRNA
precursor RNA negative control). Mutation in the miR-34c
recognition site had a significant, although partial, effect
(Fig. 6C). This could indicate the presence of other relevant
cryptic miR-34c seed boxes or a combination of both direct
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FIGURE 5. The expression of the up- and downregulated genes in purified germ cells and
human tissue samples. A color-coded diagram (heatmap) of the up- and down-regulated genes
is shown. Each column corresponds to a sample. Each line represents an Operon probe and its
log2-transformed intensity signal: from pink (low signal) to green (high signal), as indicated in
the bottom-left scale bar in the four control HeLa cells (CT_1-CT_4) and in the HeLa cells
overexpressing miR-34c (miR-34c_1-miR-34c_4). Log2-transformed intensity signals of the
affymetrix probe sets: from blue (low signal) to red (high signal), as indicated in the bottom-
right scale bar, corresponding to the same gene were also displayed. These samples, hybridized
on the Affymetrix GeneChip Human Genome U133 Plus 2.0 microarray, correspond to
purified pachytene spermatocytes (SC) and round spermatids (ST), as well as 20 healthy
human tissues including adrenal gland, brain, breast, colon, endometrium, esophagus, kidney,
liver, lung, lymph node, ovary, pancreas, salivary gland, spleen, testis, thyroid gland, uterine
cervix, vagina, and vulva. Probes showing a preferential expression in testis are shown with
a red bar in the last column (right). Operon probes corresponding to genes not representated
by affymetrix probe sets had no intensity signal using this technology (second and fourth sets
of probes).

and indirect effects, as already observed
for other miR-34 targets such as CDK6
and CCNE2 (He et al. 2007; Lujambio
et al. 2008; Sun et al. 2008). However,
TGIF2 was clearly regulated by miR-
34c.

The NOTCH signaling pathway con-
trols numerous cell-fate specification
events: cell differentiation inhibition, pro-
liferation control, and stem cell num-
ber (Lai 2004; Fortini 2009). Further-
more, NOTCH genes have already been
described as potential targets of miR-34
miRNAs (Lewis et al. 2003; Ji et al.
2008; Ji et al. 2009). The expression of
NOTCH?2 was greatly decreased in miR-
34c transfected cells (Fig. 6D). Alto-
gether, these results suggested that the
potential regulation of NOTCH2 by miR-
34c could be relevant during spermato-
genesis; the down-regulation of such
genes being necessary for the differenti-
ation process to occur. RT-qPCR ex-
periments confirmed the reduced ex-
pression of NOTCH?2 in this model (Fig.
6D) and also showed a reduced Notch2
expression in mouse germ cells (Fig.
6E). We then performed luciferase as-
says with the NOTCH2 3'UTR fused to
luciferase, following the same method-
ology as the one used for TGIF2, and we
demonstrated that NOTCH2 was clearly
a direct target of miR-34c (Fig. 6F).

Enhancement of germ cell marker
expression by miR-34c

In order to investigate the role of
miR-34c in the germinal lineage, we
used the recently established cESC system
modified by the chicken Vasa homolog
(Cvh) gene (Lavial et al. 2009). These
pluripotent chicken embryonic stem
cells overexpressing the RNA binding
protein Cvh differentiate into germ cells
when cultured under appropriate con-
ditions (Lavial et al. 2009). Since miR-
34c¢ could be involved in the control of
the late steps of spermatogenesis, we
wondered whether its overexpression
could influence the fate of these Cvh
overexpressing cells. miR-34c was trans-
fected in the presence or absence of Cvh.
We then analyzed by RT-qPCR the ex-
pression of a representative set of genes
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TABLE 1. The expression of miR-34c led to numerous alterations
in gene expression

Gene Control miR-34c

SPATA17 100 (+9.3%) 927.4 (£3.4%)
GOPC 100 (£8.9%) 337.8 (£6.4%)
CDKN2B/P15/INK4B 100 (£4.9%) 276.7 (£2.2%)
NANOG 100 (*+8.9%) 244.7 (£3.5%)
SPEF2 100 (+4.5%) 223.2 (£0.3%)
KLHL10 100 (£5.3%) 168.8 (+2.6%)
NOTCH1 100 (£2.9%) 118.3 (£8.4%)
NOTCH3 100 (£2.3%) 63.4 (£5.3%)
FOS 100 (£5.9%) 61.6 (+£2.8%)
CDC25A 100 (*+5.4%) 58.0 (+2.6%)
E2F5 100 (*5.7%) 52.6 (£2.2%)
TGIF2 100 (£5.6%) 45.8 (£6.6%)
NOTCH2 100 (£5.9%) 43.5 (£4.1%)

RT-gPCR validation of 13 selected gene expression changes
observed by microarray analysis in miR-34c overexpressing Hela
cells. For each experiment, a value of 100 was given to the control
cells. Three different RT reactions were carried out three times and
used to calculate the mean and standard error (SEM).

specific to different lineages in the selected cells: germ cells,
Kihl10, Dndl (Deadend), Plzf, Piwi, Stra8, Sycp3, and Genf;
germ and other lineages, Kit, Nanog, Pou5fl, Tudor, and
Sdfl; and other lineages, Gata6, Sox7, Gsc, Cga, Hnf3, Lrhl,
Sox4, Cxcrd, Fgf2, Gmnn, and Sox2.

It appeared that miR-34c alone was unable to modify the
expression level of these tested genes including germ cell
markers (data not shown). However, when transfected with
Cvh, miR-34c overexpression emphasized the germ cell
nature of these cells (Fig. 7). Indeed, the expression levels of
the somatic markers (Gata6, Sox7, Gsc, Cga, Hnf3, Lrhl,
Sox4, Cxcrd4, Fgf2, Gmnn, and Sox2) were not notably
affected. In contrast, most germ cell markers were up-
regulated: Kit, Klhi10, Deadend, Plzf, Piwi, Stra8, and Sycp3.
Expression of the pluripotent cPouv and cNanog genes was
also up-regulated as expected for genes that appear in
numerous systems to be indispensable to germ cell com-
mitment. In particular, the Nanog gene could be seen as
playing an important role in germ cell formation, as already
has been suggested (Chambers et al. 2007). Altogether,
these results suggest that miR-34c alone is not able to
induce the full germinal program, but rather plays a key
role by reinforcing the germ cell phenotype.

DISCUSSION

The aim of this study was to identify new miRNAs that
could be involved in spermatogenesis. We focused our
attention on the expression profile of the miRNAs
expressed in mouse pachytene spermatocytes and in round
spermatids as these are two key steps in male germ cell
differentiation.

By microarray experiments, we identified miR-34c as
being highly expressed in germ cells and we showed that
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this expression was specific to these cells by Northern
blotting, in situ hybridization, and the use of different
mouse animal models. miR-34c belongs to a family of
evolutionarily conserved miRNAs (miR-34a, miR-34b, and
miR-34c) that have recently been shown to be involved in
the negative control of the cell cycle (Corney et al. 2007;
Dutta et al. 2007; He et al. 2007; Raver-Shapira et al. 2007;
Lujambio et al. 2008; Markey and Berberich 2008; Ji et al.
2009), including cell cycle arrest (Paris et al. 2008; Sun
et al. 2008), cellular senescence (He et al. 2007; Tazawa
et al. 2007; Kumamoto et al. 2008; Christoffersen et al.
2009), and induction of apoptosis (Bommer et al. 2007;
Chang et al. 2007; Raver-Shapira et al. 2007; Welch et al.
2007; Yamakuchi et al. 2008). In these systems, some
targets directly down-regulated by miR-34s have also been
experimentally validated, and it appears that most of them
are involved in pathways related to these cellular processes:
NOTCHI1, MET, E2F1-3, MYC, MYCN, CDK4, CDKeo,
CCND1, and CCNE2, and cell cycle, SIRT1, BCL2, and apo-
ptosis, and viral oncoprotein E6 (Lewis et al. 2003; Bommer
et al. 2007; He et al. 2007; Tazawa et al. 2007; Welch et al.
2007; Kong et al. 2008; Leucci et al. 2008; Lujambio et al.
2008; Migliore et al. 2008; Sun et al. 2008; Wei et al. 2008;
Yamakuchi et al. 2008; Li et al. 2009; Wang et al. 2009).
Furthermore, the transcription of miR-34a, miR-34b, and
miR-34c is regulated by p53, and these studies suggest
that miR-34 miRNAs could constitute central mediators of
p53 functions (Bommer et al. 2007; Chang et al. 2007;
Corney et al. 2007; He et al. 2007; Raver-Shapira et al. 2007;
Tarasov et al. 2007; Paris et al. 2008; Rokhlin et al. 2008).
It is worthy of note that miR-34c has already been iden-
tified as a miRNA that is highly expressed in mature tes-
tis when compared with its immature counterpart (Yan
et al. 2007, 2009). Pachytene spermatocytes and round sper-
matids are meiotic germ cells that are only produced in
mature testis; thus, our results further support these ob-
servations. However, an interesting point raised by our
observations is that p53 is not the sole transcriptional
regulator of miR-34c in germ cells as miR-34c expression is
only slightly reduced in p53-deficient mouse testis, and
thus could be considered as p53-independent in this con-
text. Unraveling the factors necessary to the transcriptional
regulation of miR-34c in germ cells could reveal mecha-
nisms used by p53 to become the guardian of the genome
during evolution.

MicroRNAs play important gene-regulatory roles by
targeting mRNAs to direct their post-transcriptional re-
pression (degradation or translation inhibition) or by reg-
ulating transcription (Ambros 2008; Bartel 2009; Younger
et al. 2009). Although in animals miRNAs are believed to
act mainly through translational repression rather than
mRNA degradation, microarray analysis of miRNA trans-
fected cells has nevertheless revealed important clues to the
understanding of miRNA functions and has shown that
some miRNAs can down-regulate large amounts of mRNA.
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FIGURE 6. TGIF2 and NOTCH?2 are direct targets of miR-34c. (A) We validated TGIF2
down-regulation by miR-34c in HeLa transfected cells by RT-qPCR. (B) Tgif2 has a low
expression in mouse germ cells but is highly expressed in testis somatic cells, in contrast with
miR-34c. Tgif2 expression was tested in bulsulfan-treated mouse testis (BUS), pachytene
spermatocytes (PACH), round spermatids (RS), and in control testis (Ctrl). RT-qPCR showed
that Tgif2 is highly expressed in bulsulfan-treated mouse testis (depleted in germ cells) when
compared with the control untreated testis and to purified germ cells. For each experiment,
a value of 100 was given to the control cells (testis). Three different RT reactions were carried
out three times and used to calculate the mean and standard error (SEM). (C) Luciferase assays
demonstrated that miR-34c directly down-regulates TGIF2 by targeting the TGIF2 3'UTR.
Luciferase reporter constructs containing full-length (WT) and mutated miR-34c seedbox
(MUT) 3'UTR of TGIF2 were cotransfected with pre-miR-34c miRNA precursor (miR-34c) or
pre-miR miRNA precursor RNA negative control (Ctrl) into HeLa cells. Luciferase activity was
measured 48 h after transfection. Mutation in the miR-34c binding site (MUT) resulted in
a reduction of the inhibition induced by miR-34c. A value of 100 was given to the control cells.
Three different transfections were carried out and luciferase activity was measured twice for
each reaction. (D,E,F) The same experiments were undertaken with NOTCH2 and showed
similar results.

enrichment of genes implicated in par-
ticular pathways using the AMEN suite
of tools. As already reported, we found
several genes involved in cell cycle
regulation (CCND3, CCNGI, CCNBI,
CCNC, CCNE1, CDK4, CDK6, E2F5,
FOS, CDC2, AURKA, and AURKB),
and also genes belonging to the p53
pathway (BAX, SEN [14-3-3c"], PPMID,
PUMA, SESN1, and ZMAT3). No sta-
tistically original pathway that could be
linked to spermatogenesis had been
identified by these different analyses.
To investigate the potential influence
of miR-34c¢ ectopic expression on HelLa
cell fate, we also used AMEN to de-
tect groups of significantly coexpressed
genes, and thus similar patterns of
expression through different lineages
(Chalmel et al. 2007; Chalmel and
Primig 2008). This analysis emphasized
that the list of down-regulated genes
identified in this study presented a
lower percentage of genes preferen-
tially expressed in testis (2%) than up-
regulated and unchanged genes (5%).
Lim et al. (2005), using the same cells
(HeLa) with other miRNAs (miR-1 and
mR-124), also observed a shift in the
down-regulated gene expression pro-
file (muscle and brain, respectively),
and reached the conclusion that tissue-
specific miRNA ectopic expression could
influence the differentiation state of the
recipient cells. We thus considered that
miR-34c exerts its function through pref-
erential down-regulation of genes less
expressed in testis.

We then tried to decipher whether
genes whose down-regulation by miR-
34c could be relevant to spermatogene-
sis were present in the list of miR-34c
down-regulated genes. Apart from genes

Lim et al. (2005) transfected HeLa cells with tissue-specific
miRNAs and showed that this shifted the expression profile
of these HeLa cells toward that of cells originally expressing
the miRNA. Therefore, to gain insight into miR-34c¢ func-
tion, we performed such experiments. We analyzed the
expression profile of these miR-34c transfected HeLa cells.
We noticed an overrepresentation of genes harboring a
miR-34c seed box in the 3'UTRs of down-regulated genes,
whereas no change was observed in the up-regulated ones.
This result confirms that miR-34c is a negative regulator
of gene expression and down-regulates the expression of
many genes. Then, we tested the lists of genes for potential

directly involved in the cell control, we focused our at-
tention on two genes: NOTCH2 and TGIF2. TGIF2 is
a transcriptional repressor and is an inhibitor of the TGF(
pathway; its down-regulation enhances the signal elicited
by this factor (Melhuish et al. 2001; Massague and Gomis
2006). Moreover, we noticed that the expression of genes
known to be targeted by TGFp was modified by miR-34c
ectopic expression in HeLa cells: an increased expression of
CDKN2B/P15 and NANOG, and a decreased expression of
CDC25A (Iavarone and Massague 1997; Massague and
Gomis 2006; Xu et al. 2008). Furthermore, TGFB plays
a major role during spermatogenesis, particularly at the end
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FIGURE 7. miR-34c overexpression enhanced the germ profile of
cells already engaged in the first steps of the germ lineage. Chicken ES
cells overexpressing chicken Vasa homolog (Cvh) and cultured under
appropriate conditions differentiate toward the first steps of sper-
matogenesis. We cotransfected miR-34c in these Cvh overexpressing
ES chicken cells cultured under the same conditions and analyzed the
expression profile of selected differentiation markers. We analyzed the
expression level of these markers by RT-qPCR in the miR-34c & Cvh
co-transfected cells versus the Cvh control cells. A value of 1 was given
to the expression level of these markers in the Cvh ES cells and the
resulting up or down-regulation of these markers was noted on this
graph.

of the meiotic step (Damestoy et al. 2005; Itman and
Loveland 2008). In this study, we showed that TGIF2 is
down-regulated by miR-34c, is a direct target through
a miR-34c seed box localized in its 3'UTR, and has a low
expression in germ cells, as illustrated by its expression
pattern in testis. We speculate that a possible role for miR-
34c during spermatogenesis could be closely associated
with the TGFB pathway via the down-regulation of TGIF2.

The NOTCH signaling pathway controls numerous cell-
fate specification events: cell differentiation inhibition,
proliferation control, and stem cell number (Lai 2004;
Fortini 2009). Furthermore, NOTCH genes have already
been described as potential targets for miR-34 miRNAs
(Lewis et al. 2003; Ji et al. 2008; Ji et al. 2009), and
NOTCH?2, which is hardly expressed in germ cells, could
play an important role during testis somatic cell differen-
tiation (Dirami et al. 2001; Mori et al. 2003; Tang et al.
2008). All these data led us to hypothesize a possible
connection between miR-34c, NOTCH2 down-regulation,
and germ cell differentiation. We demonstrated that
NOTCH?2 was a direct target of miR-34c and was expressed
at a lower level than the other members of the family in
this system. We postulated that the down-regulation of
NOTCH2 by miR-34c could be necessary for the germ
differentiation process to occur by blocking the capacity of
germ cells to self-renew.

The conclusion we draw from the above results is that
miR-34c seems to display antiproliferative properties by
directly down-regulating genes involved in various path-
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ways closely related to this process, and that miR-34c
preferentially down-regulates genes less expressed in germ
cells when compared with other organs. Altogether, this
could constitute an explanation of its role during sper-
matogenesis.

As miR-34c is mainly expressed in the late stages of
meiosis (pachytene spermatocytes and round spermatids),
and is likely to influence germ cell fate during this period,
we have also investigated its role during germ cell in-
duction.

Recently, an in vitro cellular model reproducing the first
steps of germ cell differentiation was generated by over-
expressing the RNA binding protein Ddx4/Cvh (into
chicken embryonic stem cells [cESC]) (Lavial et al. 2009).
When coexpressed in the presence of the Cvh gene, miR-
34c was able to enhance the germ cell character of the
recipient cells by increasing the expression of germ cell
markers. Thus, miR-34c would enhance the germ pheno-
type of cells already engaged in the germ cell lineage.

In the future, the generation of miR-34c invalidated mice
should be of primary importance to ascertain the role of
this miRNA during spermatogenesis and to explore the
regulated biochemical pathways. Furthermore, in light of
our results, miR-34c is a very promising candidate gene for
testing in male germ cell cancer and male sterility.

MATERIALS AND METHODS

Elutriation

Pachytene spermatocytes, round spermatids, and Sertoli cells were
prepared, separated, and analyzed as previously described by
Weiss et al. (1997).

miRNA Array preparation and hybridization

Total RNA of spermatocytes and spermatids was extracted by
TRIzol Reagent (Invitrogen). miRNA were purified from 100 g
of total RNA by the FlashPAGE method (Ambion). Cy5 or Cy3
labeling was performed according to the manufacturer’s protocol
(Ambion). Dual swap hybridization of the two samples was
performed for 16 h at 45°C, on slides spotted by the DTAMB
with the mirVana miRNA Probe Set (Ambion).

Genome microarray hybridizations

The Operon Human Genome Array (4.0) contained 35,035
oligonucleotide probes printed on epoxide glass microscope slides
(www.operon.com). Total RNA was purified from the control and
miR-34c transfected HeLa cells 48 h after transfection by using the
TRIzol procedure (Invitrogen); RNA quality was checked by
BioAnalyzer analysis (Agilent); and antisense RNA (aRNA)
amplification (Van Gelder et al. 1990) was performed according
to the Ambion protocol.

A total of 1.5 pg of combined dye-labeled aRNA (miR-34c
versus control) was hybridized competitively to microarray slides
for 16 h at 67°C in hybridization buffer (Agilent) under Agilent
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Gasket slide coverslips (Agilent hybridization chamber and Agilent
hybridization oven). Each experiment was repeated twice with
a switch of fluorescent Cy3/Cy5 labels to account for dye effects
leading to four data points per hybridization spot.

miRNA and genome array scanning

After several post-hybridization washes, fluorescent microarray
images were collected for both Cy3 and Cy5 by scanning the glass
slides with a GenePix 4000B microarray scanner (Axon Instru-
ments). Image intensity data were extracted and analyzed with
GenePixPro6.0 microarray analysis software. After visual in-
spection, spots of insufficient quality were flagged and excluded
from further analysis, and GenePix data files (gpr format) were
generated.

Statistical analysis and interpretation of microarray
data

The AMEN software was used for array data preprocessing,
analysis, and visualization (Chalmel and Primig 2008). The
“normexp” (Ritchie et al. 2007) and the “quantile—quantile”
methods were used on the two-color array data for background
correction and “between-array” normalization preprocesses, re-
spectively. To identify differentially expressed genes, the empirical
Bayes method (F-test), implemented in the LIMMA package and
adjusted with the false discovery rate (FDR) method, was
employed (fold change =1.5 and FDR =0.05). The differentially
expressed genes were classified into two groups according to their
expression profiles using the k-means clustering algorithm (with
k = 2). Significantly enriched GO terms associated with the clus-
ters were identified by using a P-value adjusted with an FDR
=0.05. The minimal number of genes in a cluster associated with
a given annotation term was set at =5 and the Gene Ontology
information rate cutoff was set at =0.1.

In situ hybridization of mouse seminiferous tubules

Adult mouse testes were fixed either in PAF 4% or in AFA and
then dehydrated and embedded in paraffin. Three sequential
sections (5 wm) were prepared: the first one for hybridization
with the miR-34c probe, the second for a histological study, and
the third for hybridization with control. In situ hybridization was
then performed according to the protocol supplied by Exiqon
(nonradioactive in situ hybridization on paraffin sections using
DIG-labeled mercury detection probes). miR-34c and a control
probe (mercury LNA) were purchased from Exiqon. Some
sections for histology were stained with periodic acid-Schiff and
counterstained with hematoxylin. An immunocytochemical re-
action against vimentin (solely expressed by somatic cells) was
performed on other sections to discriminate between Sertoli cells
and germ cells, as previously described (Perrard et al. 2007). 3,3'-
Diaminobenzidine (DAB) was used as a chromogen, and then
sections were stained with periodic acid-Schiff and counterstained
with hematoxylin.

Northern blot analysis

A total of 30 g of each total RNA sample was separated and
hybridized as described by Kaddar et al. (2009). The probe
sequences are provided in Supplemental Table SI.

Reverse transcription quantitative PCR

RT-qPCR was performed on the MXP-3000P QPCR-system
(Stratagene/AGILENT) using Mix-Quantitect SYBR Green kit
(Qiagen). All reactions were run in triplicate, and gene expres-
sion levels were calculated using the AACT method (http://www.
gene-quantification.info) with the ribosomal gene RsI7 as a refer-
ence gene. For RT-qPCR on mature miRNA, we followed the
protocol described by Raymond et al. (2005) (see Supplemental
Table S1 for primer sequences).

miR-34c expression vector construction

Human DNA was used to amplify the pre-miR-34c (336 nt long)
with the following primers (F: ACAGTCTCATGCCAGGAAAGCG;
R: GCACATTGATGATGCACAGGC). This pre-miR-34c region
was then substituted for the luciferase gene in a pMIR-REPORT
luciferase vector (Ambion).

Cell culture and RNA transfection

HelLa cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% heat-inactivated fetal bovine serum
(Invitrogen). HeLa cells (3 X 10°) were seeded in a six-well plate
and transfected 1 d after plating with a pre-miR-34c miRNA
precursor (100 nM) or a pre-miR miRNA precursor RNA negative
control #1 (both from Ambion) using lipofectamine2000 reagent
(Invitrogen). The transfection medium was replaced 5 h later by
fresh growth medium, and the cells were harvested 48 h later.

cESC and GFP::CVH modified cESC were maintained and
transfected as previously described (Lavial et al. 2007, 2009) with
either pMIR-REPORT-miR-34c expression vector or empty
pMIR-REPORT as a control. The resulting clones obtained after
neomycin (250 pg/mL) and puromycin (0.5 pg/mL) selection
over 7 d were harvested, pooled, and grown in conditions
inducing germ cell differentiation as previously reported (Lavial
et al. 2007, 2009).

Luciferase reporter assay

The 3'UTRs of human TGIF2 (NM_021809.5, nucleotides 888—
1426) or NOTCH2 (NM_024408.2, nucleotides 9444-10,522)
encompassing the conserved miR-34c response elements (respec-
tively, nucleotides 977-983 and 10,138-10,145) were cloned into
the pMIR-REPORT vector (Ambion), between the Sacl and
HindIII sites, immediately downstream from the luciferase gene
(WT). The miR-34c response element (CACTGCC), was mutated
in both 3'UTRs using appropriate primers (MUT). The primers
are described in Supplemental Table S1. A total of 400 ng of each
pMIR-REPORT construct was cotransfected with pre-miR-34c
miRNA precursor (miR-34c) or pre-miR miRNA precursor RNA
negative control #1 (Ctrl) (50 nM) (Ambion) into HeLa cells in
a 12-well plate using lipofectamine2000 (Invitrogen). After 48 h,
firefly luciferase activity was measured on cell lysates with the
dual-luciferase reporter system (Promega), according to the man-
ufacturer’s instructions.

Target prediction

The miR-34c target list was generated by miRGen (http://www.
diana.pcbi.upenn.edu/cgi-bin/miRGen/v3/Targets.cgi), a target
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interface providing access to unions and intersections of four
widely used target prediction programs and experimentally
supported targets from TarBase (Megraw et al. 2007).

In addition, a motif analysis was performed with Allegro soft-
ware, a tool for discovering motifs statistically overrepresented in
gene 3'UTRs (http://acgt.cs.tau.ac.il/allegro/) (Linhart et al. 2008).

Animal models

To deplete germ cells from testis, Busulfan dissolved in DMSO
(40 mg/kg) was injected intraperitoneally and the testes harvested
1 mo later. c-Kit mice have been described previously by Geissler
et al. (1988). p53 deficient mice were generated following the
method of Donehower et al. (1992).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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