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of male germ cell development were revealed.
\_

(Bacl(ground: MicroRNAs (miRNAs) are post-transcriptional regulators involved in the regulation of gene expression.
Results: miR-449 and miR-34b/c function redundantly in male germ cells.
Conclusion: CREM7-SOX5-mediated miR-449 expression regulates male germ cell development by targeting the E2F-pRb

Significance: Upstream regulators of miR-449 expression and a redundant role between miR-449 and miR-34b/c in the control
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MicroRNAs (miRNAs) mainly function as post-transcrip-
tional regulators and are involved in a wide range of physiolog-
ical and pathophysiological processes such as cell proliferation,
differentiation, apoptosis, and tumorigenesis. Mouse testes
express a large number of miRNAs. However, the physiological
roles of these testicular miRNAs remain largely unknown. Using
microarray and quantitative real time PCR assays, we identified
that miRNAs of the microRNA-449 (miR-449) cluster were pref-
erentially expressed in the mouse testis, and their levels were
drastically up-regulated upon meiotic initiation during testicu-
lar development and in adult spermatogenesis. The expression
pattern of the miR-449 cluster resembled that of microRNA-
34b/c (miR-34b/c) during spermatogenesis. Further analyses
identified that cAMP-responsive element modulator 7 and
SOXS5, two transcription factors essential for regulating male
germ cell gene expression, acted as the upstream transactivators
to stimulate the expression of the miR-449 cluster in mouse tes-
tes. Despite its abundant expression in testicular germ cells,
miR-449-null male mice developed normally and exhibited nor-
mal spermatogenesis and fertility. Our data further demon-
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strated that miR-449 shared a cohort of target genes that belong
to the E2F transcription factor-retinoblastoma protein pathway
with the miR-34 family, and levels of miR-34b/c were signifi-
cantly up-regulated in miR-449-null testes. Taken together, our
data suggest that the miR-449 cluster and miR-34b/c function
redundantly in the regulation of male germ cell development in
murine testes.

Spermatogenesis is a complex process through which male
germ line stem cells differentiate into male gametes called sper-
matozoa. Spermatogenesis can be divided into three phases
based upon the major cellular events occurring during this
process: mitotic (spermatogonial proliferation and differentia-
tion), meiotic (chromosomal reduction in spermatocytes
through meiosis), and haploid (spermatid differentiation into
spermatozoa) (1). These cellular events require precise spatio-
temporal expression of specific protein-coding genes, which
are tightly controlled at both the transcriptional and post-tran-
scriptional levels (2, 3). One example is the initiation of the
meiotic phase of spermatogenesis, which requires male germ
cells to exit from the mitotic cell cycle and the timely expression
of meiotic genes (4). During the subsequent postmeiotic devel-
opment, translation of a large number of mRNAs is uncoupled
with their transcription due to an earlier transcriptional cessa-
tion occurring at step 9 spermatids in mouse testes (2). Trans-
lational repression of mRNAs that are transcribed in spermato-
cytes and/or early spermatids (steps 1-8) must be achieved
through a post-transcriptional regulatory mechanism, which
still remains elusive. MicroRNAs (miRNAs),* a class of short

“The abbreviations used are: miRNA, microRNA; miR-449, microRNA-449;
miR-34, microRNA-34; qPCR, quantitative real time PCR; CREMT, CAMP-re-
sponsive element modulator 7; E2F, E2F transcription factor; pRb, retino-
blastoma protein; P, postnatal day; pre-miR-449, miR-449 precursor.
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(20-25-nucleotide) non-coding RNA, are well documented as
critical post-transcriptional regulators of gene expression by
inducing target mRNA degradation (perfect complementarity)
and translational repression (incomplete match) (3). Primary
miRNA transcripts are transcribed from the host genome by
RNA polymerase II and are further processed by two RNase III
enzymes, DROSHA and DICER, into mature miRNAs, which
are eventually incorporated into an RNA-induced silencing
complex to exert inhibitory effects on their target mRNAs (5).
The miR-449 cluster was first identified in embryonic mouse
brain (6) and whole mouse embryos (7) by comparative
genomic prediction and small RNA cloning through sequenc-
ing (8, 9). The miR-449 cluster consists of three members, miR-
449a, miR-449b, and miR-449c, in mice and humans. They are
mapped to the second intron of Cdc20b gene, thus forming an
miRNA cluster, and they are highly conserved among different
species. Given that the three miR-499 members are tran-
scribed simultaneously and their expression and seed
sequences are all the same, for simplicity, we collectively
called them miR-449 from here on. In human and Xenopus
lung tissues, miR-449 members are able to induce epithelial
differentiation by directly repressing the Delta/Notch path-
way, whereas their depletion leads to defects in pulmonary
epidermis differentiation, and are thus suggested to direct
cell cycle exit and epidermis differentiation (10). In addition,
up-regulation of miR-449 has also been reported during
myoblast differentiation (11) and in the epithelial cell layer
of choroid plexus in the brain (12). Recently, in an assay
screening for E2F1-responsive miRNAs, miR-449 was shown
to be robustly up-regulated and, in turn, attenuated E2F1
activity by inhibiting positive cell cycle regulators such as
CDK6 and CDC25A, leading to cell cycle arrest and apopto-
sis (13). Interestingly, another conserved miRNA family,
miR-34, which consists of miR-34a, miR-34b, miR-34c, has
been demonstrated to structurally resemble those of the
miR-449 members. Coincidentally, miR-34c has been shown
previously to be highly enriched in germ cells and enhance
germinal phenotypes (14). Despite similarities in their
sequences and involvement in germ cell development, miR-
449 and miR-34 families appear to have distinct functions
and may well be under differential regulation because previ-
ous studies have shown that E2F1 can provoke the activity of
miR-449 members in a p53-independent manner, whereas
p53 can up-regulate the expression of miR-34 family mem-
bers (15, 16).

In the present study, we report that miR-449 is preferentially
expressed in the murine testis with the highest levels in meiotic
(spermatocytes) and postmeiotic (spermatids) male germ cells
and that testes-specific transcription factors cAMP-responsive
element modulator 7 (CREM17) and SOX5 mediate meiotic and
postmeiotic expression of miR-449 by binding to two highly
conserved cis-elements of the Cdc20b/miR-449 cluster.
Although no discernible phenotype was observed in miR-449
cluster knock-out (KO) mice, our data suggest that miR-34b/c
could compensate for the absence of miR-449, and both
miRNA families function redundantly by targeting the E2F-pRb
pathway.
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EXPERIMENTAL PROCEDURES

Animals—miR-449 cluster KO mice were generated, bred,
and housed in the Shanghai Research Center for Model Organ-
isms. Wild type C57/BL6 mice were purchased from Shanghai
SLAC Laboratory Animal Corp. (Shanghai, China) and housed
in a temperature- and humidity-controlled room with a 12-h
light-dark cycle at Shanghai Jiao Tong University School of
Medicine. All animal procedures were approved by the Institu-
tional Animal Care and Use Committee of Shanghai Jiao Tong
University School of Medicine.

Microarray Analyses—Total RNA was extracted from snap
frozen testis samples using TRIzol reagent (Invitrogen) as
described previously (17). For small RNA isolation, the mir-
Vana miRNA Isolation kit (Ambion) was used to enrich RNA
fractions shorter than 200 nucleotides. miRNA microarray
analyses on postnatal day 7 (P7) and P60 testis samples were
performed at CapitalBio Corp. (Beijing, China) according to the
manufacturer’s procedures (17). Each group of small RNA sam-
ples was labeled with Cy3 or Cy5 fluorescent dyes, respectively,
followed by hybridization on CapitalBio Corp. miRNA arrays in
which an individual oligonucleotide probe was coupled on
chemically modified glass slides in triplicate. Raw data of digital
signals from the scanned fluorescence readings were normal-
ized and analyzed using the significance analysis of microarrays
(SAM) software (Stanford University, Stanford, CA) to deter-
mine the significantly differential expression of miRNAs
between P7 and P60 testes (-fold change >2). To identify genes
differentially expressed between wild type and miR-449 '~
mouse testes, Illumina Mouse WG-6 v2.0 Expression BeadChip
microarray analyses were performed following the manufactur-
er’s protocols. Briefly, the RNA samples extracted from both
wild type and miR-449 '~ testes were first amplified using the
[llumina TotalPrep RNA Amplification kit. Microarray hybrid-
ization, scanning, and analyses were performed based on Illu-
mina’s instructions. Data were then background-corrected and
normalized to internal control prior to statistical analyses per-
formed by the “limma” package software.

Cell Culture, Transfection, and Cell Proliferation—GC-1
(ATCC catalog number CRL-2053) and GC-2 (ATCC catalog
number CRL-2196) cell lines were purchased from ATCC. All
GC-1,GC-2, HEK293, and HeLa cell lines were cultured in high
glucose Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) (Invitrogen) under
5% CO, at 37 °C. For luciferase reporter assay, HEK293 cells
were transiently transfected with miR-449 precursor (pre-miR-
449) mimics with putative wild type or mutated 3'-UTR con-
structs using Lipofectamine 2000 as described under “Lucifer-
ase Reporter Assay.” For cell proliferation assays, GC-2 cells
were transfected with pre-miR-449 (50 nMm) (Ambion) in
96-well plates using Lipofectamine 2000, whereas a scrambled
miRNA precursor (Ambion/Applied Biosystems) was used as a
negative control. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assays were performed at 0, 24, 48, and
72 h post-transfection, respectively, to determine the relative
number of surviving cells following the manufacture’s protocol.
siCREMT and siSOX5 were synthesized in GeneChem (Shang-
hai, China) and transfected into GC-2 cells according to the
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manufacturer’s protocols. All experiments were performed in
biological triplicates.

Histology and Immunohistochemistry—Testes from wild
type, miR-449"'~, and miR-449 "/~ mice were collected and
fixed in Bouin’s fixative for >12 h followed by embedding in
paraffin. Paraffin sections (5-um thickness) were further pro-
cessed for eosin solution staining followed by hematoxylin
counterstaining. Immunohistochemistry was carried out as
described previously (18).

miRNA in Situ Hybridization—In situ hybridization was per-
formed as described previously (19) with minor modifications.
Briefly, cryosections (10 wm) were hybridized with digoxige-
nin-labeled locked nucleic acid-modified oligonucleotide
probes specific for mmu-miR-449a and mmu-miR-34a
(Exigon; 15 nMm) or scrambled control probes (Exiqon; 15 nm) at
53 °C overnight. Following sequential washing, biotinylated
anti-digoxigenin antibody (Boster, China) was applied, and
subsequently alkaline phosphatase-conjugated streptavidin
complex was added for incubation at 37 °C. Hybridization sig-
nals were finally visualized with Fast Red Substrate (Dako)
through an alkaline phosphatase-mediated color reaction,
whereas the cell nuclei were counterstained by DAPI (Vector
Laboratories).

RT-PCR and miRNA Real Time PCR—AIl RNA extraction
procedures were carried out using TRIzol reagent (Invitrogen)
as described (19). A two-step method was exploited for general
reverse transcription-PCR. For miRNA-specific real time PCR,
TagMan® MicroRNA Assay kits (Applied Biosystems) were
used as follows: mmu-miR-449a, Assay ID 001030; mmu-miR-
449b, Assay ID 001667; mmu-miR-34a, Assay ID 000426;
mmu-miR-34b, Assay ID 001065; mmu-miR-34c, Assay ID
000428; mmu-miR-184, Assay ID 000485, mmu-miR-204,
Assay ID 000508; mmu-miR-127, Assay ID 000452; mmu-miR-
154, Assay ID 000477; mmu-miR-376a, Assay ID 001069; mmu-
miR-376b, Assay ID 001070; mmu-miR-379, Assay ID 001138;
mmu-miR-411, Assay ID 001075; and RNU6B control, Assay
ID 001093. All quantitative real time PCR experiments were
carried out according to the manufacturer’s instructions.
Briefly, for each miRNA assay, total RNA was first reverse tran-
scribed into cDNA using TagMan MicroRNA Reverse Tran-
scription kit (part number 4366596) in a 15-ul reaction volume
at 42 °C followed by miRNA-specific PCR amplification in a
total reaction volume of 20 ul in an Applied Biosystems 7500
PCR System. Small nucleolar RNU6B was amplified in parallel
for normalization. All PCRs were performed in triplicate. Data
were normalized against RNU6B to determine the relative -fold
changes by the Fast 7500 Real-Time System software.

Luciferase Reporter Assay—For miRNA target validation, the
3'-UTRs of Ccnd1, Bcl2, E2f2, E2f3, and Myc were PCR-ampli-
fied using mouse genomic DNA and cloned into the Xbal-Fsel
site downstream of pGL3.0 control reporter vector (Promega),
respectively. Constructs containing mutated miRNA binding
sites (seed sequence) in 3'-UTRs were generated using the
QuikChange site-directed mutagenesis kit (Stratagene).
HEK293 cells were cultured in 24-well plates in DMEM supple-
mented with 10% FBS at 37 °C. For each miRNA target assay,
HEK293 cells were co-transfected with wild type 3'-UTR or
mutated 3'-UTR constructs (200 ng/well) and pre-miR-449a
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mimics (20 nm) using Lipofectamine 2000 reagent in a 24-well
plate (Invitrogen). pRL-TK (Promega; 50 ng/well) Renilla lucif-
erase was transfected for normalization of transfection effi-
ciency. Cells transfected with scrambled miRNA (a synthesized
RNA duplex showing no homology to any murine mRNA
sequence) served as negative controls. At 48 h post-transfec-
tion, cell lysates were analyzed for luciferase activity using the
Dual-Glo luciferase assay kit (Promega) according to the man-
ufacturer’s protocol. Data were normalized against values of
co-transfected Renilla luciferase. All experiments were per-
formed in triplicate.

For Cdc20b promoter mapping analyses, PCR fragments of
various lengths around the transcription start site (—4 to +0.2
kb) obtained by 5’ rapid amplification of cDNA ends as well as
mutational fragments generated by the QuikChange site-di-
rected mutagenesis kit (Stratagene) deficient in the core
sequence of CREMT and SOX5 binding sites were cloned into
pGL3.0-Basic vector (Promega). The full-length open reading
frames (ORFs) of mouse CREM7 and SOX5 mRNAs were
inserted into pFLAG-CMV-4.0 vector in-frame to allow
CREMTand SOX5 protein expression, respectively. The fidelity
of nucleotides for all constructs was validated by sequencing.
GC-2 cells derived from mouse spermatocytes were cultured in
DMEM supplemented with 10% FBS and transfected with con-
structs as well as an empty pGL3.0 control vector as described
above. pRL-TK Renilla luciferase was used for normalization
against transfection efficiency. The PCR primers used are listed
in supplemental Table S1.

Chromatin Immunoprecipitation (ChIP)—Chromatin immu-
noprecipitation was carried out using a ChIP Assay kit (Beyo-
time, catalog number P2078) according to manufacturer’s
instructions. Briefly, after preparation of single cell suspensions
of adult murine testes using 100 ug/ml collagenase in DMEM/
F-12 medium, single cells were fixed using 1% formaldehyde for
10 min at 37 °C followed by neutralization using 125 mm gly-
cine. The cells were then lysed on ice in SDS lysis buffer (50 mm
Tris-HC], pH8.0, 10 mM EDTA, 150 mMm NaCl, 1% SDS) supple-
mented with 1X proteinase inhibitor mixture (Roche Applied
Science). Then the lysate was sonicated on ice (10-s pulse, 50-s
break, six times, 20% amplitude; Sonics) to break the genome
into 200-1000 bp in size. 2 pg of primary antibody («-CREMT
and a-SOXS5; Millipore) was added to 1 ml of Protein G-pre-
cleared lysate to allow precipitation of CREMT- or SOX5-asso-
ciated genomic DNA fragments by incubation at 4 °C overnight
followed by washing with different washing buffers as follows:
Low Salt Immune Complex Wash Buffer, one time; High Salt
Immune Complex Wash Buffer, one time; LiCl Inmune Com-
plex Wash Buffer, one time; and Tris-EDTA Buffer, two times.
The DNA components in the precipitation were finally
extracted using a standard phenol-chloroform method.

Generation of miR-449 Cluster Knock-out Mice—An 11.7-kb
genomic DNA fragment encompassing Cdc20b gene and miR-
449 cluster was cloned into pBR322 vector. The PGK-Neo cas-
sette flanked by a short loxp sequence was inserted to replace a
~1.7-kb genomic fragment of the second intron of Cdc20b gene
where the miR-449 cluster is localized. After validation by
sequencing and linearization by Notl, the targeting vector was
then electroporated into AB2.1 embryonic stem (ES) cells,

VOLUME 287 +NUMBER 26+JUNE 22, 2012


http://www.jbc.org/cgi/content/full/M111.328054/DC1

which are derived from 129S7/SvEv strain mice. ES cells were
cultured in a 96-well plate in M15 medium supplemented with
G418 antibiotics. Among ~200 clones screened for homolo-
gous recombination, five positive ES clones were identified by a
long range PCR assay. Chimeras were generated by standard
microinjection of C57BL/6] blastocysts with two positive miR-
449 cluster-targeted ES clones, and the targeted ES cell incor-
poration was monitored by the ratio of agouti/black coat color
marker. Male chimeras were then bred with wild type C57BL/6]
females to generate heterozygous miR-449 */PGXNeo mice, To
delete the PGK-Neo cassette, miR-449*/PS<"Neo majes were
further crossed with a transgenic mouse line with ubiquitous
expression of Flippase (The Jackson Laboratory, stock number
009086) to delete the PGK-Neo cassette flanked by two loxp
sequences. The resultant heterozygous mutant mice (miR-
449"'7) were intercrossed to produce homozygous null (miR-
4497'7) mice. Mouse tail DNA was used for PCR genotyping.
PCR primers are listed in supplemental Table S1.

Fertility Test and Computer-assisted Sperm Analysis—Adult
miR-449"/" and miR-449"'~ male mice were individually
caged with C57BL/6 wild type females for 3 months. All males
were on a C57BL/6:129S7/SvEv hybrid background. The num-
ber of litters and total pups born were recorded. Epididymal
sperm from miR-449 '~ and age-matched wild type (control)
males were prepared for computer-assisted semen analysis as
described previously (20). Briefly, the epididymis was dissected,
and sperm inside were squeezed out with forceps. After incu-
bation in human tubal fluid medium (500 ul per epididymis) at
37 °C for 30 min, sperm were subject to motility analyses using
a Sperm Quality Analyzer (Hamilton Thorne graphic series,
G70f). For each measurement, a suspension of spermatozoa
was loaded into a microchamber slide with 100-um depth
(HTR1099, VitroCom Inc.). ~300 spermatozoa were analyzed
using the standard setting (30 frames at 60-Hz frequency and
37°C) for the percentage of motility as well as progressive
motility.

Bioinformatics—miRNA sequences were retrieved from
miRBase (Release 17), and targets prediction was performed
using TargetScan (Release 5.2) and miRanda (Release 2010).
Conservation of the sequence was verified using UCSC
Genome Browser. Sequence alignment was examined using
Invitrogen Vector NTI Advance software and NCBI BLAST.
Putative transcription factor binding sites were identified using
TFsearch online tool and the Genomatix suite program
(MatInspector).

Statistical Analysis—To globally evaluate the mRNA tran-
scriptomic changes induced by the transfection of miRNAs
(miR-449a/b and miR-34b/c), we tested the null hypothesis that
the expression changes of mRNAs (possessing the predicted
miRNA seed match) were equal to the distribution of mRNAs
without predicted miRNA binding motifs using the non-para-
metric Wilcoxon rank sum test as described previously (21).
Experiments were performed in triplicate, and data are repre-
sented as mean = S.E. (n = 3). The results were analyzed by
analysis of variance or Student’s ¢ test as appropriate. A differ-
ence with a p value less than 0.05 was considered as significant.
* p <0.05; **, p <0.01.
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RESULTS

miR-449 Is Significantly Up-regulated with Progression of
Postnatal Testicular Development—During postnatal testicular
development in mice, spermatogonia represent the major male
germ cell type at P7, whereas all three types of male germ cells,
spermatogonia, spermatocytes, and spermatids, are present at
P60. To unveil miRNAs that are significantly up-regulated in
spermatocytes and spermatids, we conducted miRNA microar-
ray analyses using P7 and P60 total testes. A total of 72 and 47
miRNAs were significantly enriched in P60 and P7 testes,
respectively (supplemental Fig. S1A and Tables S3 and S4). To
validate the microarray data, we performed quantitative real
time PCR (qPCR) assays to determine expression levels of the
top 12 up- or down-regulated miRNAs in P7 and P60 mouse
testes. Consistent with our microarray data, similar changes
were observed in qPCR analyses (supplemental Fig. S1B). These
data are in agreement with several recent reports (17, 22-24)
showing much higher levels of miR-449 in adult than in prepu-
bertal mouse testes. Among miRNAs highly enriched in P60
compared with P7, miR-449 displayed the most drastic up-reg-
ulation with 67- and 253-fold increases by microarray and
qPCR assays, respectively (supplemental Fig. S1B). Interest-
ingly, we found that miR-34b/c, unlike miR-34a, were also sig-
nificantly up-regulated with similar -fold changes in P60 testes
(supplemental Fig. S1B), and this expression pattern is consist-
ent with previous reports (14, 23). miR-184, which we have
previously demonstrated to target nuclear receptor corepressor
2 in mouse testicular germ cells (19), also showed an apparent
up-regulation in P60 testes.

miR-449 Is Preferentially Expressed in Mouse Testes and
Localized to Spermatocytes and Spermatids—To further deci-
pher the expression profile of miR-449 in mice, we next exam-
ined miR-449 expression in multiple mouse tissues and devel-
oping testes. The highest levels of miR-449 were detected in the
testis, and yet notable levels were observed in lung, brain, ovary,
and epididymis (Fig. 1A). The tissue distribution data are con-
sistent with several recent studies (10, 25-28) suggesting that
miR449 is preferentially expressed in the testis in mice.

Because the testis comprises both somatic cell types (e.g. Ser-
toli cells, Leydig cells, and peritubular myoid cells) and male
germ cells at various developmental stages, we asked whether
miR-449 exhibited cell type-specific expression in mouse tes-
tes. We selectively depleted testicular germ cells by treating
mice with busulfan for 1 month as reported previously (29). We
then performed qPCR to examine expression levels of miR-449
in normal and busulfan-treated (i.e. germ cell-depleted) testes
(Fig. 1B). miR-449 was barely detectable in busulfan-treated
testes, indicating that miR-449 is exclusively expressed in male
germ cells in the testis (Fig. 1B). qPCR analyses using develop-
ing testes demonstrated that levels of miR-449 along with those
of miR-34b and miR-34c were increasingly up-regulated with
the progression of testicular development, whereas miR-34a
levels were relatively constant throughout the testicular devel-
opment (Fig. 1C). Levels of miR-449 sharply increased at P11,
corresponding to the period of meiotic initiation (Fig. 1C). To
determine the germ cell types that express miR-449, we per-
formed in situ hybridization using testicular cryosections.
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FIGURE 1. Expression profiles of miR-449 cluster and miR-34 family in mice. A, gqPCR analyses of expression levels of miR-449 in 11 tissues collected from
adult male mice. B, germ cell depletion through busulfan treatment followed by gPCR detection of miR-449. miR-449 was abundant in control (untreated wild
type) testes, whereas miR-449 was undetectable in busulfan-treated (germ cell-depleted) testes, suggesting that miR-449 is exclusively expressed in germ cells.
Scale bar, 50 um. C, gPCR analyses of expression levels of miR-449 and members of the miR-34 family during postnatal testicular development. D, localization
of miR-449 in the mouse testis using in situ hybridization. Hybridization signals are in red (Texas Red), and the nuclei were counterstained with hematoxylin
(blue). The inset is a control. Scale bar, 70 um. E, an enlarged image of the field framed be the dashed box in D. Specific miR-449a hybridization signals were
mainly detectable in the cytoplasm of spermatocytes and spermatids (arrowheads), whereas no signals were fund in somatic cell types and spermatogonia
(arrows). Scale bar, 50 um. Ctr, control. F, localization of miR-34a in the murine testis by in situ hybridization. Hybridization signals (red) were only detected in
spermatogonia. Cell nuclei (blue) were counterstained with hematoxylin (blue). The inset is a control. Scale bar, 50 um. Data are represented as mean = S.E.

(n=13).

Hybridization signals specific for miR-449 were detected
mainly in pachytene spermatocytes and spermatids (Fig. 1, D
and E, arrowheads), whereas no signals were detectable in
somatic cell types (i.e. Sertoli and Leydig cells) (Fig. 1, D and E,
arrows). We did not perform in situ hybridization assays for
miR-34b/c because these two miRNAs have been previously
shown to localize mainly to spermatocytes and spermatids (14).
Given that miR-34a belongs to the miR-34 family, we examined
miR-34a localization (Fig. 1F) in the testis. miR-34a appeared to
be restricted to spermatogonia residing on the basal membrane
of seminiferous tubules (Fig. 1F, arrowheads). This localization
pattern of miR-34a is consistent with our qPCR results (Fig. 1C)
because its levels showed minimal variation due to the con-
stantly low number of spermatogonia in developing testes. The
differential expression profiles and localization patterns
between miR-34a and miR-34b/c are not surprising because
although they possess similar sequences and thus constitute a
miRNA family the miR-34a locus is far away from the miR-
34b/c locus, and thus they may be under different regulation
(30). Taken together, our data demonstrate that the up-regu-
lated expression of miR-449 during testicular development
coincides with meiotic initiation, and miR-449 is predomi-
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nantly expressed in spermatocytes and spermatids during adult
spermatogenesis. miR-34a is expressed in spermatogonia (Fig.
1), whereas miR-34b and miR-34c exhibit expression profiles
similar to that of miR-449 during postnatal testicular develop-
ment and spermatogenesis (14).

CREMT and SOXS Modulate Activity of miR-449 Cluster in
Mouse Testes—Recent studies have demonstrated that E2F1, a
critical cell cycle regulator, directly activates the expression of
miR-449a/b, which can subsequently impede phosphorylation
of pRb through inhibiting CDC25A and CDK®6, providing a
negative feedback circuit involved in the E2F-pRb pathway (13,
27, 31). However, this pathway may not operate in the mouse
testis because earlier studies have shown that although E2F1
mRNA is present throughout all spermatogenic cells in mouse
testes E2F1 protein is solely present in spermatogonia due to
the translational repression by the miR-17-92 cluster (32, 33).
Given that miR-449 is mainly expressed in spermatocytes and
spermatids (Fig. 2), it is highly unlikely that E2F1 is responsible
for the regulation of miR-449 expression in mouse testes. To
unveil upstream regulators responsible for the expression of the
miR-449 cluster, we next conducted deletion mapping and
ChIP assays to search for the conserved cis-elements located
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FIGURE 2. CREMTand SOXS5 transactivate miR-449 expression by binding two conserved cis-elements upstream of Cdc20b. A, RT-PCR analyses of Cdc20b
expression in multiple adult mouse tissues (upper panel) and developing mouse testes (lower panel). B, schematic representation of putative conserved CREMr
and SOX5 binding sites (highlighted with red boxes) in the promoter region of Cdc20b. C, mapping of the upstream transcriptional regulatory region of
Cdc20b/miR-449 cluster by luciferase reporter assays. Luciferase plasmids containing a partial deletion or mutation in CREM7 and SOXS5 binding sites were
constructed as indicated. Normalized luciferase activity is represented as mean = S.E. (n = 3). All groups were performed in triplicate. D, co-transfection
luciferase reporter assays using the GC-2 cell line identified that both CREMt (p < 0.05) and SOX5 (p < 0.01) proteins can efficiently activate the —1.2
kb-containing reporter construct. Various combinations of plasmids transfected into GC-2 cells are indicated below each group. Luc1.2k“™”, luciferase con-
struct containing a mutation in the candidate CREM7 binding site; Luc1.2k>™7, luciferase reporter containing a mutation in the candidate SOX5 binding site.
E, knockdown of CREMindividually or knockdown of CREMTand SOX5 simultaneously using siRNAs led to decreased levels of miR-449in GC-2 cells (n = 3;p <
0.05). siCREMT, siRNA designed against CREMT mRNA; siSOX5, siRNA designed against SOX5. Small nucleolar RNU6B was concurrently amplified for data
normalization. F, ChIP assays confirmed the binding of both CREMTand SOX5 to the —1.2 kb promoter region upstream of Cdc20b gene. rep1, rep2, and distal
represent three different PCR fragments designed against the genomic region as indicated. Luc, luciferase; mut, mutant; TSS, transcription start site; Ab,
antibody; Con, control. Data are represented as mean = S.E. (n = 3).

upstream of the miR-449 cluster and the potential transcrip- mouse multiple tissues and developing testes (Fig. 2A), suggest-
tional factors. The miR-449 cluster resides in the second intron  ing a common mechanism of transcriptional regulation
of Cdc20b gene. Our qPCR analyses indicated that Cdc20b adopted by both Cdc20b and the miR-449 cluster in mouse
exhibited an expression profile similar to that of miR-449 in testes that has been suggested in several previous reports (10,
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25, 31). In silico analyses by scanning 4 kb upstream and 220 bp
downstream of the transcription start site identified two highly
conserved binding sites for CREM7 and SOX5, which were
located at —50 and —1200 bp, respectively (Fig. 2, Band C). The
transcription start site of Cdc20b gene as determined by 5’
rapid amplification of cDNA 5’ ends was located 220 bp
upstream of its translational start site (Fig. 2C). To further
define the precise promoter region, various luciferase reporter
plasmids containing deletion mutants were constructed (Fig.
2C), and the luciferase reporter activity was analyzed in GC-2
cells. The minimal —1.2 kb fragment construct could activate
the expression of the luciferase reporter as efficiently as the
—4.0/+0.2 kb full-length luciferase construct (Fig. 2C). How-
ever, mutations in the putative CREM7 binding site led to dra-
matically reduced activity of the luciferase reporter in compar-
ison with that of mutations in the putative SOX5 binding site
(Fig. 2C). These data suggest that CREMT rather than SOX5
modulates Cdc20b/miR-449 cluster activity in GC-2 cells.
However, considering that the origin of the GC-2 cell line was
spermatocytes in which SOX5 is not expressed (34), we further
examined the activity of the —1.2 kb fragment constructs in the
presence of ectopic expression of CREMTor SOX5 plasmids. As
shown in Fig. 2D, both CREM T and SOX5 were able to effi-
ciently stimulate luciferase activity individually in comparison
with CREM1/SOXS5 binding site-mutated luciferase constructs,
supporting the notion that both CREMr and SOX5 coopera-
tively mediate the activity of the polycistronic Cdc20b/miR-449
gene. In addition, we knocked down mRNAs for CREMT and
SOX5 using two synthesized specific siRNAs in GC-2 cells. As
shown in Fig. 2E, either individual or simultaneous knockdown
of CREMT and SOXS5 could efficiently reduce miR-449 activity
(Fig. 2E), whereas there was no significant effect in the case of
individual knockdown of SOX5 (Fig. 2E), which was consistent
with results described above (Fig. 2C). The lack of effects when
only SOX5 was suppressed may be due to the CREM activity.

To further validate these findings, we performed ChIP-PCR
assays using adult mouse testes. Three specific pairs of PCR
primers were designed corresponding to three regions desig-
nated as repl, rep2, and distal (Fig. 2F). Both antibodies for
CREMT and SOX5 were demonstrated to be specific by reab-
sorption assays (data not shown). As shown in Fig. 2F, both
antibodies appeared to have pulled down corresponding
genomic sequence within —1.2 kb, whereas PCR signals were
undetectable using primers against distal genomic sequence
(Fig. 2F), suggesting that a direct CREM7/SOX5 binding site is
located within the —1.2 kb genomic region in mouse testes in
vivo. Furthermore, a full-length reporter plasmid (pl.2k-
DsRed) containing the —1.2 kb cis-element was electroporated
into seminiferous tubules of the mouse testes along with an
empty pDsRed reporter control. At 36 h postelectroporation,
obvious red fluorescence was observed in the testicular cryo-
sections transfected with pl.2k-DsRed under fluorescent
microscopy, whereas no fluorescence was detected in the
pDsRed control (supplemental Fig. S2), suggesting a strong
promoter activity of the —1.2 kb fragment in vivo. Taken
together, these data show that in mouse testes CREM7 and
SOX5 cooperatively mediate Cdc20b/miR-449 cluster activity
during postnatal testicular development.
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Generation and Characterization of miR-449 Cluster Knock-
out Mice—To investigate the physiological role of miR-449 in
vivo, we generated a global knock-out mouse line with a com-
plete deletion of the miR-449 cluster (supplemental Fig. S3). To
minimize the risk of interfering with the transcription and
processing of its host Cdc20b gene, the targeting construct was
designed to replace a small portion of the miR-449 cluster locus
(~1.7 kb) with a PGK-Neo cassette flanked by FRT sites (sup-
plemental Fig. S3). This strategy allowed the subsequent deletion
of the PGK-Neo cassette by breeding the miR-449"/PSK™Neo off.
spring with Flippase-expressing transgenic mice (35, 36), thus
further generating the miR-449-null allele (supplemental Fig.
S3). PCR analyses demonstrated that both alleles of miR-449
were deleted in the miR-449 '~ mice (supplemental Fig. S3),
and the presence of Cdc20b mRNA transcript in both miR-
4497’ and wild type (WT) testes indicates that transcription
of Cdc20b gene was not affected by the deletion of the miR-449
cluster (supplemental Fig. S3). Therefore, we successfully gen-
erated a universal miR-449 cluster KO mouse line.

Male miR-449~'~ pups developed normally without gross
defects in any organs. Their testes also displayed the same size
and weight as the heterozygous and wild type littermates (Fig. 3,
A and B). Histological examination of the testes indicated nor-
mal spermatogenesis in miR-449/~ male mice (Fig. 3, C, D,
and E), and abundant sperm were also present in miR-449 '~
cauda epididymides (Fig. 3, F, G, and H). Furthermore, comput-
er-assisted sperm analysis-based motility assays failed to find
differences in sperm between KO mice and wild type controls
(data not shown), and sperm counts were also comparable
among the three genotypes (Fig. 3]). Terminal deoxynucleoti-
dyltransferase (TdT)-mediated dUTP nick end labeling
(TUNEL) assays revealed no difference in the number of apo-
ptotic germ cells between miR-449 '~ and wild type testes
(data not shown).

To unveil potential effects of miR-449 deficiency on the
mRNA transcriptome, we performed gene chip analyses using
[lumina microarrays (Mouse WG-6 v2.0 Expression Bead-
Chips). Microarray analyses revealed that the mRNA transcrip-
tome in miR-449 /" testes differed from that of WT controls
by only six mRNAs (of >25,000 mRNAs probed). The six dif-
ferentially expressed genes with statistical significance (-fold
change >2; p < 0.05) between WT and miR-449 knock-out
testes included Cyp2c55, Gbf1, Itgad, Pbx4, Plkl, and Vav2,
none of which is involved in the E2F-pRb pathway. This result
suggests that the lack of miR-449 has no overall significant
effects on mRNA expression.

Fertility tests by mating male miR-449 '~ mice or their WT
littermates (controls) with WT C57BL/6 females for 3 months
revealed no obvious differences in the number of litters, total
pups, and pups per litter (supplemental Table S2). These exper-
iments were conducted using mice on a mixed C57BL/6:129S7/
SvEv background. To see whether the genetic background had
any effects on the phenotype, we then adopted two different
mating strategies aimed at bringing the KO line onto a more
pure C57 or 129 genetic background. One group of miR-
449~’~ mice was backcrossed with wild type C57BL/6 females,
whereas another group was backcrossed with 129S7/SvEv to get
F5 miR-449"/~ mice. Among the F6 male miR-449 /" mice
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FIGURE 3. Lack of testicular phenotype in miR-449~'~ mice. A, gross mor-
phology of testes from adult male WT, miR-449"/~, and miR-449 '~ mice.
B, average testicular weight of adult WT, miR-449*/~, and miR-449 /" mice.
C-E, hematoxylin-eosin-stained testicular sections of WT (C), miR-449™/~ (D),
and miR-449~/~ (E) mice. Scale bar, 70 um. F-H, hematoxylin-eosin-stained
cauda epididymal sections of WT (C), miR-449*/~ (D), and miR-449/~ (F)
mice. Scale bar, 100 um. |, cauda epididymal sperm countsin WT, miR-449"/~,
and miR-449/~ male mice. Data are represented as mean + S.E. (n = 3).
J,volcano plot showing differentially expressed mRNAs between miR-449 KO
and wild type testes determined by lllumina microarray analyses. The x axis
represents -fold changes (KO versus WT) in log, scale (red vertical line marks
the 2-fold change). The y axis shows p value significance for each gene-spe-
cific analysis of variance in the —log,, scale (red horizontal line means p =
0.05). Only six genes (Cyp2c55, Gbf1, Itgad, Pbx4, Plk1, and Vav2) can be con-
sidered as significantly deregulated between KO and WT (fold change >2;
p < 0.05). Data are represented as mean = S.E. (n = 3).

derived from intercrossing F5 miR-449 "/, all were fertile (four
of four on C57BL/6 and five of five on 129S7/SvEv back-
grounds), suggesting that the miR-449 cluster is dispensable for
testicular development and male fertility in mice.

Functional Compensation by miR-34b/c upon Ablation of
miR-449 Cluster—Previous studies have unraveled that multi-
ple miRNAs may target the same mRNAs, and one mRNA can
be targeted by multiple miRNAs (37). A complete lack of phe-
notypic defects in the miR-449 '~ mice may result from a com-
pensatory effect of miRNAs that can substitute for the roles of
the miR-449 cluster. I silico analyses identified that members
of the miR-449 cluster and the miR-34 family possess similar
mature sequences and identical seed regions (Fig. 44). Among
the three members of the miR-34 family, miR-34a is transcribed
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from a separate locus different from that harboring miR-34b
and miR-34c, which are transcribed as a single primary miR-
34b/c and thus form an miRNA cluster (30). Our microarray-
and qPCR-based expression profiling analyses revealed that
miR-34b/c displayed similar expression and localization pat-
terns during both testicular development and adult spermato-
genesis (Fig. 1). These data point to a possibility that miR-34b/c
may be the miRNAs that are compensating for the lack of miR-
449 in those KO testes. Therefore, we examined the levels of
miR-34 family members in WT and miR-449 '~ mouse testes
(Fig. 4B). As a control, no miR-449 transcripts were detected in
miR-449 /" testes, whereas high levels of miR-449 were pres-
ent in wild type testes (Fig. 4B). Interestingly, levels of miR-
34b/c, rather than miR-34a, exhibited a significant up-regula-
tion in miR-449 /" testes (p < 0.05) (Fig. 4B). This finding
further supports the notion that up-regulation of miR-34b/c
may have compensated for the absence of the miR-449 cluster
in the KO mice. However, it remains unclear whether CREM Tt
and SOX5 are responsible for the up-regulation of miR-34b/cin
miR-449-null testes.

Members of miR-449 Cluster and miR-34b/c Target Multiple
Common mRNAs, Especially Those Involved in E2F-pRb
Pathway—Recent data suggest that cell cycle regulators (e.g.
CDC25A, CDK6, and CCNE2) and Notch pathway players (e.g.
DLL1 and NOTCH1) that are involved in cellular differentia-
tion are direct targets of miR-449 (10, 13, 28, 38). Similarly,
several studies have revealed that a large number of cell cycle
regulator genes are direct targets of miR-34 family members
that are ubiquitously expressed in normal tissues/organs but
commonly down-regulated in tumor cells possibly via epige-
netic mechanisms (15, 30, 40, 41). To test whether miR-449 and
miR-34b/cindeed share a common cohort of mRNA targets, we
next investigated whether other experimentally validated
miR-34 targets related to cell cycle regulation are also direct
targets of the miR-449 cluster. We first introduced miR-449a
mimics into the GC-1 cell line derived from spermatogonia of
pubertal mouse testes along with scrambled miRNA controls.
The cell proliferation assays revealed that miR-449a mimics
could inhibit GC-1 cell growth at 48 and 72 h post-transfection
compared with scrambled miRNA control (Fig. 4C). We then
examined levels of mRNAs for several cell cycle regulators that
have been previously validated to be direct targets of the
miR-34 family (15, 30, 41, 42), including Ccnd 1, Bel2, E2f2, E2f3,
and Myc (Fig. 4D). Levels of all of the five mRNAs were signif-
icantly down-regulated in GC-1 cells overexpressing miR-449a
as compared with scrambled control, indicating that indeed
these genes can be modulated by miR-449a in vitro (Fig. 4D and
supplemental Fig. S4). To confirm whether these are direct tar-
gets for miR-449a, we performed Dual-Luciferase reporter
assays in which 3’-UTRs with WT or mutant binding sites for
the seed sequence of miR-449a (Fig. 4, E and F) were fused to
the pGL3.0 control vector as described previously (19). Relative
luciferase activities of all five WT 3’-UTR constructs were sig-
nificantly lower than those in the scrambled miRNA controls,
whereas mutant 3'-UTR constructs showed luciferase activities
comparable with those in scrambled miRNA controls (Fig. 4G).
These data suggest that these five mRNAs, which had been
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FIGURE 4. Shared mRNA targets between miR-449 and miR-34b/c and potential compensatory effects of miR-34b/cin miR-449 knock-out mice. A, high
similarity of mature sequences between members of the miR-449 cluster and the miR-34 family from humans, mice, and rats. The conserved motif “GGCAGUG"
located in the “seed region” of each miRNA is highlighted in bold. B, gPCR analyses showing that levels of miR-34b and miR-34c, rather than miR-34a, were
notably up-regulated in miR-449 KO mice as compared with those in wild type. *, p < 0.05. C, cell proliferation assays showing a time-dependent decrease in
total cell number of GC-1 cells transfected with pre-miR-449a compared with the scrambled transfection control (Ctrol). D, gPCR analysis of levels of mRNAs for
CCND1, BCL2, E2F2, E2F3, and MYC in Hela cells transfected with pre-miR-449a. The values were normalized against GAPDH endogenous control. £, highly
conserved miR-449a sequences among nine species. Sequences highlighted in bold indicate identical nucleotides. F, schematic illustration of the luciferase
reporter assay. The 3'-UTR sequence for each target gene was inserted downstream of the luciferase coding sequence in pGL3.0 control vector (Promega) as
described previously (19). G, luciferase reporter assays demonstrated that miR-449 was capable of repressing expression of genes encoding factors belonging
to the E2F-pRb pathway, including CCND1, BCL2, E2F2, E2F3,and MYC (n = 3; %, p < 0.05). SCRAMBLE, a non-sense double strand siRNA showing no homology
to any mRNA in the murine genome. Data are represented as mean = S.E. (n = 3).
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shown to be direct targets of miR-34b/c, can also be directly
regulated by miR-449a in vitro.

Exhaustive Correlation Analysis of Genome-wide mRNA
Transcriptomic Changes Induced by miR-449a/b or miR-34b/c—
To further demonstrate that the miR-449 cluster and miR-
34b/c play redundant roles, we conducted exhaustive correla-
tion analysis of mRNA transcriptomes using deposited GEO
data available in the Gene Expression Omnibus (accession
number GSE22147) (10). Proliferating human airway mucocili-
ary epithelial cells were individually transfected with Hsa-miR-
449a/b or Hsa-miR-34b/c followed by microarray analyses at
48 h post-transfection (10). In silico analyses revealed that
mRNAs possessing miR-449a/b target sites predicted by
TargetScan were significantly down-regulated as compared
with mRNAs without predicted target sites (p < 1.27e—09;
two-tailed Wilcoxon rank sum test) (Fig. 54). This case also
applied to miR-34b/c, which also induced a significant down-
regulation of their predicted mRNAs targets (p < 6.72e—29)
upon introduction into human airway mucociliary epithelial
cells (Fig. 5B). Importantly, the genome-wide mRNA transcrip-
tomic alterations induced by transfection of miR-449a/b and
miR-34b/c were also well correlated (Pearson’s correlation
coefficient r = 0.86) when only the predicted target mRNAs
were compared (Fig. 5C), suggesting that miR-449a/b and miR-
34b/c exert similar effects on mRNA transcriptomes in prolif-
erating human airway mucociliary epithelial cells. These data
are also further supported by a recent study showing that the
shared seed sequences between miR-449b and miR-34a can
elicit highly correlated genome-wide mRNA transcriptomic
changes in gastric SNU638 cells (27).

DISCUSSION

Production of fertilization-competent sperm relies on the
precise spatiotemporal regulation of gene expression at both
the transcriptional and post-transcriptional levels. The discov-
ery of miRNAs as post-transcriptional regulators prompted us
to look into miRNA-mediated mechanisms in the control of
spatiotemporal gene expression during spermatogenesis.
Although it has been shown that murine testes express abun-
dant miRNAs (9, 14, 19, 23, 24), their physiological roles, espe-
cially functions of individual testicular miRNAs, remain largely
unknown. In the present study, we focused on miR-449 because
it was identified as the most up-regulated testicular miRNA
upon meiotic initiation during postnatal testicular develop-
ment and in adult testes through our microarray analyses (sup-
plemental Fig. S1 and Tables S3 and S4). Interestingly, the miR-
449 cluster appears to be under the regulation of both CREM,
a critical master regulator in developing male germ cells (43—
45), and SOX5, a major postmeiotic transcriptional factor (34,
46, 47). Given that both transcriptional factors are required for
developing male germ cells to progress from mitotic to meiotic
and the subsequent postmeiotic/haploid development, it is
likely that miR-449 mainly functions in spermatocytes and hap-
loid spermatids, which is consistent with our finding that miR-
449 is predominantly and exclusively expressed in spermato-
cytes and spermatids in the adult testes (Fig. 1). Despite the fact
that the miR-449 cluster KO mice show no discernible pheno-
type, an important role of miR-449 in male germ cell develo-
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FIGURE 5. Exhaustive correlation analyses between miR-449a/b- and
miR-34b/c-induced mRNA transcriptomic changes in human airway
mucociliary epithelial cells. A, significant down-regulation (p < 1.27e—09;
two-tailed Wilcoxon rank sum test) of mRNAs (red line) possessing predicted
binding motifs for the miR-449a/b seed region as compared with mRNAs
lacking miR-449a/b binding motifs (black line). B, significant down-regulation
(p < 6.720e—29; two-tailed Wilcoxon rank sum test) of mRNAs (red line) pos-
sessing predicted binding motifs for the miR-34b/c seed sequence compared
with mRNAs lacking miR-34b/c binding motifs (black line). C, mRNA transcrip-
tomic changes induced by miR-449a/b are highly correlated with those by
miR-34b/c.-Fold changes are represented as log, scale. Pearson’s correlation
coefficient r = 0.86.
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pment cannot be entirely excluded at this time because our data
suggest that miR-34b/c can compensate for the absence of miR-
449 based upon the following lines of evidence. 1) miR-449 and
miR-34b/c display similar expression profiles during testicular
development and in adult spermatogenesis, and they are local-
ized to the exact same spermatogenic cell types, namely sper-
matocytes and spermatids (Fig. 1) (14). 2) miR-449 and miR-
34b/c possess identical an “seed sequence,” a core element
usually located between the second and seventh nucleotides
essential for base pairing with target mRNAs, and thus can the-
oretically target a similar set of mRNAs. Our reporter assays
demonstrate that they both target genes that belong to the E2F-
pRb pathway (Fig. 4). 3) miR-449 and miR-34b/c can induce
similar mRNA transcriptomic changes when overexpressed in
cultured cells in vitro (Fig. 5). 4) miR-34b/c levels are signifi-
cantly up-regulated in miR-449-null testes, although the mech-
anism behind this up-regulation remains unknown (Fig. 4). The
ideal way of proving the compensatory effects of miR-34b/c in
the absence of miR-449 is to generate miR-34b/c-miR-449 dou-
ble knock-out mice, which is underway in our laboratories.

It is not surprising to observe a high degree of overlap in both
expression profiles and potential mRNA targets between miR-
449 and miR-34b/c because it has been commonly accepted
that one miRNA can target numerous mRNAs and one partic-
ular mRNA can be targeted by multiple miRNAs (48). This
interwoven relationship between miRNAs and their mRNA
targets results from the fact that many miRNAs possess similar
or even identical “seed sequences” through which miRNAs bind
their target sequences in the 3'-UTRs of mRNAs, and a 3'-UTR
of a particular mRNA usually contains multiple sequence
motifs that can be targeted in theory by multiple miRNAs with
differential seed sequences. Consequently, this “multi-to-
multi” relationship may represent a “fail-safe” mechanism in
which in the case that one miRNA is missing other miRNAs
with similar/identical seed sequences or those with different
seed sequences but that can bind adjacent regions in the same
3’-UTR can compensate for the lost function of that particular
miRNA. This hypothesis may also provide an answer to the
disproportional number of miRNAs compared with that of
mRNAs (~1000 miRNAs versus ~25,000 mRNAs) in the
mouse genome. Many single miRNA or miRNA cluster knock-
out mouse lines have been reported (49), but very few of them
display obvious phenotypes under non-stress conditions.
When under stress, some of these miRNA KO mice behave or
react differently compared with their WT littermates, and
abnormalities start to appear (50, 51). These findings suggest
that miRNAs function mostly as a “fine tuning” mechanism
responsible for stress responses by maintaining appropriate
homeostasis of gene expression at post-transcriptional levels. It
would be interesting to see whether miR-449 KO males would
display any pathological changes if subjected to stress condi-
tions in our future studies.

Previous studies have demonstrated that miR-34b/c target
multiple genes belonging to the E2F-pRb pathway, including
Ccndl, Bcl2, E2f2, E2f3, and Myc (15, 30, 41). Intriguingly, in
previous studies, miR-449 has been shown to target a wealth of
cell cycle regulators that are also part of the E2F-pRb pathway,
including Cdk25a, Cdk4/6, Ccne2, and E2f5 (13, 26-28), and
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FIGURE 6. Proposed model for miR-449/miR-34 to act through E2F-pRb
pathway in control of male germ cell development during murine testic-
ular development and spermatogenesis. In this model, CREMt and SOX5
activate the expression of miR-449 upon meiotic initiation. miR-449 in collab-
oration with miR-34b/c then suppresses the expression of factors that belong
to the E2F-pRb pathway, including CDK4/6, CCND1, CDK25A, MYC, and E2F1/
2/3/5. These changes further cause reduced levels of E2F proteins and an
increase in hypophosphorylated pRb protein level, which will further reduce
E2F activities and thus affect male germ cell development during both the
meiotic and haploid phases of spermatogenesis.

the selected five miR-34b/c targets (Ccnd1, Bel2, E2f2, E2f3, and
Mpyc) were also validated as miR-449 targets by the present
study (Figs. 4 and 5). Based upon these data, we here propose a
model for the miR-449-miR-34b/c pathway to act to control
male germ cell development during murine testicular develop-
ment and spermatogenesis (Fig. 6). In this model, CREMr and
SOXS5 activate the expression of miR-449 upon meiotic initia-
tion. miR-449 in collaboration with miR-34b/c then suppresses
the expression of factors that belong to the E2F-pRb pathway,
including CDK4/6, CCND1, CDK25A, MYC, and E2F1/2/3/5.
These changes further cause reduced levels of E2F proteins and
an increase in hypophosphorylated pRb protein levels, which
will further reduce E2F activities and thus affect male germ cell
development during both meiotic and haploid phases of
spermatogenesis.

Previous studies have demonstrated that the E2F-pRb path-
way plays a critical role in the regulation of male germ cell
development in the testis (52, 53). The mitotic phase of sper-
matogenesis requires the active E2F-pRb pathway as evidenced
by the fact that E2F1 depletion causes highly reduced spermato-
gonial proliferation and marked testicular atrophy (54). How-
ever, upon the initiation of meiosis, activities of the E2F-pRb
pathway appear to be down-regulated probably because this
suppression allows male germ cells to exit from the mitotic cell
cycle and to enter the meiotic program as suggested by several
earlier studies (52, 55-57). In addition, this suppression may
enhance the germinal phenotype by inhibiting mitotic prolifer-
ating activity and promoting meiotic gene expression (53). This
notion is also supported by previous studies showing that miR-
34c is capable of inducing a shift of the global mRNA pattern in
HeLa cells toward germinal lineage and a shift of chicken
embryonic stem cells toward germ cell fate (14). Moreover, low-
ered E2F1 activity appears to correlate with protective effects
that prevent meiotic male germ cells (i.e. spermatocytes) from
undergoing apoptosis because earlier studies have shown that
overexpression of E2F1 leads to massive apoptosis of spermato-
cytes (10, 58). Spermatocytes represent the developing male
germ cells that are most prone to apoptosis because these mei-
otic cells have to undergo crossover/homologous recombina-
tion, which is known to require double strand breaks. The dou-
ble strand breaks must be repaired after meiotic recombination
is finished, and any chromosomal mishaps during the meiotic
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phase can trigger the meiotic checkpoint mechanism, leading
to spermatocyte apoptosis through p53-dependent and -inde-
pendent pathways (39, 59 —61). It is highly likely that the drastic
up-regulation of miR-449 and miR-34b/c in the early meiotic
phase represents a mechanism of suppressing E2F activity dur-
ing meiotic and postmeiotic male germ cell development. Of
course, the ultimate evidence has to come from cells or mice
with a simultaneous inactivation of both miR-449 and miR-
34b/c, an investigation already underway in our laboratories.
Taken together, our data suggest that the miR-449 cluster is
most abundantly expressed in developing male germ cells in the
meiotic and haploid phases of spermatogenesis and that the
miR-449 cluster and miR-34b/c function redundantly to sup-
press the activity of E2F-pRb pathway during the meiotic phase
of spermatogenesis.
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