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PGC-Enriched miRNAs Control Germ Cell

Development

Jinhyuk Bhin'°, Hoe-Su Jeong®™, Jong Soo Kin?’, Jeong Oh Shin®, Ki Sung Hong’, Han-Sung Jung’,
Changhoon Kim? Daehee Hwang***, and Kye-Seong Kim**

Non-coding microRNAs (miRNASs) regulate the translation
of target messenger RNAs (MRNAS) involved in the growth
and development of a variety of cells, including primordial
germ cells (PGCs) which play an essential role in germ cell
development. However, the target mMRNAs and the regula-
tory networks influenced by miRNAs in PGCs remain un-
clear. Here, we demonstrate a novel miRNAs control PGC
development through targeting mRNAs involved in various
cellular pathways. We reveal the PGC-enriched expression
patterns of nine miRNAs, including miR-10b, -18a, -93, -
106b, -126-3p, -127, -181a, -181b, and -301, using miRNA
expression analysis along with mRNA microarray analysis
in PGCs, embryonic gonads, and postnatal testes. These
miRNAs are highly expressed in PGCs, as demonstrated
by Northern blotting, miRNA in situ hybridization assay,
and miRNA gPCR analysis. This integrative study utilizing
mRNA microarray analysis and miRNA target prediction
demonstrates the regulatory networks through which the-
se miRNAs regulate their potential target genes during
PGC development. The elucidated networks of miRNAs
disclose a coordinated molecular mechanism by which
these miRNAs regulate distinct cellular pathways in PGCs
that determine germ cell development.

INTRODUCTION

Primordial germ cells (PGCs) are the embryonic precursors of
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the gametes of the adult. During embryonic development,
PGCs differentiate to germ cells, which develop oocytes in the
female or spermatogonia in the male, and ultimately produce
eggs or sperm, respectively. In mice, PGCs first emerge inside
the extra-embryonic mesoderm at the posterior end of the prim-
iive streak as a cluster of cells (Kucia et al., 2006) and then
migrate toward the presumptive genital ridge, entering the geni-
tal ridge to colonize developing gonads. PGCs in gonads be-
come distinguishable morphologically at 11.5 days post-coitum
(dpc) and initiate differentiation toward the spermatogenic or
oogenic morphogenesis at 12.5 dpc (McLaren, 1992; 2000).
They are regarded as the primordial pluripotent cells because
of their unique ability to preserve the developmental totipotency
(Abe, 2007; De Felici et al., 2009; McLaren, 2003). Embryonic
germ cells derived from PGCs and embryonic stem cells
(ESCs) from the inner cell mass (ICM) have many similarities,
but PGCs and ICM exhibit distinct self-renewal capability and
lineage-specific characteristics (Pal et al., 2009; Watson and
Tam, 2001).

MicroRNAs (miRNAs) are ~22 nucleotide, short, non-coding
RNAs that regulate gene expression by inhibiting the transcrip-
tion or translation of their target mMRNAs (Bartel, 2004). Most
miRNAs in animals function through the inhibition of effective
mRNA translation of target genes through imperfect base pair-
ing with the 3'-untranslated region (3' UTR) of target mRNAs.
Thereby, the silencing mechanism of miRNAs is mediated by
the inhibitory action of the RNA-induced silencing complex that
both represses the translation and facilitates the degradation of
targeted mRNAs (Filipowicz et al., 2008; Jaskiewicz and
Filipowicz, 2008).

MiRNAs regulate growth and development in a variety of the
cells (Kane et al., 2014). Also, a number of studies show that
miRNAs regulate germ cell development (Banisch et al., 2012).
During mouse germ cell development, the miR-290-295 and
miR-17-92 clusters are known as significantly abundant miR-
NAs in PGCs. PGC-specific deficiency of Dicer, which plays a
key role in microRNA biogenesis, results in poor PGC prolifera-
tion (Hayashi et al., 2008). MiR-290-295 cluster deficiency in
mice results in embryonic lethality and germ cell defects with
impaired PGC migration and premature ovarian failure
(Medeiros et al., 2011). MiR-29b promotes female PGC devel-
opment by targeting de novo DNA methyltransferase Dnmt3a
and Dnmt3b (Takada et al., 2009). In chicken, miR-363 is in-
volved in gonadal development (Huang et al., 2010). Moreover,
miR-181a inhibits PGC differentiation by down-regulating
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HOXA1 and PGC meiosis by targeting NR6A1 (Lee et al.,
2011). Although such studies demonstrate that miRNAs play
an essential role in the regulation of gene expression during
PGC development, the function of miRNAs and the regulatory
network of their target MRNAs remain unclear.

The aim of the present study is to identify novel PGC-
enriched miRNAs that play an important role in PGC develop-
ment and to reveal their regulatory networks. We performed a
miRNA expression profiling analysis using a miRNA microarray
and found nine novel miRNAs highly expressed in PGCs at
12.5 dpc compared to gonocytes (GCs) at 15.5 dpc, spermato-
gonial stem cells (SSCs) at 5 days post-partum (dpp), testes at
four and eight weeks as well as ESCs. To find the potential
target genes whose expression may be in inverse proportion to
PGC-enriched miRNA expression, we analyzed the messenger
RNA expression profiling in PGCs at 12.5 dpc, SSCs at 5 dpp,
and testes at 12 dpp using an mRNA expression array. There-
fore, we disclosed the potential target genes by PGC-enriched
miRNAs and the regulatory networks of which PGC-enriched
miRNAs regulate their target genes during PGC development.
Collectively, PGC-enriched miRNAs determine germ cell devel-
opment through regulating a variety of germ cell pathways,
including cell growth, metabolic process, signaling, morpho-
genesis, and transcriptional regulation.

MATERIALS AND METHODS

Sample preparation

Fetal gonads were obtained from pregnant female ICR mice at
12.5 and 15.5 dpc and testes were collected from male ICR
mice at 5 dpp, 12 dpp, four weeks, and eight weeks (Daehan
Biolink Co. Ltd., Korea). Mouse R1 ES cell line (ATCC® SCRC-
1036™) was cultured with a medium supplemented with 15%
fetal bovine serum, LIF, pyruvate, glutamine, 3-mercaptoethanol,
100 U/ml penicillin, and 100 pg/ml streptomycin (Gibco BRL) in
gelatin-coated plates and passaged with trypsin. The cells were
cultured at 37°C in a humidified chamber containing 5% CO,.
All animal experiments were carried out in accordance with the
National Institutes of Health guide for the care and use of la-
boratory animals (NIH Publications No. 8023, revised 1978).
These animal studies were approved by the Institutional Animal
Care and Use Committee of Hanyang University College of
Medicine, Korea.

miRNA microarray analysis

Total RNAs were extracted from the cultured cells using Trizol
reagent (Invitrogen, USA). For preparation of cellular miRNAs,
small-sized RNAs containing miRNAs were isolated from total
RNA using the RNeasy MinElute Cleanup kit (Qiagen, USA)
according to the manufacturer's protocol. The isolated small-
sized RNAs (~1 ug) were subjected to direct labeling with a
fluorescent dye using the Platinum Bright 647 Infrared nucleic
acid labeling kit (KREATECH, Netherland) according to the
manufacturer’s instruction. After labeling, labeled RNAs were
purified from free fluorescent substrates using KREA pure col-
umns (KREATECH, Netherland) according to the manufactur-
er’s instruction, and used in hybridization. A hybridization assay
was carried out with Genopal®-MICM miRNA arrays (Mitsubishi
Rayon, Japan) overnight, where 180-oligonucleotide DNA
probes are installed for detection of mouse miRNAs in 150 pl of
hybridization buffer containing 2x SSC, 0.2% SDS, and ~1 ug
of heat-denatured labeled RNAs at 50°C. After hybridization,
the miRNA chips were washed twice in 2x SSC containing
0.2% SDS at 50°C for 20 min followed by washing in 2x SSC at
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50°C for 10 min. Hybridization signals were examined and
analyzed using a DNA chip image analyzer according to the
manufacturer’s instruction (Mitsubishi Rayon, Japan).

mRNA microarray analysis

Total RNAs were amplified and purified using the Ambion lllu-
mina RNA amplification kit (Ambion, USA) to yield biotinylated
cRNA according to the manufacturer’s instruction. Briefly, 550
ng of total RNAs was reverse-transcribed using an oligo (dT)
primer and second-strand cRNA were synthesized and labeled
with biotin-dNTP. After purification, cRNA were quantified using
the ND-1000 Spectrophotometer (NanoDrop, USA). The 750
ng of labeled cRNA samples was hybridized to the lllumina
MouseRef-8-v2-BeadChip overnight at 58°C according to the
manufacturer’s instruction (lllumina, Inc., USA). The array was
scanned using the BeadStation 500 System (lllumina, USA) to
acquire the signal of the probes. The data were normalized as
log2 intensity values for each dataset using a quantile normali-
zation method (Bolstad et al., 2003).

Reverse transcription-polymerase chain reaction (RT-PCR)
One ng of DNase I-treatment total RNAs was reverse-
transcribed using Superscript Il reverse transcriptase with ran-
dom hexamer (Invitrogen) according to the manufacture’s in-
struction. The standard PCR condition was as follows: 4 min at
94°C, followed by 25-35 cycles of 30 s at 94°C, 30 s at 55°C,
and 30 s at 72°C. The primer sequences used in this study are
given in Supplementary Table S1.

miRNA quantitative real-time PCR assay

TagMan miRNA assay was performed as previously described
(Chen et al., 2005). Reverse transcription (RT) reactions were
run in a GeneAmp PCR 9,700 Thermocycler (Applied Biosys-
tems, USA). RT reaction without templates or primer was used
as the negative controls. Gene expression levels were quanti-
fied using the ABI 7300 RT-PCR System (Applied Biosytems).
A comparative real-time PCR including no template control was
performed in triplicate using each specific primer set for miR-93,
miR-106b, miR-18a, miR-181a, miR-199a, miR-10b, mir-126,
miR-181b, miR-301, miR-127, mir-210, mir-376a, and snoR-
NA234 as the loading control. The reaction was performed at
95°C for 5 min, followed by 40 cycles of 95°C for 15 s, and
60°C for 1 min. All reagents and protocols were from Applied
Biosystems (USA). The expression level of each miRNA rela-
tive to snoRNA234 was determined using the 27 method
(Livak and Schmittgen, 2001).

Northern blot analysis

The total RNAs were isolated from the cultured cells, including
R1 ESCs, Sertoli cells, and MEF cells, and ICR mouse tissue
(male gonads at 12.5 dpc and 15.5 dpc, testes at 5 dpp, four
weeks, and eight weeks) using a Trizol reagent (Invitrogen,
USA). Northern blotting was performed as previously described
(Lagos-Quintana et al., 2001). The total RNA were separated in
a 12.5% polyacrylamide gel containing 7 M urea, transferred to
a Hybond-N+ membrane (GE Healthcare Life Sciences), and
fixed by an ultraviolet cross-linker. Probes were end-labeled
with [y-32P] ATP (GE Healthcare Life Sciences) using T4 poly-
nucleotide kinase (Takara, Japan). Prehybridization, hybridiza-
tion, and wash were carried out at 42°C using ExpressHyb
Hybridization Solution (Clontech, USA) according to the man-
ufacturer’s instruction. Blots were exposed on BioMax MS film
(Kodak) at -80°C for 48 h. The 18S and 28S ribosomal RNA
bands were stained with ethidium bromide and used as a loading
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control. The sequences of probes were as follows: mmu-miR-93;

’-caaagtgctgticgtgcaggt  ag-3’, mmu-miR-106a; 5-caa ag-
tgctaacagtgcaggt ag-3’, mmu-miR-181b; 5’-aacatt cat tgctgtcgg
tgg gt-3’, mmu-miR-18; 5’-taaggtgcatctagtgca gat ag-3'.

mMiRNA in situ hybridization assay

For miRNA in situ hybridization, PGCs at 12.5 dpc and testes at
5 and 12 dpp were fixed with 4% paraformaldehyde (PFA) in
0.01 MPBS (pH 7.4) overnight at 4°C. After embedding in paraf-
fin, the tissue was sectioned in 7 mm thicknesses. The sections
were then baked at 65°C, de-waxed in xylene, rehydrated
through graded washes of ethanol in water, and post-fixed in
4% PFA. The sections were pre-warmed and hybridized with
the 5’-digoxigenin labeled locked nucleic acid (LNA) microRNA
probes in a humid chamber containing 50% formamide in 2x
SSC overnight at 20-25°C (Kloosterman et al., 2006). After
washing with 2x SSC, the sections, an anti-DIG-antibody in
TBS containing 10% FBS was applied and incubated at 4°C
overnight. After washing with TBS, the sections were incubated
in NTMT, and color development was enhanced by NBT and
BCIP. The probes of miR-106b, -93, -18a, and -181a, and
scramble were obtained from Exigon.

Bioinformatics
Identification of potential target genes by miRNAs: Potential
targets by PGC-enriched miRNAs were generated through
three miRNAs-target prediction programs, including TargetScan
(Lewis et al., 2005), mirDB (Wang, 2008), and mirBase (Griffiths-
Jones et al., 2006), in regard to the genes of each mRNA ex-
pression profiles. Mouse transcripts predicted to be miRNA
targets were retrieved from the Sanger microRNA database.

Identification of differentially expressed genes (DEGs); We
first defined the expressed genes across ICR mouse tissues at
12.5 dpc, 5 dpp, and 13.5 dpp using a Gaussian mixture model-
ing method as previously described (Lee et al., 2010). Among
potential candidates, DEGs were identified by following three
comparisons: 1) 12.5 dpc versus 5 dpp, 2) 12.5 dpc versus 12
dpp, 3) 5 dpp versus 12 dpp using an integrative statistical
method previously reported (Chae et al., 2013). This method
calculated adjusted P-values (P) by combining P-values from
two-sample t-test and log.-median ratio test using empirical
distributions of T-values and log,-median ratios by random per-
mutations between samples. For each comparison, the DEGs
were defined as the genes with P < 0.05 and log2-fold-changes
> 0.58. DEGs were grouped into the eighteen clusters based
on their differential expression patterns over time (Supplementary
Fig. S1).

Gene ontology analysis: Gene ontology enrichment analysis

was performed using a DAVID software (Huang da et al., 2009).

Gene ontology Biological Processes (GOBPs) with P-value <
0.1 (a default cut-off) computed from DAVID were selected as
the ones enriched by the genes in each group.

Statistical analysis

Unless stated otherwise, each experiment was carried out us-
ing at least three replicates. Data were described as mean +
SEM. Statistically significant differences between groups were
evaluated by one-way analysis of variance (ANOVA) using a
log-linear model in the Statistical Analysis System (SAS, USA).
Values of P < 0.05 were considered statistically significant.

RESULTS

PGC-enriched miRNAs during germ cell development
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To examine the novel miRNAs predominantly expressed in
PGCs during germ cell development, we performed miRNA
expression profiling arrays in PGCs at 12.5 dpc, gonads at 15.5
dpc, testes at four and eight weeks, ESCs, Sertoli cells, and
MEF cells using the Genopal®-MICM miRNA arrays as de-
scribed in “Materials and Methods”. Among the 180 miRNAs,
we selected 12 miRNAs that were expressed specifically in
PGCs with criteria of a significant (P < 0.05) increase (> 1.5-
fold) in PGCs compared to controls. These 12 mRNAs, includ-
ing miR-10b, -18a, -93, -106b, -126-3p, -127, -181a, -181b, -301,
-1993a, -210, and -376a, were expressed highly in PGCs at 12.5
dpc and gonads at 15.5 dpc compared to other controls (Fig.
1A). The expression levels of these miRNAs decreased with
mature germ cell development (Fig. 1A). Of the 12 miRNAs,
some miRNAs, such as miR-301, -106b, -93, and -18a, were
expressed highly in PGCs, whereas miR-199a, -127, -376a, and
-210 were expressed more in gonads at 15.5 dpc. Therefore,
12 miRNAs meet the criteria as potential regulatory microRNA
candidates that are highly and specifically expressed in PGCs.

The accuracy of the miRNA microarray analysis is affected
by the short length of mature miRNA sequences leading to an
increase in the false discovery rate. Therefore, we conducted
miRNA gPCR analysis to validate the PGC-enriched miRNA
expression (Fig. 1B). Based on the restriction criteria of miRNA
expression in PGCs, we isolated nine PGC-enriched miRNAs
including miR-10b, -18a, -93, -106b, -126-3p, -127, -181a, -181b,
and -301, during PGC development. miR-199a, -210, and -376a
were also expressed in PGCs (Supplementary Fig. S2), but the
expression level of these miRNAs was smaller compared to
that of the selected nine miRNAs (data not shown). Since the
PGC-enriched expression of miR-199a, -210, and -376a fell
below selection criteria, these miRNAs were excluded from
PGC-enriched miRNAs.

A Northern blot analysis confirmed again the PGC-enriched
miRNA expression of miR-18a, -93, -106b, and -181a (Fig. 1C).
To narrow our conclusion, we conducted a miRNA in situ hy-
bridization assay to examine the PGC-enriched miRNA expres-
sion of miR-18a, -93, -106b, and -181a. These miRNAs were
expressed precisely in PGCs at 12.5 dpc (Fig. 1D), but not in
other tissues and other germ stages (Supplementary Fig. S3).
Together, our data indicate that nine novel miRNAs are ex-
pressed in a PGC-dependent fashion, suggestive of their roles
in regulating PGC development.

Target genes by PGC-enriched miRNAs

Our results indicate that PGC-enriched miRNAs may regulate
PGC development. To further establish this, we performed an
integrative analysis using the comparison of the mRNA ex-
pression profiling between PGCs at 12.5 dpc, SSCs at 5 dpp,
and testes at 12 dpp. We found a total of 4,171 DEGs from
three comparisons as follows: 1) 12.5 dpc versus 5 dpp
(2,313 DEGs), 2) 12.5 dpc versus 12 dpp (2,177 DEGs), and
3) 5 dpp versus 12 dpp (2,226 DEGs). These DEGs were
assembled into the eighteen expression patterns (C1-C18)
(Supplementary Fig. S1A and Supplementary Table S2).
Among them, the gene expression patterns in C1 (29 genes)
and C2 (343 genes) were inversely correlated with the PGC-
enriched miRNA expression (Fig. 2A and Supplementary Fig.
S1B). It seems that some genes in C1 and C2 may be the
potential targets by PGC-enriched miRNAs. To test the notion,
we checked the potential targets of our nine miRNAs using
three microRNA target prediction programs; TargetScan,
mirDB, and mirBase (Griffiths-Jones et al., 2006; Lewis et al.,
2005; Wang, 2008). According to our analysis, a total of 6,511
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Fig. 1. The expression levels of miRNAs during male germ cell development. (A) Expression profiling of 12 PGC-enriched miRNAs identified
by miRNA microarray in developing male germ cells. For each miRNA, the mean-centered log,-expression profile (mean = 0) is shown. A
hierarchical clustering was done to visualize the similarity in expression patterns of the miRNAs. The colors represent increased (red) and
decreased (green) expression relative to the mean expression level. (B) PGC-enriched expression of miR-10b, -18a, -93, -106b, -126-3p,
-127, -181a, -181b, and -301 (red) among 12 miRNAs identified from a miRNA microarray analysis were confirmed by miRNA gPCR. (C)
Northern blot analysis demonstrates that miR-18a, -93, -106b, and -181a were expressed in PGCs during male germ cell development. In the
bottom, Ethidium bromide staining of 28S, 18S, and 5S rRNAs is shown as a loading control. Northern blot assay was performed as described
in Materials and Methods. (D) miRNA in situ hybridization assay demonstrated the PGC-enriched expression patterns of miRNAs in PGCs at
12.5 dpc. Arrow, a seminiferous cord; black arrowhead, primordial germ cells; white arrowhead, Sertoli cells.

genes was targeted by miR-10b, -18a, -93, -106b, -126-3p, -
127, -181a, -181b, and -301. The 127 genes could be the
potential targets because of affiliating to C1 and C2 (Fig. 2B
and Supplementary Table S3). As expected, the expression
pattern of 127 genes exhibited a reverse relationship with
that of PGC-enriched miRNAs (Fig. 2C). Interestingly, miR-
106b and -93 are reported to be transcribed together as a
common polycistronic transcript and to be a member of the
same miRNA cluster, miR-17-92 cluster (Olive et al., 2010).
Thus, miR-106b and -93 have highly similar mature se-
quences and may share target genes. In line with that pos-
sibility, miR-106b and -93 shared 39 common targets among
a total of 49 genes (Fig. 2D and Supplementary Table S3).
Additionally, miR-181a and -181b are clustered on chromo-
some 1 and co-transcribed. MiR-181a and -181b had 28
common targets among a total of 36 potential genes (Fig.
2D and Supplementary Table S3).
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PGC-enriched miRNAs regulate cellular processes

PGCs arrived at the genital ridges and become incorporated
into sex cords at 11.5 dpc. They continued to proliferate until
13.5-14.5 dpc and then entered a quiescent period. After birth,
GCs resumed mitosis and initiated their differentiation into
spermatogonia. During this process, GCs undergo a variety of
possible morphological and metabolic changes including apop-
tosis (Fujimoto et al., 2000; Honke et al., 2002; Zhang et al.,
2005). To explore the physiological effects on GC development
by stage specific expression of nine candidate miRNAs, we
examined the cellular processes represented by 127 target
genes based on the enrichment analysis of GOBPs using
DAVID software (Huang da et al., 2009). The GOBPs of the
127 target genes indicated their involvement in germ cell devel-
opment mechanisms, such as cell replication, morphogenesis,
apoptosis, regulatory intracellular signaling cascades, and
phospholipid metabolic processes (Fig. 3A and Supplementary

http://molcells.org



miRNA Has Important Role in PGC Development
Jinhyuk Bhin et al.

A Expression profiles for C1 and C2 B TargetScan
2.0 miRNAs-target i'DB
C1(29) database Al
15 C2 (343) mirBase

10 /‘

!

6,511 miRNA targets

0.5
(miR-10b, -18a, -93, -106b, -126-3p, -127, -181a, -181b, and -301)
0.0 l
-0.5
-1.0
127 putative
-1.5 target genes
-2.0
E————
12.5 dpc 5 dpp 12 dpp Anti-correlation expression (C1 and C2)
C ~ . D wir10eo
SIS Y 2 e R:53
o 0 SRR q,t& R AtpBvOe | Abhd5 Faah  Jazl  Rass

N R R AN AN

E Cyld Gfpt2  Pkd1 Uevid
_E Dazap2 I110rb  Rasl11b
miR-181a .
miR-181b
AI316807 | 1110012J17Rik Gdpd1 Rasl10a
— Ccl7 Arhgef3 H2-K1 Reep1 Rnf1ga
Col7a1 Camta2 Luzp1 Rin2
Fam92a Celf2 Magea5 Sgpp1
Oat Clicé Man2al  Slc19a2
Osgint Cpne2 Mbnl1 Snrk
Rnaset2b | Cyb5b Mtaplb  Traki
Dazap2 Nacc2  UbI3
B4 01 23 Egr1 Pnrc2
— Gas? Prira

Mean centered value

Bola3 Arhgef3 Fam40b KIf9 Sema7a | Acss2

Ccdc160 | Arhgef4 Fbxo21 Litaf Sgms1 | Al316807

Lmo4 Camta2 Fhdc1  Lrch1 Sh3bp2 | Carrf

Vel Casp8 FmnI3  Luzp1 Slc19a2 | Cidea
Ceng2  Foxq1l Mef2c Snrk Mcfd2

Celf2  Furin Nacc2 ~ Ssh3
Cpne2 Gab1 Napepld Tmem64

Fig. 2. Identification of target genes by PGC-enriched miRNAs and their biological processes. (A) The expression of target genes categorized
in C1 and C2 showed a reverse correlation with nine PGC-enriched miRNAs during germ cell development. The auto-scaled log,-expression
profiles of each target gene (mean = 0 and standard deviation = 1) are shown (gray line). Median expression values in C1 and C2 for each
sample are expressed as blue and red lines. (B) The strategy for identifying target genes by nine PGC-enriched miRNAs. 6,511 targets were
generated from the three databases using the sequence pairing algorithms. Among them, 127 were selected as target genes having a reverse
expression (C1 and C2) with miRNA expression. (C) A heat map showed expression patterns of the 127 target genes. For each gene, the
mean-centered logy-expression profile (mean = 0) is shown. A hierarchical clustering was done to visualize the similarity in expression patterns
of the genes. The colors represent increased (red) and decreased (green) expression relative to the mean expression level. (D) miR-106b and

-93 shared target genes due to possession of similar seed sequence. Similarly, miR-181a and -181b shared target genes.

Table S4). Our results suggest that the miRNA-specific targets
could be down-regulated after birth to prevent precocious germ
cell development. Similarly, the induction of target genes coin-
ciding with regulation of cell cycle and apoptosis after birth sug-
gests support for the resumption of mitosis and the restriction of
germ cell loss necessary for proper germ cell development as
previously noted (Kondoh et al., 1991).

Regulatory networks affected by PGC-enriched miRNAs

MiRNAs are known to regulate germ cell development (Banisch
et al., 2012). To understand the regulatory roles of miRNAs in
PGC development, we demonstrated a network of which nine
miRNAs appeared to regulate PGC development through
changing target gene expression. Of the 127 target genes as
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members of C1 and C2, 92 genes were clustered to the known
functions based on their GOBP annotations according to
DAVID software (Huang da et al., 2009). Thus, we created a
network model containing the 12 major modules grouped by
the 92 nodes (Fig. 3B), including 1) apoptosis, 2) cell cycle and
proliferation, 3) differentiation and morphogenesis, 4) structure
organization, 5) intracellular signaling cascades, 6) transcription
regulation, 7) transport and localization, 8) cell adhesion and
migration, 9) cellular metabolic process, 10) RNA processing,
11) proteolysis, and 12) immune and defense response.

To explore the information-theoretic models for complex net-
works, we assembled the relative contribution by each PGC-
enriched miRNAs in response to the 12 cellular processes (Fig.
4A). We calculated the score as a relative contribution of target
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during male germ cell development.

genes by individual miRNAs. Notably, this analysis revealed
that the miR-17-92 cluster, including miR-93 and -106b, plays a
crucial role in the regulation of the 12 cellular processes during
germ cell development. Especially, the contribution score im-
plied that miR-93 and -106b have an anti-apoptotic role by
targeting apoptotic Cidea (Figs. 3A and 4B, and Supplementary
Table S3). Our prediction is consistent with the previous con-
clusions that miR-106b acts as a hub molecule in an apoptotic
miRNA-gene network (Liu et al., 2012) and the suppression of
miR-106b-93-25 cluster expression is essential for ER stress-
mediated apoptosis (Gupta et al., 2012). To corroborate the
above suggested correlations in light of a network model, the
effect on expression levels of target genes by individual miR-
NAs was examined by RT-PCR (Fig. 4B). As target gene ex-
pression was indeed decreased with germ cell development, it
is suggestive that these targets might be regulated by our miR-
NAs.

Moreover, the contribution score implicated that miR-106b
and -93 have a role in specific metabolic processes, especial-
ly phospholipid metabolism, through targeting Abhd5 and
Gab1 (Fig. 4B). Moreover, miR-18a, another member of miR-
17 family, regulated a broad spectrum of processes for germ
cell development, such as differentiation/morphogenesis,
RNA processing, transcription regulation, and cell cycle, by
targeting Rhox8, KIf9, Camta2, Mbnl1, Celf2, Lmo4, Foxq1,
Rassf2, and Ccng2 (Fig. 4B). Our suggestion is in agree-
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ment with the previous observation that miR-18a regulates
male germ cell maturation (Bjork et al., 2010). Furthermore,
miR-181a and -181b negatively regulated the expression of
targets, including Mbnl1 and Prkra, that modulate differen-
tiation and development based on the contribution score
(Fig. 4B). Therefore, miR-10b, -18a, -181b, and -301 along
with miR-181a, which is expressed highly in chicken PGCs,
might cooperatively regulate germ cell development, re-
press PGC differentiation, and keep PGCs from entering
meiosis. Finally, the contribution analysis showed that other
PGC-enriched miRNAs, such as miR-10b, -126-3p, -127,
and -301, may regulate diverse cellular processes during
germ cell development. Based on the contribution score, 1)
miR-126-3p could regulate cell adhesion/migration,
transport/localization, and transcription regulation, 2) miR-10b
may regulate apoptosis, RNA processing, transport/localization,
and immune/defense response, 3) miR-127 might regulate
differentiation/morphogenesis, and 4) miR-301 could regulate
cell cycle/proliferation, structure organization, signaling cas-
cade, differentiation/morphogenesis, and adhesion/migration.
Taken together, our results demonstrate that nine PGC-
enriched miRNAs play a key role in the regulation of a varie-
ty of cellular processes related to PGC development. Fur-
thermore, our network model could extend the current un-
derstanding of the regulatory roles of miRNAs during germ
cell development.
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DISCUSSION

MiRNAs play an essential role in regulation of specification,
migration, and differentiation in the gametes (Dyce et al., 2010;
Jessberger, 2008; Tang, 2010).Though the Surani group re-
ported that miRNAs, such as miR-290-295 and miR-17-92
clusters, are expressed highly in PGCs along with germ cell
development (Hayashiet al., 2008), a systematic analysis of
PGC-enriched miRNAs has not been explored. In this study,
we find that nine novel miRNAs, including miR-10b, -18a, -93,
-106b, -126-3p, -127, -181a, -181b, and -301, are expressed
selectively in PGCs according to our comparative study profiling
miRNA expression of PGCs at 12.5 dpc, GCs at 15.5 dpc,
SSCs at 5 dpp, and testes at four and eight weeks. To under-
stand the functional roles of these miRNAs, we investigated the
potential target genes by an integrative analysis with the se-
quence pairing information and anti-correlated expression pro-
file data between miRNAs and target mMRNAs. Using the anti-
relationship between miRNAs and their target genes, we are
able to present a network model delineating how these nine
miRNAs regulate the PGC developmental processes, including
differentiation and morphogenesis, cell proliferation and apop-
tosis, cell adhesion and migration, cellular signaling cascades,
and other cellular metabolic processes.

A variety of miRNA target prediction algorithms are based on
the sequence pairing between miRNAs and target transcripts
(Griffiths-Jones et al., 2006; Lewis et al., 2005). Recently, the
miRNA integrative analysis using in silico predictions and the
data of microRNA and mRNA expression profiling shows an
inverse expression correlation between miRNA and target
mRNA. This method provides more precise target prediction
compared to the conventional sequence pairing algorithms
(Huang et al., 2007; Joung et al., 2007; Peng et al., 2009; Tran
et al., 2008; Wang, 2008). Using a newly developed integrative
analysis, we propose a network model to understand the regu-
latory roles of nine PGC-enriched miRNAs.

Of the nine miRNAs, miR-18a, -93, and -106b belonging to
the miR-17-92 cluster were previously reported to be highly
expressed in mouse PGCs (Hayashi et al., 2008). In addition,
miR-181a was known to be highly expressed in chicken PGCs
and to inhibit the somatic differentiation of PGCs by silencing
homeobox A1 (Lee et al., 2011). On the other hand, five miR-
NAs, such as miR-10b, -126-3p, -127, -181b, and -301, have
not been previously reported in relation to PGC development.
miR-18a, one of the nine PGC-enriched miRNAs, may mediate
male germ cell maturation by inhibiting a transcription factor
HSF2 that influences a wide range of developmental process
(Bjorket al., 2010). Although we do not find that HSF2 belongs
to our DEGs in PGCs development, our network model sug-
gests that some target genes, such as Camta2, Mbnl1, Rhox8,
and Foxq1, targeted by miR-18a may contribute to PGC devel-
opment. Two clusters of the miR-17 family, miR-17-92 and miR-
106b-25 clusters, might regulate germ cell differentiation by
decreasing Bim, Kit, Socs3, and Stat3 (Tong et al., 2012).
Moreover, Gab1, Casp8, Foxq1, Lmo4, Pkd1, and Mef2c by
miR-106b and/or -93 possibly will control PGC development.
Vcam-1, which is targeted by the miR-126-3p (Harris et al.,
2008) and Pkd1, which is targeted by the miR-127 along with
miR -93 and -106b, mediate cell adhesion/migration and differ-
entiation/morphology, suggesting that miR-126-3p and -127
may be involved with cell adhesion/migration and differentia-
tion/morphology in PGCs. Additionally, the miR-181 family in-
cluding miR-181a and -181b expresses in PGCs of the chicken
(Lee et al., 2011), as well as in human (Sirotkin et al., 2009) and
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mouse (Saunders et al., 2010). Sirtuin-1 is a target of miR-181a
(Zhou et al., 2012). Sirtuin-1 null mice showed to be sterile in
males and sirtuin-1 also participated with growth hor-
mone/insulin-like growth axis (Xu et al., 2010). Collectively, the
miR-181 family including miR-181a and -181b play a key role in
reproductive development.

During germ cell development, massive changes in gene
control and expression, such as alternative splicing and mitotic-
to-meiotic transition also occur (Schmid et al., 2013). In support
of these, the miR-181a/b and miR-10b modulate mechanisms
of RNA processing, such as spliceosome assembly and mRNA
splicing site selection in PGCs (Fig. 4A and Supplementary
Tables S3). Moreover, Tbc1d9b, which is targeted by miR-301,
and Arhgef3 and Arhgef4, whose expression is decreased by
the miR-17 family, mediate small GTPase-mediated signaling
pathways, suggesting miR-17 family and miR-301 involvement
in Ras signaling in PGCs.

In summary, our study provides a demonstration and com-
prehensive bioinformatics analysis of nine novel miRNAs that
are likely candidates to be important in PGC miRNA-mediated
regulatory networks involved in development of PGCs, such as
those regulating essential mechanisms of differentiation and
morphogenesis, cell proliferation and apoptosis, cell adhesion
and migration, and cellular signaling cascades, as well as other
cellular metabolic processes.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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