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Gonadotropin-regulated testicular RNA helicase (GRTH/
DDX25), a testis-specificmember of theDEAD-box family, is an
essential post-transcriptional regulator of spermatogenesis.
Failure of expression of Transition protein 2 (TP2) and Prota-
mine 2 (Prm2) proteins (chromatin remodelers, essential for
spermatid elongation and completion of spermatogenesis) with
preservation of their mRNA expression was observed in GRTH-
nullmice (azoospermic due to failure of spermatids to elongate).
These were identified as target genes for the testis-specificmiR-
469, which is increased in theGRTH-nullmice. Further analysis
demonstrated that miR-469 repressed TP2 and Prm2 protein
expression at the translation level with minor effect on mRNA
degradation, through binding to the coding regions of TP2 and
Prm2mRNAs. The corresponding primary-microRNAs and the
expression levels of Drosha and DGCR8 (both mRNA and pro-
tein) were increased significantly in the GRTH-null mice. miR-
469 silencing of TP2 and Prm2 mRNA in pachytene spermato-
cytes and round spermatids is essential for their timely
translation at later times of spermiogenesis, which is critical to
attain mature sperm. Collectively, these studies indicate that
GRTH, a multifunctional RNA helicase, acts as a negative regu-
lator of miRNA-469 biogenesis and consequently their function
during spermatogenesis.

Mammalian spermatogenesis is a complex process in which
primary germ cells undergo mitotic and meiotic divisions to
generate haploid round spermatids, and proceed to the differ-
entiation process of spermiogenesis that produces elongating
spermatids and mature sperm. This process is regulated at the
transcriptional and post-transcriptional levels by the integrated
expression of an array of testicular genes in a precise temporal
sequence (1, 2). Chromatin compactation that occurs in elon-

gated spermatids during spermiogenesis is essential for nuclear
condensation to generate mature spermatozoa. This repackag-
ing event is achieved by replacing histones with transition pro-
teins (TP1 and TP2), which in turn are replaced by protamines
(Prm1 and Prm2). The initial active transcription phase with
translational repression is followed by cessation of transcrip-
tion associated with chromatin modifications. mRNA of genes
that are essential for later stages of spermiogenesis are gener-
ated well prior their translation. Several mRNAs that associate
with messenger ribonuclear proteins are repressed translation-
ally at cytoplasmic sites, presumably in the chromatoid body of
round spermatids.
Gonadotropin-regulated testicular RNA helicase (GRTH2/

DDX25), a testis-specific member of the DEAD (Asp-Glu-Gly-
Asp)-box family present in Leydig and germ cells (meiotic sper-
matocytes and round spermatids) is regulated developmentally
by androgen at the transcriptional level (3–6). GRTH is a mul-
tifunctional protein, and as component of messenger ribonu-
clear protein, it transports target mRNAs from the nucleus to
cytoplasmic sites (chromatoid bodies, a perinuclear organelle
of nuage structure in spermatids for storage/processing) and to
polyribosomes for translation (7). GRTH is essential to govern
the structure of the chromatoid body (CB) and to maintain
systems that may participate in mRNA storage and their pro-
cessing during spermatogenesis (8). GRTH knock-out male
mice are sterile, with azoospermia caused by a complete arrest
of spermiogenesis at step 8/9 of round spermatids and failure to
elongate. The CB was condensed and greatly reduced in size in
the round spermatids of GRTH-null mice (9). Accumulated
evidence indicates that members of the small interfering RNA
(siRNA) and microRNA (miRNA) pathway, which include
Dicer to process si/miRNA precursors to mature small RNAs,
the effector complex RNA-induced silencing complex, and
mouse vasa homolog, another germ cell helicase, are present in
the CB (10, 11). Preservation of the expression of relevant
mRNAs with failure of protein expression such as angiotensin-
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converting enzyme, transition protein 1 (TP1), and transition
protein 2 (TP2) in the GRTH-null mice indicate that GRTH is
also involved in post-transcriptional events.
microRNAs, a class of �22-nt noncoding RNAs, participate

in diverse biological functions by promoting degradation and
inhibition of translation of target mRNAs. With the exception
of miRNAs generated within introns of protein-coding genes,
most miRNAs are derived from primary miRNA transcripts
(pri-miRNAs) transcribed by RNA polymerase II, which are
5�-capped and polyadenylated (12, 13). pri-miRNAs are subse-
quently processed by the Drosha-DGCR8 complex in the
nucleus to generate precursor miRNAs (pre-miRNAs), which
are exported by Exportin-5 to the cytoplasm where mature
miRNAs are generated via a Dicer-dependent or -independent
route (14, 15). Recent findings of individual miRNAs expressed
during spermatogenesis in a developmental stage-specificman-
ner suggest the participation of miRNAs in male germ cell
development through their contribution to cell type-specific
profiles of protein expression during spermatogenesis (16, 17).
To elucidate regulatory actions of GRTH inmiRNA process-

ing during germ cell development, we first compared the differ-
ential expression profiles of miRNA in purified round sperma-
tids from wild type and GRTH null mice. A panel of miRNAs
and some of their corresponding pri-miRNAs was significantly
increased in the GRTH-null mice. Among the various up-reg-
ulatedmiRNAs, the testis-specificmiR-469with cell expression
similar to GRTH was selected to pursue further studies (16).
miR-469 repressed the translation of TP2 and Prm2 through
binding to the coding region of TP2 and Prm2 mRNAs. This is
consistent with the preservation of TP2 and Prm2 mRNA with
the failure of their protein expression found in the GRTH null
mice (7). Also, GRTH appears to negatively regulate Drosha/
DGCR8 gene expression to control microRNA maturation.
This study has provided insights into a novel molecular control
mechanism of GRTH through the microRNA pathway in the
regulation of spermatogenesis.

EXPERIMENTAL PROCEDURES

Animals—Adult wild type (C57BL/6-SV129J) (Charles River
Laboratories Inc.) and GRTH knock-out male mice (9) were
housed in pathogen-free and temperature- and light-controlled
conditions (20 °C; alternating light-dark cycle with 14 h of light
and 10 h of darkness). All of the animal experiments were
approved by the Animal Care and Use Committee of the
NICHD. Mice were sacrificed by asphyxiation with CO2 and
decapitated. The testes were removed and decapsulated for the
purification of germ cells.
Purification of Round Spermatids—Testicular germ cells

were prepared by collagenase/trypsin dispersion and purified
by centrifugal elutriation (18). After collagenase dispersion,
seminiferous tubules were minced and incubated in medium
199 containing 0.1% bovine serum albumin, 0.1% trypsin
(Sigma) for 15min in a rotarywater bath (100 rpm, 35 °C). After
the addition of 0.02% trypsin inhibitor (Sigma), the sample was
filtered through a 300-, 90-, or 40-�m mesh screen and glass
wool, and the cells were pelleted and resuspended in elutriation
buffer containing 2 �g/ml DNase. The round spermatids were
subsequently separated and purified by centrifugal elutriation

using Beckman Avanti 21B centrifuge with elutriator rotor
model J 5.0 as described previously (7). The first three fractions
(fractions 1–3) were collected with flow rates of 13.5, 31.5, and
41.4 ml/min at 3000 rpm, and two additional fractions (frac-
tions 4 and 5) were obtained with flow rates of 23.2 and 40
ml/min at 2000 rpm. Fraction 3 containing round spermatids at
a purity of 86% was used for protein and RNA analyses.
microRNA Microarray Analysis—Total RNA enriched for

small RNAswas isolated from purified round spermatids either
from wild type or GRTH knock-out mice by using the
mirVanaTMmiRNA isolation kit (Ambion). The quality of RNA
was assessed by identification of 28 S rRNA, 18 S rRNA, and
small RNA peaks on Agilent 2100 Bioanalyzer with an RNA
6000 nano kit (Agilent Technologies). RNA samples with an
RNA integrity number between 8 and 10 were further used for
analysis. Rodent TaqMan� Low Density miRNA Arrays A
(TLDA) version 2.0 was used to detect and quantify the mature
miRNAs expression level in accordance with the manufactur-
er’s instructions (19). All reagents were obtained from Applied
Biosystems. Briefly, 500 ng of total RNA were reverse-tran-
scribed using the miRNA reverse transcription kit with the
Megaplex pool containing about 380 stem-looped reverse tran-
scription (RT) primers. No priormiRNApre-amplification step
was needed. For each cDNA sample, 384 small RNAs were pro-
filed using a genemaximization PCR plate (384-well plate). The
Rodent Arrays A plate contains 335 individual mouse miRNAs
in each well, 4 wells of U6 small nucleolar RNA as internal
controls, and other small nucleolar RNAs or rat miRNAs. 6 �l
of RT product and 450 �l of 2� TaqMan PCRMaster Mix, No
AmpEraseUNGweremixedwith 444�l of nuclease-freewater.
100 �l was loaded into each port of the appropriate 384-well
TLDA array, centrifuged 1 for min at 300� g to distribute sam-
ples to the multiple wells, and then sealed with a micro-fluidic
card staker. The arrays were run on an ABI Prism 7900 HT
sequence detection system (Applied Biosystems). miRNAs
were excluded from the analysis if cycle threshold (Ct) values
were above 35 or high variation was found. Relative quantifica-
tion (RQ) values of miRNA expression levels were calculated by
the comparative 2���Ct method with U6 small nucleolar RNA
as endogenous controls. The experiment was performed in
duplicate from two independent samples.
microRNAQuantitative Real Time RT-PCR—To validate the

accuracy of microarray data, single qPCR experiments for rep-
resentative miRNAs were performed. Total RNA enriched for
small RNAs was extracted from round spermatids of wild type
or GRTH knock-out mice using miRNeasy mini kit (Qiagen).
The RNA quality was checked by Agilent 2100 Bioanalyzer
(Agilent Technologies). 100 ng of total RNA was reverse-tran-
scribed (RT) with 50 nM miRNA-specific stem-loop primers
containing common sequences described previously (5�-
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG-
GATACGAC) (20) or U6 small nuclear RNA random primers
using TaqMan� microRNA reverse transcription kit (Applied
Biosystems) according to the manufacturer’s instructions.
microRNA levels were measured in triplicate using SYBR
Green PCR Master Mix (Applied Biosystems) with miRNA-
specific forward primers designed based onmiRBase 14 release
and a universal reverse primer (5�-AGTGCAGGGTCCGAGG)
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on an ABI 7500 real time PCR system (Applied Biosystems)
with the following conditions: 2min at 50 °C and then 10min at
95 °C followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s.
PCR specificity was checked by melting curves and agarose gel
electrophoresis. miRNA levels were normalized to U6 small
nuclear RNA, and fold change was determined by the compar-
ative threshold method (2���Ct). All miRNA-specific and U6
random primers are listed in supplemental Table 1.
Assessment of Primary microRNA and mRNA by Quantita-

tive Real Time RT-PCR—Total RNAwas extracted from round
spermatids or culture cell pellets using RNeasy micro kit (Qia-
gen), and the samples were treated with the RNase-free DNase
set (Qiagen) as per themanufacturer’s instructions. cDNA syn-
thesis was performed with 1 �g of total RNA using Super-
ScriptTM III first-strand synthesis system and oligo(dT) prim-
ers (Invitrogen) according to the manufacturer’s instructions.
The amounts of primary microRNA or mRNA were measured
using SYBR Green PCRMaster Mix (Applied Biosystems) with
�-actin as an internal control on the ABI 7500 real time PCR
system (Applied Biosystems). The primary microRNA-specific
primers were designed upstream of the precursor microRNA
hairpin based on the Ensembl ortholog data base. The primer
sequences were used for primary microRNA, and mRNA qRT-
PCRs are available in supplemental Table 2.
DNA Constructs—Mouse transition protein 1 (TP1, NM_

009407, nt 40–389), transition protein 2 (TP2, NM_013694, nt
58–535), protamine 1 (Prm1, NM_013637, nt 97–383), prota-
mine 2 (Prm2, NM_008933, nt 103–594), phosphor-glycerate
kinase 2 (PGK2, NM_031190, nt 951–1568), and H1 histone
family, member N, testis-specific (H1fnt, NM_027304, nt 441–
1313) cDNA, including coding region and 3�-untranslated
region (UTR) were amplified by PCR using cDNA template
prepared from round spermatids. To construct luciferase
reporter plasmids, various fragments of the potential target
gene cDNA or a series of deletion and annealed oligomers were
cloned into psiCHECK-2 (Promega) at restriction sites XhoI
andNotI, directly 3� downstreamofRenilla luciferase. Thewild
type of Prm2 or TP2 coding region (CDs) were cloned into
pCMV-tag2 vector (Invitrogen) at restriction sites EcoRI and
XhoI. To generate each CDmutant construct, PCR-based site-
directed mutagenesis used the pCMV-FLAG-Prm2 or pCMV-
FLAG-TP2 as templates with a pair of primers containing the
mutant MRE sequence using QuikChange II XL site-directed
mutagenesis kit (Stratagene). The PCRproducts ofmutant CDs
amplified from themutant construct were subsequently cloned
into psiCHECK-2 (Promega) at restriction sites XhoI and NotI,
directly 3� downstream of Renilla luciferase. In some cases,
annealed oligonucleotides containing wild type or mutated
sequence were directly subcloned downstream of Renilla lucif-
erase. The nucleotide sequences of the constructs were con-
firmed by DNA sequencing analyses. The primer sequences
used for construct are shown in supplemental Table 3.
Cell Culture and Transfection—NIH3T3 cells (American

Type Culture Collection) were maintained in Dulbecco’s mod-
ified Eagle’s medium plus 10% heat-inactivated fetal bovine
serum and penicillin/streptomycin at 37 °C with 5% CO2. All
cell culture reagents and culture plasticware were from Invitro-
gen and Corning Inc., respectively, unless otherwise specified.

For the qRT-PCR andWestern blot, the cells were seeded into
6-well plates 24 h before transfection at a density of 1 � 105

cells/well in an antibiotic-free medium. Pre-miRNAs or the
scrambled RNAoligomer (Ambion) was cotransfected at a final
concentration of 50–100 nM with 0.1–0.5 �g of pCMV-tag-
Prm2 or pCMV-tag-TP2 construct using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. The
microRNA expression was confirmed by the stem-loop qPCR.
Dual-Luciferase Assay—NIH3T3 cells were seeded 24 h

before transfection at a density of 6 � 103 cells/well in 96-well
plates. pre-miRNAs (5 pmol) or scrambled RNA oligomer (5
pmol) or miRCURY LNATM miRNA-469 inhibitor (5 pmol,
Exiqon) or control miRCURY LNA miRNA inhibitor (5 pmol,
Exiqon)was cotransfected at a final concentration of 33 nMwith
2 ng of the psiCHECK-2/GENE construct. In all cases, a consti-
tutively expressed firefly luciferase gene in psiCHECK-2 was
used as a normalization control for transfection efficiency.
Forty eight hours after transfection, cells werewashedwith PBS
and lysed in Passive Lysis Buffer (Promega). Firefly and Renilla
luciferase activities were measured consecutively with the
Dual-Luciferase reporter system (Promega) using a luminome-
ter (Mithras LB940; Berthold Technologies). All luciferase
assays were repeated a minimum of three times with four rep-
licates each.
Protein Extraction and Western Blot Analysis—Cell pellets

harvested from transfected NIH3T3 cells or purified round
spermatids were washed in chilled PBS and incubated for 20
min at 4 °C with rotation in 1� RIPA buffer (500 nM Tris-HCl,
pH 7.4; 150 nMNaCl; 0.25% deoxycholic acid; 1%Nonidet P-40;
1 mM EDTA) (Millipore) containing freshly added protease
inhibitor mixture (Roche Applied Science). Lysates were
cleared by centrifugation at 4 °C for 15 min at 16,000 � g, and
protein concentrations were determined using Bradford dye
(Bio-Rad). ForWestern blot analysis, 30 �g of total protein was
size-fractionated by SDS-PAGE on 8–16% Tris-glycine gels in
the running buffer (Invitrogen) and transferred to nitrocellu-
lose membranes (Invitrogen) in Tris-glycine transfer buffer
(Invitrogen) containing 10% methanol. The membrane was
blocked for 1 h at room temperature in 5% milk and probed
with specific primary antibodies obtained from commercial
sources, including anti-mouse antisera, FLAG (1:1000, Sigma)
and �-actin (1:5000, Sigma); anti-rabbit antisera, Drosha
(1:1000, Cell Signaling) andDGCR8 (1:1000, ProteinTech). The
blots were developed with goat anti-mouse or goat anti-rabbit
IgG horseradish peroxidase-conjugated antibodies (1:2000–
10,000, Santa Cruz Biotechnology), respectively. Reacted pro-
teins were visualized by the electrochemiluminescence system
(Pierce). The intensity of each protein band fromWestern blots
from three independent experiments was scanned by densi-
tometry (GS-800 calibrated densitometer, Bio-Rad) in the lin-
ear range of optical density and quantitated by a software pack-
age (Quantity One version 4.2.1). The values obtained from
quantitation of optical densities of Western blot signals were
normalized by endogenous �-actin. KO values were expressed
relative to WT (100%).
Statistical Analysis—The significance of the differences on

the expression of luciferase activity, mRNAs, and proteins
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between groups was determined by Dunnett’s multiple-com-
parison test (one-way analysis of variance).

RESULTS

Differential Expression of miRNAs from Round Spermatids in
Wild Type and GRTH Knock-out Mice—miRNA expression
profiles for round spermatids of wild type and GRTH knock-
out mice were determined by Rodent TaqMan� Low Density
miRNA Arrays A version 2.0 (TLDA, Applied Biosystem).
miRNAs were considered to have significant differential
expression if they were up- or down-regulated at least 4-fold
(accession number GSE 33969). A total of 119 miRNAs was
found to be up-regulated in the GRTH knock-out mice com-
pared with the wild type; however, no down-regulatedmiRNAs
were observed in this study (supplemental Table 4).
To verify the results obtained by microarray analysis, quan-

titative real time RT-PCR analysis was carried out to measure
the differential expression level of miRNAs known to be testis-
specific or others in round spermatids of WT versus KO mice.
Some of these with postulated functions reported in the litera-
ture are shown in Fig. 1II. The qRT-PCR validation of selected
differentially expressed miRNAs (Fig. 1I) showed that testis-
specific (miR-469) or preferred (miR-34C and miR-470) (Fig.
1I, panel A) (16) members of the let-7 family with a 1–2-nucle-
otide difference (Fig. 1I, panel B) and others, including miR-21,
-27b, -29C, -34a, -34b, -140, -143, and -328-3p (Fig. 1I, panel C),
were significantly up-regulated in GRTHKOmice. In contrast,
miRNA-202–3p and let-7c showed a minor increase, and no
change in miRNA-203 level was observed. These findings were
consistent with those derived frommicroRNAarray expression
profiles.
Differential Expression of pri-miRNAs andDrosha-DGCR8 in

Round Spermatids between Wild Type and GRTH Knock-out
Mice—To elucidate the processing mechanism leading to the
up-regulation ofmiRNAs, presented in Fig. 1, pri-miRNAs cor-
responding to selected up-regulated and unchanged (control)
miRNAs from the different groups were analyzed in round
spermatids of GRTH-KO and WT mice by the qRT-PCR with
specific gene primers located upstream to the hairpin of each
precursor (Fig. 2). Primary precursors for the testis-specific
(miR-469) or preferred (miR-34c and -470) members of let-7
family (pri-let-7d and -7g) and pri-miR-27b showed increased
levels consistent with those observed for the up-regulated
maturemiRNAobserved in the round spermatids ofGRTHKO
(p� 0.05). No change in the pri-miR-203, as was the case for its
maturemiR-203 counterpart, was observed (Fig. 1I). Other pri-
mary precursors for the miRNAs shown in Fig. 1 were not ana-
lyzed in this study. The expression of Drosha and DGCR8 pro-
teins of the microprocessor complex, required for the
generation of precursor pre-miRNA, were significantly
increased at both mRNA (Fig. 2B, �2-fold) and protein levels
(Fig. 2C,�3–9-fold) in the absence ofGRTH (GRTHKO versus
WT). In contrast, no changes in Dicer or Ago protein was
observed (8). These results indicated thatGRTHnegatively reg-
ulates miRNA biogenesis at levels of the synthesis of primary
miRNA (pri-miRNA) and of enzymes of the microprocessor
complex processing complex (Drosha and DGCR8) for gener-
ation of mature miRNA.

Identification of miR-469 Target Gene—Among the verified
up-regulated miRNAs (Fig. 1), the testis-specific miR-469 (16,
17) was selected to focus our effort in this study. This miRNA
was found to be testis-specific with expression in germ cells,
meiotic spermatocytes, and round spermatids (16, 17) and in
Leydig cells of adult testis (supplemental Fig. S1). Because the
initial analysis by target scan program did not reveal TP2 and
Prm2 as targets formiR-469 function, a panel of provenGRTH-
regulated genes of relevance for germ cell development, includ-
ing transition proteins 1 and 2 (TP1 and TP2) and protamine 1
and 2 (Prm1 and Prm2), were assessed as the putative target
genes for miR-469 using dual-luciferase reporter assays. The
coding region and 3�-UTR of candidate genes were inserted
into the psiCHECK-2 vector directly 3� downstreamof reporter
gene Renilla luciferase, and further downstream Firefly lucifer-
ase was used as the internal control in the study (Fig. 3, top
panel). Results from the dual-luciferase assay showed the nor-
malized level of Renilla luciferase relative to Firefly luciferase
activity in the presence of miR-469 significantly decreased in
the cells cotransfected with Prm2 and TP2 constructs when
compared with scrambled RNA (p � 0.01). The negative con-
trol, plasmid lacking the targeting sequence, showed no differ-
ence in the luciferase activity between the scrambled and miR-
469 group. The luciferase activity for H1fnt, PGK2, Prm1, and
TP1 showed minimal inhibition by miR-469 (p � 0.05) (Fig.
3A). Thus, Prm2 and TP2 appeared to be the target gene regu-
lated by miR-469 either via coding region or 3�-UTR. Recovery
from miR-469 inhibition of TP2 and Prm2 was evident in cells
cotransfected with miR-469 inhibitor (Fig. 3B). As target miR-
469 sequences in Prm2 or TP2 mRNA could not be identified
initially by theRNA22program in either untranslated or coding
regions of the gene (21), we proceeded with the investigation of
functional elements using deletions and mutations utilizing
dual-luciferase assays.
Identification of Protamine 2 Functionally Responsive Ele-

ment of miR-469—To characterize the mechanisms regulating
Prm2 or TP2 expression at the post-transcriptional level by
miR-469, serial deletions from the distal and proximal ends of
Prm2 or TP2 were generated as illustrated in the left panel of
Figs. 4 and 6, respectively. Luciferase assays demonstrated that
strong regulatory elements are located in the coding region of
both target genes.miR-469 (Fig. 4) significantly decreased lucif-
erase activity in the plasmid containing the full-length coding
region (103/423 nt) along with the 172-bp 3�-noncoding region
(423/594 nt) of Prm2 (103/594 nt) (psiCHECK-2/Prm2). Simi-
lar inhibition was noted in the construct of 3� deletion from nt
386 (103/386 nt) (psiCHECK-2/Prm2-a) when compared with
the negative control group with scrambled RNA. However,
miR-469 did not have any effect on the plasmid containing iso-
lated fragment from 365 to 594 nt (psiCHECK-2/Prm2-b).
These results suggest the functional MRE(s) is/are located in
the coding region of Prm2. A significant further decrease in
luciferase activity was observed in the reporter gene containing
Prm2 at nt 103–300 (psiCHECK-2/Prm2-c), whereas this inhi-
bitionwas recovered in the construct-containing fragment of nt
100–199 (psiCHECK-2/Prm2-c versus -d). Location of MREs
between 200/300 nt of Prm2 was confirmed by the loss of
reporter gene activity in cells transfected with psiCHECK-2/
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Prm2-e in the presence of miR-469. Detailed evaluation of this
region showed that the repression was completely recovered in
nt 200–260 (psiCHECK-2/Prm2-g). The partial recovery
observedwith the nt 200–280 (psiCHECK-2/Prm2-f) indicated
that sequences between nt 260 and 300 play a key role in the
miR-469-mediated Prm2 repression. This was further con-

firmed in the construct-containing sequences between nt 269
and 302 (psiCHECK-2/Prm2-h).
Computational and bio-informational approaches were then

utilized to predict potential Prm2 mRNA targets between nt
256 and 299 of miR-469 (Fig. 5A). The structure between Prm2
mRNA andmiR-469 predicted by mfold program) revealed the

FIGURE 1. I, RT-quantitative PCR of individual miRNAs from round spermatids of GRTH-null (KO) and wild type (WT) mice. Panel A, miRNAs known to be
testis-specific (miR-469) or preferred (miR-34c, miR-202–3p, and miR470). Panel B, members of the let-7 family. Panel C, other microRNAs. Results show a
representative experiment in triplicate from three independent experiments. Data represent means � S.E. II, summary of known functions corresponding to
miRNAs differentially expressed in round spermatids of wild type versus GRTH KO mice derived from miRNA microarray analysis (17, 28, 29, 41–57).
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presence of two critical binding sites with complete match to
the seed region (nt 2–8) of miR-469 located in nt 271–277 and
292–299 of Prm2 mRNA (Fig. 5). To investigate which target
site(s) confer the specificity of interaction between miR-469
and Prm2 mRNA, four different mutations were created in the
predicted Prm2-binding sites of miR-469 (Fig. 5B). Results
showed that luciferase activities were partially recovered in
either singly mutated binding site compared with WT. Inhibi-
tion was only abolished by mutations of both target sites (I-aX/
II-bx). Collectively, these results demonstrate miR-469 regu-
lates Prm2 expression through binding to two functional
response elements in the coding region.
Identification of Transition Protein 2 Response Element of

miR-469—The functional MRE(s) in TP2 was also determined
by dual-luciferase assay with combined deletions andmutagen-
esis approach (Fig. 6). The sequence containing the coding
region alone (psiCHECK-2/TP2-CD) exhibits comparable loss
of luciferase activity as the constructs with additional 3�-UTR
sequences (psiCHECK-2/TP2) (Fig. 6A). MRE was then pro-
posed to be localized in the coding region rather at 3�-UTR.
mRNA-fold program confirmed the formation of a duplex
structure of TP2mRNA (nt 352–383)with a perfectmatch at nt

376–383 to the 5� seed region of miR-469 (Fig. 6B). Significant
loss of luciferase activity was observed in the construct contain-
ing the MRE sequence alone (psiCHECK-2/TP2-MRE). Muta-
tion of the proposed MRE site in the psiCHECK-2 vector con-
taining either coding region of TP2 (psiCHECK-2/TP2-CD-X)
or the isolated MRE (psiCHECK-2/TP2-MRE-X) completely
recovered the luciferase activity in the presence of miR-469.
Negative control with vector alone showed no difference in
luciferase activity in the presence or absence of miR-469. Sim-
ilar to the Prm2, these results demonstrated the miR-469 regu-
latedTP2 expression through its binding to the coding region of
TP2 but not the 3�-UTR.
Effect of miR-469 on Endogenous Prm2 and TP2 Expression—

To verify the relevance of the coding regions of Prm2 and TP2
as targets of miR-469 function, mammalian expression con-
structs (pCMV-FLAG) containing Prm2 andTP2 that excluded
3�-UTR were utilized. In NIH3T3 cells transfected with either
PCMV-Prm2 or -TP2 plasmid, mRNA of Prm2 or TP2 was not
altered by the overexpression of miR-469 (p � 0.05) (Fig. 7A).
However, the level of protein expression in either case was sig-
nificantly decreased (Fig. 7B) by overexpression of miR-469.
These results indicate that Prm2 and TP2 protein expression

FIGURE 2. Up-regulated primary miRNAs and microprocessor in round spermatids of GRTH KO compared with wild type (WT) mice. A, quantitative real
time qPCR measurements of a panel of primary miRNAs corresponding to their respective mature miRNAs from round spermatids in the GRTH-null (KO) and
wild type (WT). Results are the means � S.E. of three independent experiments in triplicate. B, quantitative real time PCR measurements of Drosha and DGCR8
mRNA from round spermatids of GRTH-null (KO) and wild type (WT) mice. C, Western blot analysis of Drosha protein and DGCR8 isoform (*, NM_022720.6 and
001190326.1) from round spermatids of GRTH-null (KO) and wild type. Signals from three independent experiments were quantified and normalized by
�-actin. The KO values (means � S.E.) are presented relative to WT (100%).
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was repressed by miR-469 at the translation level but not via
mRNA degradation.

DISCUSSION

This study has demonstrated a subset of microRNAs that
were differentially up-regulated in round spermatids of GRTH
KO mice, including testis-specific miR-469, testis-preferred
(miR-34c and miR-470), ubiquitous let-7 family members, and
others that might participate in germ cell development (Fig. 1).
The primarymiRNAs of interest were also increased alongwith
the enzyme complex (Drosha-DGCR8) that promotes the pro-
cessing of primarymiRNA transcripts. Our studies provide evi-

dence that miR-469 specifically targets chromatin remodeling
gene products TP2 and Prm2, which are essential for germ cell
development, and further understanding of the GRTH regula-
tory function during spermatogenesis.
It is interesting to note in the present microarray analysis the

presence of solely differentially up-regulated microRNAs (Fig.
1, I and II) covering a wide range cellular actions that could
participate in germ cell development. This type of up-regula-
tion was similarly observed in the absence of Tdrd6 gene
expression where the majority of differentially expressed
miRNAs (91%) were up-regulated. Tdrd6 is a Tudor domain
containing protein that exhibits the same pattern of expression

FIGURE 3. Identification of miR-469 target genes. A, panel of GRTH-targeted testicular genes derived from polysome microarray gene expression
analysis (40) was selected for the study. miR-469 inhibits the expression of a luciferase construct containing coding region and 3�-UTR of protamine 2
(Prm2) and transition protein 2 (TP2) mRNA *, p � 0.01. No effect on testis-specific histone H1 gene (H1fnt), PGK2, Prm1, and TP1. B, recovery of miR-469
inhibition in Prm2 and TP2 by miR-469 inhibitor. Normalized luciferase activity (Renilla/Firefly) in NIH3T3 cells cotransfected with reporter constructs in
the presence of scrambled RNA, miR-469 precursors, scrambled inhibitor, and or miR-469 inhibitor as indicated. Results are the means � S.E. from three
independent experiments with four culture replicates each. miR-469/scrambled inhibitor versus scrambled RNA/scrambled inhibitor in Prm2 and TP2
groups, *, p � 0.01 and miR-469/miR-469 inhibitor versus scrambled RNA/miR-469 inhibitor in Prm2 and TP2 groups; **, p � 0.05. Vector only indicates
no differences among groups.
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as GRTH and is also required for the architecture of the chro-
matoid and the progress of spermiogenesis (9, 22). Only the
miRNAs miR-29c, miR-34a, miR-34c, and miR-470 were com-
monly up-regulated in both null mice models. Target scan pre-
dicted DNA-modifying enzymes (DNA methyltransferase and
histone deacetylase), RNA-processing enzyme (Dicer), and
eukaryotic translational initiation factors as the miRNA tar-
get genes. This suggests a common control mechanism that
might be shared by both GRTH and Tdrd6. Some aspects of
the specificity of GRTH action differing from Tdrd6 rely on
the unique regulation of miRNAs like miR-469 through its
association with the coding region of chromatin remodeling
genes TP2 and Prm2 (Figs. 3–6). Other not yet identified
miRNAs differentially regulated by GRTH could also target
TP2 and Prm2 in this mouse model. Neither target scan nor
RNA22 program revealed any other miRNA candidates in
the panel of differentially expressed species (WT versus KO)
targeting TP2 and Prm2 in this study. The interaction
between miRNAs and target genes seems to play an impor-
tant factor in the regulation of stage-specific expression of
germ cell genes.

In addition to the fact that both GRTH and miR-469 are
expressed specifically in the testis, the striking similarity of
their increased expression from puberty to adulthood (3, 16),
and the cell-specific expression in the late stage of meiosis
and round spermatids (4, 16, 17) indicate their functional
importance during testicular spermatogenesis. Evidence for
the presence of mature miR-469 in round spermatids and its
functional role in the regulation of genes (TP2/Prm2)
required for chromatin remodeling during spermatogenesis
have been shown in this study. The finding of an increased
miR-469 level in the absence of GRTH (Fig. 1) led us to
propose that GRTH might have an intrinsic regulatory role
to prevent overexpression of miR-469 and possible others
shown to be up-regulated in this study.
miR-34c, is also known to be highly expressed in the sper-

matocytes and round spermatids (23). Although the RNA22
program predicted few potential low energy binding sites in the
target genes of interest (Fig. 3) governed by GRTH (7), none of
these genes were proven as miR-34c targets by the dual-lu-
ciferase analysis (data not shown). However, it is conceivable
that themiR-34c target Transforming growth factor inhibitor 2

FIGURE 4. Mapping of miR-469 response element(s) in protamine 2. Left panel, diagram of the constructs of mouse Prm2 full-length and deletions in the
psi-CHECK2 vector. Coding region with deletion of ATG codon or 3�-UTR of Prm2 was subcloned in the downstream 3�-UTR of Renilla luciferase (Luc). Shaded
bar indicates the coding region of Prm2, and solid square indicates two response elements of miR-469. Right panel, normalized luciferase activity (Renilla/Firefly)
in NIH3T3 cells cotransfected with deletion constructs in the presence of scrambled RNA or miR-469 precursors, as indicated. Results are the means � S.E. of
three independent experiments performed in quadruplicate.
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(TGIF2), a known inhibitor of the TGF� receptor/signaling
pathway for its regulation during spermatogenesis (24, 25),
might be linked to GRTH regulation. Other evolutionarily con-
servedmembers ofmiR-34 family, miR-34a and -34b, known to
have a role in determining cell fate, provide a newavenue for the
GRTH action in the germ cells.
From the 13 let-7 miRNAs family members evolutionarily

conserved from Drosophila to human, let-7a/d, -b, and -e–g
were up-regulated in GRTH KO mice. let-7 members have
either activator or repressor function depending on specific
cellular stages. let-7 is known to target endonuclease Dicer
within its coding region as a mechanism for a miRNA/Dicer
autoregulatory negative feedback loop (26). This appears not
to be the case in the GRTH KOmice model where no change
in Dicer protein expression was observed (8) despite the
marked increases noted in several members of the let-7 fam-
ily (Fig. 1I, panel B). High level of let-7 expression has been
proposed as a unique property of testis-derived male stem

cell germ line for primordial germ cells’ proliferation and
development (27–29). In contrast, in many human cancers,
let-7 expression is deregulated, and let-7 is widely viewed as
a tumor suppressor (30). In pituitary adenomas, the negative
regulation of high mobility group protein A2 (HMGA2) by
let-7 is believed to contribute to the pathogenesis of the dis-
ease (31). The HMGA2 is a non-histone chromatin protein
that binds DNA in AT regions and can regulate transcription
by altering chromatin structure and consequently promot-
ing the assembly of transcription factor complexes (32). Its
expression is highest in pachytene spermatocytes and early
spermatids, and disruption of the HMGA2 gene results in a
block of spermatogenesis with testis showing degenerating
spermatocytes and few spermatids (33). In the GRTH KO
mice, the HMGA2 protein is completely absent, but its
mRNA level was unchanged compared with theWT (7). let-7
increases in the GRTH KO could effectively silence the
HMGA2 mRNA and prevent its expression, and its defi-

FIGURE 5. Verification of functional response element of miR-469 in Prm2 coding region by mutagenic analysis. A, duplex structure between
miR-469 and Prm2 mRNA predicted by mfold program. Sequences located at nt 271–277 (I) and 292–299 (II) of Prm2 mRNA (nt 256 –299) were perfect
match to the 5� seed region of miR-469 (nt 2– 8 of miR-469). B, diagram of mutation sites in the Prm2 mRNA. Three or five nucleotides mutations were
generated in the Prm2 I and/or II binding sites to miR-469 seed region using psi-CHECK2/Prm2-a (Fig. 3) as the template. C, normalized luciferase activity
(Renilla/Firefly) in NIH3T3 cells cotransfected with wild type (WT) or mutation constructs in the presence of scrambled RNA or miR-469 precursors.
Relative luciferase activity was recovered gradually in the I and/or II mutation construct compared with the WT. Results are the means � S.E. from three
independent experiments in quadruplicate.
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ciency could contribute to the phenotype observed in the
GRTH KO mice. Thus, let-7 regulation of germ cell target
induced by GRTH regulation during spermatogenesis could
be envisioned.
Identification of putative functional response element

(MRE) sites localized only within the coding region of TP2
and Prm2 provides evidence for a nonclassical regulation of
these target genes by miR-469 (Figs. 4–6). It was further
demonstrated that the regulation occurred through the
repression of protein translation with no effect on mRNA
degradation (Fig. 7). Most of the reported functional mam-
malian microRNAs were found to target 3�-UTR sequences,
and few studies have revealed 5�-UTR participation. More
recently, evidence of elements within the coding region of
mRNA have been found to be targeted by miRNAs (34). Our
studies have clearly shown exclusive participation of func-
tional binding sites in the coding region and excluded coop-
erating 3�-UTR sequences for miR-469. The presence of
functional binding sites for both genes was demonstrated in
their mRNA coding region (two for Prm2 and one for TP2)
through assessment by deletions and mutagenesis. The RNA

folding program further confirmed those functional motifs
by their complete complementarity with miR-469 5� seed
sequence (at bp 2–8 of the microRNA) to form stable RNA-
miRNA duplex with low energy (Figs. 4–6) (35). The func-
tional importance of miRNA targeting coding regions and
mechanism of miRNA-mediated translational repression are
not well understood compared with the 3�-UTR (14). We
speculate that the presence of two functional miR-469MREs
in Prm2 versus one in TP2 might contribute to the higher
degree of down-regulation in the protein level of Prm2 com-
pared with TP2 observed in the dual-luciferase assay (Fig. 3)
and in vitro expression studies (Fig. 7).
Progress has been gradually unveiled in understanding the

function of miRNAs during male germ cell development.
The base pairing complementarity of the microRNA with
imperfect duplexes guides the endoribonuclease Argonaute
(Ago) to repress the translational level or alternatively to
degrade the target mRNA directly (36). Previous evidence
relates to the degradation of target gene mRNA message
through mRNA deadenylation, such as down-regulation of
TP2 by miR-122a (16), TGIF2, and NOTCH2 by miR-34c

FIGURE 6. Identification of functional response element of miR-469 in transition protein 2 (TP2) coding region. A, left panel, diagram of the constructs of
mouse TP2 deletion or mutation in the psi-CHECK2 vector. Coding region or 3�-UTR of TP2 is located in the downstream 3�-UTR of Renilla luciferase. Shaded bar,
coding region of TP2. Solid squares, putative response element of miR-469 predicted by mfold program (B). Right panel, normalized luciferase activity (Renilla/
Firefly) in NIH3T3 cells cotransfected with respective deletion or mutation constructs in the presence of scrambled RNA or miR-469 precursors. Results are the
means � S.E. of three independent experiment in quadruplicate. B, duplex structure between miR-469 and TP2 mRNA predicted by mfold program. One
binding site located at nt 352–383 of TP2 mRNA contains the perfect match sequence (nt 376 –383) to miR-469 5� seed region. C, diagram of mutation in the
TP2 mRNA. Three nucleotide mutations were generated in the coding region (CD) of TP2-binding site to the miR-469 seed region using psi-CHECK2/TP2-CD as
the template. Annealed DNA oligonucleotides, wild type (MRE), or mutated mir469-responsive element (MRE-X) was directly subcloned to the vector as
psi-CHECK2/TP2-MRE or MRE-X.
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(23), and heat shock factor 2 (HSF2) by miR-18 (37). miR-
122a reported to specifically associate with the 3�-UTR of
TP2 (16) was not identified in the present differential
microarray panel (GRTHWT versusKO). In the case of miR-
469-mediated down-regulation of Prm2 and TP2, our stud-
ies point to the repression of both Prm2 and TP2 at the
translational level with minor effect on mRNA degradation.
This is in contrast to a recent study indicating the predomi-
nant destabilization of targets with at least one 3�-UTR site
by microRNAs (38). In our case, two target sites for miR-469
in each Prm2 and TP2 mRNA were located within their cod-
ing region (Figs. 4–6).
Gene expression such as Prm2 and TP2 in haploid sper-

matids requires temporal uncoupling of transcription and
translation. These mRNAs destined for translation during
the late spermiogenesis phase (elongating and elongated
spermatids, steps 9–16) are actively transcribed prior to the
step 9 of round spermatids. It has been long postulated that
those messages are temporarily stored in the chromatoid
body to await the specific time to be translated (10, 11).
Translation followed by chromatin condensation and
nuclear elongation ultimately progresses to the generation of
mature germ cells. Expression profiling array in the mouse
testis (17) showed a high level of miR-469 expression coin-
cident with the phase of classic active transcription and sup-
pressed TP2/Prm2 translation in the meiotic and early hap-
loid germ cells. This is followed by its decreased expression
in elongating spermatids with active TP2/Prm2 protein pro-
duction. The direct evidence on miR-469 targeting these
messages to repress the translation observed in this study
(Fig. 7) support the physiological relevance of miR-469 in
germ cell development under GRTH regulation.

The chromatoid body of haploid round spermatids has
been viewed as the center of miRNA-mediated mRNA con-
trol to coordinate post-transcriptional gene expression dur-
ing spermiogenesis (10, 11). GRTH does not associate with
any of the components of the RNA-induced silencing com-
plex or other RNA helicase like Mvh involved in this regula-
tion, but it is required for the preservation of the structural
integrity of the CB and as transport protein to deliver
mRNAs for silencing or processing (8). The up-regulated
miRNAs found in the GRTH�/� mice most likely function at
cytoplasmic sites other than the CB because this organelle
was strikingly condensed and highly decreased in size in
GRTH-null mice (9). Moreover, the relevant proteins of the
RNA-induced silencing complex that normally reside in
the CB of the WT mice are excluded from this organelle in
the GRTH KO (8). Dual actions of GRTH in controlling
at the nuclear level both primary miRNA (pri-miRNA) of
interest and enzymes (Drosha and DGCR8) point to its
importance in germ cell miRNA biogenesis (Fig. 2). A con-
nection between testis-specific GRTH, Drosha/DGCR8,
mature miR-469, and Prm2/TP2 has been implied indirectly
from our comparative studies in GRTH wild type versus
GRTH KO mice. However, direct demonstration of this
microRNA biogenesis and its impact in Prm2/TP2 protein
expression must await the development of suitable germ cell
cultures of spermatocytes and round spermatids that would
permit optimal silencing of multiple messages (i.e. Drosha/
DGCR8/Dicer) and quantitative evaluation of protein
expression.
Because both pri-mRNA and enzyme complexes are local-

ized in the nucleus, the 56-kDa nuclear form of GRTH pro-
tein is likely to regulate their expression at the level of tran-

FIGURE 7. miR-469 represses Prm2 and TP2 protein expression with minor effect on mRNA level. A, quantitative real time qPCR measurements of
Prm2 and TP2 mRNA from transfected NIH3T3 cell line. Cells were cotransfected pCMV-FLAG-Prm2 or pCMV-FLAG-TP2 construct with either scrambled
RNA (control, open bar) or miR-469 precursor (solid bar). B, Prm2 and TP2 protein expression level in the transfected NIH3T3 cells. Western blot analyses
were performed using anti-FLAG antibody and anti-�-actin as an internal control. Results presented are from three independent studies. Data are
presented as the means � S.E.
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scription and/or message stability through a not yet
identified mechanism. Our recent studies (not shown) have
demonstrated comparable half-lives of Drosha and DGCR8
messages in GRTH wild type and GRTH KOmice. This indi-
cates that GRTH could directly or indirectly regulate mem-
bers of the microprocessor complex at the transcriptional
level. Unlike members of DEAD-box protein family, p68 and
p72, which associate Drosha-DGCR8 microprocessor com-
plex (39), GRTH does not associate with this complex as was
determined by immunoprecipitation. Also, it was not asso-
ciated with mRNAs of Drosha and DGCR8 in combined
immunoprecipitation/RT-PCR studies (data not shown).
It is conceivable that during early stages of the haploid

phase (round spermatids) miR-469 represses TP2 and Prm2
protein expression by silencing message translation in these
germ cells. In elongated spermatids, decreased miR-469
expression (17) could release the translational repression of
TP2 and Prm2 to proceed with the mRNA processing in a
sequential manner. In the case of GRTH-null mice, TP2 and
Prm2mRNA translations were repressed due to the aberrant
miR-469 expression level. Moreover, transport of relevant
messages to polysomal sites by GRTH and its proposed func-
tion in translation is curtailed in GRTH KO mice (5–7).
Increased miRNAs in the GRTH-null mice could silence the
protein expression of a number of genes post-transcription-
ally and thus cause spermatogenesis arrest at the round sper-
matid stage 7–8 and failure to elongate (Fig. 8).

In summary, we conclude that a negative regulation of
GRTH via the route of miRNA biogenesis/actionmay play an
important role during spermatogenesis (Fig. 8). These regu-
latory aspects provide insights into a novel molecular
mechanism of GRTH function during male germ cell
development.
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