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Sperm abnormalities are one of the main factors responsible for male infertility; however, their pathogenesis
remains unclear. The role of microRNAs in the development of sperm abnormalities in infertile men has not yet
been investigated. Here, we used human induced pluripotent stem cells to investigate the influence of miR-122
expression on the differentiation of these cells into spermatozoa-like cells in vitro. After induction, mutant miR-
122-transfected cells formed spermatozoa-like cells. Flow cytometry of DNA content revealed a significant
increase in the haploid cell population in spermatozoa-like cells derived from mutant miR-122-transfected cells
as compared to those derived from miR-122-transfected cells. During induction, TNP2 and protamine mRNA
and protein levels were significantly higher in mutant miR-122-transfected cells than in miR-122-transfected
cells. High-throughput isobaric tags for relative and absolute quantification were used to identify and quantify
the different protein expression levels in miR-122- and mutant miR-122-transfected cells. Among all the proteins
analyzed, the expression of lipoproteins, for example, APOB and APOA1, showed the most significant difference
between the two groups. This study illustrates that miR-122 expression is associated with abnormal sperm
development. MiR-122 may influence spermatozoa-like cells by suppressing TNP2 expression and inhibiting the
expression of proteins associated with sperm development.

Introduction

Recent technological developments in in vitro fertil-
ization have enabled the occurrence of pregnancy and

live births despite low sperm activity [1]. The number of pa-
tients with infertility due to sperm abnormalities has been
increasing every year, which is a cause for concern. Sperm
abnormalities are a form of male infertility that present in a
variety of ways, and may prevent the spermatozoa from
achieving fertilization [2–5]. Previous studies have shown
several causes of abnormal semen exist, including infection
with sexually transmitted diseases, retrograde ejaculation,
and inability of the semen to clot properly, all of which can
significantly affect male fertility. In addition, spermatozoa
abnormalities may be inherited or caused by hormone im-
balance, medication, or recent infection [6]. Although previ-

ous experiments have implicated many genes in male sterility
in mice, it is possible that mutations in these genes are also
related to human infertility [1,7,8]. However, the detailed
molecular mechanisms behind infertility remain uncertain. As
reported previously, transition nuclear protein genes (TNPs)
play an important role in nuclear formation during spermio-
genesis [1,7–11].

Major chromatin restructuring occurs in elongating and
condensing spermatids, which are in turn replaced by prot-
amines (PRMs) [12–15]. TNPs are arginine- and lysine-rich
basic proteins that strongly bind to DNA, and are expressed
exclusively in postmeiotic haploid spermatids. In mice, TNP2
mRNAs are first detected in step 7 round spermatids, and are
then degraded at steps 13 and 14, respectively [12,14,15]. Fur-
thermore, TNPs are phosphorylated by sperm-specific protein
kinase A, and this phosphorylation/dephosphorylation cycle
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has been found to play an important role in the chromatin
condensation process [9–11]. TNPs are removed from con-
densing chromatin and replaced by PRMs [13], which consti-
tute the major nuclear proteins of condensed spermatids and
mature spermatozoa [12,14–16]. Miyagawa et al. demonstrated
single-nucleotide polymorphisms (SNPs) and specific variabil-
ity in the TNP genes of sterile male patients [1]. Moreover,
Tseden et al. used transgenic mice to confirm that premature
translation of TNP2 mRNA could result in abnormal head
morphogenesis, reduced sperm motility, and male infertility
[7]. Furthermore, Shirley et al. suggested that each TNP fulfilled
a unique function during spermiogenesis, even though the
sperm phenotypes strongly indicated that the defects were
largely attributable to an overall gene dosage effect [8]. They
reported that TNP null mutant mice were subfertile, while mice
lacking both TNP genes were infertile, indicating that the sperm
of TNP-null double-mutant mice tended to have abnormalities
and reduced reproductive capacity [8]. Therefore, these results
clearly illustrate that strict temporal and stage-specific transla-
tion of TNP is necessary for the correct differentiation of round
spermatids into mature spermatozoa and for male fertility.

Furthermore, other studies have demonstrated the im-
portance of PRMs in the morphogenesis and function of
mature spermatozoa [17,18]. PRMs are a diverse family of
small arginine-rich proteins that have been found to be
synthesized in the late-stage spermatids of many animals
and plants. These PRMs bind to DNA, condensing the
spermatid genome into a genetically inactive state [17]. They
are characterized by a number of arginine residue stretches
separated by neutral amino acids. Fiber-diffraction diagrams
from reconstituted nucleoprotamine and whole sperm cells
indicated that the DNA molecules were tightly packed in a
hexagonal unit cell, and that DNA was in a B-like structure
with 10 base pairs per helical turn [18]. PRM1 and PRM2, the
two PRMs found in mammals, are the most widely studied.
Sperm DNA is packaged by PRM1 in all mammals, whereas
PRM2 is present only in the sperm of primates, several
species of rodents, and a subset of other placental mammals.
Both PRMs are phosphorylated soon after their synthesis;
however, after binding to DNA, most phosphate groups are
removed and cysteine residues are oxidized, forming dis-
ulfide bridges linking the PRMs [17]. PRM2 (but not PRM1)
is synthesized as a precursor that undergoes proteolytic
processing after binding to DNA. It also binds to a zinc atom,
albeit its function is not yet known [17,18].

We previously determined the importance of TNPs and
PRMs in sperm maturation [19]; however, very little is
known about the mechanisms by which they are regulated
during sperm development. MicroRNAs (miRNAs), a class
of *22-nucleotide (nt) noncoding RNAs, participate in di-
verse biological functions by promoting the degradation or
inhibiting the translation of their target mRNAs [19–27].
Recent findings that individual miRNAs are expressed dur-
ing spermatogenesis in a developmental stage-specific
manner suggest that miRNAs participate in male germ cell
development, by contributing to cell type-specific protein
expression profiles during spermatogenesis [20]. Yu et al.
first reported that miR-122 negatively regulates Tnp2 mRNA
by endonucleolytic cleavage, due to specific base pair inter-
actions of miR-122 with its complementary binding sequence
in the 3¢-untranslated region (3¢-UTR) of Tnp2 mRNA [21].
Meanwhile, Dai et al. also revealed that expression of testis-

specific miR-469 bound to the coding region and repressed
the translation of Tnp2 and Prm2 mRNA, to regulate the
development and maturation of sperm cells [20].

On the other hand, in a previous study, miRNA microarray
analysis was used to identify the miRNAs that are differen-
tially expressed in abnormal infertile semen and normal fer-
tile semen [19]. Microarray analysis revealed significant
overexpression of 21 miRNAs in abnormal semen, as com-
pared to normal semen. Furthermore, 31 miRNAs were ex-
pressed at significantly lower levels in abnormal semen than
in normal semen (Supplementary Table S1; Supplementary
Data are available online at www.liebertpub.com/scd). We
found that miR-122 expression was significantly different in
healthy semen and infertile semen (Supplementary Fig. S1).
Moreover, northern blotting and microRNA-specific quanti-
tative real-time reverse transcription PCR (miR-qRT-PCR)
revealed that the miR-122 hybridization signals were weaker
in the semen from the healthy controls than in infertile semen,
confirming that miR-122 was upregulated in the abnormal
sperm. Thus, preliminary experiments revealed that miR-122
was closely associated with the occurrence of abnormal
spermatozoa. Based on this evidence, we hypothesized that
miR-122 may influence the formation of abnormal sperm by
regulating of TNP2 protein expression. Therefore, we used
human induced pluripotent stem (iPS) cells as an in vitro
development model in this study. We used molecular biology
and proteomics approaches to analyze miRNA-122 expres-
sion, to determine whether or not miRNA-122 influences
sperm morphogenesis by regulating the expression of crucial
proteins involved in sperm development during the differ-
entiation of iPS cells into spermatozoa-like cells.

Materials and Methods

Human iPS cells cultured, embryoid bodies
formation, and induced differentiation
into spermatozoa-like cells

The human iPS cells were generated as previously de-
scribed [27,28]. Briefly, iPS cultures were separated from the
feeder cells by treatment of 0.125% trypsin–EDTA solution
and plated onto and co-cultured with MEFs. The cells were
cultured in DMEM:F12 (1:1) medium supplemented with
15% KnockOut� Serum Replacement, 1 mM sodium pyru-
vate, 2 mM l-glutamine, 0.1 mM nonessential amino acids,
0.1 mM beta-mercaptoethanol, and penicillin (25 U/mL)–
streptomycin (925 mg/mL), and mixed. Those cells incu-
bated in a humidified tissue culture incubator containing 5%
CO2 at 37�C. All cells were cultured on the same feeder until
passage 10th before making ulterior experiments.

All steps were followed as previously described [29–32].
Briefly, for the formation embryoid bodies (EBs), the iPS cells
were dissociated with 0.125% trypsin–EDTA solution and
suspended onto Petri dishes with full medium for 6 days.
Then, to induce EB differentiation, day 6 EBs were cultured
in induced cell-conditioned medium [DMEM: F12 (1:1) me-
dium supplemented with 5% KnockOut� Serum Replace-
ment, 1 mM sodium pyruvate, 2 mM l-glutamine, 0.1 mM
nonessential amino acids, penicillin (25 U/mL)–streptomycin
(925 mg/mL), 5 mg/mL transferrin, 10 mg/mL insulin,
10 ng/mL human epidermal growth factor, 10 ng/mL hu-
man basic fibroblast growth factor, 100 nM of human
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testosterone, 100 mIU human follicle-stimulating hormone,
330 nM retinoic acid, and 330 ng/mL retinal, and mixed] and
incubated in a humidified tissue culture incubator containing
5% CO2 at 37�C for 10 days until differentiation completely.

Recombinant lentivirus generation vector
construction and cell transfection

All steps of recombinant lentivirus package were accord-
ing to the previously described [21,24,26,27]. The Ltv-miR-
122 and Ltv-miR-122-mut lentivirus were built by
Genepharma Corporation, and the methods of lentivirus
transfected were according to the company’s instructions. In
addition, the negative control Ltv-miR-122-mut was simi-
larly built, except that 22 nucleotides in sequences corre-
sponding to miR-122 see sequences were mutated (change
TGGAGTGTGACAATGGTGTTTG to TtcgGaGTtACAATG
GcGTaaG, mutations shown in lower case). Briefly, human
iPS cells were co-transfected to use 4 · 107 PFU/mL Ltv-miR-
122 or Ltv-miR-122-mut lentivirus, respectively, according to
the manufacturer’s protocol. The iPS cells were seeded in a
six-well plate and cultured in DMEM:F12 (1:1) medium
supplemented with 15% KnockOut� Serum Replacement,
1 mM sodium pyruvate, 2 mM l-glutamine, 0.1 mM nones-
sential amino acids, 0.1 mM beta-mercaptoethanol, and
penicillin (25 U/mL)–streptomycin (925 mg/mL), and mixed.
These cells were incubated in a humidified tissue culture
incubator containing 5% CO2 at 37�C until 80% confluent.

Luciferase report assay

All steps of the luciferase report assay were in accordance
to the previously described [24–27]. NIH-3T3 cells were
seeded at 3 · 104/well in 48-well plates and co-transfected
with 400 ng of Ltv-miR-122 or Ltv-miR-122-mut vectors,
20 ng of pGL3-TNP2-3UTR-WT or pGL3-TNP2-3UTR-Mut,
and pGL-TK (Progema) using Lipofectamine 2000 Reagent
according to the manufacturer’s protocol. After 48 h trans-
fection, luciferase activity was measured using the dual-
luciferase reporter assay system (Progema).

RNA extraction and analysis by quantitative
real-time PCR

Total RNA from each cell was isolated with Trizol Reagent
(Invitrogen, Life Technologies Corporation), according to the
manufacturer’s protocol. Briefly, sperm samples or cells
(3 · 108/mL) were collected and added 0.8 mL Trizol Re-
agent. After incubating the sample for 5 min, 0.2 mL of
chloroform was added, and the tubes were vigorously shook
and incubated for 2 min. The samples were centrifuged
12,000 rpm for 15 min at 4�C. Then, the aqueous phases were
transferred to clean tubes, and 0.4 mL of Isopropanol was
added, and mixed. After centrifuging again, the total RNA
could be collected. The RNA samples were treated with
DNase I (Sigma-Aldrich), quantified, and reverse-transcribed
into cDNA with the ReverTra Ace-First Strand cDNA
Synthesis Kit [Toyobo, Toyobo (Shanghai) Biotech Co., Ltd.].
Quantitative real-time PCR was conducted with a RealPlex4
real-time PCR detection system from Eppendorf, with SyBR
Green RealTime PCR Master Mix [Toyobo, Toyobo (Shang-
hai) Biotech Co., Ltd.] as the detection dye. Quantitative real-
time PCR amplification was performed over 40 cycles with

denaturation at 95�C for 15 s and annealing at 58�C for 45 s.
Target cDNA was quantified with the relative quantification
method. A comparative threshold cycle (Ct) was used to
determine gene expression relative to a control (calibrator),
and steady-state mRNA levels are reported as an n-fold
difference relative to the calibrator. For each sample, the
maker gene Ct values were normalized with the formula
DCt = Ct_genes – Ct_18S RNA. To determine relative ex-
pression levels, the following formula was used: DDCt =
DCt_all_groups – DCt_control_group. The values used to
plot relative expressions of markers were calculated with the
expression 2 -DDCt. The mRNA levels were calibrated on the
basis of levels of 18S rRNA. The cDNA of each gene was
amplified with primers as Table 1 descriptions.

Northern blotting analysis

All steps of northern blotting were according to the previ-
ously described [26,27,33]. For all groups, 20mg of good quality
total RNA was analyzed on a 7.5 M ureum and 12% PAA de-
naturing gel and transferred to a Hybond N + nylon membrane
(Amersham). Membranes were crosslinked using UV light for
30 s at 1,200 mJ/cm2. Hybridization was performed with the
miR-122 antisense starfire probe, 5¢- CAAACACCATTGTC

Table 1. The Sequences of Human Gene

Quantitative Real-time PCR Primer

Gene
product

Forward (F) and reverse
(R) primers (5¢/3¢)

Size
(bp)

SERPINA1 F: CCACTGCTTAAATACGGACGA 101
R: ACGAGACAGAAGACGGCATT

PIGR F: TAGAGAGGCAGGGGTTACCA 110
R: ACCACTCAGGCCGACTTCT

LGALS3BP F: GAGGAGGCTCCACACGG 97
R: AGCAGCCACACCCAGAAG

VWF F: TCGGACCCTTATGACTTTGC 106
R: TTTCCCCAGAGGAGATGTTG

MMRN1 F: CGCACTTAAGAAACCAACGG 110
R: GATGCCGACTACAGCTTGAAT

APOE F: CCAATCACAGGCAGGAAGAT 105
R: CTCCGGCTCTGTCTCCAC

C3 F: CCTGGACTGCTGCAACTACA 127
R: CTCACTTCGGGAAACGATGT

GPLD1 F: CTTTCCAGTGGCCACGTACT 115
R: CTTGGTGTAGGGTCACGGTC

APOB F: CCTAAAAGCTGGGAAGCTGA 107
R: CCTCCGTTTTGGTGGTAGAG

ITIH1 F: GGCAGCCCAAACTATCAAGA 134
R: CGTAGGTCACCTTGAAGTGC

FN1 F: GCAGCCTGCATCTGAGTACA 111
R: GGTGGAATAGAGCTCCCAGG

HBA1/2 F: GGACCCGGTCAACTTCAA 109
R: CAGGAACTTGTCCAGGGAGG

ITIH2 F: CTGGCACAAGGATCTCAGGT 106
R: TTGAAACAAATGTTCTTTTGGC

IGFALS F: ACAGCAGACGTACCCTCCC 113
R: CAGTGCCACCCAGGACA

APOA1 F: TGGATGTGCTCAAAGACAGC 121
R: TTGCTGAAGGTGGAGGTCAC

HBB F: AGCTGCACTGTGACAAGCTG 110
R: CACTGGTGGGGTGAATTCTT

18S rRNA F: CAGCCACCCGAGATTGAGCA 253
R: TAGTAGCGACGGGCGGTGTG
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ACACTCCA-3¢, to detect the 22-nt miR-122 fragments accord-
ing to the instruction of the manufacturer. After washing,
membranes were exposed for 20–40 h to Kodak XAR-5 films
(Sigma-Aldrich).

Western blotting analysis

Cells were lysed using a 2 · loading lysis buffer (50 mM
Tris–HCl, pH 6.8, 2% sodium dodecyl sulfate, 10% b-
mercaptoethanol, 10% glycerol, and 0.002% bromophenol
blue). The total amount of proteins from the cultured cells
was subjected to 12% SDS-PAGE and transferred onto Hy-
brid-PVDF membranes (Millipore). After blocking with 5%
(w/v) nonfat dried milk in TBST (Tris-buffered saline con-
taining Tween-20) (25 mM Tris/HCl, pH 8.0, 125 mM NaCl
and 0.05% Tween-20), the PVDF membranes were washed 4
times (15 min each) with TBST at room temperature and
incubated with primary antibody (Table 2). Following ex-
tensive washing, membranes were incubated with HRP-
conjugated goat anti-rabbit IgG secondary antibody (1:1,000;
Santa Cruz Technology) for 1 h. After washing 4 times
(15 min each) with TBST at room temperature, the immu-
noreactivity was visualized by enhanced chemiluminescence
using ECL kit from Perkin-Elmer Life Science.

Immunofluorescence staining

The cultured cells were washed 3 times with PBS and fixed
with 4% paraformaldehyde (Sigma-Aldrich) for 30 min. After
blocking, the cells were incubated first with primary antibodies
(Table 2) overnight at 4�C, and then with Cy3-conjugated goat
anti-rabbit IgG antibody (1:200; Sigma-Aldrich) and 5mg/mL
DAPI (Sigma-Aldrich) at room temperature for 30 min. Then,
the cells were thoroughly washed with TBST and viewed
through a fluorescence microscope (DMI3000; Leica).

Alkaline phosphatase staining

Alkaline phosphatase (AP) activity of human iPS cells,
which were cultured on MEFs, was determined using the AP
substrate kit (Sigma-Aldrich) according to the manufactur-
er’s instructions [28].

Flow cytometric analysis of DNA content by PI staining

All steps were according to the previously described
[29–32]. Briefly, each group cells was washed by PBS on

three times, and fixed in 70% ice-cold ethanol, and kept
in a freezer more than 48 h. Before flow cytometric anal-
ysis, the fixed cells were centrifuged, washed twice with
PBS, and resuspended in PI staining solution (Sigma
Chemicals) containing 25mg/mL PI and 40 mg/mL RNase
A (Sigma Chemicals) and 0.3% Tween-20 (Sigma-Aldrich).
The cell suspension, which was hidden from light, was
incubated for 20 min at 4 C and analyzed using the FACS
(Quanta SC, Beckman Coulter). A total of 10,000 events
were acquired for analysis, and the relative numbers of
cell types, such as spermatid-like cells (1C = haploid),
somatic cells, or iPS cells (2C = diploid) and primary
spermatocyte-like cells (4C = tetraploid) were calculated
using CellQuest software.

Teratoma formation

All animal procedures were carried out at Shanghai Tongji
University with Institutional Animal Care and Use Com-
mittee approval in accordance with institutional guidelines.
The 1 · 106 human iPS cells were inoculated into the hind leg
of severe combined immunodeficient (SCID) mice. Ter-
atomas were embedded in paraffin and histologically ex-
amined after hematoxylin and eosin staining. The procedure
of teratoma formation experiment was performed as de-
scribed [28].

Cell protein extraction, digestion, and labeling
with iTRAQ reagents and data analysis

All steps of protein extraction and labeling were according
to the previously described [34–43]. Protein identification
and quantification for iTRAQ samples were carried out using
ProteinPilot software (version 3.0; Applied Biosystems,
MDS-Sciex). The search was performed against IPI human
database (version 3.45). The search was performed using
Paragon Algorithm, which is discussed in detail elsewhere.
Only those proteins identified with at least 95% confidence
were taken into account. All results were then exported into
Excel for manual data interpretation [34–43].

Statistical analysis

Each experiment was performed as least three times, and
data are shown as the mean – SE where applicable, and dif-
ferences were evaluated using Student’s t-tests. The proba-
bility of < 0.05 was considered to be statistically significant.

Results

Analysis and identification of miR-122
and the 3¢-UTR of TNP2 mRNA

The precursor miRNA sequences, mature miRNA se-
quences, chromosomal locations, and the length of miR-122
and the target gene TNP2 were analyzed in several species
using the online miRBase Target database (www.mirba-
se.org). Seven putative miRNA target sites were identified
in the 3¢-UTR of TNP2 mRNA, which were conserved to
varying degrees across species (Supplementary Fig. S2). For
this study, we focused on human miR-122, which may
target the human TNP2 3¢-UTR (Supplementary Fig. S2).
Luciferase reporter gene plasmids expressing the TNP2
mRNA 3¢-UTR [wild-type (wt) TNP2, empty plasmid, or

Table 2. Primary Antibodies List

Antibodies Companies Applications

Rabbit anti-human
Oct4

Cell Signaling
Technology

IF (1:200)
WB (1:1,000)

Rabbit anti-human
Nanog

Cell Signaling
Technology

IF (1:200)
WB (1:1,000)

Rabbit anti-human
TNP2

Santa Cruz Technology IF (1:200)
WB (1:1,000)

Rabbit anti-human
Protamine

Santa Cruz Technology IF (1:200)
WB (1:1,000)

Rabbit anti-human
Histon 3

Cell Signaling
Technology

IF (1:200)
WB (1:1,000)

Rabbit anti-human
b-actin

Cell Signaling
Technology

WB (1:1,000)

IF, immunofluorescence staining; WB, western blotting analysis.
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mutant TNP2] were co-transfected with miR-122 expression
vectors (wt miR-122, empty vector, and mutant miR-122)
into the mouse embryonic fibroblast cell line NIH-3T3, to
examine whether mature miR-122-regulated expression of
the TNP2 gene. Luciferase activity of the wt TNP2 3¢-UTR
reporter gene was significantly inhibited by wt miR-122
(Supplementary Fig. S2), while the luciferase activity of the
mutated TNP2 3¢-UTR reporter gene was not inhibited
by wt miR-122, indicating that miR-122 targets the TNP2
3¢-UTR.

Pluripotency of iPS cells after differentiation
into spermatozoa-like cells

We previously reported the successful generation of iPS
cells from CD34 + human amniotic fluid cells (HuAFCs) by
transduction with lentiviral constructs encoding only Oct4
[28]. In this study, we assayed the pluripotency of iPS cells.
The AP activity of human iPS cells was very high, as re-
presented by deep blue staining on the surface of the colonies
(Fig. 1). In addition, immunofluorescence (IF) staining

FIG. 1. Characterization of reprogrammed human induced pluripotent stem (iPS) cells differentiated into spermatozoa-
like cells. (A) Characterization of reprogrammed human iPS cells. (A) Bright-field image of human iPS cells in the seventh
phase of culture on HuAEC feeder layers. Original magnification, 200 · . (B) Immunohistochemical staining for AP activity
in a human iPS cell colony. AP activity in human iPS cells cultured on HuAECs was steady in the seventh phase. Original
magnification, 200 · . (C) Quantitative real-time PCR analysis of the transcription of endogenous stem cell markers (Oct4,
Nanog, and Sox2) in human iPS cells in comparison with human amniotic fluid cells (HuAFCs); **P < 0.01 versus HuAFCs;
#P > 0.05 versus HuAFCs; n = 3. (D) Immunostaining of human iPS cells using anti-Nanog and anti-Oct4 antibodies. Orig-
inal magnification, 200 · . (E) Histology of teratomas in severe combined immunodeficient (SCID) mice and histology of a
teratoma composed of ectodermal, endodermal, and mesodermal tissue. Original magnification, 100 · . (F) On the ninth
day after induction, the majority of iPS cells transfected with miR-122-mut exhibited human spermatozoa-like morphology,
with a tapered head and long tail. However, this sperm-like morphology was not obvious in the miR-122-transfected
group. Original magnification, 200 · . HuAEC, human amnion epithelial cell.
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FIG. 2. Immunofluorescence (IF) analysis and flow cytometry analysis (FCA) of the haploid subpopulation in spermatozoa
after induction. (A) IF staining was performed 9 days after induction to compare the expression levels of a somatic cell marker
(histone 3) and male germ cell markers (protamine and TNP2) in miR-122-transfected and miR-122-mut-transfected iPS
groups. Expression levels of protamine and TNP2 were higher in the miR-122-mut-transfected iPS group than in the miR-122-
transfected iPS group. However, histone 3 levels in the miR-122-mut-transfected iPS group were lower than in the miR-122-
transfected iPS group after differentiation. Original magnification, 200 · . (B) On the ninth day after induction, FCA data
clearly showed a typical 1C peak followed by a 2C peak and a 4C peak, indicating the presence of some haploid cells in the
miR-122-mut-transfected iPS cells. However, although the IC peak was always present in the miR-122-transfected iPS cells,
this population contained significantly fewer haploid cells than the miR-122-mut-transfected group. *P < 0.05 versus miR-122-
mut-transfected iPS cells; #P > 0.05 versus miR-122-mut-transfected iPS cells; n = 3.
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revealed that the expression levels of the pluripotent stem cell
markers Nanog and Oct4 were increased in the iPS colonies
(Fig. 1). Similar to the results of the IF staining, qRT-PCR
analysis revealed that the expression levels of these stem cell
markers were *150-fold higher in human iPS cells than in
HuAFCs (Fig. 1). In addition, in the in vivo xenograft exper-
iments, SCID mice that were injected with iPS cells developed
teratomas on the legs. Meanwhile, the iPS-derived teratomas
contained cellular representatives of all three germ layers (Fig.
1). Based on these results, we concluded that the human iPS
cells derived from HuAFCs possessed strong pluripotency.

In order to induce the in vitro differentiation of iPS cells into
spermatozoa-like cells, the specific cell inducing factors were
used. After defining the EB cell formation, miR-122-trans-
fected and miR-122-mut-transfected cells were allowed to
differentiate for 10 days. Five days after induction, bright-
field microscopy revealed elongated unilateral projections on
some miR-122-mut-transfected iPS cells. However, the miR-
122-transfected cells did not show this morphology at 5 days
after induction (Fig. 1). Over time, the number of cells with
protrusions increased and the cell protrusions became more
slender in the miR-122-mut-transfected group. At 9 days after
induction, the majority of iPS cells transfected with miR-122-
mut exhibited a similar morphology to human spermatozoa,

with a tapering head and long tail. However, this morphology
was not visible in the miR-122-transfected cells.

miR-122 reduces the ability of iPS cells to express
spermatozoa markers during induction

First, we used immunofluorescent analysis of several
markers of spermatozoa to determine whether the induced
cells were spermatozoa-like cells. IF staining was performed 9
days after induction, to compare the expression levels of a
somatic cells marker (histone 3) and male germ cell markers
(PRM and TNP2) in both groups. The protein expression
levels of PRM and TNP2 were elevated in the miR-122-mut-
transfected iPS group, compared with the miR-122-trans-
fected iPS group. However, after differentiation, the expres-
sion levels of histone 3 were lower in the miR-122-mut-
transfected iPS cells than the miR-122-transfected iPS cells.
Next, flow cytometry analysis (FCA) was used to analyze the
DNA content and haploid subpopulation during the induc-
tion. On day 0, the DNA contents of the two groups showed
no significant difference (Fig. 2), consisting largely of the 2C
DNA population and a small population of 4C DNA cells.
However, at day 9 after induction, FCA data clearly showed a
typical 1C peak, followed by a 2C peak and a 4C peak in the

FIG. 3. miR-122 suppresses TNP2 expression to influence the transformation of iPS cells into spermatozoa-like cells. (A)
When human iPS cells were induced to differentiate into spermatozoa-like cells in vitro, northern blotting revealed that the
endogenous miR-122 hybridization signal gradually weakened with time. (B, C) Western blotting analysis carried out during
induction showed that TNP2 protein was expressed at low levels in miR-122-transfected iPS cells, but not in miR-122-mut-
transfected cells. After induction of the cells in vitro, TNP2 expression steadily increased over time in miR-122-mut-trans-
fected iPS cells; **P < 0.01 versus miR-122-mut-transfected iPS cells; *P < 0.05 versus miR-122-mut-transfected iPS cells;
#P > 0.05 versus miR-122-mut-transfected iPS cells; n = 3. (D, E) Furthermore, western blotting revealed that on the ninth day
after induction, the levels of histone 3 were significantly higher in miR-122-transfected iPS cells than in miR-122-mut-
transfected cells. In contrast, the expression of protamine was lower in miR-122-transfected iPS cells than in miR-122-mut-
transfected cells. However, there were no significant differences in the expression levels of these proteins in both groups;
**P < 0.01 versus miR-122-mut-transfected iPS cells; *P < 0.05 versus miR-122-mut-transfected iPS cells; #P > 0.05 versus miR-
122-mut-transfected iPS cells; n = 3.
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miR-122-transfected iPS cells, suggesting that miR-122-mut-
transfected iPS cells contained *10.2% of haploid cells (Table
3). However, although the 1C peak was consistently present
in the miR-122-transfected iPS cells, these cells had a signifi-
cantly lower population of haploid cells (4.08%) than the miR-
122-mut-transfected group. These results suggest that re-
duced expression of miR-122 increased the ability of iPS cells
to differentiate into spermatozoa-like cells.

miR-122 suppresses expression of TNP2
to influence the transformation of iPS cells
into spermatozoa-like cells

Northern blotting revealed that the hybridization signal
for endogenous miR-122 gradually weakened with time
when human iPS cells were induced to differentiate into
spermatozoa-like cells in vitro (Fig. 3). Thus, we speculated
that miR-122 plays an important role in the differentiation
of cells into spermatozoa. Furthermore, western blotting
analysis showed that TNP2 was expressed at low levels in
miR-122-transfected iPS cells during induction, but not in
miR-122-mut-transfected cells (Fig. 3). After induction in vitro,
the expression of TNP2 steadily increased over time in miR-
122-mut-transfected iPS cells. The expression levels of histone
3 and PRM were determined by western blotting at days 0
and 9 after induction. On day 9 after induction, the levels of

histone 3 in the miR-122-transfected iPS cells were signifi-
cantly higher than the corresponding values in miR-122-mut-
transfected cells. In contrast, the levels of PRM were lower in
miR-122-transfected iPS cells than in miR-122-mut-transfected
cells. However, there were no significant differences in the
expression levels of these proteins in both groups (Fig. 3).

Relative and absolute quantification (iTRAQ)
analysis and qRT-PCR to confirm differential
protein expression in spermatozoa-like cells

The quantitative proteomics iTRAQ approach was em-
ployed to profile the differentially expressed proteins levels
in the spermatozoa-like cells derived from iPS cells trans-
fected with miR-122 or miR-122-mut. Spermatozoa-like cells
from the miR-122-transfected iPS cells (SPC-miR-122) were
used as the sample, and those from the miR-122-mut-trans-
fected iPS cells (SPC-miR-mut) were used as the model.
Proteins were considered upregulated and downregulated
when their ratios were > 1.5 and < 0.5, respectively; these
cutoffs are widely accepted and adopted. The samples were
labeled with iTRAQ-121, and the model cells were labeled
with iTRAQ-118. The iTRAQ ratio of 121:118 was used to
identify the relative abundance of the protein. Additionally,
to increase the coverage of protein identification and our
confidence in the generated data, two separate preparations

Table 3. iTRAQ Analysis of Differentially Expressed Proteins in Different Cell Groups

No. Accession Gene symbol Name %Cov Peptides (95%) 121:118 P value 121:118

1 IPI:IPI00553177.1 SERPINA1 Isoform 1 of Alpha-1-
antitrypsin precursor

82.06 24 12.35947037 9.37E-11

2 IPI:IPI00004573.2 PIGR Polymeric immunoglobulin
receptor precursor

64.14 6 6.546361923 0.000912243

3 IPI:IPI00023673.1 LGALS3BP Galectin-3-binding protein
precursor

89.06 20 4.285484791 5.02E-06

4 IPI:IPI00023014.1 VWF von Willebrand factor
precursor

47.49 19 2.779712915 4.37E-05

5 IPI:IPI00003590.2 QSOX1 Isoform 1 of Sulfhydryl
oxidase 1 precursor

69.75 16 2.582259893 0.000261794

6 IPI:IPI00012269.3 MMRN1 Multimerin-1 precursor 57.25 11 1.887990952 0.001417065
7 IPI:IPI00021842.1 APOE Apolipoprotein E precursor 95.90 23 0.501187205 0.001482379
8 IPI:IPI00783987.2 C3 Complement C3 precursor

(Fragment)
81.48 62 0.478630096 2.47E-06

9 IPI:IPI00299503.2 GPLD1 Isoform 1 of
Phosphatidylinositol-
glycan-specific
phospholipase D precursor

67.14 19 0.366437614 4.94E-06

10 IPI:IPI00022229.1 APOB Apolipoprotein B-100
precursor

75.91 120 0.340408206 1.62E-09

11 IPI:IPI00292530.1 ITIH1 Inter-alpha-trypsin inhibitor
heavy chain H1 precursor

79.03 34 0.220800504 0.000986809

12 IPI:IPI00339228.1 FN1 Isoform 8 of Fibronectin
precursor

74.35 91 0.208929598 1.22E-09

13 IPI:IPI00410714.5 HBA1/2 Hemoglobin subunit alpha 71.83 10 0.203235701 0.006937179
14 IPI:IPI00305461.2 ITIH2 Inter-alpha-trypsin inhibitor

heavy chain H2 precursor
72.62 32 0.177010894 2.65E-06

15 IPI:IPI00020996.3 IGFALS IGFALS Insulin-like growth
factor-binding protein
complex acid labile chain
precursor

65.62 12 0.124738403 2.22E-05

16 IPI:IPI00021841.1 APOA1 Apolipoprotein A-I precursor 97.38 23 0.114815399 1.17E-09
17 IPI:IPI00654755.3 HBB Hemoglobin subunit beta 100 13 0.099083193 0.000101188
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were made, and each was analyzed by LC/MS/MS. A total
of 780 unique proteins were identified with 95% confidence
by the ProteinPilot search algorithm against the IPI human
protein database v3.49 (Fig. 4). After filtering, a total of 17
proteins were found to have different expression levels be-
tween the sample and model (Table 3). Six proteins were
found to be significantly overexpressed in the sample group
as compared to the model. Conversely, 11 proteins were
expressed at significantly lower levels in the sample than in
the model. Molecular function classification of the 17 pro-
teins was achieved using the Panther Classification
(www.pantherdb.org). The 17 differentially expressed pro-
teins could be classified into 10 functional categories on the
basis of the PANTHER classification system (www.pan-
therdb.org; Fig. 4). Next, qRT-PCR was used to confirm the
results of the iTRAQ analysis. Of the seven proteins that
were identified to be overexpressed by iTRAQ (SERPINA1,
PIGR, LGALS3BP, VWF, QSOX1, MMRN1, and APOE),
qRT-PCR confirmed that five of the corresponding mRNAs
(PIGR, LGALS3BP, VWF, QSOX1, and MMRN1) were over-
expressed in SPC-miR-122 cells compared to SPC-miR-mut
cells. The iTRAQ analysis revealed that 10 proteins were
expressed at lower levels in SPC-miR-122 cells (C3, GPLD1,
APOB, ITIH1, FN1, HBA1/2, ITIH2, IGFALS, APOA1, and
HBB), and qRT-PCR analysis confirmed that four of these
mRNAs (GPLD1, APOB, FN1, and APOA1) were expressed
at lower levels in SPC-miR-122 cells than in SPC-miR-mut
cells (Fig. 4).

Discussion

Approximately 40%–60% of cases of male infertility
have been reported to be due to asthenospermia and ab-
normal sperm [31]. However, the mechanisms leading to
the development of asthenospermia and abnormal sperm
are not yet fully understood. Spermatogenesis is a long
and complex process that occurs in the seminiferous tu-
bule of the testis [29], which is regulated by multiple in-
teractions between developing germ cells and the
surrounding environment [29]. Spermiogenesis is the final
stage of spermatogenesis, during which spermatids ma-
ture into motile spermatozoa. During this process, the
nucleosomal structure undergoes major changes to con-
dense the genome [9–11,44]. At this stage, several testis-
specific subtypes of histone are synthesized and replace
their somatic counterparts during the premeiotic, meiotic,
and postmeiotic stages of the differentiation of germ cells
[9–11]. Therefore, developing a suitable in vitro model
would be helpful for studying the development of sper-
matozoa and the formation of sperm abnormalities. Al-
though human embryonic stem cells (hESCs) and mouse
spermatogonial stem cells (mSSCs) have been proposed as
useful models for the study of the development of sper-
matozoa, and several studies have reported that sperm-
like cells can be derived from hESCs or mSSCs, these cells
have some shortcomings. In the case of hESCs, there are
ethical restrictions for their use, the cell numbers are

FIG. 4. The iTRAQ analysis of differentially expressed proteins in spermatozoa-like cells. (A) A representative MS/MS
spectrum showing the peptides SPGGGPGSPSAVQ[Dea]AK[IT8] and GC[MSH]LEC[MSH]AYRK[IT8]AAGGR (top panel)
from APOE and APOA1, respectively, with the representative quantitative information of the peptide (bottom panel). The ion
assignments were as follows: miR-122-transfected iPS cells (SPC-miR-122), iTRAQ-121; miR-122-mut-transfected iPS cells
(SPC-miR-mut) iTRAQ-118. (B) After filtering, the 17 differentially expressed proteins in the sample and model could be
classified into 10 functional categories. (C) microRNA-specific quantitative real-time reverse transcription PCR (MiR-qRT-
PCR) confirmed that five mRNAs (PIGR, LGALS3BP, VWF, QSOX1, and MMRN1), coding for the corresponding proteins
identified by iTRAQ, were overexpressed in the SPC-miR-122 group compared to SPC-miR-mut group. Four of these mRNAs
(GPLD1, APOB, FN1, and APOA1) were expressed at lower levels in SPC-miR-122 cells than SPC-miR-mut cells; **P < 0.01
versus SPC-miR-mut; *P < 0.05 versus SPC-miR-mut; #P > 0.05 versus SPC-miR-mut; n = 3.

MIR-122 IS ASSOCIATED WITH SPERM ABNORMALITIES 1847



limited, and the culture conditions are complex. Since
mSSCs are derived from mice, differences between these
cells and human sperm are inevitable. Based on the results
of previous studies, we developed an in vitro method and
induced the direct differentiation of human iPS cells into
adult-type spermatozoa-like cells in this study. Human iPS
cells are highly similar to hESCs in terms of morphology,
proliferation, gene expression, and the epigenetic status of
pluripotency-specific genes. Moreover, the use of human
iPS cells can overcome the ethical problems associated
with the use of hESCs and reduce the possibility of im-
mune rejection; thus, these cells have the potential to be-
come an attractive source for cell therapy [27,28,45].

We started by investigating epigenetic modifications, and
analyzed the differential expression of miRNAs, which may
influence the occurrence of abnormalities in sperm. Micro-
array analysis was used to determine and compare the
miRNA expression patterns in infertile sperm and normal
sperm. Based on previous investigations [20–22], we chose
miR-122 as the object of study, and attempted to identify its
role in the maturation and development of spermatozoa. We
found that human iPS cells miR-122 with miR-122 could be
induced to differentiate into human spermatozoa-like cells
more efficiently than mutant miR-122-transfected cells. Fur-
thermore, miR-122-transfected iPS cells showed increased
morphogenesis of spermatozoa-like cells as well as a signif-
icant reduction in the number of haploid cells, as compared
to mutant miR-122-transfected cells. Further studies showed
that the TNP2 gene is one of the target genes of miR-122. The
TNP2 expression level was downregulated by over-
expression of miR-122. In mammals, chromatin condensation
of spermatozoa development is a double-step event [12,14]:
testis-specific histones are transiently replaced by TNPs and
then by PRMs. Thus, both TNPs and PRMs are signs of
sperm formation. However, after overexpression of miR-122
in human iPS cells during the induction of spermatozoa-like
cells, the expression levels of TNP2 and PRMs were obvi-
ously lower in the miR-122-transfected group than in the
mutant miR-122-transfected group. The expression levels of
histone 3 showed the opposite trend. These results revealed
that overexpression of miR-122 suppressed the expression of
TNP2 and PRM, and influenced the development and mat-
uration of sperm cells.

Furthermore, iTRAQ labeling was used to identify the
inhibition of other proteins due to miR-122 overexpression
during sperm development. Recently, iTRAQ has been
adopted for high-efficacy and high-throughput proteomic
analysis of a variety of biological samples [34–43] such as
cancer tissues, cells, plants, microorganisms, and sperm. In
our study, we combined an easily accessible extraction buffer
and a heat-induced antigen retrieval technique to retrieve the
proteins from spermatozoa-like cells derived from human
iPS transfected with miR-122 or mutant miR-122, followed
by high-throughput proteomic iTRAQ analysis to identify
and quantify proteins that are differentially expressed be-
tween the two groups. Expression of lipoproteins such as
APOE, APOB, and APOA1 were most significantly different
among all of the proteins analyzed in this study. Some pre-
vious reports indicated that genetic variation in the signal
peptide of the ApoB gene was a risk factor for the develop-
ment of male infertility [46,47]. Furthermore, male mice
heterozygous for a targeted mutation of the ApoB gene ex-

hibited male infertility due to sperm dysplasia [46,47].
Therefore, when miR-122 was overexpressed in iPS cells, the
expression levels of not only TNP2 and PRM, but also other
important proteins associated with sperm development, such
as APOB, were inhibited.

In conclusion, differential expression of miR-122 may
influence the differentiation of human iPS cells into
spermatozoa-like cells, by suppressing expression of the
miR-122 target gene TNP2 and inhibiting the expression of
other important proteins associated with sperm develop-
ment, such as lipoproteins. These findings reveal that miR-
122 is an important factor associated with abnormal sperm
development.
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