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Abstract
Objectives: Previous studies have shown that germ-
like cells can be induced from human umbilical
cord mesenchymal stem cell (hUC-MSCs) in vitro.
However, induction efficiency was low and a stable
system had not been built. CD61, also called inte-
grin-b3, plays a significant role in cell differentia-
tion, in that CD61-positive-cell-derived pluripotent
stem cells easily differentiate into primordial germ-
like cells (PGC). Here, we have explored whether
overexpression of CD61 would promote hUC-MSC
differentiation into PGC and male germ-like cells.
Materials and methods: hUC-MSCs were cultured
and transduced using pCD61-CAGG-TRIP-pur
(oCD61) and pTRIP-CAGG plasmid (Control), and
hUC-MSCs overexpressed CD61 were induced by
bone morphogenetic protein 4 (BMP4, 12.5 ng/ml),
to differentiate into PGC and male germ cells.
Quantitative real-time PCR (RT-qPCR), western
blotting and immunofluorescence staining were
used to examine PGC- and germ cell-specific mark-
ers.
Results: High expression levels of PGC-specific
markers were detected in oCD61 hUC-MSCs com-
pared to controls. After BMP4 induction, expres-
sion levels of male germ cell markers such as
Acrosin (ACR), Prm1 and meiotic markers includ-
ing Stra8, Scp3 in oCD61 were significantly higher
than those of the Control group.
Conclusions: Under induction of BMP4, CD61-
overexpressing hUC-MSCs, which had turned into

PGC-like cells, could be further differentiated into
male germ-like cells. Thus, a simple and efficient
approach to study male germ cell development by
using hUC-MSCs has been established.

Introduction

Reproductive health recieves more and more attention in
today’s society. Incidence of infertility is in the order of
8–12% of couples of childbearing age, in whom occur-
rence of problems caused by the male account for 40%
to 50% (1). It is difficult to cure male infertility as its
factors are very complex, and deficiencies in semen are
a common symptom. Human spermatogenesis is a long
and precise process including spermatogonial stem cell
(SSC) self-renewal, meiosis of spermatocytes and sperm
maturation. Recent studies have suggested that the trans-
plantation of stem cells – SSCs, embryonic stem cells
(ESCs), induced pluripotent stem cells (iPSCs) or mes-
enchymal stem cell (MSCs) could be viewed as promis-
ing methods for thoroughly curing male infertility (2–7).

Mesenchymal stem cells can be found in a variety of
tissues, and are equipped with high capacities for self-
renewal and potency of differentiation. They have the
potential to differentiate into varieties of cells, including
adipose, nervous and myocardial ones (8–10). Recent
studies have shown that mouse and human bone mar-
row-derived MSCs can differentiate into artificial “ga-
metes (sperm or oocyte)” both in vivo and in vitro
(11,12). However, differentiation potential and number
of bone marrow-derived MSCs tend to reduce gradually
with aging of the donor. Thus, many scientists are
enthusiastic to find alternative sources of MSCs. Recent
evidence has shown that human umbilical cord mes-
enchymal stem cells (hUC-MSCs) are positive for MSC
surface markers CD29, CD44, CD59, CD105, negative
or weak for CD14, CD28, CD33, CD34, CD45, CD117,
and markers associated with cell transplantation rejection
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such as CD40, CD80 and CD86 also are weakly
expressed (8). The cells have the capability to differenti-
ate into cells of bone, cartilage and adipose tissues (13–
15).

CD61, also known as integrin-b3, is a variety of
adhesion receptor, widely distributed on surfaces of
cells, participating in cell signalling pathways of molec-
ular and protein information transmission, across cell
membranes, to regulate bodily physiology. Some scien-
tists have found that it plays a key role in embryonic
development, immunological responses (16) and sperm
maturation (17). Integrin-b3- and SSEA-1-positive cells
are very similar with BV (Blimp and Stella) positive
(15). Integrin-b3 and SSEA-1 have been identified as
markers for isolation of PGCLCs (PGC-like cells) with
spermatogenic capacity, from differentiated pluripotent
stem cells (3,4). BMP4 plays a regulatory role in PGC
migration and specification processes (19). Mouse and
human embryonic stem cells can successfully differenti-
ate into PGCs by induction of BMP4 (4), however, the
mechanism is not clear and in experiments efficiency
was low. As previous studies have demonstrated, both
BMP4 and retinoic acid (RA) can induce PGCs to
express some early male germ cell-specific markers
(13,20).

CD61 is vital for PGCs with spermatogenic capacity
in mouse (4). However, there is little information on the
mechanisms of its effects on germ cell development. In
the study described here, human CD61 was cloned and
its characteristics were analysed using bioinformatics
software and websites. Then we investigated effects of
overexpression of CD61 in combination with BMP4, on
hUC-MSCs.

Materials and methods

Isolation and culture of hUC-MSCs

hUC-MSCs were obtained from our laboratory (13), and
cells were cultured in DMEM/F12 (Invitrogen, Carlsbad,
CA, USA) supplemented with 15% foetal bovine serum
(FBS, Hyclone, Logan, UT, USA), 0.1 mM 2-mercap-
toethanol (Invitrogen), 2 mM Glutamine (Invitrogen),
1% non-essential amino acids (Invitrogen), under humid-
ified conditions at 37 °C with 5% CO2. Culture plates
were pre-treated with 0.1% gelatin overnight, and cells
were passaged every 2–3 days.

Construction of recombination plasmid

The CD61 gene was amplified from umbilical cords by
PCR with Phanta Super-Fidelity DNA Polymerase
(Vazyme Biotech, Beijing, China). Primers were

synthesized by Sangon Biotech (Shanghai, China), and
forward: 50-AAGCTAGCATGCGAGCGCGGCCG-30; rev-
erse: 50-CGCTCGAGCGTGGCACAGGCTGATAAT-3’.
The product is 2409 bp. PCR products were analysed by
1.5% agarose (Invitrogen) gel electrophoresis, stained
with ethidium bromide (Invitrogen), and visualized under
UV illumination (15,21). Amplification was cloned into
pMD18-T prokaryotic expression vector (TaKaRa,
Shanghai, China). After white-blue screening, positive
clones were confirmed by PCR, dual restriction enzyme
digestion and sequencing. Then, specific amplified frag-
ments were cloned into pTRIP-CAGG-pur Lentiviral
expression vector to obtain pCD61-CAGG-TRIP-pur
recombination plasmid. The plasmid was validated by
PCR and restriction enzyme digestion.

Alignment and evolutionary relationship of CD61 CDS

The fragment of human CD61 was cloned by RT-PCR
and sequenced by Sangon Biotech (Shanghai, China).
Sequences in this study were all from NCBI (websites
in this study are all listed in Table 1). Sequences were
aligned and the phylogenetic tree was depicted using
DNAMAN software. Location of human CD61 gene
was identified by blasting on NCBI.

Nc values, CBI and CAI, and Ka/Ks calculation

Nc values were obtained from Emboss Nc value by typ-
ing the sequence. CAI was obtained from Emboss CAI
by the same method. Calculation of CBI needs the cusp
of 12 species, the cusp of each being obtained from
Emboss cusp. Then we calculated CBI by Matlab soft-

Table 1. Database used in analysis

Database Website

NCBI http://www.ncbi.nlm.nih.gov
Gene Database goat http://goat.kiz.ac.cn/GGD/
EMBOSS Nc value http://emboss.bioinformatics.

nl/cgi-bin/emboss/chips
EMBOSS CUSP http://emboss.bioinformatics.

nl/cgi-bin/emboss/cusp
EMBOSS CA http://emboss.bioinformatics.

nl/cgi-bin/emboss/cai
SOPMA http://npsa-pbil.ibcp.fr/cgibin/

npsa_automat.pl?
page=npsa_sopma.html

Swiss http://swissmodel.expasy.org/
NCBI CD-search http://www.ncbi.nlm.nih.

gov/Structure/cdd/wrpsb.cgi
Pfam http://pfam.janelia.org/search/sequence
SMART http://smart.embl-heidelberg.de/
ProtFun http://www.cbs.dtu.dk/services/ProtFun/
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ware, using the cusp of each species (22). Ka/Ks was
calculated by PAML 4.7 (23).

Alignment of the CD61 protein

Amino acid sequences were aligned with published
sequences in GenBank by DNAMAN software. Second-
ary structures of CD61 proteins were analysed by
SOPMA website. Motifs of CD61 protein were analysed
by Gene Runner software. Predicted 3D model of
human CD61 protein has been performed by SWISS
website. Domains of CD61 protein of mouse and human
were analysed by NCBI CD-Search, Pfam and SMART
website. Hydrophobicity of CD61 protein of mouse and
human were predicted by DNAMAN. Cellular role,
enzyme class and Gene Ontology category of mouse
and human CD61 proteins were predicted by Protfun
program on CBS website.

Lentivirus preparation and cell transfection

Lentivirus was produced as described by Anokye-Danso
et al. (24). Briefly, HEK293T cells were seeded on plates
24 h before transfection, then plasmid pCD61-CAGG-
TRIP-pur with plasmids containing pVSVG and pPAX
were incubated. Virus-containing supernatant was col-
lected 48 h after transfection, filtered to remove cell deb-
ris, and prepared for transduction. Cells were plated at
1 9 105 cells in six-well plates. Twelve hours later, they
were transduced with virus containing supernatant and
10 lg/ml polybrene (Sigma, San Francisco, CA, USA),
and incubated overnight at 37 °C and 5% CO2. After
24 h, medium was discarded and replaced with fresh.

hUC-MSC induction

The induction protocol refers to Li et al. (2014). Induc-
tion medium was made with 12.5 ng/ml human BMP4
(PeproTech, Rocky Hill, NJ, USA), in normal culture
medium (13). For EB (embryoid bodies) formation,
2 9 105 cells were seeded into 35 mm plates with 1.5 ml
culture medium. Cells were resuspended for 16 h, and
EBs formed after a further 3 days. Appropriate EBs were
added to 96-well plates and 12-well plates; after adherence
overnight, culture medium was replaced with induction
medium, which was changed every 2 days (17).

Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde (PFA) for
10 min, then rinsed twice in PBS for 3 min. After treat-
ing with 0.1% Triton X-100 for 10 min at room temper-
ature, they were then blocked in 1% BSA for 30 min;

they were then incubated in primary antibody overnight.
Primary antibodies were as follows: PRDM1 (mouse
monoclonal, 1:400; Biolegend, San Diego, CA, USA),
PRDM14 (rabbit polyclonal, 1:500; Sigma, San Fran-
cisco, CA, USA), SSEA-1 (mouse monoclonal, 1:100; Mil-
lipore, MA, USA) and CD61 (rabbit polyclonal, 1:200;
Abcam, Cambridge, UK). After washing three times in
PBS, they were incubated in fluorochrome-conjugated sec-
ondary antibody (1:500; Millipore) for 1 h at room temper-
ature in the dark. HOECHST33342 (Sigma) was used to
stain cell nuclei, 3 min at room temperature (RT), after
being rinsed twice for 3 min in PBS. Cells were then
examined using a fluorescence microscope (13,17).

Semi- quantitative RT-PCR and quantitative-RT-PCR
analyses

Total RNAs for semi-quantitative RT-PCR and quantita-
tive-RT-PCR (RT-qPCR) analyses were extracted from
overexpressed CD6 l (oCD61) and Control (Con) using
TRIzol (Tiangen Biotech Co. Ltd., Beijing, China).
cDNAs were synthesized and reactions were set up in
15 ll reaction mixtures containing 7.5 ll 29 BioEasy
SYBRGreen Mix (Bioer Technology, Hangzhou, China),
0.3 ll sense primers, 0.3 ll antisense primers, 6.6 ll
distilled water, 0.5 ll template and 0.1 ll Taq DNA
polymerase. Reaction conditions were as follows: 94 °C
for 5 min, and then 40 cycles 94 °C for 20 s, 58 °C for
30 s and 70 °C for 10 s. All expression levels were nor-
malized to GAPDH in each well. Double dCt method
was used to measure relative gene expression. Fluores-
cence signal was collected every 0.5 °C for 10 s. RT-
qPCR primers are listed in Table 2.

Statistical analysis

One-way analysis of variance (one-way ANOVA) was
used and post-tests were conducted using Newman–
Keuls multiple range test, if P values were significant.
Student’s t-test was used when only two pairs of data
were compared. All data are represented as mean SD,
and statistical significance is expressed as follows:
*P < 0.05; **P < 0.01; ***P < 0.001. All data are rep-
resentative of at least three different experiments and
were analysed using Graphpad Prism software (La Jolla,
CA, USA).

Results

Cloning the human CD61 gene

To study the role of CD61 in hUC-MSCs, we cloned it
from umbilical cord cDNA by PCR (Fig. 1a). Length of
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the fragment we obtained was 2409 bp, containing
CDS, partial 3’UTR of CD61 mRNA. The fragment
was sequenced and showed the cloned human CD61
CDS to be of 2366 bp (Fig. 1b). The human CD61 gene
was located on chromosome 17, which was identified by
NCBI blasting.

Homology comparison of CD61 CDS

We aligned sequencing results with other species CD61
CDS sequences by NCBI and DNAMAN, including
Homo sapien, Sus scrofa, Mus musculus, Rattus
norvegicus, Gallus gallus, Bos taurus, Canis lupus

Table 2. primer sequences

Gene name Primer name Primer sequence Tm/°C

CD61 CD61F GAGCCCATTTTCTTCTCCCG 58
CD61R GCAACACCATGAATCCATCCC

PRDM1 PRDM1F TGGAGGACGCTGATATGACT 58
PRDM1R GCTTGACACCGGGGTTTAG

AP2c AP2cF TGAAGATGAAGCTGGGCTTT 58
AP2cR TCCATTCTCTTCCGGTTCAG

PRDM14 PRDM14F ACAGCCAAGCAATTTGCACTAC 58
PRDM14R TTACCTGGCATTTTCATTGCTC

SSEA-1 SSEA-1F ACGGATAAGGCGCTGGTACTA 59
SSEA-1R GGAAGCCATAGGGCACGAA

STELLA STELLAF GACCCAATGAAGGACCCTGAA 59
STELLAR GCTTGACACCGGGGTTTAG

GAPDH GAPDHF TGGCCTTCCGTGTTCCTAC 58
GAPDHR GAGTTGCTGTTGAAGTCGCA

STRA8 STRA8F AGCAGCTTAGAGGAGGTCAAGA 57
STRA8R TACTCGGAACCTCACTTTTGTC

C-KIT C-KITF TGACTTACGACAGGCTCGTG 58
C-KITR AAGGAGTGAACAGGGTGTGG

PRM1 PRM1F ATAGCACATCCACCAAACTCC 58
PRM1R AGGCGGCATTGTTCCTTAG

(a) (b)

Figure 1. Sequence of the human CD61 gene. (a) The CD61 was cloned. (b) Nucleotide and deduced amino acid sequence of human CD61.
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familiaris and Ovis arise. The results showed the CD61
gene is highly conserved. Human CD61 was found to
be homologous with Canis lupus familiaris and some
cloven-hoofed mammals, sharing 90.83% homology
with that of Canis lupus familiaris. These results indi-
cated that human CD61 shared a high level of homology
with other species, and the phylogenetic tree was plotted
(Table 3; Fig. 2a).

Analysis of the CD61 gene codon

Submitted CD61 sequences were analysed using
the EMBOSS website (Table 4) which performed the
calculation of codon bias with its online program chips;

the calculation result was given by Nc (effective number
of codon) value. Nc value is the number of types of
codons used in a gene; its value is generally between 20
(each amino acid only use one codon) and 61 (each
codon be used averagely). These results showed that Nc
values of these species were all in the range 40.653–
48.052. Nc value of non-mammals is a little lower than
that of mammals. Analysis of amino acid codon bias
index (CBI) and codon adaptation index (CAI) sug-
gested that CBI and CAI were not significantly different
between different species (Table 5). These results also
supported the notion that the CD61 gene is conserved.

In genetics, the ratio of non-synonymous substitu-
tions per non-synonymous site (Ka) to number of syn-

Table 3. Comparison of length of CD61 in CDS and amino acid

Species Length
of CDS

Length of
amino acid

Homology (%)

Homo sapien 2367 789 100
Sus scrofa 2355 785 89.82
Mus musculus 2364 788 86.52
Rattus norvegicus 2364 788 86.95
Gallus gallus 2346 782 77.09
Bos Taurus 2355 785 90.11
Canis lupus familiaris 2355 785 90.83
Ovis aries 2424 808 88.70

(a)

(c)(b)

Figure 2. Characteristics of CD61. (a) Phylogenetic trees of CD61 gene. Prediction of hydrophobicity of (b) mouse CD61 protein and (c) human
CD61 protein.

Table 4. Nc value of CD61 gene

Species Nc values

Homo sapiens 48.052
Sus scrofa 46.250
Mus musculus 46.781
Rattus norvegicus 46.659
Gallus gallus 40.653
Bos taurus 46.515
Canis lupus familiaris 47.324
Ovis aries 45.720
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onymous substitutions per synonymous site (Ks) can be
used as an indicator of selective pressure acting on a
protein-coding gene (25). Our results prove that Ka/Ks
values of all the groups were lower than 1 (Fig. S1),
indicating that non-synonymous substitutions are less
than synonymous ones in the CD61 protein; that it is
evolutionarily conserved.

Sequence analysis of CD61 protein between different
species

Amino acid sequences of different species have been
aligned by DNAMAN software (Fig. S2) and results
revealed that CD61 protein is also highly conserved,
with total identity of 89.11%.

Secondary structure of different species is predicted
by SOPMA (Table 6) and amount of a-helix was 193–
224. Extended strand is 173–186 and b-turn is 78–84,
while random coil is 296–333. Amounts of components
in each kind of protein were similar, indicating that
CD61 protein is evolutionarily conserved.

By motif analysis, we found that some sites of
CD61 have changed little (Table 7), such as sites of
aldehyde dehydrogenases cysteine activity, cAMP phos-
phorylation, epidermal growth factor-like (EGF-like

Table 5. CBI and CAI of CD61 gene

Species CAI CBI

Homo sapien 0.804 0.348204601104916
Sus scrofa 0.818 0.414000758792688
Mus musculus 0.817 0.357809579132719
Rattus norvegicus 0.815 0.368624807777598
Gallus gallus 0.850 0.528126682396996
Bos Taurus 0.818 0.414144918157355
Canis lupus familiaris 0.808 0.377792963889501
Ovis aries 0.817 0.422189379888813

Table 6. Secondary structure analysis of CD61 protein

Species Alpha helix Extended
strand

Beta turn Random
coil

Homo sapien 213 173 78 324
Sus scrofa 193 186 84 321
Mus musculus 215 181 81 310
Rattus norvegicus 215 183 81 308
Gallus gallus 224 182 79 296
Bos Taurus 212 179 78 315
Canis lupus
familiaris

210 181 80 313

Ovis aries 215 179 78 333

Table 7. Motif analysis of CD61 protein

Species Aldehyde
dehydrogenases site

cAMP phosphorylation site EGF Glycosaminoglycan Integrin beta Asn glycosylation

Homo Sapien 555 469
234

486
573

563 602 521
562
601

125 346 397
478
585 680 782

Sus Scrofa 551 165 482
569

559 598 517
550
597

233 342 358
393
474 581 676
778

Mus musculus 554 168
233

485
572

562 601 520
561
600

345 396 477
584
679 781

Rattus norvegicus 554 168
233

485
572

562 601 520
561
600

345 396 477
584
679 781

Gallus gallus 547 161
226

478
565

555 594 513
554
593

338 309 452
462
470 577 672
774

Bos taurus 551 165
230

482
569

559 590 517
558
597

342 393 474
581
676 778

Canis lupus familiaris 551 230 482
569

559 517
558
597

121 342 393
474
581 676 778

Ovis aries 574 188
253

505
592

582 621 540
581
620

365 416 497
604
699 801
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domain cysteine pattern signature), glycosaminoglycan
attachment, N-glycosylation and of integrin-b chain cys-
teine-rich domain signature. The integrin-b chain cys-
teine-rich domain signature region is the main functional
site. Whether other binding regions are functional has
yet to be verified.

Hydrophobicity of a protein is the fundamental ele-
ment of its structure. In this study hydrophobicity of
human and Mus musculus CD61 protein were analysed
(Fig. 2b,c) and results indicated that human CD61 pro-
tein and that of Mus musculus share analogous
hydrophobicity. Their 3’ and 5’ends have hydrophilic
and hydrophobicity characteristics respectively, implying
that the structure of CD61 protein has not changed
greatly over long evolutionary history.

CD61 regulated hUC-MSCs to differentiate into PGC-
like cells

To test the effects of CD61 on hUC-MSC differentia-
tion, plasmids pCD61-CAGG-TRIP-pur and pTRIP-
CAGG-pur (Control) were transduced into hUC-MSCs
(Fig. 3A). According to semi-quantitative RT-PCR and
western blotting, pCD61-CAGG-TRIP-pur was success-

fully transduced into hUC-MSC (Figs. 3B, 4C). Cell
morphology changed after transduction: the hUC-MSCs
formed spindle fibroblast-like phenotypes or were irreg-
ular in shape (Fig. 3C-a); after being transduced with
pCD61-CAGG-TRIP-pur for 48 h, they became thinner
or round (Fig. 3C-b).

To test whether those thinner-shaped cells were
PGCs, RT-qPCR and immunofluorescence staining were
conducted to assess expressions of PGC-specific mark-
ers, at both mRNA and protein levels, including SSEA1,
PRDM1, PRDM14, AP2c, SOX2 and C-KIT; results
showed that these PGC markers were increased by
CD61 overexpression (Fig. 4A,B).

hUC-MSCs overexpressing CD61 differentiated into
male germ-like cells under BMP4 induction

A previous study by our group has demonstrated that
BMP4 can be responsible for differentiation of hUC-
MSCs (13). Thus, we tried to induce hUC-MSC-CD61
(CD61-overexpressing hUC-MSCs) and hUC-MSCs
(Control group cells transduced with empty plasmid)
with BMP4. After 7 days, the configuration of hUC-
MSCs-CD61 cells was altered; round-shaped cells and

(A)

(C)

a b

(B)

Figure 3. Overexpression of CD61 in hUC-
MSCs. (A) The pCD61-CAGG-TRIP-pur
recombination plasmid was verified by NheI
and XhoI double digestion. (B) Expression
level of CD61 in pCD61-CAGG-TRIP-pur
transduction group was significantly higher
than that in the pTRIP-CAGG-pur group; the
results are shown by semi-quantitative RT-
PCR. (C) Morphology of hUC-MSCs trans-
ducted by CD61. (a) hUC-MSCs cultured in
normal culture medium before transduction.
(b) Figuration of hUC-MSCs after transducted
for 2 days.
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spermatid-like cells with tails could occasionally be seen
(Fig. 5A-a), while no changes in morphology were
observed in the of Control group (Fig. 5A-b). Compared
to hUC-MSCs, expression levels of Scp3, Stra8 and
Prm1 in hUC-MSCs-CD61 significantly increased when
induced by BMP4 (Fig. 5B). Induced spermatid-like
cells were positive for ACR. In combination with the
previous study, our experiments showed that BMP4
induced hUC-MSCs to differentiate into PGC-like cells;
furthermore, BMP4 induced CD61-overexpressing hUC-
MSC differentiation into male germ-like cells. Thus, we
confirmed that overexpression of CD61 promoted hUC-
MSCs to transdifferentiate into PGC-like cells, and then

differentiate towards male germ-like cells under BMP4
induction.

Discussion

Integrins compose a membrane receptor family, widely
found in cells and tissues. It identifies arginine–
glycine–aspartate (Arg-Gly-Asp, RGD) sequence of
ligands and mediates interactions, not only within cells,
but also between cells and the extracellular matrix
(26), which are dependent on Ca2+ regulation (27).
The integrin ligand is an extracellular matrix compo-
nent, involved in embryonic development, immunologi-

(A)
a

b

a

b

a

b

a

b

(B)

(C)

Figure 4. hUC-MSCs overexpressing CD61 differentiated into PGC-like cells. (A) Immunofluorescence staining of expression levels of CD61,
SSEA-1, PRDM1 and PRDM14 in hUC-MSC-CD61 (a) and hUC-MSC cells (b). (B) RT-qPCR analysis results of hUC-MSC-CD61 and hUC-
MSC cells: both expressed mRNAs of the above genes but with differences in quantities. Expression levels of AP2c, PRDM1, PRDM14, SOX2,
C-KIT, SSEA-1 and CD61 in hUC-MSC-CD61 cells were significantly higher than those in hUC-MSC cells. (C) Expression of CD61 increased in
hUC-MSC-CD61 compared to hUC-MSC cells (Control), analysed by western blotting. *P < 0.05; **P < 0.01; ***P < 0.001
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cal response, wound healing, malignant tumour metas-
tasis and in many further important physiological and
pathological processes (28,29). Recent study has found
that integrin-b3 is associated with breast cancer inva-
sion and metastasis of malignant progression (30). Fur-
thermore, integrin-b3 protein may be involved in the
p38 MAPK signalling pathway, which regulates cell
growth, apoptosis, movement and the invasive pheno-
type (31).

Human integrin-b3 was cloned and analysed at both
nucleic acid and protein levels with modern bioinformat-

ics software as well as utilization of websites. Results
show that human CD61 nucleic acid sequence is highly
conserved, consistent with species phylogenetic relation-
ships. Codon usage preference is related to co-workers
tRNA concentration, thus contributes to efficiency and
accuracy of translation (32). Codon selection mode in
single-celled evolutionary processes is conserved. Multi-
cellular organisms, especially mammals, however, are
not the same. They use fewer co-workers tRNA to con-
trol protein synthesis, and to improve accuracy of pro-
tein synthesis, where high energy is consumed, by

(A) a

b

(C)

(B)

Figure 5. Analysis of male germ cell-speci-
fic markers. (A) After being induced by
BMP4, spermatid-like cells were produced in
hUC-MSC-CD61 cells (red arrow). (B) RT-
qPCR analysis showed that expression levels
of STRA8, SCP3 and PRM1 in the CD61
transducted group were higher than those of
the Control group. (C) Immunofluorescence
assay presented the same results; also, ACR
positive cells were formed. *P < 0.05;
**P < 0.01; ***P < 0.001

© 2016 John Wiley & Sons Ltd Cell Proliferation, 49, 36–47

44 B. Li et al.



reducing synthesis speed (33). The reason for integrin-
b3 codon bias evolution may lie in availability of tRNA,
or in abundance of the tRNA in the developmental pro-
cess. Analysis of Ka/Ks revealed that integrin-b3 gene
codon bias is quite conservative over the course of evo-
lution, demonstrating that this gene is essential for all
organisms. With the seemingly increasing rate of male
infertility, more and more attention has been drawn to
trans-differentiation, and efforts to induce other types of
cells to become germ cells. Although several studies
have shown that besides mouse and human embryonic
cells, adult stem cells and induced pluripotent stem cells
(iPSCs) also, have some capacity to differentiate into
germ-like cells in vivo or in vitro (5–7,34–37), adult
stem cells and iPSCs are difficult to obtain, and adult
stem cells are limited in their pluripotency, not sufficient
to be used to investigate the germ cell development.
Otherwise, compared to other adult stem cells, hUC-
MSCs are ‘younger’ and easier to obtain, and in addi-
tion, are able to differentiate into a variety of cell types
(2,8,11). hUC-MSCs can differentiate into germ cells
when transplanted into seminiferous tubules of mice
treated with busulfan (2,38). The cells have been

reported exhibit round cell shapes typical of proliferat-
ing/differentiating germ cells, and to express germ cell
markers OCT4, C-KIT and VASA (37,39).

Germ cell lineage primordial germ cells (PGCs) in
mammals originate from the pluripotent epiblast and
undergo sexually dimorphic development, generating
spermatozoa in males (3). Integrin-b3- and SSEA1-posi-
tive cells are close to BV-positive cells, which have been
verified to be PGC cells (3); SSEA-1+ hUC-MSC can
differentiate into PGC-like cells (13). In our work, inte-
grin-b3 was overexpressed in hUC-MSCs and 2 days
later, some spherical PGC-like cells appeared. Further
analysis revealed that levels of PGC-specific markers,
SSEA-1, PRDM1, PRDM14, AP2c, STELLA, SOX2
and C-KIT, were up-regulated (13,19,21,40). In view of
these pieces of evidence, we postulate that overexpress-
ing-CD61 hUC-MSCs were indeed, PGC-like cells.

BMP4 is a specific cytokine which can promote
ESC differentiation to PGCs via activating the Smad1/5/
8 signalling pathway (41,42). BMP4 facilitates phospho-
rylation of receptor-regulated Smads and subsequently
binds to cooperating Smad1/5/8 and Smad4. Smad com-
plexes are then translocated to the nucleus and activate
transcription of BMP target genes, including germ cell-
related genes (43). Under BMP4 induction, SSEA-1+
hUC-MSCs easily transdifferentiate into PGC-like cells,
then differentiate into male germ-like cells (13). SCP3 is
a meiosis-related gene which participates in formation of
the synaptonemal complex (44), while STRA8 is viewed
as the first putative marker representing the switch to
meiosis of mammalian stem cells (45). Prm1 is the
specific marker of the post-meiotic spermatids (6). In
our study, expression levels of the above germ cell
markers were up-regulated significantly in CD61-hUC-
MSCs treated with 12.5 ng/ml BMP4 for 7 days, and
even some spermatid-like cells were observed and posi-
tive for spermatid marker-ACR. Immunofluorescence
staining further indicated that the percentage of ACR-
positive cells increased (5). These results further support
that, under induction of BMP4, CD61-overexpressing
hUC-MSCs were induced into differentiation into male
germ-like cells.

Notably, compared to hUC-MSCs cultured in normal
medium, such cells cultivated in medium to which
BMP4 had been added expressed more Stra8, Scp3 and
Prm1 at the transcriptional level while still not being able
to differentiate into male germ-like cells, indicating that
BMP4 promotes expression of PGC and meiosis-related
genes, and efficiency of promotion is unremarkable.
However, it is not the same with hUC-MSCs overex-
pressing CD61, which have shown similar characteristics
of PGCs (7,46). In these cells, meiosis-related genes
were up-regulated not only at transcriptional level but

Figure 6. Schematic of induction of hUC-MSCs to differentiate
into male germ-like cells. Overexpression of CD61 caused differentia-
tion of hUC-MSCs into PGC-like cells, in which PGC-related markers
were detected. When the above cells and SSEA-1�positive hUC-MSC
cells were treated by BMP4, expression of meiotic markers, ACR,
STRA8 and SCP3 were markedly increased. Male germ-like cells were
obtained.
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also at protein level, demonstrated by male germ-like
cells with tails as well as with positive immunofluores-
cence staining results. The effect of BMP4 in promoting
hUC-MSC differentiation into germ-like cells is limited
when alone, however, it worked well for cells with PGC-
specific markers. Our results reveal that CD61 and
BMP4 exerted their potentials in different phases of the
trans-differentiation process from hUC-MSCs to germ-
like cells (Fig. 6), while CD61 promoted hUC-MSC
transdifferentiation into PGCs, in combination with
BMP4, and enhanced cell differentiation into male germ-
like cells.

Taken together, our work demonstrates that combi-
nation of CD61 overexpression with BMP4 induced effi-
cient hUC-MSC differentiation into male germ-like cells
(Fig. 6). When CD61 succeeds in transformation of
hUC-MSCs into PGC-like cells, BMP4 induces such
PGC cells differentiate into male germ-like cells in a
further step.
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