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Vasa (a DEAD-box helicase, also known as Ddx4) is an ATP-dependent RNA helicase highly conserved among
all animals. Research on the presence and function of DDX4 in female mammals is limited. To gain greater in-
sight into its distribution and role in female mice, we detected the expression of DDX4 protein in the ovaries
and analyzed its expression pattern.

MVH was detected in the cytoplasm of oocytes in all non-apoptotic follicles.

In the present study, we found that higher expression levels of ~55-60 kDa MVH isoform in the ovaries were
followed by the accumulations of preovulatory follicles.

Higher levels of MVH protein in the ovaries might prepare oocytes for the competence to resume meiosis.
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Background

Vasa (also known as Ddx4) is an ATP-dependent RNA heli-
case, which is a fundamental member of the DEAD-box pro-
tein family [1]. Vasa was first identified in Drosophila and was
soon shown to be critical for the process of primordial germ
cell specification and embryonic posterior patterning [2,3]. Its
expression was subsequently characterized in a wide range
of species and revealed to be highly conserved among vari-
ous organisms [4]. Because of its definite function in germ lin-
eage development in several insects and vertebrates [5], Vasa
has long and widely been considered as a reliable germline
marker. While at the same time, data also demonstrated its
expression in multipotent somatic cell types and its potential
function in regeneration activities beyond germline develop-
ment [6]. Planarian worms are a valuable model for the study
of somatic stem cell biology because of the existence of a
population of proliferative somatic cells called neoblasts. Vasa
mRNA is localized to the chromatoid bodies in neoblasts [7]
ecord></Cite></EndNote> and RNA interference leads to de-
fects in cell differentiation [8]. In the polychaete annelid, Vasa
is expressed in the highly proliferative stem cells — progenitor
mesodermal posterior growth zone cells [9].

Researches on the expression patterns and underlying mecha-
nisms of Vasa mostly focused on non-mammals, and in mam-
mals it mostly focused on males. Although mouse Vasa homo-
logue (MVH) mutant female mice are totally fertile [10], few
studies have examined how MVH protein behaves in female
mice, and the very few studies were involved in the very con-
troversial hypothesis of postnatal oogenesis in female mam-
mals. A study in 2005 detected a series of germline markers in-
cluding MVH in the bone marrow of C57BL/6 female mice and
presumed that the bone marrow might be a potential source
of postnatal oogenesis [11]. The hypothesis of postnatal oo-
genesis in mammals is so contentious that all related research
focuses on whether it exists or not. No one has reexamined
the presence of Vasa in the somatic cells (the bone marrow
cells), nor explored its potential functions.

Vasa has long and widely been considered to be specifically
expressed in germ cell lineage, so we are concerned with the
presence and role of MVH in somatic cells — the bone marrow
cells of C57BL/6 female mice. In our study, we confirmed the
presence of MVH in bone marrow. Because Vasa is a wide-
ly used germ line marker, its role in reproduction would be
our first thought. However, MVH mutant female mice showed
no difference in reproduction vs. wild types. Therefore, we
aimed to find out whether MVH in bone marrow acted in
germ line context based on the investigation of its expres-
sional behavior. We analyzed its expression patterns in bone
marrow of C57BL/6 female mice in different stages of es-
trous cycle, different ages, and different number of days after
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cyclophosphamide treatment. The ovarian expression patterns
were set as comparisons.

Vasa is a germline marker. However, emerging data show its
potential functions in somatic multipotent cell types. We would
like to draw a relatively detailed picture of MVH in bone marrow
of C57BL/6 female mice, and thus to provide more evidence
for further research about the role of Vasa in somatic cells.

Material and Methods

Sources of material

All experimental procedures were performed in accordance
with the Institutional Animal Care and Use Committee at
Tongji Medical Collage, Huazhong University of Science and
Technology ([2015] IACUC Number: 431). Female C57Bl/6 mice
aged 3, 12, and 48 weeks were obtained from Hubei Research
Center of Laboratory Animals. Vaginal smears of 12-week-old
and 48-week-old mice were checked daily to confirm the stage
of the estrous cycle.

Western blot analysis

Total proteins were extracted from homogenized ovaries us-
ing RIPA lysis buffer (Guge Biotechnology Co. Ltd., Wuhan,
China), containing 1/50 protease inhibitor cocktail. Protein
concentration was determined by BCA protein Assay Kit (Guge
Biotechnology Co. Ltd., Wuhan, China). Equal amounts of pro-
teins were separated by 10% SDS-PAGE gel electrophoresis
after boiling for 5-10 min and then transferred onto polyvi-
nylidene fluoride membranes. The membranes were blocked
with 5% skimmed milk powder in Tris-buffered saline contain-
ing 0.1% Tween 20 (TBST) for 1 h at RT, followed by an over-
night incubation at 4°C with the primary antibody (Anti-MVH,
rabbit, 1:1000, Cell Signaling Technology, #8761; Anti-B-actin,
rabbit, 1:1000, Guge Biotechnology Co. Ltd., Wuhan, China)
diluted in 5% skimmed milk powder in TBST. After washing
3 times in TBST for 10 min, the membranes were incubated
with horseradish peroxidase-linked anti-rabbit secondary an-
tibodies (1:3000, Guge Biotechnology Co. Ltd., Wuhan, China)
for 30 min at RT. Membranes were washed 3 times in TBST
for 5 min and detected by enhanced chemoluminescence (ECL)
(Guge Biotechnology Co. Ltd., Wuhan, China). Images were an-
alyzed by AlphaEaseFC software version 4.0.

Ovary preparation and follicular morphology

Ovaries collected for follicular morphology analysis were fixed
in 4% paraformaldehyde for 12-24 h at 4°C and then embed-
ded in paraffin wax for sectioning. Three-micrometer step sec-
tions were mounted at 60-um intervals onto slides to avoid
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Figure 1. Localization of MVH protein in the ovary by immunofluorescence. Green: Anti-MVH staining. Blue: DAPI-stained nuclei. MVH
is expressed in the cytoplasm of oocytes in (A—C) primordial follicles (PDF) and primary follicles (PMF), (D-F) secondary
follicles (SEF), (G-I) small antral follicles (SAF), and (J-L) large antral follicles (LAF). Arrows in (J) display a very weak MVH
expression in large antral follicles (white arrow) compared with a strong one in primordial follicles (red arrow). Scale bars in
(A-1): 50 pm, in (J-L): 100 pm.
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Figure 2. Expression pattern of MVH protein in different stages of estrous cycle. (A) Western blot for MVH in the bone marrow in
different stages of estrous cycle. N=4 each. (B) Western blot for MVH in the ovary in different stages of estrous cycle. N=6
each. The numbers on the left in (A, B) are the size standards of molecular weight (in kDa). The expression level of MVH in
(A-B) was normalized to that of B-actin. (C) Analysis of follicular counts of large antral follicles. Data in (A-C) are shown in
mean values +SEM. The statistical significance is shown as * P<0.05; ** P<0.01.
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Figure 3. Expression pattern of MVH protein in 3-, 12-, and 48-week-old female mice. Western blot for MVH in the bone marrow in
3-, 12-, and 48-week-old female mice. N=10 each. (B) Western blot for MVH in the ovary in 3-, 12-, and 48-week-old female
mice. N=4 each. The numbers on the left in (A, B) are the size standards of molecular weight (in kDa).

double counting of follicles, after which slides were stained
with hematoxylin and eosin using standard methods for follic-
ular histology. Only follicles in which the nucleus of the oocyte
was identified were scored. A primordial follicle was counted
when the oocyte was encapsulated by a single layer of flat-
tened pregranulosa cells. A primary follicle was defined as
an oocyte encapsulated by a single layer of cubic granulosa
cells. A secondary follicle consisted of 2 or more layers of cu-
bic granulosa cells, but no antrum. An antral follicle was de-
fined when the oocyte was surrounded by more than 2 layers
of cubic granulosa cells with an antrum forming.

Immunofluorescence

Tissue sections were dewaxed and rehydrated with a graded
series of alcohols using standard methods. Before staining,
sections were immersed in ethylene diamine tetraacetic acid
buffer (PH8.0, Guge Biotechnology Co. Ltd., Wuhan, China) in
a microwave oven to accomplish antigen retrieval (medium
heat for 8 min and 7 min with an interval of 8 min) and then
allowed to cool. After washing 3 times in PBS for 5 min, tis-
sue sections were blocked in 3% bovine serum albumin (BSA)
in PBS for 30 min at RT, followed by an overnight incubation
at 4°C with a primary antibody (Anti-MVH, rabbit, 1:50, Cell

Signaling Technology, #8761). Negative control samples were
treated with solutions without the primary antibody. After 3
washes, sections were subsequently treated with a second-
ary antibody (anti-rabbit, 1:400, Guge Biotechnology Co. Ltd.,
Wuhan, China) for 50 min at RT. Cell nuclei were stained with
4,6’-diamidino-2-phenylindole (DAPI) for 10 min. Sections were
washed thereafter, air dried, mounted with antifade mount-
ing medium (Guge Biotechnology Co. Ltd., Wuhan, China), and
covered with cover slips. Images were obtained using a fluo-
rescence microscope (NIKON ECLIPSE TI-SR).

Statistical analysis

Data are presented as mean values + SEM of at least 4 inde-
pendent experiments. One-way ANOVA with post hoc tests
was used for multiple comparisons. SPSS software version
17.0 was used for statistical analysis. The statistical signifi-
cance was considered as P<0.05.

Results

MVH was detected in the cytoplasm of oocytes in all non-apop-
totic follicles: primordial and primary follicles (Figure 1A-1C),
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Figure 4. The expression level of MVH in (A, B) was normalized to that of B-actin. The expression level of MVH in (A, B) was
normalized to that of B-actin. (C) Analysis of follicular counts in different stages. PDF — primordial follicles; PMF — primary
follicles; SEF — secondary follicles; TF — total follicles. Data in (A—-C) are shown in mean values +SEM. The statistical

significance is shown as * P<0.05; ** P<0.01.

secondary follicles (Figure 1D-1F), small antral follicles
(Figure 1G-11), and large antral follicles (Figure 1)-1L). The
expression intensity of MVH in the ovary appeared to decrease
with follicular development. A relatively strong expression
was detected in primordial, primary, and secondary follicles
(Figure 1A-1F), while in antral follicles, the fluorescent inten-
sity obviously undergone progressive decline (Figire 1G-1L). An

extremely weak MVH expression was detected in large antral
follicles (Figure 1)-1L). A weak fluorescent intensity in the cy-
toplasm of the oocyte in a large antral follicle compared with
a strong one in a primordial follicle.

The ovarian expression pattern was also analyzed to make a com-
parison. Its expression in the ovary exhibited a pattern, especially
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the ~55-60 kDa isoform: MVH expression level was higher in
proestrus and on the 2" day of estrus than in metestrus, dies-
trus, and on the 1t and 3 day of estrus (Figure 2A). Although
the ~80 kDa isoform did not show such an obvious expression
pattern, there was still a significant difference between its ex-
pression in proestrus and on the 3 day of estrus (Figure 2B).

The higher expression levels of ~55-60 kDa MVH isoform
in the ovary were followed by the accumulations of
preovulatory follicles

We analyzed the number of developing follicles of each stage,
and found that compared with the 1t day of estrus, the num-
ber of large antral follicles (preovulatory follicles) decreased
on the 2" day, and increased again on the 3" day (Figure 2C),
indicating 2 concentrated ovulatory activities on the 1% and
3 day of estrus in female C57BL/6 mice. Notably, ~55-60 kDa
MVH protein level was higher in proestrus and on the 2" day
of estrus (Figure 2B), followed by the accumulations of pre-
ovulatory follicles on the 1%t and 3 day of estrus.

Compared with 3-week-old mice (Figure 3A), the expression
level of MVH in the ovary decreased in 12- and 48-week-old
mice (Figure 3B). The expression level of MVH in (Figure 4A, 4B)
was normalized to that of B-actin. Analysis of follicular counts
in different stages (Figure 4C).

Discussion

Higher levels of MVH protein in the ovary might be a
preparation of oocytes for the competence to resume
meiosis

In the present study, we found that the higher expression lev-
els of ~55-60 kDa MVH isoform in the ovary were followed by
the accumulations of preovulatory follicles (Figure 2B, 2C). So
is it related to follicular development or ovulation? Ai Khim
Lim et al. [12] observed the tissue sections of MVH mutant
mice ovaries, and found normal folliculogenesis and corpora
lutea, while other researchers found that follicular develop-
ment and ovulation were unaffected [13]. VASA is known as
a component of the nuage, which is an electron-dense struc-
ture in germ cells implicated in retrotransposon repression
in meiosis [14]. In the MVH homozygous mutant male mice,
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spermatogenesis is blocked at the stage from leptotene to zy-
gotene, showing an essential role in meiosis of spermatogene-
sis [10]. In female mice, MVH protein shows a low expression
level in oogonia at the onset of mitosis and a high expression
level in oocytes by the onset of meiosis [15]. Unlike contin-
uous meiotic events in spermatogenesis, meiosis in oocytes
is arrested at meiotic prophase | from E14.5 to pre-ovulation
and reentered by the induction of LH surge. Therefore, ovula-
tory activity in females is accompanied by an important event:
the resumption of meiosis in the oocyte. The evidence that the
higher levels of MVH expression in the ovary were followed
by the accumulations of preovulatory follicles suggests a role
of MVH in this process.

In our study, we found that a relatively strong fluorescent in-
tensity of MVH was detected in primordial, primary, and sec-
ondary follicles (Figure 1A-1F). In antral follicles, the expres-
sion obviously underwent a progressive decline (Figure 1G-1L),
suggesting its role before the antrum formation, while the oo-
cyte acquires the competence to resume meiosis at about the
time that an antrum is formed [16]. It is possible that the high-
er levels of MVH protein might be a preparation of oocytes for
the competence to resume meiosis.

It is still a puzzle why MVH mutant female mice did not display
any obvious reproductive defects and the offspring showed no
difference in litter size or litter frequency vs. wild types [13].
Similarly, mutations in other genes involved in meiosis, such
as Rad21L and Pms2, have been found to cause male infertil-
ity in mice but females are fertile [17,18]. The female meiotic
regulatory mechanism is more complicated than in males in
that oocytes undergo meiotic arrest twice. Additional signaling
pathways regulate the processes of meiotic arrest and meiotic
reentry in females [16]. It is possible that MVH is involved in
meiotic process, but not as the only essential regulatory gene.

Conclusions

Higher levels of MVH protein in the ovary might be a prepara-
tion of oocytes for the competence to resume meiosis.
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