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Role for PADI6 in securing the mRNA-MSY2 complex to the oocyte cytoplasmic lattices
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ABSTRACT
The oocyte cytoplasmic lattices (CPLs) have long been predicted to function as a storage form for the maternal
contribution of ribosomes to the early embryo. Our previous studies have demonstrated that ribosomal
component S6 is stored in the oocyte CPLs and peptidylarginine deiminase 6 (PADI6) is critical for CPLs
formation. Additionally, we found that depletion of PADI6 reduced de novo protein synthesis prior to the
maternal-to-embryonic transition, therefore causing embryos to arrest at the 2-cell stage. Here, we present
evidence further supporting the association of ribosomes with the CPLs by demonstrating that rRNAs are
dramatically decreased in Padi6 KO oocytes. We also show that the abundance and localization of mRNAs is
affected upon PADI6 depletion, suggesting that mRNAs are very possibly associated with CPLs. Consistent with
this observation, the amount of the major RNA binding protein, MSY2, that is associated with the insoluble
fraction of the oocytes after Triton X-100 extraction is also markedly decreased in the Padi6 KO oocytes.
Furthermore, treatment of the oocytes with RNase A followed by Triton X-100 extraction severely impairs the
localization of PADI6 and MSY2 in oocytes. These results indicate that mRNAs, possibly in a complex with MSY2
and PADI6, are bound in the CPLs andmay play a role in securing themRNA-MSY2 complex to the CPLs.
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Introduction

During oocyte growth, many essential maternal factors are pro-
duced and stored for later use. Although the exact identity of most
of these factors remains a mystery, they are nevertheless instru-
mental in preparing the oocyte for the egg to embryo transition.1-5

The presence and correct storage of thesematernal factors is crucial
for embryonic genome activation (EGA) which needs to occur for
proper embryonic development.6,7 During this transition, mRNAs
are released, translated, and the resulting proteins, along with other
stored maternal factors, are targeted to the nucleus in a regulated
fashion where they then orchestrate the nuclear reprogramming
events leading to the EGA.2,8-11

It has been reported that 75–80% of ribosomes in the mouse
oocytes are not incorporated into polysomes at ovulation and do
not engage in protein synthesis in vitro.12,13 Interestingly, previous
studies have suggested that these inactive ribosomes are embedded
in the oocyte cytoplasmic lattices (CPLs), a highly abundant struc-
ture that has been well-described in the literature but remains
poorly understood.14 Electron microscopy studies have demon-
strated that the lattices are absent from non-growing oocytes but
increase in number throughout oocyte growth, eventually becom-
ing the dominant feature of the fully grown oocyte.15-18 Regarding
the molecular composition of the lattices, older studies suggested
that the lattices were largely comprised of intermediate filaments,
howevermore recent studies suggest that the lattices are also associ-
ated with microtubules.19 In addition to their cytoskeletal

composition, older and more recent studies have suggested that
one function of the lattices is to store a pool of ribosomes that is
needed for early cleavage divisions. Perhaps most interestingly, the
CPLs undergo extensive spatial reorganization at fertilization, com-
paction, and blastocyst formation.20 This extensive reorganization
suggests a role for the CPLs in embryonic reprogramming.

The peptidylarginine deiminase 6 (PADI6), is a member of
PADI family and was originally identified from the murine egg
proteome.21 Padi6 knockout (KO) oocytes, while competent to
mature and be fertilized, do not develop past the 2-cell stage,
thus indicating that Padi6 represents a novel maternal effect
gene.22 Our previous studies have shown that PADI6 localizes
to the CPLs and that the CPLs are absent from Padi6 KO
oocytes/embryos,21 therefore, it seems likely that the develop-
mental defect for the Padi6 KO embryos is due to loss of the
CPLs and that this defect may initiate in oocytes, when the
CPLs begin to nucleate. Thus, the Padi6 KO oocytes provide a
unique tool to study the composition and function of the CPLs.
It was later found that transcriptional activity in Padi6 KO 2-
cell embryos is severely compromised, suggesting that the
mechanism of the Padi6 KO defect arises due to failure of
embryonic transcription activation.23 Given the essential nature
of PADI6 in embryonic development with respect to the CPLs,
unmasking the exact function of this protein and how it aids
the assembly of the CPLs may provide important insight to
human infertility issues.
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Results

rRNA may constitute part of the CPLs

Analyzing the solubility of rRNA and mRNA in relation to the
CPLs will allow a better understanding of how these RNAs are
associated with these structures.18,24 The rationale of studying
solubility in the case of the CPLs is as follows: Triton X-100
extraction allows removal of soluble material from the oocyte
cytoplasm, leaving behind insoluble structures such as the cyto-
skeleton and in particular the CPLs. Using the Padi6 KO
oocytes will be crucial for this aspect. In the case of Padi6 KO
oocytes, any factor that would normally be attached to or asso-
ciated with the CPLs thus becomes soluble since the CPLs are
absent in Padi6 KO oocytes. Therefore, comparison of Triton-
extracted Padi6 WT and KO oocytes by subtracting what is
identical in both WT and KO oocytes leaves behind the differ-
ences due solely to the presence or absence of the CPLs. This
provides a unique tool to examine what happens to CPL-associ-
ated factors without their putative storage compartment.

We first started working with PADI6 and the CPLs to investi-
gate whether functional ribosomes are part of the CPLs. Our previ-
ous studies have showed that S6, a protein found in the small
ribosomal subunit of ribosomes, was affected by the absence of the
CPLs in Padi6 KO oocytes, suggesting that ribosomes are probably
stored in the CPLs.23 If ribosomes are indeed stored in the CPLs,
then one would expect to find rRNAs there as well, being an inte-
gral part of functional ribosomes. We therefore decided to deter-
mine the fate of the rRNAs in Padi6 WT and KO oocytes. PADI6
knock out efficiency in the Padi6KO mouse oocytes was first con-
firmed by immuboblot (Fig. 1A, insert). We compared the relative
quantities of 2 major rRNA components, the 18S and 28S rRNAs
by quantitative real time PCR. Results showed a 42§ 12.3% of 18S
RNA (Fig. 1A), and 51 § 3.8% of 28S RNA (Fig. 1B) reduction
(p < 0.05, respectively) in Padi6 KO oocytes when compare with
Padi6 WT oocytes under the non-extracted condition. Triton X-
100 extraction of the oocytes prior to qRT-PCR analysis showed
that the levels were further reduced, with a 57§ 4.1% of 18S RNA
(Fig. 1A), and 74 § 11.6% of 28S RNA (Fig. 1B) reduction
(p < 0.05, respectively) in Padi6 KO oocytes when compare with
Padi6 WT oocytes under the Triton-extracted condition. These
results indicate that part of the rRNAs is soluble, but the remainder
is likely associated with the insoluble CPLs. Furthermore, the total
loss of the 18S and 28S rRNAs is greater in both cases in the
extracted samples, underlying the possibility that these rRNAs are
indeed part of the CPLs. The localization of rRNAs to the CPLs, in
addition to the fact that S6 ribosomal protein has already been
demonstrated to be associated with the CPLs,23 strongly suggests
that functional ribosomes are indeed stored in the these structures.

mRNA is also an integral part of the CPLs

Storing mRNAs during oocyte growth is an essential part of
ensuring that the oocyte, once fertilized, will be capable of using
these mRNAs as needed, thus allowing for the proper staging of
development. Using pelleted insoluble oocytes that had been
extracted with Triton X-100, our previous in vitro translation
experiments have showed that the remaining mRNA in the
insoluble fraction was competent for protein translation, and
possibly in the CPLs.23 To further confirm the possibility that

mRNA is associated with the CPLs, we performed fluorescent
in situ hybridization (FISH) experiments using an oligo dT
probe that hybridizes with the poly A tail of mRNA, which
reveals the localization of these mRNAs. As shown in Figure 2,
the cytoplasmic localization of the mRNAs in Padi6 WT
oocytes can be readily detected. The mRNAs were found

Figure 1. rRNA quantities are lower and more soluble in Padi6 KO oocytes. (A)
Quantitative real time PCR analysis of the 18S rRNA expression in Padi6 WT or KO
GV stage oocytes before or after Triton X-100 extraction. The insert shows the
depletion of PADI6 in Padi6 knock out oocytes by western blot. Actin was used as
a protein loading control. (B) Quantitative real time PCR analysis of the 28S rRNA
expression in Padi6 WT or KO GV stage oocytes before or after Triton X-100 extrac-
tion. The expression data were normalized to Gapdh. The graph represents the
mean § SD (n D 3). �p < 0.05.

Figure 2. mRNA localization is disrupted in Padi6 KO oocytes. Fluorescent in situ
hybridization (FISH) of Padi6 WT and KO oocytes using the oligo dT probe to detect
the mRNA expression. DIC, differential interference contrast. Scale bar, 10 mm.
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throughout the cytoplasm and granular concentrations were
abundant around the perinuclear region as well as on the inside
of the cytoplasmic membrane. However, this particular staining
pattern was not observed in the Padi6 KO oocytes. Though the
mRNA was diffusely distributed in the cytoplasm, the granular
component was absent. These results suggest that these gran-
ules are likely to be associated with the CPLs. The absence of
the granules in the Padi6 KO oocyte likely reflects the absence
of the CPLs, thus suggesting that mRNAs are very possibly
associated with these structures.

MSY2 localization is altered in the absence of PADI6 and
the CPLs

Two oocyte-restricted and potentially interrelated mechanisms
are thought to regulate the storage of maternal mRNAs in
oocytes. First, in fully grown oocytes, as opposed to somatic
cells, the bulk of maternal mRNA partitions into the Triton X-
100 insoluble cytoskeletal fraction, thus segregating the tran-
scripts from the translational machinery.24 Second, these
maternal mRNAs are thought to be further stabilized by “RNA
masking” which is likely mediated via interaction with MSY2,
the major RNA binding protein in mammalian oocytes.25,26 If
mRNAs are possibly associated with the CPLs, then MSY2 is
also likely to be related to the same structure. Interestingly, in
oocytes, MSY2 has previously been shown to be Triton X-100
insoluble.27 Given the fact that the CPLs are also insoluble in
Triton X-100, it is possible that MSY2 plays a critical role in
protecting maternal mRNAs from degradation in the oocyte by
sequestering the transcripts on the CPLs. If this hypothesis is
correct, then MSY2 should be found to partition in the Triton
X-100 soluble fraction in Padi6 KO oocytes which lack CPLs.
We therefore performed the experiments to test this hypothesis.
Oocytes from Padi6 WT and KO mice were either extracted or
not with Triton X-100, and the proteins from the insoluble
fractions were analyzed by western blot (Fig. 3A). Results
showed that MSY2 levels were comparable between non-
extracted Padi6 WT and KO oocytes. However, following
extraction, there was a dramatic decrease in the amount of

MSY2 that remains associated with the insoluble fraction in the
Padi6 KO oocytes. Thus, our results further confirm that MSY2
may localize to CPLs.

We also compared MSY2 localization in Padi6 WT and KO
oocytes under both non-extracted and extracted conditions by
immunofluorescence analysis (Fig. 3B). Results showed that
MSY2 staining reveals a fibrillar and granular structure that
surrounds the nucleus and branches out to the cytoplasm in
the Padi6 WT oocyte. However, in the absence of PADI6 and
the CPLs, the staining pattern is much more diffuse with a loss
of this structure. This mislocalization was even more evident
once the oocytes have been extracted with Triton X-100, with a
dramatic loss of the staining signals. Taken together, these
results support the hypothesis that MSY2 is indeed associated
with the CPLs. Also, it is possible that maternal mRNAs associ-
ate with the CPLs via MSY2 interaction, and therefore the
Padi6 KO developmental defect is likely due to the premature
release of stored mRNAs from the CPLs.

PADI6 and MSY2 proteins are retained in the CPLs

If MSY2 is associated with the CPLs, then it can be expected
that MSY2 and PADI6 are found in close proximity to each
other. To explore this possibility, Padi6 WT oocytes were
stained with both PADI6 and MSY2 antibodies and analyzed
via immunofluorescent confocal microscopy. The data showed
that though PADI6 and MSY2 did not perfectly co-localize,
they were found adjacent to one another (Fig. 4A). While these
images would tend to indicate that the 2 proteins are not found
exactly in the same location, it does not however eliminate the
possibility that MSY2 is still part of the CPLs, perhaps in a dis-
tinct subdomain of the CPLs compare with PADI6. This result
suggests that the CPLs may be more variable in composition
and structure than initially thought. When the localization of
PADI6 and MSY2 was examined in Padi6 WT oocytes after
Triton X-100 extraction, the relationship between them became
clearer. In extracted oocytes, the staining of both proteins
remained present, as demonstrated in Figure 4B. However, if
the oocytes were treated with RNase A and followed by Triton

Figure 3. Effect of PADI6 depletion on MSY2 localization in the insoluble fraction of the Padi6 KO oocytes. (A) Western blot showing that Triton X-100 extraction released
MSY2 from the insoluble fraction in Padi6 KO oocytes, with actin as a loading control. Histograms represent normalized band densitometry readings averaged from 3
independent experiments. �p < 0.05. (B) Representative confocal images showing the mislocalization of MSY2 in Padi6 KO oocytes after triton extraction. Scale
bar, 10 mm.
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X-100 extraction, the quantities of signals for both PADI6 and
MSY2 were dramatically reduced, suggesting that digestion of
the RNA element of the CPLs releases most of the PADI6 and
MSY2 proteins, thus rendering them soluble.

Given the facts that CPLs are largely comprised of interme-
diate filaments, and our recent study showing that one function
of CPLs is to store a pool of ribosomes that is needed for early
cleavage divisions,23 we further utilized double immunofluore-
sence labeling procedures and confocal microscopy to test
whether cytokeratin intermediate filaments or S6, a protein
found in the small ribosomal subunit of ribosomes, are co-
localized with MSY2 in oocytes. Results showed that both Kera-
tin and S6 co-localized throughout much of the cytoplasm and
the cortex of mouse oocytes, suggesting that MSY2 is associated
with CPLs (Fig. 5). Taken together, these results suggest that
both PADI6 and MSY2-mRNA complexes are retained in an
insoluble structure, likely the CPLs.

Discussion

Accumulating evidence suggests that mRNAs encoding part of
the maternal factors are actually sequestered into an insoluble
cytoplasmic compartment during oocyte growth, but recent
findings support the hypothesis that they may be stored in the
CPLs which are found in the cytoplasm of oocytes.12-14 Padi6
KO oocytes, while capable of correct maturation to the meta-
phase II stage and being fertilized, do not develop past the 2-
cell stage and arrest in development at the time when the EGA
should occur.22 It is now known that the CPLs contain the
PADI6 protein which has been shown to be essential for their
formation.21 Furthermore, the CPLs are absent from Padi6 KO
oocytes, and therefore are likely to play a role in the develop-
mental arrest.

Recent data have demonstrated that the S6 protein of ribo-
somes is also a part of the CPLs, suggesting that intact mature
ribosomes are likely part of the CPLs.23 Our results also dem-
onstrated that mRNAs are very possibly associated with CPLs
(Figs. 1–2). To further explore the molecular mechanisms, we
showed that mRNAs, possibly in a complex with MSY2 and

Figure 4. PADI6 and MSY2 localize adjacent to each other in the normal oocytes
and Triton extraction followed by RNase A treatment induces the loss of PADI6
and MSY2 from the oocytes. (A) Representative confocal images of PADI6 (green)
and MSY2 (red) in the normal oocytes. (B) Representative confocal images of Padi6
WT oocytes stained with PADI6 (green) and MSY2 (red). All images parameters are
the same in both conditions. Scale bar, 10 mm.

Figure 5. MSY2 is associated with CPLs. (A) Representative confocal images of MSY2 (green) and Pan Keratin (red) in the normal oocytes. (B) Representative confocal
images of MSY2 (green) and S6 (red) in the normal oocytes. Scale bar, 10 mm.
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PADI6, are bound in the CPLs and may play a role in securing
the mRNA-MSY2 complexes to the CPLs (Figs. 3–5). If the
mRNAs and ribosomes necessary for the EGA are prematurely
translated or degraded because of incorrect storage, this might
explain the developmental arrest observed in Padi6 KO 2-cell
staged embryos. Given PADI6s essential nature for develop-
ment, mutations or misregulation of this protein may be
responsible for female infertility. Actually, a recent report has
just identified such a homozygous premature nonsense and
compound-heterozygous PADI6 mutations in infertile individ-
uals with early embryonic development arrest.28 They found a
lack of PADI6 in affected individuals’ oocytes, and both the
amount of phosphorylated RNA polymerase II and expression
levels of several genes involved in embyonic genome activation
were reduced in the affected individuals’ embryos.28

In summary, our results suggest that MSY2, mRNA and
rRNA (probably in the form of functional ribosomes) are asso-
ciated with the CPLs. If our hypothesis is correct, then this
would provide the early embryo with an extremely powerful
tool for regulating the timely translation of stored maternal
mRNAs. Indeed, during the first stages of development follow-
ing fertilization, the CPLs could be disassembled at the appro-
priate time allowing the translation of proteins necessary for
the transition from maternally dependent transcription to
maternally independent transcription in the embryo. Keeping
the ribosomes and mRNAs stored within the same structure in
an inactive form until they are needed provides a simple but
robust mechanism for ensuring that both mRNA and ribo-
somes are released and available at the same time, eventually
culminating in successful activation of the embryonic genome.

Materials and methods

All chemicals and reagents were obtained from Sigma unless
otherwise stated. Animal care and experimental procedures
were approved by the Animal Care and Use Committee of
Nanjing Medical University. The study protocol was performed
in accordance with institutional guidelines

Collection and preparation of oocytes

All germinal vesicle (GV) stage oocytes were collected from 3-
to 5-week-old Padi6 wild type (WT) and Padi6 KO female
mice. GV stage oocytes were isolated from ovarian follicles
»46 hours after 10 international units (IU) of pregnant mare
serum gonadotropin (PMSG) stimulation. The mice were then
sacrificed and the ovaries were isolated and extensively punc-
tured with 2 30 gauge needles. Immature oocytes displaying
germinal vesicles were collected from ovaries in M2 medium.

Quantitative reverse transcription PCR (qRT-PCR)

Oocytes collected from female Padi6 WT and KO mice were
either extracted with 0.5% Triton X-100 for 30 minutes or
untreated serving as a control. Total RNA from both groups of
oocytes were extracted using Trizol and chloroform. The RNA
contained within the aqueous fraction was then purified using
RNeasy Mini Kit (Qiagen), reverse transcribed, and subjected
to real-time PCR using sequence-specific 18S rRNA and 28S

rRNA primers for TaqMan Gene Expression Assays (Applied
Biosystems). PCR was performed using the TaqMan PCR Mas-
ter Mix using the following parameters: 50�C for 2 minutes and
95�C for 10 minutes, followed by 40 cycles at 95�C for 15 sec-
onds and 60�C for 1 minute. 18S and 28S rRNA expression lev-
els were normalized to Gapdh.

Fluorescent in situ hybridization (FISH)

Oocytes were collected from female Padi6 WT and KO mice.
They were fixed for 1 hour with 4% paraformaldehyde in Dul-
becco’s PBS (DPBS) followed by permeabilization with 0.5%
Triton X-100 in PBS for 30 minutes. All of the oocytes were
incubated in hybridization buffer containing 50% formamide,
10% dextran sulfate, 2X SSC, 35ug/ml tRNA, 2mM Ribonucleo-
side Vanadyl Complex and biotinylated oligo dT probes
(Promega) as a marker of mRNA for 24 hours at 37�C. Follow-
ing overnight hybridization, the oocytes were washed in 2X
SSC/50% formamide twice for 30 minutes and finally in 1X
PBS. For single color detection, the slides were incubated with
fluorescein isothiocyanate (FTTC)-labeled avidin for 15 min at
37�C. After the final washing step, the oocytes were mounted
in Slowfade Gold antifade reagent (Molecular Probes, Eugene,
OR) and examined for the presence of positive fluorescent sig-
nals by confocal laser scanning microscope (LSM 700, Zeiss).

Western blotting

For western blotting, Padi6 WT and Padi6 KO oocytes at the
GV stage were isolated, boiled for 10 minutes in Laemmli
buffer, and directly loaded onto a 10% SDS-PAGE gel. Proteins
were separated at 150 V for 60 minutes and then transferred to
a nitrocellulose membrane by applying a current of 90 V for
120 minutes. All blots were blocked with 5% nonfat dry milk in
TBS containing 0.5% Tween-20 (TBS-T), washed and incu-
bated with anti-MSY2 (ab105336, Abcam) or anti-Actin
(ab8227, Abcam) in blocking buffer overnight at 4�C. The blots
were then washed 3 times for 10 minutes in TBS-T and incu-
bated with peroxidase-conjugated goat anti-rabbit IgG second-
ary antibody (Jackson ImmunoResearch) for 1 hour. Following
incubation in secondary antibody, the membranes were washed
3 times for 10 minutes in TBS-T, and Immobilon Western
HRP Chemiluminescent Substrate (Millipore, Temecula, CA)
was applied for 5 minutes and developed. ImageJ software was
used to determine the band intensity values.

Scanning confocal microscopy

Oocytes were either immediately fixed in 4% paraformaldehyde
for 1 hour at room temperature or incubated first for
10 minutes in extraction buffer containing 0.1 M KCl, 20 mM
MgCl2, 3 mM EGTA, 20 mM HEPES (pH 6.8), 0.1% Triton X-
100, Complete Protease Inhibitor Cocktail (Roche, Mannheim,
Germany), then rinsed quickly 3 times in PBS. The oocytes
were then washed 5 times in 1% BSA, permeabilized with 0.5%
Triton X-100 in PBS for 30 minutes, and incubated with guinea
pig anti-PADI6 (1:500),21 anti-MSY2 (ab105336, Abcam), anti-
S6 (#2217, CST), or anti-AE1/AE3 (MAB3412, Chemicon)
antibody in 1% BSA overnight at 4�C. Oocytes were washed
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again and then incubated for 2 hours at room temperature with
appropriate secondary antibodies. Oocytes were mounted on
slides in Slowfade Gold antifade reagent (Molecular Probes,
Eugene, OR), and imaged using confocal laser scanning micro-
scope (LSM 700, Zeiss).

RNase A treatment

To check whether RNA integrity was required for the retention
of MSY2 following Triton permeabilization, oocytes were incu-
bated with 50 mg/ml RNaseA for 30 min at 37�C following per-
meabilization with 0.1% Triton X-100 as described above.

Statistical analysis

All experiments used for quantification were repeated at least
3 times. Values are given as mean § STD and were analyzed
using student’s t-test. Differences of p < 0.05 were defined as
significant.
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