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Background: Oocyte factors can reprogram the somatic nucleus efficiently, but these factors still need to be defined.
Results: Maternal vimentin acts as a genomic protector and results in p53 down-regulation during nuclear reprogramming.
Conclusion: Maternal vimentin is crucial for nuclear reprogramming.
Significance: We report the first evidence of vimentin as a reprogramming factor.

Nuclear reprogramming of somatic cells can be induced by
oocyte factors. Despite numerous attempts, the factors respon-
sible for successful nuclear reprogramming remain elusive. In
the present study, we found that porcine oocytes with the first
polar body collected at 42 h of in vitro maturation had a stronger
ability to support early development of cloned embryos than
porcine oocytes with the first polar body collected at 33 h of in
vitro maturation. To explore the key reprogramming factors
responsible for the difference, we compared proteome signa-
tures of the two groups of oocytes. 18 differentially expressed
proteins between these two groups of oocytes were discovered
by mass spectrometry (MS). Among these proteins, we espe-
cially focused on vimentin (VIM). A certain amount of VIM pro-
tein was stored in oocytes and accumulated during oocyte mat-
uration, and maternal VIM was specifically incorporated into
transferred somatic nuclei during nuclear reprogramming.
When maternal VIM function was inhibited by anti-VIM anti-
body, the rate of cloned embryos developing to blastocysts was
significantly lower than that of IgG antibody-injected embryos
and non-injected embryos (12.24 versus 22.57 and 21.10%; p <
0.05), but the development of in vitro fertilization and parthe-
nogenetic activation embryos was not affected. Furthermore, we
found that DNA double strand breaks dramatically increased
and that the p53 pathway was activated in cloned embryos when
VIM function was inhibited. This study demonstrates that
maternal VIM, as a genomic protector, is crucial for nuclear
reprogramming in porcine cloned embryos.

Differentiated cell nuclei can be reprogrammed to a pluripo-
tent state in several ways, including incubation with oocyte
extracts, transfer into enucleated oocytes, and induced pluripo-
tent stem cell technology (1–3). Nuclear transfer (NT)3-medi-

ated reprogramming has been proven to be the most efficient
method (4), and complex factors in oocytes are believed to be
involved in the process. Therefore, identification and charac-
terization of these oocyte factors will provide us important
information on nuclear reprogramming.

During the past decades, several approaches analyzing the
protein composition of oocytes have been conducted to obtain
the proteome signatures of Xenopus, bovine, pig, and mouse
oocytes (5–15). Calvert et al. (15) identified eight highly abun-
dant heat shock proteins and related chaperones in the mature
mouse egg by two-dimensional difference gel electrophoresis
(DIGE). Vitale et al. (7) identified 12 proteins that appeared to
be differentially expressed between germinal vesicle and meta-
phase II (MII) murine oocytes by two-dimensional DIGE and
mass spectrometry (MS). And Miyamoto et al. (16) identified
proteins that were incorporated into somatic nuclei after MII
oocyte extract incubation by MS. However, only a few proteins
have been identified as reprogramming factors, such as the imi-
tation switch (ISWI) family, BRG1, nucleoplasmin, and PARK7
(16 –19). Thus, exploration of reprogramming factors is still
important.

During mammalian oogenesis, the oocyte nucleus undergoes
germinal vesicle, germinal vesicle breakdown, metaphase I, and
arrests at the MII stage. Accompanying the nuclear maturation
process, many cytoplasmic changes, termed cytoplasmic mat-
uration, occur (20, 21). Some proteins, regarded as reprogram-
ming factors, are largely synthesized from stored mRNAs dur-
ing the process of cytoplasmic maturation (9). Oocytes with full
cytoplasmic maturation have been widely used to reprogram
somatic cell nuclei to totipotency. By contrast, oocytes with
incomplete cytoplasmic maturation have no or a very low
reprogramming activity (5, 22). This information suggests that
reprogramming factors can be explored by comparison of
oocytes with different cytoplasmic qualities.

In general, porcine oocytes with the first polar body at 42 h of
in vitro maturation (IVM) are used for in vitro fertilization
(IVF), parthenogenetic activation (PA), and somatic cell
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nuclear transfer studies (23–26), but we found that the first
polar body extrusion rate between the oocytes at 33 and 42 h of
IVM had no significant difference. Therefore, in this study, we
compared the proteome signatures of porcine oocytes with the
first polar body collected at 33 h (33O) and 42 h (42O) of IVM
by MS, and 18 differentially expressed proteins between 33O
and 42O were discovered. The function of the identified pro-
teins was then examined in cloned embryos, and we demon-
strate that vimentin (VIM) is required for successful nuclear
reprogramming in pig.

EXPERIMENTAL PROCEDURES

Porcine Oocyte IVM—Porcine ovaries were collected from a
local slaughter house and kept in saline at 32–37 °C. Antral
follicles (3–5 mm in diameter) were aspirated with an 18-gauge
needle. Aspirated oocytes with an evenly granulated cytoplasm
and at least three uniform layers of compact cumulus cells were
selected and cultured in 4-well plates (Nunc, Naperville, IL)
containing 500 �l of maturation medium, which was a TCM199
(Invitrogen)-based medium plus 0.05 �g/ml EGF and 0.5 �g/ml
luteinizing hormone and FSH at 39 °C in 5% CO2 in air. The
rates of the first polar body extrusion were calculated from 16 to
42 h of IVM. Porcine oocytes with the first polar body were
obtained at 33 and 42 h for further experiments.

Oocyte Collection and Proteomic Analysis—Zonae pellucidae
of more than 10,000 oocytes at 33 and 42 h of IVM were
removed, and total proteins were extracted using ultrasonic
waves and lysis buffer. The lysis buffer consisted of 7 M urea, 2 M

thiourea, 4% (w/v) CHAPS, 65 mM DTT, 2% (v/v), and 1% (v/v)
protease inhibitor mixture. The protein concentration was
determined by the Bradford method, and pH was adjusted to
8.5 with 50 mM NaOH. In fluorescent two-dimensional DIGE,
proteins from oocytes at 33 and 42 h of IVM were equally
pooled together and labeled with Cy2 as internal standard, and
the two samples were labeled with Cy3 or Cy5 separately.
Labeled samples were mixed in the rehydration buffer before
loading onto 24-cm pH 3–10 immobilized pH gradient strips
(Bio-Rad) and run in a single two-dimensional gel. Then the
gels were scanned using a Typhoon 9410 scanner with excita-
tion/emission wavelengths of 488/520 nm for Cy2, 532/580 nm
for Cy3, and 633/670 nm for Cy5. Image analyses were per-
formed using DeCyder software suite 5.02 (GE Healthcare),
which allows the comparison of the different combinations cor-
responding to the experimental conditions. An independent t
test was used to determine the significance between the exper-
imental groups. p values less than 0.05 and -fold changes greater
than 1.5 were considered statistically significant.

For protein identification, the spots of interest were cut from
the gels and washed with a solution of 25 mM NH4HCO3 and
50% acetonitrile, dehydrated with 100% acetonitrile sequen-
tially, and dried by centrifugal lyophilization. The gels were
digested with 15–20 �l of 0.01 �g/�l trypsin (Promega) in 25
mM ammonium bicarbonate for 15 h at 37 °C. The supernatants
were collected, and the tryptic peptides were extracted from the
gel sequentially with 5% TFA at 40 °C for 1 h and with 2.5% TFA
and 50% acetonitrile at 30 °C for 1 h. The extracts were pooled
and completely dried by centrifugal lyophilization. Digested
peptides with matrix (50% acetonitrile and 0.1% TFA contain-

ing 3 mg/ml �-cyano-4-hydroxycinnamic acid matrix) were
then spotted on the target plate. Samples were analyzed by
MALDI-TOF-TOF/MS (4800 Proteomics Analyzer, Applied
Biosystems) in positive reflectron mode at fixed laser fluency
with a low mass gate and delayed extraction. Database search-
ing was carried out using Mascot version 2.2 (Matrix Science,
London, UK) via GPS explorer software (Applied Biosystems)
version 3.6 combining MS and MS/MS interrogations on the
NCBI pig protein database. For the searching parameters, mod-
ifications were set as carbamidomethylation and oxidation, and
a maximum of one missed trypsin cleavage was permitted. Tol-
erances of precursor and fragment ions were both set to 0.2 Da.
The reported proteins were always those with the highest num-
ber of peptide matches. All identified proteins were those with
statistical significance (p � 0.05) and the best ion score.

Embryo Manipulations—Before NT, IVF, and PA, 10 pl of
VIM antibody (V6630, Sigma) or protein (ab84704, Abcam)
solution was injected into matured oocytes. After injection,
oocytes were kept for at least 2 h before manipulations, which
allows the antibody to bind endogenous VIM. The procedure
for porcine somatic cell nuclear transfer has been described
previously (24). After 33 or 42 h of IVM, the oocytes were
treated with 1 mg/ml hyaluronidase (H3506, Sigma-Aldrich) to
remove the surrounding cumulus cells. Oocytes with a clearly
extruded the first polar body were selected as recipient cyto-
plasts. Cumulus cell-free oocytes were enucleated by aspirating
the first polar body and adjacent cytoplasm with a glass pipette
25 �m in diameter in TCM199-HEPES plus 0.3% bovine serum
albumin (BSA) and 7.5 �g/ml cytochalasin B. Porcine fetal
fibroblasts from ear serving as donor cells at passage 5 were
injected into the perivitelline space of enucleated oocytes.
Injected oocytes were placed in fusion/activation medium
(0.3 M mannitol, 1.0 mM CaCl2, 0.1 mM MgCl2, and 0.5 mM

HEPES). Fusion/activation was induced with two direct current
pulses of 1.2 kV/cm for 30 ms on a BTX Electro Cell Manipulator
2001 (BTX, San Diego, CA). Cumulus cell-free oocytes were
directly activated by the same parameters as for the somatic cell
nuclear transfer procedure to produce PA embryos.

For IVF, freshly ejaculated sperm-rich fractions were col-
lected from fertile boars, and following a short incubation at
39 °C, the semen was resuspended and washed three times in
Dulbecco’s phosphate-buffered saline (PBS) supplemented
with 0.1% (w/v) BSA by centrifugation at 1500 � g for 4 min.
The concentration of spermatozoa was measured using a
hemocytometer, and the proportion of motile sperm was deter-
mined. The spermatozoa were diluted with modified Tris-buff-
ered medium to an optimal concentration. Cumulus cell-free
oocytes were washed three times in modified Tris-buffered
medium. Approximately 30 oocytes were inseminated in 50-ml
drops of modified Tris-buffered medium at a final sperm con-
centration of 3 � 105/ml for 6 h.

The embryos were cultured in porcine zygote medium-3 at
39 °C in 5% CO2 in air. The cleavage and blastocyst rates were
assessed at 48 and 156 h after activation, and the number of
blastocyst cells was examined by nuclear staining with 5 �g/ml
Hoechst 33342.

Quantitative PCR Analysis—Total RNA was extracted using
the PureLinkTM Micro-to-Midi System (Invitrogen) according
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to the manufacturer’s instructions, and reverse transcription
was used to generate cDNAs using the PrimeScriptTM RT Rea-
gent kit (TaKaRa). Real time PCR was performed using SYBR
Premix Ex TaqTM (TaKaRa) and the 7500 Real-Time PCR Sys-
tem (Applied Biosystems). The reaction parameters were 95 °C
for 30 s followed by 40 two-step cycles of 95 °C for 5 s and 60 °C
for 34 s. Primers for VIM were 5�-CTTCAGGAGGCGGAGG-
AGTGG-3� (forward) and 5�-CTGCACGCGGCCAATAGT-
GTC-3� (reverse), and primers for p53 were 5�-CTCTGACTG-
TACCACCATCCACTACAA-3� (forward) and 5�-GGACAG-
GCACAAACACGCACCTC-3� (reverse). 18 S rRNA was used
as a reference gene, and the primer sequences were 5�-TCCA-
ATGGATCCTCGCGGAA-3� (forward) and 5�-GGCTACCA-
CATCCAAGGAAG-3� (reverse). The sizes of the amplification
products were 249 bp for the VIM gene, 156 bp for the p53 gene,
and 149 bp for the 18 S rRNA. Ct values were calculated using
Sequence Detection System software (Applied Biosystems),
and the amount of target sequence normalized to the reference
sequence was calculated as 2���Ct.

Western Blot—Oocytes or embryos without zonae pellucidae
(stored at �80 °C) were transferred to 10 �l of cold 40 mM

sodium phosphate, pH 7.6 containing 50 mM NaCl, 50 �M

sodium orthovanadate, 10 mM sodium fluoride, 20 �M MG132,
2 �M matrix metalloprotease inhibitor III (444264, Calbi-
ochem), and 1% protease inhibitor mixture III (539134, Calbi-
ochem). Homogenization was carried out at 4 °C with a Tekmar
homogenizer by three 15-s bursts with a minute cooling in
between. Homogenates were centrifuged at 4 °C for 1 h at
100,000 � g. The supernatant solutions are referred to as “sol-
uble” fractions. The pellets were suspended in 0.2– 0.25 ml of
complete buffer containing 1% ASB-14 and were mixed every
15 min for 2 h with Radnoti glass pestles (Unitek, Monrovia,
CA). After centrifugation at 4 °C for 1 h at 100,000 � g, the
supernatants, referred to as “membrane extracts,” were
removed, and the pellets were discarded. About 50 oocytes or
embryos of each soluble and membrane extract for each gene

tested were separated by lithium dodecyl sulfate polyacryl-
amide gel electrophoresis on 4 –12% Bis-Tris NuPAGE gels and
transferred to PVDF membranes (Invitrogen); nonspecific
binding was blocked by overnight incubation in 1% casein in
PBS at room temperature. Blots were then probed for 2– 4 h at
room temperature with antibodies against VIM (anti-VIM;
V6630, Sigma) and p53 (anti-p53; sc-65226, Santa Cruz Bio-
technology). Histone H2B (anti-H2B; ab40975, Abcam) served
as a loading control. After a 2-h incubation at room tempera-
ture with secondary antibodies, protein bands were detected by
enhanced chemiluminescence with the RPN2108 kit (Amer-
sham Biosciences) and BioMax Light film (Eastman Kodak
Co.).

Immunofluorescence Analysis—Oocytes and embryos with-
out zonae pellucidae were washed twice in PBS, then fixed in
freshly prepared 4% paraformaldehyde in PBS, permeabilized
in 1% Triton X-100 in PBS, and left in blocking solution (1%
BSA in PBS) for 1 h. For immunolabeling, the embryos were
incubated overnight at 4 °C with anti-VIM subunit (V6630,
Sigma), anti-p53 (sc-65226, Santa Cruz Biotechnology), or anti-
�H2AX (ab26350, Abcam); washed three times; and incubated
for 1 h with secondary antibody FITC-labeled donkey anti-
mouse IgG (A21202, Invitrogen) diluted 1:1000 with blocking
solution. Immunofluorescence of injected oocytes and one-cell
cloned embryos without VIM primary antibody (only second-
ary antibody) was used to analyze VIM antibody injection and
degradation. Samples were washed and counterstained with 5
�g/ml Hoechst 33342. Fluorescence was detected and imaged
using a Nikon fluorescence microscope.

Statistical Analysis—Statistical analysis was performed using
SPSS 13.0 for MicroSoftTM Windows. Data are shown as the
mean � S.D. One-way analysis of variance was used to assess
any differences between groups. The Duncan method was used
for pairwise comparisons followed by a Bonferroni correction.
p � 0.05 (two-tailed) was considered statistically significant.

RESULTS

Effect of 33O and 42O on Development of Porcine Cloned
Embryos—In the present study, we observed that there was no
significant difference between the rates of the first polar body
extrusion at 33 (76.72%) and 42 h (81.80%) of IVM (p � 0.05;
Table 1), and most of 33O (79.71%) were arrested at the MII
stage, showing no remarkable difference compared with 42O
(83.86%; p � 0.05; Table 2). To confirm the effect of time of
IVM on cloned embryo development, 33O and 42O were used
for NT. The cleavage and blastocyst rates of cloned embryos
from 42O were significantly higher than those from 33O (89.17
versus 67.60%; p � 0.05; 22.34 versus 13.54%; p � 0.05; Table 3),
and the rates of enucleation of oocytes in both 33O and 42O
were up to 90% (Table 4), excluding the influence of enucleation

TABLE 1
The rates of first polar body extrusion of porcine oocytes at 33 and 42 h
of IVM

Culture
period (h)

No. oocytes
(repeats)

Rate of polar body
extrusion (% � S.E.)

33 100 (3) 77 (76.72 � 2.29)
42 101 (3) 83 (81.80 � 1.86)

TABLE 2
The rates of 33O and 42O arrested at the MII stage

Culture
period (h)

No. oocytes
(repeats)

No. MII oocytes
(% � S.E.)

33 119 (3) 95 (79.71 � 0.86)
42 125 (3) 105 (83.86 � 0.76)

TABLE 3
The effect of 33O and 42O on cloned embryo development

Culture
period (h) Repeats

No.
oocytes

No. embryos fused
(% � S.E.)

No. embryos cleaved
(% � S.E.)

No. blastocysts
(% � S.E.)

Total cell no.
blastocysts (mean � S.E.)

33 4 411 280 (67.56 � 4.71) 195 (67.60 � 5.63)a 36 (13.54 � 2.58)a 35 � 2 (n 	 33)
42 4 750 467 (61.86 � 4.68) 233 (89.17 � 2.15)b 59 (22.34 � 2.18)b 37 � 2 (n 	 57)

a Values with different superscripts in the same group differ significantly (p � 0.05).
b Values with different superscripts in the same group differ significantly (p � 0.05).
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on cloned embryo development. The results suggest that the
nuclear reprogramming ability of 42O is better than that of
33O.

Identification of Differentially Expressed Proteins between
33O and 42O—To uncover the different effects on nuclear
reprogramming, global protein changes between 33O and 42O
were examined by proteomic analysis. After oocyte collection
and treatment, total proteins were separated by two-dimen-
sional DIGE (Fig. 1A). Analysis of the gel images showed 994
paired protein spots, and we used an independent t test to cal-
culate differentially expressed proteins. We considered only
spots with -fold changes greater than 1.5 to exclude the possi-
bility of false positives by multiple comparisons. Finally, 18 pro-
teins were identified by MS. Based on MALDI-TOF/MS analy-
sis, seven proteins were down-regulated, and 11 proteins were
up-regulated in a comparison of 42O with 33O (supplemental
Table 1). We categorized proteins identified in this study by
searching gene ontology and performing a literature search.
The differentially expressed proteins were classified into
groups based on molecular function (Fig. 1B). DAVID and Agi-
lent Literature Search were combined by Cytoscape to cluster

the most affected molecular functions in oocyte maturation,
namely embryonic development, embryogenesis, ovulation,
epigenetic modification, fertilization, meiosis, aging, chroma-
tin remodeling, and antiaging (Fig. 1C).

Expression Pattern of VIM—One unique protein spot
expressed at high levels in 42O and expressed at low levels in
33O was detected (Figs. 1A and 2A). MALDI-TOF/MS analysis
and database searches revealed that the spot matched VIM. The
different expressions of VIM between 42O and 33O were con-
firmed by Western blot (Fig. 2B). VIM has been reported to
interact strongly with genomic DNA (27–32), so we focused on
its role in nuclear reprogramming. We first investigated the
expression pattern of VIM. VIM expression was examined in
porcine MII oocytes and NT and IVF embryos. A certain
amount of VIM was stored in oocytes (Fig. 2, C–E). In IVF
embryos, VIM was expressed at a low level at one- and two-cell
stages, and expression increased at the four-cell stage (Fig. 2, C
and D). In NT embryos, abundant VIM was observed in the
one-cell embryos, but the amount of VIM rapidly decreased at
the two-cell stage and increased at the four-cell stage (Fig. 2, C
and E). The amount of VIM in cloned embryos was higher than
in IVF embryos. VIM was dispersed in the MII oocyte cyto-
plasm (Fig. 3, A–A
) and was incorporated into transferred
donor nuclei in cloned embryos at 2 h post-NT when the nuclei
were condensed (Fig. 3, B–B
), and the signal was weaker in the
pseudo-pronucleus at 6 h post-NT (Fig. 3, C–C
), indicating
that VIM may function in the process of oocyte-mediated
nuclear reprogramming. To further confirm oocyte VIM local-
ization in donor nuclei, VIM protein with a His tag was injected

FIGURE 1. Array data analysis. A, total proteins of 33O separated by two-dimensional DIGE. B, total proteins of 42O separated by two-dimensional DIGE. The
gel marked by the red box contains the VIM protein spot. C, classification of the identified proteins was performed according to the gene ontology term
“molecular function.” D, biological pathways deduced for the identified proteins using DAVID analysis and Agilent Literature Search. Proteins are indicated as
pink ovals, and regulated processes are represented by yellow squares. Regulation events are displayed with arrows. GFAP, glial fibrillary acidic protein. MVP,
major vault protein.

TABLE 4
The enucleation rates of 33O and 42O

Culture
period (h) Repeats

No.
oocytes

No. oocytes enucleated
(% � S.E.)

33 3 93 90 (99.12 � 0.88)a

42 3 79 73 (91.87 � 2.46)b

a Values with different superscripts within columns differ significantly (p � 0.05).
b Values with different superscripts within columns differ significantly (p � 0.05).
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into oocytes at least 2 h before NT, and the injected VIM incor-
porated into transferred donor nuclei in cloned embryos was
detected by immunofluorescence of the His tag (Fig. 3, D–D
).
In addition to the unique incorporation pattern of oocyte VIM
protein into somatic nuclei, VIM appeared as a dense intercon-
nected network surrounding or located near the donor nuclei
similar to the pattern of donor cells (Fig. 3, E–E
), revealing that
somatic cell-derived VIM may contribute to the formation of
the network pattern. Taken together, oocyte VIM is likely
incorporated into transferred somatic nuclei during nuclear
reprogramming.

Inhibition of Maternal VIM Function in Cloned Porcine
Embryos—To test the role of VIM in nuclear reprogramming,
its function was inhibited by injection of anti-VIM antibody
into MII oocytes at 42 h of IVM at least 2 h before NT, PA, and
IVF. The successful injection of the antibody used here was
verified by immunofluorescence analysis (Fig. 4, A A�, B, and
B�), and the antibody is highly specific for recognizing the por-
cine VIM among whole oocyte proteins (Fig. 4E). Moreover,
efficient knockdown of oocyte VIM protein by antibody injec-
tion was observed by Western blot (Fig. 4F). Next the effect of
VIM on in vitro development of NT, IVF, and PA porcine
embryos was examined. The rates of cleavage showed no signif-

icant difference among cloned embryos with no injection (Con-
NT), anti-VIM antibody injection (anti-VIM-NT), and IgG
(IgG-NT) injection, but the proportion of anti-VIM-NT
embryos that developed to blastocysts was significantly lower
than that of IgG-NT and Con-NT embryos (12.24 versus 22.57
and 21.10%, respectively; p � 0.05; Table 5). And more anti-
VIM-NT embryos arrested at the two- or four-cell stage in
comparison with IgG-NT and Con-NT embryos (49.68 versus
29.27 and 25.73%, respectively; p � 0.05; Table 5). In addition,
detection by immunostaining of the anti-VIM antibody in
injected oocytes at 2 h postinjection and in one-cell cloned
embryos derived from injected oocytes showed no signal, indi-
cating that the injected antibody had been degraded and would
not affect somatic cell-derived VIM (Fig. 4, C, C�, D, and D�). In
contrast to cloned embryos, inhibition of VIM did not disturb
in vitro development of IVF and PA embryos (Table 5). There-
fore, we suggest that maternal VIM is indispensible for success-
ful nuclear reprogramming.

Maternal VIM Stabilizes Genomic DNA during Nuclear
Reprogramming—We observed that maternal VIM was mainly
incorporated into the condensed nuclei of transferred donor
cells at 2 h post-NT, and it has been reported that nuclei toler-
ate severe remodeling at this time (33). During the process,

FIGURE 2. Identification of VIM protein in porcine oocytes. A, VIM spots in 33O and 42O. B, array data validation by Western blot. C, mRNA expression of VIM
in cloned and IVF embryos. D, protein expression of VIM in porcine IVF embryos. E, protein expression of VIM in porcine cloned embryos. B, blastocyst. Error bars
represent S.E.

FIGURE 3. Location of VIM in cloned embryos by immunofluorescence analysis. A, A�, and A
, immunofluorescence analysis of oocyte VIM. B, B�, and B
,
location of VIM in cloned embryos at 2 h post-NT. C, C�, and C
, location of VIM in cloned embryos at 6 h post-NT. D, D�, and D
, location of injected VIM in cloned
embryos at 2 h post-NT. E, E�, and E
, expression pattern of VIM in porcine fibroblasts. Green, VIM; blue, DNA. Scale bar, 50 �m.
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DNA double strand breaks (DSBs) occur that cause serious
genomic instability and increase the DNA damage response
(34). Therefore, we checked the role of VIM in DSBs during NT
by testing the presence of phosphorylated histone H2AX
(�-H2AX), which is rapidly formed following DSBs (35, 36).
�-H2AX-positive foci were detected in 37.29% of Con-NT
embryos at 2 h post-NT, similar to the proportion of donor cells
(45.71%), but the proportion increased to 64.86% when oocyte
VIM was inhibited (Fig. 5F). Examples for one-cell cloned
embryos and donor cells with or without �-H2AX signals are
shown (Fig. 5, A–E and A�–E�). �-H2AX dramatically increased
in two-cell anti-VIM-NT embryos compared with Con-NT
embryos (Fig. 5, C, C�, D, and D�), and this was confirmed by
Western blot (Fig. 5G). Next we investigated expression of p53,
which can be activated by the DNA damage response and which
acts as a barrier to nuclear reprogramming (37–39). Expression
of p53 was significantly increased in anti-VIM-NT embryos
compared with Con-NT embryos at the four-cell stage at both
mRNA and protein levels (Fig. 5, H and I), suggesting that
maternal VIM inhibition might induce activation of the p53
pathway in porcine cloned embryos. These results indicate that
oocyte VIM improves nuclear reprogramming by protecting
genomic DNA.

DISCUSSION

Factors essential for nuclear reprogramming in oocytes have
been explored because of the production of cloned sheep; how-
ever, they remain largely unknown. Here, we compared the pro-
teome signatures of 33O and 42O, which had different effects
on nuclear reprogramming, by MS. An oocyte factor, VIM, was
identified, and it is necessary for successful nuclear reprogram-
ming in pig.

VIM is one type of intermediate filament, which is assembled
by VIM subunit proteins (40 – 42). Intermediate filaments form
an extensive and interconnected three-dimensional network
that is distributed throughout the cytoplasm and functionally
connected to the nuclear matrix (43– 45). The major functions
of intermediate filaments are maintenance of cellular integrity
and acting as a scaffold that binds and regulates the activity of
several effector proteins. The VIM network exists in endothe-
lial and mesenchymal cells, such as fibroblasts, and appears in
newly formed mesoderm in 7-day mouse embryos (41, 46). A
previous report demonstrated that VIM network derived from
donor cells can promote nuclear mechanical constraints during
nuclear remodeling, inducing nuclear distortions and DNA
damage (34). But nothing is known about the role of maternal

FIGURE 4. Efficient knockdown of oocyte VIM. A and A�, immunostaining of anti-VIM antibody-injected oocytes only by secondary antibody. B and B�,
immunostaining of non-injected oocytes only by secondary antibody. C and C�, immunostaining of oocytes 2 h after anti-VIM antibody injection only by
secondary antibody. D and D�, immunostaining of one-cell cloned embryos derived from anti-VIM antibody-injected oocytes only by secondary antibody.
FITC-labeled donkey anti-mouse IgG was used as secondary antibody, which was used to immunostain anti-VIM antibody. E, specific match of anti-VIM
antibody to the porcine VIM was verified by Western blot. F, efficient knockdown of oocyte VIM protein by antibody injection was confirmed by Western blot.
Green, anti-VIM antibody; blue, DNA. Scale bar, 50 �m.

TABLE 5
Effect of VIM on in vitro development of NT, IVF, and PA porcine embryos

Groups Repeats Embryos Cleavage (%) Blastocysts (%)
No. blastocyst

cells
Embryos arrested at

two/four-cell stage (%)

NT
Con 5 204 152 (73.48 � 8.04) 45 (21.10 � 1.91)a 36.43 � 9.43 53 (25.73 � 3.92)a

IgG 5 191 135 (71.73 � 10.43) 41 (22.57 � 3.61)a 37.50 � 12.72 54 (29.27 � 4.27)a

Anti-VIM 5 237 161 (71.31 � 10.39) 27 (12.24 � 2.75)b 31.67 � 8.37 113 (49.68 � 5.56)b

IVF
Con 3 240 152 (62.50 � 5.25) 38 (14.96 � 3.60) 49.35 � 5.43 49 (19.46 � 5.72)
IgG 3 240 158 (63.58 � 3.62) 35 (13.83 � 3.60) 47.60 � 7.40 54 (21.27 � 4.27)
Anti-VIM 3 240 151 (60.63 � 5.32) 38 (14.83 � 4.09) 41.87 � 4.87 41 (18.18 � 7.99)

PA
Con 3 180 147 (82.53 � 10.43) 58 (31.47 � 3.22) 43.50 � 5.26 26 (13.56 � 6.00)
IgG 3 196 174 (87.75 � 10.43) 55 (29.06 � 4.45) 45.25 � 7.12 54 (15.85 � 5.74)
Anti-VIM 3 211 180 (84.45 � 10.39) 63 (27.85 � 5.05) 42.53 � 9.41 41 (17.31 � 6.21)

a Values with different superscripts within columns denote significant difference (p � 0.05).
b Values with different superscripts within columns denote significant difference (p � 0.05).
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VIM in nuclear reprogramming. In fact, oocytes and early
embryos are devoid of a VIM network (46). However, we found
that a certain amount of VIM subunit proteins was stored in
oocytes, and it accumulated during IVM of oocytes. The VIM
expression pattern showed that it is dispersed in MII oocyte
cytoplasm and did not incorporate with the chromosomes. But
interestingly, when somatic cells were transferred into the enu-
cleated oocytes, VIM was incorporated into the transferred
somatic nuclei, and inhibition of maternal VIM function
resulted in failed development of cloned embryos. These data
suggest that maternal VIM may play a crucial role in nuclear
reprogramming.

During nuclear reprogramming, severe remodeling occurs in
donor nuclei, which undergo nuclear envelop breakdown, pre-
mature chromosome condensation, decondensation, and pseu-
do-pronucleus formation (47– 49). During the process of
nuclear remodeling, for successful nuclear reprogramming, it is
important that the somatic nuclei undergo premature chromo-
some condensation and form spermlike nuclei (50). In response
to premature chromosome condensation, DSBs increase, lead-
ing to genomic instability (51, 52). Coincident with the DNA
damage, we found that maternal VIM was mainly incorporated
into the condensed somatic chromosomes during somatic
nuclei remodeling. DSBs can induce phosphorylation of H2AX
on serine 139 in the conserved C-terminal region, resulting in
the formation of �-H2AX, which is frequently used as a marker
for DSBs (35). Therefore, we assayed �-H2AX in cloned
embryos. When oocyte VIM was inhibited, �-H2AX-positive

foci dramatically increased in cloned embryos, indicating that
DSBs increase in VIM-deficient embryos. These results reveal
that maternal VIM plays an important role as a protector of
DNA from damage during reprogramming of somatic nuclei in
oocytes.

In this study, a great number of VIM-deficient cloned
embryos arrested at the two- or four-cell stage, and the p53
expression level significantly increased in the embryos. Because
DSBs induce DNA damage response (53, 54) and the DNA
damage response activates the p53 pathway (37), p53 activation
in the VIM-deficient cloned embryos might be a result of DSBs.
p53 responds to various cellular stresses and induces cell cycle
arrest, DNA repair, and cell apoptosis (55–57) and finally
affects embryo viability (58). Activation of p53 is one of the
characteristics of in vitro cultured embryos with lower develop-
mental competency (59). Thereby, the arrest of VIM-deficient
cloned embryo development in this study could be the result of
p53 activation that was induced by the stress of DSBs during
nuclear remodeling. Knockdown or knock-out of p53 facilitates
nuclear reprogramming during the induction of induced pluri-
potent stem cells, indicating that p53 acts as a barrier to nuclear
reprogramming (38, 39). Thus, we can deduce that maternal
VIM protects DNA from DSBs, resulting in p53 down-regula-
tion, which is beneficial for successful nuclear reprogramming
and promotes the survival of cloned embryos. In addition, we
also suggest that VIM-promoted cell reprogramming mediated
by oocytes may not target p53 directly and that down-regula-
tion of p53 may be concomitant with the improvement of
genomic stability.

Interestingly, we found that the function of VIM for develop-
ment is only necessary for cloned embryos, not for IVF and PA
embryos. It has been supposed that the transferred somatic
nuclei tolerate more cellular stress during nuclear remodeling
than sperm, which undergo a natural process (16). Cloned
embryos also exhibit a higher rate of apoptosis and weaker
stress coping functions than IVF embryos (60 – 62). Therefore,
DNA damage occurs more frequently in cloned embryos. We
have demonstrated that maternal VIM can protect DNA from
damage during nuclear reprogramming. Thus, it can be
assumed that the loss of VIM in cloned embryos is more harm-
ful than in IVF embryos, meaning that VIM is more important
for cloned embryos than IVF embryos.

In summary, we identified and characterized an oocyte fac-
tor, VIM, that was essential for successful nuclear reprogram-
ming by comparing proteome signatures of oocytes with differ-
ent effects on early development of cloned embryos. Maternal
VIM acts as a genomic protector by inhibiting DSBs and leads
to down-regulation of p53 during nuclear reprogramming. Our
results show that the properties of VIM are crucial for nuclear
reprogramming in porcine cloned embryos.
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