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Anticentromere antibodies (ACA) were associated with lower oocyte maturation rates and cleavage rates, while the mechanism was
not clear. Aims of this study were to examine whether active immunization with centromere protein C could elicit the CENP-C
autoantibody in mice and the impacts of the CENP-C autoantibody on oocyte meiosis. Mice were divided into two groups, one
was the experimental group immunized with human centromere protein C and Freund’s adjuvant (CFA), and the other was the
control group injected with CFA only. Serum and oocytes of BALB/c mice immunized with human centromere protein C
(CENP-C) in complete Freund’s adjuvant (CFA) or injected with only CFA were studied for the development of the CENP-C
antibody. Rates of germinal vesicle breakdown (GVBD), first polar body (Pb1) extrusion, abnormal spindle morphology, and
chromosome misalignment were compared between the experimental group and the control group. The CENP-C antibody was
only observed in serum and oocytes of mice immunized with the centromere protein C antigen. The first polar body (Pb1)
extrusion rate was lower in the experimental group (P < 0:01). A higher percentage of spindle defects and chromosome
congression failure were also detected in the experimental group (spindle defects: 64:67 ± 1:16% vs. 9:27 ± 2:28% control;
chromosome misalignment: 50:80 ± 2:40% vs. 8:30 ± 1:16% control; P < 0:01 for both). Oocyte meiosis was severely impaired by
the CENP-C antibody, which may be the main mechanism of adverse reproductive outcomes for ACA-positive women who
have no clinical symptoms of any autoimmune diseases.

1. Introduction

Antinuclear antibodies (ANA) were related to infertility,
decline of oocyte quality, impairment of embryo develop-
ment, recurrent spontaneous abortion, IVF failure [1–5].
The pregnancy rate and implantation rate in women with
positive ANA were lower than those in women with negative
ANA. ANA were a large group of autoantibodies targeting
the entire cell, including DNA, RNA, proteins, and/or their
complexes. It is unknown which specific kinds of ANA were
involved in poor reproductive outcomes. It has been reported
that the anticentromere antibody (ACA), a kind of ANA,
may be an essential marker for flawed oocytes in infertile
women with any type of ANA. Our previous study [1] and
Shirota et al.’s study [6] revealed patients who were positive
for anticentromere antibodies (ACA) had a lower percentage

of mature oocytes and a lower rate of embryo cleavage than
women negative for ACA. These results indicated ACA had
adverse impacts on oocyte maturation and embryo develop-
ment. But the mechanism of adverse reproductive outcomes
caused by ACA was not clear.

Centromere proteins (CENP), a special region in hetero-
geneous chromosomes and presented morphologically as
primary constriction in chromosomes, are composed of a
number of conserved protein complexes, including CENP-
A, CENP-B, CENP-C, CENP-D, and CENP-T [7–9]. A
kinetochore, a large protein complex assembled on the cen-
tromeric heterochromatin regions of the chromosomes,
could be divided into three parts in cell metaphase: inner
kinetochore, central kinetochore, and outer kinetochore
[10]. The inner kinetochore contains centromere protein A
(CENP-A), centromere protein C (CENP-C), centromere
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protein T (CENP-T), and other centromere proteins. The
central domain is the region between the outer and inner
kinetochores. The outer kinetochore, composed of a number
of protein complexes such as Knl1, Mis12, and Ndc80 com-
plexes, is required for stable kinetochore-microtubule (KT-
MT) attachment and recruitment of the spindle assembly
checkpoint (SAC) [10]. SAC could prevent anaphase onset
until all chromosomes are stably attached to microtubules
and accurately aligned in the equatorial plate in cell meta-
phase. Stable kinetochore-microtubule attachment and cor-
rect chromosome alignment in cell metaphase are
responsible for producing haploid gametes from parental
cells. The molecular structure is the basis of molecular func-
tion. Not only are structures of centromere proteins and
kinetochore proteins interdependent, but also functions of
centromere proteins and kinetochore proteins interplay.
Some molecules such as CENP-A, CENP-C, and CENP-T,
which served as inner kinetochore construction, were protein
components of centromeres. The N-terminal of CENP-C
binds to Mis12, which suggests that CENP-C links the cen-
tromeric chromatin with the outer kinetochore [11]. There-
fore, CENP-C, a component of the inner kinetochore,
appears to bridge the inner kinetochore and outer kineto-
chore and is essential for cell mitosis. The aim of the study
was to investigate the effects of the CENP-C antibody pro-
duced by the autoimmunemethod in mice on oocyte meiosis.

2. Materials and Methods

2.1. Animals. All mice used in this study were 6- to 7-week-
old BALB/c female mice purchased from the laboratory ani-
mal center of the east campus of Sun Yat-sen University. Ani-
mals were maintained with food and water under a 14-hour
light/10-hour dark cycle in the laboratory animal center of
the north campus of Sun Yat-sen University. All procedures
for mouse care and use were conducted in accordance with
the guidelines and approved by the Institutional Animal Care
and Use Committees of Sun Yat-sen University. A total of 24
mice were used in our experiments.

2.2. Active Immunization with Centromere Protein C. Mice
were divided into two groups according to treatment, one
was the experimental group immunized with human
CENP-C protein plus complete Freund’s adjuvant, and the
other was the control group injected with complete Freund’s
adjuvant only. The first immunization was as follows: human
CENP-C (50μg) (Proteintech, Chicago, USA) was emulsified
in complete Freund’s adjuvant (CFA) and injected subcuta-
neously into the back of mice in the experimental group.
Mice in the control group were injected with CFA alone.
Two weeks later, all mice received the boost immunization:
Human CENP-C (25μg) (Proteintech, Chicago, USA) was
emulsified in complete Freund’s adjuvant (CFA) and injected
subcutaneously into the back of mice in the experimental
group. Mice in the control group were injected with CFA
alone. The volume of reagents given for each mouse was
the same each time. Ovulation induction for all mice was
started 7 days after the second immunization or injection.

Mice were bled on the oocyte pick-up day to detect the devel-
opment of the serum CENP-C antibody and killed.

2.3. Serum CENP-C Antibody Detection

2.3.1. ELISA. Mouse blood was collected at the ovum pick-up
day and centrifuged to discard the particulate materials on the
bottom. Mouse serum was collected. The amount of the anti-
CENP-C antibody in the serumwas quantified using the Anti-
Centromeres ELISA (IgG) kit (EUROIMMUN Medizinische
Labordiagnostika AG, Germany) following themanufacturer’s
instructions, and the absorbance value was detected at the
450nm filter. We changed the HRP-conjugated anti-human
secondary antibody in the kit to the HRP-conjugated anti-
mouse secondary antibody (GB23301, Google Biology,
China). All samples were evaluated in duplicate.

2.4. GV Oocyte and MII Oocyte Collection. Germinal vesicle
(GV) oocytes were retrieved from female BALB/c mice 48
hours after intraperitoneal injection of 10 IU pregnant mare
serum gonadotropin (PMSG) into mice. To obtain fully
grown GV oocytes, mouse ovaries were cut up, and then
GV oocytes would release from ovaries. For in vitro matura-
tion, GV oocytes were cultured in the M2 medium under
mineral oil at 37°C in a 5% CO2 incubator. Three hours later,
we detected and recorded amounts of oocytes transformed
into the GVBD stage in order to achieve information about
the impact of the anti-CENP-C antibody on oocyte meiosis
recovery. 14 hours later, we detected and recorded amounts
of oocytes transformed into metaphase of meiosis II (MII)
in order to achieve information about the impact of the
anti-CENP-C antibody on oocyte maturation. To obtain
MII oocytes in vivo, 10 IU HCG were injected intraperitone-
ally into mice 48 hours after intraperitoneal injection of 10 IU
pregnant mare serum gonadotropin (PMSG). MII oocytes
were obtained 12-14 hours after HCG injection and used to
test spindle morphology and chromosome alignment.

2.5. Immunofluorescence and Fluorescence Microscopy

2.5.1. Detection of the Intracellular Anti-CENP-C Antibody.
Oocytes were fixed with 4% paraformaldehyde for 30min
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Figure 1: CENP-C antibody development in mouse serum.
Concentration of the serum anti-CENP-C antibody in mice
between the control group and the experimental group. ∗P < 0:05,
∗∗P < 0:01.
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and then treated in 0.5% Triton X-100 for 20min. After being
blocked in 1% BSA in PBS for 1 h, samples were incubated
with the secondary FITC-conjugated goat anti-mouse anti-
body for 2 hours at room temperature. Nuclear status was
stained with DAPI (blue) for 10min. After being briefly
washed in PBS, oocytes were mounted on glass slides in a
drop of the antifade medium and then examined with a fluo-
rescence microscope (Axio Imager Z1, Zeiss, Oberkochen,
Germany).

2.5.2. Detection of Spindle Morphology and Chromosome
Alignment of Mature Oocytes. Oocytes were fixed with 4%
paraformaldehyde for 30min and then treated in 0.5% Triton
X-100 for 20min. After being blocked in 1% BSA in PBS for
1 h, samples were incubated overnight at 4°C with the pri-
mary antibody: anti-tubulin antibody. After three washes
for 10minutes each, the oocytes were labeled with the sec-
ondary FITC-conjugated goat anti-mouse antibody for 1
hour at room temperature. Nuclear status was stained with
DAPI (blue) for 10min. After being briefly washed in PBS,
oocytes were mounted on glass slides in a drop of the antifade
medium and then examined with a fluorescence microscope
(Axio Imager Z1, Zeiss, Oberkochen, Germany).

2.6. Western Blotting. Oocytes at the GV and GVBD stages
were lysed using the Radioimmunoprecipitation Assay
(RIPA) buffer (Fermentas, Waltham, MA, USA). Protein
concentrations of the extracts were measured with a bicinch-
oninic acid assay (Beyotime, Shanghai, China). 20μg cell
proteins were applied to 10% SDS-polyacrylamide gel. After
electrophoresis, the proteins were transferred to polyvinyl
difluoride membranes (Bio-Rad, Hercules, CA, USA). The
membranes were incubated at 4°C overnight with the pri-
mary antibodies against CENP-C (ab193666, Abcam) or
GAPDH (5174, CST). Then, the membranes were incubated
with HRP-conjugated secondary antibodies for 1 h at room
temperature and finally visualized using enhanced chemilu-
minescence reagents (Pierce, Waltham, MA, USA). The
bands were analyzed by ImageJ software. The quantitative
data were obtained by normalizing to GAPDH signals.

2.7. Statistical Analysis. Statistical analysis was performed
with SPSS and GraphPad Prism (GraphPad Software). Data
were representative of at least three independent experiments
unless otherwise specified. Data were expressed as mean ±
SEM from 3 independent experiments. The significance of
differences between groups was analyzed by Student’s t-test
and the chi-squared test; P values < 0.05 were considered sta-
tistically significant.

3. Results

3.1. Serum CENP-C Antibody Detection in Mice. Whole
blood samples of mice immunized with human CENP-C
protein and of mice injected with CFA were collected on
the oocyte pick-up day from mouse eyes. Mouse serum was
obtained through centrifugation and was used to detect the
CENP-C antibody level. The serum CENP-C antibody was
quantitatively detected by the ELISA kit. The quantitative
concentration of the serum CENP-C antibody in mice was

higher in the experimental group injected with CENP-C pro-
tein. The value of the serum CENP-C antibody less than 20
RU/mL means negative according to the kit instruction. That
is to say, the CENP-C antibody was only developed in the
serum of mice in the experimental group (Figure 1).

3.2. Cellular Existence of the CENP-C Antibody in Oocytes. As
we have just detected the CENP-C antibody in serum of
experimental group mice, we wanted to investigate whether
the anticentromere-C antibody existed in oocytes. Mouse
oocytes from the experimental group and control group were
immunolabeled with FITC-conjugated goat anti-mouse IgG
for the CENP-C antibody and counterstained with DAPI
for chromosomes. The CENP-C antibody was only found
in oocytes of experimental group mice. The CENP-C anti-
body was not detected in oocytes of mice injected with CFA
in the control group (Figure 2).

3.3. CENP-C Protein Was Decreased in Oocytes Obtained
from the Experimental Group. As the CENP-C antibody
was detected in oocytes of mice in the experimental group,
we wondered whether CENP-C protein declined in oocytes
from the experimental group. CENP-C protein in the total
protein extracted from oocytes in the experimental group
was lower than CENP-C protein extracted from oocytes in
the control group at the germinal vesicle (GV) stage by west-
ern blotting. CENP-C protein extracted from oocytes in the
experimental group was lower than CENP-C protein
extracted from oocytes in the control group at the germinal
vesicle breakdown (GVBD) stage. The CENP-C antibody
binding to CENP-C protein causes CENP-C protein to
decrease after oocytes are lysed (Figure 3).

3.4. CENP-C Antibody Affected Mature Progression of Mouse
Oocytes. The process of oocyte maturation included germinal
vesicle breakdown (GVBD), spindle assembly and chromo-
some alignment at the equator plate in metaphase of meiosis
I (MI), first polar body (Pb1) extrusion, and oocyte stagna-
tion in metaphase of meiosis II (MII) waiting for fertilization.
Our results showed that the CENP-C antibody had no effect
on meiotic resumption, as evidenced by the similar GVBD
rate of oocytes after 3 hours of culture from GV oocytes
between the experimental group and the control group
(80:23 ± 3:71% vs. 86:27 ± 1:62% control, P = 0:211;
Figure 4(a)). In contrast, the ratio of Pb1 extrusion of oocytes
was significantly decreased in the experimental group after
14 hours of in vitro maturation from GV oocytes
(52:73 ± 2:03% vs. 77:90 ± 1:06% control, P < 0:01;
Figure 4(b)), implying the detrimental role of the CENP-C
antibody in oocyte maturation. Total experimental data
obtained from 3 independent experiments were collected
and statistically analyzed. The results also showed that the
CENP-C antibody did not affect the recovery of oocyte mei-
osis but affected oocyte maturation (Tables 1 and 2).

3.5. CENP-C Antibody Impaired Spindle Organization and
Chromosome Alignment in Oocytes.As the CENP-C antibody
existed in oocytes derived from the experimental group and
affected the mature progression of oocytes, we asked whether
the CENP-C antibody impaired the assembly of the meiotic
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Figure 3: CENP-C protein in oocytes. Western blotting of CENP-C protein in total protein extracted from GV oocytes (a) and oocytes at the
GVBD stage (b). The membranes were cut prior to exposure so that only the portion of gel containing desired bands would be visualized. C:
control group; T: experimental group. Quantification of CENP-C protein in oocytes at the GV stage (c) and GVBD stage (d). ∗P < 0:05, ∗∗
P < 0:01.
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Figure 2: Cellular existence of the CENP-C antibody in mouse oocytes. Mouse oocytes from the control group and experimental group were
immunolabeled with FITC-conjugated goat anti-mouse IgG for the CENP-C antibody (green) and counterstained with DAPI for
chromosomes (blue). We detected whether the anti-CENP-C antibody was in oocytes at the GV stage and at the GVBD stage to ensure
the antibody’s entrance into the cell before metaphase. The CENP-C antibody found in GV oocytes (b) and GVBD oocytes (c) from the
experimental group. The CENP-C antibody was not detected in GV oocytes from the control group. Images were captured using a 20x
objective lens and 10x eyepiece. Scale bar: 20μm.
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apparatus in oocytes. To gain insight into this issue, mouse
oocytes in MII retrieved directly from mice in vivo in the
experimental group and control group were immunolabeled
with the anti-tubulin antibody for spindles and counter-
stained with DAPI for chromosomes. We found a higher per-
centage of spindle defects and chromosome congression
failure in the experimental group (spindle defects: 64:67 ±
1:16% vs. 9:27 ± 2:28% control; chromosome misalignment:
50:80 ± 2:40% vs. 8:30 ± 1:16% control) (Figure 5). Spindle
defects included spindle elongation and spindle irregularity.
One or several chromosomes detached from the metaphase
plate and drifted into the cytoplasm were chromosome con-
gression failures (Figures 6(b) and 6(c)). Normal spindles are
barrel-shaped, short, and nearly round at metaphase. Chro-
mosomes are aligned at the equatorial plate plane orderly.
By striking contrast, oocytes in the control group at the meta-
phase stage usually showed a typical barrel-shaped spindle

and well-aligned chromosomes at the equator plate
(Figure 6(a)). Total experimental data obtained from 3 inde-
pendent experiments were collected and statistically ana-
lyzed. The results also showed that the CENP-C antibody
could cause higher spindle defects and chromosome mis-
alignment in the oocytes of the experimental group
(Tables 3 and 4).

4. Discussion

Reproductive autoimmune failure syndrome referred to the
antibodies that could be detected in women’s body fluids
who had no clinical symptoms of autoimmune diseases. This
abnormal immune status could cause reproductive failures
such as infertility and abortion. The abnormal level of anti-
bodies and IVF/ICSI failure should be considered clinical
symptoms of autoimmune imbalance even if clinical mani-
festations of autoimmune diseases did not appear [12]. All
sterile women with serum positive ACA in our reproductive
medicine center have no clinical signs of autoimmune dis-
eases. Therefore, mice immunized with centromere protein
were used for investigating the role of the centromere anti-
body in oocyte meiosis, which possessed high clinical appli-
cation value for ACA-positive women. ACA, among types
of the antinuclear antibody, were relevant to adverse repro-
ductive events, including the decreased rate of mature
oocytes and the lower rate of embryo cleavage [1, 6].

There were research studies that showed that ANA,
such as the anti-DNA antibody and anti-ribosomal P pro-
tein antibody, could penetrate into living cells and interact
with their intracellular targets [13–15]. These studies from
several laboratories contradicted the prevailing immuno-
logic dogma that cell interiors were inaccessible to antibod-
ies. The development of embryos cocultured with IgG,
which was retrieved from the serum of ANA-positive
patients, was severely damaged [16]. In our experiment,
we also proved that the anti-CENP-C antibody could pen-
etrate oocytes. Human oocyte meiosis began in the fetal
period and stagnated in prophase of meiosis I. The typical
character in prophase of meiosis I was a huge nucleus
called the germinal vesicle (GV) in oocytes. Oocyte meiosis

Table 1: Comparison of GVBD between the experimental group
and the control group.

GVBD
Experimental group

(n = 131)
Control group

(n = 145) Total

Happened 105 (80.2%) 125 (86.2%) 230

Unhappened 26 (19.8%) 20 (13.8%) 46

Total 131 (100%) 145 (100%) 276

χ2 value: 1.816. P value: 0.178. P < 0:05 was considered statistically
significant.

Table 2: Comparison of polar body discharge between the
experimental group and the control group.

Polar body
discharge

Experimental group
(n = 131)

Control group
(n = 145) Total

Discharge 69 (52.7%) 113 (77.9%) 182

Undischarge 62 (47.3%) 32 (22.1%) 94

Total 131 (100%) 145 (100%) 276

χ2 value: 19.552. P < 0:01. P < 0:05 was considered statistically significant.
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Figure 4: Effects of the CENP-C antibody on oocyte maturation. Oocytes during germinal vesicle breakdown were detected after 3 hours of
culture from GV oocytes. Oocytes during first polar body (Pb1) extrusion were observed after 14 hours of in vitromaturation of GV oocytes.
(a) Quantitative analysis of GVBD in the control group and experimental group (80:23 ± 3:71% vs. 86:27 ± 1:62% control, P = 0:211). (b)
Quantitative analysis of Pb1 extrusion in the control group and experimental group (52:73 ± 2:03% vs. 77:90 ± 1:06% control, P < 0:01).
Data were expressed as mean ± SEM from 3 independent experiments. ∗∗P < 0:01.
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recovery was marked by germinal vesicle breakdown
(GVBD) from puberty under the effect of hormones.
Oocytes stagnated once again in metaphase of meiosis II
until fertilization. The rate of GVBD was not significantly
different between the experimental group and the control
group, and the rate of the first polar body extrusion was
higher in the control group of our experiment. We con-
cluded that the anti-CENP-C antibody did not affect the
oocyte meiosis recovery but made mature oocytes decrease.

Kinetochores, including more than 100 proteins, were a
compact structure in centromeres. The functions of kineto-
chores include microtubule capture, spindle stabilization,
metaphase chromosome congression, and chromosome
movement [11]. Kinetochores undergo a program of mor-
phogenesis at different stages of the cell cycle. During inter-
phase, kinetochores could not be distinguished from the
surrounding centromeric heterochromatin. At prophase,
the structure is first visible as a fuzzy ball at the surface of
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Figure 5: (a) Quantification of control and experimental oocytes with abnormal spindles (64:67 ± 1:16% vs. 9:27 ± 2:28% control, P < 0:01).
(b) Quantitative analysis of control and experimental oocytes with chromosome misalignment (50:80 ± 2:40% vs. 8:30 ± 1:16% control, P
< 0:01). Data were expressed as mean ± SEM from 3 independent experiments. ∗∗P < 0:01.
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Figure 6: Effects of the CENP-C antibody on spindle assembly and chromosome alignment inMII oocytes. Control and experimental oocytes
were stained with the tubulin antibody to visualize spindles (green) and counterstained with DAPI to visualize chromosomes (blue). Control
oocytes present a bipolar barrel-shaped spindle and well-aligned chromosomes on the metaphase equator (a), whereas spindle defects and
chromosome misalignment were observed in experimental oocytes (b, c). Images were captured using a 40x objective lens and 10x
eyepiece. Scale bar: 20 μm.
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the centromeric chromatin. This differentiates into charac-
teristic trilaminar disks during metaphase [7]. The outer
kinetochore, including Mis12 complex, Knl1 complex, and
Ndc80 complex, was in charge of stable kinetochore-
microtubule connection and recruitment of the spindle
assembly checkpoint (SAC), which is crucial for cell division.
SAC is an elementary self-monitoring system in eukaryotic
cell division. SAC senses kinetochores that were not unat-
tached with spindles, then forms the “wait anaphase” signal,
which prolongs cell premetaphase time in cell division. At
the prolonged time, specific repaired pathways, which consist
of protein-protein interaction, initiate and prevent the
appearance of premature chromosome separation and aneu-
ploidy [17, 18]. Even a single kinetochore that does not bind
to a microtubule could activate SAC [19]. Hence, the destruc-
tion of kinetochore as a platform for kinetochore-
microtubule (KT-MT) attachment and SAC activity could
cause abnormal cell division. Both structure and function
between centromere proteins and kinetochore proteins are
interactional and interdependent. There are two main pat-
terns to explain their interplay. First, the C-terminal and cen-
tral regions of CENP-C interact with CENP-A, and the N-
terminal of CENP-C binds to Mis12, which suggests
CENP-C links the centromeric chromatin with the outer
kinetochore. Second, the CENP-T/W/S/X compound con-
nects centromere DNA; in addition, CENP-T directly binds
to the outer kinetochore Ndc80 complex [20]. Kinetochore-
microtubule (KT-MT) attachment defects and chromosome
separation errors would occur if the Ndc80 complex is dam-
aged [21]. Therefore, some common molecules form the
structure of centromere proteins and kinetochore proteins.
Abnormal CENP could destroy the construction and func-
tion of kinetochore proteins, which would lead to aberrant
cell division. Acquisition of haploid eggs in oocyte meiosis
results from correct chromosome segregation. Aberrant cen-
tromere protein could destroy the structure and function of
kinetochores, which results in abnormal mitosis and meiosis.

CENP-A/B/C constitute basic CENP complexes. At pres-
ent, CENP-H/M/N/T/U(50) are also found in CENP com-
plexes. These CENP components form the Constitutive
Centromere-Associated Network (CCAN) [22]. At the hub
of kinetochore assembly, CENP-C is expressed in the active
centromere of diplotene chromosomes. CENP-C links the
centromeric chromatin with the outer kinetochore, and
CENP-C’s depletion causes the destruction of the outer
kinetochore, which is essential to cell division [23, 24]. The
importance of CENP-C in cell division was also investigated
in some studies. The following appearances would occur after
the CENP-C antibody was injected into interphase of HeLa
cells: the cell division cycle arrested at metaphase, the num-
ber and size of kinetochores reduced, remaining kinetochores
no longer connected with spindle microtubules, and chromo-
some congression disrupted [25]. Mouse embryos with
CENP-C gene knockout only lived for 3.5 days as chromo-
some segregation was wrong [26]. The cell cycle of chicken
DT-40 cells with absent CENP-C showed premetaphase
arrest and cell apoptosis [27]. Therefore, CENP-C was indis-
pensable for chromosome segregation and cell proliferation.
ACA were first found in the serum of CREST syndrome
patients, which mainly included CENP-A, CENP-B, CENP-
C, and CENP-D antibodies [28]. Impacts of ACA injected
into cells on mitosis and meiosis at different cell cycle times
were different. ACA injected into mitotic cells at interphase
resulted in damaged kinetochores and unstable
kinetochore-microtubule (KT-MT) attachment [25, 29, 30].
ACA injected into oocytes at interphase caused chromosome
congression failure in the first and second meiotic divisions,
while microtubule capture, spindle formation, and chromo-
some segregation at anaphase appeared unaffected [31].
When ACA were microinjected into cells at metaphase, the
processes of mitosis and meiosis were normal. Chromosome
alignment was dramatically influenced when ACA were
introduced during the interphase or prometaphase stage
[31]. Outer kinetochore assembly was sensitive to ACA 2
hours before mitosis, and inner kinetochore assembly was
sensitive to ACA up until the beginning of prophase [30].
The earlier the ACA penetrate into cells, the greater the det-
rimental effects of ACA on cell division. We speculated that
ACA should enter into cells before metaphase. The studies
above offered some pieces of evidence for the significance
of ACA on cell division in vitro, but these studies possessed
certain limitations. As ACA include CENP-A, CENP-B,
CENP-C, and CENP-D antibodies, we do not know which
specific antibody plays a leading role in cell division. In our
study, we detected that the anti-CENP-C antibody was in
oocytes at the GV stage and at the GVBD stage to ensure
the antibody’s entrance into the cell before metaphase and
investigated the influence of the CENP-C antibody devel-
oped in vivo by the method of autoimmunity on oocyte mei-
osis. In this study, we found that the CENP-C antibody could
be detected in oocytes of mice immunized with CENP-C pro-
tein and could adversely impact oocyte maturation, spindle
organization, and chromosome alignment. Proper chromo-
some segregation assures the acquisition of accurate and
complete genetic material of haploid eggs divided from dip-
loid cells. Normal spindle morphology and accurate

Table 3: Comparison of the spindle shape between the
experimental group and the control group.

Spindle
shape

Experimental group
(n = 147)

Control group
(n = 150) Total

Normal 52 (35.4%) 136 (90.7%) 188

Abnormal 95 (64.6%) 14 (9.3%) 109

Total 147 (100%) 150 (100%) 297

χ2: 97.704. P < 0:01. P < 0:05 was considered statistically significant.

Table 4: Comparison of chromosome alignment between the
experimental group and the control group.

Chromosome
alignment

Experimental group
(n = 130)

Control group
(n = 144) Total

Normal 64 (49.2%) 132 (91.7%) 196

Abnormal 66 (50.8%) 12 (8.3%) 78

Total 130 (100%) 144 (100%) 274

χ2: 60.419. P < 0:01. P < 0:05 was considered statistically significant.
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metaphase chromosome alignment are two main procedures
to ensure correct chromosome separation and acquisition of
haploid eggs [32]. Spindle defects and metaphase chromo-
some misalignment could cause aneuploidy, which are the
reasons for infertility, abortion, and fetal birth defects. Defi-
cient spindle structure and chromosome misalignment in
metaphase of meiosis II could result in aneuploidy oocytes.
Fertilization of these abnormal eggs is the main cause of
infertility, recurrent spontaneous abortion, and subsequent
embryonic development defects. Maybe this is the reason
for adverse reproductive outcomes in ACA-positive patients.
Antibodies in CREST serum are rarely monospecific for a
single centromere antibody, and so it might be premature
to conclude that only the CENP-C antibody could impact
oocyte meiosis. But CENP-C is required for kinetochore
assembly and microtubule attachment stabilization. The
CENP-C antibody may play a more important role in cell
division. This study revealed that immunologic factors could
affect oocyte meiosis and cause abnormal spindles and chro-
mosome misalignment in oocytes, which could provide some
new thoughts and clues for improving reproductive out-
comes of ACA-positive women with no clinical symptoms
of autoimmune diseases, decreasing fetal birth defects, and
increasing assisted reproductive success rates. Further exper-
iments are required to validate these conclusions.

5. Conclusion

We found that the CENP-C antibody produced by the auto-
immune method in mice could penetrate oocytes and cause
oocyte maturation and spindle defects and penetrate chro-
mosomes that were detached from the metaphase plate and
scattered in the cytoplasm in metaphase, which may be the
main mechanism of adverse reproductive outcomes for
anticentromere antibody-positive women who have no clini-
cal symptoms of any autoimmune diseases.

Data Availability

All data are available in our manuscript.

Ethical Approval

All procedures for mouse care and use were conducted in
accordance with the guidelines and approved by the Institu-
tional Animal Care and Use Committees of Sun Yat-sen
University.

Conflicts of Interest

All authors declare that they have no conflict of interest.

Authors’ Contributions

Jiao Fan participated in the data collection and management,
data analysis, and manuscript writing; Yang Liu performed
the experiment and data analysis; Yiping Zhong designed
the experiment.

Acknowledgments

The study was supported by the Science and Technology and
Information Bureau of Guangzhou City (2014J4100161).

References

[1] Y. Ying, Y. P. Zhong, C. Q. Zhou et al., “Preliminary investiga-
tion of the im-pact of anticentromere antibody on oocyte mat-
uration and embryo cleavage,” Fertility and Sterility, vol. 100,
no. 6, pp. 1585–1589, 2013.

[2] Y. Ying, Y. P. Zhong, C. Q. Zhou et al., “A further exploration
of the impact of antinuclear antibodies on in vitro fertilization-
‐embryo transfer out-come,” American Journal of Reproduc-
tive Immunology, vol. 70, no. 3, pp. 221–229, 2013.

[3] A. M. Cline and W. H. Kutteh, “Is there a role of autoimmu-
nity in implantation failure after in-‐vitro fertilization?,” Cur-
rent Opinion in Obstetrics & Gynecology, vol. 21, no. 3,
pp. 291–295, 2009.

[4] Y. Shoenfeld, H. J. Carp, V. Molina et al., “Autoantibodies and
prediction of reproductive failure,”American Journal of Repro-
ductive Immunology, vol. 56, no. 5-6, pp. 337–344, 2006.

[5] M. Abalovich, L. Mitelberg, C. Allami et al., “Subclinical hypo-
thyroidism and thyroid autoimmunity in women with infertil-
ity,” Gynecological Endocrinology, vol. 23, no. 5, pp. 279–283,
2009.

[6] K. Shirota, Y. Nagata, K. Honjou, H. Tsujioka, T. Yoshizato,
and S. Miyamoto, “Involvement of anticentromere antibody
in interference with oocyte meiosis and embryo cleavage,” Fer-
tility and Sterility, vol. 95, no. 8, pp. 2729–2731, 2011.

[7] S. Biggins, “The composition, functions, and regulation of the
budding yeast kinetochore,” Genetics, vol. 194, no. 4, pp. 817–
846, 2013.

[8] D. Varma, X. Wan, D. Cheerambathur et al., “Spindle assem-
bly checkpoint proteins are positioned close to core microtu-
bule attachment sites at kinetochores,” The Journal of Cell
Biology, vol. 202, no. 5, pp. 735–746, 2013.

[9] F. G. Westhorpe and A. F. Straight, “Functions of the centro-
mere and kinetochore in chromosome segregation,” Current
Opinion in Cell Biology, vol. 25, no. 3, pp. 334–340, 2013.

[10] M. Glynn, A. Kaczmarczyk, L. Prendergast, N. Quinn, and
K. F. Sullivan, “Centromeres: assembling and propagating epi-
genetic function,” Genome Stability and Human Diseases,
2010.

[11] I. M. Cheeseman, “The kinetochore,” Cold Spring Harbor Per-
spectives in Biology, vol. 6, p. a15826, 2014.

[12] N. Gleicher, A. El-Roeiy, E. Confino, and J. Friberg, “Repro-
ductive failure because of autoantibodies: unexplained infertil-
ity and pregnancy wastage,” American Journal of Obstetrics
and Gynecology, vol. 160, no. 6, pp. 1376–1385, 1989.

[13] K. Yanase and M. P. Madaio, “Nuclear localizing anti-DNA
antibodies enter cells via caveoli and modulate expression of
caveolin and p53,” Journal of Autoimmunity, vol. 24, no. 2,
pp. 145–151, 2005.

[14] D. Alarcon-Segovia, A. Ruiz-Arguelles, and L. Llorente, “Bro-
ken dogma: penetration of autoantibodies into living cells,”
Immunology Today, vol. 17, no. 4, pp. 163-164, 1996.

[15] M. Reichlin, “Cellular dysfunction induced by penetration of
autoantibodies into living cells: cellular damage and dysfunc-
tion mediated by antibodies to dsDNA and ribosomal P

8 Journal of Immunology Research



proteins,” Journal of Autoimmunity, vol. 11, no. 5, pp. 557–
561, 1998.

[16] B. D. Kaider, C. B. Coulam, and R. G. Roussev, “Murine
embryos as a direct target for some human autoantibodies
in vitro,” Human Reproduction, vol. 14, no. 10, pp. 2556–
2561, 1999.

[17] L. Jia, S. Kim, and H. Yu, “Tracking spindle checkpoint signals
from kinetochores to APC/C,” Trends in Biochemical Sciences,
vol. 38, no. 6, pp. 302–311, 2013.

[18] C. Sacristan and G. J. Kops, “Joined at the hip: kinetochores,
microtubules, and spindle assembly checkpoint signaling,”
Trends in Cell Biology, vol. 25, no. 1, pp. 21–28, 2015.

[19] K. T. Jones and S. I. R. Lane, “Molecular causes of aneuploidy
in mammalian eggs,” Development, vol. 140, no. 18, pp. 3719–
3730, 2013.

[20] T. Nishino, F. Rago, T. Hori, K. Tomii, I. M. Cheeseman, and
T. Fukagawa, “CENP-T provides a structural platform for
outer kinetochore assembly,” The EMBO Journal, vol. 32,
no. 3, pp. 424–436, 2013.

[21] A. Desai, S. Rybina, T. Müller-Reichert et al., “KNL-1 directs
assembly of the microtubule-binding interface of the kineto-
chore in C. elegans,” Genes & Development, vol. 17, no. 19,
pp. 2421–2435, 2003.

[22] T. Fukagawa and W. C. Earnshaw, “The centromere: chroma-
tin foundation for the kinetochore machinery,” Developmental
Cell, vol. 30, no. 5, pp. 496–508, 2014.

[23] M. R. Przewloka, Z. Venkei, V. M. Bolanos-Garcia, J. Debski,
M. Dadlez, and D. M. Glover, “CENP-C is a structural plat-
form for kinetochore assembly,” Current Biology, vol. 21,
no. 5, pp. 399–405, 2011.

[24] E. Screpanti, A. de Antoni, G. M. Alushin et al., “Direct bind-
ing of Cenp-C to the Mis12 complex joins the inner and outer
kinetochore,” Current Biology, vol. 21, no. 5, pp. 391–398,
2011.

[25] J. Tomkiel, C. A. Cooke, H. Saitoh, R. L. Bernat, and W. C.
Earnshaw, “CENP-C is required for maintaining proper kinet-
ochore size and for a timely transition to anaphase,” The Jour-
nal of Cell Biology, vol. 125, no. 3, pp. 531–545, 1994.

[26] P. Kalitsis, K. J. Fowler, E. Earle, J. Hill, and K. H. A. Choo,
“Targeted disruption of mouse centromere protein C gene
leads to mitotic disarray and early embryo death,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 95, no. 3, pp. 1136–1141, 1998.

[27] T. Fukagawa andW. R. Brown, “Efficient conditional mutation
of the vertebrate CENP-C gene,” Human Molecular Genetics,
vol. 6, no. 13, pp. 2301–2308, 1997.

[28] E. S. Weiner, W. C. Earnshaw, J. L. SeneAcal, B. Bordwell,
P. Johnson, and N. F. Rothfield, “Clinical associations of antic-
entromere antibodies and antibodies to topoisomerase I. A
study of 355 patients,” Arthritis and Rheumatism, vol. 31,
no. 3, pp. 378–385, 1988.

[29] R. L. Bernat, G. G. Borisy, N. F. Rothfield, andW. C. Earnshaw,
“Injection of anticentromere antibodies in interphase disrupts
events required for chromosome movement at mitosis,” The
Journal of Cell Biology, vol. 111, no. 4, pp. 1519–1533, 1990.

[30] R. L. Bernat, M. R. Delannoy, N. F. Rothfield, and W. C. Earn-
shaw, “Disruption of centromere assembly during interphase
inhibits kinetochore morphogenesis and function in mitosis,”
Cell, vol. 66, no. 6, pp. 1229–1238, 1991.

[31] C. Simerly, R. Balczon, B. R. Brinkley, and G. Schatten,
“Microinjected centromere [corrected] kinetochore antibodies

interfere with chromosome movement in meiotic and mitotic
mouse oocytes,” The Journal of Cell Biology, vol. 111, no. 4,
pp. 1491–1504, 1990.

[32] K. M. Godek, L. Kabeche, and D. A. Compton, “Regulation of
kinetochore-microtubule attachments through homeostatic
control during mitosis,” Nature Reviews. Molecular Cell Biol-
ogy, vol. 16, no. 1, pp. 57–64, 2015.

9Journal of Immunology Research


	Immunization with CENP-C Causes Aberrant Chromosome Segregation during Oocyte Meiosis in Mice
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Active Immunization with Centromere Protein C
	2.3. Serum CENP-C Antibody Detection
	2.3.1. ELISA

	2.4. GV Oocyte and MII Oocyte Collection
	2.5. Immunofluorescence and Fluorescence Microscopy
	2.5.1. Detection of the Intracellular Anti-CENP-C Antibody
	2.5.2. Detection of Spindle Morphology and Chromosome Alignment of Mature Oocytes

	2.6. Western Blotting
	2.7. Statistical Analysis

	3. Results
	3.1. Serum CENP-C Antibody Detection in Mice
	3.2. Cellular Existence of the CENP-C Antibody in Oocytes
	3.3. CENP-C Protein Was Decreased in Oocytes Obtained from the Experimental Group
	3.4. CENP-C Antibody Affected Mature Progression of Mouse Oocytes
	3.5. CENP-C Antibody Impaired Spindle Organization and Chromosome Alignment in Oocytes

	4. Discussion
	5. Conclusion
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

