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ABSTRACT

Oocytes isolated from cows of reproductive age with reduced
antral follicle counts (AFC) have a diminished capacity of
embryonic development, which may be related to alterations in
the mechanism that directs the proper segregation of chromo-
somes. Because we demonstrated that progesterone receptor
membrane component 1 (PGRMC1) is involved in chromosome
congression and metaphase Il (MII) plate formation, the present
study was designed to determine 1) if the decrease in oocyte
developmental competence observed in dairy cows with a
reduced AFC is due to a higher incidence of aneuploidy and 2)
whether alterations in PGRMC1 contributes to the incidence of
aneuploidy. Oocytes from ovaries with reduced AFC and age-
matched controls were matured in vitro and the occurrence of
aneuploidy determined as well as the mRNA level and
localization of PGRMCI1. Although oocytes from ovaries with
reduced AFC were capable of undergoing meiosis in vitro, these
oocytes showed a 3-fold increase in aneuploidy compared to
oocytes isolated from control ovaries (P < 0.05). Although
Pgrmc1 mRNA levels were not altered, PGRMC1 and aurora
kinase B (AURKB) failed to localize to precise focal points on
MII chromosomes of oocytes from ovaries with reduced AFC.
Furthermore, when oocytes of control ovaries were cultured
with an inhibitor of AURKB activity, their MII plate was
disrupted and PGRMC1 was not properly localized to the
chromosomes. These results suggest that alterations in PGRMC1
and/or AURKB localization account in part for the increased
aneuploidy and low development competence of oocytes from
ovaries with reduced AFC.

aneuploidy, antral follicle count, AURKB, infertility, meiosis,
oocyte, ovary, PGRMC1, premature ovarian failure
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INTRODUCTION

Premature ovarian senescence as estimated by a reduced
number of antral follicle count (AFC) is a common cause of
infertility in both women and cattle [1, 2]. Low AFC has been
described in women in the perimenopausal period [3, 4] as well
as in young infertile and subfertile women affected by
premature ovarian failure [1, 5], suggesting that the factors
that reduce follicular reserve also affect the quality of the
remaining oocytes [6].

Recently, we demonstrated that about 5% of culled dairy
cows 4-8 yr old had a reduced AFC compared to age-matched
controls [7]. Moreover, oocytes isolated from low AFC ovaries
had limited developmental capability compared to age-matched
controls [7-9]. The mechanism responsible for the reduced
developmental competence of these oocytes is still unclear and
it may be related to alterations in the mechanism that directs the
proper segregation of chromosomes.

During oocyte meiosis, the cell division machinery must
function sequentially during a reductive (meiosis I) and
equational (meiosis II [MII]) cell division to ultimately produce
a haploid oocyte that can be fertilized and give rise to the next
generation. Errors in this process can result in aneuploidy,
which can have adverse reproductive outcomes such as
infertility, miscarriages, and birth defects [10-13].

Aurora kinase B (AURKB) is a component of the
chromosomal passenger complex, which together with the
spindle assembly checkpoint ensures faithful chromosome
segregation [14, 15]. During mitosis, AURKB plays a critical
role in chromosome-microtubule interactions [16]. This kinase
localizes to the kinetochores from prophase to metaphase and
relocates to the central spindle and the midbody during
cytokinesis [17]. Alterations in the localization of AURKB
are implicated in defects of centrosome function and spindle
assembly and in chromosomal instability [18, 19].

Interestingly, progesterone receptor membrane component
1 (PGRMC1) and the phosphorylated (active) form of
AURKB colocalize at the centromere of chromosomes in
MII oocytes [20]. Moreover, an injection of a PGRMCl1
antibody impairs the ability of oocytes to successfully mature
and causes abnormalities in chromosomal segregation such as
chromosomal misalignment and disorganization [20], sug-
gesting that PGRMCI1 plays a key role in chromosome
congression. Therefore, the present study was designed to
determine 1) if the decrease in oocyte developmental
competence observed in dairy cows with a reduced AFC is
due to a higher incidence of aneuploidy and 2) whether
alterations in PGRMC1 and AURKB localization contribute
to the incidence of aneuploidy.
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MATERIALS AND METHODS

Oocyte Collection and Culture

All the chemicals used in this study were purchased from Sigma Chemical
Company except for those specifically mentioned. Bovine ovaries were
recovered at an abattoir INALCA SpA) from pubertal females (4-8 yr old) and
subjected to routine veterinary inspection in accordance to the specific health
requirements stated in Council Directive 89/556/ECC and subsequent
modifications. As previously reported [21], ovaries were transported at 26°C,
and all the subsequent procedures were performed at 35°C-38°C. From each
slaughtered animal, ovaries were isolated and classified into two previously
described categories [7-9]: ovaries with reduced AFC (<10 midsized antral
follicles of 2—6 mm) and age-matched controls (>10 follicles of 2-6 mm).

Cumulus-oocyte complexes (COCs) were retrieved from midsized antral
follicles (2-6 mm) and examined under a stereomicroscope. Only COCs that
were medium brown in color with five or more complete layers of cumulus
cells with oocytes with finely granulated homogenous ooplasm were used [21].

Groups of 15-30 COCs were in vitro matured in TCM-199 supplemented
with 0.68 mM L-glutamine, 25 mM NaHCO3, 0.4% fatty acid-free bovine serum
albumin, 0.2 mM sodium pyruvate and 0.1 international units/ml of recombinant
human follicle-stimulating hormone (r-hFSH, Gonal-F, Merck Serono SpA) in
humidified air under 5% CO, at 38.5°C as previously described [22].

Aneuploidy Assessment

Karyotype analysis was performed as previously described [23] with some
modifications, and all the chromosome preparation procedures were performed
at 26°C unless otherwise stated [24]. After in vitro maturation (IVM), oocytes
were mechanically separated from cumulus cells by 5-min vortexing. Only
oocytes with a polar body were selected for karyotype analysis and incubated
for 20 min. Each oocyte was placed in a hypotonic solution (0.075 M KCI) for
20 min to induce oocyte swelling. Subsequently, the oocytes were gently
transferred to a well with the first fixative (methanol:acetic acid:distilled water,
5:1:4, v/v/v) for 5 min. Then they were dropped from 5 cm to a wet slide heated
at 37°C and at a slope of 45°. When the drop was spread out, the oocytes were
covered with the second fixative (methanol:acetic acid, 3:1, v/v), and then the
slides were immersed in a coplin jar containing the second fixative for 10 min.
After that they were transferred to a second jar containing the third fixative
(methanol:acetic acid:distilled water, 3:3:1, v/v/v) for 1 min, and then the slides
were slowly removed and air-dried overnight. Chromosomes staining was
performed using a 4% Giemsa solution for 15 min. Then the slides were
extensively washed with tap and distilled water and air-dried at 37°C for 30 min
and mounted. Slides were examined by light microscopy (40X magnification),
and the chromosome number for each metaphase plate was counted using Leica
CW4000 Karyo software (Leica Microsystems). Two investigators examined
each chromosome preparation.

Real-Time PCR for PGRMC1

The levels of Pgrmcl mRNA expression were assessed in oocytes from
ovaries with low AFC and from ovaries of age-matched control group at the
time of collection from the follicle (GV stage) and after 24 h of IVM (MII
stage) using a real-time multiplex PCR assay. COCs were collected and
cultured as described above, and cumulus cells were mechanically removed by
the use of the vortex. Denuded oocytes were stored in RNAlater solution
(Ambion, Life Technologies) until assayed. Total RNA was extracted from
groups of 20 oocytes using the RNeasy Plus Mini Kit (Qiagen Inc.) according
to the manufacturer’s instruction. Total RNA was then retrotranscribed with
oligo dT using the M-MLV Reverse Transcriptase System (Invitrogen, Life
Technologies). A total amount of cDNA equivalent to six oocytes was used in
each amplification reaction. Reactions were run in triplicates on four different
biological replicates for each experimental group. Amplification was performed
with specific primers and TagMan probes for bovine Pgrmcl (NCBI RefSeq
NM_001075133.1; forward primer: 5'-CTGGAAGAGATGCATCCAGA-3;
reverse primer: 5'-GAGATCCCAGTCACTCAGGGT-3'; probe: 5 d FAM-
TCCGACCTCACTCCTGCCCA-BHQ-1 3’) and f-actin (NCBI RefSeq:
NM_173979.3; forward primer: 5'-CACTCTTCCAGCCTTCCTTC-3'; reverse
primer: 5-GGATGTCCACGTCACACTTC-3’; probe: 5’ CAL Fluor Gold
540-TGCCACAGGACTCCATGCCC-BHQ-1 3’) using an CFX96 PCR
Thermal Cycler (Bio-Rad). Beta actin was used as the internal standard, and
the relative level of Pgrmcl mRNA was determined using the ACT method.

Immunofluorescence Staining

Indirect immunofluorescence was carried out to evaluate the cellular
localization of PGRMC1 and AURKB in Mll-stage paraformaldehyde-fixed

oocytes as previously described [20, 25]. The samples were incubated
overnight at 4°C either with a rabbit polyclonal anti-PGRMC1 (dilution 1:50,
Prestige Antibodies; Sigma) or a mouse monoclonal anti-AIM-1 antibody
(dilution 1:50, aurora B and Ipll-like midbody associated protein; BD
Transduction Laboratories). Secondary antibodies used were: TRITC-labeled
donkey anti-rabbit antibody (dilution 1:100; Vector Laboratories, Inc.) or Alexa
Fluor 488-labeled donkey anti-mouse antibody (dilution 1:500; Invitrogen, Life
Technologies) for 30 min at room temperature. The samples were mounted on
slides in the antifade medium Vecta Shield (Vector Laboratories) supplemented
with 1 pg/ml 4’,6-diamidino-2-phenylindole (DAPI). In each experiment,
negative controls were performed by omitting the primary antibodies; they did
not reveal any staining.

Samples stained for PGRMCI1 were analyzed on a Clsi confocal laser-
scanning microscope (Nikon Corp.) with a X60 objective. Z-stacks were
compiled with 0.25 um intervals encompassing the entire MII plate. PGRMC1
localization was classified as regular when PGRMCI localized at the
centromeric region of each chromosome or irregular when presented with
one or more of the following aspects: more than one point on a chromosome,
shape different from the punctuated, not in the centromeric region, and/or lack
of PGRMC1. Samples stained for AURKB were analyzed on an epifluor-
escence microscope (Eclipse E600; Nikon) equipped with a X60 objective, a
digital camera, and deconvolution software (NIS elements Imaging Software;
Nikon). AURKB localization was classified as regular or irregular according to
the criteria adopted for PGRMCI1 localization.

ZM447439 Treatment

ZM447439 (Tocris) was dissolved in dimethyl sulfoxide (DMSO) at 10
mM and stored in aliquots at —20°C. Appropriate concentrations were prepared
in culture medium so that the final concentration of DMSO never exceeded 1
pl/ml. This DMSO concentration has been previously reported to have no effect
on bovine oocyte maturation and fertilization [26, 27].

In a first set of experiments, GV-stage oocytes were cultured in the presence
of the aurora kinase activity inhibitor ZM447439 in concentrations ranging
from O to 10 pM. After 24 h, COCs were freed of cumulus cells, fixed, and
stained with 1 pg/ml DAPI. Samples were analyzed on a epifluorescence
microscope (Eclipse E600; Nikon) for polar body extrusion, maturation rate,
and chromosome alignment. In a second set of experiments GV-stage oocytes
were cultured in presence of 5 pM ZM447439, then fixed and stained for
PGRMCI immunolocalization as described above.

All the MII-stage oocytes analyzed, either following three-dimensional
reconstruction of the metaphasic plate by confocal microscopy or with
conventional fluorescence microscopy, that failed to align all their chromosome
along the equator of the metaphasic plate were classified as misaligned as
previously described [28].

Statistical Analysis

All the experiments were repeated three to five times. Observations from all
the experiments were pooled. Statistical significance was determined by the
Fisher exact test. Values of P < 0.05 were considered significant.

RESULTS

Maturation rates were similar between oocytes isolated from
reduced AFC (89%, 67/75) and age-matched control ovaries
(94%, 119/127). Importantly, karyotype analysis (Fig. 1)
indicated that although oocytes from ovaries with reduced
AFC were capable of undergoing meiosis in vitro, these
oocytes showed a 3-fold increase in aneuploidy compared to
oocytes isolated from age-matched control ovaries (Fig. 1A).
The analysis of karyotypes detected both hyperploid and
hypoploid (Fig. 1B) oocytes within each group, but there was
not a difference in the percentage of hypoploid or hyperploid
oocytes between the reduced AFC and age-matched control
groups. Moreover, no specific chromosome-dependence aneu-
ploidy was detected.

Because PGRMCI plays a role in the formation of the MII
plate, Pgrmcl mRNA levels and the colocalization of
PGRMCI1 with AURKB was monitored at the GV and at the
MII stage. Pgrmcl mRNA levels were not altered in either GV-
or MII-staged oocytes of ovaries with reduced ovarian reserve
when compared to the age-matched control group (Supple-
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FIG. 1.

OVARY RESERVE, PGRMC1, AURKB, AND OOCYTE ANEUPLOIDY
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A) Percentage of aneuploidy in oocytes isolated from control and low AFC ovaries. Data were analyzed by the Fisher exact test (*P < 0.05). B)
Representative images of hypoploid, normal, and hyperploid karyograms.
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FIG. 2. PGRMC1 and AURKB colocalization on the centromere of
chromosomes in metaphase Il control oocytes. Red, PGRMCT; green,
AURKB; blue, DNA. Bar =10 pm.

mental Fig. S1, available online at www.biolreprod.org).
Moreover, PGRMC1 and AURKB colocalized at the centro-
meric region of MIl-stage bovine oocyte, as confirmed in a
control experiment that corroborated our previous observations
(Fig. 2). However, PGRMCI failed to localize to precise focal
points on MII chromosomes in a significantly higher
percentage of oocytes isolated from reduced AFC ovaries
when compared to oocytes of age-matched control ovaries
(Fig. 3, A and B). Similarly, the percentage of oocytes in which
AURKB failed to properly localize on the MII chromosomes
was significantly higher in oocytes from ovaries with reduced
AFC compared to oocytes isolated from ovaries of age-
matched controls (Fig. 4, A and B).

To further investigate the relationship between PGRMC1
and the AURKB function during oocyte maturation, oocytes
isolated from control ovaries were matured in the presence of
increasing concentrations of ZM447439 [28], an AURKB
inhibitor [29]. At all the concentrations tested (1-10 uM), the
percentages of oocytes that reached MII with polar body
extrusion after 24 h of treatment did not differ from control
oocytes (Table 1). However at the concentrations of 5 and 10
1M, a significantly higher percentage of oocytes exhibited
misaligned chromosomes when compared to controls (Table 1).
In another set of experiments, when oocytes of age-matched
control ovaries were cultured with 5 uM of ZM447439, the
chromosomal organization of the MII plate was disrupted (Fig.
5) and PGRMC1 was not properly localized to the chromo-
somes (Table 2) even though the ability of oocytes to mature
was not affected (Table 2).

DISCUSSION

During oocyte meiotic division, defects in spindle formation
and/or function can generate chromosome instability and
aneuploidy, a condition that is the major cause of defective
early embryonic development, miscarriages, and birth defects
[30]. While errors in chromosomal segregation can occur at any
time during embryonic development, aneuploidy occurs
frequently during oocyte meiotic division with about 20% of
human oocytes having chromosomal segregation errors [31].
While aneuploidy is an important cause of reproductive
wastage, the factors that promote chromosomal segregation
errors have not been clearly defined. In mice, the frequency of
chromosomal segregation errors (i.e., aneuploidy) increases
with the gradual depletion of ovarian follicle reserve, which is
associated with increasing chronological age [32]. The present
work also reveals a relationship between ovarian reserve and
chromosomal segregation errors by demonstrating that oocytes
collected from cows with reduced ovarian reserve (i.e., reduced
AFC) have a 3-fold increase in aneuploidy compared with
oocytes collected from cows with a normal AFC. In contrast to
the well-known age-related increase in chromosomal segrega-
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FIG. 3. PGRMCT1 localization in oocytes isolated from low AFC and age-
matched control ovaries. A) Percentage of oocytes isolated from control
and low antral follicle count ovaries showing regular and irregular
PGRMCT localization. Data were analyzed by the Fisher exact test (*P <
0.05). B) Representative images of regular and irregular localization of
PGRMCT1 in Mll-stage oocytes. Blue, DNA; red, PGRMC1. Bar =10 pm.
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tion errors, the present study examined animals of the same
approximate age. Therefore, there may be some defect(s)
within oocytes isolated from ovaries with premature decreases
in ovarian reserve that are distinctly different from age-related
alterations.

As evidence of functional molecular alterations in oocytes
harvested from ovaries with reduced ovarian reserve, the
present study reveals that PGRMCI fails to properly associate
with the MII chromosomes of oocytes isolated from cows with
a reduced ovarian reserve. This inability to target PGRMCI to
the MII chromosomes occurs even though Pgrmcl is expressed
at levels similar to that of oocytes with normal ovarian reserve.
Moreover, failure of PGRMCI1 to associate with the MII
chromosomes likely accounts, at least in part, for their higher
incidence of aneuploidy because disrupting PGRMC1’s action
with an antibody to PGRMCI1 interferes with the formation of
the MII plate [20].

Although PGRMCI1 influences the formation of the MII
plate, its mechanism of action is not known. PGRMCl1
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FIG. 4. AURKB localization in oocytes isolated from low AFC and age-
matched control ovaries. A) Percentage of oocytes isolated from control
and low antral follicle count ovaries showing regular and irregular AURKB
localization. Data were analyzed by the Fisher exact test (*P < 0.05). B)

Representative images of regular and irregular localization of AURKB in
MiIl-stage oocytes. Blue, DNA; green, AURKB. Bar =5 um.

TABLE 1. Effect of ZM447439 on meiotic progression, polar body (PB)
extrusion, and chromosome alignment.*

ZM447439 PB extrusion Misalignment
concentration N MIl (%) (% of MII) (% of MII)
0 55 47 (85.5) 47 (100) 14 (29.8)%
1T uM 53 41 (77.4) 40 (97.6) 17 (41.5)°
2 pM 58 42 (72.4) 42 (100) 20 (47.6)°
5uM 54 39 (72.2) 37 (94.9) 32 (82.1)°
10 M 56 42 (75.0) 38 (90.5) 39 (92.9)°

* Data were analyzed by the Fisher exact test.

TN represents the number of oocytes analyzed in each group.

b values with different superscripts within a column are significantly
different (P < 0.0001).

PGRMC1 MERGE

DNA

FIG. 5. PGRMCT localization in oocytes of control ovaries treated with
the AURKB inhibitor ZM447439. Representative images of regular and
irregular localization of PGRMC1 in Mll-stage oocytes. Blue, DNA; red,
PGRMCT1. Bar =10 pm.

Regular

Irregular

colocalizes with the active (Thr-232 phosphorylated) form of
AURKB. AURKB is gradually activated during oocyte
maturation and phosphorylates essential proteins that are
involved in chromosome segregation such as the meiotic
cohesin protein Rec8 [33], which functions to hold sister
chromatids together [34].

Although AURKB colocalizes with PGRMC1, a functional
relationship between these two proteins has not been
established. The present study demonstrates that the AURKB
inhibitor, ZM447439, causes chromosome misalignment and
alters PGRMCI1’s localization at centromeres in oocytes
obtained from ovaries with high or normal AFC. We argue
that AURKB activity is required to properly localize PGRMC1
to the MII chromosomes. However, some caution must be
exercised in drawing this conclusion because ZM447439 could
inhibit AURKA or AURKC as well as AURKB. Importantly,
at all the concentrations tested, ZM447439 did not inhibit
maturation and polar body extrusion, which are known to be
dependent on AURKA [28, 35]. This argues that ZM447439
does not inhibit AURKA even at the maximum concentration
used in this study (10 uM). Interestingly, the expression of the
AURKC isoform is negligible in immature and mature bovine
oocytes [36]. It is likely then that even though the inhibition of
AURKC cannot be completely excluded, the biological effect
of ZM447439 in bovine oocyte should be principally ascribed
to the inhibition of AURKB, and it is therefore logical to
conclude that AURKB is required for PGRMC1 to properly
localize to the MII chromosomes.

Because our data indicate that Pgrmcl mRNA levels were
not reduced in oocytes of ovaries with reduced AFC, the
hypothesis that PGRMCI1 regulates oocyte maturation through
the association with AURKB raises the question as to whether
posttranslational modification of PGRMC1 could be regulated
by AURKB. Several proteomic-based studies indicate that

TABLE 2. Effect of ZM447439 on PGRMC1 localization.*

Irregular PGRMC1

ZM447439 Misalignment localization
concentration  N¥ Ml (%) (% of MII) (% of MII)
0 21 20 (95.2) 10 (50)* 9 (45)*

5 uM 26 22 (84.6) 20 (90.1)° 20 (90.1)°

* Data were analyzed by the Fisher exact test.

TN represents the number of oocytes analyzed in each group.

b values with different superscripts within columns are significantly
different (P = 0.0001).
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PGRMCI can be phosphorylated at several serine residues [37,
38]. In fact, phosphorylated PGRMCI1 is associated with the
mitotic spindle [39, 40]. Because AURKB is a serine/threonine
kinase [41], it is possible that AURKB either directly or
indirectly phosphorylates PGRMC1 with phosphorylation
directing PGRMCI1 to the MII chromosomes. This hypothesis
is currently being assessed.

In addition to phosphorylation, recent studies reveal that
PGRMCI is sumoylated (i.e., posttranscriptional addition of
small ubiquitin-related modifier [SUMO] proteins) in ovarian
cells [42]; sumoylation involves covalent attachment of SUMO
proteins to lysine residues in substrate proteins. Substrate
modification by sumoylation can alter protein-protein interac-
tions, change protein intracellular localization, or direct
changes in the activities of the protein to which SUMO is
attached [43]. Importantly, sumoylation may play an essential
role in regulating mouse oocyte meiosis because SUMOI, or
more likely proteins that are covalently coupled to SUMOI,
localize to the spindle poles in prometaphase I, metaphase I and
II, and around the separating chromosomes in anaphase I and
telophase I, while SUMO2/3 is mainly concentrated near the
centromeres [44]. These observations are consistent with the
concept that part of mechanism that localizes PGRMC1 to MII
chromosomes involves both phosphorylation and sumoylation.

In conclusion, our data support the hypothesis that
PGRMCI1 and AURKB interaction during oocyte meiosis
plays an essential role in the process of chromosome
segregation because the inhibition of AURKB causes changes
in the localization of PGRMCI1 and alterations in the MII
chromosomal plate. Moreover, alteration in the localization of
PGRMCI1 and AURKB could account in part for the increased
aneuploidy and low development competence of oocytes of
ovaries isolated from cows with reduced ovarian reserve.
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