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Introduction

Numerous chromosomal anomalies occur in human and non-
human primate in vitro-produced (IVP) preimplantation 
embryos.1-9 Susceptibility to aneuploidy is likely to occur dur-
ing oocyte development and maturation prior to oocyte retrieval 
in human in vitro fertilization (IVF). During this time, oocytes 
acquire various proteins and transcripts concomitant with follic-
ular growth, enabling them to resume meiosis and support early 
embryonic development.10 Given that all follicles do not develop 
synchronously during ovarian hormonal stimulation, it is reason-
able to assume that some oocytes and their zygotes may acquire 
different amounts of transcripts and proteins that, in turn, affect 
cytogenetic stability.

The fidelity of chromosome segregation is maintained by the 
coordinated interaction of a multitude of proteins that support 
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chromosome cohesion and a robust spindle assembly checkpoint 
(SAC). Cohesin multiprotein complexes in humans are com-
posed of four evolutionarily conserved subunits, two structural 
maintenance of chromosomes proteins (SMC1 and SMC3), a 
kleisin subunit and a stromal antigen (STAG) subunit.11,12 Unlike 
SMC3, meiosis- and mitosis-specific variants have been described 
for kleisin, SMC1 and STAG. Each complex maintains cohesion 
between replicated chromosomes until one of their subunits is 
targeted for elimination. The majority of cohesin complexes 
are removed during prophase in a non-proteolytic manner,13,14 
whereas residual cohesins remaining at centromeres are ulti-
mately eliminated during the metaphase-anaphase transition 
through the separase-mediated proteolytic cleavage of the kleisin 
subunits REC8 during meiosis or RAD21 during mitosis.15

Premature removal of cohesin complexes surrounding centro-
meres and other sites during prophase and metaphase is prevented 
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during early development in primate oocytes of differential 
quality.

Therefore, this study aimed to determine the relative abun-
dance of mRNAs encoding cohesins, shugoshins and compo-
nents of the SAC (Table 1) in individual rhesus macaque oocytes 
that were either mature at the time of retrieval or matured within 
6 to 8 h after retrieval. Differences in the expression profiles were 
used to identify gene expression patterns associated with their 
susceptibility to aneuploidy.

Results

Three rhesus macaque females provided a cohort of oocytes, 
including oocytes that were mature at retrieval (extruded polar 
body present, group 1) and others that matured shortly thereafter 
(6–8 h post-retrieva, group 2). In total, 36 individual oocytes 
were analyzed for cohesins, shugoshins and SAC gene expression 
profiles. Normalized expression levels for each individual oocyte 
from groups 1 and 2 are presented in Figure 1 and Table 2. 
Spearman rank-order correlation coefficient analysis established 
significant (α = 0.05) relationships between transcript levels of 
group 1 and group 2 oocytes (Table 2). A significant influence 
of female on transcript levels was observed. However, because 
data were non-normally distributed and included a large number 
of zero values, expression profiles were subsequently categorized 
as absent, below the median or above the median. χ2 analysis 
was then performed to compare obtained frequencies. Analysis of 
additional transcripts regulating mitochondrial function, includ-
ing FIS1, OPA1 and TFAM, demonstrated no overall significant 
transcript level differences between the two groups (Sup. Fig. 1).

Cohesin transcripts. Meiosis-specific cohesins SMC1B and 
REC8 and the mitotic/meiotic cohesin STAG2 were sporadically 
observed in group 1 and group 2 oocytes (Fig. 1). All oocytes 

by the presence of Shugoshin-like 1 and Shugoshin-like 2 pro-
teins SGOL1 and SGOL2, respectively.16-18 The SAC, which is 
primarily composed of the mitotic arrest-deficient (MAD) and 
budding uninhibited by benzimidazole (BUB) proteins, repre-
sents the surveillance mechanism that ensures that proteolytic 
cleavage of the kleisin subunit is only initiated once all kineto-
chores are properly attached to spindle microtubules.19,20 This 
surveillance mechanism regulates the activity of the ubiquitin-
ligase, anaphase-promoting complex (APC) or cyclosome.21 Once 
all chromosomes are properly attached, cyclin B and securin, the 
protein inhibiting the enzymatic activity of separase, are targeted 
for destruction. Separase-mediated cleavage of the kleisin subunit 
results in the segregation of chromosomes, while the elimination 
of cyclin B is ultimately responsible for meiotic or mitotic exit.22

The increased frequency of aneuploidy in human conceptuses 
of older women has been attributed to a decreased expression of 
SAC genes in oocytes from women of advanced maternal age in 
comparison to oocytes from younger women.23-26 Because of ethi-
cal and practical constraints, however, the oocytes employed in 
these studies were always discarded, pooled, and only a limited 
proportion of the genes involved in cytogenetic stability were 
assessed. As rhesus macaque oocytes and their resulting embryos 
are as prone to aneuploidy as human oocytes and embryos,2,27 
the analysis of transcript levels of a number of genes important 
for cytogenetic stability in individual rhesus macaque oocytes 
may provide valuable insights into the etiology of aneuploidy 
during early development of primates. Moreover, Dupont et al.2 
previously reported that rhesus macaque embryos developing 
from metaphase I (MI) oocytes maturing after retrieval have an 
increased susceptibility to numerical chromosomal anomalies in 
comparison to embryos resulting from oocytes that were mature 
at retrieval. This provides an ideal tool to investigate the gene 
expression patterns associated with chromosomal anomalies 

Table 1. selected proteins associated with chromosome segregation

Cohesin Complex Subunits

RAD21
Cohesin complex subunit protein that causes dissociation of the cohesin complex after its cleavage by separase at mitotic  

anaphase onset.

REC8 Meiosis-specific paralogue of RAD21.

STAG1, STAG2
Cohesin complex subunit protein that causes dissociation of the cohesin complex after its phosphorylation by aurora B and 

plk1 kinases during the prophase pathway.

STAG3 protein that replaces mitotic STAG1 and STAG2 during meiosis.

SMC3 Cohesin complex subunit protein during mitosis and meiosis.

SMC1a Cohesin complex subunit protein during mitosis.

SMC1B Meiosis specific paralogue of SMC1A.

Spindle Assembly Checkpoint proteins

MAD2L1 protein that inhibits apCcdc20 when not all kinetochores are attached to microtubules.

BUB1B protein that inhibits apCcdc20 when not all kinetochores are attached to microtubules.

BUB1 protein that helps to recruit shugoshins to kinetochores.

BUB3 protein that facilitates binding of BUB1 to kinetochores.

Shugoshins

SGOL1 and SGOL2
proteins that protects centromeric cohesion from phosphorylation during the prophase pathway and from separase during 

meiosis I.
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Figure 1. scatterplots of normalized gene expression levels for each transcript in individual oocytes mature at retrieval (group 1) or maturing post-
retrieval (group 2). Bars represent the median level.

from both groups expressed RAD21, whereas four oocytes from 
group 1 and five oocytes from group 2 failed to express at least 
one of the mitotic cohesins (SMC1A, SMC3 or STAG1), although 
no statistically significant differences for the incidence of tran-
script expression were observed between the two groups (Fig. 2). 
Conserved correlations were observed between STAG1 and 
BUB1B expression between both groups, while SMC3 correlated 
with shugoshin (SGOL1, SGOL2) and BUB1B and BUB3 expres-
sion in both groups (Table 2).

Shugoshins transcripts. More oocytes expressed high SGOL1 
levels in group 1 than group 2 (χ2 = 4.0, df = 1.0, p ≤ 0.05; see 
Fig. 2C). In both groups, SGOL2 expression was significantly 
correlated with BUB1B and SMC3, and SGOL1 levels were cor-
related with MAD2L1 and SMC3 expression (Table 2).

Spindle assembly checkpoint transcripts. All oocytes 
expressed BUB1B, BUB3 and MAD2L1 transcripts. Except for 
BUB1, all SAC genes showed significant correlations with some 
cohesin and shugoshin genes (Table 2). BUB1B expression 

was significantly correlated with STAG1, SMC3, SGOL2 and 
MAD2L1 in both groups. Six oocytes in group 1 failed to express 
BUB1 in comparison to none in group 2 (p ≤ 0.05; see Fig. 2A). 
In addition, there were significantly more oocytes with BUB1 
expression below the median in group 2 than group 1 (χ2 = 9.3, 
df = 2.0, p ≤ 0.05; Fig. 2b). Spearman correlation coefficient 
analysis between BUB1 expression and the lowest value of either 
cohesin or shugoshin expression showed a significant correlation 
in group 1 oocytes (Fig. 3A); (rho = 0.60, p = 0.0009). No such 
association was observed in group 2 oocytes (Fig. 3b).

Discussion

Susceptibility to aneuploidy is likely to occur during oocyte 
development and maturation, prior to oocyte retrieval. It is rea-
sonable to assume that some oocytes acquire different transcript 
and protein levels that, in turn, affect their cytogenetic stabil-
ity. The fidelity of chromosome segregation is maintained by 
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RAD21, BUB1B, BUB3 and MAD2L1 were expressed in all 
oocytes analyzed. Categorization of the expression profiles as 
absent or below or above the median demonstrated that only 
BUB1 and SGOL1 transcripts were different between the two 
groups, where increased expression of the SGOL1 transcript was 
observed more frequently in oocytes from group 1 than those in 
group 2. In addition, the incidence of oocytes lacking BUB1 was 
significantly more frequent in group 1. Functional studies have 
shown that loss of cohesins may result in a premature separation 
of sister chromatids, cell cycle delay, cell cycle arrest and apop-
tosis.37-40 In the present study, two females produced oocytes in 
both groups that failed to express at least one of the mitotic cohes-
ins (SMC1A, SMC3 or STAG1). Oocytes lacking mitotic cohesin 
transcripts were observed in four instances in group 1 and in five 
occasions in group 2. Most of the affected oocytes were contrib-
uted by one female, which suggests that, at the oocyte transcript 
level, rhesus macaque females respond differently to controlled 
ovarian stimulation. It is common in human IVF to pool all 

the coordinated interaction of a number of proteins that support 
chromosome cohesion and a robust spindle assembly checkpoint. 
Previous reports support the hypothesis that faulty SAC and cohe-
sin activites predispose oocytes to premature chromosome separa-
tion and aneuploidy,28,29 while conflicting studies exist for mouse 
oocytes.30-35 However, any discrepancy may reflect the reduced 
incidence of chromosomal instability in the mouse36 or the use 
of discard oocytes collected from infertile human IVF patients. 
The present study assessed the expression levels of cohesins, shu-
goshins and SAC genes in individual rhesus macaque oocytes 
displaying differential maturational status upon retrieval after 
controlled ovarian hormonal stimulation. This study capitalized 
on the model in which rhesus macaque embryos derived from 
oocytes that extruded their polar body after retrieval (group 2 in 
the present study) produce a higher frequency of chromosomal 
anomalies in comparison to embryos generated from oocytes that 
were mature (MII) at retrieval (group 1 in the present study).2

Table 2. significant Correlation Coefficients between transcript expression levels in group 1 and group 2 oocytes

group 2 
(MI-MII)

STAG1 STAG2 SMC1A SMC1B SMC3 RAD21 REC8 SGOL1 SGOL2 BUB1 BUB1B BUB3 MAD2L1

STAG1

STAG2

SMC1A

SMC1B

SMC3 +

RAD21 +

ReC8 +

SGOL1 +

SGOL2 +

BUB1 +

BUB1B + + + + +

BUB3 + +

MAD2L1 + + +

group 1 
(MII)

STAG1 STAG2 SMC1A SMC1B SMC3 RAD21 REC8 SGOL1 SGOL2 BUB1 BUB1B BUB3 MAD2L1

STAG1

STAG2

SMC1A

SMC1B

SMC3

RAD21 +

REC8 +

SGOL1 +

SGOL2 + + +

BUB1

BUB1B + + +

BUB3 + + +

MAD2L1 + +

highlighted correlations are conserved between groups.
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Figure 2. Incidence of relative gene expression levels in individual rhesus 
macaque oocytes mature at retrieval (group 1; dark gray bars) or maturing 
post-retrieval (group 2; light gray bars). (a) Quantity of oocytes lacking each 
specific transcript; (B) Quantity of oocytes with specific transcript expres-
sion levels below the median; (C) Quantity of oocytes with specific transcript 
expression levels above the median.*represents a statistically significant dif-
ference between group 1 and group 2 (α = 0.05).

retrieved oocytes together, regardless of maturational sta-
tus, to optimize embryo numbers. However, maturational 
status at retrieval appears to be a strong indicator of indi-
vidual stimulation response, and therefore susceptibility to 
aneuploidy.

The failure to express shugoshins, like cohesin deficien-
cies, may result in premature sister chromatid separation. 
Shugoshins protect cohesin multiprotein complexes from 
non-proteolytic removal during the prophase pathway 
and from proteolytic cleavage during the metaphase-ana-
phase transition of the first meiotic division.41,42 All rhesus 
macaque oocytes in this study expressed SGOL1, while two 
oocytes in both groups failed to express SGOL2. Literature 
suggests that SGOL2 in mammals, in contrast to SGOL1, is 
required for proper chromosome segregation during meiosis 
I, while it is dispensable during mitosis.42,43 Although these 
reports would suggest that failure to express SGOL2 in 
rhesus macaque MII oocytes should not alter chromosome 
dynamics during subsequent development, this hypothesis 
remains to be confirmed. Significantly, there were more 
oocytes expressing SGOL1 above the median in group 1 
than in group 2. Consequently, embryos generated from 
MII oocytes at the time of retrieval (group1) may have a 
lower susceptibility for premature chromosome segregation 
during prophase as a result of the maintenance of SGOL1 
levels. Analysis of additional components regulating local-
ization of these proteins and chromosome segregation, 
including PP2A,44 the anaphase-promoting complex and 
cdc2045 as well as protein levels for the various components 
investigated, would further elucidate the susceptibility of 
late-maturing oocytes to aneuploidy.

A fine balance in the expression of SAC components 
appears to provide multiple levels of control to circumvent 
aneuploidy.32-35 With the exception of BUB1, transcriptional 
profiles of the SAC genes analyzed in this study did not sig-
nificantly differ between the two groups of oocytes. Several 
studies have demonstrated multiple facets of BUB1’s involve-
ment in spindle checkpoint regulation. While the small 
kinase regulates the activity of the APC, it also recruits other 
SAC proteins and shugoshins to kinetochores.46-48 Many 
studies concur that ablation of BUB1 using RNA interfer-
ence (RNAi) results in mitotic arrest after a premature sepa-
ration of the sister chromatids.48,49 The absence of BUB1 in 
group 1 oocytes in the present study was strongly correlated 
with the absence or low expression of one of the mitotic 
cohesins STAG1, SMC1A and SMC3 or shugoshins SGOL1 
and SGOL2, which supports the hypothesis that BUB1 may 
monitor cohesion between chromosomes prior to the metaphase-
anaphase transition.

Shugoshin-depletednHeLA cells likewise undergo mitotic 
arrest, consistent with this hypothesis.48,50,51 In the present study, 
oocytes with cohesin or shugoshin insufficiencies in group 1, 
in contrast to oocytes in group 2, may be better equipped to 
undergo mitotic arrest, thereby preventing embryonic develop-
ment that would result in an aneuploidy. Therefore, transcription 
of BUB1 may be regulated by the integrity of either cohesins or 

shugoshins in the metaphase II spindle. As the metaphase II spin-
dle assembles in oocytes that extrude a polar body after retrieval 
(group 2), the proper assembly of cohesins and shugoshins may 
not be appropriately monitored at the time of RNA processing. 
Consequently, downregulation of BUB1 could be reduced in 
these oocytes. Indeed, there were no oocytes lacking BUB1 tran-
scripts in group 2 oocytes, supporting this hypothesis.

The underlying cause predisposing some rhesus macaque and 
human embryos to become aneuploid while others remain euploid 
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could indicate varying susceptibility and likely reflects the het-
erogeneous nature of the oocytes retrieved, as some oocytes may 
be aspirated from good quality, as well as more atretic, follicles.57 
The differential expression of SGOL1 and BUB1 highlighted in 
this study provides a potential mechanism as to why embryos 
developing from MII oocytes with delayed polar body extru-
sion are at a higher risk to become chromosomally abnormal in 
comparison to embryos developing from MII oocytes mature at 
retrieval. However, since it was beyond the scope of this study 
to assess protein levels or post-translational modifications, these 
conclusions need to be confirmed. Nevertheless, this study high-
lights that human oocytes that fail to complete maturation prior 
to retrieval should be considered for use in human IVF with cau-
tion, as gene expression perturbations could increase the suscep-
tibility to aneuploidy and impair early embryonic development.

Materials and Methods

Unless otherwise stated, chemicals and reagents were purchased 
from Sigma-Aldrich.

Controlled hormonal ovarian stimulation. All procedures 
were performed according to the institutional animal care and 
animal use committee (IACUC) protocols approved at the 
Oregon National Research Primate Center. The ovarian stimu-
lation protocol has been described previously and was initiated 
on one of the first three days of menstruation.58 Briefly, adult, 
female rhesus monkeys previously exhibiting normal menstrual 
cycles received recombinant human follicle-stimulating hormone 
(rhFSH, Organon; 30 IU per injection, twice daily, i.m.) for 
7 consecutive days, followed by 2 d of rhFSH and recombinant 
human luteinizing hormone (rhLH, EMD Serono; 30 IU rhFSH 
and 30 IU rhLH per injection, twice daily, i.m.). On the eighth 
day of the rhFSH treatment, animals also received the gonado-
tropin-releasing hormone (GnRH) antagonist, acyline (NICHD; 
0.075 mg/kg animal body weight), to prevent a spontaneous LH 
surge. On the final day of rhFSH treatment, 32–33 h before fol-
licular aspiration, oocyte maturation was induced with a single 
injection of recombinant human chorionic gonadotropin (rhCG, 
EMD Serono; 1,000 IU, i.m.).

Oocyte collection, RnA extraction and cDnA synthesis. 
The procedures for oocyte recovery have been described previ-
ously in references 59–61. Briefly, fluid from ovarian follicles was 
collected in TALP-Hepes containing 0.3% bovine serum albu-
min (BSA). Oocytes were separated from the aspirated follicu-
lar fluid using a cell strainer (Becton-Dickinson; Falcon, 70 μm 
pore size, #364195). Following denudation from their surround-
ing granulosa cells using 0.03% hyaluronidase, the oocytes were 
rinsed in TALP-Hepes containing 0.3% BSA and categorized 
according to their meiotic status (MII, MI and GV). After classi-
fication, all oocytes were placed in TALP-medium culture drops 
supplemented with BSA62 and incubated in 5% CO

2
 in air at 

37°C until the time they would normally be inseminated, 6–8 h 
post-retrieval, at which point the maturity of the oocytes was 
reevaluated. Equivalent numbers of metaphase II (MII) oocytes 
mature at retrieval (group 1) and MI at retrieval (group 2) per 
female were randomly selected for the current study. To guarantee 

is unknown. Oocytes from women of advanced maternal age dis-
play more meiotic errors, are hypothesized to contain fewer SAC 
proteins and have been shown to display downregulated proapop-
totic TAp73,52 suggesting aged eggs are able to avoid checkpoint 
control and continue development. Moreover, in vitro matura-
tion of immature oocytes has been associated with an increased 
incidence of aneuploidy53 irrespective of maturation time prior to 
IVF,54 spindle abnormalities55 and alterations in gene expression 
of a number of functional processes, including the cell cycle.56 
A limited number of genes associated with cytogenetic stability 
have been assessed in human oocytes.23-26 These studies are com-
plicated by the fact that the oocytes collected are of poor qual-
ity (discarded) and retrieved from infertile patients undergoing 
IVF treatments. The present study assessed the transcriptional 
profile of a comprehensive array of cohesins, shugoshins and 
genes involved in the SAC in oocytes retrieved from young fer-
tile monkeys after controlled ovarian hormonal stimulation. We 
report that oocytes with differential aneuploidy rates display dif-
ferent gene expression patterns that may be associated with their 
susceptibility to chromosomal errors. Likewise, the absence or 
presence of various transcripts that regulate cytogenetic stability 

Figure 3. Correlation curves for BUB1 compared with minimal expres-
sion of shugoshins or mitotic cohesins (STAG1, SMC1A, SMC3, RAD21, 
SGOL1 and SGOL2). (a) significant positive correlation (rho = 0.60, p < 
0.01) within group 1 oocytes. (B) absence of a significant correlation 
(rho = -0.20, p = 0.43) in group 2 oocytes.
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of the amplicons and sequences of the designed primers and 
probes are specified in Table 3.

multiplex target specific preamplification of cDnA. A mul-
tiplex PCR amplification of the 14 cDNA targets was performed 
in a final reaction volume of 25 μl using PreAmplification Mix 
(Applied Biosystems, #4364130) according to manufacturer’s 
instructions. Due to its high abundance, the endogenous control 
18S rRNA was not preamplified. Reaction mixtures were initially 
held at 95°C during 10 min before 14 preamplification cycles of 
15 sec at 95°C and 4 min at 60°C were executed. The linearity of 
preamplification was tested following quantitative real-time PCR 
of unamplified and preamplified 0.1 ng/μl rhesus macaque testes 
cDNA. Resulting C

T
 values were used to calculate ΔΔC

T
 values, 

indicative of the linearity of the preamplification. ΔΔC
T
 values 

approximating zero were considered linear. All transcripts were 
successfully linearly amplified, with the exception of STAG3, 
which was excluded from further analysis.

quantitative real-time PCR. All preamplified samples were 
analyzed in triplicate in a 10 μl final reaction volume using the 
7900HT Fast Real-Time PCR System. The reaction mixture con-
tained 1xTaqMan Universal Master Mix (Applied Biosystems, 
#4304437), 1xTaqMan Gene Expression Assay (Applied 
Biosystems) and 2.5 μl of cDNA. After an initial hold at 95°C 
for 10 min, reaction mixtures underwent 40 cycles of 15 sec at 
95°C and 1 min at 60°C. Standard curves were generated using 
preamplificed testis cDNA. 18S rRNA Gene Expression Assay 
primers were used for normalization (Applied Biosystems, 
#Hs03928985_g1).

Statistical analysis. Gene expression profiles per group were 
expressed as the mean ± the standard deviation (SD). As the 

the removal of all of the granulosa cells, oocytes were repeatedly 
aspirated with plastic stripper tips (Mid Atlantic Diagnostics, 
#MXL3-125) and rinsed in calcium/magnesium-free phosphate 
buffered saline drops (PBS, Invitrogen, #14190-144) supple-
mented with 1 mg/ml polyvinyl alcohol (PVA).

RnA isolation and reverse transcription. Individual oocytes 
collected at 6–8 h post-retrieval were transferred to 0.2 ml PCR 
tubes and stored in lysis buffer (Stratagene) at -80°C until fur-
ther processed. Following thawing on ice and according to the 
manufacturer’s instructions, RNA from the rhesus macaque 
oocytes was extracted using the Absolutely RNA Nanoprep Kit 
(Stratagene, #400753). Recovered RNA was reverse transcribed 
into cDNA using random hexamers and Superscript III reverse 
transcriptase (Invitrogen, #18080-051) following the manufac-
turers protocol.

Primer design for Taqman gene expression assays. Sequencing 
of PCR products was undertaken in rhesus macaque testes and 
colon cDNA prior to Taqman primer design. The targets of inter-
est included SMC1A, SMC1B, SMC3, STAG1, STAG2, STAG3, 
RAD21, REC8, SGOL1, SGOL2, MAD2L1, BUB1, BUB1B and 
BUB3 (Table 1). Each PCR product was common between vari-
ous transcript variants and highly conserved between humans 
and rhesus macaques, according to the National Center for 
Biotechnology (NCBI) GenBank database. Following sequenc-
ing, a consensus sequence was created within which repetitive 
sequences and single nucleotide polymorphisms (SNPs) were 
identified using Repeat Masker (Institute for Systems Biology) 
and Blast SNP (NCBI) prior to being uploaded using the File 
Builder Software (Applied Biosystems) to facilitate the genera-
tion of custom TaqMan gene expression assays. The product size 

Table 3. sequences of real-time pCR primers, TaqMan probe and product size

Gene Forward Primer Reverse Primer Probe
Product 

size

SGOL1 GCa aaC GCa GGT CTT TTa TaG CT GTT GTC TTG GTa aTT TTT CaG CaG TGT aaG TGT TGG TGa TTa TTT G 80

SGOL2 TGT CaG CTa GCa aGa aGa aaC Gaa T aTT GTT GTC aCa CTG CaT TTT CTC T aTG Gaa CCC TTG Caa aTG 128

BUB1 GCa aGT GCa TGa CTG TGa aaT Ca GCC aaG CCa GCa GaT aaa TCa TC TTG Gaa aCG GaT TTT TG 111

BUB1B aaa GaC aGC aaG aGC TCC aaT CaT GCa TCT GTT GaG Gaa aTG GaT TTT GG Caa GGC TCC aaG CCa G 95

BUB3 CCa GTC aaT GCC aTT TCT TTT CaC a aCC GaT GGa aTT GGC aCa GT TTG CCa CaG GTG GTT CT 119

RAD21
TGa aGa aTT TCa TGa CTT TGa TCa 

GCC a
CTG CTG GGC CaC aTC Ga CTG CCT GaC TTa GaT GaC a 64

REC8 CCa GCT GCa GaT CCG aaT aGa TaT GCC aGG TGG TTa GGa aGC a CTG GGT aGC TCa GTC TCC 66

SMC1α GCC GCa TTG CCT TTG Ga CaC CaG aGa TCa CTC CTG aCT TC CaG CGC CaC aaG aCa GT 87

SMC1β
aCa GaT Gaa Gaa aGa CTG GCa TTT 

Ga
aCT TCT CTa TTC GTT TTT TaT GaT CTT 

CTa TTT GT
TTa GaT TTC CCT Gaa CTT 

CTC
109

SMC3
aGC CCT GGa aTa TaC CaT TTa Caa 

TCa G
GCa TCC TGC TGa GCa TCT CTT aa CaG aaa GCT CaT Caa GTT T 126

STAG1
aGa GTT GCT aTT aGa aGa aCC TGT 

TCa
CTT GaC Gaa TTG TaC aaa CCa TTa GCT aCG aTC aGa CaT TGC TTC C 98

STAG2
aTC aGT TGa aaa Caa GaG aaG CCa 

TTG
GCG GaT TaG GCT CTT Taa aaG Caa a CCa TGC TaC aCa aaG aTG 78

STAG3 TCT TTC CTC aCC GaC aGC TaT TTa aaa GCC CTT TCa GGG CCT TCa aTa aGC aCC GaG aaG TC 97

MAD2L1 TCT CaG aaa GCT aTC CaG GaT Gaa aT TCT TCC CaT TTT TCa GGT aCa aCC a aTG aaC aGG aaa CTT CC 149



www.landesbioscience.com Cell Cycle 747

References
1. Benadiva CA, Kligman I, Munné S. Aneuploidy 16 in 

human embryos increases significantly with maternal 
age. Fertil Steril 1996; 66:248-55; PMID:8690111.

2. Dupont C, Bavister BD, Armant DR, Brenner CA. 
Rhesus macaque embryos derived from MI oocytes 
maturing after retrieval display high rates of chro-
mosomal anomalies. Hum Reprod 2009; 24:929-35; 
PMID:19106174; http://dx.doi.org/10.1093/humrep/
den429.

3. Dupont C, Froenicke L, Lyons LA, Bavister BD, 
Brenner CA. Chromosomal instability in rhe-
sus macaque preimplantation embryos. Fertil Steril 
2009; 91:1230-7; PMID:18440514; http://dx.doi.
org/10.1016/j.fertnstert.2008.01.075.

4. Magli MC, Gianaroli L, Munné S, Ferraretti AP. 
Incidence of chromosomal abnormalities from 
a morphologically normal cohort of embryos 
in poor-prognosis patients. J Assist Reprod Genet 
1998; 15:297-301; PMID:9604763; http://dx.doi.
org/10.1023/A:1022596528036.

5. Márquez C, Sandalinas M, Bahçe M, Alikani M, 
Munné S. Chromosome abnormalities in 1,255 cleav-
age-stage human embryos. Reprod Biomed Online 
2000; 1:17-26; PMID:12804207; http://dx.doi.
org/10.1016/S1472-6483(10)61988-8.

6. Munné S, Alikani M, Tomkin G, Grifo J, Cohen J. 
Embryo morphology, developmental rates and mater-
nal age are correlated with chromosome abnormalities. 
Fertil Steril 1995; 64:382-91; PMID:7615118.

7. Pellicer A, Rubio C, Vidal F, Mínguez Y, Giménez 
C, Egozcue J, et al. In vitro fertilization plus preim-
plantation genetic diagnosis in patients with recurrent 
miscarriage: an analysis of chromosome abnormali-
ties in human preimplantation embryos. Fertil Steril 
1999; 71:1033-9; PMID:10360906; http://dx.doi.
org/10.1016/S0015-0282(99)00143-0.

8. Rubio C, Simón C, Vidal F, Rodrigo L, Pehlivan T, 
Remohí J, et al. Chromosomal abnormalities and 
embryo development in recurrent miscarriage couples. 
Hum Reprod 2003; 18:182-8; PMID:12525464; 
http://dx.doi.org/10.1093/humrep/deg015.

9. Voullaire L, Collins V, Callaghan T, McBain J, 
Williamson R, Wilton L. High incidence of complex 
chromosome abnormality in cleavage embryos from 
patients with repeated implantation failure. Fertil Steril 
2007; 87:1053-8; PMID:17418829; http://dx.doi.
org/10.1016/j.fertnstert.2006.11.043.

10. Watson AJ. Oocyte cytoplasmic maturation: a key 
mediator of oocyte and embryo developmental com-
petence. J Anim Sci 2007; 85:1-3; PMID:17322120; 
http://dx.doi.org/10.2527/jas.2006-432.

11. Nasmyth K, Haering CH. The structure and function 
of SMC and kleisin complexes. Annu Rev Biochem 
2005; 74:595-648; PMID:15952899; http://dx.doi.
org/10.1146/annurev.biochem.74.082803.133219.

12. Onn I, Heidinger-Pauli JM, Guacci V, Unal E, 
Koshland DE. Sister chromatid cohesion: a simple con-
cept with a complex reality. Annu Rev Cell Dev Biol 
2008; 24:105-29; PMID:18616427; http://dx.doi.
org/10.1146/annurev.cellbio.24.110707.175350.

13. Hauf S, Roitinger E, Koch B, Dittrich CM, Mechtler 
K, Peters JM. Dissociation of cohesin from chromo-
some arms and loss of arm cohesion during early 
mitosis depends on phosphorylation of SA2. PLoS 
Biol 2005; 3:69; PMID:15737063; http://dx.doi.
org/10.1371/journal.pbio.0030069.

14. Sumara I, Vorlaufer E, Gieffers C, Peters BH, Peters 
JM. Characterization of vertebrate cohesin complex-
es and their regulation in prophase. J Cell Biol 
2000; 151:749-62; PMID:11076961; http://dx.doi.
org/10.1083/jcb.151.4.749.

15. Uhlmann F, Wernic D, Poupart MA, Koonin EV, 
Nasmyth K. Cleavage of cohesin by the CD clan 
protease separin triggers anaphase in yeast. Cell 
2000; 103:375-86; PMID:11081625; http://dx.doi.
org/10.1016/S0092-8674(00)00130-6.

16. Watanabe Y. Modifying sister chromatid cohe-
sion for meiosis. J Cell Sci 2004; 117:4017-23; 
PMID:15316077; http://dx.doi.org/10.1242/
jcs.01352.

17. Watanabe Y. Sister chromatid cohesion along arms 
and at centromeres. Trends Genet 2005; 21:405-
12; PMID:15946764; http://dx.doi.org/10.1016/j.
tig.2005.05.009.

18. Watanabe Y. Shugoshin: guardian spirit at the cen-
tromere. Curr Opin Cell Biol 2005; 17:590-5; 
PMID:16229998; http://dx.doi.org/10.1016/j.
ceb.2005.10.003.

19. Hoyt MA, Totis L, Roberts BTS. S. cerevisiae 
genes required for cell cycle arrest in response to 
loss of microtubule function. Cell 1991; 66:507-17; 
PMID:1651171; http://dx.doi.org/10.1016/0092-
8674(81)90014-3.

20. Li R, Murray AW. Feedback control of mitosis in bud-
ding yeast. Cell 1991; 66:519-31; PMID:1651172; 
http://dx.doi.org/10.1016/0092-8674(81)90015-5.

21. Peters JM. The anaphase promoting complex/cyclo-
some: a machine designed to destroy. Nat Rev Mol Cell 
Biol 2006; 7:644-56; PMID:16896351; http://dx.doi.
org/10.1038/nrm1988.

22. Peters JM. The anaphase-promoting complex: prote-
olysis in mitosis and beyond. Mol Cell 2002; 9:931-43; 
PMID:12049731; http://dx.doi.org/10.1016/S1097-
2765(02)00540-3.

23. Steuerwald N, Cohen J, Herrera RJ, Sandalinas 
M, Brenner CA. Association between spindle 
assembly checkpoint expression and maternal age 
in human oocytes. Mol Hum Reprod 2001; 7:49-
55; PMID:11134360; http://dx.doi.org/10.1093/
molehr/7.1.49.

24. Steuerwald NM, Bermúdez MG, Wells D, Munné 
S, Cohen J. Maternal age-related differential global 
expression profiles observed in human oocytes. Reprod 
Biomed Online 2007; 14:700-8; PMID:17579982; 
http://dx.doi.org/10.1016/S1472-6483(10)60671-2.

25. Wells D, Bermúdez MG, Steuerwald N, Malter HE, 
Thornhill AR, Cohen J. Association of abnormal 
morphology and altered gene expression in human 
preimplantation embryos. Fertil Steril 2005; 84:343-
55; PMID:16084875; http://dx.doi.org/10.1016/j.
fertnstert.2005.01.143.

26. Wells D, Bermudez MG, Steuerwald N, Thornhill 
AR, Walker DL, Malter H, et al. Expression of genes 
regulating chromosome segregation, the cell cycle and 
apoptosis during human preimplantation development. 
Hum Reprod 2005; 20:1339-48; PMID:15705620; 
http://dx.doi.org/10.1093/humrep/deh778.

27. Nichols SM, Gierbolini L, Gonzalez-Martinez JA, 
Bavister BD. Effects of in vitro maturation and age on 
oocyte quality in the rhesus macaque Macaca mulatta. 
Fertil Steril 2010; 93:1591-600; PMID:19249021; 
http://dx.doi.org/10.1016/j.fertnstert.2008.12.141.

28. Mailhes JB. Faulty spindle checkpoint and cohesion 
protein activities predispose oocytes to premature 
chromosome separation and aneuploidy. Environ Mol 
Mutagen 2008; 49:642-58; PMID:18626998; http://
dx.doi.org/10.1002/em.20412.

29. McGuinness BE, Anger M, Kouznetsova A, Gil-
Bernabé AM, Helmhart W, Kudo NR, et al. Regulation 
of APC/C activity in oocytes by a Bub1-dependent 
spindle assembly checkpoint. Curr Biol 2009; 19:369-
80; PMID:19249208; http://dx.doi.org/10.1016/j.
cub.2009.01.064.

DHHS; and by the Oregon National Primate Research Center, 
RR00163.

Author Contributions

C.D., conception and project design, data acquisition, analysis 
and interpretation, drafted manuscript; A.H., project design, data 
interpretation, drafted manuscript; D.R.A., funding, data inter-
pretation, reviewing of manuscript, final manuscript approval; 
M.B.Z., funding, provided samples for analysis; C.A.B., funding, 
project design, reviewing of manuscript, final manuscript approval.

Acknowledgements

We would like to acknowledge Dr. Susan Land for her valu-
able advice. Additionally, we would like to thank Organon, The 
Netherlands for their generous support by providing human 
recombinant FSH hormones.

note

Supplemental materials can be found at:
www.landesbioscience.com/journals/cc/article/19207

data were not normally distributed, all gene expression data were 
transformed by categorization as absent, below median or above 
median expression, then analyzed using a Pearson χ2. Spearman 
rank-order correlation coefficients and p-values were calculated 
between genes for each maturational group. Spearman corre-
lation coefficient analysis was repeated for BUB1 and the low-
est value for either cohesins or shugoshins per oocyte (STAG1, 
SMC1A, SMC3, RAD21, SGOL1 and SGOL2). All differ-
ences with p-values ≤ 0.05 were considered to be statistically 
significant.

Disclosure of Potential Conflicts of Interest

The authors report no conflict of interest.

Financial Support

Supported by National Institutes of Health grants HD045966, 
RR015395 and HD046553; by the Intramural Research Program 
of the Eunice Kennedy Shriver National Institute of Child 
Health and Human Development, National Institutes of Health, 



748 Cell Cycle Volume 11 Issue 4

53. Magli MC, Ferraretti AP, Crippa A, Lappi M, Feliciani 
E, Gianaroli L. First meiosis errors in immature 
oocytes generated by stimulated cycles. Fertil Steril 
2006; 86:629-35; PMID:16793041; http://dx.doi.
org/10.1016/j.fertnstert.2006.02.083.

54. Strassburger D, Goldstein A, Friedler S, Raziel A, 
Kasterstein E, Mashevich M, et al. The cytogenetic 
constitution of embryos derived from immature (meta-
phase I) oocytes obtained after ovarian hyperstimula-
tion. Fertil Steril 2010; 94:971-8; PMID:19505687; 
http://dx.doi.org/10.1016/j.fertnstert.2009.04.035.

55. Cekleniak NA, Combelles CM, Ganz DA, Fung 
J, Albertini DF, Racowsky C. A novel system for 
in vitro maturation of human oocytes. Fertil Steril 
2001; 75:1185-93; PMID:11384647; http://dx.doi.
org/10.1016/S0015-0282(01)01789-7.

56. Jones GM, Cram DS, Song B, Magli MC, Gianaroli L, 
Lacham-Kaplan O, et al. Gene expression profiling of 
human oocytes following in vivo or in vitro maturation. 
Hum Reprod 2008; 23:1138-44; PMID:18346995; 
http://dx.doi.org/10.1093/humrep/den085.

57. Chaffin CL, Stouffer RL. Role of gonadotrophins and 
progesterone in the regulation of morphological remod-
elling and atresia in the monkey peri-ovulatory follicle. 
Hum Reprod 2000; 15:2489-95; PMID:11098016; 
http://dx.doi.org/10.1093/humrep/15.12.2489.

58. Zelinski-Wooten MB, Hutchison JS, Hess DL, Wolf 
DP, Stouffer RL. Follicle stimulating hormone alone 
supports follicle growth and oocyte development 
in gonadotrophin-releasing hormone antagonist-
treated monkeys. Hum Reprod 1995; 10:1658-66; 
PMID:8582957.

59. Bavister BD, Boatman DE, Collins K, Dierschke DJ, 
Eisele SG. Birth of rhesus monkey infant after in vitro 
fertilization and nonsurgical embryo transfer. Proc Natl 
Acad Sci USA 1984; 81:2218-22; PMID:6326113; 
http://dx.doi.org/10.1073/pnas.81.7.2218.

60. Bavister BD, Boatman DE, Leibfried L, Loose M, 
Vernon MW. Fertilization and cleavage of rhesus 
monkey oocytes in vitro. Biol Reprod 1983; 28:983-
99; PMID:6683110; http://dx.doi.org/10.1095/biolre-
prod28.4.983.

61. Wolf DP, Vandevoort CA, Meyer-Haas GR, Zelinski-
Wooten MB, Hess DL, Baughman WL, et al. In vitro 
fertilization and embryo transfer in the rhesus monkey. 
Biol Reprod 1989; 41:335-46; PMID:2508776; http://
dx.doi.org/10.1095/biolreprod41.2.335.

62. Bavister BD, Yanagimachi. The effects of sperm extracts 
and energy sources on the motility and acrosome reac-
tion of hamster spermatozoa in vitro. Biol Reprod 
1977; 16:228-37; PMID:831847; http://dx.doi.
org/10.1095/biolreprod16.2.228.

42. Lee J, Kitajima TS, Tanno Y, Yoshida K, Morita T, 
Miyano T, et al. Unified mode of centromeric protec-
tion by shugoshin in mammalian oocytes and somatic 
cells. Nat Cell Biol 2008; 10:42-52; PMID:18084284; 
http://dx.doi.org/10.1038/ncb1667.

43. Llano E, Gómez R, Gutiérrez-Caballero C, Herrán 
Y, Sánchez-Martín M, Vázquez-Quiñones L, et al. 
Shugoshin-2 is essential for the completion of meiosis 
but not for mitotic cell division in mice. Genes Dev 
2008; 22:2400-13; PMID:18765791; http://dx.doi.
org/10.1101/gad.475308.

44. Suja JA. Fighting of Casein kinase 1 and PP2A/
Shugoshin for cohesins during meiosis I. Cell Cycle 
2010; 9:2929-30; PMID:20740713; http://dx.doi.
org/10.4161/cc.9.15.12696.

45. Vogt E, Kirsch-Volders M, Parry J, Eichenlaub-Ritter 
U. Spindle formation, chromosome segregation and the 
spindle checkpoint in mammalian oocytes and suscep-
tibility to meiotic error. Mutat Res 2008; 651:14-29; 
PMID:18096427.

46. Kitajima TS, Hauf S, Ohsugi M, Yamamoto T, 
Watanabe Y. Human Bub1 defines the persistent 
cohesion site along the mitotic chromosome by affect-
ing Shugoshin localization. Curr Biol 2005; 15:353-
9; PMID:15723797; http://dx.doi.org/10.1016/j.
cub.2004.12.044.

47. Sharp-Baker H, Chen RH. Spindle checkpoint pro-
tein Bub1 is required for kinetochore localization of 
Mad1, Mad2, Bub3 and CENP-E, independently 
of its kinase activity. J Cell Biol 2001; 153:1239-
50; PMID:11402067; http://dx.doi.org/10.1083/
jcb.153.6.1239.

48. Tang Z, Sun Y, Harley SE, Zou H, Yu H. Human Bub1 
protects centromeric sister-chromatid cohesion through 
Shugoshin during mitosis. Proc Natl Acad Sci USA 
2004; 101:18012-7; PMID:15604152; http://dx.doi.
org/10.1073/pnas.0408600102.

49. Gjoerup OV, Wu J, Chandler-Militello D, Williams 
GL, Zhao J, Schaffhausen B, et al. Surveillance mecha-
nism linking Bub1 loss to the p53 pathway. Proc Natl 
Acad Sci USA 2007; 104:8334-9; PMID:17488820; 
http://dx.doi.org/10.1073/pnas.0703164104.

50. McGuinness BE, Hirota T, Kudo NR, Peters JM, 
Nasmyth K. Shugoshin prevents dissociation of cohe-
sin from centromeres during mitosis in vertebrate 
cells. PLoS Biol 2005; 3:86; PMID:15737064; http://
dx.doi.org/10.1371/journal.pbio.0030086.

51. Salic A, Waters JC, Mitchison TJ. Vertebrate shugoshin 
links sister centromere cohesion and kinetochore 
microtubule stability in mitosis. Cell 2004; 118:567-
78; PMID:15339662; http://dx.doi.org/10.1016/j.
cell.2004.08.016.

52. Guglielmino MR, Santonocito M, Vento M, Ragusa 
M, Barbagallo D, Borzì P, et al. TAp73 is downregu-
lated in oocytes from women of advanced reproductive 
age. Cell Cycle 2011; 10:3253-6; PMID:21946516; 
http://dx.doi.org/10.4161/cc.10.19.17585.

30. Duncan FE, Chiang T, Schultz RM, Lampson MA. 
Evidence that a defective spindle assembly checkpoint 
is not the primary cause of maternal age-associated 
aneuploidy in mouse eggs. Biol Reprod 2009; 81:768-
76; PMID:19553597; http://dx.doi.org/10.1095/biol-
reprod.109.077909.

31. Pan H, Ma P, Zhu W, Schultz RM. Age-associated 
increase in aneuploidy and changes in gene expres-
sion in mouse eggs. Dev Biol 2008; 316:397-407; 
PMID:18342300; http://dx.doi.org/10.1016/j.
ydbio.2008.01.048.

32. Sun SC, Lee SE, Xu YN, Kim NH. Perturbation of 
Spc25 expression affects meiotic spindle organization, 
chromosome alignment and spindle assembly check-
point in mouse oocytes. Cell Cycle 2010; 9:4552-
9; PMID:21084868; http://dx.doi.org/10.4161/
cc.9.22.13815.

33. Wei L, Liang XW, Zhang QH, Li M, Yuan J, Li S, et al. 
BubR1 is a spindle assembly checkpoint protein regu-
lating meiotic cell cycle progression of mouse oocyte. 
Cell Cycle 2010; 9:1112-21; PMID:20237433; http://
dx.doi.org/10.4161/cc.9.6.10957.

34. Zhang QH, Wei L, Tong JS, Qi ST, Li S, Ou XH, et al. 
Localization and function of mSpindly during mouse 
oocyte meiotic maturation. Cell Cycle 2010; 9:2230-
6; PMID:20505367; http://dx.doi.org/10.4161/
cc.9.11.11895.

35. Zhu JL, Lin SL, Li M, Ouyang YC, Hou Y, Schatten 
H, et al. Septin2 is modified by SUMOylation and 
required for chromosome congression in mouse oocytes. 
Cell Cycle 2010; 9:1607-16; PMID:20372094; http://
dx.doi.org/10.4161/cc.9.8.11463.

36. Bean CJ, Hassold TJ, Judis L, Hunt PA. Fertilization 
in vitro increases non-disjunction during early cleav-
age divisions in a mouse model system. Hum Reprod 
2002; 17:2362-7; PMID:12202426; http://dx.doi.
org/10.1093/humrep/17.9.2362.

37. Ghiselli G. SMC3 knockdown triggers genomic instabil-
ity and p53-dependent apoptosis in human and zebraf-
ish cells. Mol Cancer 2006; 5:52; PMID:17081288; 
http://dx.doi.org/10.1186/1476-4598-5-52.

38. Michaelis C, Ciosk R, Nasmyth K. Cohesins: chromo-
somal proteins that prevent premature separation of sis-
ter chromatids. Cell 1997; 91:35-45; PMID:9335333; 
http://dx.doi.org/10.1016/S0092-8674(01)80007-6.

39. Sonoda E, Matsusaka T, Morrison C, Vagnarelli P, 
Hoshi O, Ushiki T, et al. Scc1/Rad21/Mcd1 is required 
for sister chromatid cohesion and kinetochore func-
tion in vertebrate cells. Dev Cell 2001; 1:759-70; 
PMID:11740938; http://dx.doi.org/10.1016/S1534-
5807(01)00088-0.

40. Vass S, Cotterill S, Valdeolmillos AM, Barbero JL, Lin 
E, Warren WD, et al. Depletion of Drad21/Scc1 in 
Drosophila cells leads to instability of the cohesin com-
plex and disruption of mitotic progression. Curr Biol 
2003; 13:208-18; PMID:12573216; http://dx.doi.
org/10.1016/S0960-9822(03)00047-2.

41. Gómez R, Valdeolmillos A, Parra MT, Viera A, 
Carreiro C, Roncal F, et al. Mammalian SGO2 appears 
at the inner centromere domain and redistributes 
depending on tension across centromeres during 
meiosis II and mitosis. EMBO Rep 2007; 8:173-
80; PMID:17205076; http://dx.doi.org/10.1038/
sj.embor.7400877.


