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abstract: Diminished ovarian reserve (DOR) is a challenging diagnosis of infertility, as there are currently no tests to predict who may
become affected with this condition, or at what age. We designed the present study to compare the gene expression profile of membrana
granulosa cells from young women affected with DOR with those from egg donors of similar age and to determine if distinct genetic patterns
could be identified to provide insight into the etiology of DOR. Young women with DOR were identified based on FSH level in conjunction
with poor follicular development during an IVF cycle (n ¼ 13). Egg donors with normal ovarian reserve (NOR) comprised the control group
(n ¼ 13). Granulosa cells were collected following retrieval, RNA was extracted and microarray analysis was conducted to evaluate genetic
differences between the groups. Confirmatory studies were undertaken with quantitative RT–PCR (qRT–PCR). Multiple significant differ-
ences in gene expression were observed between the DOR patients and egg donors. Two genes linked with ovarian function, anti-Mullerian
hormone (AMH) and luteinizing hormone receptor (LHCGR), were further analyzed with qRT–PCR in all patients. The average expression
of AMH was significantly higher in egg donors (adjusted P-value ¼ 0.01), and the average expression of LHCGR was significantly higher in
DOR patients (adjusted P-value ¼ 0.005). Expression levels for four additional genes, progesterone receptor membrane component
2 (PGRMC2), prostaglandin E receptor 3 (subtype EP3) (PTGER3), steroidogenic acute regulatory protein (StAR), and StAR-related lipid
transfer domain containing 4 (StarD4), were validated in a group consisting of five NOR and five DOR patients. We conclude that gene
expression analysis has substantial potential to determine which young women may be affected with DOR. More importantly, our analysis
suggests that DOR patients fall into two distinct subgroups based on gene expression profiles, indicating that different mechanisms may be
involved during development of this pathology.
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Introduction
Infertility is a prevalent condition in the USA with more than 2 million
affected couples (Chandra et al., 2005). Although infertility treatments
have evolved dramatically over the past 30 years, the ability to diag-
nose the exact causes of infertility for many patients has yet to be
identified. One of the least well-characterized etiologies of infertility
is that of diminished ovarian reserve (DOR). In 2009 the condition
of DOR was the second most common diagnosis among infertility
patients undergoing IVF in the USA (15%; SART-CORS, 2009).

Although it is expected that ovarian response declines with age,
young women can be affected with DOR as well; it is unknown
whether this represents an acceleration of physiologic ovarian aging,
or a distinct pathology. Aside from standard fertility treatment,
there is no targeted therapy for DOR, and until the condition is
present, there are no current screening tests to predict who may
develop DOR at an early age.

In the mature follicle, the oocyte is surrounded by, and in direct
communication with, the cumulus granulosa cells which, in turn, are
connected to the membrana granulosa cell layers to comprise
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a heterologous gap junction network. Indeed, bidirectional communi-
cation between the oocyte and granulosa compartments is an essential
feature of normal follicular growth and oocyte development (Gilchrist
et al., 2004), as well as the differentiation and pre-ovulatory expansion
of the cumulus cells. Due to this unique relationship, investigation of
the molecular and cellular physiology of the membrana and cumulus
cells may provide great insight into the developmental competence
and gene expression of the oocyte.

There is evidence for a link between genetic perturbations and
ovarian function in several known conditions, including age of meno-
pause (de Bruin et al., 2001), premature ovarian failure (Fassnacht
et al., 2006) and waiting time to pregnancy (Christensen et al.,
2003). In addition, women with DOR demonstrate clear differences
with respect to hormonal levels throughout the cycle compared
with age-matched controls with normal ovarian reserve (NOR) sug-
gesting that granulosa cells are a potential target that can be used to
identify patients with DOR. Moreover, studies in mice (Yan et al.,
2001) and sheep (Hanrahan et al., 2004) have shown changes in ovu-
lation and fertilization rates, as a result of differences in gene expres-
sion. These collective observations suggest impaired granulosa cell
function in women with DOR (Pal et al., 2010).

Previous studies investigating granulosa cell gene expression as a
function of ovarian reserve have been limited due to the small
numbers of patients assessed. The largest such study included nine
women with NOR and nine women with DOR (Chin et al., 2002).
However, this analysis included women of all age groups, thereby
introducing age as a potential confounder in the analyses; previous
work has shown that age affects gene expression in oocytes (Steuer-
wald et al., 2007). Regardless, this was the first report of microarray
analysis revealing differential gene expression in granulosa cells with
respect to ovarian reserve status, warranting additional studies with
increased sample size and restricting the age of the comparison
groups. Oocyte quality is expected to decline with age; therefore con-
ducting an analysis of young women would elucidate factors that are
related exclusively to the pathologic condition of DOR, as opposed
to genes that could be involved in normal aging.

Our objective for the present study was to evaluate differences in
gene expression of membrana granulosa cells in young women
(≤35 y) within two distinct groups: egg donors with no known fertility
problems and young women with DOR. We undertook broad screen-
ing using microarray analysis to identify candidate genes or patterns
associated with DOR and then performed confirmatory studies
using quantitative RT–PCR (qRT–PCR).

Materials and Methods
The study was approved by the Partners’ Institutional Review Board for
use of discarded materials.

Patient selection
To eliminate potential confounding caused by ovarian aging, all patients
were ≤35 years. Moreover, as polycystic ovarian syndrome may be asso-
ciated with differences in ovarian gene expression (Diao et al., 2004;
Jansen et al., 2004; Wood et al., 2007); patients diagnosed with this con-
dition were excluded from the study. As there is no consistent and agreed
upon definition of DOR, patients were selected for our two groups (NOR
and DOR) using the common strategy of standard pretreatment hormonal

assessment (Day 3 FSH and estradiol levels) combined with ovarian re-
sponse (based on number of follicles on the day of the ovulatory hCG
trigger). While a Day 3 FSH cutoff of ≥10 mIU/ml has been used by
some to classify DOR, we chose to identify the cutoff specific to our
own population of women ≤35 years. Based on our finding that FSH ,

8 mIU/ml provided the most accurate inflection point for predicting
embryo quality and live birth in this age group, we chose this FSH level
as a guide to stratify patients. However, one patient with a Day 3 FSH
of 7 mIU/ml was included in the DOR group because her Day 10 FSH
was 14 mIU/ml and she met the follicular criteria (≤7 follicles of
≥12 mm diameter at the time of ovulatory trigger). There was a narrow
margin of follicular number for women with DOR, given that it is our
usual protocol to cancel cycles with ,4 follicles or with an E2 ≤ 500.
Therefore we collected follicular samples from women who had
between four and seven follicles at the time of hCG trigger (with one ex-
ception of a patient with three follicles who was allowed to proceed to
retrieval). The NOR group comprised oocyte donors with no known fer-
tility problems who had a Day 3 FSH level ,8.0 mIU/ml, a Day 3 estradiol
level ≤50 pg/ml, and who had ≥10 follicles of ≥12 mm diameter at the
time of ovulatory trigger (see Table I for definitions of groups). Sample col-
lection was initiated in August 2008 and was continued through July 2009.

IVF procedures and membrana granulosa
cell isolation
Ovarian stimulation protocols were as previously described (Skiadas et al.,
2006, 2008). Patients who met inclusion criteria were identified on the day
of ovulatory trigger, and the laboratory was notified. Oocyte retrieval was
performed 36 h after the administration of hCG to promote the final mat-
uration stage of the oocyte. Patients were given a single dose of IV doxy-
cycline (100 mg), or alternative IV antibiotic in the setting of doxycycline
allergy, and IV general anesthesia was administered. Patients were posi-
tioned in dorsal lithotomy and the vagina was rinsed with sterile saline.
Transvaginal ultrasound guidance was used to visualize both ovaries and
follicles were serially punctured using a 17 gauge needle (Cook,
Bloomington, IN, USA) for all visualized follicles. Gentle suction was
applied using a rocket pump (Cook) to collect follicular fluid. The fluid
was collected in warmed test tubes and passed off immediately to the
waiting embryology team, and oocytes were identified and placed in sep-
arate dishes. All dishes were inspected twice for the presence of oocytes
and then the remaining follicular fluid and culture media were handed off
to a member of the study team (C.C.S., C.R. and N.K.) to collect the gran-
ulosa cells. Our standard IVF protocols were used for the clinical handling
of all oocytes and embryos. Methods for fertilization check, embryo
culture and embryo transfer were as described previously (Skiadas et al.,
2006, 2008). Prior to cell collection, a dedicated bench in the IVF labora-
tory was cleaned with 75% ethanol and RNase away (VWR international,

........................................................................................

Table I Inclusion criteria for study patient subgroups.

Age
(years)

Day
3 FSH
(mIU/ml)

Day 3
E2 (pg/
ml)

Number of
follicles on day
of hCG trigger

NOR
(n ¼ 13
samples)

≤35 ,8.0 ≤50 ≥10

DOR
(n ¼ 15
samples)

≤35 ≥8.0 No limit ≤7
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West Chester, PA, USA) to remove any possible contaminating RNA, and
to reduce the likelihood of degrading RNase from extraneous sources.
Within 30 min of completion of oocyte pick-up, the membrana granulosa
cells were harvested from the plates by a study team member by visual
inspection using a dissecting microscope. Cells were sequentially
washed, placed into RNALater (Ambion, Austin, TX, USA) and then
stored at 48C for up to 48 h before being moved to 2708C for long-term
storage prior to RNA extraction.

RNA extraction
RNA extraction was performed as follows: The thawed samples were cen-
trifuged at 8000g for 5 min to pellet the cells and the supernatant was
removed. When the cellular concentration was high, an equal volume of
phosphate buffered saline (0.5 ml) was added to the samples, as recom-
mended by Ambion, the manufacturer of RNALater, prior to centrifuga-
tion. Cells were disrupted using 700 ml Trizol reagent (Invitrogen,
Carlsbad, CA, USA), and 140 ml chloroform and 1 ml glycogen (Invitrogen)
were added to complete RNA separation from the protein and interphase
layers. The aqueous RNA layer was then removed and purified using the
Qiagen miRNeasy Mini Kit (Qiagen, Valencia, CA, USA). RNA amounts
were measured via a Nano-Drop spectrophotometer to calculate total
RNA per sample.

Microarray analysis
Prior to microarray analysis, all samples were monitored with a Bioanaly-
zer 2100 (Agilent Technologies, Santa Clara, CA, USA) to ensure high-
quality RNA (RNA integrity ≥8). HumanRef-8 v2.0 Expression BeadChips
(Illumina, San Diego, CA, USA) BeadStation 500GX (Illumina) were used
to evaluate mRNA gene expression differences between NOR and DOR
groups. Samples were prepared for microarray analyses by diluting the
RNA to a standard concentration of �150 ng of RNA in 10 ml of
RNase free water (range 131–244 ng of total RNA for the 28 samples),
followed by transcription in vitro, and by cRNA labeling with biotin using
the TotalPrep RNA Amplification kit (Applied Biosystems/Ambion,
Austin, TX, USA) recommended by Illumina. Illumina microarray chips
were hybridized at the Children’s Hospital Boston Microarray Core Facil-
ity. Full details of the cell collection and RNA isolation were as previously
described.

Quantitative PCR and calculation of gene
expression
Microarray analysis was performed to identify significant differences in
gene expression between the DOR and NOR groups; the data are avail-
able through ArrayExpress (Accession #E-MTAB-391). Individual genes
were then researched to identify associations with known biologic func-
tions of the ovary. Two genes, which immediately were recognizable as
associated with ovarian function and possibly ovarian reserve status,
were anti-Mullerian hormone (AMH) and the luteinizing hormone recep-
tor (LHCGR). Differences in the expression of these two genes were con-
firmed using qRT–PCR. TaqMan reverse transcription reagents (Applied
Biosystems, Foster City, CA, USA) were used to convert the RNA to
cDNA and qRT–PCR was then conducted using commercially available
primers. The primer used for LHCGR was Taqman Gene Expression
Assay, Assay ID: Hs00174885_m1 and the primer used for AMH was
Taqman Gene Expression Assay, Assay ID: Hs00174915_m1 (Applied
Biosystems). For each test sample, an endogenous primer control (18S
ribosomal RNA; Applied Biosystems) was run in parallel with test
samples. Prior to calculating relative expression for each gene, the
results were normalized against the relative quantity of endogenous 18S

RNA. The expression data were analyzed using the comparative Ct
method (Schmittgen and Livak, 2008).

To further validate our array results, we profiled four additional genes,
progesterone receptor membrane component 2 (PGRMC2), prostaglan-
din E receptor 3 (subtype EP3) (PTGER3), steroidogenic acute regulatory
protein (StAR) and StAR-related lipid transfer domain containing 4
(StarD4), in five patients from each group; each assay was replicated
four times. The primers from Applied Biosystems were, respectively,
PGRMC2 Gene expression assays: Assay ID: Hs00175051_m1; PTGER3
Assay ID: Hs00168755_m1*; StAR Gene expression assays: Assay ID:
Hs00264912_m1; and StARD4 Gene expression assays: Assay ID:
Hs00287823_m1. We also attempted to validate expression of PRLH
(Assay ID: Hs00175080_m1*), but the assay failed in nearly all assays.

Statistical and bioinformatics analysis
After the scanning of the microarray, the BeadStudio software generated a
raw data matrix. Raw data, after background subtraction, were normalized
to remove sample and batch effects using the Bioconductor Lumi package
(Supplementary data, Fig. S1) and reported as log2-transformed expression
values. Normalized gene values were loaded into MeV (http://www.tm4.
org/mev; Saeed et al., 2003, 2006) for data filtering and analysis, including
average-linkage hierarchical clustering using a Pearson correlation coeffi-
cient distance measure.

The Bioconductor Limma package was used to build a statistical linear
model comparing NOR and DOR samples; significant genes were identi-
fied with a false discovery rate cutoff of ,0.05. MsigDB (Broad Institute,
http://www.broadinstitute.org/gsea/msigdb/index.jsp) was used to inter-
pret the gene signature function pathways using the canonical pathway
module, which includes well-characterized metabolic and cell-signaling
pathways coming from published sources and the KEGG database. The
100 genes with the largest variance across samples were selected for ex-
ploratory data analysis. These were used in average-linkage hierarchical
clustering with a Pearson correlation coefficient distance measure to iden-
tify co-expressed genes and to explore the structure of the patients groups
based on gene expression profiles.

To determine the 40 genes with the highest likelihood of a direct rela-
tionship with ovarian reserve status, we used a combination of microarray
P-values, research into known biologic function, and Gene Set Enrichment
Analysis.

Results
Over the time course of 1 year of collecting samples in which a total of
1448 retrievals were performed in our program, only 21 NOR and 18
DOR patients met our patient selection criteria and had their cells col-
lected for analysis. Of these 39 samples, 28 (13 NOR and 15 DOR
samples) passed the strict specifications from the Bioanalyzer Analysis
(RNA integrity ≥8, as described in the Materials and Methods section)
to proceed with microarray analysis; with a final sample size of n ¼ 28.
Of note, two patients in the DOR group were represented twice as
they underwent two cycles during the study period—the final
numbers of contributing patients were 13 to the DOR samples and
13 to those for NOR. Patient characteristics are shown in Table II.

When the DOR patients were compared with the NOR egg
donors, significant differences in gene expression were identified and
these were linked to alterations in metabolic and signaling pathways.
There were two pathways where there was significant overlap of
number of genes in the pathway with differences in our microarray
data: HSA04060 Cytokine–Cytokine receptor interaction, where 12
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genes overlapped, as well as HSA MAPK Signaling pathway, where 11
genes overlapped. In addition, we saw significant overlap among the
pathway identified as Breast Cancer Estrogen Signaling pathway (six
genes), as well as a smaller number of gene overlap in other pathways,
but where there was putative biologic significance, including:
HSA04020 Calcium signaling pathway, HSA 04810 Regulation of
Actin Cytoskeleton, HSA04210 Apoptosis, Cholesterol biosynthesis,
HSA04912 GnRH signaling pathway, HSA04350 TGF Beta Signaling
pathway. Using both the pathway analysis, and the P-values of the
microarray data, additional research was conducted on the top 100
candidate genes, until a list of the 40 genes was identified for
further study based either on previous implication in ovarian function
or assignment to pathways involved in hormonal synthesis (Supple-
mentary data, Table SI).

From this list two genes were selected with putative biological sig-
nificance; AMH and LHCGR. The average expression of AMH was sig-
nificantly higher in NOR egg donors (adjusted P-value ¼ 0.01), and the
average expression of LHCGR was significantly higher in DOR patients
(adjusted P-value ¼ 0.005; Table III). These results were confirmed
with qRT–PCR; the expression of AMH was 2.02-fold higher in the
NOR group when compared with DOR patients and LHCGR was
expressed at a 2.19-fold higher in DOR patients relative to NOR
egg donors (Fig. 1).

As expected, hierarchical clustering separated the patients into dis-
tinct NOR and DOR groups confirming our hypothesis that there are
substantial difference in expression profiles between groups (although
one DOR patient, 112108-2, clustered with the NOR controls, and
this patient conceived twins after the transfer of two embryos).
However, the DOR patients separated into two distinct groups
(Fig. 2) which did not differ significantly for any measured clinical variable
(Table IV), but, when we compared gene expression levels between
them, we found distinct differences in two genes, small proline-rich
protein 2C (SPRR2C) and small proline-rich protein 2B (SPRR2B),
that had previously been associated with families of genes related to
embryo quality, ovulation cycle and female pregnancy. One of the
DOR groups had a significantly higher level of expression of both
SPRR2B and SPRR2C than the other group. In addition, this expression
level was much higher than that seen in the egg donor group as well.

Further confirmation of our microarray data with qRT–PCR on four
additional genes, PGRMC2, PTGER3, Star and StarD4, confirmed

.............................

.............................................................................................................................................................................................

Table III Fold change and P-values from Microarray analysis.

Gene symbol Entrez Gene ID Log fold change Average expression P-value Adjusted P-value

NOR DOR

AMH Anti-Mullerian hormone 0.405242 7.372056 6.966814 ,0.001 0.01

LHCGR Luteinizing hormone/choriogonadotropin receptor 20.721502 9.176257 9.897759 ,0.001 0.005

PGRMC2 Progesterone receptor membrane component 2 20.367801 11.516736 11.884537 ,0.001 0.001

PRLH Prolactin-releasing hormone 20.049408 6.525164 6.574572 ,0.001 0.005

PTGER3 Prostaglandin E receptor 3 (subtype EP3) 20.072022 6.657942 6.729964 ,0.001 0.008

STAR Steroidogenic acute regulatory protein 20.924572 10.076599 11.001171 ,0.001 0.005

STARD4 StAR-related lipid transfer (START) domain containing 4 20.160879 6.568660 6.729538 ,0.001 0.004

........................................................................................

Table II Demographics for study cycles.

NOR cycles
(n 5 13)

DOR cycles
(n 5 15)

P-value

Age 26.5 + 2.6 34.1+1.0 ,0.001

Day 3 FSH 5.6+1.7 11.5+6.0 0.002

Total number of
follicles

15.8+4.1 5.7+1.3 ,0.001

Total number of
eggs

19.3+7.0 5.3+2.5 ,0.001

% MII/total number
of eggs

85.2+13.1 86.4+22.1 0.858

Average LH (IU) 40.4+145.6 1950+1559.9 ,0.001

Average FSH (IU) 2850.4+1778.7 5465+2426.8 ,0.001

%2 pn/MII 72.7+13.8 73.1+31.1 0.959

Average number of
embryos

12.5+6.7 3.3+1.7 ,0.001

Number of
embryos with eight
or more cells

5.6+4.9 1.5+1.4 0.012

Average embryo
cell number

6.9+1.24 7.2+1.1 0.560

Average
fragmentation score

1.7 + 0.4 1.3 + 0.7 0.125

Average number of
embryos
transferred

1.9+0.6 2.1+0.8 0.400

Positive hCG (%) 9/13 (69.2) 5/15 (33.3) 0.13

Ongoing pregnancy
(%)

5/13 (38.5) 4/15 (26.7) 0.68

Implantation ratea

(%)
8/24 (33.33) 6/31 (19.4) 0.35

Average number of
embryos frozen

5.9+5.7 0.4+1.1 0.005

Student’s t-test was used to compare continuous variables and Fisher’s exact test
was used to compare categorical variables, given the small numbers. P-values are
two-tailed.
aIn the Egg Donor Group, one recipient had no embryos transferred as she
experienced bleeding prior to transfer; in the DOR group, one patient did not
undergo transfer as she had a failed fertilization.
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similar directionality and magnitude of difference between the groups
for all four of the genes (data included in Fig. 1). A fifth gene, PRLH,
did not amplify in the majority of samples and was excluded this
from further analysis.

Discussion
The present investigation was undertaken as a pilot study to deter-
mine if there significant differences in granulosa cell gene expression
exist with respect to ovarian reserve status in young women. Although
this is a pilot study with only 26 patients contributing 28 samples for
analysis, this represents the largest series of microarray analysis per-
formed to date for exploring expression profiles relative to ovarian
reserve status, and the first to restrict the age of women to ≤35.

Statistical analysis of gene expression differences between the DOR
and NOR patients, followed by functional meta-analysis allowed us to
identify a list of 40 potential genes for further study (Supplementary
data, Table SI). Of these, the two genes of greatest interest were
AMH and LHCGR, both of which are associated with ovarian function

and ovarian reserve status; the differences in expression of these genes
between our two patient groups were confirmed using qRT–PCR.
We also performed confirmatory PCR on an additional four genes
(PGRMC2, StAR, StARD4 and PTGER3) that were selected based
on significant differences between the patient groups. The overall
small quantities of total RNA from the samples limited us to compar-
ing the expression of these genes in five patients from each group. The
collective qRT–PCR data validated our microarray analyses, allowing
us to conclude that the gene expression profile of membrana granu-
losa cells differs between DOR and NOR patients.

AMH, also known as Mullerian inhibiting substance, known to be
involved in sexual differentiation of the genital tract of fetuses, was
first discovered in adult granulosa cells in 1984 (Vigier et al., 1984),
with the gene cloned in 1986 (Picard et al., 1986). Studies in both
rats (Baarends et al., 1995) and humans (Pellatt et al., 2007) have
shown that the highest production of AMH occurs in small follicles
with decreasing (or absent) expression in large antral follicles. These
observations are consistent with the finding that AMH levels are not
influenced by a GnRH agonist stimulation test (van Rooij et al.,

Figure 1 Box plots representing qRT–PCR gene expression levels for showing significant differences for AMH (2.02-fold, P ¼ 0.08) and LHCGR
(2.19-fold, P ¼ 0.01) between DOR and NOR patients, respectively. The four additional genes are included for confirmation purposes only and were
not able to be run against all samples. Fold changes for PGRMC2 (1.19-fold), PTGER3 (3.31-fold), StAR (1.59-fold) and StarD4 (2.18-fold) all were
similar in both direction and magnitude to that found in the microarray.
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2002), or when FSH or LH are added to medium in which granulosa
cells are cultured (Pellatt et al., 2007). Thus, levels of AMH are held
relatively stable throughout the menstrual cycle. In addition, AMH
levels have been linked with ovarian reserve status, with higher
levels associated with normal ovarian reserve. Our observation that
AMH RNA expression was higher in the NOR group when compared
with the DOR group, is consistent with previous reports that serum
levels of AMH are higher in women with NOR, and also are correlated
with both antral follicle count and number of oocytes retrieved during
stimulation (van Rooij et al., 2002). To our knowledge, the current
findings are the first to show such variant AMH gene expression at
the tissue level based on ovarian reserve status.

We also found significantly lower expression of the LHCGR in the
NOR group compared with the DOR patients (Fig. 1). Although this
difference may be linked to ovarian reserve status, it may be con-
founded by differences in ovarian stimulation regimen used between
the two groups. LH receptor is a member of the G-protein coupled
receptor super-family and is known to be induced by FSH on granu-
losa cells (Strauss and Barbieri, 2004). Given the differences in stimu-
lation regimens (necessitated by the expected differences in ovarian
response of our NOR versus DOR patients), it is possible that the
increased expression of LH receptor in the DOR group was due to
the higher amounts of FSH to which these patients were exposed.
However, DOR patients also were receiving a higher amount of ex-
ogenous LH (in the form of human menopausal gonadotrophins)—
which has been shown to down-regulate LH receptor expression by
inhibiting synthesis and mechanisms of degradation (Schwall and Erick-
son, 1984). Nevertheless, granulosa cells lose LH/hCG receptors
after the endogenous LH surge (Jaaskelainen et al., 1980), or after
the administration of exogenous LH (Richards et al., 1976; Rao
et al., 1977) which all patients in both groups did receive in the
form of i.m. hCG injection �36 h prior to oocyte retrieval.

One potential way in which the up-regulation of LHCGR in DOR
patients could be linked with ovarian reserve status is through prema-
ture luteinization. Premature luteinization has been associated with
DOR and occurs when progesterone levels begin to rise earlier in
the cycle than anticipated (usually measured on day of hCG trigger).
Women with signs of premature luteinization have had higher levels
of Day 3 FSH, have required higher doses of stimulation medication
and were noted to have decreased pregnancy rates (Hofmann et al.,
1995; Younis et al., 1998, 2001). The mechanisms underlying these
observations have not been determined, but it is possible that as
the ovary undergoes ‘aging’ the LH receptor is up-regulated and
may account for some of the clinical findings of premature luteiniza-
tion. Although premature luteinization was not a clinical marker in
our study population, future research should target the downstream
pathways that result from activation of LHCGR, including progester-
one synthesis and the map kinase pathways (Riezel et al., 2010),
which have been shown to be important in both steroidogenesis

Figure 2 Unsupervised average-linkage hierarchical clustering using
a Pearson correlation coefficient distance metros and the 100 most
variable genes across samples clearly distinguish NOR (green bar)
and DOR patients (blue bar), but also separates the DOR patients
into distinct subgroups.
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and oocyte maturation (Tajima et al., 2003; Fan and Sun, 2004; Sun
et al., 2009).

Although AMH and LHCGR had the clearest links with ovarian
function, we chose four additional genes based on biologic plausibility
for differential expression between patients with DOR and NOR.
PGRMC2 codes for progesterone receptor membrane component
2, and we saw an increased expression of PGRMC2 in patients with
DOR compared with NOR. To our knowledge, there is little known
about PGRMC2 with regards to ovarian responsiveness, but we
know that progesterone plays a key role in health of the ovarian follicle
and mediating the transition to the corpus luteum. As noted above,
there are published reports of increased progesterone during con-
trolled ovarian hyperstimulation, and premature luteinization as a
marker for DOR (Younis et al., 1998; Elnashar, 2010). It is not stand-
ard practice in our program to monitor progesterone levels during
controlled ovarian hyperstimulation, therefore, we do not have
serum progesterone levels to assess any greater likelihood for prema-
ture luteinization in the DOR group. Regardless, our data indicate that
the role of progesterone receptor up-regulation and expression in
patients with DOR should be evaluated with additional studies and

that assessment of progesterone levels may be clinically useful in
patient management.

We observed that StAR expression was increased in DOR patients
in comparison with the NOR patients (Fig. 1). This is a surprising
finding as StAR is one of the first key proteins involved in steroidogen-
esis, as it helps to facilitate transport of cholesterol from the outer to
the inner mitochondrial membrane (Christenson and Strauss, 2001),
and the absence of StAR results in congenital adrenal hypoplasia,
and defects in all aspects of both adrenal and gonadal steroidogenesis.
StAR has also been found to increase in response to gonadotrophins
(Rimon et al., 2004), and to be related to progesterone concentration
within the follicle (Johnson et al., 2002). Moreover, a previous study
has shown decreased StAR production by cultured granulosa cells
from DOR patients compared with those by cells from NOR patients
(Phy et al., 2002). Taken together, these collective findings indicate
that further research is required to elucidate the role of StAR in
DOR patients.

Consistent with StAR, we also observed up-regulation of the related
protein, StARD4 in DOR patients. StARD4 is a member of the StAR-
related lipid transfer (START) family (Wirtz, 1991), which consists of
more than 25 different proteins (Christenson and Strauss, 2001). The
exact mechanism of StARD4 has yet to be elucidated and homozygous
knockout mice have not shown any deficits in reproductive behavior
or fertility (Riegelhaupt et al., 2010). It is possible that the
up-regulation of StARD4 in our DOR group occurred in response
to the increased StAR protein and that this is not independently
related to DOR.

As with expression of StAR and StARD4, we observed an
up-regulation of the PGTER3 gene in the DOR group compared
with NOR patients. This receptor is one of four for prostaglandin
E2 (PGE2). Within the female reproductive tract, prostaglandins
have been linked to ovulatory function (Duffy, 2010), luteal
hormone production (Vaananen et al., 2001) and roles in uterine con-
tractions (Kotani et al., 2000). To our knowledge, there has been no
direct association of PTGER3 with DOR, although, interestingly, muta-
tions in this receptor have been linked to preterm birth (Ryckman
et al., 2010) and different subtypes of PTGER3 have been found
throughout the uterus (Kotani et al., 2000). Although a thorough dis-
cussion of prostaglandin mediated effects in the female reproductive
tract is beyond the scope of this paper, our data do suggest that
PGE2 and its receptor PTGER3 may have differential expression
between DOR and NOR patients, thereby warranting future research.

One of the most interesting findings from our microarray analysis
was the identification of two groups of DOR patients. Although clin-
ically these groups did not appear significantly different, the fact that
there was an underlying difference in granulosa cell gene expression
of SPRR2B and SPRR2C, the genes coding for small proline-rich
(SPRR) proteins 2b and 2c, raises the question of whether the clinical
presentation of DOR is an end-result of several potential causal
pathways.

SPRR2B and SPRR2C have been linked with reproductive function,
including implantation and pregnancy rates, primarily with respect to
differential expression within the uterus. A 2004 study by Hong
et al. in ovariectomized mice found that SPRR2b and 2c proteins
were strongly up-regulated by estrogen in the mouse uterus (Hong
et al., 2004). However, little is known about the function of these
genes in the ovary despite the presence of members of this protein

........................................................................................

Table IV Clinical patient demographics for two
identified groups of DOR patients.

DOR group 1
(n 5 5)

DOR group 2
(n 5 10)

P-value

Age (years) 34.4+0.4 34.0+1.2 0.369

Day 3 FSH (mIU/ml) 11.3+2.1 11.6+7.3 0.928

Number of follicles 6.0+1.0 5.5+1.43 0.449

Number of eggs 6.6+3.1 4.7+2.0 0.265

% MII/total number of
eggs

82.7+28.9 88.3+19.3 0.705

Number of LH (IU) 1860+1780 1995+1540 0.889

Number of FSH (IU) 6210+3139 5092+2079 0.499

%2 pn/MII 71.7+18.3 73.8+36.9 0.882

Number of embryos 3.4+0.89 3.3+2.06 0.898

Number of embryos
with eight or more
cells

1.6+0.6 1.7+1.7 0.917

Number of cell on
Day 3

7.0+0.9 7.3+1.2 0.613

Fragmentation score 1.5 + 0.6 13 + 0.8 0.582

Number of embryos
transferred

2.4+0.6 1.9+0.9 0.201

Positive hCG (%) 3/5 (60.0) 2/9 (22.0)a 0.266

Ongoing pregnancy
(%)

2/5 (40.0) 2/9 (22.0)a 0.580

Implantation rate (%) 3/12 (25.0) 3/19 (15.8) 0.653

Number of embryos
frozen

0.0+0.0 0.6+1.4 0.193

Values are means+ STD.
Student’s t-test was used to compare continuous variables and Fisher’s exact test
was used to compare categorical variables, given the small numbers. P-values are
two-tailed.
aIn the DOR group 2, one patient did not undergo transfer as she had a failed
fertilization.
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family in the ovary (Cabral et al., 2001). SPRR proteins are involved in
controlling the toughness of the cornified cell envelope, which is a spe-
cialized structure beneath the plasma membrane of cells. These pro-
teins are influenced by both environmental and extracellular factors,
including aging (Garmyn et al., 1992), UV exposure (Kartasova and
van de Putte, 1988; Garmyn et al., 1992) and malignancy (Abraham
et al., 1996) and may play a protective role against cellular damage.
As DOR may be a premature type of ovarian aging, it is interesting
to note the differences in the SPRR proteins between these two
groups (as well as the differences between the DOR and egg donor
patients). However, minimal work has been done on these proteins
in the ovary to determine their function and possible protective role.

Despite the promising findings of this study, there are several limita-
tions. First, the sample size of n ¼ 28 (contributed from 26 patients) is
smaller than would be ideal. However, given the rarity of the diagnosis
of DOR in young women, as well as the cost of microarray analysis, we
proceeded with this pilot study to generate hypotheses and to find
additional targets for research. Clear differences were seen between
groups, despite the limited number of patients. Secondly, despite
our attempts to limit the age to women ≤35 year, the mean age of
the groups remained significantly different, which could represent a
confounding factor in our analysis.

Previous microarray data from failed-to-fertilize metaphase II (MII)
oocytes stratified according to age (,32 years; 32–40 years; and
.40 years), revealed that gene expression clustered according to
age (Steuerwald et al., 2007). Although we chose egg donors as our
control group (in an effort to minimize any effect of infertility in the
control group), another potential study design would be to choose
age-matched women with isolated male-factor infertility as the
control group to try to minimize any effect that age alone could
have on granulosa cell gene expression status.

Further, the stimulation regimen differed significantly between the
groups, which was a known limitation, based on our hypothesis that
choosing the most clinically different groups would lead to the greatest
difference in gene expression in this pilot study, and the inability to
keep the stimulation standardized across groups; indeed, if the DOR
patients received similar doses to the egg donors, their cycles would
likely have resulted in a cancellation, instead of an egg retrieval.
However, due to the differences in stimulation regimen, it is difficult
to determine what role, if any, this played in the differences in gene
expression of the granulosa cells observed. It is possible that the
higher amounts of FSH (and LH) administered during the cycle are re-
sponsible for the difference in LHCGR expression. The only way to
eliminate the potential confounding effect of stimulation regimens
would be to do unstimulated cycle aspirations of single follicles
which would be unlikely to yield sufficient RNA for analysis.

Despite these limitations, our microarray analysis confirmed clear,
distinct patterns in genetic expression of granulosa cells between the
NOR and DOR patients. Our findings not only provide insight into
several potential genetic targets for future studies, but also reveal
genetic differences between two divergent populations of DOR
patients (based on gene expression), who were unable to be distin-
guished clinically. It is our hope that with additional research, a
‘gene expression pattern’ for ovarian reserve is identified to guide clin-
ical treatment decisions, as well as to provide diagnostic insight into
those patients whose infertility is currently unexplained through
classic diagnostic paradigms.
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