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receptor positions change between two trees we
employed a delta-delta plot.

Delta-Delta plots

The delta-delta plot reveals how receptor locations
behave globally with respect to the median of all recep-
tors. It was used to visualize the differences in location of
each receptor in sequence space and in substructure
space. This plot is an adaptation from the delta-delta plot
in Garr et al. [59]. It is a new way of tree comparison,
which visualizes the differences among trees graphically,
as opposed to the sole calculation of a numerical distance
between two trees which is not trivial to interpret. For
each receptor, the mean distance of that receptor to all
other receptors was calculated. This value was plotted in
a scatter plot, with each axis representing the mean dis-
tance of the respective node in one of the trees. The inter-
pretation of this plot is as follows. Along both axes,
receptors plotted far from the origin are, on average,
more distant from the rest of the group, while receptors
plotted close to the origin were closer to the rest of recep-
tors. Receptors plotted near the diagonal do not change
much in their mean distance to other receptors when
going from one tree to the other (since they are close to
the X =Y diagonal). Receptors plotted above or below the
diagonal have different average distance to the other
receptors between trees. For instance, consider a delta-
delta plot that plots a substructure tree along the x-axis
and a sequence tree along the y-axis. If a receptor is plot-
ted above the diagonal, the mean distance of that receptor
to the other receptors is larger in the sequence tree than
the substructure tree; for receptors plotted below the
diagonal, the opposite is true.

Validation

Leave-one-out validation

This experiment is repeated for every receptor (the
‘orphan receptor’) by temporarily removing ligands of this
receptor from the dataset and predicting the position of
molecules of this class in the substructure tree. A mole-
cule from the left-out class is a hit when it is predicted to
belong to one of the closest classes in sequence space.
The closest classes in sequence space are found using the
distance matrix from the multiple sequence alignment.
Prediction of the class of a molecule is based on the
Euclidean distance in substructure space. This distance is
calculated as follows: for each substructure, the square of
the difference between the relative frequency in a class
and the molecule is calculated. The relative frequency of
a substructure in a molecule is either 0 for absence, or 1
for presence of the substructure. The square root of the
sum of all squared differences is the Euclidean distance
between a molecule and a class. The area under the curve
(AUC) of the receiver operating characteristic (ROC) plot
served as a quality measure of the predictions for a class.
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Instead of repeating the substructure mining for every
left-out class, a lookup table of substructure occurrence
was used. This table related all generated substructures
with all molecules in which they occurred. Substructures
that had a frequency just above the support threshold in
the left-out class were not considered when analysis was
performed for molecules of this class.

Additional material

Additional file 1 Phylogenetic trees based on 7TM domain and
selected residues. Phylogenetic trees based on 7TM domain and selected
residues. Two sequence-based phylogenetic trees for the set of Class A
GPCRs used in this study: the phylogenetic tree based on the multiple
sequence alignment of the 7TM domain and the phylogenetic tree based
on 30 selected residues described in Surgand et al. [15]. Subfamilies are
color-coded according to ligand type whereby the broad ligand types
applied by in Gloriam et al. {17] were used. Legend: red - receptor with
aminergic ligands; pink - peptide ligands; green - lipid ligands; dark blue -
purinergic P2Y ligands; light blue - adenacsine ligands; brown - melatonin
ligands.

Additional file 2 Plotted scores for the leave-one-out validation. Plot-
ted scores for the leave-one-ott validation. The complete set of plotted
scores of identified ligands per number of closest neighbors (sequences).
For each plot, receptors are ordered along the x-axis {labeled "Number of
included receptors') in order of increasing distance in sequence space to
the receptor under study. The y-axis (labeled "Ligands identified") indicates
the cumulative number of retrieved ligands, normalized linearly to the
interval [0;1]. The red curve indicates the number of active ligands that are
retrieved when including all (closest) receptors that are [isted along the x-
axis up to that point. More specifically, the number of correctly predicted
ligands is plotted against the number of closely related receptors on which
the prediction was based. For example, the plot of the muscarinic acetyl-
choline receptor M, (CHRM1, third row, third plot from the left) displays a
steeply rising curve near the origin, indicating that many of its ligands are
retrieved using a small number of closest receptors. The blue diagonal illus-
trates recovery of ligands when performance is equal to random prediction.
The relative area under the curve (AUC) of the red curve is stated at the bot-
tom of each plot. An AUC above 0.5 indicates good performance, while
ocor performance is indicated by an AUC of 0.5 or below. The plots are
sorted according to decreasing {relative) AUC.

Additional file 3 List of GPCRs used in this study. List of GPCRs used in
this study. The list of GPCRs used in this study (Class A, excluding single-
tons). Only receptors that are human, non-clfactory, and not orphan, were
used. For each receptor, the respective (sub) family, gene symbol, official
IUPHAR name, and number of ligands are provided.
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Gene expression profile

To understand the role of prostaglandin (PG) receptor EP2 (Ptger2) signaling in ovulation and fertilization,
we investigated time-dependent expression profiles in wild-type (WT) and Ptger2~/~ cumuli before and
after ovulation by using microarrays. We prepared cumulus cells from mice just before and 3,9 and 14 h
after human chorionic gonadotropin injection. Key genes including cAMP-related and epidermal growth
factor (EGF) genes, as well as extracellular matrix- (ECM-) related and chemokine genes were up-regulated
in WT cumuli at 3 h and 14 h, respectively. Ptger2 deficiency differently affected the expression of many
of the key genes at 3 h and 14 h. These results indicate that the gene expression profile of cumulus cells
greatly differs before and after ovulation, and in each situation, PGE;-EP2 signaling plays a critical role in
cAMP-regulated gene expression in the cumulus cells under physiological conditions.

© 2010 Published by Elsevier Masson SAS.

1. Introduction

Ovulation and fertilization are key processes in mammalian female
reproduction, which is highly regulated by pituitary gonadotropins,
follicle-stimulating hormone (FSH) and luteinizing hormone (LH).
These hormones induce a number of preovulatory processes including
follicular development, oocyte maturation, cumulus expansion, and
rupture of antral follicles [1]. The ovulated eggs are directed to the
oviduct, and timely interaction between an egg and a sperm then
leads to successful fertilization [2]. Undoubtedly, these processes are
initiated by gonadotropins, but recent studies have shown that many
of the actions of gonadotropins are mediated by various mediators
produced locally within the follicles [3].

The cumulus oophorus is composed of a group of closely asso-
ciated granulosa cells that surround the oocyte in the antral follicle,
and are collectively called cumulus cells [4]. In response to a lutei-
nizing hormone (LH) surge, the cumulus cells start to produce
extracellular matrix (ECM) components, which are deposited into
the intercellular space and are stabilized by accessory proteins.
This phenomenon is called cumulus expansion. A major component

* Corresponding author. Department of Pharmaceutical Biochemistry, Kumamoto
University Graduate School of Pharmaceutical Sciences, Kumamoto 862-0973,
Japan. Fax: +81 96 372 7182.

E-mail address: ysugi@kumamoto-u.ac.jp (Y. Sugimoto).

0300-9084/$ — see front matter © 2010 Published by Elsevier Masson SAS.
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of the ECM produced by the cumulus cells is hyaluronan, which
provides the viscoelastic properties of the cumulus oophorus.
Other proteoglycans and glycoproteins, such as fibronectin, laminin
and type IV collagen, are also produced by cumulus cells. The
expanded cumulus oophorus (cumulus cells and ECM) forms a tight
complex with an oocyte, and is ovulated together as the cumu-
lus—oocyte complex (COC). During ovulation, the cumulus oopho-
rus protects the oocyte from mechanical stress and from proteolytic
enzymes present in the follicle and oviduct, and directs the oocyte
into the oviduct by facilitating its capture by the ciliated epithelial
cells of the infundibulum and its transport to the fertilization site
[5]. In the oviduct, the cumulus oophorus facilitates the access
of the sperm to the oocyte by trapping and selecting sperms for
successful fertilization [6]. Thus, complex formation of the oocyte,
cumulus cells and ECM is essential for successful fertilization in the
oviduct [7]. Indeed, recent studies using mice null of several hya-
luronan binding proteins show that the cumulus ECM is required
for successful fertilization in vivo; female mice deficient in these
molecules are sterile due to a loss of the cumulus and ECM [8—11].
Although the importance of the cumulus and ECM has thus been
acknowledged, gonadotropin-induced changes in gene expression
profiles of cumulus cells have not been analyzed in detail.

One of the major mediators in response to the gonadotropins is
prostaglandin (PG) E, an arachidonate metabolite in the ovary. It has
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been shown that cyclooxygenase-2 (COX-2; Ptgs2) is responsible
for the production of PGE; in the ovary and plays a critical role in
multiple reproduction processes; Ptgs2~/~ female mice showed
a reduction in ovulation number, and severe failure in fertilization as
well as implantation [12]. PGE; exerts its actions by acting on four
subtypes of the PGE receptor, EP1 to EP4 (Ptger1 to Ptger4). Among
these four subtypes, the mice lacking the EP2 receptor (Ptger2),
which is expressed in cumulus cells, exhibit impaired ovulation
and fertilization due to defects in cumulus cell function [13]. We
recently explored the molecular basis of this impaired fertilization in
Ptger2~/~ mice, and demonstrated 1) increased gene expression of
chemokines such as Ccl2, Ccl7 and Ccl9 in Ptger2~/~ cumulus cells
compared with wild-type (WT) cells and that 2) PGE,-EP2 signaling
negatively regulates such chemokine-induced integrin engagement
to the ECM and allows sperm penetration through the cumulus ECM
[14,15]. However, the mechanisms responsible for the impaired
ovulation in Ptger2~'~ mice remains unknown and it is still possible
that unidentified factors other than chemokine signaling are also
involved in the process of impaired fertilization in Ptger2” ~ mice.

Global gene expression profile analysis is a powerful tool for
discovering new pathways involved in various biological processes
including ovulation and fertilization. Indeed, several studies to date
have reported changes in cumulus gene expression in response to
gonadotropins, but these studies were based on expression changes
in heterogenous samples such as whole ovaries or COCs [16—18].
Microdissection of cumulus cells under stereoscopic examination
yields only ~10 ng of total RNA per mouse, and it is extremely
difficult to examine gene expression profiles starting with such
a small quantity of cumulus RNA. However, obtaining the gene
expression profiles of genuine cumulus cells will be ideal for inves-
tigating new cumulus functions and the effects of Ptger2 deficiency
on cumulus cell function. We therefore established an amplification
protocol for cumulus RNA, which enabled us to reproducibly detect
changes in cumulus expression profiles. We here report the temporal
changes in cumulus gene expression profiles in WT mice and the
effect of Ptger2 deficiency on these changes.

2. Materials and methods
2.1. Animals and hormone treatment

Female C57BL/6 mice (3 weeks of age) purchased from Japan SLC
were used as WT mice. Ptger2~'~ mice were obtained as previously
described [13]. Ptger2~/~ mice, backcrossed for more than 10 gener-
ations to C57BL/6 mice, were maintained on a 12-h light/dark
cycle under specific pathogen-free conditions. Follicular growth and
ovulation were stimulated in mice at 3—4 weeks of age by the
following hormonal regimen: intraperitoneal (ip) injection of 5 IU
PMSG followed 48 h later by ip injection of 5 IU hCG. All experimental
procedures were approved by the Committee on Animal Research of
Kyoto University Graduate School of Pharmaceutical Sciences.

2.2. Preparation of total RNA from cumulus cells

WT and Ptger2~/~ mice were sacrificed at different time points
(0, 3,9, 14 h) after hCG injection. At time points before ovulation
(at post-hCG, 0, 3 or 9 h), eight ovaries from four mice were
collected and large antral follicles visible on the surface of the ovary
were ruptured using a 30-gauge needle allowing the COCs to flow
out into phosphate-buffered saline containing 0.3% BSA (0.3% BSA/
PBS). Fourteen to 16 COCs were isolated from each of four animals
for each time point. Using glass capillaries, cumulus cells and the
oocyte were surgically stripped, and cumulus cells were removed
from the oocytes. At 14 h after hCG, the COCs were collected from
the ampullary of the oviducts and treated with 0.1% hyaluronidase

(Sigma—Aldrich) to strip the COCs of cumulus cells. The procedures
including collection of COCs and isolation of cumulus cells for each
time point were performed within 1 h. For array analysis, cumulus
cells from five animals were pooled, and RNA was extracted for
each time point. For real-time reverse transcription- (RT-) PCR
analysis, the cumulus cells were collected per animal, and RNA was
extracted separately for each animal. Total RNA of cumulus cells
was then obtained with an RNeasy Mini Kit (QIAGEN). The RNA was
stored at —80 °C until use.

2.3. Oligonucleotide array and data analysis

The complete procedure of array analysis of multiple RNA
samples including WT and Ptger2~/~ group (four time points each)
were performed simultaneously. One hundred nanograms of total
RNA for each group was used to generate double-strand cDNA with
the T7-oligo (dT),4 primer (GE Healthcare Bioscience) according
to the GeneChip Eukaryotic Small Sample Target Labeling Assay
Version | protocol. After second-strand synthesis, in vitro tran-
scription was performed using a MEGAscript High Yield Tran-
scription kit (Ambion). The cRNA synthesized after the first cycle
of in vitro transcription was then used as a template in a second
cycle of first-strand cDNA synthesis with random primers (Invi-
trogen Life Technologies). Then, the second-strand synthesis was
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Fig. 1. Gonadotropin-primed changes in gene expression in WT cumulus cells.
(A) Representation of mRNA expression levels of WT cumulus cells at the indicated hours
after human chorionic gonadotropin (hCG) injection compared with just before the hCG
injection (HO). COCs were isolated from the ovary at post-hCG 3 (H3) and 9 h (H9), or
isolated from the oviduct at post-hCG 14 h (H14). The cumulus cells were then collected,
and total RNA at each time point was subjected to oligonucleotide microarray analysis
after RNA amplification. Each gene is represented by a single row. The colors represent the
ratio of hybridization measurements between corresponding time points and HO profiles,
according to the scale shown. (B) Genes are placed in groups corresponding to pairwise
overlaps shown in the accompanying Venn diagrams. (C) Schematic representation of
early and late gene expression profiles based on the expression kinetics of gonadotropin-
responsive genes. Transient and sustained patterns are also shown. Down-regulated
genes (Down) were placed according to the patterns corresponding to clusters 8 (CL8)
and 9 (CL9). Stages of the cumulus cell life cycle are shown below: cumulus cells undergo
proliferation, maturation, and expansion to secret ECM components; the cells exposed to
pro-inflammatory factors then undergo ovulation; and the ovulated cumulus cells are
directed to the oviduct and transferred into the ampulla, followed by adaptive changes of
cumulus cells to the oviductal environment. Blue and pink colors reflect the difference in
ECM components before and after ovulation. (D) Genes regulated at different times in
response to gonadotropin are listed according to their functional category.
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Fig. 1. (continued).

performed in the presence of the oligo(dT);4 primer. For the
second-strand cDNA synthesis, in vitro transcription was performed
using an ENZO BioArray HighYield RNA Transcription Labeling
kit (ENZO Diagnostics) to generate biotin-labeled cRNA. For each
sample, 20 pg of the cRNA product was fragmented and hybridized
for 18 h into Affymetrix GeneChip Murine Genome U74Av2 arrays.
Each array was washed and stained with streptavidin-phycoery-
thrin (Molecular Probes) and scanned with the GeneArray Scanner
(Agilent Technologies) according to the GeneChip Expression
Analysis Technical Manual procedure (Affymetrix). We used the
robust multi-array average (RMA) expression measure for log
transformation (logz) and normalization of the multiple GeneChip
data (eight array data including four time points per genotype)
[19,20]. The RMA measures were calculated using the R package

program, which is freely available on the internet (http://www.
bioconductor.org). After normalization of eight array data, we
selected genes in which the maximum minus minimum values
between WT at 48 h after PMSG injection and any of the time points
of WT were greater than 2 (a 2-fold change). For the four WT
array data, using the k-means clustering algorithm, these genes
were classified into nine clusters on the basis of the similarity of
their temporal expression profiles [20,21]. All array data have been
deposited in the Gene Expression Omnibus (GSE20439).

2.4. Real time RT-PCR

For real-time RT-PCR analysis, cumulus cells and mural granulosa
cells isolated from each animal were pooled and subjected to RNA
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Table 1

Genes induced at H3 after gonadotropin stimulation (CLs 1-5). The list represents genes in which expression levels were up-regulated only at H3 and then decreased (CLs 1-3),
and genes in which expression levels were up-regulated both at H3 and H9 and then decreased (CL4) or genes in which expression levels were up-regulated at H3 and then
sustained until H14 (CL5). The change in the expression level of each gene at each time point is indicated as a logarithm of the fold-change versus the expression level at H0, and
the difference in the expression level of each gene in the cells at H3 versus at HO are shown as a logarithm of the fold-change in bold. Representative genes with the largest
changes are shown. ID, Affymetrix ID number.

Symbol CL Gene title H3/HO log2(fold) H9/HO log2(fold) H14/HO log2(fold) 1D
PG-related genes

Ptgs2 5 prostaglandin-endoperoxide synthase 2 74 6.0 52 104647_at
Ptger4 3 prostaglandin E receptor 4 (subtype EP4) 25 0.2 0.1 103362_at
Pla2g4a 4 phospholipase A2 group IVA (cytosolic Ca-dependent) 18 15 0.5 99513_at
Prges 1 prostaglandin E synthase 17 -0.7 -11 104406_at
Pla2g12 2 phospholipase A2 group XII 11 0.0 -03 104342_i_at
Ptger2 3 prostaglandin E receptor 2 (subtype EP2) 1.0 0.5 0.5 98768_at
cAMP-related genes

Crem 3 CcAMP responsive element modulator 4.7 14 09 160526_s_at
Nmu 4 neuromedin 24 19 03 161032_i_at
Rgs10 3 regulator of G-protein signaling 10 22 03 0.1 160629_at
Prkarla 3 protein kinase cAMP dependent regulatory I alpha 14 0.3 0.5 96852_at
Prkab1 3 protein kinase AMP-activated beta 1 non-catalytic 12 0.3 -0.1 160808_at
Akap2 3 A kinase (PRKA) anchor protein 2 11 0.2 -0.2 101435_at
Growth factor-related genes

Areg 3 amphiregulin 6.6 238 0.7 99915_at
Ereg 4 epiregulin 30 20 1.0 98802_at
Btc 4 betacellulin 2.7 1.3 0.5 95310_at
Vegfa 3 vascular endothelial growth factor A 24 0.4 1.2 103520_at
Ephb4 4 Eph receptor B4 23 0.7 0.0 98446_s_at
Pparg 1 peroxisome proliferator activated receptor gamma 15 -09 -1.8 97926_s_at
Efnb2 4 ephrin B2 15 15 0.8 160857_at
Bmp6 5 bone morphogenetic protein 6 14 0.2 13 161028_at
Kitl 1 kit ligand 10 -0.8 -0.5 99577_at
Steroid hormone-related genes

Star 4 steroidogenic acute regulatory protein 45 35 22 92213_at
1di1 4 isopentenyl-diphosphate delta isomerase 20 15 -0.2 96269_at
Cyp51 4 cytochrome P450 51 19 14 0.5 94916_at
Hmgcs1 4 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 18 24 0.9 94325_at
Hmgcr 4 3-hydroxy-3-methylglutaryl-Coenzyme A reductase 1.6 1.8 1.0 104285_at
Hsd3b1 4 hydroxysteroid dehydrogenase-1 delta<5>-3-beta 15 12 1.1 103072_at
Immune cell-related genes

1fi202b 3 interferon activated gene 202B 31 0.2 0.0 94774 _at
nr1 5 interleukin 1 receptor type I 28 13 28 93914_at
Ifrd1 5 interferon-related developmental regulator 1 22 2.9 19 160092_at
Cx3cll 1 chemokine (C-X3-C motif) ligand 1 14 -0.2 -0.6 98008_at
Cxcr4 4 chemokine (C-X-C motif) receptor 4 12 1.5 04 102794 _at
ECM-related genes

Ptx3 4 pentraxin related gene 4.6 4.1 2.0 92731_at
Has2 3 hyaluronan synthase 2 43 1.3 0.0 98865_at
Tnfaip6 5 tumor necrosis factor alpha induced protein 6 3.8 3.6 3.8 98474 _r_at
Mglap 5 matrix gamma-carboxyglutamate (gla) protein 38 4.0 34 93866_s_at
Alcam 5 activated leukocyte cell adhesion molecule 2.7 4.0 3.8 104407 _at
Anxa2 5 annexin A2 20 25 3.2 100569_at
Piga 1 phosphatidylinositol glycan class A 19 -05 -0.6 92304_at
Sdc1 5 syndecan 1 19 2.5 24 96033_at
Itga2 3 integrin alpha 2 17 0.2 -03 98834_at
Itgh5 5 integrin beta 5 12 1.1 0.9 100601_at
Icam1 1 intercellular adhesion molecule 1.0 -0.1 -0.4 104037_at
Actin cytoskeleton-related genes

Bex1 2 brain expressed gene 1 36 1.1 -04 93020_at
Actri0 5 ARP10 actin-related protein 10 homolog 1.7 1.8 1.5 95097_at
Capza2 5 cap protein (actin filament) muscle Z-line alpha 2 12 0.8 20 98127_at
Capg 5 capping protein (actin filament) gelsolin-like 1.1 1.6 13 160106_at
Actn1 5 actinin alpha 1 11 14 2.7 104579_r_at
Actg 5 actin gamma cytoplasmic 1.0 13 1.0 96573_at
Cell cycle-related genes

Ceng2 3 cyclin G2 18 -03 0.9 98478_at
Cdknla 3 cyclin-dependent kinase inhibitor 1A (P21) 18 0.5 0.6 98067_at
Cdk4 2 cyclin-dependent kinase 4 12 -0.2 -0.4 101017_at
NADH dehydrogenase genes

Ndufb8 2 NADH dehydrogenase (ubiquinone) 1 beta 8 21 1.0 -09 93581_at
Ndufb10 2 NADH dehydrogenase (ubiquinone) 1 beta 10 21 12 -06 101525_at
Ndufb9 2 NADH dehydrogenase (ubiquinone) 1 beta 9 13 0.6 -0.3 100079_at
Ndufa2 2 NADH dehydrogenase (ubiquinone) 1 alpha 2 12 038 -04 96280_at
Ndufa7 2 NADH dehydrogenase (ubiquinone) 1 alpha 7 12 05 -0.1 95652_at
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Table 1 (continued )

Symbol CL Gene title H3/HO log2(fold) H9/HO log2(fold) H14/HO log2(fold) ID

Ribosomal protein genes

Rpl36 2 ribosomal protein L36 18 14 -1.7 92628_at

Rps16 2 ribosomal protein S16 1.6 13 -0.5 97647 _at

Rpl10a 2 ribosomal protein L10A 14 0.5 -1.0 100711_at

Rpl19 2 ribosomal protein L19 13 0.6 -09 97483_at

Rpl26 2 ribosomal protein [26 13 1.2 -0.8 100729_at

Other genes

Procr 4 protein C receptor endothelial 5.5 44 2.8 98018_at

Acsl4 5 acyl-CoA synthetase long-chain family member 4 32 36 43 102381_at

extraction, and total RNA (10 ng) was subjected to the RT reaction
with a SuperScript First-Strand Synthesis Kit according to manu-
facturer’s instructions (Invitrogen Life Technologies). The relative
expression levels of genes representative for each cluster (Piga, Bex1,
Crem, Star, Acsl4, Mbp, Cyp1b1, Akap8, and Ccdn2), or genes showing
differential expression between WT and Ptger2~/~ cumuli (BexI,
Procr, Cyp1b1, Mbp, Cigb and Ccl2), or 6 selected genes (Crem, Ptgs2,

Table 2

Ptger4, Areg, Ereg and Btc) were monitored with a LightCycler and
real-time detection system (Roche Diagnostics) using Fast Start DNA
Master SYBR Green | according to the manufacturer’s instructions.
Crossing point values were acquired by using the second derivative
maximum method. The expression level of each gene was quantified
using external standardized dilutions. Relative expression levels of
target genes between samples were normalized by those of

Genes induced at a later time point upon gonadotropin stimulation (CLs 6—7). The list represents genes in which expression levels were low both at H3 and H9 but up-
regulated at H14 (CLs 6-7). The change in the expression level of each gene at each time point is indicated as a logarithm of the fold-change versus the expression level at HO,
and the difference in the expression level of each gene in the cells at H14 versus at HO are shown as a logarithm of the fold-change in bold. Representative genes with the largest

changes are shown. ID, Affymetrix ID number.

Symbol (= 8 Gene title H3/HO log2(fold) H9/HO log2(fold) H14/HO log2(fold) ID

Growth factor-related genes

Vegfc 6 vascular endothelial growth factor C 0.1 0.2 1.9 94712_at
Numb 6 numb gene homolog (Drosophila) 0.1 0.4 1.2 161912_r_at
Bnip3 7 BCL2/adenovirus E1B19 kDa-interacting 1 NIP3 -12 -0.8 12 93836_at
Bmp1 6 bone morphogenetic protein 1 -04 0.2 1.0 92701_at
Immune-related genes

lorb 6 interleukin 10 receptor beta -04 13 25 99491 _at
Cfh 6 complement component factor h 0.4 0.5 19 101853_f_at
1fi204 6 interferon activated gene 204 0.5 -0.2 1.5 98465_f_at
$100a8 7 $100 calcium binding protein A8 (calgranulin A) -04 -0.1 14 103448_at
1113ra1 6 interleukin 13 receptor alpha 1 -0.6 0.4 13 103723_at
Iim 6 interleukin 1 receptor antagonist -0.2 0.1 12 93871_at
Cer5 6 chemokine (C-C motif) receptor 5 -0.1 0.0 11 161968_f_at
Cxcl2 7 chemokine (C-X-C motif) ligand 2 -0.6 -03 08 101160_at
Ccl9 7 chemokine (C-C motif) ligand 9 -0.5 -0.1 0.8 104388_at
Ccl2 6 chemokine (C-C motif) ligand 2 -0.2 -0.1 0.7 102736_at
Cerl 6 chemokine (C-C motif) receptor 1 -0.2 0.1 0.6 99413_at
ECM-related genes

Tnc 6 tenascin C -0.1 1.5 48 162362_f_at
Anxal 6 annexin A1l 1.0 3.0 4.1 93038_f_at
Vel 6 vinculin 1.2 16 3.7 94963_at
Ovgpl 6 oviductal glycoprotein 1 -0.7 -0.2 34 100521_at
Mbp 6 myelin basic protein -0.1 1.0 33 96311_at
Sparc 6 secreted acidic cysteine rich glycoprotein 0.2 1.9 3.0 97160_at
Anxall 6 annexin A11 -0.1 1.2 28 102815_at
Gp49a 6 glycoprotein 49 A -0.1 0.1 2.6 100325_at
Pcdh?7 6 protocadherin 7 -05 1.0 22 102280_at
Mmp11 6 matrix metalloproteinase 11 0.0 0.9 20 100016_at
Cdh5 6 cadherin 5 -0.2 1.8 19 104083_at
Fnl 6 fibronectin 1 0.6 03 18 92852_at
Timp3 6 tissue inhibitor of metalloproteinase 3 03 13 1.7 160519_at
Itgb1 6 integrin beta 1 (fibronectin receptor beta) 04 04 1.7 100124_r_at
Sdc4 6 syndecan 4 -0.2 03 14 98590_at
Lamcl 6 laminin gamma 1 -03 04 1.1 161706_f_at
Mmp14 7 matrix metalloproteinase 14 -1.0 0.9 1.1 160118_at
Collagen-related genes

Col4al 6 procollagen type IV alpha 1 0.2 3.1 41 101093_at
Col18a1 6 procollagen type XVIII alpha 1 -0.1 22 31 101881_g_at
Col4a2 6 procollagen type IV alpha 2 -03 1.0 25 101039_at
Col6al 6 procollagen type VI alpha 1 -03 0.1 1.8 162459_f_at
Other genes

Abcb1b 6 ATP-binding cassette sub-family B, member 1B -0.5 29 5.1 93414 _at
Cyplbi 7 cytochrome P450, family 1, subfamily b, polypeptide 1 -1.1 0.1 14 99979_at
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glyceraldehyde-3-phosphate  dehydrogenase (Gapdh). Primer
sequences for each gene are shown in Table 6. The specificity of each
primer set was confirmed by checking the product size by gel elec-
trophoresis and melting temperature.

2.5. Statistical analyses

Data are shown as means  S.E.M. Comparison of two groups
was analyzed by the Student’s t test (Ptger2'~ vs WT). For
comparison of more than two groups with comparable variances
(Time course), one-way ANOVA was performed first, Then, the
Dunnett or Tukey—Kramer test was used to evaluate the difference.

3. Results and discussion

3.1. Temporal changes in gene expression profiles of WT
cumulus cells upon gonadotropin stimulation

We used oligonucleotide microarrays to investigate gonado-
tropin-induced gene expression profiles in WT cumulus cells before
and after ovulation. Immature mice were primed with pregnant
mare serum gonadotropin (PMSG) as an FSH-like stimulation. The
COCs were isolated from mice 48 h after PMSG injection (HO) and
from PMSG-primed mice exposed to human chorionic gonadotropin
(hCG) as an LH-like stimulation for 3, 9 or 14 h (H3, H9 or H14,
respectively). In these samples, HO is the time point just before
hCG injection, H3 is the point when the EP2 receptor as well as COX-
2 is induced in cumulus cells [22] and H9 is the time point when
cumulus expansion occurs just before ovulation, H14 is the time
point when the ovulated COCs are ready for fertilization after tran-
sition to the oviductal ampulla (see Fig. 1C). The cumulus cells were
prepared by removing the oocytes from the COCs and they were then
subjected to RNA extraction. The RNA obtained from cells at each
time point was amplified, labeled and hybridized to microarrays.

Of the ~ 12,000 genes represented on the oligonucleotide array,
genes in which the maximum minus minimum values between HO
and any of the time points were greater than 2 (a 2-fold change)
were selected, and regarded as differentially expressed genes (3184
genes). Using the k-means clustering algorithm, these genes were
classified into nine clusters (CLs) on the basis of similarity in their
expression profiles (Fig. 1A). Among them, 2471 genes (77.6%) were

Table 3

up-regulated at least one time point compared with HO (CLs 1-7),
indicating that the main action of gonadotropin on cumulus cells is
the induction of numerous genes. Of these up-regulated genes,
1865 genes (CLs 1-5} were induced immediately after gonado-
tropin injection (at least at H3) and the others (606 genes; CLs 6—7)
were induced later at H14.

CLs 1-3 consist of genes in which expression levels were up-
regulated only at H3 and then decreased, and CL4 consists of genes
in which expression levels were up-regulated both at H3 and
H9 and then decreased: CLs 1—4 comprise the gene group showing
‘Early Transient’ induction (Early Transient group in Fig. 1B—D and
Table 1). CL5 consists of genes in which expression levels were
up-regulated at H3 and sustained until H14: this CL is the gene
group showing ‘Early Sustained’ induction (Early Sustained group
in Fig. 1B—D and Table 1). In contrast, CLs 6—7 consist of genes in
which expression levels were low both at H3 and H9 but up-
regulated at H14: CLs 6—7 are therefore the gene group showing
‘Late’ induction (Late group in Fig. 1B—D and Table 2). Since there is
no overlap between the genes of the ‘Early’ group and the ‘Late’
group, the functions of cumulus cells at H3 and H14 appear to
be quite different. While CL8 consists of genes in which expression
levels were down-regulated at H3 and then gradually recovered,
CL9 consists of genes in which expression levels were constant at
H3 but down-regulated at H9 and H14. CLs 8—9 (713 genes)
comprise the gene group showing down-regulation upon gonad-
otropin stimulation (Down group in Fig. 1B, C and Table 3),

Since the microarray results were derived from a single array for
each time point, they may contain ‘false positive’ genes. To evaluate
the results, we selected genes representative for CL1 to CL9, and
measured the expression levels of these genes by real-time RT-PCR
using RNA from the independently isolated cumulus cells (Fig. 2).
We chose Piga (CL1), Bex1 (CL2), Crem (CL3), Star (CL4) from the
‘Early transient’ group, and these genes showed transient induction
with a peak level at H3. Acsl4 was selected from the ‘Early sustained'
group (CLS), which was actually induced at H3 and its expression
leve] was kept at high levels until H14. Mbp (CL6) and Cyp1b1 (CL7)
were chosen from the ‘Late’ group, and their expression levels were
induced at later stages. Akap8 (CL8) and Ccdn2 (CL9) were chosen
from the ‘Down-regulated’ group, and the expression levels of Akap8
and Ccdn2 were immediately or gradually decreased, respectively.
These results suggest that the microarray results are likely to be

Genes down-regulated upon gonadotropin stimulation. The list represents genes in which expression levels were down-regutated at H3 and then gradually recovered (CL8)
and genes in which expression levels were constant at H3 but down-regulated at H9 and H14 (CL9). The change in the expression level of each gene at each time point is
indicated as a logarithm of the fold-change versus the expression level at HO, and the difference in the expression level of each gene in the cells at H3 (Early) or H14 (Late)
versus at HO are shown as a logarithm of the fold-change in bold. Representative genes with the largest changes are shown. ID, Affymetrix ID number.

Symbol CcL Gene title H3/HO log2(fold) H9/HO log2(fold) H14/HO log2({foid) ID

Early

Vim 8 vimentin -22 -08 -038 162379_r_at
Akap8 8 A kinase (PRKA) anchor protein 8 -17 -1.0 -09 161596_f_at
Nr5at 8 nuclear receptor subfamily 5 group A member 1(SF1) -1.7 -0.7 -09 161418_r_at
Eifde 8 eukaryotic translation initiation factor 4E -1.7 -09 -04 162222_r_at
Snx17 8 sorting nexin 17 -17 -09 -0.7 161257_r_at
Irfé 8 interferon regulatory factor 6 -16 -07 -0.9 161699_i_at
Btk 8 Bruton agammaglobulinemia tyrosine kinase -15 -08 -0.6 161971_r_at
Timp1 8 tissue inhibitor of metalloproteinase 1 -15 -06 -0.7 162107_r_at
Late

Inhbb 9 inhibin beta-B -15 -25 -53 160828 _at
Hpgd 9 hydroxyprostaglandin dehydrogenase 15 (NAD}) -1.0 -2.5 -3.0 93351_at
Cend2 9 cyclin D2 0.5 -14 -2.6 97504_at
Esr2 9 estrogen receptor 2 (beta) -0.2 -16 -26 96514_at
Cdc6 9 cell division cycle 6 homolog -06 -17 -24 103821_at
Inhba 9 inhibin beta-A 06 -17 -22 100277 _at
Ptgis 9 prostaglandin I2 (prostacyclin) synthase 0.0 -16 -22 104538_at
Cyp2s1 9 cytochrome P450 family 2 subfamily s polypeptide 1 -1.0 -19 -21 104550_at
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Fig. 2. Validation of the genes representative for each CL in WT cumuli. Temporal
expression changes of genes representative for each CL in WT cumuli. The values
represent the ratio of relative expression levels to HO. (A) Expression profiles obtained
from oligonucleotide array analysis. (B) Expression profiles shown in (A) were verified
by real-time RT-PCR. The values are shown as mean =+ S.E.M. (n = 4—8). The specificity
of the PCR product was confirmed by gel electrophoresis and analysis of the melting
temperature. The expression level of each gene was normalized to Gapdh. *, P < 0.05;
** P < 0.01; ™, P < 0.001 (vs HO), {, P < 0.05 (vs H3).

reliable in general, but careful evaluation using real-time RT-PCR is
still recommended when discussing the detailed expression profiles
of specific genes, especially with low hybridization signals.

The ‘Early Transient’ (CLs 1—4) and ‘Early Sustained’ (CL5)
groups include many kinds of genes that are critical in several
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Fig. 3. Ptger2 deficiency-sensitive genes. (A) The numbers of genes in which expression
levels were altered by greater than 1.7-fold by Ptger2 deficiency at HO, H3, H9 and H14.
The number of genes in which expression levels were decreased (green) or increased in
Ptger2~/~ (KO) compared with WT cells (red) at each time point is shown to the left and
right, respectively. (B) Genes are placed in groups corresponding to pairwise overlaps
shown in the accompanying Venn diagrams. (C) Representation of genes in which
expression levels were altered at H3 and H14 by Ptger2 deficiency. Most of the genes
sensitive to Ptger2 deficiency at H3 belong to the H3-induced group (CLs 1-5), and more
than half of the genes sensitive to Ptger2 deficiency at H14 belong to the ‘Late’ induction
group (CLs 6-7).

steps of preovulatory processes (Fig. 1D and Table 1). The induction
of genes such as hyaluronan synthase 2 (Has2) and hyaluronan
binding proteins (Tnfaip6 and Ptx3) is necessary for the formation of
the cumulus ECM [8—11,23]. Genes including PG-related genes such
as Ptgs2 and Ptger4, cAMP signaling-related genes such as Crem,
Nmu and Rgs10, and epidermal growth factor (EGF) family genes
such as Areg, Ereg and Btc have been suggested to initiate and
amplify LH actions in oocyte maturation and cumulus expansion
[18,24,25]. Induction of these genes was especially affected by
Ptger2 deficiency in cumulus cells as discussed below. Genes for
other growth factors such as peroxisome proliferator activated
receptor y (Pparg), vascular endothelial growth factor A (Vegfa) and
kit ligand (Kitl) have been indicated to be key mediators in ovula-
tion and oocyte maturation [26—28].

In contrast, the ‘Late’ group (CLs 6—7) includes sets of genes that
are quite different from those in the ‘Early’ groups as shown above
(Fig. 1D and Table 2). There are two characteristic gene groups; one
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Table 4

Genes down-regulated in Ptger2~/~ cumulus cells at H3. The list represents genes in which expression levels were down-regulated by Ptger2 deficiency at H3. The change in the
expression level of each gene in WT cells at H3 versus in WT cells at HO are indicated as a logarithm of the fold-change and the difference in the expression level of each gene in
the Ptger2~/~ cells (KO) versus in WT cells at H3 are shown as a logarithm of the fold-change in bold. Representative genes with the largest changes are shown. ID, Affymetrix ID

number.
Symbol CL Gene title WT (H3/HO) logx(fold) H3 (KO/WT) logx(fold) ID
Ptger2 3 prostaglandin E receptor 2 (subtype EP2) 1.0 -1.7 98768_at
1fi202b 3 interferon activated gene 202B 3.1 -1.7 94774 _at
Crem 3 cAMP responsive element modulator 4.7 -1.6 160526_s_at
EI2 £ elongation factor RNA polymerase Il 2 2.0 -1.6 103892_r_at
Procr 4 protein C receptor endothelial 55 -1.6 98018_at
Ptger4 3 prostaglandin E receptor 4 (subtype EP4) 25 -14 103362_at
Akr1b7 4 aldo—keto reductase family 1 member B7 3.0 -14 102826_at
Rgs10 3 regulator of G-protein signalling 10 22 -13 160629_at
Nmu 4 neuromedin 24 -13 161032_i_at
Efnb2 4 ephrin B2 15 -13 160857 _at
Facl4 5 fatty acid—Coenzyme A ligase long chain 4 32 -12 104017_at
Star 4 steroidogenic acute regulatory protein 45 -12 92213_at
Areg 3 amphiregulin 6.6 -12 99915_at
Bex1 2 brain expressed gene 1 36 -1.1 93020_at
Bmp2k 3 BMP2 inducible kinase 1.6 -11 93376_at
Phlda1 4 pleckstrin homology-like domain family A 1 24 -1.1 160829_at
Cdknla 3 cyclin-dependent kinase inhibitor 1A (P21) 1.8 -1.1 98067_at
Ereg 4 epiregulin 3.0 -0.9 98802_at
Ptgs2 5 prostaglandin endoperoxide synthase 2 74 -09 104647_at
Akap2 3 A kinase (PRKA) anchor protein 2 11 -08 101435_at
Btc 4 betacellulin 2.7 -0.6 95310_at

includes ECM-related genes distinct from those found in the ‘Early’
group, such as procollagen family molecules (Col4al, Col18a1, Col4a2,
Col6al), fibronectin 1 (Fn1), annexin A1 (Anxa2), integrin B1 (Itgh1)
and matrix metalloproteinases (Mmpll, Mmp14, Timp3). Since
changes in the ECM components surrounding the COCs in the oviduct
have been shown to affect fertilization efficiency [29,30], the
ECM components newly synthesized after ovulation may contribute
to successful fertilization. The other gene group includes immune
response-related genes, such as I110rb, I113ra1 and chemokine-related
genes. Induction of immune response-related genes may reflect
adaptation of cumulus cells against the intraoviductal environment
and their acquisition of self-protecting ability after ovulation [18].
The ‘Down’ group (CLs 8—9) can be subdivided into the ‘Early
down-regulated’ group (CL8) and the ‘Lately down-regulated’
group (CL9). Each group includes several key genes (Fig. 1D and
Table 3). The ‘Early down-regulated’ group (CL8) includes genes

Table 5

that are in the same functional category as seen in the ‘Early
Transient’ group (CLs 1—4), but showed opposite behaviors.
For instance, some cAMP-related genes, such as Akap8 and Irf6 were
down-regulated. The ‘Late down-regulated’ group (CL9) includes
the gene for hydroxyprostaglandin dehydrogenase (hpgd), an
enzyme responsible for the catabolic breakdown of PGE;.

3.2. Effect of Ptger2 deficiency on gene expression
profiles in cumulus cells

To investigate the molecular basis of impaired cumulus
cell function in Ptger2~/~ mice, we performed similar analysis on
cumulus cells isolated from Ptger2~/~ mice and examined the effect
of Ptger2 deficiency. After time-matched comparison of expression
signals between WT and Ptger2~/~ cumuli, the genes demon-
strating differential expression values of greater than 1.7

Genes altered in Ptger2~/~ cumulus cells at H14. The list represents genes in which expression levels were affected by Ptger2 deficiency at H14. The change in expression level of
each gene in WT cells at H14 versus in WT cells at HO is indicated as a logarithm of the fold-change and the difference in the expression level of each gene in the Ptger2~/~ (KO)
cells versus in WT cells at H14 is shown as a logarithm of the fold-change in bold. Representative genes with the largest changes are shown. ID, Affymetrix ID number.

Symbol CL Gene title WT (H14/HO) log>(fold) H14 (KO/WT) logx(fold) ID
Down-regulated in Ptger2~/~

Bnip3 7 BCL2/adenovirus E1B 19 kDa-interacting protein 1 NIP3 12 -1.2 93836_at
Atf2 5 activating transcription factor 2 14 -11 162010_r_at
Scd1 6 stearoyl-Coenzyme A desaturase 1 34 -1.0 94057_g at
Mbp 6 myelin basic protein 33 -09 96311_at
Numb 6 numb gene homolog (Drosophila) 12 -09 161912_r_at
Cyp1b1 7 cytochrome P450 family 1 subfamily b polypeptide 1 14 -09 99979_at
Sparc 6 secreted acidic cysteine rich glycoprotein 3.0 -0.38 97160_at
Col18al 6 procollagen type XVIII alpha 1 3.1 -0.8 101881_g_at
Cdh5 6 cadherin 5 19 -08 104083_at
Up-regulated in Ptger2—/~

Ccl2 6 chemokine (C—C motif) ligand 2 (MCP-1) 0.7 2.0 102736_at
Cxcl1 5 chemokine (C—X—C motif) ligand 1 (Groa) 1.0 18 95349_g at
Gp49a 6 glycoprotein 49 A 26 1.6 100325_at
Cer5 6 chemokine (C—C motif) receptor 5 11 15 161968_f_at
Anxal 6 annexin Al 1.5 13 93037_i_at
Clgb 6 complement component 1 q subcomponent beta 0.5 1.0 96020_at
Ccl7 7 chemokine (C—C motif) ligand 7 (MCP-3) -0.1 1.0 94761_at
Cxcl2 7 chemokine (C—X—C motif) ligand 2 (GroB) 0.8 09 101160_at
Ccl9 7 chemokine (C—C motif) ligand 9 (MIP-1y) 0.8 09 104388_at
Cer2 7 chemokine (C—C) receptor 2 0.1 0.8 93397 _at
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(more than 1.7-fold increase or 1.7-fold decrease) in Ptger2~/~
cumuli compared with WT were selected. The numbers of the
selected genes at HO, H3, H9 and H14 were 12, 109, 32 and 77,
respectively (Fig. 3A), indicating that Ptger2 deficiency mainly
affects cumulus cell transcription at H3 (ovulation) and H14
(fertilization). There were only a few overlaps (8 genes) between
the H3 and H14 gene groups. Of the 109 genes with altered
expression at H3, 96 genes were down-regulated in PtgerZ‘/‘
cumulus cells compared with WT cells (Fig. 3). Most of the genes
with reduced expression (94 genes) belong to the ‘H3-induced’ CLs
1-5 (Fig. 3B and Table 4). On the other hand, of the 77 genes with
altered expression at H14, 41 genes (53%) belong to the ‘Late’
induction group, and 42 and 35 genes were up- and down-regu-
lated, respectively, upon Ptger2 deficiency (Fig. 3, A and B, and Table 5).

To validate the results obtained by the single array analysis, we
selected several genes with differential expression between WT and
Ptger2~/~ cells, and investigated the expression levels of these genes
by real-time RT-PCR (Fig. 4). Bex1 (CL2), and Procr (CL4) showed
lower expression in Ptger2 /- cumuli at H3, and the expression
levels of Cyp1b1 (CL7) and Mbp (CL6) at H14 were attenuated in
Ptger2~!~ cumuli. In contrast, C1gb (CL6) and Ccl2 (CL6) showed
higher expression in Ptger2~/~ cells at H14. Thus, the array results
provide good candidates to screen genes regulated by PGE>-EP2
signaling in the cumulus cells. Indeed, based on these array results,
we identified chemokine-related genes, which play roles in main-
tenance of the cumulus ECM [14,15], as described below.

The genes down-regulated in Ptger2~/~ cells include cAMP-
related genes such as Crem; PG-related genes such as Ptgs2 and
Ptger4; and EGF family genes such as Areg, Ereg and Btc. We selected
six genes, Crem, Ptgs2, Ptger4, Areg, Ereg and Btc, which have been
shown to play key roles in cumulus cells, and examined the time
course of their expression patterns by real-time RT-PCR (Fig. 5).
In addition to the cumulus cells from the COCs, we isolated mural
granulosa cells from the ovary, and examined whether Ptger2 defi-
ciency alters the expression of these genes specifically in the
cumulus cells. As the array results indicated, the expression levels of
the selected genes in the cumuli at H3 were significantly decreased
in Ptger2~/~ mice compared with WT, while there were no signifi-
cant changes in the expression levels of these genes in mural gran-
ulosa cells between the two genotypes (Fig. 5, B and C). The fact that
Crem and Ptgs2 expression in the cumulus cells is attenuated by
Ptger2 deficiency suggests that PGE,-EP2-cAMP signaling enhances
Ptgs2 expression (and presumably PGE; production) as a positive
feed-back loop. Moreover, EP2 signaling appears to augment gene
expression of the other cAMP-coupled PGE receptor, EP4.

Table 6

Primer sequences used for real time RT-PCR.
Gene Forward Reverse
Acsl4 5'-ggagggaatgtccgeca-3' 5'-ctctggggttcggett-3’
Akap8 5’-ccgacaactcagactcge-3' 5'-ggagttgctccggtctt-3'
Areg 5'-agtcagagttgaacaggt-3’ 5’-cctccaggttctcgat-3’
Bex1 5'-cgccatccctaacggag-3' 5’-cgccttgatctttggact-3’
Btc 5'-gaaaccaatggctctctt-3' 5’-cagacgccgatgacta-3’
Cigb 5'-aaggttcttcctgectctag-3’ 5’-cactgtgtcttcatcagctc-3’
Cedn2 5'-cgccgtcgatgattge-3' 5'-tgacgaacacgcctct-3'
Ccl2 5'-tgcaggtccctgtcatgettc-3' 5'-cacagagagggaaaaatggatccacacc-3’
Crem 5'-ccttgecccaagtcacatg-3/ 5'-agcagtagtaggagctcggatctg-3’
Cyplbl  5'-ctaggtctcggggtcc-3’ 5'-aggcgagcgaagtaca-3’
Ereg 5'-cacaaccgtgatccca-3’ 5'-gtcaacgcaacgtattct-3’
Gapdh 5'-tgaacgggaagctcactgg-3' 5’-tccaccaccctgttgetgta-3’
Mbp 5’-gactcacacacgagaactac-3’ 5'-tcgaggtgtcacaatgttct-3’
Piga 5'-ggttggtgggattcccg-3' 5'-ttccttcgacactcget-3
Procr 5'-gcgcaaggagaacgtg-3' 5’-ataccgagtccggttgt-3’
Ptger4 5'-ttccgetegtggtgegagtgtte-3'  5'-gaggtggtgtetgettgggtcag-3’
Ptgs2 5’'-agtgtgcgacatactca-3’ 5'-gcgtttgcggtactca-3’
Star 5'-cgtgcgctgtaccaag-3’ 5'-tctgggtctgegatagg-3’
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Fig. 4. Validation of the genes differentially expressed between WT and Ptger2~/~
cumuli. Representative genes in which their expression levels were down-regulated at
H3 (Bex1, Procr) or at H14 (Cyp1b1, Mbp), or up-regulated at H14 upon Ptger2 deficiency
(Cigb, Ccl2). The values represent the ratio of relative expression levels to WT cumulus
cells. (A) Expression levels obtained from oligonucleotide array analysis. (B) Expression
profiles shown in (A) were verified by real-time RT-PCR. The values are shown as
mean + S.EM. (n = 4-8). The specificity of the PCR product was confirmed by gel
electrophoresis and analysis of the melting temperature. The expression level of each
gene was normalized to Gapdh. *, P < 0.05 (vs WT).

Since cumulus cells have been shown to express the LH receptor at
minimal levels in mice [31], and since the expression levels of Crem
were significantly attenuated, the EP2 receptor appears to play
a pivotal role in cCAMP signaling in cumulus cells under physiological
conditions. Therefore, attenuated expression levels of cAMP-driven
genes may cause the defective ovulation observed in Ptger2~!~ mice.
Indeed, the expression of EGF family genes was attenuated by Ptger2
deficiency. These genes are clustered in a region of mouse chromo-
some 5 [32] and are induced by LH-cAMP signaling both in mural
and cumulus cells [18,25]. These EGF-like growth factors stimulate
cumulus expansion and oocyte maturation via tyrosine kinase-type
EGF receptor signaling in cumulus cells. Indeed, based on the
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Fig. 5. Ptger2 deficiency attenuates expression levels of Crem, Ptgs2, Ptger4, Areg, Ereg and
Btc in a cumulus-specific manner at H3. Time course of Crem, Ptgs2, Ptger4, Areg, Ereg and
Btc gene expression in WT and Ptger2~/~ cumulus and mural granulosa cells. (A) Time
course of expression profiles in cumulus cells by oligonucleotide array analysis. (B and C)
Cumulus cells (B) or mural granulosa cells (C) were isolated from WT and Ptger2~/~ mice
at the indicated time points after hCG injection, and their RNA was extracted and
subjected to real time-RT PCR. The values are shown as mean + SEM. (n = 4-8).
The specificity of the PCR product was confirmed by gel electrophoresis and analysis of
the melting temperature. The expression level of each gene was normalized to Gapdh. **,
P < 0.01; ***, P < 0.001 (vs WT).

alterations of gene expression profiles of COCs upon Ptgs2 deficiency,
Shimada et al. previously proposed the possibility that PG signaling
potentiates gene expression of EGF-like growth factors [33]. Thus,
the EP2 receptor likely induces not only cAMP signaling but also EGF
receptor signaling in the cumulus cells, and such appropriate
signaling cascades in the cumulus cells are thought to be required for
successful ovulation.

As we recently reported [14], one of the most remarkable
changes in the Ptger2~/~ cumulus at H14 is the increased expres-
sion of chemokine-related genes including Ccl2, Ccl7, Ccl9, Cxcll,
Cxcl2, Ccr2 and Cer5 (Table 5). We further demonstrated that
enhanced CCL signaling in the cumulus elicits excessive integrin
engagement to the cumulus ECM through Rho/ROCK/actomyosin
pathway [15]. It is interesting in this respect that other sets of ECM-
related genes including myelin basic protein (Mbp) and secreted
acidic cysteine-rich glycoprotein (Sparc) were down-regulated
while CCL signaling alters the cumulus ECM status. Whether the
expression of these ECM-related genes and cumulus ECM status are
regulated by the balance between EP2 and chemokine signaling is
an interesting issue to be examined.

The results obtained in this study, especially the temporal
changes in gene expression profiles of WT cumulus cells generally
showed excellent agreement with the previous report by Hernan-
dez-Gonzalez et al., in which gene expression profiles of COCs were
examined [18]. For example, they reported that; (1) expression
levels of EGF-like growth factors are induced by hCG injection, (2)
neuron-related genes such as Mbp and Tnc, and immune cell-
related genes such as Alcam are induced after ovulation, and (3) the
expression of cell cycle-related genes such as Ccnd2 is gradually
decreased. These tendencies were reproduced in the current study,
suggesting that such results may reflect the gene expression
profiles of cumulus cells. In contrast, oocyte-specific genes such as
Zp1 were not included in this study. On the other hand, we detected
a transient but significant induction of the Crem gene, a transcrip-
tion factor for cAMP-driven gene expression [34], which has never
been reported in previous studies using COCs as a target. Thus, gene
expression analysis of identical types of cells is useful for assessing
second messenger-based signaling cascades.

In summary, we clarified the temporal changes in cumulus gene
expression profiles of WT mice and the effect of Ptger2 deficiency
on them. These results indicate that the gene expression profile of
cumulus cells greatly differs before and after ovulation, and in each
situation, PGE,-EP2 signaling plays a critical role in cAMP-regulated
gene expression in the cumulus cells under physiological condi-
tions. Results from the present study will be useful not only for
understanding the role of PGE; in ovulation and fertilization but
also for discovering new insights into the functions of the cumulus
and ECM in ovulation and fertilization.
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Here, we developed a reverse transcriptase based method (RTase stop assay) to characterize quadruplex
formations in guanine-rich RNAs with high sensitivity and specificity. By using the RTase stop assay, we
also revealed a plausible structural polymorphism in biologically important RNAs. The RTase stop assay
would provide helpful insight into RNA quadruplex structures and functions, together with other analyt-
ical methods, including various footprinting techniques.

© 2010 Elsevier Ltd. All rights reserved.

A wide variety of RNA plays an important role in the regulation
of biological function within cells. The function of RNA largely de-
pends on tertiary structures, in which RNA molecules use specific
hydrogen bonds, including Watson-Crick and Hoogsteen bonds,
to form active structures. Among a variety of RNA ternary folded
structures, quadruplexes are one of the unique structures, in which
guanine tetrads make Hoogsteen hydrogen bonds with each other
in plane with incorporating metal ion, such as potassium and so-
dium, inside the tetrads.'~ Recent reports have demonstrated that
quadruplex structures in untranslated regions (UTRs) in mRNAs
are involved in the translational regulation in vitro and vivo.*®

Computational predictions’ together with various analytical
methods, including spectroscopic methods® and footprinting
techniques,'®"'? are commonly used to deduce secondary and ter-
tiary structures of RNAs. Each technique has inherent advantages
and disadvantages with regard to the quadruplex formations in
RNAs, although spectroscopic analyses by using model oligonucle-
otides suggested that guanine-rich RNAs are easy to form quadru-
plex structures.*®'? Simple and sensitive methods addressing RNA
quadruplexes would provide deeper understandings of RNA quad-
ruplex structures and functions.

Reverse transcriptases have been used to predict stable second-
ary structures in RNAs, involving quadruplex structures, however,
the sensitivities of these assays are sometimes too low to fully ad-
dress the sequence-structure relationships of quadruplex forma-
tion."*!> Here, we reported a reverse transcription based method

* Corresponding author.
E-mail address: nakatani@sanken.osaka-u.ac.jp (K. Nakatani).

0960-894X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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to precisely evaluate the stability and the structural diversity of
quadruplexes in RNAs.

In order to gain insight into local quadruplex structures on an
RNA template, we studied an RNA-dependent DNA polymerase
stop assay, named a reverse transcriptase stop assay (RTase stop
assay) ( Fig. 1A). In the RTase stop assay, reverse transcriptases,
such as those originated from Moloney murine leukemia virus
(M-MuLV), proceeded along RNA templates until the enzyme
encountered stable RNA quadruplex structures. Interference of
RTase reaction by quadruplex structures on the templates would
result in the production of truncated complement DNA products,
which can be detected by PAGE analyses.!®”

First, a human telomeric sequence 5'-r(UUAGGG);UUA-3" (R-.
telo27) was chosen as a model of RNA quadruplexes.'>'® R-telo27
showed UV-melting curves with an inverse transition at 295 nm."®
The melting temperature showed a significant KCl concentration-
dependency ( Fig. 1B) with T, values of 61.7+0.2°C and
76.5+0.3°C in 10 and 100 mM KCI, respectively. CD spectra of
R-telo27 in the both KCI solutions suggested a parallel stranded
quadruplex conformer, exhibiting a strong positive peak at
263 nm and a relatively weak peak near 240 nm (Fig. 1C). These
data suggested that R-telo27 having a four-telomeric-repeat affor-
ded quadruplex structures with a different stability, depending on
the KCI concentrations.

With the biophysical information of quadruplex stabilities in
hand, we next investigated quadruplex formations by the RTase
stop assay on RNA templates that contained the R-telo27 sequence
at the center of the template. In 100 mM KCl, the RTase reaction
was exclusively interrupted at the first GGG site from 3’-end of
the templates, where a plausible quadruplex was formed, regard-
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Figure 1. (A) Schematic illustration of a reverse transcriptase stop assay on a four-telomeric-repeat containing RNA. (B, C) Biophysical properties of a four-telomeric-repeat
RNA (R-telo27). (B) T,, melting curves of R-telo27 and (C) CD spectra of R-telo27. All experiments were carried out at 5 uM R-telo27 in the 10 mM sodium cacodylate buffer
(pH 7.0) containing 10 mM (blue) and 100 mM (red) KCl at 25 °C. (D) Interruption of RTase-mediated DNA synthesis with different reaction temperatures on RNA templates in
the presence of KCl. The lane markers U, G, C, and A indicate the bases on the template strand. Guanines in the telomeric-repeat regions were emphasized in bold.

less of increasing temperatures from 37 to 55 °C (Fig. 1D). While, in
10 mM KCl, the paused products gradually decreased concomitant
with increasing reaction temperature. These observations are well
correlated with the decreased stability of quadruplex structure ob-
served in the melting analysis. In contrast, no apparent paused
bands were detected for RTase reaction on the RNA template con-
taining a hairpin-loop structure (see Fig. S1 in Supplementary
data), suggesting that the quadruplex structures serve as an effec-
tive inhibitor of RTase possibly due to their aberrant structures.

To certify the quadruplex formations in the four-telomeric-re-
peat RNA, a series of RNA variants (Table 1) was tested by the RTase
stop assay. These variants had a deletion of a GGG sequence (DIV),
single guanine mutations to adenine in each GGG sequence (mut I,
I, I, and IV), or an insertion of the GGG upstream of the guanine-
rich region of DIV (mut V) with an entire RNA length kept
unchanged.

As shown in Figure 2, (1) the RTase reaction was not at all inter-
fered on the RNA template containing a three-telomeric-repeat

(DIV), (2) the variants containing even the single guanine-to-ade-
nine mutations inside each GGG sequence did not show any
paused products (mut I, II, III, and IV), and (3) the paused bands
were clearly observed by the insertion of the GGG at the nine-base
upstream of the position IV. The remarkable differences with re-
gard to the number of repeats would attribute to capabilities of
the quadruplex formations in the RNA templates. Considering that
stable quadruplex formations generally require an association of
four strands having at least three-guanine-repeat, the RTase stop
assay would correctly provide information of an intrastranded
RNA quadruplex formation. Also, these results suggested that
RNA quadruplex structures were tolerant to the linker-length be-
tween GGG units, possibly due to a flexible feature of single-
stranded RNAs. Taken together, the RTase stop assay revealed an
intrinsic propensity for RNA quadruplex formations.

Next, we investigated the formation of quadruplex in UTRs by
the RTase stop assay. Bioinformatic analysis suggested genetically
conserved potential quadruplex structure sequences (PQSSs) both

Table 1

Telomeric RNA mutants used in this study
3- 1 1l 11 v A% -5/
AUU GGG AUU GGG AUU GGG AUU GGG AUU Wild-type
AUU GGG AUU GGG AUU GGG AUU AAA AUU AV
AUU GGG AUU GGG AUU GGG AUU GAG AUU mut [V
AUU GGG AUU GGG AUU GAG AUU GGG AUU mut [l
AUU GGG AUU GAG AUU GGG AUU GGG AUU mut I
AUU GAG AUU GGG AUU GGG AUU GGG AUU mut [
AUU GGG AUU GGG AUU GGG AUU AAA AUU UCGCAU GGG mut V
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A 3-GGGGGUCGGGUAUGGAGGGUAGGG-5'  wild-type
3'-AAAAAUCGGGUAUGGAGGGUAGGG-5' mutant
TR R u
| i Biiv G
Cc
A
{ . wild-type
. mutant
B 3'-GGGGAGGGGUﬁGGUﬂG%UGGGAGAAGAUGGG-S' wild-type
3 AAAAAGGGGUAGGGUGUGGGUGGGAGAAGAUGGG 5 mut-Gy
|
3! AAAAAAAAAUAGGGUGUGGGUGGGAGAAGAUGGG 5  mut-Gg
i U
G
(o
A
wild-type
mut-G,
mut-Gg

Figure 3. Quadruplex formations in the PQSS in 5'- and 3'-UTRs. Probing quadruplex formation (A) in the wild-type GLI 3'-UTR and its mutant and (B) in the INHA 5'-UTR. Bar
indicated the PQSSs in the UTRs. The lane markers U, G, C, and A indicate the bases on the template strand of the wild-type UTRs.

in 5'- and 3’-UTRs. We focused on the two PQSSs in the human
transcription factor Gli1 (GLI) 3’-UTR and in the inhibin-A (INHA)
5'-UTR. The GLI encoded a zinc finger protein that mediates Hedge-
hog signaling at the end of the pathway, and activation of Glil
protein has been shown to be responsible for tumorigenesis.?’
The INHA encodes peptide hormone that inhibits the production
of follicle-stimulating hormone (FSH) by the pituitary gland. The
inhibins play roles in the control of gametogenesis, and embryonic
and fetal development.?'

The GLI 3'-UTR exclusively gave paused bands at the 3'-side of
the PQSS (5'-GGGAUGGGAGGUAUGGGCUGGGGG-3') ( Fig. 3A). A
GGGGG-to-AAAAA  mutation (5-GGGAUGGGAGGUAUGGGCUAA
AAA-3') in the PQSS completely disrupted the formation of quadru-
plex as observed in the wild-type GLI 3'-UTR. This observation sug-
gested the stable quadruplex formation in the guanine-rich GLI
PQsSS.

While, the INHA 5-UTR gave two major paused bands in
the PQSS (5'-GGGUAGAAGAGGGUGGGUGUGGGAUGGGGAGGGG-3')
(Fig. 3B, lane 5). Sequential mutations of guanine-repeat units from
the 3’-side of the PQSS moved the formation of paused products to
5'-side of the templates (Fig. 3B, lanes 6 and 7). Furthermore, all the
paused products were assigned to be at the 3'-side of the guanine-
repeat in the PQSS, implying that guanine-repeat regions can afford
a variety of quadruplex formations in UTRs.

The RTase stop assay described here provided direct evidence
for quadruplex formation in these UTRs, as well as information
regarding the structural diversity of quadruplexes in the PQSS.
The resolution of the RTase stop assay is high enough to address
the structural diversity of quadruplexes, which would be feasible
in many other guanine-rich regions in UTRs.
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Abstract

More effective therapeutic approaches for castration-resistant prostate cancer (CRPC) are urgently needed,
thus reinforcing the need to understand how prostate tumors progress to castration resistance. We have
established a novel mouse xenograft model of prostate cancer, KUCaP-2, which expresses the wild-type an-
drogen receptor (AR) and which produces the prostate-specific antigen (PSA). In this model, tumors regress
soon after castration, but then reproducibly restore their ability to proliferate after 1 to 2 months without AR
mutation, mimicking the clinical behavior of CRPC. In the present study, we used this model to identify
novel therapeutic targets for CRPC. Evaluating tumor tissues at various stages by gene expression profiling,
we discovered that the prostaglandin E receptor EP4 subtype (EP4) was significantly upregulated during
progression to castration resistance. Inmunohistochemical results of human prostate cancer tissues con-
firmed that EP4 expression was higher in CRPC compared with hormone-naive prostate cancer. Ectopic
overexpression of EP4 in LNCaP cells (LNCaP-EP4 cells) drove proliferation and PSA production in the ab-
sence of androgen supplementation in vitro and in vivo. Androgen-independent proliferation of LNCaP-EP4
cells was suppressed when AR expression was attenuated by RNA interference. Treatment of LNCaP-EP4
cells with a specific EP4 antagonist, ONO-AE3-208, decreased intracellular cyclic AMP levels, suppressed
PSA production in vitro, and inhibited castration-resistant growth of LNCaP-EP4 or KUCaP-2 tumors in vivo.
Our findings reveal that EP4 overexpression, via AR activation, supports an important mechanism for
castration-resistant progression of prostate cancer. Furthermore, they prompt further evaluation of EP4
antagonists as a novel therapeutic modality to treat CRPC. Cancer Res; 70(4): 1606-15. ©2010 AACR.

Introduction

Prostate cancer is one of the most frequently diagnosed
cancers in the Western world (1). Because prostate cancer
development is initially dependent on androgens, medical
or surgical castration is the mainstay therapy for patients
with advanced prostate cancer. However, most patients ulti-
mately relapse after a period of initial response to this ther-
apy, progressing to castration-resistant prostate cancer
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(CRPC). Effective therapeutic approaches for CRPC are ex-
tremely limited. Treatment with docetaxel was established
as a new standard of care for CRPC patients (2). However,
it is not curative, and optimal timing of administration re-
mains controversial. Consequently, it is highly desirable to
explore new therapeutic strategies based on detailed molec-
ular mechanisms for the development of castration resis-
tance in prostate cancer.

The generation of suitable in vivo models is critical to
better understand the processes associated with the develop-
ment and progression of prostate cancer. We have previously
reported a novel prostate cancer xenograft model named
KUCaP-1 (previously referred to as KUCaP; ref. 3). KUCaP-1
tumors harbor the W741C mutant androgen receptor (AR),
regress soon after castration in mice, and do not regrow with
long-term follow-up (4). We have now established another
novel xenograft model named KUCaP-2 using locally recur-
rent CRPC specimens derived from a different patient. The
KUCaP-2 tumors harbor wild-type AR, regress soon after
castration, and restore their ability to proliferate after 1 to
2 months without AR mutation. As the sequential changes
of the xenograft resemble the clinical behavior of prostate
cancer, this model may provide an excellent system to
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study the mechanisms associated with castration-resistant
progression of prostate cancer and to evaluate new treat-
ment modalities for CRPC.

In KUCaP-2, prostaglandin E receptor EP4 subtype (EP4)
expression significantly increased with the development of
castration resistance. We explored the function of EP4 in
prostate cancer cells as a potential target for the treatment
of CRPC.

Materials and Methods

Generation of xenograft model. Clinical materials were
used after informed consent was obtained, according to pro-
tocols approved by the institutional review board at Kyoto
University Hospital. All experiments involving laboratory an-
imals were done in accordance with the Guideline for Animal
Experiments of Kyoto University. Local recurrent tumors af-
ter radical prostatectomy were resected trans-urethrally,
minced into 20 to 30 mm® tumor bits, and transplanted s.c.
into 5-wk-old male nude mice (Charles River Japan) with
50 uL of Matrigel (Becton Dickinson) injected around the im-
plant. The KUCaP-2 xenograft was established ~10 mo after
the first inoculation. The xenograft tumors were extracted
and transplanted to several mice without Matrigel. Ninety
percent of the tumor was serially transplantable.

Sequence analysis. Genomic DNA from the xenograft tis-
sue was extracted and all of the exons of the AR gene were
sequenced as previously reported (3).

Tissue sampling and DNA microarray analysis. The
mice bearing KUCaP-2 tumors were castrated and the se-
quential changes in tumor volume were analyzed as previ-
ously reported (3). Serum samples were obtained at sacrifice
to measure prostate-specific antigen (PSA) values. Xenograft
tissues of KUCaP-2 were collected during various stages and
total RNA was isolated and purified using the RNeasy Mini
Kit (Qiagen). Changes in gene expression were analyzed using
DNA microarray analysis with an Affymetrix Human Genome
U133 Plus2.0.

Real-time PCR. cDNA was synthesized from total RNA us-
ing a First-Strand ¢cDNA Synthesis Kit (Amersham Pharmacia
Biotech). Real-time PCR was performed using SYBR green
PCR Master Mix (Applied Biosystems) and monitored using
GeneAmp 5700 (Applied Biosystems) in triplicate. The ther-
mal cycling conditions were 95°C for 15 s, 60°C for 30 s, and
72°C for 30 s. The values were normalized to the levels of am-
plified glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The sequences of primers were as follows: EP4, 5'-GGAAAT-
GACCAGGCCAAGAC-3’ (sense) and 5'-CAACCCTGGACCT-
CACACCTA-3’ (antisense); PSA, 5'-GGAAATGACCA-
GGCCAAGAC-3’ (sense) and 5'-CAACCCTGGACCTCACACC-
TA-3' (antisense); AR, 5'-CTTCACCAATGTCAACTCCA-3’
(sense) and 5-TCATTCGGACACACTGGCTG-3' (antisense);
and GAPDH, 5'-GAATATAATCCCAAGCGGTTTG-3' (sense)
and 5’-ACTTCACATCACAGCTCCCC-3’ (antisense).

Antibodies and reagents. Anti-AR (C-19: sc-815) and anti-
PSA (C-19: sc7638) antibodies were obtained from Santa Cruz
Biotechnology. Anti-B-actin antibody (AC-15: ab6276) was
purchased from Abcam. Anti-EP4 antibody (COOH terminus:

101775) for Western blotting was obtained from Cayman
Chemical and anti-EP4 antibody (N terminus: LS-A3898) for
immunohistochemistry was obtained from MBL Internation-
al. The EP4-specific antagonist ONO-AE3-208 was provided
by Ono Pharmaceutical Co. (5). 5a-Dihydrotestosterone
was purchased from Sigma. Forskolin, an activator of adeny-
late cyclase, and dibutyryl cyclic AMP (dbcAMP), a cAMP
analogue, were purchased from Nacalai Tesque. H-89,
a cAMP-dependent protein kinase (PKA) inhibitor, was
obtained from Biomol International. An expression vector,
pcDNA3.1-EP4, was constructed by inserting the cDNA of
human EP4, digested from a cloning vector, pBluescript-
EP4 (6), into HindIII-BamHI sites of pcDNA3.1(-). Vectors
were transfected into the cells using Lipofectamine 2000
reagent (Invitrogen) and transfectants were selected by
geneticin (Nacalai Tesque).

Western blotting and immunohistochemistry. Western
blotting was performed with each primary antibody (AR,
1:400; PSA, 1:400; EP4 1:700; B-actin, 1:5,000) as previously
reported (7). Immunohistochemistry was performed by
standard indirect immunoperoxidase procedures using
each primary antibody (AR, 1:100; PSA, 1:100; EP4 1:400),
and the reaction was enhanced by microwave only in
EP4 immunohistochemistry. Hormone-naive prostate can-
cer (HNPC) tissues were derived from radical prostatecto-
my specimens of localized prostate cancer patients as
tissue microarrays constructed as previously reported (8,
9). CRPC tissue samples were local tumors obtained from
patients undergoing transurethral resection or autopsy.
The expression intensity was graded as none, weak, mod-
erate, and strong by a clinical pathologist (Y.M.) who was
blind to the clinicopathologic data. The grading was deter-
mined based on the intensity of staining for at least 20%
of the cancer cells.

Cell culture. The prostate cancer cell lines LNCaP, DU145,
and PC3 were obtained from the American Type Culture
Collection, passaged for fewer than 6 mo after resuscitation.
The cells were routinely cultured in RPMI 1640 (Invitrogen)
supplemented with 10% fetal bovine serum. For androgen-
depleted conditions, cells were cultured in phenol red-free
RPMI 1640 (Invitrogen) supplemented with 10% charcoal-
stripped fetal bovine serum (CSFBS; Hyclone). To analyze
the cell proliferation in vitro, 1.0 x 10° cells per well were
seeded into six-well plates and grown for indicated days,
and then cell numbers were counted in triplicate by a hemo-
cytometer. For the assessment of in vivo tumor growth, 0.5 x
107 to 1.0 x 107 cells were inoculated with 100 uL Matrigel
in the flank region of 5-wk-old male nude mice, and tumor
volumes were measured once weekly.

RNA interference. AR knockdown was performed using
stealth RNAi [stAR(1);HSS100620 and stAR(2);HSS100619]
compared with control nonspecific stealth RNAi (stCtr;12935-
400) purchased from Invitrogen. Cells were seeded at 5.0 x 10°
per well in six-well plates and incubated for 24 h. Each 160 pmol
of stealth RNAi was transfected using Lipofectamine 2000
reagent.

Luciferase assay. Cells were seeded at 1.5 x 10° per well in
24-well plates and were transiently cotransfected with 250 ng
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