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Extranodal Rosai-Dorfman disease involving bilateral
ovaries in a patient with a ventriculoperitoneal shunt
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Abstract

Rosai-Dorfman disease (RDD) is a rare condition of unknown etiology, and female genital tract involvement
in RDD is uncommon. We describe the first case of RDD with bilateral ovarian involvement in a patient
implanted with a ventriculoperitoneal (VP) shunt. The patient was a 17-year-old Japanese woman who had
undergone radiotherapy, surgery for extranodal RDD involving the brain, and VP shunt insertion at age 12.
Bilateral pelvic masses were incidentally detected on a computed tomography scan. She underwent laparo-
tomy for lesion extirpation. On abdominal washing cytology, histiocytes showing emperipolesis were identi-
fied. Bilateral salpingo-oophorectomy was performed instead of extirpation, as it was difficult to identify the
lesion margins. At 24 months after surgery, the patient is well and has not developed local recurrence. Thus,
RDD can recur because of implantation of lesion cells into the abdominal cavity through a VP shunt, as is

observed in the case of cerebral neoplasms.

Key words: ovarian mass, Rosai-Dorfman disease, VP shunt,

Introduction

Rosai-Dorfman disease (RDD) or sinus histiocytosis
with massive lymphadenopathy was first described
by Rosai and Dorfman in 1969.! It is characterized
by massive painless cervical lymphadenopathy,
low-grade fever, leukocytosis, increased erythrocyte-
sedimentation rate, and polyclonal hypergammaglobu-
linemia. The mean age at onset is reported to be
20.6 years with a male : female incidence ratio of 1.4:1.?
Extranodal involvement is present in approximately
43% of cases, and the commonly involved sites are the
skin, upper respiratory tract, bone, orbit, paranasal
sinuses, the central nervous system (CNS) etc?
Involvement of the female genital tract is extremely
rare, with only one reported case of uterine cervical
involvement. Microscopic features of the involved

lymph nodes are perinodal fibrosis and expanded
sinuses with non-neoplastic proliferation of histio-
cytes. These histiocytes are immunoreactive for S-100
protein, CD14, CD68, and vimentin but negative for
CD1la. Lymphocytophagocytosis or emperipolesis is a
characteristic finding of the disease.

The etiology, pathogenesis, and natural history of
RDD are unknown. At present, this condition is con-
sidered as a benign or reactive proliferation that
undergoes spontaneous regression. In contrast, extra-
nodal RDD often mimics a malignant tumor.’? Patients
may develop recurrence or progressive disease, and
multi-organ involvement has been reported. We
discuss the first case of a young female patient with
a history of intracranial RDD who presented with
ovarian involvement, possibly associated with a ven-
triculoperitoneal (VP) shunt placed at the time of
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Figure1 A computed tomography scan showing pelvic
masses. The ventriculoperitoneal shunt is indicated by
an arrow.

resection of the primary meningeal lesion 5 years pre-
viously.

Case Report

The patient was a 17-year-old Japanese woman with a
history of radiation therapy and surgical resection of a
primary meningeal lesion and VP shunt insertion at
the age of 12. The results of pathological examination of
the tumor led to a diagnosis of RDD. The patient was
administered additional radiation therapy for multiple
recurrent lesions in the spinal cord at ages 13 and 16.
She had been doing well until February 2006, when she
presented to a hospital with a slight fever and general
fatigue. Hematological examination revealed elevation
of the C-reactive protein (CRP) level (13.3mg/dL)
without leukocytosis. Meningitis was suspected, but
an examination of the cerebrospinal fluid disclosed
no abnormality. Despite the administration of
panipenem/betamipron, the CRP level remained
elevated. In order to identify the infectious focus, a
systemic computed tomography (CT) scan was ob-
tained, and incidental pelvic masses were observed
in close proximity to the VP shunt catheter (Fig. 1).
Subsequently, the patient was referred to our hospital
for further evaluation and treatment of the pelvic
masses. At the first visit to our hospital, she com-
plained of abdominal distension and polyuria. On
pelvic examination, bilateral mobile pelvic masses were
noted, and a magnetic resonance (MR) image showed
7- and B8-cm-wide solid masses that were located

© 2009 The Authors
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side-by-side, were well demarcated, and had smooth
surfaces. The intensity of the masses was low on T1-
weighted MR images and intermediate on T2-
weighted MR images; the masses were well enhanced
on contrast-enhanced MR images (Fig. 2). The levels of
tumor markers such as carcinoembryonic antigen,
CA-125, CA19-9, and alpha-fetoprotein were all within
normal limits. The radiological differential diagnoses,
determined on the basis of the finding of solid and
well-demarcated masses, were fibroma, thecoma, lei-
omyoma etc. A diagnosis of exiranodal RDD with bilat-
eral ovarian involvement was made because the masses
were similar to the previous meningeal lesion, particu-
larly with regard to the signal intensities on MR
imaging. Laparotomy for the extirpation of the lesion
with preservation of the normal ovarian tissue was
planned. Intraoperative exploration revealed solid,
mobile, bilateral ovarian masses. Abdominal washing
cytology revealed the presence of histiocytes with evi-
dence of emperipolesis (Fig.3). Bilateral salpingo-
oophorectomy was performed as it was difficult to
recognize the boundary between the lesion and the
normal ovarian tissue, and to perform extirpation. The
final pathological review of the specimen confirmed
the results of the intraoperative frozen-section exami-
nation of the affected tissues of both ovaries: mono-
nuclear and multinuclear polygonal histiocytes with
evidence of emperipolesis were seen (Fig. 4), and the
specimen was positive for S-100 protein and CD68.
The patient was discharged 10 days after the surgery
when her CRP level was normal; she was prescribed
estrogen-replacement therapy. She has been doing well
and has not shown any evidence of local recurrence for
24 months after surgery.

Discussion

While more than 600 cases of RDD have been reported,
we believe this is the first reported case of extranodal
RDD involving the ovaries. It is possible that the
ovarian involvement was caused by implantation of the
cells from the lesion in the CNS via the VP shunt
because histiocytes were present in the abdominal
washing cytological specimens, and this may have led
to intra-abdominal relapse of RDD. When a VP shunt is
placed for the management of hydrocephalus and
viable cells of any type from the lesion in the CNS are
present in the cerebrospinal fluid, a potential pathway
is created for implantation of these cells through the
shunt to the abdomen.
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Figure 3 Photomicrograph of abdominal washing cyto-
logical specimen. Histiocytes exhibiting emperipolesis
are seen (Giemsa stain, original magnification x400).

Indeed, VP shunt-related abdominal metastases have
been reported for many types of brain neoplasms,
including medulloblastoma and other primitive
neuroectodermal tumors, astrocytoma, germinoma,
oligodendroglioma, ganglioglioma, ependymoma and
melanoma.? However, VP shunt-related recurrence of
RDD has not been reported before. Thus, it is possible
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Figure2 A magnetic resonance
image showing pelvic masses.
Top: Tl-weighted axial image;
left: T2-weighted sagittal image;
and right: contrast-enhanced
sagittal image. The sacral lesion,
which was irradiated when the
patient was 16, was one of the
multiple recurrent lesions in
the spinal cord (indicated by an
arrow).

Figure 4 Histopathology slide of the ovarian tumor
showing solid growths consisting of mononuclear and
multinuclear polygonal histiocytes (hematoxylin and
eosin stain, original magnification x100). Emperipolesis
is indicated by an arrowhead (inset, original magnifi-
cation x400).

that RDD recurred because of implantation of lesion
cells into the abdominal cavity through the VP shunt -
a phenomenon that has been observed in the case of
other cerebral neoplasms.
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Radiotherapy for RDD has been reported to show
limited efficacy, while chemotherapy is in general inef-
fective.” Surgical resection is considered necessary in
patients with impaired function of vital organs and/or
with extranodal localization manifesting as important
clinical signs. RDD generally has a favorable prognosis,
but some patients have a chronic course with stable or
progressive disease. In contrast to RDD involving a
single lymph node region, RDD involving extranodal
or multiple sites usually has a protracted course. It has
been reported that when the surgical margins are
involved, local recurrence is likely. This suggests that
surgery with disease-free margins is crucial for locore-
gional control.?” In our case, the preservation of normal
ovarian tissue was difficult, and oophorectomy was
performed to avoid local recurrence. However, extir-
pation of the lesion should be considered when appro-
priate and technically feasible.

This case illustrates the importance of considering
metastatic disease in a patient in whom a VP shunt has
been implanted. Doctors should keep in mind that
RDD might recur because of implantation of lesion
cells into the abdominal cavity through a VP shunt, as
is known to occur in the case of cerebral neoplasms.

© 2009 The Authors
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To elucidate the mechanisms of rapid progression of serous ovarian
cancer, gene expression profiles from 43 ovarian cancer tissues com-
prising eight early stage and 35 advanced stage tissues were carried
out using oligonucleotide microarrays of 18 716 genes. By non-negative
matrix factorization analysis using 178 genes, which were extracted as
stage-specific genes, 35 advanced stage cases were classified into two
subclasses with superior (n = 17) and poor (n = 18) outcome evaluated
by progression-free survival (log rank test, P = 0.03). Of the 178 stage-
specific genes, 112 genes were identified as showing different expres-
sion between the two subclasses. Of the 48 genes selected for
biological function by gene ontology analysis or Ingenuity Pathway
Analysis, five genes (ZEB2, CDH1, LTBP2, COL16A1, and ACTA2) were
extracted as candidates for prognostic factors associated with
progression-free survival. The relationship between high ZEB2 or low
CDH1 expression and shorter progression-free survival was validated
by real-time RT-PCR experiments of 37 independent advanced stage
cancer samples. ZEB2 expression was negatively correlated with CDH7
expression in advanced stage samples, whereas ZEB2 knockdown in
ovarian adenocarcinoma SKOV3 cells resuited in an increase in CDH7
expression. Muitivariate analysis showed that high ZEB2 expression
was independently associated with poor prognosis. Furthermore, the
prognostic effect of E-cadherin encoded by CDHT was verified using
immunohistochemical analysis of an independent advanced stage
cancer samples set (n = 74). These findings suggest that the expression
of epithelial-mesenchymal transition-related genes such as ZEB2 and
CDH1 may play important roles in the invasion process of advanced
stage serous ovarian cancer. (Cancer Sci 2009; 100: 1421-1428)

The serous type, comprising approximately 50% of ovarian
cancers, is the most aggressive histology and has a tendency
to be detected as advanced stage at the time of diagnosis.!?
Patients with advanced stage serous ovarian cancer are managed
with surgical cytoreduction followed by platinum and taxane-based
chemotherapy. Serous ovarian cancer is moderately chemosensitive
and initiaily responds to postoperative chemotherapy, but the
survival of patients with advanced stage remains poor. Because
the majority of early stage ovarian cancers are asymptomatic and
there is as yet no reliable screening test, it is difficult to diagnose
early stage serous ovarian cancer. Therefore, the molecular mech-
anisms of progression in serous ovarian cancer should provide
valuable clues for early detection and improved prognosis.

The development of microarray technology permits analysis
of the expression levels of thousands of genes in cancer cells,
and several studies have shown that microarrays can be used to
identify gene expression profiles associated with surgery outcome,
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response to chemotherapy, grade, and survival in ovarian
cancers.®'? However, there are limited reports of microarray ana-
lysis on tumor progression.!82 Serous ovarian cancer more rapidly
progresses to advanced stage than other histological types.“? In
the present study, we used genome-wide expression microarray
to distinguish between stage I (ovary confined) and stage II/IV
serous ovarian cancers to focus on the molecular mechanisms of
tumor progression and metastasis. Our microarray analysis iden-
tified 178 stage-specific genes, and also divided advanced stage
(stage III/IV) ovarian cancers into two novel prognostic subclasses,
by the NMF method. There were significant differences between
the two subclasses in progression-free survival time. Furthermore,
we extracted CDH]I and its transcriptional repressor ZEB2 from
the 112 genes that were differentially expressed between the two
novel subclasses, and found that the expression levels of these
epithelial-mesenchymal transition-related genes®? are associ-
ated with tumor progression and prognosis in advanced stage
serous ovarian cancer patients.

Materials and Methods

Tissue samples. Eighty-nine patients (17 stage I; 72 stage I/
IV) who were diagnosed with serous histological type ovarian
cancer between July 1997 and October 2007 were recruited in
this study. Fresh-frozen samples were obtained from primary
tumor tissues at initial cytoreductive surgery. No patients received
chemotherapy before surgery. All patients with advanced stage
serous ovarian cancer (n=72) were treated with platinum and
taxane-based chemotherapy after surgery. The ethics committees
of the participating institutions approved the study protocol, and
each participant gave written, informed consent. Of the 89
samples, 43 were analyzed with microarray. The remaining 46
samples were used for subsequent validation analysis. There
were no significant differences between the two samples sets
regarding age of onset, stage, performance of optimal cytor-
eduction, histological grade, and follow-up period between the
microarray set and validation set (Supplementary Table 1). Staging
of the disease was assessed in accordance with the criteria of the
International Federation of Gynecology and Obstetrics.?® Optimal
cytoreduction was defined as <1 cm of gross residuval disease.
The histological characteristics of surgically resected specimens
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were assessed on formalin-fixed and paraffin-embedded
hematoxylin—eosin sections, and frozen tissues containing more
than 80% tumor cells were used for RNA extraction. Normal
peritoneum tissues were obtained from 10 patients having other
procedures (such as hysterectomy for myoma uteri) at Niigata
University. Tumors of 43 samples used for microarray analysis
were screened for the presence of TP53 somatic mutations using
previously reported methods.®® Four patients with family
history of ovarian cancer in the microarray set were examined
for germline mutations of BRCAI according to an in-house
protocol,®® and two patients showed mutations of BRCAI.

Microarray experiments. Total RNA, extracted from tissue samples
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was
examined with a 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA, USA) using an RNA 6000 Nano LabChip (Agilent
Technologies). Five hundred nanograms of total RNA was
converted into labeled cRNA with nucleotides coupled to Cy3
(PerkinElmer, Boston, MA, USA) using the Low RNA Input
Fluorescent Linear Amplification Kit (Agilent Technologies).
Cy3-labeled cRNA (1.5 pg) was hybridized for 17 h at 65°C to
an Agilent Human 1A (v2) Oligo Microarray, which carries 60-mer
probes to 18 716 human transcripts. The hybridized microarray
was washed and then scanned in Cy3 channel with the Agilent
DNA Microarray Scanner (model G2565AA). Signal intensity
per spot was generated from the scanned image with Feature
Extraction Software version 8.5 (Agilent Technologies) with the
default settings. Spots that did not pass quality control procedures
were flagged as ‘absent’.

Microarray data analysis. Data normalization was carried out
using GeneSpring GX 7.3 (Agilent Technologies) as follows: (i)
values below 0.01 were set to 0.01, following background subtrac-
tion; and (ii) median percentile normalization was carried out
using a per-chip 50th percentile of all measurements. Furthermore,
genes with expression levels marked as ‘absent’ in more than
22 of 43 microarrays were excluded to analyze ovarian cancer-
specific transcripts. When the gene expression patterns of two
groups were compared, genes showing twofold or more mean
expression differences between the groups were first determined
by Welch’s #test in GeneSpring GX. For multiple testing correc-
tions in this statistical analysis, the Benjamini-Hochberg pro-
cedure®” of controlling the false discovery rate at the level of
0.05 was used.

To assess heterogeneity of the gene expression profile among
serous ovarian cancer patients, we applied a NMF algorithm and
hierarchical clustering using stage-specific gene expression
profiles. NMF analysis was carried out according to Brunet ef al. 2%
as previously reported.®

To investigate the biological functions of the gene expression
profiles, we used GO Ontology Browser, embedded in GeneSpring
GX, and IPA (http://www.ingenuity.com). More detailed infor-
mation about this analysis using the GO Ontology Browser and
IPA is given in Supplementary methods.

Quantitative RT-PCR analysis. Total RNA (1 pg) from ovarian
cancer was used as a template in first-strand cDNA synthesis with
the SuperScript OI First-Strand Synthesis System (Invitrogen).
The ¢cDNA was diluted one in ten for subsequent real-time
PCR, which was carried out using TagMan Gene Expression
Assays (Applied Biosystems) with TagMan Universal PCR
Master Mix (Applied Biosystems) on a 7900HT Sequence Detection
System (Applied Biosystems) according to the manufacturers’
instructions, Detailed information on the 23 transcripts examined
is summarized in Supplementary Table 2. The relative quantifi-
cation method®® was used to measure the amounts of the
respective genes in serous ovarian cancer samples, normalized
to ACTB and TBP.,

Analysis of clinical and pathological parameters. All analyses
except Cox’s proportional hazard analysis were done using
GraphPad PRISM version 4.0 (GraphPad Software, San Diego,
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CA, USA). Survival curves were investigated using the Kaplan—
Meier method and log rank test (GraphPad PRISM). When clinico-
pathological parameters among ovarian cancer patients were
compared, unpaired rtest, Fisher's exact test or ¥*test was used
depending on the purpose (GraphPad PRISM). Pearson’s corre-
lation coefficient was calculated for correlation between ZEB2
expression and CDH1 expression. Differences in gene expression
levels between two subclasses were tested by Mann-Whitney test.
Using a log, transformation of expression data, Cox’s proportional
hazard model analysis was carried out using JMP version 6 (SAS
Institute, Cary, NC, USA).

Resuits

Identification and characterization of molecular subclasses from
advanced stage serous ovarian cancer cases. Using Agilent Human
1A(v2) Oligo microarray, we generated gene expression data for
43 serous ovarian cancers comprising eight stage I and 35 stage
III/IV tumors, as well as 10 normal peritoneum tissues as a
reference. First, 4275 ovarian cancer-specific genes that were
differentially expressed between ovarian cancer and peritoneum
tissues were isolated. Of these 4275 transcripts, 178 stage-specific
genes showing significantly more than twofold upregulation or
downregulation in stage III/IV samples compared to stage I
samples; 107 transcripts were upregulated and 71 transcripts
downregulated in stage III/IV serous ovarian cancers (Supple-
mentary Fig. 1).

To clarify the heterogeneity of the samples at the transcrip-
tome level, 43 serous ovarian cancer samples were analyzed by
the NMF method®?**3! using the 178 transcriptomes that were
differentially expressed between stage I samples and stage III/IV
samples. Figure 1(A) shows reordered consensus matrices aver-
aging 50 connective matrices generated for subclasses K =2, 3,
4, and 5. The most distinct pattern of block partitioning was
observed at the K = 2 model. Thus, the NMF method predicts
the existence of robust subclasses of serous ovarian cancer sam-
ples for K =2. This prediction was quantitatively supported by
higher values of coph for NMF-clustered matrices. The NMF
class assignment for K =2 was the most robust with the highest
coph value (coph = 0.999). Interestingly, one subclass in the K =2
model was composed of eight stage I samples and 17 stage I/
IV samples, whereas the other was composed of 18 stage III/IV
samples. To verify the accuracy and robustness of the classifica-
tion, a hierarchical clustering approach was also applied to log-
transformed normalized data for stage-specific target genes. As
depicted in Figure 1(B), 43 serous ovarian cancer samples were
separated into two main branches showing similarity with the
NMF-based subclassification. Thus, it was confirmed that the 35
advanced stage serous ovarian cancer samples were categorized
into two distinct subclasses at the transcriptome level. A group
composed of 17 stage III/IV samples with gene expression pro-
files similar to stage I samples was termed ‘subclass 1°, and the
second group comprising 18 stage II/IV samples was termed
‘subclass 2°. Two patients were identified as harboring BRCAI
mutations: one patient belonged to stage I and the other to sub-
class 1 in the array analysis, but there was no particular gene
expression pattern due to the mutations based on the expression
levels of the 178 stage-specific genes.

‘We then investigated the possibility that the two subclasses of
advanced stage serous ovarian cancers split by the NMF approach
might represent clinically, pathologically, or genetically distinct
characteristics. The distribution of several known prognostic
factors is listed in Table 1. The two subclasses were similar in
age of onset, stage, CA125 level before treatment, presence of
tumor cells in ascites, histological grade, presence of lymph
node metastasis, and frequency of TP53 mutations, except that
subclass 1 had a higher rate of optimal cytoreduction than sub-
class 2 (Fisher’s exact test, P = 0.09). When the outcome of two
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Fig. 1. Subclassification of 43 serous ovarian cancer samples and their prognosis. (A) By a non-negative matrix factorization (NMF) approach, NMF-
consensus matrices averaging 50 connectivity matrices were computed at K = 2-5 (as the number of subclasses modeled) for the 43 serous ovarian
cancer samples with 178 stage-specific genes. The NMF computation and model selection were carried out according to Brunet et al.®® By
accounting for the cophenetic correlation coefficients (coph) for NMF-clustered matrices, the NMF class assignment at K =2 was the most robust,
One subclass in the K=2 model contained samples both from stage | (n=8) and II/IV (n=17), whereas the other contained only stage iil/IV
samples (n = 18). {B) A hierarchical clustering method was also used to classify serous ovarian cancer samples using 178 stage-specific genes. The
43 serous samples were largely separated into two clusters. The stage assignments for samples are: stage 1, red; and stage 11V, yellow. (C) Kaplan-
Meier survival curves between two NMF-based subclasses of the 35 stage IIi/IV patients. Subclass 1, composed of 17 advanced stage patients with
gene expression profiles similar to that of stage I, showed statistically prolonged progression-free survival (log rank test, P=0.031), but no
significant correlation with overall survival (log rank test, P=0.068).
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subclasses was compared for progression-free survival and overall
survival, the Kaplan—-Meier curves showed significantly better
outcome in cases belonging to subclass 1 in progression-free
survival (Fig. 1C, log rank test, P =0.031) and fair ountcome in
overall survival (Fig. 1C, log rank test, P = 0.068).

Association of subclass-specific gene expression profile with
prognosis of ovarian cancer patients. To characterize the gene
expression differences associated with distinct prognoses between

Yoshihara et al.

the two subclasses of advanced stage serous ovarian cancers, we
identified 112 subclass-specific transcripts that were differentially
expressed between the two subclasses; 25 transcripts were up-
regulated in subclass 1 and 87 transcripts were upregulated in
subclass 2 (Supplementary Table 3). We then examined the
biological functions of the 112 subclass-specific genes using
two analytic tools, GO analysis and IPA, to clarify the biological
mechanism of tumor progression. The Gene Ontology Biological
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Table 1. Clinical characteristics of two subclasses of advanced stage
serous ovarian cancer samples

Subclass 1 Subclass 2

Table 2. Univariable Cox’s proportional hazards mode! analysis of
expression levels of five genes for progression-free survival and
overall survival in patients with advanced stage serous ovarian cancers

Characte(nstlc (n=17) (n=18) P-value Gene symbol Hazard ratio (95% CI) P-value
Age (years) 58.5+8.6 61.1+£12.6 0.49! Microarray set (n=35)
Stage Progression-free survival
Stage I 16 15 1* ZEB2 1.35 (1.06-1.77) 0.015*
Stage IV 1 3 CDH1 0.75 (0.62-0.94) 0.017*
CA125 (IU) 1987 £ 2021 1178+ 1057 0.14" LTBP2 1.63 (1.04-2.57) 0.032*
Cancer cell in abdominal fluid COL16A1 1.33 (1.02-1.74) 0.034*
Positive 15 15 1# ACTA2 1.21 (1.01-1.46) 0.036*
Negative 2 3 Overall survival
Optimal cytoreduction ZEB2 1.56 (1.06-2.47) 0.023*
Optimal (<1 ¢cm) 12 7 0.09¢ CDH1 0.81 (0.67-1.03) 0.081
Not optimal 5 1 LTBP2 2.53 (1.43-4.58) 0.0017*
Lymph node metastasis COL16A1 1.66 (1.12-2,59) 0.012*
Positive 6 4 1* ACTA2 1.44 (1.10-1.95) 0.0087*
Negative 9 6 Validation set (n=37)
Unknown 2 8 Progression-free survival
Grade ZEB2 1.74 (1.08-2.92) 0.023*
Grade 1 6 4 0.18¢% CDH1 0.20 (0.09-0.45) 0.00006*
Grade 2 9 7 LTBP2 1.16 (0.75-1.75) 0.49
Grade 3 2 7 COL16A1 1.18 (0.92-1.51) 0.20
TP53 status ACTA2 1.22 (0.90-1.66) 0.19
wild type 11 9 0.50* Overall survival
Mutated 6 9 ZEB2 1.89 (1.06-3.64) 0.029*
Differences in clinical characteristics between subclass 1 and subclass 2 f?gl-::; ?;jsa(é(;§§;162;)) g;g
were tested using the tunpaired t-test, *Fisher's exact test or ¥y-test. A ) :
COL16A1 1.23 (0.93-1.66) 0.15
ACTA2 1.43 (0.99-2.13) 0.052
*P < 0.05.

Process categories over-represented among 112 subclass-specific
genes are shown in Figure 2(A). After multiple testing corrections
using the Benjamini-Hochberg FDR method, seven categories were
significantly over-represented, and included 37 non-overlapping
genes. Subclass-specific genes were involved in biological processes
of transport (GO6817, GO15698, GO6820, and GO6811), develop-
ment (GO48513 and GO1501), and cell adhesion (GO7155), and
included a high proportion of extracellular matrix-related genes.
In addition, when ID of Agilent probes of 112 subclass-specific
transcripts were imported into the IPA software, a new pathway
comprising 26 genes that were enriched in extracellular matrix
genes was identified (Fig. 2B). Fifteen genes belonged to both
the seven GO categories and the new network, and 48 non-
redundant genes were biologically characterized.

To investigate whether the expression profile of the 48 genes
extracted by GO analysis or IPA was implicated in the aggressive
phenotype of ovarian cancer, we analyzed the association between
the respective expression levels of the 48 genes and progression-

free survival time using univariate Cox’s proportional hazard .

model. The expression levels of ZEB2, CDHI1, LTBP2, COLI6AI,
and ACTA2 were significantly correlated with progression-free
survival (Table 2). When overall survival also was evaluated by
Cox’s proportional hazard model, the expression of the above
genes except CDHI was significantly correlated with overall
survival.

Validation by quantitative real-time RT-PCR. To validate the micro-
array expression data, we measured expression levels of 23
randomly selected transcripts from the 112 subclass-specific trans-
cripts by real-time RT-PCR analysis. In agreement with microarray
results, there was a significant difference between the expression
levels of the 23 transcripts measured by real-time RT-PCR of
subclass 1 and subclass 2 (Supplementary Table 4).

To validate the previous findings that the expression levels of
ZEB2, CDH1, LTBP2, COLI6AI, and ACTA2 are associated with
progression-free survival, quantitative real-time RT-PCR was
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carried out on 46 samples comprising nine stage I samples and
37 stage III/IV samples recruited as an independent validation set.
Cox’s proportional hazard analysis showed that the expression
levels of ZEB2 and CDHI were again correlated with progression-
free survival (P = 0.023 and 0.00006, respectively) (Table 2).
Moreover, ZEB2 expression was significantly associated with
overall survival (P =0.029). At the protein level, an association
of the expression of E-cadherin (encoded by CDHI) with pro-
gnosis of advanced stage serous ovarian cancer patients was
further verified by immunohistochemical analysis of independent
sarples (n=74) (Supplementary Fig, 3) as previously reported.?2-3

Interaction between ZEB2 and CDH1. ZEB?2 directly interacted with
CDH]1 in the IPA network, as shown in Figure 2(B). We also
found a significantly negative correlation between ZEBZ2 expression
and CDH1 expression (Pearson’s correlation coefficient: —0.432,
P =0.0002) in advanced stage serous ovarian cancers using real-
time RT-PCR data (n = 72). ZEB2 acts on the promoter of CDH],
a well-known epithelial marker, and reduces its expression.®>36
To confirm the interaction between ZEB2 and CDHI in ovarian
cancer cells, a siRNA approach was used. For this purpose, we
selected the SKOV3 cell line expressing endogenously higher
ZEB?2 and lower CDHI mRNA than other ovarian cancer cell lines
(Supplementary Fig. 3A,B). In SKOV3 cells, siRNA-mediated
transient silencing of ZEB2 expression resulted in upregulation
of CDHI expression and downregulation of FNI and VIM
expression (Supplementary Fig. 3C-F).

For multivariate analysis, we selected ZEB2 from the two genes
as likely to be the more important prognostic factor owing to its
functional significance as an upstream repressor of CDHI1.®»
The prognostic capability of ZEB2 was further compared with
other prognosis-related variables such as clinicopathological
factors including age, performance of optimal cytoreduction,
and histological grade using multivariate Cox’s proportional
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Fig. 2. Biological characterization of 112 subclass-
specific genes using Gene Ontology analysis and
Ingenuity Pathway Analysis (IPA). (A) Significant
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negative logarithm [base 10]) after multiple testing
correction of the Benjamini-Hochberg false dis-
covery rate method for the significant (g < 0.05)
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specific genes, using 4275 ovarian cancer-specific
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hazards analysis (Table 3). To increase the reliability of the multi-
variate analyses, all of the advanced stage serous ovarian cancer
samples (n = 72) were analyzed by the real-time PCR technique.
In Cox’s proportional hazards model, ZEB2 expression and the
rate of optimal cytoreduction surgery were independent factors
for progression-free survival time (P = 0.014 and 0.0011 respec-
tively). The hazard ratio for relapse of ZEB2 expression was
1.37 (95% confidence interval 1.07-1.78). Furthermore, when
overall survival was evaluated by multivariate analysis, only the
ZEB?2 expression level was independently associated with overall
survival time (P = 0.027, hazard ratio = 1.53, 95% confidence
interval 1.05-2.22).

ZEB2 and CDH1 expression and survival, To clarify the details of
the ZEB2—-CDHI1 relationship, we analyzed the prognostic impli-
cations with regard to combinations of ZEB2 and CDH1 expression.
For this purpose, we divided all of the samples into four groups,
as shown in Table 4, when using a median expression level of
each gene as a threshold for sample division. Multivariate Cox’s
proportional hazard model was used to compare survival among
these four groups. The group showing high expression of CDHI
and low expression of ZEB2 served as a reference. Of the four
groups, the only group with low expression of CDHI and high
expression of ZEB2 showed significantly poor prognosis in both
progression-free survival and overall survival (P = 0.0035 and
0.013 respectively). When ZEB2 expression was analyzed in
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direct interaction

indirect interaction

combination with CDH1 expression, the prognostic power of these
genes became more significant.

Discussion

In this study, we evaluated the global gene expression profile to
clarify the molecular etiology of the rapid progression specific
to serous histological type cancers. We first attempted to
subclassify our 43 serous type ovarian cancer tissues comprising
eight stage I samples and 35 stage II/IV samples by a stepwise
extraction of genes reflecting expression differences between
samples (Supplementary Fig. 1). Although various classification
methods have been proposed to characterize various cancer types
at the molecular level using gene expression data, most of the
methods tend to be unstable, producing different clusters with
slightly different input or different choice of initial conditions.®”
Brunet et al.®® showed that NMF is able to recover biologically
significant phenotypes and appears superior to other methods
especially when prior knowledge is lacking or undetermined. By
applying the NMF algorithm, 35 patients with advanced stage
serous ovarian cancer were grouped into two subclasses with
112 subclass-specific genes representing unique characteristics
of tumor progression. Interestingly, one subclass, subclass 1
(n=17), with a gene expression profile similar to that of stage
I, showed a favorable outcome compared to the other subclass,
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