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PROJECT 1 - MOLECULAR CHARACTERIZATION OF OVARIAN SEROUS
TUMORS DEVELOPING ALONG DIFFERENT PATHWAYS

Ie-Ming Shih, M.D., Ph.D.



ABSTRACT:

The purpose of this study is to elucidate the pathogenesis of serous carcinoma by identifying the molecular
genetic changes and preferentially expressed genes of different histological types of serous neoplasms. We
hypothesize that the development of serous carcinoma proceeds along two main pathways: one is rapid
progression from ovarian surface epithelium to high-grade serous carcinoma without well-established
morphological precursors ("de novo" pathway) and the other is a gradual development from borderline
tumors, to non-invasive micropapillary serous carcinomas then to low-grade carcinomas (stepwise pathway).
The first pathway results in a high-grade neoplasm (conventional serous carcinoma) and the second leads to
the development of a low-grade indolent tumor. Both types of carcinomas and the putative precursor lesions
of invasive MPSC are characterized by distinctive molecular genetic alterations and specific gene
expression. We identified that mutations in KRAS and BRAF genes characterized the development of low-
grade serous carcinomas. Expression of HLA-G, apoE and membralin molecules were confined to high-
grade serous carcinomas. This project, designed to test our proposed model of diverse pathways in the
pathogenesis of ovarian serous carcinoma, provides an etiologic basis for the other two projects.
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INTRODUCTION

The objective of this proposal is to elucidate the pathogenesis of serous carcinoma by identifying the
molecular genetic changes and preferentially expressed genes of different histological types of serous
neoplasms. We hypothesize that the development of serous carcinoma proceeds along two main pathways:
one is rapid progression from ovarian surface epithelium to conventional serous carcinoma without well-
established morphological precursors ("de novo" pathway) and the other is a gradual development from
serous borderline tumor (atypical proliferative tumor), to non-invasive micropapillary serous carcinoma then
to invasive micropapillary serous carcinoma (stepwise pathway). The first pathway results in a high-grade
neoplasm (conventional serous carcinoma) and the second leads to the development of a low-grade indolent
tumor (invasive micropapillary serous carcinoma). Both types of carcinomas and the putative precursor
lesions of invasive micropapillary serous carcinoma are characterized by distinctive molecular genetic
alterations and specific gene expression. This project, designed to test our proposed model of diverse
pathways in the pathogenesis of ovarian serous carcinoma, provides an etiologic basis for the other two
projects in this proposal. Although many genes are altered during tumorigenesis, only a few are truly critical
for tumor progression. Identifying these genes holds promise for the development of new diagnostic assays
and immunology-directed treatment for patients with different types of serous carcinoma.
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BODY

There are no substantial changes or modifications of the original statements. The accomplishments
associated with each task outlined in the approved statement of work are detailed, point by point in the
followings.

Task 1: To characterize the molecular genetic alterations of ovarian serous tumors developing along
two different pathways.

In the past several years, we have conducted a systematic clinicopathologic and molecular analysis of a large
number of SBTs and invasive epithelial ovarian tumors of all histologic types in an effort to delineate their
pathogenesis and behavior '. By careful examination of histopathology of SBT, we identify a unique
"variant" of SBTs- non-invasive micropapillary serous carcinoma (or intraepithelial low-grade serous
carcinoma) which are more frequently associated with extraovarian disease (implant) and poor clinical
outcome as compared to the conventional SBT (called atypical proliferative tumor) 2-5. We define the
morphological criteria of "good" versus "bad" implants to predict the clinical outcome in SBT patients 6
Based on mutational analysis and the patterns of allelic imbalance, we provide the molecular evidence of
tumor progression from cystadenoma to atypical proliferative tumor, intraepithelial low-grade serous
carcinoma (or non-invasive micropapillary serous carcinoma) then to invasive low-grade serous carcinoma
We demonstrate that mutations in BRAF and KRAS characterize SBT and low-grade serous carcinoma 7,8

and that mutations in both genes occur early in the tumor progression, i.e., the cystadenoma stage, preceding
the development of SBTs 9. We show that mutations of BRAF and KRAS correlate with the activation of
mitogen activated protein kinase (MAPK), the downstream target of KRAS-BRAF signaling pathway, in
SBT and low-grade serous carcinomas 10 and have defined the downstream molecular targets regulated by
activated MAPK in SBT using serial analysis of gene expression (Pohl, unpublished data). We further show
that in contrast to BRAF and KRAS, mutations in p53 gene are significantly less frequent in SBTs and low-
grade serous carcinoma than in conventional high-grade serous carcinoma ',. We have studied the
chromosomal imbalance in SBTs using CGH and demonstrated that the pattern of chromosomal imbalance
was similar between APST and non-invasive MPSC (intraepithelial low-grade serous carcinoma) but distinct
from conventional high-grade serous carcinoma 13. Based on our studies, we have extended our "dualistic
pathway" model into a modified hypothesis in the development of ovarian cancer

Task 2: To identify the genes preferentially expressed in the serous carcinomas.

We have continued to perform serial analysis of gene expression (SAGE) to characterize differential genes
expressed in either low-grade (micropapillary) or high-grade serous carcinomas. We have finished SAGE
library construction, sequencing and analysis in 2 high-grade and 2 low-grade ovarian serous carcinomas in
the second year of the funding period. We then combined the SAGE results and cDNA microarray analysis
(as an alternative approach to complement SAGE as described in the original aim), we have identified
several high-grade associated and low-grade associated genes in ovarian cancer. More specifically, we have
identified HLA-G, membralin and apolipoprotein E overexpression in high-grade but not in low-grade serous
carcinoma. This part of study has been published in Clin Cancer Res 14 and has been submitted for
publication (including a research paper pending revision in Cancer Res). The validation and clinical
application of HLA-G and apolipoprotein E expression will be described in the next section (Task 3).
Besides, we have identified two low-grade associated genes, p21 and anti-trypsin, based on analysis of
SAGE data we have collected.

Task 3: To validate the candidate genes and assess their biological significance in the development of
serous carcinoma.
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We have validated three of the candidate genes, HLA-G, apolipoprotein E and membralin in high-grade
ovarian serous tumors and seeked for the clinical application and biological functions of these markers 14
The summary of these three studies are summarized as follows.

HLA-G molecule is a MHC class II molecule involved in immune response. The HLA-G
immunoreactivity ranging from focal to diffuse was detected in 45 of 74 (61%) high-grade ovarian serous
carcinomas but in none of the 18 low-grade serous carcinomas or 26 serous borderline tumors (atypical
proliferative tumors and non-invasive micropapillary serous carcinomas) that were studied. The differential
expression of HLA-G in high-grade but not low-grade serous carcinomas may have biological significance
as HLA-G appears to facilitate tumor cell evasion of the immune system by protecting the malignant cells
from lysis by natural killer cells. This finding is similar to the HLA-G expression observed in large cell
carcinoma of the lung that is associated with a poor outcome as compared with absence of expression in
carcinomas with a better prognosis. HLA-G staining was not detected in a wide variety of normal tissues
including ovarian surface epithelium and normal breast tissue. RT-PCR demonstrated the presence of HLA-
G5 isoform in all tumor samples expressing HLA-G. ELISA was performed to measure the sHLA-G in 42
malignant and 18 benign ascites supematants. sHLA-G levels were significantly higher in malignant ascites
than in benign controls (p<0.001). We found that the area under the receiver-operating characteristic (ROC)
curve for sHLA-G was 0.95 for malignant versus benign ascites specimens. At 100% specificity, the highest
sensitivity to detect a malignant ascites was 78% (95% CI, 68% - 88%) at a cutoff of 13 ng/ml. In summary,
our findings suggest that measurement of sHLA-G is a useful molecular adjunct to cytology in the
differential diagnosis of malignant versus benign peritoneal ascites.

Apolipoprotein (Apo) E has been recently identified as a potential tumor-associated marker in
ovarian cancer by serial analysis of gene expression. ApoE has long been known to play a key role in lipid
transport and its specific isoforms participate in the atherosclerogenesis. However, its role in human cancer
is not known. In this study, apoE expression was frequently detected in ovarian serous carcinomas, the most
common and lethal type of ovarian cancer. It was not detected in serous borderline tumors and normal
ovarian surface epithelium. Inhibition of apoE expression using an apoE specific siRNA led to G 2 cell cycle
arrest and apoptosis in an apoE expressing ovarian cancer cell line, OVCAR3, but not in an apoE negative
cell line, SKOV3. Furthermore, the phenotype of apoE-siRNA treated OVCAR3 cells was not reversed by
exogenous apoE in the culture medium. Expression of apoE in nuclei was significantly associated with a
better patient survival who had advanced stage serous carcinomas at the 5-year follow-up (p=0.004). This
study suggests a new role of apoE in cancer as apoE expression is important for the survival in apoE
expressing ovarian cancer cells and its expression is associated with a favorable clinical outcome in ovarian
cancer patients.

A novel gene, membralin, was cloned from a human ovarian cancer cell line in the DoD 2 nd year
funding period. Human membralin is unique without significant sequence homology to other human genes
except the membralin from the other species. The gene contains 11 exons which encodes at least two spliced
variants in human cancer. The long form of membralin is composed of 11 exons, encoding a protein of 620
amino acids and the short form contains all exons except the exon 10, encoding a protein of 408 amino acids.
Expression of different membralin isoforms depends on the tissue type. Long form of membralin is
expressed in ovarian and colorectal carcinomas but not in breast or pancreatic carcinomas which express
only the short from. Membralin-GFP fusion protein demonstrates its exclusive cytoplasmic localization.
Based on quantitative real-time PCR, in situ hybridization and Western blot analysis, membralin was highly
expressed in ovarian serous carcinomas as compared to serous borderline tumors and ovarian surface
epithelium (p< 0.001). Furthermore, the expression level of membralin correlated with a worse 5-year
survival in patients with previously untreated stage III ovarian serous carcinomas (p< 0.05). In conclusion,
these findings provide the first characterization of human membralin and suggest that membralin is a novel
tumor-associated marker in ovarian serous carcinomas with potential prognostic significance.
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KEY RESEARCH ACCOMPLISHEMEHNTS

"• Continue providing molecular genetic evidence to support the hypothesis of the dualistic pathway in
the development of ovarian serous carcinoma. We further modify and extend our hypothesis to
include all the major types of ovarian carcinomas.

"* Mutations of KRAS and BRAF characterize the development of low-grade (invasive micropapillary)
serous carcinomas based on mutational analysis of 186 ovarian serous tumors.

"* Demonstration of mutations of KRAS and BRAF occur very early in the tumor progression of serous
borderline tumors, suggesting "gate-keeper" roles of both genes in the development of serous
borderline tumors.

"* HLA-G, apoE and membralin overexpression is associated with high-grade (conventional) serous
carcinomas and p21 and anti-trypsin overexpression is associated with low-grade serous tumors.
Further studies reveal their clinical relevance and biological functions in ovarian serous carcinomas.

"* Completion in the generations of ovarian tumor tissue arrays including a whole spectrum of lesions
and normal tissues that could serve as an important research tool for this program project and others
in ovarian cancer research. The tissue microarray set is currently ready to be used in the entire
program project.
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REPORTABLE OUTCOMES

Articles published in the 2"" year of funding period (September, 2003-August 2004):

Ho C-L, Kurman RJ, Dehari R, Wang T-L, Shih IM. Mutations of BRAF and KRAS precede the
development of ovarian serous borderline tumors. Cancer Res, in press.

Shih IM and Kurman RJ. Ovarian tumorigenesis - a proposed model based on morphological and molecular
genetic analysis. Am J Pathol, 164: 1511-1518, 2004.

Cheng EJ, Kurman RJ, Wang M, Oldt III R, Wang BG, Berman DM, Shih IM. Molecular genetic analysis
of ovarian serous cystadenoma. Lab Invest, 84:778-784, 2004.

Singer G, Rebmann V, Chen Y-C, Cheng C-C, Liu H-T, Ali SZ, Reinsberg J, McMaster MT, Pfeiffer K,
Chan DW, Wardelmann E, Grosse-Wilde H, Cheng CC, Kurman RJ, Shih I-M. HLA-G is a potential tumor
marker in malignant effusion. Clin Cancer Res, 9: 4460-4466, 2003.

Hsu C-Y, Bristow R, Cha MS, Wang BG, Ho C-L, Kurman RJ, Wang TL, Shih IM
Characterization of Active Mitogen-activated Protein Kinase in Ovarian Serous Carcinomas. Clin Cancer
Res, in press.

Shih IM and Wang TL. Exploring cancer genome using innovative technologies. Curr Opin Oncol, in press.

Singer G, Stohr R, Cope L, Dehari R, Hartmann A, Cao D-F, Wang TL, Kurman RJ, Shih IM. Patterns of
p53 mutations separate ovarian serous borderline tumors, low and high-grade carcinomas and provide
support for a new model of ovarian carcinogenesis. Am J Surg Pathol, in press.

Article submitted for review:

Research resource:
Ovarian tumor tissue microarrays- TMA 64, 65, 66, 209, 210, 211, 212, 213, 311, 312.

Trainees who received awards using this funding resource:
Brant G. Wang, MD, PhD, research fellow, Johns Hopkins University, recipient of the HERA Ovarian
Cancer Research Award, 2003 (advisor: I-M Shih).
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CONCLUSIONS

Summary of the accomplished research findings: Ovarian epithelial tumors are the most common type of
ovarian cancer and are the most lethal gynecologic malignancy. The main purpose of the Project 1 is to
delineate the molecular basis of ovarian serous tumors and identity the genes that are associated with tumors
that develop along different pathways in tumor progression. The 2 nd year of DoD project has made progress
toward this goal as we have finished many of the tasks proposed in the specific aims. Based on
clinicopathological and molecular observations, we propose a new model for their development. In this
model, ovarian serous tumors are divided into two categories designated low-grade and high-grade tumors
which correspond to two main pathways of tumorigenesis. Low-grade neoplasms arise in a stepwise fashion
from borderline tumors whereas high-grade tumors arise from ovarian surface epithelium or inclusion cysts
for which morphologically recognizable precursor lesions have not been identified, so-called "de novo"
development. Low-grade tumors are associated with distinct molecular changes that are rarely fond in high-
grade tumors, such as BRAF and KRAS mutations. Gene expression profiling has shown that the two types of
ovarian serous tumors are characterized by distinct gene expression patterns. Some of the genes have been
selected for further studied to reveal their clinical and biological significance.
Implications and significance of the accomplished research findings: Our proposed model of
carcinogenesis in ovarian serous tumors reconciles the relationship of borderline tumors to invasive
carcinoma and provides a morphologic and molecular framework for studies aimed at elucidating the
pathogenesis of ovarian cancer. Identification and characterization of the panoply of molecular changes
associated with ovarian carcinogenesis will facilitate development of diagnostic tests for early detection of
ovarian cancer and for the development of novel therapies aimed at blocking key growth-signaling pathways.
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Ovarian Tumorigenesis

A Proposed Model Based on Morphological and Molecular
Genetic Analysis

le-Ming Shih and Robert J. Kurman carcinoma and provides a morphological and mo-
Flom the I)upa'lmtotuts o?" t'atbolug0'l, oi i/ogt' cald GYr,'ecologr lecular framework for studies aimed at elucidating

antd Obstttrics. ohnhts Hopkipis Lni'er'itiv Stbootl qf Medicine, the pathogenesis of ovarian cancer. (Am J Patbol
1laltimr, , 4,oh ttand 2004, 164:1511-1518)

Ovarian cancer is the most lethal gynecological malig-

"rhe pathogenesis of ovarian carcinoma, the most le- nancy and surface epithelial tumors (carcinomas) are the

thai gynecological malignancy, is unknown because most common type of ovarian cancer. Despite consider-
of the lack of a tumor progression modeL Based on a able efforts aimed at elucidating the molecular mecha-

review of recent clinicopathological and molecular nisms of ovarian carcinoma, its pathogenesis is still un-
studies, we propose a model for their development, known, because unlike colorectal carcinoma,' a

In this model, surface epithelial tumors are divided progression model has not been described. Ovarian car-
into two broad categories designated type I and type II cinomas are heterogeneous and are primarily classified
tumors that correspond to two main pathways of by cell type into serous, mucinous, endometrioid, clear
tumorigenesis. Type I tumors tend to be low-grade cell, and Brenner (transitional) tumors corresponding to

neoplasms that arise in a stepwise manner from bor- different types of epithelia in the organs of the female
derline tumors whereas type II tumors are high-grade reproductive tract.2 - ' The tumors in each of the catego-

neoplasms for which morphologically recognizable ries are further subdivided into three groups, benign,
precursor lesions have not been identified, so-called malignant, and intermediate (borderline tumor) to reflect
de not'o development. As serous tumors are the most their behavior. Mucinous and endometrioid borderline

common surface epithelial tumors, low-grade serous tumors are often associated with invasive carcinomas but

carcinoma is the prototypic type I tumor and high- serous borderline tumors are rarely associated with se-
grade serous carcinoma is the prototypic type II tu- rous carcinomas. This latter observation as well as re-
mor. In addition to low-grade serous carcinomas, cent molecular genetic studies showing a very different

type I tumors are composed of mucinous carcinomas, frequency of p53 and KRAS mutations in serous carci-
endometrioid carcinomas, malignant Brenner tu- noma as compared to serous borderline tumors have led
mors, and clear cell carcinomas. Type I tumors are most investigators to conclude that serous borderline
associated with distinct molecular changes that are
rarely found in type II tumors, such as BRAF and tand seous carcnasure u a The un-
KRAS mutations for serous tumors, KRAS mutations certainty about the nature of the borderline group offor ucioustumrs, nd 3-ctenn an PTN mta- tumors, reflected by the ambiguous term "borderline," is
tions and microsatellite instability for endometrioid a major shortcoming of the current classification. Here wetion an mirosteliteinstbilty or ndoetroid review recent histopathological and molecular genetic
tumors. Type II tumors include high-grade serous car-

cinoma, malignant mixed mesodermal tumors (carci-
nosarcoma), and undifferentiated carcinoma. There Supported by the United States Department of Defense (research grant
are very limited data on the molecular alterations no. 0C010017)
associated with type II tumors except frequent p53 Accepted for publication Decernber 22, 2003.
mutations in high-grade serous carcinomas and Address reprint requests to Robert J. Kurman or le-Ming Shih, Depart-

malignant mixed mesodermal tumors (carcinosar- ment of Pathology, Johns Hopkins Medical Institutions, Weinberg Cancer
comas). This model of carcinogenesis reconciles Center, Room 2242, 401 N Broadway, Baltimore, MD 21231 E mail:

the relationship of borderline tumors to invasive rkurrnan@jhmi edu (RJK). E-mail: shihie@yahoo com (IS).
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studies to re-examine this issue and propose a model of there is a morphological and biological spectrum begin-
ovarian carcinogenesis that integrates clinical, his- ning with a benign serous cystadenoma/adenofibroma,
topathological, and molecular genetic findings, through a proliferative tumor (atypical proliferative serous

tumor) to a noninvasive carcinoma (noninvasive MPSC)
ending with an invasive low-grade serous carcinoma (in-

Clinical and Pathological Observations that vasive MPSC).
Provide the Basis for the Proposed Model Low-grade serous carcinomas typically pursue an in-

dolent course that may last more than 20 years." 2 3

Throughout the last 10 years, we have conducted a sys- Approximately 50 to 60% of patients ultimately succumb
tematic microscopic and clinical analysis of a large num- because of widespread intra-abdominal carcinomatosis
ber of noninvasive and invasive epithelial ovarian tumors but the tumor maintains its low-grade appearance and
of all histological types in an effort to delineate their low proliferative index throughout its course (Silva et al,
pathogenesis and behavior',"> 2 These studies drew 1997 and unpublished data).1 3 This contrasts with con-
attention to a subset of low-grade serous tumors desig- ventional high-grade serous carcinoma that presents as
nated "micropapillary serous carcinoma (MPSC)" with a clinically aggressive neoplasm that spreads rapidly

characteristic histopathological features, low proliferative a in aggesive nopoasm thatysp s rapidlactivity, and an indolent behavior that contrasts dramat- and is associated with a poor outcome. Analysis of mu-
actiity an anindlen beavio tht cntrstsdraat- cinous, endometrioid, clear cell carcinomas, and malig-

ically with the conventional type of serous carcinoma, an cinousendetri clear c el arciomsan asi-
aggressive neoplasm that is high-grade and has high nant Brenner tumors reveals that they are often associ-
proliferative activity.2ý "' "' The term "MPSC" was origi- ated with cystadenomas, borderline tumors, and
nally proposed to distinguish the noninvasive form of this intraepithelial carcinomas. 2 Furthermore, it has been long
tumor from the more common noninvasive tumor, termed recognized that endometrioid carcinoma and clear cell
an "atypical proliferative serous tumor," both of which carcinoma are associated with endometriosis in the ovary

have been included under the rubric "borderline" or "low or pelvis in 15 to 50% of cases"4 5 leading investigators

malignant potential."'"' Histological transitions from ad- to propose that endometriosis is a precursor of these

enofibromas and atypical proliferative serous tumors to tumors. Rarely, a high-grade serous carcinoma is asso-

noninvasive MPSCs are observed in nearly 75% of cas- ciated with ovarian endometriosis but this is viewed as an

es.13 In addition, areas of infiltrative growth (stromal in- independent, coincidental finding; a causal relationship

vasion) immediately adjacent to the noninvasive compo- of endometriosis and serous carcinoma has never been

nent are found in a significant proportion of cases (Figure proposed. A recent clinical study using serial transvagi-

1) 13 These invasive MPSCs are synonymous with low- nal ultrasonography has shown that -50% of ovarian

grade serous carcinoma. The former term describes its carcinomas develop from pre-existing cystic lesions
histopathological features and the latter its clinical behav- whereas the remaining 50% develop in ovaries without
ior. The histopathological findings strongly suggest that apparent abnormality on ultrasound. "6 The former group
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Table 1. Prec+ ursor,,s mand Molrculuar Ceneti, Altcraticonr of Type I Tumomrs of the Ovary

Type I tumors Precursors' Known molecular genetic alterations

Low-grade serous carcinoma Serous cystadenoma/adenofibroma BRAF and KRAS mutations (-67%)
(invasive MPSC) Atypical proliferative serous tumor

Noninvasive MPSC
Mucinous carcinoma Mucinous cystadenoma KRAS mutations (>60%)

Atypical proliferative mucinous tumor
Intraepithelial carcinoma

Endometrioid carcinoma Endometriosis LOH or mutations in PTEN (20%)
Endometrioid adenofibroma ,3-catenin gene mutations (16-54%)
Atypical proliferative endometrioid tumor KRAS mutations (4 5%)
Intraepithelial carcinoma Microsatellite instability (13-50%)

Clear cell carcinoma Endometriosis KRAS mutations (5-16%)
Clear cell adenofibroma Microsatellite instability (-13%)
Atypical proliferative clear cell tumor TGF-/3 RII mutation (66%)t
Intraepithelial carcinoma

Malignant Brenner Brenner tumor Not yet identified
(transitional) tumor Atypical proliferative Brenner tumor

Abbreviation MPSC, micropapillary serous carcinoma: LOH, loss of heterozygosity, TGF, transforming growth factor.
*Atypical proliferative serous tumors and noninvasive MPSC have been termed "borderline" tumors in the literature Similarly for mucinous,

endornetrioid, clear cell, and Brenner tumors, atypical proliferative tumor and intraepithelial carcinoma have been combined and designated
"borderline tumor' in the literature.

'Based on preliminary results analyzing three cases.
5 7

was composed mainly of mucinous, endometrioid, clear often confined to the ovary at diagnosis. In contrast, type
cell carcinomas, and borderline tumors whereas the latter II tumors are high-grade at presentation. Type II carcino-
group was composed almost exclusively of high-grade mas include what are currently classified as high-grade
serous carcinomas. This distribution corresponds to the serous carcinoma (moderately and poorly differentiated),
type I and II tumors described below, malignant mixed mesodermal tumors (carcinosarcomas),

and undifferentiated carcinoma (Figure 1 and Table 2). In
addition, it is likely that some high-grade serous and

A Proposed Model of Ovarian Carcinogenesis undifferentiated carcinoma containing cells with clear cy-

Our clinicopathological and molecular genetic studies toplasm have been classified as clear cell carcinoma and

provide the basis for a proposed model of ovarian carci- would be included in this group. Although malignant

nogenesis in which there are two main pathways of tu- mixed mesodermal tumors (carcinosarcomas) were once

morigenesis, corresponding to the development of type I thought to be mixed tumors comprised of carcinoma and

and type II tumors (Tables 1 and 2). It should be empha- sarcoma, recent studies have demonstrated that they are

sized that the terms, type I and type II, describe path- monoclonal." 7  Accordingly, these tumors are now re-

ways of tumorigenesis and are not specific histopatho- garded as high-grade carcinomas with metaplastic sar-

logical terms. Type I tumors (low-grade serous comatous elements. Type II carcinomas are rarely asso-

carcinoma, mucinous carcinoma, endometrioid carci- ciated with morphologically recognizable precursor

noma, malignant Brenner tumor, and clear cell carci- lesions and it has been proposed that they develop de

noma) develop in a stepwise manner from well-recog- novo from the surface epithelium or inclusion cysts of the
nized precursors, namely borderline tumors that in turn ovary.7 They evolve rapidly, metastasize early in their
develop from cystadenomas and adenofibromas (Figure course, and are highly aggressive. It is likely that the
1 and Table 11)." The latter benign tumors appear to apparent de novo conventional high-grade serous carci-
develop from the surface epithelium or inclusion cysts in noma does develop in a stepwise manner but precursor
the case of serous and mucinous tumors and from endo- lesions have not yet been elucidated molecularly or mor-
metriosis or endometriomas in the case of endometrioid phologically (Figure 1). Presumably, this is because of
and clear cell tumors. Type I tumors are slow growing as rapid transit from inception as a microscopic carcinoma
evidenced by the observation that they are large and to a clinically diagnosed neoplasm. This is supported by

Table 2. Pre.ursmrna31d NrrlC•uL•'t Genetic Alturations of Tylpe tI Tutors of the Ovar'

Type II tumors* Precursors Known molecular genetic alterations

High-grade serous carcinoma Not yet identified p53 mutations (50-80%)
Amplification and overepxression of HER2/neu gene

(10%-20%) and AKT2 gene (12%-18%)
Inactivation of p16 gene (10% 17%)

Undifferentiated carcinoma Not yet identified Not yet identified
Malignant mixed mesodermal Not yet identified p53 mutations (> 90%)

tumor (carcinosarcomas)

"Type ii tumors can contain neoplastic cells with clear cytoplasm and have sometimes been classified as "clear cell carcinoma'
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Table 3. Sunim1i:x Of tini,,padtin ln gkn a Features 01' the Punrntotypic Type I and Type 11 Tumon rs: Low-Grade and High-Gradle
Sreiu,', (Crcinomnia, Renspectivinly

Response to
Frequency Histologic features Precursor lesions Clinical behaviorl chemotherapy

Low grade -25% of serous Micropapillary Serous cystadenoma Indolent; slow progression Poor
carcinomas* architecture, low- Serous atypical 5-year survival -55%1

grade nuclei: low proliferative (borderline)
mitotic index tumor

High grade --75% of serous Solid nests and Not known: probably from Aggressive: rapid Good, although
carcinomas* masses; high- ovarian surface progression, 5-year recurrence is

grade nuclei: high epithelium or inclusion survival- 30% common
mitotic index cysts (de novo)

"Based on a survey at the Johns Hopkins Hospital Most patients will eventually die from the disease after a protracted clinical course
'Advanced stage turnors
'See Seldev et al "

the significantly higher Ki-67 nuclear labeling (prolifera- Molecular Evidence Supporting the Dualistic
tion) index in conventional high-grade serous carcinomas Model
compared to low-grade serous carcinomas (unpublished
data),. Serous carcinoma is the most common type of ovarian

This dualistic model is the first step in an attempt to carcinoma and therefore low-grade and high-grade se-
elucidate the molecular pathogenesis of ovarian carcinoma, rous carcinomas serve as the prototypes of type I and
but should not be construed as implying that other path- type II carcinomas, respectively (Table 3). Accordingly,
ways of tumorigenesis do not exist For example, it is not the molecular genetic data that are being advanced in
certain whether there are other subsets of type II carcino- support of the dualistic model are derived mainly from
mas. Molecular profiling and epidemiological studies will be studies of serous carcinoma.
important to determine whether there are distinct subsets of There are several distinctive molecular changes that
type II tumors. Also it is not clear whether some low-grade distinguish low-grade and high-grade serous carcinomas
serous carcinomas (type I) progress to high-grade serous (Table 4). Among them, the most significant molecular
carcinomas (type II). We have observed serous carcinomas genetic alterations are mutations in BRAF and KRAS on-
with high-grade nuclei and abundant mitotic activity that cogenes. The RAS, RAF, MEK, ERK, and MAP cascade is
display a micropapillary architecture, simulating invasive important for the transmission of growth signals into the
MPSC (low-grade serous carcinoma). We thought that nucleus,2 1 Oncogenic mutations in BRAF and KRAS re-
these high-grade tumors may have arisen from invasive suit in constitutive activation of this pathway and contrib-
MPSCs (low-grade serous carcinoma) but like conventional ute to neoplastic transformation. Recent studies have
high-grade tumors without a micropapillary architecture demonstrated that KRAS mutations at codons 12 and 13
these tumors did not harbor KRAS mutations, indicating that occur in 35% of low-grade serous carcinomas (invasive
they are not derived from invasive MPSCs (low-grade se- MPSCs) and 33% of borderline tumors (atypical prolifer-
rous carcinomas) (see below)." These data are preliminary ative tumor and noninvasive MPSC) but not in high-grade
and do not rule out the possibility that some low-grade serous carcinomas.5 21 Similarly, BRAF mutations at
serous carcinomas progress to high-grade carcinomas but codon 599 occur in 30% of low-grade serous carcinomas
the findings do support the view that ovarian serous carci- and 28% of borderline tumors but not in high-grade se-
nomas can be graded into low- and high-grade based on rous carcinomas."0 Mutations in BRAF and KRAS, there-
nuclear rather than architectural features. Preliminary clini- fore, were found in 65% of low-grade invasive serous
copathological studies of other type I carcinomas (muci- carcinomas and in 61% of atypical proliferative tumors
nous, endometrioid, and clear cell carcinomas) have dem- and noninvasive MPSCs, their putative precursors, but
onstrated that some are moderately and even poorly neither of the genes was mutated in high-grade serous
differentiated, suggesting that some type I carcinomas can carcinomas. It is of interest that BRAF mutations were
evolve from low- to high-grade neoplasms. found only in tumors with wild-type KRAS. 20 The mutually

"Table 4. Surnuiri (it Molecular IFeriures ot tt rniotypin Type I a nd T[type II Tumors: l.owV,-Gr•(te arnd !tigh-(Grade Serous
(i'areinolmi. Re.peei iw,-tvly

KRAS BRAF BRAF or KRAS TP53 HLA-G Proliferation
mutations mutations mutations mutations expression (Ki-67) index

Low grade 35% 30% 65% 0 0 -- 10-15%
High grade 0 0 0 50%-80% 61% >50%
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exclusive nature of BRAF mutations at codon 599 and tumors were described simply as "serous carcinomas,"
KRAS mutations at codons 12 and 13 in ovarian carci- we have referred to them as "presumably high-grade"
noma is consistent with similar findings in melanoma and because the vast majority of serous carcinomas are high
colorectal carcinoma2 2 2 3 and lends support for the view grade.
that BRAF and KRAS mutations have an equivalent effect on Besides molecular genetic alterations, both low-grade
tumorigenesis. Mutations of BRAF and KRAS seem to occur and high-grade serous carcinomas are characterized by
very early in the development of low-grade serous carci- distinct gene expression profiles. For example, transcrip-
noma as evidenced by the detection of these mutations in tome-wide gene expression profiling has demonstrated
small atypical proliferative serous tumors but not in serous that human leukocyte antigen-G (HLA-G) and apoli-
cystadenomas.24 These data provide cogent evidence poprotein E (apoE) are overexpressed in most high-
that the development of conventional high-grade serous grade serous carcinomas but rarely in low-grade serous
carcinomas involves molecular mechanisms not related carcinomas. HLA-G immunoreactivity, ranging from focal
to mutations in BRAF and RAS. to diffuse, was detected in 45 of 74 (61%) high-grade

In contrast to low-grade serous carcinoma in which ovarian serous carcinomas but in none of the 18 low-
mutations in p53 are rare, mutations in p53 are common grade serous carcinomas or 26 serous borderline tumors
in high-grade serous carcinomas. Most studies have (atypical proliferative tumors and noninvasive MPSCs)
shown that -50 to 80% of advanced stage, presumably that were studied."0 A similar correlation of HLA-G ex-
high-grade, serous carcinomas have mutant p53.2.... It pression with behavior has been observed in large cell
has also been reported that mutant p53 is present in 37% carcinoma.41 A possible mechanism that explains the
of stage I and II presumably high-grade serous carcino- association of HLA-G expression with prognosis is that
mas.3" In a study of very early microscopic stage I serous HLA-G seems to facilitate tumor cell evasion of the im-
carcinomas in ovaries removed prophylatically from mune system by protecting malignant cells from lysis by
women who were BRCA heterozygotes, overexpression natural killer cells.42

of p53 and mutation of p53 were found in all early invasive Recently, apoE expression has been detected in ovar-
high-grade serous carcinomas as well as in the adjacent ian tumors, Besides the well-known role of apoE in cho-
dysplastic surface epithelium. 31 It is likely that inherited lesterol transport and in the pathogenesis of atheroscle-
mutations in BRCA genes predispose the ovarian surface rogenesis and Alzheimer's disease, apoE may play a
epithelium and inclusion cysts to neoplastic transforma- novel role in the development of human cancer. In ovar-
tion through an increase in genetic instability. Although ian carcinomas, expression of apoE is primarily confined
sporadic ovarian carcinomas were not analyzed in this to type II high-grade serous carcinoma because apoE
study, the clinical and pathological features of BRCA- immunoreactivity has been detected in 66% of high-
linked ovarian carcinomas and their sporadic counter- grade but only 12% of low-grade serous carcinomas. In
parts are indistinguishable, suggesting that their histo- contrast, apoE immunoreactivity was not detected in nor-
genesis may be similar. Thus, although the findings are mal ovarian surface epithelium, serous cystadenomas,
preliminary, they suggest that conventional high-grade serous borderline tumors, and other type I tumors (Chen,
serous carcinoma, in its very earliest stage resembles unpublished data). Inhibition of apoE expression in vitro
advanced stage serous carcinoma at a molecular as well induces cell-cycle arrest and apoptosis in apoE-express-
as at a morphological level. Similar to high-grade serous ing ovarian cancer cells, suggesting that apoE expres-
carcinoma, malignant mixed mesodermal tumors (carci- sion is important for their growth and survival.
nosarcomas) also demonstrate p53 mutations in almost The genes that are specifically expressed in other
all cases analyzed.3 2

-
3 4 It has been reported that the types of ovarian carcinomas remain primarily unknown.

same p53 mutations occur in the epithelial and the mes- Recently, hepatocyte nuclear factor-1(3 and glutathione
enchymal components.3 2 Moreover, the fact that pure peroxidase 3 have been reported as molecular markers
carcinomatous areas are often associated with sarcoma- for ovarian clear cell carcinoma because both genes are
tous components suggests a common derivation of both highly expressed in ovarian clear cell carcinomas but
the epithelial and the mesenchymal components in these rarely in other ovarian carcinomas.4 3 4 4

neoplasms."' The finding that metastases from these Finally, allelic imbalance (calculated as the number of
tumors nearly always are composed exclusively of carci- SNP markers with allelic imbalance/total SNP markers
noma has led investigators to suggest that malignant examined) has been assessed in atypical proliferative
mixed mesodermal tumors are metaplastic carcinomas, tumors, noninvasive MPSCs, and low-grade serous car-

In addition to p53 mutations, conventional serous car- cinoma (invasive MPSC).1' A progressive increase in the
cinomas that are presumably high-grade demonstrate degree of allelic imbalance of chromosomes 1p, 5q, 8p,
amplification/overexpression of HER-2/neu tyrosine ki- 18q, 22q, and Xp was noted when comparing atypical
nase gene in 20 to 67%36 and AKT2 serine/threonine proliferative tumors with noninvasive and low-grade se-
kinase gene in 12 to 18% of samples analyzed.37 38 In rous carcinomas (invasive MPSCs). In particular, allelic
contrast, amplification of both genes is rare in borderline imbalance of chromosome 5q was more frequently ob-
tumors. Inactivation of the p16 gene because of promoter served in noninvasive MPSCs compared with atypical
methylation, mutation, or homozygous deletion occurs in proliferative tumors and allelic imbalance of chromosome
a variety of human cancers including conventional ovar- lp was more frequently found in low-grade serous car-
ian serous carcinoma that presumably are high grade.39  cinoma (invasive MPSC) compared with noninvasive
Because these are molecular genetic studies in which the MPSCs. The allelic imbalance patterns in atypical prolif-



1516 Shih and Kurman
'i/P lfai 2004. Iol 164 N, 5

erative tumors were also found in noninvasive MPSCs noma and point to a common precursor lesion for these
containing adjacent atypical proliferative tumor compo- two neoplasms..
nents, further supporting the view that atypical prolifera-
tive tumors are the precursors of MPSCs. In contrast, all
high-grade serous carcinomas including the very earliest Conclusion
tumors (less than 8 mm confined to one ovary) showed
high levels of allelic imbalance. As allelic imbalance re- Based on morphological and molecular genetic analyses
flects chromosomal instability, the above findings sug- of a large series of ovarian tumors, we have proposed a
gest a step-wise increase in chromosomal instability in tumor progression model for ovarian carcinoma. In this
the progression to low-grade serous carcinoma in con- model, ovarian tumors are divided into two broad cate-
trast to a high level of chromosomal instability in high- gories designated type I and type II. These designations
grade serous carcinoma even in their earliest stage of refer to pathways of tumorigenesis and are not specific
development, histopathological terms. Type I tumors include low-grade

The stepwise progression of borderline tumors (atypi- serous carcinoma, mucinous carcinoma, endometrioid
cal proliferative tumor and noninvasive MPSC) to low- carcinoma, malignant Brenner tumors, and clear cell car-
grade serous carcinoma (invasive MPSC) closely ap- cinoma. Type II tumors are composed of what are cur-
proximates the adenoma-carcinoma sequence in rently classified as moderately and poorly differentiated
colorectal carcinoma and the progression of the other serous carcinoma (high-grade serous carcinoma), malig-
type I carcinomas, specifically mucinous and endometri- nant mixed mesodermal tumors (carcinosarcomas), and
old carcinoma. In mucinous carcinoma for example, mor- undifferentiated carcinoma. Some of the latter may con-
phological transitions from cystadenoma to an atypical tain cells with clear cytoplasm and have therefore been
proliferative tumor (borderline tumor), to intraepithelial classified erroneously as clear cell carcinomas. The tu-
carcinoma and invasive carcinoma have been recog- morigenic pathway for type I tumors resembles the ade-
nized for some time and an increasing frequency of KRAS noma-carcinoma sequence in colorectal cancer and is
mutations at codons 12 and 13 has been described in characterized by clearly recognized precursor lesions,
cystadenomas, borderline tumors, and mucinous carci- namely, cystadenoma, atypical proliferative tumor, and
nomas, respectively. 1.45 41 In addition, using microdis- noninvasive carcinoma. The latter two noninvasive tu-
section, the same KRAS mutation has been detected in mors have traditionally been combined into one category
mucinous carcinoma and in the adjacent mucinous cys- designated "borderline." Type I tumors evolve slowly and
tadenoma and borderline tumor.45 Likewise, in endo- are associated with distinct molecular changes that are
metrioid carcinomas, mutation of /J3-catenin has been re- rarely found in type II tumors such as mutations in BRAF
ported in approximately one-third of cases49" and and KRAS for serous tumors, KRAS mutations for muci-
mutation of PTEN in 20%, rising to 46% in those tumors nQus tumors, and P-catenin and PTEN mutations for en-
with 10q23 loss of heterozygosity.5 1 These mutations are dometrioid tumors. In contrast, type II tumors evolve rap-
generally detected in well-differentiated, stage I tumors idly, arising directly from the surface epithelium or
with a good prognosis, suggesting that inactivation of inclusion cysts and metastasize early in their course.
these genes is an early event. Moreover, similar molecu- There are very limited data on the molecular alterations
lar genetic alterations including loss of heterozygosity at associated with type II tumors except frequent mutations
10q23 and mutations in PTEN have been reported in of p53 in high-grade serous carcinomas and malignant
endometriosis, atypical endometriosis, and ovarian endo- mixed mesodermal tumors (carcinosarcomas). This
metrioid carcinoma in the same specimen. 5"- The mo- model reconciles the inconsistency in the current classi-
lecular genetic findings together with the morphological fication of ovarian tumors that regards borderline tumors
data showing a frequent association of endometriosis as a distinct entity unrelated to invasive carcinoma and
with endometrioid adenofibromas, atypical proliferative provides a morphological and molecular genetic frame-
(borderline) tumors, adjacent to invasive well-differenti- work for future studies aimed at elucidating the patho-
ated endometrioid carcinoma provide evidence of step- genesis of ovarian cancer, Unraveling the complex mo-
wise tumor progression in the development of endometri- lecular genetic pathways involved in ovarian
oid carcinoma. Clear cell carcinoma is also frequently carcinogenesis will require correlated morphological and
associated with endometriosis, clear cell adenofibromas, molecular genetic studies. Identification and character-
and clear cell atypical proliferative (borderline) tumors ization of the panoply of molecular changes associated
but molecular evidence for the stepwise progression with ovarian carcinogenesis will facilitate development of
model is lacking because molecular markers specific to diagnostic tests for early detection of ovarian cancer and
clear cell neoplasms have only recently been identi- for the development of novel therapies aimed at blocking
fied.4 3

4 Transforming growth factor-f3 receptor type II key growth-signaling pathways.
has been found to be mutated in the kinase domain in two
of three clear cell carcinomas but rarely in other histolog-
ical types of ovarian carcinomas.5 7 Microsatellite insta- Acknowledgments
bility is present in endometrioid and clear cell carcinoma
but is only rarely detected in serous and mucinous tu- We thank the members of gynecological pathology divi-
mors.5815 These findings provide further evidence of the sion at Johns Hopkins Medical Institutions for their review
close relationship of endometrioid and clear cell carci- of this manuscript.
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Molecular genetic changes that are associated with the initiating stage of tumor
development are important in tumorigenesis. Ovarian serous borderline tumors
(SBTs), putative precursors of low-grade serous carcinomas, are among the few
human neoplasms with a high frequency of activating mutations in BRAF and
KRAS genes. However, it remains unclear as to how these mutations contribute to
tumor progression. To address this issue, we compared the mutational status of
BRAF and KRAS in both SBTs and the adjacent epithelium from cystadenomas,
the presumed precursor of SBTs. We found that 3 of 8 SBTs contained mutant
BRAF and 4 SBTs contained mutant KRAS. All specimens with mutant BRAF
harbored wild type KRAS and vice versa. Thus, 7 (88%) of 8 SBTs contained either
BRAF or KRAS mutations. The same mutations detected in SBTs were also
identified in the cystadenoma epithelium adjacent to the SBTs in 6 (86%) of 7
informative cases. As compared to SBTs, the cystadenoma epithelium, like
ovarian surface epithelium, lacks cytological atypia. Our findings provide cogent
evidence that mutations of BRAF and KRAS occur in the epithelium of
cystadenomas adjacent to SBTs and strongly suggest that they are very early
events in tumorigenesis, preceding the development of SBT.
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INTRODCUCTION
It has been shown that tumors result from an accumulation of genetic alterations that
result in uncontrolled cellular proliferation. Identification of the alterations that occur early
in tumor development is critical to understanding carcinogenesis and can provide insight
into potential markers for early detection (1, 2). Ovarian cancer is one of the most lethal
neoplasms in women and serous carcinoma is the most common type (3) but the
molecular events that underlie the development of ovarian serous carcinoma are largely
unknown. Recent studies have shown that ovarian serous carcinoma develops along
two distinct pathways and we have proposed a model of ovarian carcinogenesis that
reflects this concept (4-6). In one pathway, invasive low-grade serous carcinoma
develops from a non-invasive (or in situ) tumor which has traditionally been termed
"serous borderline tumor (SBT)" (7). The progression of SBT to invasive low-grade
carcinoma mimics the adenoma-carcinoma sequence in colorectal carcinoma (2).
Detailed analysis of SBTs demonstrates that SBTs consist of two tumors at different
stages of tumor progression, a benign tumor termed "atypical proliferative serous tumor"
and an intraepithelial low-grade (non-invasive micropapillary serous) carcinoma, the
immediate precursor of invasive low-grade serous carcinoma (4, 6). SBTs are frequently
associated with serous cystadenomas which develop from ovarian surface epithelium
through a hyperplastic process (8). Like ovarian surface epithelium, the epithelial cells of
a cystadenoma do not show cytological atypia and their proliferation index is extremely
low (8). In the second pathway, high-grade serous carcinoma develops from ovarian
surface epithelium or from surface inclusion cysts (9) but precursor lesions have not
been well characterized. Accordingly, this process has been described as "de novo" (4).

Molecular genetic analysis has shown that SBTs and invasive low-grade serous
carcinomas are characterized by mutations of BRAF and KRAS in 61%-68% of cases (5,
6, 10, 11) but p53 mutations are rare (11-13). In contrast, high-grade serous carcinomas
frequently contain p53 mutations (> 50%) but rarely BRAF and KRAS mutations (5, 6,
12-16). These studies analyzed advanced stage tumors in which putative precursor
lesions may have been obliterated by the tumor. In this study, we confined our analysis
to small SBTs and associated cystadenomas in order to delineate the early molecular
genetic events in their pathogenesis. Specifically, we compared the mutational status of
BRAF and KRAS in SBTs and the adjacent non-transformed epithelium of serous
cystadenomas.
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MATERIALS AND METHODS
A total of eight small SBTs (corresponding to what has been classified as atypical
proliferative tumor) and the associated cystadenomas were collected. The acquisition of
tumor samples was approved by the Johns Hopkins institutional review board. The
SBTs ranged from 8 to 20 mm (average 16 mm) in greatest dimension and associated
cystadenomas ranged from 5 to 8 cm (average 6.8 cm). The SBTs occupied 5-15% of
the total surface area of the cystadenomas. Only a small number of cases were studied
because although cystadenomas and SBTs are not uncommon, cystadenomas
containing synchronous small SBTs are relatively rare. Microscopically, the SBTs
contained a hierarchical branching papillae lined by epithelial cells with mild to moderate
cellular atypia (Fig. 1). The epithelium of the SBTs merged abruptly with the
cystadenoma epithelium which was composed of a single layer of flat to columnar cells
without atypia (Fig. 1). The epithelium from the SBTs and adjacent cystadenoma was
collected separately using the Palm laser capture microdissection microscope (Zeiss).
Genomic DNA was prepared using the PicoPure DAN extraction kit (Arcturus, Mountain
View, CA). Polymerase chain reaction (PCR) was then performed followed by nucleotide
sequencing using an ABI 3100 sequencer (ABI, Foster City, CA). Exon 1 of KRAS and
exon 15 of BRAF were both sequenced as each exon harbors almost all the mutations in
both genes (5, 6, 10, 17). The primers for PCR and sequencing were as follows. For
BRAF: 5'-tgcttgctctgataggaaaatga-3' (forward), 5'-ccacaaaatggatccagacaac-3' (reverse)
and 5'-gaaaatgagatctactgttttccttta-3' (sequencing) and for KRAS: 5'-
taaggcctgctgaaaatgactg-3' (forward), 5'-tggtcctgcaccagtaatatgc-3' (reverse) and 5'-
ctgcaccagtaatatgcatattaaaac-3' (sequencing). The sequences were analyzed using the
Lasergene program (DNASTAR, Madison, WI).

RESULTS
The results of the mutational status correlated with the SBT or cystadenoma component
of the tumors are shown in Table 1. We found that four SBTs (cases 1, 4, 5 and 8)
contained activating KRAS mutations at codon 12 (three mutations of GGT to GAT and
one mutation of GGT to GTT) and three SBTs (cases 3, 5 and 6) had BRAF mutations at
codon 599 (all of T1 796A mutation). As in our previous report (5), the presence of KRAS
and BRAF mutations was mutually exclusive. Thus, 7 (88%) of 8 SBTs had either a
BRAF or a KRAS mutation. Case 2 contained wild type KRAS and BRAF. Analysis of
the mutational status in the epithelium from the cystadenomas adjacent to the SBTs
revealed that both the cystadenoma and SBT components contained identical mutations
in 6 of 7 informative cases. Representative sequence analyses are shown in Fig. 2. The
frequent mutations of KRAS and BRAF in small SBTs are consistent with previous
reports showing mutations in either BRAF or KRAS in 66%-68% of large SBTs (5, 10).
The higher frequency of mutations (88%) in the current report is probably due to the use
of purer tumor cell samples obtained by laser capture microdissection or may have
resulted from the small sample size in the present analysis.
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DISCUSSION
The findings in this study provide important insights into the molecular pathogenesis of
low-grade ovarian serous tumors (Fig. 3). Since we only analyzed a single time point in
the sequence of cystadenoma to SBTs, we can only infer that the findings truly describe
the events in early tumor progression. However, the coexistence of a cystadenoma with
a SBT strongly suggests that the latter arises from the former (Fig. 3). Accordingly, the
presence of identical mutations in the cystadenoma epithelium which displayed no
evidence of cytologic atypia strongly suggests that mutations of BRAF and KRAS occur
before the development of a SBT and indicates that cystadenomas are the precursors of
SBTs. Our results support the view that mutations of BRAF and KRAS (or NRAS) are
early events associated with tumor initiation as occurs in melanoma (18) and colorectal
carcinoma (19).

We have recently studied 30 consecutive pure cystadenomas without SBTs and
demonstrated an absence of BRAF and KRAS mutations in all of them (8). The
frequency of mutations in BRAF and KRAS in cystadenomas associated with SBTs was
significantly higher than those without SBTs (p<0.001, Fisher's exact test) (Table 2). This
finding together with the fact that SBTs are relatively uncommon as compared to
cystadenomas (20-24) suggests that only a small proportion of serous cystadenomas
are neoplastic with the potential to progress to SBTs. Finally, our findings suggest a
"gatekeeper" role of BRAF and KRAS genes in the development of low-grade serous
carcinomas (25). This is supported by the observation that activating mutations in these
genes are oncogenic in experimental cell culture systems (17, 26, 27) probably through
a constitutive activation of mitogen activated protein kinase (28, 29). Future experiments
will determine whether mutations of BRAF and KRAS are sufficient to initiate the
development of SBTs or additional genetic "hits" are required in tumorigenesis. Because
mutations of BRAF and KRAS in serous cystadenomas may predispose to the
development of SBTs, detection of BRAF and KRAS mutations could facilitate the
differentiation of cystadenomas with a high risk of progression from the vast majority of
cystadenomas that lack BRAF or KRAS mutations and have a very low risk of
progression. Development of molecular assays (30, 31) that can detect such mutations
(in cyst fluid, for example) could play an important role in the management of patients
with ovarian cystadenomas, particularly young women who would prefer fertility-sparing
treatment.

Acknowledgements

Supported by a research grant OC01 0017 from the US Department of Defense. We
gratefully acknowledge the technical support of the Oncology Imaging Core at the Johns
Hopkins Medical Institutions for the photomicrographs and the laser capture
microdissection.

4



REFERENCES:

1. Kinzler KW and Vogelstein B. Colorectal Tumors. In: B. Vogelstein and K. W.
Kinzler (eds.), The Genetic Basis of Human Cancer. New York: McGraw-Hill;
1998. p.565-87.

2. Kinzler KW and Vogelstein B. Landscaping the cancer terrain. Science 1998;
280(5366): 1036-7.

3. Seidman JD, Horkayne-Szakaly I, Haiba M, et al. The histologic type and stage
distribution of ovarian carcinomas of surface epithelial origin. lnt J Gynecol
Pathol 2004; 23(1): 41-4.

4. Shih I-M and Kurman RJ Ovarian tumorigenesis- a proposed model based on
morphological and molecular genetic analysis. Am JPathol 2004; 164(5): 1511-8.

5. Singer G, Oldt R, 3rd, Cohen Y, et al. Mutations in BRAF and KRAS
characterize the development of low-grade ovarian serous carcinoma. J Natl
Cancer Inst 2003; 95(6): 484-6.

6. Singer G, Kurman RJ, Chang H-W, et al. Diverse tumorigenic pathways in
ovarian serous carcinoma. Am J Pathol 2002; 160:1223-8.

7. Burks RT, Sherman ME, and Kurman RJ Micropapillary serous carcinoma of the
ovary. A distinctive low-grade carcinoma related to serous borderline tumors. Am
JSurg Pathol 1996; 20(11): 1319-30.

8. Cheng EJ, Kurman RJ, Wang M, et al. Molecular genetic analysis of ovarian
serous cystadenomas. Lab Invest 2004; 84:778-84.

9. Yang DH, Smith ER, Cohen C, et al. Molecular events associated with dysplastic
morphologic transformation and initiation of ovarian tumorigenicity. Cancer
2002; 94(9): 2380-92.

10. Sieben NLG, Macropoulos P, Roemen G, et al. In ovarian neoplasms, BRAF, but
not KRAS, mutations are restricted to low-grade serous tumors. JPathoI 2004;
202:336-40.

11. Cuatrecasas M, Erill N, Musulen E, et al. K-ras mutations in nonmucinous
ovarian epithelial tumors: a molecular analysis and clinicopathologic study of 144
patients. Cancer 1998; 82(6): 1088-95.

12. Zheng J, Benedict WF, Xu HJ, et al. Genetic disparity between morphologically
benign cysts contiguous to ovarian carcinomas and solitary cystadenomas [see
comments]. J Natl Cancer Inst 1995; 87(15): 1146-53.

13. Teneriello MG, Ebina M, Linnoila RI, et al. p53 and Ki-ras gene mutations in
epithelial ovarian neoplasms. Cancer Res 1993; 53(13): 3103-8.

14. Leitao MM, Soslow RA, Baergen RN, et al. Mutation and expression of the TP53
gene in early stage epithelial ovarian carcinoma. Gynecol Oncol 2004; 93(2): 301-
6.

15. Kappes S, Milde-Langosch K, Kressin P, et al. p53 mutations in ovarian tumors,
detected by temperature-gradient gel electrophoresis, direct sequencing and
immunohistochemistry. Int J Cancer 1995; 64(1): 52-9.

16. Singer G, Stohr R, Dehari R, et al. Patterns of p53 mutations separate ovarian
serous borderline tumors, low and high-grade carcinomas and provide support for
a new model of ovarian carcinogenesis. Am J Surg Pathol, in press.

17. Davies H, Bignell GR, Cox C, et al. Mutations of the BRAF gene in human
cancer. Nature 2002; 417(6892): 949-54.

5



18. Pollock PM, Harper UL, Hansen KS, et al. High frequency of BRAF mutations in
nevi. Nat Genet 2003; 33(1): 19-20.

19. Chan TL, Zhao W, Leung SY, et al. BRAF and KRAS mutations in colorectal
hyperplastic polyps and serrated adenomas. Cancer Res 2003; 63(16): 4878-81.

20. Mink PJ, Sherman ME, and Devesa SS Incidence patterns of invasive and
borderline ovarian tumors among white women and black women in the United
States. Results from the SEER Program, 1978-1998. Cancer 2002; 95(11): 2380-
9.

21. Conway C, Zalud I, Dilena M, et al. Simple cyst in the postmenopausal patient:
detection and management. J Ultrasound Med 1998; 17(6): 369-72; quiz 73-4.

22. Oyelese Y, Kueck AS, Barter JF, et al. Asymptomatic postmenopausal simple
ovarian cyst. Obstet Gynecol Surv 2002; 57(12): 803-9.

23. Christensen JT, Boldsen JL, and Westergaard JG Functional ovarian cysts in
premenopausal and gynecologically healthy women. Contraception 2002; 66(3):
153-7.

24. Seidman JD, Russell P, and Kurman RJ Surface epithelial tumors of the ovary. In.
R. J. Kurman (ed.), Blaustein's Pathology of the Female Genital Tract. New York:
Springer Verlag; 5th edition, 2002. p.7 9 1-9 04 .

25. Kinzler KW and Vogelstein B Cancer-susceptibility genes. Gatekeepers and
caretakers [news; comment]. Nature 1997; 386(6627): 761, 3.

26. Peyssonnaux C and Eychene A The RafiMEK/ERK pathway: new concepts of
activation. Biol Cell 2001; 93(1-2): 53-62.

27. Malumbres M and Barbacid M RAS oncogenes: the first 30 years. Nat Rev
Cancer 2003; 3:459-65.

28. Allen LF, Sebolt-Leopold J, and Meyer MB CI-1040 (PD184352), a targeted
signal transduction inhibitor of MEK (MAPKK). Semin Oncol 2003; 30(5 Suppl
16): 105-16.

29. Satyamoorthy K, Li G, Gerrero MR, et al. Constitutive mitogen-activated protein
kinase activation in melanoma is mediated by both BRAF mutations and
autocrine growth factor stimulation. Cancer Res 2003; 63(4): 756-9.

30. Vogelstein B and Kinzler KW Digital PCR. Proc Natl Acad Sci USA 1999;
96(16): 9236-41.

31. Dressman D, Yan H, Traverso G, et al. Transforming single DNA molecules into
fluorescent magnetic particles for detection and enumeration of genetic variations.
PNAS 2003; 100(15): 8817-22.

6



Table 1. Mutational status of KRAS and BRAF genes in eight small serous borderline
tumors and associated cystadenomas.

Gene casel case 2 case 3 case 4 case 5 case 6 case 7 case 8
G35A* WT WT G35T G35A WT WT G35A

SBT G12D# G12V G12D G12D

KRAS
Cyst G35A WT WT WT G35A WT WT G35A

G12D G12D G12D

SBT WT WT T1796A WT WT T1796A T1796A WTSTV599E V599E V599E

BRAF
Cyst W WT T1796A WT WT T1796A T1796A WTC V599E V599E V599E

Abbreviations: SBT: serous borderline tumor; WT: wild type
*Alteration in nucleotide sequence

* Alteration in amino acid sequence
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Table 2. Frequency of mutations in BRAF and KRAS in cystadenomas with
associated serous borderline tumor and pure cystadenomas

cystadenoma

Cystadenoma associated Pure cystadenoma
with SBT

Mutations in
BRAF or 6 0
KRAS

Wild type in
BRAF and 2 30
KRAS

Total cases 8 30

APST: atypical proliferative serous tumor
SBT: serous borderline tumor
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FIGURE LEGEND

Fig. 1
A: Small serous borderline tumor and associated serous cystadenoma (case E). The
tumor measures 0.8 cm in greatest dimension and is composed of hierarchical
branching papillae lined by cells with mild to moderate atypia (left inset). The adjacent
cystadenoma epithelium is composed of a single layer of epithelium without cytologic
atypia (right inset). B: Epithelial cells lining the cystadenoma (between arrows) were
isolated using laser capture microdissection with minimal contamination from the
underlying stromal cells.

Fig. 2
Chromatograms of nucleotide sequences of BRAF and KRAS in two representative
cases. Left panel (case A) shows a point mutation in the KRAS gene in both serous
borderline tumor (SBT) and the adjacent cystadenoma (cyst) of the same specimen.
Right panel (case F) shows a point mutation in the BRAF gene in both the serous
borderline tumor and the corresponding cystadenoma.

Fig. 3
Schematic representation of tumor progression in low-grade serous carcinoma.
Mutations of BRAF and KRAS occur in a small proportion of cystadenomas which may
contribute to the development of a serous borderline tumor (SBT). Some serous
borderline tumors progress further to intraepithelial and then to invasive low-grade
serous carcinoma.
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Molecular genetic analysis of ovarian serous
cystadenomas
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Ovarian serous cystadenomas are common ovarian lesions that may be precursors of serous borderline
tumors, which can in turn progress to low-grade serous carcinomas. It has been shown that low-grade serous
carcinoma and serous borderline tumors are characterized by frequent mutations in BRAFor KRAS genes, but
the mutational status of these genes in serous cystadenomas and the clonal nature of serous cystadenomas
have not been fully investigated. We isolated cyst-lining epithelium from 30 consecutive serous cystadenomas,
and analyzed their BRAF and KRAS mutational status. Wild-type sequences of BRAF and KRAS were detected
in all specimens. Using the human androgen receptor gene as a polymorphic marker, we also examined the
clonal status of epithelial cells in all of the serous cystadenomas. Four of 29 (14%) Informative specimens were
monoclonal based on the methylation pattern. These monoclonal cystadenomas were significantly (P<0.01)
larger in size (> 8 cm) than the nonclonal cystadenomas. These data indicate that serous cystadenomas do not
contain mutations in either BRAF or KRAS genes and that most serous cystadenomas are polyclonal.
Accordingly, it appears that serous cystadenomas develop as a hyperplastic expansion from epithelial
Inclusions with a clonal/neoplastic transformation occurring in a subset of them.
Laboratory Investigation (2004) 84, 778-784, advance online publication, 12 April 2004; doi: 10.1 038/labinvest.3700103

Keywords: BRAF; clonality; HUMARA; inactivation; KRAS; serous cystadenomas; X-chromosome

Ovarian carcinoma is believed to arise either from Based on our previous morphological and mole-
the surface epithelium covering the ovary, benign cular studies, we have proposed that serous border-
epithelial inclusions or cystic tumors termed 'cyst- line tumors (atypical proliferative tumors and
adenomas'. The World Health Organization classifi- noninvasive micropapillary serous carcinomas) can
cation divides ovarian surface epithelial tumors into progress to low-grade serous carcinomas (invasive
three groups: benign cystadenomas, invasive carci- micropapillary serous carcinomas)."'- 5 These low-
nomas and an intermediate group designated 'bor- grade serous carcinomas and borderline tumors
derline' tumors."' Ovarian cystadenomas are further exhibit frequent BRAF or KRAS mutations but rare
subclassified according to the cell type into serous p53 mutations. 6'. 4'. 6 In contrast, high-grade serous
cystadenomas, mucinous cystadenomas and endo- carcinomas have wild-type KRAS and BRAF but
metriomas.- 7 Cystadenomas occur in 5-15% of frequent p53 mutations even when they are small
postmenopausal women in the general popula- and confined to the ovary."7'" It has therefore been
tion.8 '9 Serous cystadenomas are the most common proposed that high-grade serous carcinomas in
followed by mucinous cystadenomas and endome- contrast to low-grade (invasive micropapillary)
triomas.1' Previous studies have demonstrated that serous carcinomas develop directly from epithelial
mucinous cystadenomas1"' and endometriomas"3 inclusions or ovarian surface epithelium, so-called,
are clonal and therefore are benign neoplasms, but 'de novo' development.' 4 ' 9 In order to elucidate the
similar studies of serous cystadenomas have not mechanisms of serous carcinogenesis, specifically
been performed to our knowledge. the molecular genetic alterations in early tumori-

genesis, we undertook a study of serous cystadeno-
mas aimed at assessing whether mutations of BRAF

Correspondence: Dr I-M Shih, MD, PhD, 418 N Bond St., B-315, and KRAS, which are common in serous borderline
Baltimore, MD 21231, USA. tumors and low-grade serous carcinomas are present
E-mail: ishih@jhmi.edu, URL: http://pathology2.jhu.edu/shihlab/ c.1921
index.cfm in serous cystadenomas. In addition, we
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February 2004; published online 12 April 2004 by analyzing the patterns of X-chromosome
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inactivation of the X-linked androgen receptor (PBS) 3 times, the cyst-lining was incubated in
(HUMARA) gene. For molecular genetic analyses, 0.05% trypsin and 0.53mM EDTA (Invitrogen,
we have applied a new method to isolate pure and Grand Island, NY, USA) at 37'C for 10 min, then
abundant cyst-lining epithelial cells from fresh mechanically separated from the cyst wall by
serous cystadenomas. Finally, we compared the agitating the cyst fragments and/or gentle scraping
proliferative and apoptotic activity of the epithelium using a rubber cell scraper (Sarstedt, Newton, NC,
of the cystadenomas to that of ovarian surface USA). The epithelial cell fragments were collected
epithelium and serous borderline tumors. and washed in PBS (Figure 1). The epithelial cells

were enriched by Epi-CAM-conjugated Dynal Beads
(Dynal, Hamburg, Germany) that specifically bound

Materials and methods epithelial cells. The procedures were detailed in the
vendor's instructions. The purity of isolated epithe-

Epithelial Cell Isolation from Serous Cystadenomas lial cells was assessed by immunostaining for the
expression of cytokeratin 8 (an epithelial marker),

A total of 30 consecutive ovarian serous cystadeno- using the antibody CAM5.2 (Becton Dickinson, San
mas were collected from women undergoing Jose, CA)22 on the isolated cells after short-term
oophorectomy at the Johns Hopkins Hospital, culture in 24-well plates. The isotype-matched MN-
Baltimore, Maryland. One serous borderline tumor 4 antibody that reacted with Mel-CAM (CD146) was
was also included as a control. The study protocol also used as a negative control.2 3 The immunofluor-
was approved by the local institutional review escence staining and nuclear counterstaining were
board. Frozen sections of the cystadenomas were detailed in the previous report.24

performed to confirm the diagnosis before harvest-
ing the epithelial cells from at least half of the
sample. For multilocular cystadenomas, the largest Mutational Analysis
one was used in the assays. In order to obtain
abundant and pure cyst-lining epithelial cells for Nucleotide sequencing was used to analyze the
multiple molecular genetic analyses, we employed a mutational status of BRAF and KRAS. The primers
method to enrich the epithelial cells by combining that were used to amplify exon 15 of BRAF and exon
chemical or mechanical separation and immuno- 1 of KRAS containing codons 12 and 13 and the
sorting. After washing in phosphate buffer saline PCR protocols have been previously described.",425","

Figure 1 Isolation of cyst-lining epithelium. (a) The lining epithelium was gently scraped from the cyst wall to the right of the arrow; the
epithelium to the left of the arrow was undisturbed (hematoxylin and eosin stain). (b): Immunostains for collagen IV demonstrate the
basement membrane. The epithelium is present to the left of the arrow and absent to the right of the arrow that has been harvested. (c)
Immunostaining for CK8 antibody shows green fluorescence in the cytoplasm of isolated epithelial cells in all the cells. Nuclei are
counterstained red. (d) Immunostaining for CD146 antibody as a negative control. There is no green fluorescence present.
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PCR products were purified using a MiniEluteTM PCR Results
purification kit (Qiagen, Valencia, CA, USA).
Nucleotide sequencing was performed using fluor- The 30 serous cystadenomas ranged from 1.2 to
escent labeled Applied Biosystems Big Dye termi- 10 cm in greatest dimension with a median of 5 cm
nators and an Applied Biosystems 377 automated (Table 1). Of the 30 cystadenomas, 26 were uni-
sequencer (Applied Biosystems, Foster City, CA, locular and the remaining four cystadenomas were
USA). Analysis of the 1796T/A status in BRAF was multilocular (specimen no. 15, 17, 21 and 29). The
also performed using a PCR-based restriction frag- epithelial cells lining the cystadenomas ranged from
ment length polymorphism (RFLP) technique as flattened to columnar (Figure 1). The latter cells
previously described.27 ' 28 For this method, the BRAF frequently contained cilia (serous differentiation) at
PCR product of exon 15 containing the relevant least in focal areas. The nuclei were bland and none
nucleotide at position 1796 was digested with TspR1 displayed cytologic atypia (so-called dysplasia).
(New England BioLabs, Beverly, MA, USA) at 65°C Immunostaining revealed that more than 98% of
for 3 h. The samples were electrophoresed on a 10% the cells isolated from cystadenomas were positive
polyacrylamide gel. for cytokeratin 8, confirming the purity of the

epithelial cells isolated by our technique (Figure 1).
Mutational analysis with direct nucleotide sequen-

Clonality Assay cing demonstrated that none of the samples har-
The clonal status of the cystadenomas was evaluated bored mutations in either BRAF (exon 15) or KRAS
The clonalyzig sthepatues of the -cya omasoe w aseval d (exon 1) gene. As a control, the epithelial cells
by analyzing the patterns of X-chromosome inactiva- isolated from a serous borderline tumor revealed a
tion in exon 1 of the X-linked androgen receptor gene missense mutation at the codon 12 of KRAS (GGT to
(HUMARA), which contains a highly polymorphic GAT). The presence of wild-type BRAF gene in all of
trinucleotide repeat.2 ..30 The QiaQuick PCR purifica- the serous cystadenomas was confirmed using a
tion kit (Qiagen, Valencia, CA, USA) was used to restriction fragment length polymorphism assay that
isolate genomic DNA from the purified cyst epithe- detects rare mutations at codon 599 of BRAF.2 7 "2 8

lial cells from all the 30 specimens. In addition, a The lack of mutations in BRAF and KRAS raises
serous borderline tumor served as a positive control. the possibility that serous cystadenomas may not be
Predigestion of DNA (2 Mg) with 20 U of methylation- clonal. Therefore, we determined the clonality of all
sensitive restriction endonuclease HhaI or HpaII serous cystadenomas by analyzing patterns of X-
(New England BioLabs, Beverly, MA, USA) resulted chromosome inactivation of the X-linked androgen
in selective PCR amplification from the methylated receptor (HUMARA). All the samples except one
(uncleaved) allele. For PCR, 3 l of the enzyme digest were heterozygous and therefore informative for
was mixed with primers and all essential PCR clonal analysis (Table 1). The positive control
reagents as previously reported.30 The PCR productwas separated in 6% polyacrylamide gels and specimen, a serous borderline tumor, demonstrated
visualized by ethidium bromide. a monoclonal composition, as one of the alleles wasabsent after enzyme digestion. Based on HUMARA

assay, we found that only four of the 29 (14%) of the

Assessment of Proliferation and Apoptotic Activity serous cystadenomas showed a clonal pattern
(Figure 2 and Table 1). The clonal serous cystade-

The proliferative and apoptotic activity of the cyst- nomas tended to be larger in size (> 8 cm) than the
lining epithelial cells was assessed by immuno- polyclonal serous cystadenomas (P<0.01; two-
histochemistry using the MIB1 antibody to detect tailed t-test).
Ki-6731'32 and the M30 antibody 33 to detect the The Ki-67 labeled epithelial cells were scattered
cytokeratin epitope after apoptosis, respectively, randomly, not clustered, as single positive cells in the
The immunohistochemistry methodology has been serous cystadenoma with a frequency of 0.84± 0.33%.
previously described.3 4 Paraffin sections from 10 This proliferative index was significantly higher than
normal ovaries, 50 serous cystadenomas and 15 the 0.10+0.028% in normal ovarian surface epithe-
serous borderline tumors were stained with the lium (P<0.001) and significantly lower than the
MIB1 and the M30 antibody. At least 4000 epithelial 8.15 ±2.80% in serous borderline tumors (P<0.001)
cells were randomly selected from different regions (Figure 3). The apoptotic index as determined by the
and analyzed using the Spotlight morphometric M30 immunoreactivity was extremely low (<0.01%)
program under a Nikon inverted light microscope in serous cystadenomas, as well as in ovarian surface
(Image System, Columbia, MD, USA). The Ki-67 and epithelium and serous borderline tumors. There was
M30 labeling index was expressed as the percentage no statistically significant difference in Ki-67 or M30
of Ki-67 or M30 labeled epithelial cells from among labeling index (P> 0.1) between clonal and polyclo-
the total number of epithelial cells counted. Two- nal cystadenomas nor did the size of the cystadeno-
sided Student's t-test was used to compare the mas correlate with the Ki-67 or M30 labeling index
difference in the Ki-67 and M30 labeling index (data not shown).
between the serous cystadenomas, normal surface The time for a serous cystadenomas to double in
ovarian epithelium and serous borderline tumors. diameter was calculated by assuming that the
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Table 1 BRAF and KRAS mutation and clonality assays in serous cystadenomas

Sample BRAF mutational status KRAS mutational status Clonality assay

ID Size (cm)

1 1.2' Wild type Wild type Polyclonal
2 2 Wild type Wild type Polyclonal
3 2.5 Wild type Wild type Polyclonal
4 3 Wild type Wild type Polyclonal
5 3.5 Wild type Wild type Polyclonal
6 3.5 Wild type Wild type Polyclonal
7 3.8 Wild type Wild type Polyclonal
8 4 Wild type Wild type Polyclonal
9 4 Wild type Wild type Polyclonal

10 4.3 Wild type Wild type Polyclonal
11 4.5 Wild type Wild type Polyclonal
12 4.5 Wild type Wild type Polyclonal
13 5 Wild type Wild type Polyclonal
14 5 Wild type Wild type Polyclonal
15 5 Wild type Wild type Polyclonal
16 5 Wild type Wild type Polyclonal
17 5.2 Wild type Wild type Polyclonal
18 5.5 Wild type Wild type Polyclonal
19 5.8 Wild type Wild type Polyclonal
20 6.5 Wild type Wild type Polyclonal
21 8 Wild type Wild type Polyclonal
22 8 Wild type Wild type Polyclonal
23 8.3 Wild type Wild type NA
24 8.5 Wild type Wild type Clonal
25 9 Wild type Wild type Polyclonal
26 9 Wild type Wild type Clonal
27 9.2 Wild type Wild type Clonal
28 9.8 Wild type Wild type Polyclonal
29 10 Wild type Wild type Polyclonal
30 10 Wild type Wild type Clonal
SBT 12.6 Mutated' Wild type Clonal

SBT: serous borderline tumor; NA: homozygous to the polymorphic markers of the HUMARA allele.
aThe greatest dimension of the cystadenoma.

bMutation occurs at the codon 12 of KRAS (GGT to GAT).

Sample 2S Sample26

El E2 B El E2 B

Figure 2 Clonality assay with the polymorphic markers of the HUMARA gene. Representative cystadenoma samples (25 and 26) are
shown. Sample 25 retains all the bands in HpaII (El) and HhaI (E2) predigested samples as compared to the control with buffer only (B).
In contrast, sample 26 shows an absence of the shorter band (arrow) in enzyme-digested samples, indicating a homogenous methylation
pattern, that is, monoclonality, in this sample.

cystadenomas are spheres with a diameter of A cm surface area of a cyst (A2 i7)/the (en face) area of an
and that the epithelium evenly lined the inner individual epithelial cell which was 12 x 12 ym
surface of the cyst. The total number of epithelial based on morphometric measurements. For a cyst
cells in a cyst (NA) was equal to the total inner with a diameter of A cm to enlarge to a diameter

Laboratory Investigation (2004) 84, 778-784
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12.5- clonal serous cyst is a hyperplastic process. The

mechanism underlying increased proliferative acti-
10.0 I vity in the cyst-lining epithelium as compared to the

7.5- Iovarian surface epithelium is unknown, but it may
be related to the sustained hydrostatic pressure that

5.0- has been shown to induce cellular proliferation. 3 7"
S1.5- The mildly increased proliferation index could

explain why serous cystadenomas can reach a size
X as large as 10 cm. Based on our estimates, the time
V -for a cyst to double in size (diameter) is approxi-

mately 2 years. Therefore, it may take 16 years for a1.0o
small inclusion cyst of 300 pm in diameter to enlarge
to a 10 cm cyst. It should be noted that the doubling
time of a cyst is based on estimation and in fact it
depends on several factors, especially the cell cycle

0.5 transit time of proliferating cyst-lining epithelium,
which is difficult to measure in vivo. It is apparent
that not all serous inclusion cysts will progress to
large cysts and further studies are required to

0.0 investigate the growth kinetics of cysts and mole-
OSE Cyst SBT cular mechanisms underlying their development.The present study demonstrates that ovarian serous

Figure 3 Proliferative activity in ovarian surface epitheliumn cstadenomas do not contain mutations in either
(OSE), serous cystadenomas and serous borderline tumors (SBT) d

as determined by the Ki-67 labeling index. Serous cystadenomas BRAF or KRAS genes and that most are polyclonal.
have a significantly higher Ki-67 labeling index than ovarian In previous studies, we reported that low-grade
surface epithelium (P<0.001) but a lower index than serous serous carcinomas develop in a stepwise fashion
borderline tumors (P<0.001). from serous borderline tumors.1415 Although the

molecular events that lead to the development of
serous borderline tumors are not known, our find-
ings suggest that activating mutations in BRAF or

of 2A cm, a four fold increase in cell number KRAS may play an important role as both mutations
is required since N2A/NA =4A 21r/144 Pm 2/A 27r/ are found in over 60% of serous borderline tumors
144pm2' =4. Given the net proliferation index (Ki- and in low-grade serous carcinomas.27 This view is
67 index-M30 index) of 0.84% and a presumable supported by the observation that activating muta-
cell doubling time of t hours in cyst-lining epithelial tions in these genes are oncogenic in experimental
cells, it was estimated that it would take 200/0.84 x t cell culture systems.25 4., 4' Accordingly, the clonal
hours for a cyst with an original cell number of NA to nature of only a small proportion of serous cystade-
increase to 4 NA (N2A). The cell doubling time, nomas and the absence of KRAS or BRAF mutations
t, depends on the cell type and the microenvironment, in them suggests that mutations in these genes may
and generally is between 48 and 96 h. Therefore, be a key early event in the transformation of clonal
given t = 72 h, the estimated time for a serous cyst to serous cystadenomas to serous borderline tumors.
double in size was 200/0.84 x 72 h = 17.143 h = 714 Although the findings in this report indicate that
days or 23.8 months. 86% of ovarian serous cystadenomas are polyclonal

and non-neoplastic, this may be an overestimate as
monoclonality may have been undetected in some

Discussion cases for several reasons. First, for the genetic
analysis, we pooled the bulk of the cyst-lining

Clonality and mutations are the molecular signa- epithelium from each specimen to avoid the bias
tures of the vast majority of neoplasms.35 Accord- introduced by the X-inactivation patch size in the
ingly, our data demonstrating an absence of BRAF assessment of clonality.42 It is possible that clonal
and KRAS mutations in all of the serous cystadeno- proliferation occurs only focally in some cystade-
mas in this analysis and an absence of clonality in nomas and that the molecular changes in these foci
the vast majority of them provide cogent evidence occur in the absence of morphologic alterations that
that most so-called 'serous cystadenomas' are not are not detected microscopically. Second, our
neoplasms. This conclusion is supported by other results do not exclude the possibility that multiple
studies showing a diploid chromosomal content"e independent clonal events occur in a cyst, which
and lack of p53 mutations in serous cystadenomas.e would then result in the erroneous impression of
The Ki-67 immunohistochemical findings in the polyclonality. Third, since the monoclonal cystade-
present study indicating that the epithelial cells of nomas tended to be large and the number of large
these cystadenomas do proliferate, albeit at a very cystadenomas (>8cm) that were analyzed in this
low rate, suggest that the development of a non- study was relatively small, it is possible that the
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proportion of monoclonal serous cystadenomas 11 van der Bijl AE, Fleuren GJ, Kenter GG, et al. Unique
would have been higher if a greater number of large combination of an ovarian gonadoblastoma, dysgermi-
cystadenomas were analyzed. Finally, very small noma, and mucinous cystadenoma in a patient with
inclusion cysts (< 1 cm) were not analyzed in this Turner's syndrome: a cytogenetic and molecular

study because they are too small and by definition analysis. Int J Gynecol Pathol 1994;13:267-272.
do not qualify as cystadenomas.41 12 Cuatrecasas M, Villanueva A, Matias-Guiu X, et al.K-ras mutations in mucinous ovarian tumors: a

In conclusion, the data in this report demonstrate clinicopathologic and molecular study of 95 cases.
that mutations in BRAF and KRAS that characterize Cancer 1997;79:1581-1586.
serous borderline tumors and low-grade serous 13 Jimbo H, Hitomi Y, Yoshikawa H, et al. Evidence for
carcinomas are absent in serous cystadenomas. In monoclonal expansion of epithelial cells in ovarian
fact, only 14% of serous cystadenomas are clonal, endometrial cysts. Am J Pathol 1997;150:1173-1178.
suggesting that serous cystadenomas develop as a 14 Singer G, Kurman RJ, Chang H-W, et al. Diverse
hyperplastic expansion of ovarian surface epithelial tumorigenic pathways in ovarian serous carcinoma.
inclusions. We speculate that a small proportion of Am J Pathol 2002;160:1223-1228.

these cystadenomas become clonal and that muta- 15 Sehdev AES, Sehdev PS, Kurman RJ. Noninvasive and
tions of KRAS or BRAF in some of these clonal invasive micropapillary serous carcinoma of the ovary:

a clinicopathologic analysis of 135 cases. Am J Surg
cystadenomas lead to the development of serous Pathol 2003;27:725-736.
borderline tumors, which are the precursors of 16 Deligdisch L. Ovarian dysplasia: a review. Int J
low-grade serous carcinoma. These findings have Gynecol Cancer 1997;7:89-94.
important implications for understanding the patho- 17 Shelling AN, Cooke I, Ganesan TS. The genetic
genesis of ovarian serous carcinoma, and for the analysis of ovarian cancer. Br J Cancer 1995;72:
screening and treatment of ovarian cancer. 521-527.

18 Pothuri B, Leitao M, Barakat R, et al. Genetic analysis
of ovarian carcinoma histogenesis. Gynecol Oncol
2001;80:277.
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HLA-G Is a Potential Tumor Marker in Malignant Ascites

Gad Singer, Vera Rebmann, Yu-Chi Chen, supernatants. sHLA-G levels were significantly higher in

Hsu-Tai Liu, Syed Z. Ali, Jochen Reinsberg, malignant ascites than in benign controls (P < 0.001). We
found that the area under the receiver-operating character-
istic curve for sHLA-G was 0.95 for malignant versus benign

Daniel W. Chan, Eva Wardelmann, ascites specimens. At 100% specificity, the highest sensitivity

Hans Grosse-Wilde, Chih-Chien Cheng, to detect malignant ascites was 78% (95% confidence inter-

Robert J. Kurman, and le-Ming Shih' val, 68-88%) at a cutoff of 13 ng/ml.

Departnment of Pathology [G. S., Y-C. C., S. Z. A., D. W. C., C-C. C., Conclusions: Our findings suggest that measurement of
R. J. K., I-M. S.&, and Department of Epidemiology [H-T. L., Johns sHLA-G is a useful molecular adjunct to cytology in the
Hopkins University Medical Institutions, Baltimore Maryland 21231; differential diagnosis of malignant versus benign ascites.
Department of Immunology, University Hospital of Essen, Essen,
Germany [V. R., H. G-W.]; Departments of Gynecology and
Obstetrics [J. R., K. P.1, and Department of Pathology [F, W.], INTRODUCTION
University of Bonn, Bonn, Germany; and Department of Ascites is commonly associated with a variety of infectious
Stomatology, University of California. San Francisco, California
[M, T, M.] diseases, inflammatory disorders, and cardiac, liver, and renal

diseases as well as benign and malignant neoplasms (1-3).
Cytological examination of ascites is performed in an effort to

ABSTRACT diagnose malignant tumors, but the sensitivity of cytology has

Purpose: Molecular approaches as supplements to cy- been estimated to be 60% at best (4). The low sensitivity may be
tological examination of malignant ascites may play an im- because of small numbers of tumor cells in the ascites or the
portant role in the clinical management of cancer patients. presence of a large amount of leukocytes. mesothelial cells, and
HLA-G is a potential tumor-associated marker and that one blood that can obscure the malignant cells. For example, inflam-
of its isoforms, HLA-G5, produces a secretory protein. This mation that is often associated with a malignant ascites can
study is to assess the clinical utility of secreted HLA-G levels result in reactive changes in mesothelial cells that make their
in differential diagnosis of malignant ascites. morphological distinction from carcinoma cells extremely dif-

Experimental Design: We used ELISA to assess whether ficult (4). Thus, a molecular test that is able to distinguish
secretory HLA-G (sHLA-G) could serve as a marker of malignant from benign ascites could have great diagnostic
malignant ascites in ovarian and breast carcinomas, which utility.
represent the most common malignant tumors causing asci- HLA-G is a nonclassical MHC class I antigen that interacts
tes in women. with natural killer cells (5). HLA-G expression has not been

Results: On the basis of immunohistochemistry, 45 detected in normal tissues except in trophoblast in placentas

(61%) of 74 ovarian serous carcinomas and 22 (25%) inva- from early gestation (6-8). In contrast, HLA-G expression has
sive ductal carcinomas of the breast demonstrated HLA-G been detected in several human cancers including melanoma,
immunoreactivity ranging from 2 to 100% of the tumor renal cell carcinoma, breast carcinoma, and large cell carcinoma
cells. HLA-G staining was not detected in a wide variety of of' the lung (9-14). IILA-G expression in cancer cells has been
normal tissues, including ovarian surface epithelium and shown to be important for the escape of immunosurveillance by
normal breast tissue. Revese transcription-PCR demon- host T-lymphocytes and natural killer cells (6, 9-11, 15, 16).
strated the presence of HLA-G5 isoform in all of the tumor Recently, an HLA-G-specific ELISA was developed to measure
samples expressing ItLA-G. ELISA was performed to meas- sHLA-G, a product of an HLA-G5 isoform (17-19). Because
ure the sHLA-G in 42 malignant and 18 benign ascites HLA-G is not detected in normal adult tissues but is expressed

by some carcinomas, we hypothesized that the detection of

sHLA-G 2 using the newly developed ELISA might be useful in
the detection of cancer in aseites. In this study, we tested this
hypothesis by assessing the expression pattern of HLA-G in
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MATERIALS AND METHODS Lt&E-stained sections were prepared from a portion of the
Tissue Samples and Ascites Specimens. The acquisi- frozen tumors and were reviewed by a surgical pathologist

tion of paraffin tissues and ascites specimens was approved by (I-M. S.) to confirm the diagnosis. The PCR products were
the local Institutional Review Boards. A total of 180 fonnalin- separated by 2% agarose gels.
fixed, paraffin-embedded tissue samples including 74 ovarian ELISA. sIILA-G was measured using ELISA, which has
serous carcinomas, 88 breast invasive ductal carcinomas, 8 been described previously by us (18, 19). Briefly, soluble
normal ovaries, and 10 benign breast tissues were retrieved from lILA-A, B, C, E molecules (slILA-I) were selectively depleted
the surgical pathology files. Peritoneal fluid specimens (3-5 ml) from samples using immunomagnetic beads (Dynabeads M280;
were obtained from the Cytopathology Division of the Univer- Dynal, Hamburg, Germany) coupled with the monoclonal anti-
sity of Bonn, Bonn. Germany, and from the Johns Hopkins body TP25.99. The remaining sHLA-G molecules were ineas-
Medical Institutions; they included 41 cytology-confinned ma- ured in an ELISA fornat using monoclonal antibody W6/32 [0.2
lignant ascites samples (24 ovarian serous carcinomas and 17 tg/iml in PBS (pH 7.2)] as the capture reagent. After the
breast carcinomas) and 19 cytology-negative benign specimens blocking of free binding sites with BSA in PBS (2%), diluted

in which the patients (lid not have concurrent malignant dis- samples (1:2) were added and incubated for I h at room tem-

eases. There was a cytology-false-negative specimen that was perature. Unbound antigens were removed by intensive washing
- with PBS-Tween (0.05%). Bound sIlLA-G heavy chains were

initially diagnosed by cytopathologists as benign, but the pa-

tients had stage Ill ovarian cancer, and the ascites sample detected by the sequential addition of pox-labeled antihuman

contained ovarian serous carcinoma cells in culture (20). Thus, 32-iicroglobulin antiserum (Dakopatts, ltamburg, Gemany),
this sample was later classified into the ovarian cancer group in and stbstrate [0.075% 112021 0.1% ortho-phenylenediamine in

(his situdy. The ascites samples were centrifuged at 2000 x g for 0.035 M citrate buffer (p11 5.0)]. The absorbance was measured
5 mat 490 nm (BIO-TEK Instruments, Winooski, VT). The intra-mmai within 6 h afler collection. The supernatant and cell aninesayvrtoswre35nd3.%rspcilyTh

pellets were aliquoted and frozen until use. All of the specimens and interassay variations were 3.5 and s3.1 Ao, respectively. The
sensitivity of the assay in detecting sHLA-G was 3 ngml

were obtained from female adult patients. ELISA was perfonrned in a blinded fashion.

Immunohistochentistry and Western Blot Analysis. Statistical Analysis. The feasibility of using sHLA-G
Expression of HLA-G was studied in surgical specimens using levels as a diagnostic tool for detecting malignant ver:sts benign
immunobistochemistry and Western blot analysis. Paraffin sec- aseites was assessed using the ROC curve analysis. A ROC
tions were used for immunohistochemistry with an HLA-G- curve is a graphic presentation of the sensitivity against the
specific monoclonal antibody. 4H84 (1:600), which reacted to false-positive rate (I-specificity), and the areas under the ROC
the denatured HLA-G heavy chain (6), followed by the avidin- curves were measured to evaluate test performance at different
biotin peroxidase method (8, 15). The frequency of positive thresholds of a diagnostic measure. The X2 test (one-sided) of
cells was estimated by randomly counting more than 500 tumor the medians was used to analyze the difference in sHLA-G
cells from three different high-power fields (X40). Western blot levels in malignant versus benign ascites samples. The CIs were
analysis was perlfoned using the 41-184 antibody (1:1000) on estimated for the sensitivity of the HLA-G ELISA.
live ovarian serous carcinomas that showed positive IILA-G
immunostaining, two specimens of epithelium isolated from
ovarian serous cystadenomas, one primary culture from nornal RESULTS
ovarian surface, one sample of normal ovarian tissue, and one Expression of HLA-G in Ovarian and Breast Cancer
sample of isolated peripheral leukocytes. Similar amounts of Tissues. Inmunohistochemical analysis of ovarian and breast
total protein from each lysate were loaded and separated on 12% carcinomas revealed HLA-G immunoreactivity in 45 (61%) of
Tris-Glycine-SDS polyacrylamide gels (Novex, San Diego, CA) 74 high-grade ovarian serous carcinomas and in 22 (25%) of 88
and clectroblotted to Millipore Immobilon-P polyvinylidene di- invasive ductal carcinomas of the breast (Fig. 1). The positive
fluoride membranes. Western blots were developed by chemi- tumor cells showed a discrete membranous staining pattern, and
luminescence (Pierce, Rockford, IL). the proportion of positive cells varied from 2 to 100% in any

RT-PCR. RT-PCR was performed to validate the given specimen. HLA-G staining was not detected in low-grade
I ILA-G expression and to determine the isoforms expressed in ovarian serous carcinomas and nonnal tissues including ovarian
a panel of I I ovarian and 5 breast carcinomas using the protocol surface epithelium, mammary ducts, and lobules. We also as-
described previously (21). The assay was not performed in sam- sessed IILA-G immunoreactivity in benign ovarian and breast
pies that stained negative for the HLA-G antibody. lesions. HILA-G expression was not detected in 8 ovarian serous
The primer sequences for all of the HLA-G isoforns were: cystadenomas, 12 ovarian borderline tumors (atypical prolifer-
5'-ggaagaggagacacggaaca-3' and 5'-geagctccagtgactacagc-3. ative serous tumors and noninvasive micropapillary serous car-
The primer sequences for HLA-G5-specific primers were: cinomas), nor 10 intraductal hyperplasias of the breast. Only
5'-accgaccctgttaaaggtctt-3' and 5'-caatgtggctgaacaaaggagag-3'. rare HLA-G-positive tumor cells were identified in 2 of 10
Total RNA was purified and eDNA was synthesized using intraductal carcinomas of the breast. The specificity of HLA-G
standard protocols. Briefly, frozen tissues were minced and immunostaining was confirmed by Western blot analysis and
placed in the TRIzol reagent (Invitrogen, Carlsbad, CA). Total RT-PCR as shown in Fig. 2. A 39 kDa band corresponding to
RNA was isolated, and contaminating genomic DNA was re- the HLA-G protein was identified in five ovarian serous carci-
moved using the DNA-free kit (Ambion, Austin, TX). eDNA nomas but not in two ovarian cystadenomas, ovarian surface
was prepared using oligotdT) primers and was diluted for PCR. epithelium, and stroma. RT-PCR was performed in ovarian
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x ' Fig. I HLA-G expression based on immuno-

>0 , histochernistry in ovarian serous carcinomas and
breast ductal carcinomas. HLA-G immunoreac-

J rmembrane of tumor cells (inset) in ovarian se-
. , rous carcinoma and breast ductal carcinoma.

There is no detectable HLA-G immunoreactivity
;"., • -?in ovarian surface epithelium of normal ovary

and normal breast tissue. The stromal cells and
inflammatory cells are negative.

Normal ovary Ovarian carcinoma Normal breast Breast carcinoma

A 500-

00 loo-
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B00 10ee

-_o- _

M SC Sc SC Cyst Cyst OVCA ascites BRCA ascites Benign ascites
Fig. 2 Western blot analysis. A, a 39 kDa band conesponding to
HLA-G protein is demonstrated in all five of the ovarian serous carci- Fig. 3 Scatter plot showing sHLA-G concentrations in a total of 60
nomas (SC) and the positive control, JEG3 choriocarcinoma cell line, ascites samples as determined by ELISA. All of the 25 ovarian cancer
but not in peripheral leukocytes (LC), normal ovarian stromal tissue (OVCAI patients (E) and 16 of 17 breast cancer (BRCA) patients (0)
(NO), ovarian surface epithelium (OSE), and cyst epithelium (C),n) have detectable HLA-G levels. Long aorow, the patient with malignant
from two ovarian serous cystadenomas. B, RT-PCR. HLA-G5 PCR ascites but with a negative cytology. In contrast, 7 of 18 benign ascitic
produocts were present in three ovarian cancer tissues that express fluid samples in the age-matched control group (A) has a detectable but
I ILA-G using immunohistochemistry but not in two ovarian serous cysts low HLA-G level. Short arrows, the two patients with ovarian cystade-
that fail to show HLA-G ininsunostaining. Al, 1-Kb DNA marker. nomas. As compared with benign group, the levels of sHLA-G are

significantly higher in ovarian (P < 0.001) and breast cancer groups
(P < 0.001). solid line, an arbitrary cutoff (13 ng/ml) to give 100%
specificity in diagnosing malignant ascites.

serous carcinomas and invasive ductal carcinomas of the breast
using primers that amplified all HLA-G isoforms. The PCR
products were isolated by electrophoresis to reveal a predomi- ROC curves were used to evaluate the performance of
nance of the HLA-G I and G5 isoforms. HLA-G5 RNA tran- sHLA-G in detecting ovarian and breast cancer in ascites using
script, a secretory isoform, was specifically amplified using the multiple cutoff values. The area under the ROC curve was 0.95
HLA-G5-specific primers in all five of the representative ovar- in assessing sHLA-G levels as the diagnostic tool to detect
tan serous carcinomas and in the two invasive ductal carcinomas ovarian and breast cancer. More specifically, the areas under the
of breast that expressed HLA-G (Fig. 2). This finding prompted ROC curve were 0.99 and 0.90 for ovarian cancer versus benign
us to assess whether sHLA-G could be detected in peritoneal samples and breast cancer versus benign samples, respectively
fluid samples in ovarian and breast cancer patients. (Fig. 4). Given 100% specificity, the highest sensitivity

Measurement of sHLA-G in Ascites Specimens. achieved to detect cancer was 78% (95% CI, 68-88%) at a
sl ILA-G levels were measured in the supernatant of ascites from cutoff of 13 ng/ml. The sensitivity to diagnose ovarian cancer
60 samples using ELISA. All but one malignant ascites super- and breast cancer was 84% (95% Cl, 70-98%) and 65% (95%
natant contained detectable sIILA-G, including one specimen CI, 42-87%), respectively, at this arbitrary cutoff. With a spec-
that had been missed on cytology (20). In contrast, 7 of 18 ificity of 94.4%, the sensitivity was 100% (95% CI, 100%) and

benign specimens contained detectable but low levels of 71% (95% Cl, 49-93%) for ovarian cancer and breast cancer,
sHLA-G. As shown in Fig. 3, the levels of sHLA-G were respectively.
significantly higher in malignant as compared with benign as- Correlation of HLA-G expression in tissue or ascites cell
cites (P < 0.001). Among II benign ascites specimens with pellets and the sHLA-G level in ascites supematants was per-
undetectable sHLA-G, 2 were obtained from patients with ovar- formed in 31 patients as the corresponding surgical specimens
ian serous cystadenomas that could be confised with ovarian or cell pellets were available for analysis. In 21 malignant
cancer on clinical examination. The remaining seven benign ascites samples with detectable sHLA-G, HLA-G expression
samples with detectable sIILA-G were from patients with non- was demonstrated in 12 tissue specimens and ascites cell pellets
neoplastic diseases including liver, cardiac, and renal diseases. by immunohistochemistry or Western blot analysis (data not
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iLO -0 2achieved a sensitivity of 78% and a specificity of 100% for
O .- ........ diagnosing malignant ascites at a cutoff of 13 ng/ml.

0.8 - .: The finding that almost all of the malignant ascites samples

contained detectable sIILA-G contrasted with the lower rate of

HLA-G expression in the tumors based on immunohistochem-
,.w 0.4 istry, because 61% of ovarian and only 25% of breast cancer

tissue specimens were positive. In addition, some malignant

0.2 ascites supernatants contained elevated sHLA-G levels, whereas

IILA-G immunoreactivity was not detected in the corresponding
0- tissue specimens and cell pellets from ascites by immunohisto-

0 0.2 0.4 116 0.8 LO chemistry. This discordant finding can be explained by the fact

1- Specificity that HLA-G is only focally expressed in most tumors and,
therefore, may be undetected in representative tissue specimens

Fig. 4 ROC curve analysis based on 60 samples to assess the perform- selected for inmmunostaining or immunoblotting. It is likely that
ance of sHLA-G levels in diagnosing malignant ascites. The area under
(he ROC curve assessing slILA-G levels as the diagnostic tool to detect carcinoma cells in ascitic fluid secrete sHILA-G, resulting in
osarian and breast cancer is 0.95. Specifically, the areas under the ROC high sHLA-G levels in ascites. If only a few tumor cells are
curve are 0.99 and 0.90 for ovarian cancer versus benign samples and present in the peritoneal fluid they may not be detected by
breast cancer versus benign samples. respectively. 0: ovarian cancer: B. cytology. Although these are our favorite explanations, other
breast cancer: OB, ovarian and breast cancer.

possibilities, albeit unlikely, should be also pointed out. For
example, sHLA-G is expressed by other tissues in response to
malignant diseases. The low level of slILA-G in benign ascites

shown). In 10 benign ascites samples (5 with detectable sHLA- may be attributable to nonspecific binding (background noise)
of the antibody used in the ELISA. Alternatively, there may beG ), th ere w as n o H L A -G ex p ressio n d etectab le in ascites cell u k o n t s u e o r e h t e p e s s i A G a d c n r b tpellets using Western blot analysis. unknown tissue restources that express sItLA-G and contributte
to the low level of stlLA-G in ascites samples.

In summary, HLA-G is a tumor-associated molecule that is
DISCUSSION expressed by ovarian serous carcinoma and ductal carcinomas

The results of this study provide evidence that HILA-G is of the breast, the most common malignant tumors that produce
expressed in ovarian and breast carcinomas and that measure- ascites in wonten. Malignant ascites specimens contained much
men! of sIILA-G using ELISA is a highly sensitive technique to higher levels of sHLA-G than the benign ascites specimens. The
diagnose malignant ascites. Ninety-eight % of specimens with detection of sIILA-G in ascitic fluid may provide a novel
malignant cells, identified by cytology, had detectable sHLA-G molecular approach to supplement cytological examination in
levels. In addition, sHLA-G was detected in one specimen that the evaluation of ascites. It should be noted that the sensitivity
was ultimately shown to be a false-negative case by cytological
examination. The areas ttnder the ROC curve were 0.99 and 0.90 of s hown iS to diag se t tes ma nobes
for ovarian cancer versus benign samples and breast cancer high as shown in this sttdy because the threshold to distinguish
versus benign samples, respectively. The better performance of benign and malignant ascites could be higher than 13 ng/mI after
sHLA-G in detecting ovarian cancer as compared with breast a larger number of benign samples are analyzed. In order for this

cancer is consistent with our immunohistochemical findings that new marker to have clinical utility, several issues must be

ovarian cancers express LtLA-G more frequently than breast addressed. Although the sensitivity of sILA-G ELISA in diag-

cancers. nosing malignant ascites in this study was 78% with 100%

How does lILA-G compare with other soluble tumor- specificity, higher sensitivity would be desirable. Sensitivity
associated markers in diagnosing malignant ascites? Several could be improved by combining the measurement of sIILA-G
protein markers have been studied inchtding CA 125 (22), tissue with other tumor-associated markers (20, 29). It will be neces-
polypeptide-specific antigen, soluble interleukin-2 receptor as sary to compare the performance of the sHILA-G ELISA and
(23). soluble aminopeptidase N/CDI3 (24). us-fetoprotein (25), routine cytological examination by testing a large number of
carcinoembryonic antigen. CA 19 9, CA 15 3 (25). and several cytology-negative but biopsy-positive samples. It will also be
cytokines (26), but none are specific enough for cancer diagno- important to address how age, menopausal status, histological
sis because a variety of non-ral tissues, benign timors, and grade and other clinical parameters affect IILA-G levels in
nonneoplastic diseases also express these markers (24, 27-28). ascites. Lastly, the potential use of sHLA-G in other body fluids
Using a cutoff value to achieve > 9 0% specificity in detecting such as plasma should be further investigated.
malignant ascites, the sensitivity of these markers was generally
very low and, therefore, unacceptable for clinical application. In
contrast, HLA-C has very limited tissue distribution because ACKNOWLEDGMENTS
only a subpopulation of trophoblast (intermediate trophoblast) is We thank John Lauro at the Johns Hopkins Medical Institutions for
known to express this molecule (7, 8) suggesting that sHLA-G his excellent technical support. This study is in memory of Dr. Frederick
would be more specific for cancer diagnosis. The findings in this J. Montz of the Kelly Gynecologic Oncology Service at Johns Hlopkins

study confirm this impression because the HLA-G ELISA Hospital.
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ABSTRACT:

Our goal is to develop an early detection screening test for serous carcinoma. Specific aim 1: Obtain
cDNAs of autologous tumor antigens recognized by sera of patients with early stage serous
carcinoma, but not controls. Specific aim 2: Identify autologous tumor antigens expressed in serous
carcinoma but absent from, or a low level in normal tissue. Progress: Two novel tumor associated
antigens, the General Cell isoform of UNC-45 (GC-UNC-45) and KIAA1529, were identified by
matrix-assisted laser desorption ionization time-of-flight analysis. Ectopic over-expression of GC-
UNC-45 enhanced the rate of cell proliferation in vitro. Although GC-UNC-45 is present in normal
surface epithelium, benign cystadenoma and low-grade serous carcinoma, elevated GC-UNC-45
expression was associated with high grade and advanced stage ovarian serous carcinomas. GC-
UNC-45 transcripts were higher in high grade disease than immortalized ovarian surface epithelium.
We tested muliplex detection of antibodies to candidate ovarian TAAs and statistical modeling for
discrimination of sera of ovarian cancer patients and controls. The best model generated an AUC of
0.86 (0.78-0.90) for discrimination of sera of EOC patients and healthy patients using antibody
specific to p53, NY-CO-8 and HOXB7. Inclusion of CA125 level in the model provided an AUC of
0.89 (0.84-0.92), as compared to an AUC of 0.83 (0.81-0.83) using CA125 alone. Serum antibody to
p53 and HOXB7 is positively associated with EOC, whereas NY-CO-8-specific antibody shows
negative association. Bayesian modeling of key TAA-specific serum antibody responses is
complementary to CA1 25 testing for discrimination of sera from patients with EOC from those of
healthy women.
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Introduction
The immune system constantly surveys the body for 'non-self antigens, and generates a response
in the appropriate context. A key finding of cancer biology is that cancer patients often generate
antibody to neoantigens specifically expressed in their tumor (1). Autologous antibodies have been
documented in patients afflicted with a variety of different cancers, (2-4) including ovarian cancer
(5). Autologous antibodies generated by cancer patients have been used to screen expression
libraries for tumor antigens. This technique, originally described by Sahin et al and termed SEREX
(serologic analysis of recombinant cDNA expression libraries of human tumors with autologous
serum), has been used to obtain tumor antigen cDNA clones. SEREX has been applied to tumors
of many organs (6) and antibody specific for antigens identified by SEREX in other cancer types
have been demonstrated in ovarian cancer patients (7, 8). Tumor-specific autoantigens that are
common among ovarian cancer patients but not recognized by sera of healthy volunteers have
been identified by us e.g. HOXA7 and HOXB7, and others e.g. cathepsin D and GRP78 (9).
Although expressed, Cathepsin D and GRP78 derived from normal tissue were not recognized by
sera from ovarian cancer patients implying that they contain tumor-specific epitopes (9). Detection
of these autologous antibody responses to ovarian cancer antigens appears to have prognostic
significance (10). SEREX antigenes derived from early stage serous carcinoma may represent
useful biomarkers for the dissection of molecular pathways of serous carcinoma (Dr Shih, Project
1). SEREX antigens are also potential targets for cancer immunotherapy (11) (Dr Wu, Project 3).

Body

Objective 1: Obtain cDNAs of autologous tumor antigens recognized by sera of patients with
early stage serous carcinoma, but not controls.

Task 1.1. Screen sera of patients (n=12) with early stage serous carcinoma by Western blot
analysis to identify those patients with high titer autologous tumor-reactive antibody (months 0-2).

Task 1.2. Generate serous carcinoma cDNA expression libraries and immuno-screen with
autologous patient (n=3) serum antibody to identify SEREX antigens (months 2-14).

Task 1.3. Sequence SEREX antigen cDNAs identified in screen and analyze sequences using
BLAST searches (months 14-15).

Task 1.4 Express SEREX antigens and purify from bacteria (months 15-21).

Task 1.5 Determine the prevalence of serum antibody specific to each SEREX antigen by direct
ELISA in a case/control study (months 21-27). (100 ovarian carcinoma patient sera, 102 sera from
patients with benign ovarian tumors and 200 control sera will be tested.)

Identification of GC-UNC-45 as an ovarian TAA (results detailed in Bazzaro et al., appended)
To identify ovarian TAAs, we derived a cell line JH514 from tumor excised from an 83 year old
woman with metastatic low grade serous carcinoma of the ovary. Western blot analysis with
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AE1/AE3 and anti-CK19 confirmed cytokeratin expression by the JH514 cell line (not shown).
Autologous serum antibodies were covalently coupled to a protein G-Sepharose minicolumn and
used to immunoprecipitate antigens from detergent lysate of the JH514 cell line. Bound antigens
were eluted with low pH and analyzed by SDS-PAGE. The serum antibody from this patient
immunoprecipitated two antigens of approximately 1OOkDa and 200kDa. Each band was excised
from the gel and subjected to trypsin digestion. The charge/mass ratio for the tryptic peptides of the
-100kDa and -200kDa antigens was determined by matrix-assisted laser desorption ionization
time-of-flight analysis. The prospector website was used to search for proteins with matching
peptides. The ,-200kDa antigen was identified as KIAA1529 (195kDa). Nothing is known about the
KIAA1529 antigen and no significant homologies or domains were identified. The --100kDa was
identified as GC-UNC-45 (SMAP-1 Genbank AB014729) which has a predicted mass of 101kDa.
Matched peptides cover 12% of the GC-UNC-45 protein.

Application of Bayesian modeling of autologous antibody responses against ovarian tumor-
associated antigens to cancer detection (results detailed in Erkanli et al., appended)

To explore the utility of autologous serum antibody specific to particular TAAs as an additional tool
for discrimination of sera from cancer patients and healthy women, we generated recombinant
protein from 13 markers previously identified as candidate TAAs and selected 5 presumptive
control reagents. Sera from both healthy women and EOC patients were tested in parallel for
reactivity to all 18 panel elements. Initially we tested sera of 23 healthy patients from MDACC as
controls, and sera from 59 stage Ill/IV ovarian cancer patients obtained at ULSM and 27 from
MDACC as cases, respectively. This set of sera was analyzed for reactivity to microspheres of
discrete sizes coated with individual recombinant TAA or control protein. The presence of antibody
bound to the beads was detected with PE-labeled anti-human IgG and the fluorescence quantified
using a Luminex plate reader. Since 5 presumptive control elements were included in the panel,
absolute MFI values without background subtraction were employed.

Our analytical strategy consisted of fitting the logistic regression model in Equation 1 for ULSM
cases and MDACC cases and controls. By using BF>=3 as a selection criterion, we picked the best
model and computed multiple sensitivity, specificity, ROC curve and AUC by varying a probability
cutoff between 0.01 to 1.00. The AUC was calculated as 0.86 (95% confidence interval 0.78-0.90)
for this best fitting model.

We also compared the best model for discrimination of cases and controls with detection of
absolute level of CA125 or p53-specific antibody or both. The AUC was calculated as 0.83 (95%
confidence interval 0.81-0.83) for the standard CA125 assay alone. Detection of p53 antibody alone
was not useful for discrimination of cases and controls in this serum set (AUC of 0.52 with 95%
confidence interval 0.20-0.58) and combination of absolute CA125 level and serum reactivity to p53
provided an AUC of 0.81 (95% confidence interval 0.79-0.83).

We tested whether addition of absolute serum level of CA125 as an element of the panel conferred
additional predictive value upon re-analysis of the serum set. The posterior distributions of the
regression parameters are displayed in Figure 3 and the ROC curve is given in Figure 4 of Erkanli
et al. Although there is improvement in terms of the accuracy of the fitted model (AUC with CA125



6
goes slightly up from 0.86 (95% confidence interval 0.78-0.90) to 0.89 (95% confidence interval
0.84-0.92), the same markers NY-CO-8, HOXB7, and p53 are again selected as most informative
along with CA125.

Objective 2: Select autologous tumor antigens expressed in early stage serous carcinoma but

absent from, or a low level in normal tissue.

Task 2.1. Generate rat antiserum to SEREX antigens (months 27-29)

Task 2.2. Affinity purify and validate specificity of antibodies (months 29-32).

Task 2.3. Examine the expression pattern of each SEREX antigen by immunohistochemical
staining in normal ovary and a spectrum of ovarian tumors (months 32-36). (n>30 each for serous,
endometriod, clear cell, mucinous and undifferentiated carcinoma of a range of stages, and n>30
for serous borderline tumors, serous cystadenoma and normal ovary, giving an approximate total
of 250 patient samples tested for each antigen).

GC-UNC-45 over-expression is associated with high grade, advanced stage ovarian serous
carcinoma (results detailed in Bazzaro et al., appended)
In order to evaluate GC-UNC-45 expression in ovarian tumors and normal tissue we generated
rabbit antisera against KLH coupled to a peptide comprising the final 18 residues of human GC-
UNC-45. Peptide binding antibody was affinity purified on a peptide column. The specificity of the
affinity purified peptide antibody was analysed by Western blot using 6His-Tagged human GC-
UNC-45 purified from E.coli and 293T cells transfected with pEGFP-C1-GC-UNC-45or pEGFP-C1.
The antibody specifically recognized recombinant GC-UNC-45 with either the 6His or GFP tags. We
optimized conditions for detection of GC-UNC-45 in paraffin-embedded human tissue using the
affinity purified peptide antibody. Immunohistochemical staining suggested a cytoplasmic
localization for GC-UNC-45, consistent with our in vitro studies using GFP-GC-UNC-45. A similar
immunohistochemical staining pattern was observed using the rabbit antiserum to full length GC-
UNC-45.

In order to assess whether GC-UNC-45 is differentially expressed in ovarian serous carcinoma, we
performed immunohistochemical staining of tissue microarrays using GC-UNC-45-specific
antibody for low grade (14 cases) and high grade (32 cases) serous carcinoma. Staining was
scored blind as absent=0, weak=1, intermediate=2, and intense=3. Using this scoring system we
observed that high grade serous carcinomas stained more intensely than low grade serous
carcinoma (p=0.027). Conversely, staining of normal ovarian surface epithelium (12 cases) and
benign serous cystadenoma (n=4) were not significantly different from each other (p=0.29, Figure
5) or from low grade serous carcinoma (p=0.48 and p=0.21 respectively). In contrast, staining of
normal ovarian surface epithelium (12 cases) and benign serous cystadenoma (n=4) was
significantly weaker than for high grade serous carcinoma (32 cases, p=0.0028 and p=0.0065
respectively). The GC-UNC-45 antibody staining of low stage (stages 1-2) serous carcinoma (18
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cases) was also significantly weaker than for high stage (stages 3-4) serous carcinoma (32 cases,
P=0.0021).

To assess whether the lower expression of GC-UNC-45 in normal surface epithelium is reflected
at the transcriptional level, we compared the expression of GC-UNC-45 transcripts relative to the
house keeping gene GAPDH using Q-PCR and expressed the ratio in relative units. We noted that
7/15 high grade serous carcinoma expresses GC-UNC-45 mRNA at a >2-fold higher level than an
immortalized ovarian surface epithelial cell line, IOSE-29 (a mean of 0.081+/-0.107 for high grade
disease versus 0.025 relative units for IOSE-29). In an attempt to control for culture effects upon
GC-UNC-45 mRNA level we compared expression in both the primary low grade serous carcinoma
from patient JH514 with and the cell line derived from the same tumor. We observed similar
expression levels of GC-UNC-45 mRNA in both the JH514 primary tissue and the cell line (0.044
and 0.050 relative units respectively) both of which are lower than for high grade serous carcinoma
(mean of 0.081 relative units).

Effect of GC-UNC-45 over-expression on cell proliferation (results detailed in Bazzaro et al.,
appended)
Prior studies indicate that skeletal myogenic cell proliferation is retarded when levels of GC-UNC-
45 mRNA are reduced. Therefore, we asked whether over-expression of GC-UNC-45 influences
proliferation rate. Initially, we compared the proliferation of 293T cells upon transient transfection
with pEGFP-C1-GC-UNC-45or pcDNA3.1-GC-UNC-45 versus vector control. The efficiency of
transfection was estimated at 50-70% by fluorescence microscopy. By fluorescence microscopy,
GFP alone was present partially in the nucleus and predominantly in cytoplasm, whereas the GFP-
GC-UNC45 protein was localized exclusively to the cytoplasm. We further confirmed the expression
of GFP-GC-UNC-45 by Western blot using rabbit antiserum to GC-UNC-45 produced as a 6His
fusion protein in E. coli. Rabbit antiserum to GFP specifically reacted with -130kDa and -30kDa
proteins in pEGFP-CI-GC-UNC-45 and pEGFP-C1 transfected cells respectively. Upon counting
the number of fluorescent cells at 12, 24 and 36h after transfection we noted a significantly greater
proliferation rate in cells transfected with pEGFP-C1-GC-UNC-45 as compared to pEGFP-C1
(p=0.0001 at both 24h and 36h post transfection). To exclude the possibility that GFP fusion affects
the function of GC-UNC-45 or potential toxic effects of GFP expression, we transiently transfected
293T cells with pEGFP-C1 and pcDNA3.1 (vector control) or with pEGFP-C1 and pcDNA3.1-GC-
UNC-45 and the proliferation rate was followed by counting the number of fluorescent cells 12, 24
and 36 hours post-transfection. Again, there was an increase in cell proliferation in 293T cells
transfected with pcDNA3.1-GC-UNC-45 versus pcDNA3.1 vector control, noticeable from 24 hours
after transfection (p=0.0001). Similar results were obtained in HeLa cells (not shown) and Western
blot analysis using antisera to full-length human GC-UNC-45 confirmed GC-UNC-45 over
expression after transfection with pcDNA3.1-GC-UNC-45 (not shown).

Key Research Accomplishments

"* Identification of 2 new tumor associated antigens for serous carcinoma using
immunopreciptation and MALDI-TOF

"* Demonstration that elevated expression of the General Cell UNC-45 isoform associates
with high grade invasive ovarian carcinoma
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Application of Bayesian modeling of autologous antibody responses against ovarian tumor-
associated antigens to cancer detection

Reportable Outcomes

* Application of Bayesian modeling of autologous antibody responses against ovarian tumor-
associated antigens to cancer detection. Al Erkanli, Douglas D Taylor, Deyrick Dean, Faria
Eksir, Daniel Egger, James Geyer, Brad H Nelson, Herbert A Fritsche, and Richard BS
Roden. (Submitted to Clinical Cancer research)

* Elevated expression of the General Cell UNC-45 isoform associates with high grade
invasive ovarian carcinoma. Martina Bazzaro, Taylor Tang, Catherine J Turski, Robert E
Bristow, le-Ming Shih, and Richard BS Roden. (Submitted to the American Journal of
Pathology)

Conclusions
We have built upon the progress of our first year of funding, and have demonstrated that all of the
tasks in our Statement of Work are feasible. We have developed a methodology for the
identification of ovarian cancer-associated antigens that is complementary to SEREX. While we
are generating the cDNA expression library for SEREX screening, we have used this alternate
immunoprecipitation and mass spectrometry-based approach to identify two new ovarian cancer
associated antigens. Almost nothing is known about the function of either antigen. For one of
these new antigens, GC UNC-45, we have demonstrated its ability to increase the rate of cell
proliferation. We have also shown that GC UNC-45 expression is elevated in high grade as
compared to low grade ovarian carcinoma, and advanced relative to local ovarian carcinoma.
Furthermore, we have built upon our previous work in which HOXB7 was identified by SEREX as an
ovarian cancer antigen. We have used Bayesian modeling of autologous antibody responses
against ovarian tumor-associated antigens to compile a panel of markers CA125, HOXB7, p53 and
NY-CO-8 useful in detection of ovarian cancer. Notably our data suggest that serum antibody to
NY-CO-8 may be associated with reduced incidence of ovarian cancer and we are exploring this
phenomenon further.
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ABSTRACT

Purpose: Biomarkers for early detection of epithelial ovarian cancer (EOC) are
urgently needed. Patients can generate a humoral response to tumor-associated
antigens (TAAs). Therefore we tested muliplex detection of antibodies to
candidate ovarian TAAs and statistical modeling for discrimination of sera of
ovarian cancer patients and controls. Methods: Specific binding of antibody from
sera of women with EOC or healthy controls to candidate TAA-coated
microspheres was assayed in parallel. A Bayesian model/variable selection
approach using Markov Chain Monte Carlo computations was applied to these
data, together with standard serum CA1 25 measurement to determine the best
predictive model. The selected model was subjected to area under the receiver-
operator curve (AUC) analysis. Results: The best model generated an AUC of
0.86 (0.78-0.90) for discrimination of sera of EOC patients and healthy patients
using antibody specific to p53, NY-CO-8 and HOXB7. Inclusion of CA125 level in
the model provided an AUC of 0.89 (0.84-0.92), as compared to an AUC of 0.83
(0.81-0.83) using CA125 alone. Conclusion: Serum antibody to p53 and HOXB7
is positively associated with EOC, whereas NY-CO-8-specific antibody shows
negative association. Bayesian modeling of key TAA-specific serum antibody
responses is complementary to CA125 testing for discrimination of sera from
patients with EOC from those of healthy women.

[206 WORDS]
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INTRODUCTION

Conventional treatment has limited efficacy against advanced stage epithelial
ovarian cancer (EOC) whereas >80% patients with early stage disease survive
five years after diagnosis. However, since there is no diagnostic tool for reliable
screening and detection of pre-malignant or localized ovarian cancer, 70% of
patients with ovarian cancer have advanced disease upon initial diagnosis (1).

Measurement of serum CA125 levels was approved as a prognostic indicator to
monitor disease recurrence (2). Approximately 1% of normal healthy donors have
serum CA1 25 levels greater than 35U/ml. Elevated levels of CA1 25 are detected
>90% of sera of disseminated ovarian cancer cases (stages ll-IV), but only 50%
of patients with stage I disease (2). Thus the CA125 assay is inappropriate as a
'stand alone' population screen for early stage ovarian cancer, although its
positive predictive value can be improved by combination with other screening
tools e.g serial measurements, trans vaginal sonography or combinations with
other markers and statistical modeling.

The immune system constantly surveys the body for 'non-self antigens, and
generates a response in the appropriate context. Significantly, cancer patients
often mount a humoral response to autologous tumor-associated antigens
(TAAs) (3). Autologous antibodies have been documented in patients afflicted
with a variety of different cancers, including melanoma, breast, head and neck,
colon, lung, renal cancer (4-6). Ovarian tumor-reactive antibodies have been
detected in patient serum and ascites (7) and their antigens identified by SEREX
(8, 9) or mass spectrometry of immunoprecipitates (10).

The relationship between carcinogenesis and most TAAs identified by SEREX is
unclear. However autologous antibodies specific for such regulators of cell
growth as mutant p53, ras, c-myc, c-myb, and Her-2/neu have been
demonstrated in cancer patients (11). Several studies indicate that autologous
antibodies specific for TAAs are prevalent in cancer patients but absent from
controls, and therefore have potential as serum biomarkers (12). Perhaps the
autoantigen best studied in ovarian cancer patients is p53 (13). In stage 1/11
ovarian disease 22% of patients had p53 antibody, 31% in stage III and 50% in
stage IV (14). Although there was no association of p53 antibody with clinical
stage, tumor histologic type or overall patient survival (15, 16), detection of
autologous antibody to some ovarian cancer antigens appears to have
prognostic significance (17).

While many other TAAs have been identified (http://www.licr.org/SEREX.html),
the percentage of ovarian cancer patients with reactivity to individual TAAs is
generally low. Therefore a panel of such markers and a statistically rigorous
approach to marker selection are required to develop a clinically applicable
diagnostic test. Herein we describe the application of multiplex detection of
autologous antibodies to ovarian TAA and the Bayesian model/variable selection
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approach using Markov Chain Monte Carlo (MCMC) computations to determine
the best predictive model. MCMC variable selection is a model-based approach
with a specified statistical model that puts no distributional restriction on the
predictors (markers). It compares favorably to the existing statistical approaches
such as recursive partitioning (29, 34, 35) by providing a better assessment of
uncertainty through Bayesian learning. A unique feature of our methods is easy
incorporation of previously described markers in a natural way into existing
models. Thus our application of multiplex detection of autologous antibodies to
ovarian TAA and Bayesian model selection for detection of EOC complements
the CA125 test and implicates p53, HOXB7 and NY-CO-8 in the biology of EOC.

METHODS

Samples
Sera were collected as part of informed consent protocols approved by the local
Institutional Review Boards and the study was approved by the Johns Hopkins
University Institutional Review Board. Blood samples were allowed to clot at
room temperature and were then centrifuged at 400g to remove clot and cells.
Clarified sera were stored at -700C. A set of 59 sera was obtained at the
University of Louisville School of Medicine (ULSM), Louisville, KY from women
with stage Ill/IV ovarian cancer. A second set of sera was obtained at the
University of Texas MD Anderson Cancer Center (MDACC), Houston TX. This
set were obtained from women with breast cancer (n= 18), colon cancer (n=6),
lung cancer (n=10), stage Ill/IV ovarian cancer (n=27), and healthy women
(n=23).

Preparation of recombinant TAA
TAAs were cloned from polymerase chain reaction products into the prokaryotic
expression vector pBADgIII (InVitrogen, Carlsbad, CA, USA). ABC7 (AF133659),
HOXA7 (AF032095) (9), HOXB7 (NM_004502) (8) and NY-ESO-1 (U87459)
(18), Ubiquilin-1 (NM_013438), ZFP161 (Y12726), FLJ21522 (AK025175) (19),
Calmodulin (InVitrogen, Cat. #: V450-01) and p53 (X02469) (13) were amplified
from published constructs, whereas EPS8R3 (NM_024526), NY-CO-8
(AF039690), NY-CO-16 (AF039694) (6) were amplified directly from commercial
cDNA libraries. Constructs were validated using Automated Laser Fluorescent
Sequencing. Bacterial cultures were grown in Terrific broth supplemented with
1%(v/v) glycerol and 100 tg/ml ampicillin at 370C to mid-log phase (OD650 -0.6-
0.7) and induced with 0.02%(w/v) L-(+)-arabinose for 2-3h. Induction was
performed at 300C with 0.002%(w/v) L-(+)-arabinose for HOXA7 and HOXB7.
Cell pellets from 11 cultures were solubilized by sonication in 20ml of 8M urea,
3.7ml of 10% (w/v) sodium N-lauroyl-sarcosinate and brought to 50ml with 20
mM TrisHCI pH8.0/ 0.2 M NaCl/ 10% (v/v) glycerol and 0.1% (w/v) sodium N-
lauroyl-sarcosinate. After centrifugation at 12,000g for 30min at 40C, the
supernatant was loaded onto an Ni-NTA Superflow (Qiagen) column. The
column was washed with a step gradient of 10mM, 20mM, 50mM, 100mM and
finally 0.5 M imidazole in 20 mM TrisHCl pH8.0/ 0.2 M NaCl/ 10% (v/v) glycerol



Erkanli et al. 8/12/04 5

and 0.1% (v/v) Triton X-100. The purity and size of the purified proteins was
determined by staining SDS-PAGE gels for total protein (Sypro Ruby) and
performing Western blotting on duplicate gels for (His)6 labeled antigen using
horseradish peroxidase-labeled anti-(His) 6 and chemiluminescent substrate.

Couplinq to microspheres and Luminex analysis
Monoclonal antibody to (His) 6 was coupled to eleven distinct sets of LabMAP
carboxylated microspheres (Luminex Corporation, Austin, TX) which were then
individually bound overnight at 40C with 30Rg of each purified (his)6-tagged
recombinant TAA. Similarly, a further six distinct sets of LabMAP carboxylated
microspheres were directly coupled to 25[tg of purified Hsp27, Hsp70, and Hsp9O
(Stressgen, Victoria, BC, Canada) (20-22), or as controls, Glutathione-S-
transferase (GST), 5tg/ml of anti-human IgG (Sigma Chemical Company, St
Louis, MO), or 50[tg/ml human IgG. Equivalent counts of each set of protein-
coupled microspheres were mixed to a concentration of 5000 per set per 50RI
well in PBS containing 10% normal mouse serum (Jackson Laboratories, West
Grove, PA). The beads were shaken with 50 1d of patient serum diluted 1:25 in a
96 well filter-bottom microtiter plate for 1 h in the dark at ambient temperature.
The beads were washed three times with 100[d1 of buffer by filtration, and then
shaken in 100RlI/well of R-Phycoerythrin (PE)-conjugated donkey anti-human IgG
diluted 1:200 in PBS/BSA for 45min in the dark. After three washes, the beads
were resuspended in 100pl/well of PBS/BSA and their mean fluorescence
intensity assayed on a Luminex 100 plate reader. The median fluorescence
intensity (MFI) of 100 of each set of microspheres was determined for each well.

Statistical analyses
A Bayesian ModelNariable Selection approach using a Markov Chain Monte
Carlo (23) computations was implemented in the WinBugs (24) programming
environment. A full description of the model selection and details of our Bayesian
Computations using Gibbs Sampling are provided in supplemental materials. The
MCMC variable (here the 13 markers and 5 controls) selection approach is a
stochastic search algorithm that effectively visits all 218= 216,144 different
models obtained from including/excluding any of the markers or controls in a
logistic regression for the probability of ovarian cancer. For numerical stability,
we transformed the measured MFI levels of the markers and controls to
logarithmic scale. Our approach adjusts for the associations amongst the 13
markers, and effects of the 5 controls. Given the limited number of cases and
controls, we focused on an additive model assuming no interactions among the
markers, controls, and between markers and controls. A priori, each specific
marker or control is assumed to be equally likely to be included/excluded (i.e.,
with probability of 0.5) in the model. This corresponds to an equally likely prior
probability of 1/218 for each possible configuration in the model space. The
inclusion probability for a specific marker or control is then updated by their
posterior probability using all the available information about the other markers
and controls, conditional on the observed ovarian cancer status. Although, in
principle, one can compute the posterior probability of each of the 218 models
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using the Bayesian analysis, a simpler alternative is to use the Bayes factor (BF)
(25), defined as the posterior and prior odds ratio, to select relevant markers or
controls for future analyses. For a specific marker or control, larger values of BF
provide evidence in favor of inclusion, while smaller values support exclusion
from the model. Usually, a value between 1 and 3 is considered weak, between 3
and 10 as substantial, between 10 and 100 as strong, and greater than 100 as
very strong (26).

Model Description
Let dj denote a binary indicator variable for the j-th marker or control in the logit,
for i = 1,2, ... , n and j=1,2, ... , J,

A J

logit(pi) = log(] _), a + I dib~jX•

Jl-1

where d, = 0/1 indicates the exclusion/inclusion of the j-th variable, p, is the

probability that the i-th subject has ovarian cancer, Xj is the value of the j-th

variable (a marker or a control) for the i-th patient, and b, is the regression

coefficient measuring the strength of the association between Xjand pj in the
log-odds ratio scale, for n patients, and J variables; here J=18, and n = 123 (23
controls, and 100 cases in the training data set). A priori, before seeing the
cancer status and all the relevant marker/control information,
Pr(d, = 1) = Pr(d, = 0) = 0.5. Using the specific a Gibbs sampling (23) algorithm,

we can compute the posterior probability of inclusion probability Pr(d. = ilData)

and the BF for the j-th variable (marker or control) as

Pr(dJ = 11 Data) Pr(d1 = 0)
BFJ = 'Pr(d1 = 01 Data) Pr(d1 = 1)

Pr(dJ = lIData) (2)

Pr(d1 = O0 Data)

since Pr(dJ = 1) = Pr(d -= 0) = 0.5 a priori. Here Data is the vector that consists of

all the diagnostic and marker/control information available for n patients and J
variables. The uncertainty about the marginal posterior probability of inclusion
Pr(d. = l Data) is automatically adjusted, as a result of Bayesian updating, for the

other markers/controls present in the model.

Our analytical strategy consists of fitting logistic regression model in Equation 1
for ULSM cases and MDACC cases and controls, and cross-validate the best
model against the GOG cases and ULSM controls which consists of n = 44
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patients. By using BF>=3 as a selection criterion, we picked the best combination
of antigens and controls and computed multiple sensitivity, specificity, ROC curve
and AUC by varying a probability cutoff between 0.01 to 1.00. As an additional
data analysis, we also compared the best model with those obtained using p53
and CA125.

Bayesian Computations using Gibbs Sampling
Using the logistic model described in Equation 1, the joint posterior density for all
the unknown quantities is obtained using Bayes theorem as, up to a constant of
proportionality,

f (•,dl Data) •x L(ap,d)f (V,d) = ýply'l0- p,)-' If (•,d), (3)

where V = (a,b) is the J+1-dimentional parameter vector, L(Vd)denotes the
likelihood function, and f(',d)is the joint prior density for V and model
indicators d=(d1 ,...,dd), respectively. The probability of ovarian cancer for each
patient, p, = Pr(Y, = lIi,d,{X,}), is described as, by inverting the logit in

Equation 1.

exp(a + I djbJ X,)

A + exp(a + Idib 1 X ) (4)

J

where Y, = 1, if the i-th subject has ovarian cancer, and Y, = 0, otherwise, and as

in (1), X. denotes the value of the j-th marker for the i-th patient, for i = 1,2,... n,

and j = 1, 2,..., J. We assume that the components of V, and d are independently
distributed with uninformative normal priors for the intercept a, and regression
parameters (slopes) b = (b1,...,bj) described as

a - N(0,oo),

S1(5)
bJ - N(O, oo),j= ,... J

where 4 denotes a large variance, e.g., 10,000, but can be fine tuned for specific
applications to achieve numerical stability, and to guarantee posterior propriety,
i.e., posterior densities of a and b are proper. Under these "vauge" priors, the
Bayesian analysis is directly comparable to classical Maximum Likelihood
Estimation method.

The prior distributions of the indicator variables are as described before,
i.e., components of dare independently distributed as Bernoulli (0.5),
corresponding to the belief that each marker or control is equally likely to be
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included or excluded in the model, prior to seeing the data. If there is prior
information or belief that, some of the markers are more likely to be included in
the model, than one can adjust these probabilities to accommodate such
information, i.e., change 0.5 to 0.9 (say) for at least one marker. More detailed
examples of Bayesian variable selection can be found in (42-45).

The independent Bernoulli(0.5) priors results in a joint 2 J uniform prior for
all dO{0,1}J . Although conceptually simple, the evaluation of the posterior density
in Equation 3 is computationally intractable, as it does not lend itself to a closed
analytical form. Consequently, a numerical method is needed to compute
Equation 3 and the other related quantities of interest such as the marginal
posterior distributions of a and b = (b1,....bj).

We used a Markov Chain Monte Carlo (MCMC) approach based on a
Gibbs sampler that is similar to those described in (42, 44, 45). The usual Gibbs
sampler (23) when the indicators are fixed apriori in the model space {0,1}J, e.g.,
di = 1 for all j=1,..., J, simulates successively from the full conditional posterior

densities

f(al...) o L(iV,d)f (a) (6)

f(Abj... )%L(Q, dy(bj),j= 1,...,J (7)

where we write ... to denote conditioning on all the other parameters and the
cancer status Data = (Y,...,Y,). Starting from an initial vector (for fixed d)

ab, ,...,b', the Gibbs sampler simulates first a new al using Equation 6 by

conditioning on Data and b°, .... b'. Next, it simulates a new b' using Equation 7
for the j-th coefficient by conditioning on a1, ba,...,bd J s0h i,bI .. b and so forth until

all the parameters have been simulated. This iterative process continues using
I X ] in Equations 6 and 7 to generate a new sequence of a and b and so
forth. After a sufficiently large number of R, (e.g., R = 10,000) simulations, we
have a Markov Chain {ar, b,..br IRI that, under suitable regularity conditions, as
R 6 4, resembles the parameter values generated from the true joint posterior
distribution f(WIData). Accordingly, point and interval estimates for any quantity
of interest can be obtained by using simple tools such as arithmetic averages to
any desired degree of accuracy. In practice, to ensure that simulated MC has
established stability, an initial part of R is used for a burn-in period and multiple
starting points may be used for better mixing, see for example (25). The
conditional densities in Equations 6 and 7 are not available in closed analytical
from, however, they are log-concave and hence the adaptive rejection sampling
(ARS) (46) can be used for simulations. An alternative method is Metropolis-
Hastings (MH) algorithm (25). In this application we used WinBugs program,
Version 1.4, (24) which uses both ARS and MH methods. It is recommended that
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an initial number of iterations to be used for burn-in and remaining for assessing
convergence. Also, one may start with multiple initial points to make sure that the
resulting MC sequence is well mixing.

An advantage of the Gibbs sampling is that it can be generalized to run
simultaneously on the model space {O,1}J. By augmenting the parameter space
with the model space, a Gibbs sampler can be set-up to simulate successively
from the full conditional posterior distributions f(V IData,d) and f(dlData,').For
generating V, we use Equations 6 and 7 as before, by conditioning on d. The
only difference is that we now simulate from a modified version of Equation 7 for
generating regression coefficients b = (bi,...,bj)

[ L(,pdj = 1, d-j)f(bjIdj = 1) if dj =1 (8)
f(b,.)acj f(bj Idi = 0) if di = 0,

where, because of a priori independence between the parameters,
f(bjIdj) = f(b.). The vector d-, in the likelihood indicates values of all ds

exceptd1 . In other words, the prior distribution of b1 is updated only when the j-th
marker/control is active, di = 1. When d, = 0, the conditional posterior density for

b is the same its prior. For that reason, the normal prior in Equation 5 should be

chosen carefully to insure convergence. We used several normal priors, N(0,1),
N(0,10) and N(0,100), without having any convergence problems. An alternative
parameterization is achieved by the transformation 0, = djbj, which effectively

results in a two-component finite mixture prior with a point mass at zero (when
d, = 0) with probability of 0.5, and a normal distribution N(0,0')(when dj = 1)
with probability 0.5. In our application, we used 0/ = djb, for simplicity.

Simulation of the indicators is trivial as the full conditional posterior for
each of them is a Bernoulli(qj), where

qj = L(V,dj = l,d_2) /[L(V,dj = 1,d_j) + L(V,dj = O,d_,)]. (9)

To obtain the model probability for a particular configuration of markers and
controls, one can, in principle, compute its posterior probability by counting the
frequency of the simulated events that support it, using the MCMC samples such
generated. However, this can be computationally very demanding due to memory
limitations and computer speed. An alternative approach is to use the marginal
Bayes factors as we have illustrated in equation Equation 2 above.

RESULTS
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To explore the utility of autologous serum antibody specific to particular TAAs as
an additional tool for discrimination of sera from cancer patients and healthy
women, we generated recombinant protein from 13 markers previously identified
as candidate TAAs and selected 5 presumptive control reagents. Sera from both
healthy women and EOC patients were tested in parallel for reactivity to all 18
panel elements. Initially we tested sera of 23 healthy patients from MDACC as
controls, and sera from 59 stage Ill/IV ovarian cancer patients obtained at ULSM
and 27 from MDACC as cases, respectively. This set of sera was analyzed for
reactivity to microspheres of discrete sizes coated with individual recombinant
TAA or control protein. The presence of antibody bound to the beads was
detected with PE-labeled anti-human IgG and the fluorescence quantified using a
Luminex plate reader. Since 5 presumptive control elements were included in the
panel, absolute MFI values without background subtraction were employed.

Our analytical strategy consisted of fitting the logistic regression model in
Equation 1 for ULSM cases and MDACC cases and controls. By using BF>=3 as
a selection criterion, we picked the best model and computed multiple sensitivity,
specificity, ROC curve and AUC by varying a probability cutoff between 0.01 to
1.00 (Table 1, Figures 1 and 2). The AUC was calculated as 0.86 (95%
confidence interval 0.78-0.90) for this best fitting model (Table 1).

We also compared the best model for discrimination of cases and controls with
detection of absolute level of CA1 25 or p53-specific antibody or both. The AUC
was calculated as 0.83 (95% confidence interval 0.81-0.83) for the standard
CA125 assay alone. Detection of p53 antibody alone was not useful for
discrimination of cases and controls in this serum set (AUC of 0.52 with 95%
confidence interval 0.20-0.58) and combination of absolute CA125 level and
serum reactivity to p53 provided an AUC of 0.81 (95% confidence interval 0.79-
0.83).

We tested whether addition of absolute serum level of CA125 as an element of
the panel conferred additional predictive value upon re-analysis of the serum set
(Table 2). The posterior distributions of the regression parameters are displayed
in Figure 3 and the ROC curve is given in Figure 4. Although there is
improvement in terms of the accuracy of the fitted model (AUC with CA125 goes
slightly up from 0.86 (95% confidence interval 0.78-0.90) to 0.89 (95%
confidence interval 0.84-0.92), the same markers NY-CO-8, HOXB7, and p53 are
again selected as most informative along with CA125.

DISCUSSION

Our study examines the applicability of multiplex detection of autologous
antibody to TAAs as a diagnostic tool for cancer. The detection of autologous
antibody to this 3 member panel of TAAs, in addition to CA125, shows merit as
an approach for ovarian cancer detection. However, much larger studies are
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required to assess its sensitivity at the high specificity required for screening
healthy women. In particular it warrants further examination in high-risk
populations such as female first-degree relatives of ovarian cancer patients or
women carrying mutations that predispose toward cancer. The application of
longitudinal screening may also significantly increase the positive predictive
value of the test (27, 28). Sera collected over four time points from individual
patients with ovarian (n=5) or breast (n=5) cancer were analyzed for the stability
of TAA reactivity. The reactivities were generally stable over several years
despite therapy indicating that this approach is not useful to monitor therapy (not
shown).

Our modeling of TAA-specific antibody discriminates poorly the patients with
ovarian cancer from those with cancer of other organ sites (not shown). This
reflects the use of p53 as a diagnostic marker and its importance in cancers in
addition to ovarian cancer (13). However, other investigators have made
progress to this end (29, 30). Three of the seven TAAs tested proved useful in
detecting particular cancer types (29, 30). Over 2000 TAAs have been entered
into the SEREX database (http://www.licr.org/SEREX.html). Several other
approaches have also been used to identify candidate TAAs including mass
spectrometric analysis of immunopreciptiates (10) and screening of phage
display libraries (31, 32). Inclusion of other TAAs using similar, highly
multiplexed approaches (33), in large case/control studies may provide better
discrimination between cancer types.

Here we describe the application of Bayesian model/variable selection approach
using Markov Chain Monte Carlo computations, implemented in the freely
available WinBUGS program, to determine the best predictive model. The MCMC
variable selection is a model-based approach with a specified statistical model on
the cases and controls (in our case Binomial distribution with logistic link) but
puts no distributional restriction on the predictors (markers). It compares
favorably to the existing statistical approaches such as recursive partitioning (29,
34, 35) by providing a better assessment of uncertainty through Bayesian
learning. A unique feature of our methods is easy incorporation in a natural way
into existing models of prior information obtained from earlier clinical studies or
scientist's experience.

Pattern recognition analysis of proteomic profiles has been used to discriminate
sera of ovarian cancer patients from those of healthy women, but the biological
underpinning of these patterns is as yet unclear (36). By contrast the
significance of the TAAs p53 and HOXB7 in cancer biology has been studied
extensively for ovarian and other cancers (8, 37-40). A partial cDNA sequence
NY-CO-8 was initially identified as a colon cancer antigen. The full length gene
was recently cloned and its product, CCCAP, shown to associate with
centrosomes (41). Subsequent analysis of the serologic reactivity to NY-CO-8
suggests that it is a naturally occurring autoantigen (33). The presence of NY-
CO-8-reactive antibody in healthy controls may account for its negative
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association with ovarian cancer in our study. This possible protective effect
warrants further investigation.
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Table 1. Modeling of serum responses to the 18 element panel in cases and
controls. Identification of the best fitting model for discrimination between sera of
23 healthy patients from MDACC as controls, versus sera from 59 stage Ill/IV
ovarian cancer patients obtained at ULSM and 27 from MDACC as cases using
the 18 element panel. The table shows the posterior estimates (mean and
standard deviations) of Pr(d1 = I- Data), the regression coefficients {Oj = djbj },

and the Bayes Factors for 13 markers and 5 controls using the data set of ULSM
cases, and MDACC cases and controls. The regression coefficients e0 are

assumed to be statistically independent, and each have a two-component
mixture prior distribution with a point mass at zero (when d, = 0) with probability

of 0.5, and a normal distribution N(O,a0) (when d. = 1) with probability 0.5.

Table 1.
Marker Pr(d, = I1 Data) 0, BF,

FLJ21522 0.49 (0.50)
NY-CO-8 0.98 (0.15) -1.49 (0.62) 49
NY-CO-16 0.45 (0.49)
ABC7 0.65 (0.48)
caHslgG 0.42 (0.49)
Calmodulin 0.42 (0.49)
HOXB7 0.92 (0.27) 1.42 (0.76) 11.5
Hsp70 0.57 (0.49)
Hsp90 0.49 (0.50)
HslgG 0.43 (0.49)
No Antigen 0.60 (0.49)
NY-ESO-1 0.48 (0.50)
p53 0.96 (0.20) 1.21 (0.58) 24
Ubiquilin-1 0.61 (0.49)
ZFP161 0.28 (0.45)
Vector 0.40 (0.49)
HOXA7 0.42 (0.49)
Hsp27 0.42 (0.49)

Post. Mean 95% Cl interval for AUC
(Std D.)

AUC 0.86 (0.03) 10.78 10.90
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Table 2. Modeling of the serum responses to the 18 element panel and
CA125 level in cases and controls. Identification of the best fitting model for
discrimination between sera of 23 healthy patients from MDACC as controls,
versus sera from 59 stage Ill/IV ovarian cancer patients obtained at ULSM and
27 from MDACC as cases using the 18 element panel and absolute CA125 level.
Statistical analysis was performed as described for Table 1.

Marker Pr(d. = 1] Dama) j BFJ

FLJ21522 0.37 (0.48)
NY-CO-8 0.90 (0.31) -1.18 (0.67) 9
NY-CO-16 0.44 (0.50)
ABC7 0.53 (0.50)
cHslgG 0.35 (0.48)
Calmodulin 0.42 (0.49)
HOXB7 0.87 (0.33) 1.17 (0.73) 6.7
Hsp70 0.33 (0.47)
Hsp90 0.41 (0.49)
HslgG 0.36 (0.48)
No Antigen 0.52 (0.50)
NY-ESO-1 0.41 (0.50)
p53 0.76 (0.43) 0.73 (0.62) 3.2
Ubiquilin-1 0.52 (0.50)
ZFP161 0.49 (0.50)
Vector 0.41 (0.50)
HOXA7 0.43 (0.49)
Hsp27 0.37 (0.48)
CA125 0.99 (0.07) 0.90 (0.37) 99

Post. Mean 95% CI interval for AUC
(Std D.)

AUC 10.89 (0.03) 10.84 10.92
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FIGURE LEGENDS

Figure 1. Posterior distributions of {O, } in the variable selection algorithm for data

of Table 1.

Figure 2. Posterior estimate of ROC curve for markers NY-CO-8, HOXB7 and
p53 with 95% Credible Interval for cut off values ranging from 0.01 and 1.00 for
data of Table 1.

Figure 3. Posterior distributions of {j, } for all 18 candidate markers plus CA125

levels (marked as [19] above) in the variable selection algorithm for data of Table
2.

Figure 4. Posterior estimate of ROC curve for training set using NY-CO-8,
HOXB7, p53, and CA125 with 95% Credible Interval for cut off values ranging
from 0.01 and 1.00 for data of Table 2.
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Abstract (185 of 200 word maximum)

New tumor-associated antigens have promise as biomarkers and therapeutic targets that

are urgently needed for epithelial ovarian cancer. In this report we derived a cell line

from a patient with low grade serous carcinoma of the ovary and immunoprecipitated

tumor associated antigens from tumor lysate using autologous patient antibody. Two

novel tumor associated antigens, the General Cell isoform of UNC-45 (GC-UNC-45) and

KIAA 1529, were identified by matrix-assisted laser desorption ionization time-of-flight

analysis. GC-UNC-45 is a cytoplasmic 1OOkDa protein that is a member of the UCS

(UNC-45/CRO 1/She4p) family of chaperones, but no significant homologies to

KIAA 1529 were found. Ectopic over-expression of GC-UNC-45 enhanced the rate of cell

proliferation in vitro. Although GC-UNC-45 is present in normal surface epithelium,

benign cystadenoma and low-grade serous carcinoma, elevated GC-UNC-45 expression

was associated with high grade and advanced stage ovarian serous carcinomas. GC-UNC-

45 transcripts were higher in high grade disease than immortalized ovarian surface

epithelium. However only 2/81 sera from patients with serous carcinoma and 0/50

controls reacted with GC-UNC-45. Thus, we describe GC-UNC-45 as a novel

immunogenic biomarker of high-grade advanced disease that enhances the rate of cell

proliferation.
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Introduction

While the pathogenesis of ovarian serous carcinoma is poorly understood, a dualistic

ovarian tumor progression model has recently been proposed based upon morphologic

and molecular genetic analyses 1. In this model, surface epithelial tumors are divided into

low-grade neoplasms that arise stepwise from borderline tumors and high-grade

neoplasms that lack precursor lesions recognizable by morphology. The indolent, low-

grade neoplasms generally respond poorly to chemotherapy but they may, we speculate,

be more amenable to immunotherapeutic approaches. Thus, while genetic and proteomic

techniques are frequently used to identify candidate molecular biomarkers, we isolated

tumor associated antigen (TAAs) by immunoprecipitation using autologous antibody

from a patient with low-grade serous carcinoma 2. Herein, we describe mammalian

general cell (GC) isoform of UNC-45 as a new ovarian cancer TAA. UNC-45 is a

member of the UCS (UNC-45/crol/She4p) family involved in a variety of myosin- and

actin-dependent functions in eukaryotic organisms 3. Elevation of GC-UNC-45 levels via

ectopic expression increases the rate of cell proliferation. Significantly, elevated GC-

UNC-45 expression is associated with high-grade relative to low-grade ovarian

carcinoma and its precursors. Further, GC-UNC-45 expression was significantly higher in

more advanced stage disease.

Methods

Antigen identification by matrix-assisted laser desorption ionization time-of-flight

analysis. IgG from 0.5ml of 0.2Rtm-filtered sera from patient JH514 was bound to a

protein G spin column (Seize-X, Pierce) and cross-linked with disuccinimidyl suberate
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according to the manufacturers' instructions. Cultured JH514 cells were lysed in M-PER

(Pierce) and clarified by centrifugation and passage through a protein G spin column.

JH514 lysate (1Omg/ml) was reacted with the autologous antibody column for l h at 40C.

After extensive washing, the column was eluted at pH2.5. Eluates were precipitated in

10% (w/v) trichloroacetic acid and analyzed by SDS-PAGE with Coomassie staining. The

-100 kDa and -200kDa protein bands were excised and digested with TPCK-treated

sequencing grade trypsin (Worthington Biochemical Corp., Lakewood, NJ) as previously

described 4. Masses of the resulting peptides were measured by matrix-assisted laser

desorption ionization time-of-flight (MALDI-TOF) on a Voyager DE STR (Applied

Biosystems, Foster City, Ca). Positive ion mass spectra were analyzed using Data

Explorer (version 3.5). Mass accuracy was better than 100 ppm. GC-UNC-45 was

identified by searching the monoisotopic masses acquired from the 1 OOkDa protein

against the NCBI non-redundant database using the MS-Fit search engine on the protein

Prospector web site (prospector.ucsf.edu).

Generation of GC-UNC-45 transient transfectants. Full-length GC-UNC-45 cDNA

was subcloned from MGC-999 (ATCC) into the mammalian vectors pcDNA3.1

(Invitrogen) and pEGFP-C 1 (Clontech). Subconfluent cultures of 293T were transfected

with plasmids DNA by using Lipofectamine 2000 reagent (Life Technologies).

Cellular localization of GC-UNC-45. 293T cells were seeded 12 hours after transfection

at 2,000 cells/500 ml per well in Lab-Tek II chambered coverglass (Nalge Nunc

International) and nuclei were visualized by Hoersch 33342 staining. Mounted samples

were analyzed under a Nikon Eclipse TE 200 inverted fluorescence microscope and
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captured with an RT monochrome digital camera. Twelve bit images were merged and

analyzed with the Ultraview acquisition software, and pseudocolored.

Proliferation assay. Fluorescent 293T and HeLa (ATCC) cells were imaged and

manually counted in six 20X power field under a Nikon Eclipse TE 200 inverted

fluorescence microscope 12, 24 and 36 hours after transfection.

Prokaryotic expression and purification of recombinant GC-UNC-45 protein. Full

length human GC-UNC-45 coding sequence was subcloned from MGC-999 (ATCC) into

pProExHTc vector (Invitrogen). After transformation the bacteria were grown to an

OD 600 of 0.6 and induced with 1mM isopropylthio-p-D-galactoside. 6His-tagged protein

was purified on nickel-nitriloacetic acid resin columns under denaturing conditions

according to the manufacturer (Qiagen).

Generation of rabbit antisera. Rabbits were immunized with 2504g of antigen in

Freunds Complete Adjuvant and boosted with 125[tg of antigen in Freunds Incomplete

Adjuvant on days 14, 28 and 35. Rabbits were inoculated with the following antigens:

full length 6His-tagged human GC-UNC-45 and KLH-coupled peptide

HTSAASPAVSLLSGLPLQ of human GC-UNC-45. Immunizations and peptide affinity

purification were performed by Proteintech Laboratories using their standard protocol.

Immunohistochemistry. Sections (5 gtm) from paraffin-embedded tissue were used for

immunohistochemistry. Slides were deparaffinized in fresh xylenes and rehydrated

through sequential graded ethanol steps. Antigen retrieval was performed by citrate buffer
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incubation [ 18mM citric acid/8 mM sodium citrate (pH 6)] using a household vegetable

steamer (Black and Decker) for 60 min. Slides were incubated for 5 min with 3%

hydrogen peroxide; washed in 20mM Tris, 140 mM NaC1, and 0.1% Tween 20 (pH 7.6);

and incubated in antibody dilution 1:250 for 60 min at room temperature. The avidin-

biotin-peroxidase complex method from DAKO (Glostrup, Denmark) was used to

visualize antibody binding, and slides were subsequently counterstained with

hematoxylin.

Cell Extracts and Western Blotting. Cells were extracted in 62.5 mM Tris-HC1 (pH

6.8),2% w/v SDS, 10% glycerol, 50 mM DTT, and 0.01% w/v bromphenol blue. The

samples were sonicated for three 10-s intervals and boiled for 5 min. Proteins were

fractionated on SDS-polyacrylamide gels containing 12% acrylamide/0.4% bis-

acrylamide and transferred to Immobilon-P membranes (Millipore, Bedford, MA) in 25

mM Tris-HCl (pH 8.5), 200 mM glycine, and 20% methanol for 2 h at 100 mA. Blots

were blocked with 5% non-fat dried milk diluted in 50 mM Tris-HCl (pH 7.5) and 150

mM NaCI containing 0.1% Tween 20, incubated in a 1:1000 dilution of the GC-UNC-45

antibody and rinsed. Blots were then incubated for 1 h with horseradish peroxidase-

conjugated rabbit anti- IgG antibody (1:10000; Amersham Corp.) and visualized using the

Enhanced Chemiluminescence Kit (Amersham Corp.). Exposure times ranged from 30 s

to 2 min.

Cell Lines. The cell line JH514 was maintained in Dulbecco's modified Eagles's

medium (DMEM) supplemented with 10% fetal calf serum, penicillin (1 OOIU/ml, and



Bazzaro et al. 8/10/04 7

streptomycin (100tg/ml) at 95% air/5% CO2 . 293T and HeLa cell lines were obtained

from American Type Culture Collection and cultured according to their specifications.

Results

Identification of GC-UNC-45 as an ovarian TAA

To identify ovarian TAAs, we derived a cell line JH514 from tumor excised from an 83

year old woman with metastatic low grade serous carcinoma of the ovary (Figure I a).

Western blot analysis with AE1/AE3 and anti-CK19 confirmed cytokeratin expression by

the JH514 cell line (not shown). Autologous serum antibodies were covalently coupled to

a protein G-Sepharose minicolumn and used to immunoprecipitate antigens from

detergent lysate of the JH514 cell line. Bound antigens were eluted with low pH and

analyzed by SDS-PAGE. The serum antibody from this patient immunoprecipitated two

antigens of approximately IOOkDa and 200kDa (Figure I b). Each band was excised from

the gel and subjected to trypsin digestion. The charge/mass ratio for the tryptic peptides

of the -100kDa (figure I c and Table 1) and -200kDa (not shown) antigens was

determined by matrix-assisted laser desorption ionization time-of-flight analysis. The

prospector website was used to search for proteins with matching peptides. The -200kDa

antigen was identified as KIAA1529 (195kDa). Nothing is known about the KIAA1529

antigen and no significant homologies or domains were identified. The -IOOkDa was

identified as GC-UNC-45 (SMAP-1 Genbank ABO 14729) which has a predicted mass of

101kDa (Table 1). Matched peptides cover 12% of the GC-UNC-45 protein (Table 1).



Bazzaro et al. 8/10/04 8

Effect of GC-UNC-45 over-expression on cell proliferation

Prior studies indicate that skeletal myogenic cell proliferation is retarded when levels of

GC-UNC-45 mRNA are reduced 5. Therefore, we asked whether over-expression of GC-

UNC-45 influences proliferation rate. Initially, we compared the proliferation of 293T

cells upon transient transfection with pEGFP-C I-GC-UNC-45or pcDNA3.1 -GC-UNC-45

versus vector control (Figures. 2a and b). The efficiency of transfection was estimated at

50-70% by fluorescence microscopy. By fluorescence microscopy, GFP alone was

present partially in the nucleus and predominantly in cytoplasm (Figure 2c), whereas the

GFP-GC-UNC45 protein was localized exclusively to the cytoplasm (Figure 2d). We

further confirmed the expression of GFP-GC-UNC-45 by Western blot using rabbit

antiserum to GC-UNC-45 produced as a 6His fusion protein in E. coli (Figure 3a). Rabbit

antiserum to GFP specifically reacted with -130kDa and -30kDa proteins in pEGFP-C1-

GC-UNC-45 and pEGFP-C I transfected cells respectively (Figure 3b). Upon counting

the number of fluorescent cells at 12, 24 and 36h after transfection we noted a

significantly greater proliferation rate in cells transfected with pEGFP-C 1-GC-UNC-45as

compared to pEGFP-C 1 (p=0.0001 at both 24h and 36h post transfection, Figure 2a). To

exclude the possibility that GFP fusion affects the function of GC-UNC-45 or potential

toxic effects of GFP expression, we transiently transfected 293T cells with pEGFP-C I

and pcDNA3.1 (vector control) or with pEGFP-C 1 and pcDNA3.1 -GC-UNC-45 and the

proliferation rate was followed by counting the number of fluorescent cells 12, 24 and 36

hours post-transfection (Figure 2b). Again, there was an increase in cell proliferation in

293T cells transfected with pcDNA3.1-GC-UNC-45 versus pcDNA3.1 vector control,

noticeable from 24 hours after transfection (p=0.0001, Figure 2b). Similar results were
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obtained in HeLa cells (not shown) and Western blot analysis using antisera to full-length

human GC-UNC-45 confirmed GC-UNC-45 over expression after transfection with

pcDNA3.1-GC-UNC-45 (not shown).

GC-UNC-45 over-expression is associated with high grade, advanced stage ovarian

serous carcinoma

In order to evaluate GC-UNC-45 expression in ovarian tumors and normal tissue we

generated rabbit antisera against KLH coupled to a peptide comprising the final 18

residues of human GC-UNC-45. Peptide binding antibody was affinity purified on a

peptide column. The specificity of the affinity purified peptide antibody was analysed by

Western blot using 6His-Tagged human GC-UNC-45 purified from E.coli (not shown)

and 293T cells transfected with pEGFP-C 1-GC-UNC-45or pEGFP-C 1 (Figure 3c). The

antibody specifically recognized recombinant GC-UNC-45 with either the 6His or GFP

tags (Figure 3c). We optimized conditions for detection of GC-UNC-45 in paraffin-

embedded human tissue using the affinity purified peptide antibody.

Immunohistochemical staining suggested a cytoplasmic localization for GC-UNC-45

(Figure 4), consistent with our in vitro studies using GFP-GC-UNC-45 (Figure 2d). A

similar immunohistochemical staining pattern was observed using the rabbit antiserum to

full length GC-UNC-45 (not shown).

In order to assess whether GC-UNC-45 is differentially expressed in ovarian serous

carcinoma, we performed immunohistochemical staining of tissue microarrays using GC-

UNC-45-specific antibody for low grade (14 cases) and high grade (32 cases) serous
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carcinoma. Staining was scored blind as absent=O, weak=1, intermediate=2, and

intense=3. Using this scoring system we observed that high grade serous carcinomas

stained more intensely than low grade serous carcinoma (p=0.027 , Figure 5). Conversely,

staining of normal ovarian surface epithelium (12 cases) and benign serous cystadenoma

(n=4) were not significantly different from each other (p=0.29, Figure 5) or from low

grade serous carcinoma (p=0.48 and p=0.21 respectively). In contrast, staining of normal

ovarian surface epithelium (12 cases) and benign serous cystadenoma (n=4) was

significantly weaker than for high grade serous carcinoma (32 cases, p=0.0028 and

p=0.0065 respectively, Figure 5). The GC-UNC-45 antibody staining of low stage (stages

1-2) serous carcinoma (18 cases) was also significantly weaker than for high stage (stages

3-4) serous carcinoma (32 cases, P=0.0021, Figure 6).

To assess whether the lower expression of GC-UNC-45 in normal surface epithelium is

reflected at the transcriptional level, we compared the expression of GC-UNC-45

transcripts relative to the house keeping gene GAPDH using Q-PCR and expressed the

ratio in relative units (Table 2). We noted that 7/15 high grade serous carcinoma

expresses GC-UNC-45 mRNA at a >2-fold higher level than an immortalized ovarian

surface epithelial cell line, IOSE-29 (a mean of 0.081+/-0.107 for high grade disease

versus 0.025 relative units for IOSE-29). In an attempt to control for culture effects upon

GC-UNC-45 mRNA level we compared expression in both the primary low grade serous

carcinoma from patient JH514 with and the cell line derived from the same tumor. We

observed similar expression levels of GC-UNC-45 mRNA in both the JH514 primary
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tissue and the cell line (0.044 and 0.050 relative units respectively) both of which are

lower than for high grade serous carcinoma (mean of 0.081 relative units).

Discussion

We describe the first cell line derived from a low-grade serous carcinoma of the ovary

which may have utility in dissecting the relationship between this pathologic entity and

high grade serous carcinoma 1. Furthermore, we identify a new ovarian TAA, GC-UNC-

45. Several lines of evidence suggest that GC-UNC-45 is involved in tissue proliferation.

GC-UNC-45 transcripts are generally abundant during the first stages of development but

decrease during differentiation processes 5. For example, GC-UNC-45 transcripts are

expressed at high levels in all tissues of 8-day mouse embryos whereas by 9.75 days the

most robust expression was confined to regions of intense development such as bronchial

arches and forelimb. Moreover, studies of C2C 12 myoblast differentiation showed that

the highest levels of GC-UNC-45 were associated with non-differentiated, highly

proliferating cells whereas in differentiating myoblast the GC-UNC-45 levels were

significantly lower 5. Furthermore, a 68-75% decrease in cell proliferation was observed

in cells treated with antisense oligonucleotides that specifically reduce the level of GC-

UNC-45 GC mRNA 5. We find that over-expression of GC-UNC-45 in 293T cells

enhances the rate of cell proliferation. Furthermore, GC-UNC-45 is expressed at higher

levels in high grade ovarian carcinoma as compared to low grade disease and its putative

precursors, benign serous cystadenomas and normal ovarian surface epithelium 1

GC-UNC-45 possesses three TPR domains and a single UCS domain 3 . The TPR

domains resemble those that interact with molecular chaperones such as Hsp70 and
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Hsp90 6. The N-terminal TPR domain of C. elegans UNC-45 binds directly to the C-

terminal MEEVD motif of Hsp90. Indeed, the murine and human GC-UNC-45 co-

immunoprecipitated with Hsp90 (not shown). Interestingly, inhibitors of Hsp90

molecular chaperone exhibit potent toxicity toward ovarian cancer 7 8. UCS protein

family members, which include GC-UNC-45, are necessary for a variety of myosin and

actin-dependent processes in lower eukaryotes such as fungi 9, 10 and nematodes 11

through to humans 3'5. The central and UCS domain of UNC-45 also has chaperone

activity for myosin S I and the standard chaperone substrate citrate synthetase 6. Humans

and mice express two forms of UNC-45; a smooth muscle (SM) and a general cell (GC)

form with -55% identity between the isoforms and >90% identity between homologues 5.

The SM UNC-45 is critical to sarcomere assembly, but the GC-UNC-45 isoform likely

functions in cytoskeletal motility and polarization by interaction with non-muscle

myosins. In light of the elevated expression of GC-UNC-45 in advanced stage disease, it

is noteworthy that elevated expression of myosin VI is associated with increased

metastatic potential of ovarian cancer 12. However, despite these observations, we failed

to observe a clear pattern of co-localization between GFP-fused GC-UNC-45 and either

actin or tubulin (not shown).

The original patient with antibodies for GC-UNC-45 had low grade serous carcinoma

although her disease was advanced. Interestingly, we identified an additional serum

reactive to GC-UNC-45 from a patient with high grade ovarian carcinoma. Thus GC-

UNC-45-specific antibodies were detected by ELISA using full length 6His-tagged

recombinant protein in only 2/82 sera of patients with ovarian carcinoma, and 0/50

patients with non-malignant gynecologic disorders, suggesting that it is not highly
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immunogenic. Like many other TAAs identified by autologous antibodies, GC-UNC-45

expression is not confined to the tumor and it is unclear why immunologic tolerance

against such TAAs is broken. One possibility is an association of GC-UNC-45 with heat

shock proteins 6. Extracellular presentation of heat shock protein, including hsp70 and

hsp90, has been associated with dendritic cell activation and autoimmune disease 13,14

Acknowledgements

We thank Robert Cole of the Johns Hopkins Mass Spectrometry Core and Mike

Delannoy of the Johns Hopkins Imaging Core for expert mass spectroscopy and confocal

microscopy for protein identification and imaging.

References

I. Shih le M, Kurman RI: Ovarian tumorigenesis: a proposed model based

on morphological and molecular genetic analysis. Am J Pathol 2004, 164:1511-

1518

2. Chinni SR, Falchetto R, Gercel-Taylor C, Shabanowitz J, Hunt DF, Taylor

DD: Humoral immune responses to cathepsin D and glucose-regulated protein 78

in ovarian cancer patients. Clin Cancer Res 1997, 3:1557-1564

3. Hutagalung AH, Landsverk ML, Price MG, Epstein HF: The UCS family

of myosin chaperones. J Cell Sci 2002, 115:3983-3990

4. Shevchenko A, Wilm M, Vorm 0, Jensen ON, Podtelejnikov AV,

Neubauer G, Mortensen P, Mann M: A strategy for identifying gel-separated



Bazzaro et al. 8/10/04 14

proteins in sequence databases by MS alone. Biochem Soc Trans 1996, 24:893-

896

5. Price MG, Landsverk ML, Barral JM, Epstein HF: Two mammalian UNC-

45 isoforms are related to distinct cytoskeletal and muscle-specific functions. J

Cell Sci 2002, 115:4013-4023

6. Barral JM, Hutagalung AH, Brinker A, Hartl FU, Epstein HF: Role of the

myosin assembly protein UNC-45 as a molecular chaperone for myosin. Science

2002, 295:669-671

7. Kelland LR, Sharp SY, Rogers PM, Myers TG, Workman P: DT-

Diaphorase expression and tumor cell sensitivity to 17-allylamino, 17-

demethoxygeldanamycin, an inhibitor of heat shock protein 90. J Natl Cancer Inst

1999, 91:1940-1949

8. Neckers L, Ivy SP: Heat shock protein 90. Curr Opin Oncol 2003, 15:419-

424

9. Toi H, Fujimura-Kamada K, Irie K, Takai Y, Todo S, Tanaka K:

She4p/Dimlp interacts with the motor domain of unconventional myosins in the

budding yeast, Saccharomyces cerevisiae. Mol Biol Cell 2003, 14:2237-2249

10. Wesche S, Arnold M, Jansen RP: The UCS domain protein She4p binds to

myosin motor domains and is essential for class I and class V myosin function.

Curr Biol 2003, 13:715-724

11. Barral JM, Bauer CC, Ortiz 1, Epstein HF: Unc-45 mutations in

Caenorhabditis elegans implicate a CRO 1/She4p-like domain in myosin

assembly. J Cell Biol 1998, 143:1215-1225



Bazzaro et al. 8/10/04 15

12. Yoshida H, Cheng W, Hung J, Montell D, Geisbrecht E, Rosen D, Liu J,

Naora H: Lessons from border cell migration in the Drosophila ovary: A role for

myosin VI in dissemination of human ovarian cancer. Proc Natl Acad Sci U S A

2004, 101:8144-8149

13. Liu B, Dai J, Zheng H, Stoilova D, Sun S, Li Z: Cell surface expression of

an endoplasmic reticulum resident heat shock protein gp96 triggers MyD88-

dependent systemic autoimmune diseases. Proc Natl Acad Sci U S A 2003,

100:15824-15829

14. Asea A, Rehli M, Kabingu E, Boch JA, Bare 0, Auron PE, Stevenson

MA, Calderwood SK: Novel signal transduction pathway utilized by extracellular

HSP70: role of toll-like receptor (TLR) 2 and TLR4. J Biol Chem 2002,

277:15028-15034

Figure Legends

Figure 1. Identification of GC-UNC-45 by MALDI-TOF as a TAA from low grade

serous carcinoma

a. Morphology of cell line JH514 viewed under phase contrast. b. Immunoaffinity

purification of TAAs from low grade serous carcinoma using autologous IgG. The

antigens of 1 OOkDa and -200kDa were excised for mass spectrometry. c. MALDI-TOF

analysis of tryptic peptides derived from the 1 OOkDa ovarian cancer-associated antigen.
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Figure 2. Effect of GC-UNC-45 over-expression on cell proliferation. 293T cells

transiently co-transfected with either a. pEGFP-C I (vector control) or pEGFP-C 1-UNC-

45 expressing GFP fused to GC-UNC-45, or b. pEGFP-C1 and pcDNA3.1 (vector

control) or pEGFP-C 1 and pcDNA3.1 -GC-UNC-45 expressing full length GC-UNC-45.

The number of fluorescent cells per field of view was counted 12, 24 and 36 hours post-

transfection. The localization of fluorescence in HeLa cells transiently transfected with

pEGFP-C 1 (c) or p-EGFP-C I-GC-UNC-45 (d).

Figure 3. Specificity of GC-UNC-45 antisera. Western blot analysis using antiserum to

full length human GC-UNC-45 (a), rabbit antiserum to GFP (b) or rabbit serum against

GC-UNC-45 peptide (c). Reactivity has been tested against 6His-tagged human GC-

UNC-45 purified from E. coli and 293T cells transfected with pEGFP-C 1 -GC-UNC-45or

pEGFP-C 1 vector alone.

Figure 4. Representative histological sections showing GC-UNC-45 immunostaining

Immunohistochemical staining for GC-UNC-45 and hematoxylin counterstaining of a.

Normal ovarian surface epithelium (1 60X), b. benign serous cystadenoma (1 60X), c.

Low grade ovarian carcinoma (160X), and d. High grade ovarian carcinoma (1 OX)

specimens on an ovarian tissue microarray.

Figure 5. GC-UNC-45 expression and ovarian cancer grade

Immunohistochemical staining intensity for GC-UNC-45 in normal ovarian surface

epithelium (12 cases), benign serous cystadenoma (4 cases), low grade (14 cases) and
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high grade (32 cases) serous carcinoma specimens was scored. GC-UNC-45 staining is

not statistically different in normal or cystic epithelium or low grade ovarian carcinoma.

However GC-UNC-45 staining is significantly elevated in high grade ovarian cancer

(p=0.0002) versus low grade versus high grade ovarian cancer (p=0.0275).

Figure 6. GC-UNC-45 expression in serous carcinoma by stage

Immunohistochemical staining intensity for GC-UNC-45 in early (18 cases) and

advanced stage (32 cases) serous carcinoma specimens was scored. GC-UNC-45 staining

was significantly higher in advanced stage (3-4) versus early stage (1-2) ovarian

carcinoma.
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Table 1. Expected and observed M/z for peptides of GC-UNC-45 and the -100kDa

antigen.

M/z MH+ ADa Missed Database Sequence

submitted matched cleavages

523.2691 523.2186 0.050 0 (K)CSEK(D)

562.2315 562.3201 -0.089 1 (K)GTEKK(Q)

1074.6897 1074.5618 0.13 1 (R)CVSLEPKNK(V)

1179.6649 1179.5618 0.085 0 (K)SWFEGQGLAGK(L)

1186.7039 1186.5414 0.16 0/1Met-ox (K)LGSAGGTDFSMK(Q)

1287.7267 1287.7749 -0.048 1 (R)TVATLSILGTRR(V)

1320.6865 1320.7527 -0.066 0 (R)ASFITANGVSLLK(D)

1661.9771 1661.8606 0.12 0 (R)LLDMGETDLMLAALR(T)

1677.9307 1677.8556 0.075 0/1Met-ox (R)LLDMGETDLMLAALR(T)

1693.9454 1693.8505 0.095 0/2Met-ox (R)LLDMGETDLMLAALR(T)

1797.9774 1797.9063 0.071 0 (R)WAVEGLAYLTFDADVK(E)

2225.2600 2225.1119 0.15 0 (R)EIASTLMESEMMEILSVLAK(G)

2273.2726 2273.0966 0.18 0/3Met-ox (R)EIASTLMESEMMEILSVLAK(G)
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Table 2. Q-PCR analysis of GC-UNC-45 mRNA level relative to GAPDH in ovarian

carcinomas and cell lines. The expression level of GC-UNC-45 mRNA relative to that

of GAPDH was expressed as 2 ([GADPH Ct]- [GC-UNC-45 Ct])

GC-UNC-45 GADPH Relative

Sample Ct Ct Expression Tumor Grade

JH308 35 31 0.062 high

JH221 28.7 23 0.019high

JH344 28.1 23 0.029 high

JH337 28.4 24.1 0.050 high

JH233 26.7 23.3 0.094 high

JH579 34.3 33.1 0.435 high

JH587 31.8 29.3 0.176 high

JH576 30.8 22.4 0.002 high

JH224 30 25.5 0.044 high

JH130 28.3 24.4 0.066 high

JH282 29 24.7 0.050 high

JH378 28.6 23.6 0.031 high

JH479 29.9 24.6 0.025 high

JH574 27.6 22.3 0.025 high

JH9 25.7 22.4 0.101 high

JH514 29.3 24.8 0.044 low



Bazzaro et al. 8/10/04 20

JH514 line 26.3 22 0.050 cell line

IOSE29 26.3 21 0.025 cell line
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ABSTRACT:

Since over 95% of ovarian cancers express mesothelin, DNA vaccines encoding mesothelin represent a potential
opportunity to control ovarian cancers. We have recently created a mesothelin-expressing peritoneal tumor from
C57BL/6 mice. The tumor was capable of generating ascites and tumor growth in mice receiving intraperitoneal
tumor challenge. Thus, this new peritoneal tumor model represents a suitable preclinical model for the
development of DNA cancer vaccines against mesothelin-expressing tumors. Specifically we propose: Specific
Aim 1: Generate and characterize the pcDNA3-BVP22, pcDNA3-MVP22, pcDNA3-mesothelin and pcDNA3-
HVP22/mesothelin, pcDNA3-BVP22/mesothelin and pcDNA3-MVP22/mesothelin DNA constructs; Specific
Aim 2: Characterize the ability of the various DNA vaccines to induce mesothelin-specific T cell-mediated
immune responses in vaccinated mice; Specific Aim 3: Compare mesothelin-specific anti-tumor effects of the
various DNA vaccines using mesothelin-expressing murine tumor models; Specific Aim 4: Compare pcDNA3-
mesotheliniHSP70, pcDNA3-HVP22/mesothelin and pcDNA3-HVP22/mesothelin/HSP70 for their ability to
induce mesothelin-specific cell-mediated immune responses and anti-tumor effects in vaccinated mice. The
proposed studies will identify the best strategy for enhancing DNA vaccine potency. Since Project 1 by Dr.
Shih will identify new key molecules that are important for progression of serous tumors and Project 2 by Dr.
Roden will identify additional unique tumor antigens for ovarian serous tumors, these important and unique
molecules can potentially serve as new targets for our vaccine development using the strategy developed in the
current proposal.
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INTRODUCTION

There is a need to develop new therapies for ovarian cancer because current treatments, such as
chemotherapy and radiation therapy, rarely result in a long-term cure for patients with local and
metastatic disease. DNA vaccines represent an attractive approach to cancer therapy, but there are two
major limitations to DNA vaccine potency. First, only a low percentage of professional antigen-
presenting cells (dendritic cells) within the skin actually uptake the injected DNA. Second, DNA
vaccines are unable to amplify and spread in vivo as viral vaccine vectors are able to do. Recently, we
have enhanced DNA vaccine potency using herpes simplex virus (HSV-1) VP22 protein. VP22, an
HSV- 1 tegument protein, demonstrated the remarkable property of intercellular transport and is capable
of distributing linked proteins to surrounding cells[ 1]. The linkage of HSV-1 VP22 (HVP22) to human
papillomavirus- 16 E7 protein led to dramatic increase in the number of E7-specific CD8' T cell
precursors in vaccinated mice (around 50-fold) and converted a less effective DNA vaccine into one
with significant potency against E7-expressing tumors[2]. These results suggested that VP22 may be
useful for development of new immunotherapies for ovarian cancer when linked to an ovarian tumor-
specific antigen, such as mesothelin. We have therefore generated pcDNA3-HVP22, pcDNA3-BVP22,
pcDNA3-MVP22, pcDNA3-mesothelin, pcDNA3-HVP22/mesothelin, pcDNA3-BVP22/mesothelin
and pcDNA3-MVP22/mesothelin. The purpose of this study is to test whether greater VP22-mediated
intercellular spreading of the encoded ovarian cancer antigen mesothelin will generate a higher degree of
mesothelin-specific immunity.

Body:
We have generated pcDNA3-HVP22, pcDNA3-BVP22, pcDNA3-MVP22, pcDNA3-mesothelin,

pcDNA3-HVP22/mesothelin, pcDNA3-BVP22/mesothelin and pcDNA3-MVP22/mesothelin. We have
characterized the ability of the various DNA vaccines to induce mesothelin-specific T cell-mediated immune
responses in vaccinated mice. We analyzed mesothelin-specific CD8' and CD4' T cells using CTL assays,
ELISPOT assays, and intracellular cytokine staining with flow cytometry analysis. However, we failed to
generate any detectable mesothelin-specific T cell responses after vaccination with DNA vaccines. This may
be due to the fact that induction of immunity against self antigen mesothelin can be difficult because of
immune tolerance. Several studies showed that heteroclitic analogs, which are single substitution analogs of an
antigenic peptide at positions other than the main MHC anchor residues, are able to break tolerance and trigger
immunity against self antigens. Because heteroclitic analogs have been shown to be associated with increased
affinity of the epitope/MHC complex for the TCR molecule, they induce stronger T cell responses than the
native epitope [3-8]. We therefore combined the heteroclitic strategy and our VP22 intercellular spreading
strategy to develop a mesothelin-targeting DNA vaccine.

In the past few years, we have focused on the development of innovative strategies to enhance DNA
vaccine potency using cervical cancer tumor-specific antigen E7. Increased understanding of intracellular
pathways for antigen presentation has enabled the design of novel strategies to enhance MHC class I and class
II presentation of antigens by DNA vaccine-transfected dendritic cells. Among the strategies that we have
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tested, calreticulin (CRT) has emerged as a molecule of particular interest because of its ability to generate the
strongest antigen-specific CD8+ T cell response when fused with a model antigen E7. Thus, we have
combined the heteroclitic strategy and with the CRT strategy to develop another mesothelin-targeting DNA
vaccine. To accomplish this, we first identified several potential candidate epitopes for mouse mesothelin
protein (Table 1) using the Biolnformatics & Molecular Analysis Section (BIMAS) for Kb peptide binding
predictions (littp:!/bimas.dcrt.nih.govioiiio/biohla bindj . Second, because of the many potential epitopes of
mesothelin, we focused on the mesothelin 343-351 epitope EIPFTYEQL (as it received the highest BIMAS
prediction score) and substituted alanine at each position except anchor positions in the Table 2 to generate
heteroclitic analogs. Third, we generated DNA vaccine constructs using the pcDNA3 vector as shown in
Table 2.

Table 1
Peptide name MHC class I Peptide sequence BIMAS score
Start position

meso343 H-2Kb EIPFIYEQL 72
meso583 H-2Kb GIPNGYLVL 72
mesol7 H-2Kb ICSRSFLLL 13
meso520 H-2Kb MDIATFKRL 12
meso53 H-2Kb LPTGLFI.L 11

Table 2
Names of Constructs Peptide sequence

pcDNA3- 343W and pcDNA3-CRT/343W EIPFTYEQL
pcDNA3- 343A1 and pcDNA3-CRT/343A1 AIPFTYEQL
peDNA3- 343A2 and pcDNA3-CRT/343A2 EAPFTYEQL
pcDNA3- 343A3 and pcDNA3-CRT/343A3 EIAFIYEQL
pcDNA3- 343A4 and pcDNA3-CRT/343A4 EIPATYEQL
peDNA3- 343A5 and pcDNA3-CRT/343A5 EIPFAYEQL
pcDNA3, 343A6 and pcDNA3-CRT/343A6 EIPFTYAQL
pcDNA3- 343A7 and pcDNA3-CRT/343A7 EIPFrYEAL
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Figure 1. Characterization of mesothelin amino acid 343-351 -specific CD8+ T cell mediated immune responses in mice
vaccinated with the various DNA vaccines. Intracellular cytokine staining followed by flow cytometry analysis was used to
characterize the mesothelin-specific CD8÷ T cell response to vaccination. Bar graph depicting the number of mesothelin 343-351
peptide-specific IFN-y-secreting CD8+ T cell precursors / 3x 10' splenocytes. Splenocytes harvested from mice vaccinated with DNA
vaccines were incubated with wild type mesothelin amino acids 343-351 (EIPFTYEQL). Data are expressed as mean number of
interferon-secreting T cells per 3x10' splenocytes + SEM. The data collected from all of the above experiments are from one
representative experiment of two performed.

Mice were vaccinated with 2ug of DNA twice at a one-week interval by gene gun administration. As
shown in Figure 1, mice vaccinated with DNA vaccines encoding CRT linked to heteroclitic epitopes 343A3 or
343A6 (pcDNA3-CRT/343A3 or pcDNA3-CRT/343A6) generated significantly higher numbers of antigen-
specific CD8÷ T cells against wild type mesothelin aa343-351 compared to DNA vaccines encoding CRT linked
to wild type epitope 343 and others. In addition, DNA vaccines encoding wild type epitope 343 or heteroclitic
epitopes 343A3, 343A6, and others can not generate significant numbers of antigen-specific CD8÷ T cells against
wild type mesothelin aa343-35 1. This suggests that a DNA vaccine encoding CRT linked to a heteroclitic
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epitope of mesothelin enhances the epitope-specific CD8÷ T cell response compared to a DNA vaccine encoding
CRT linked to a wild type epitope or compared to a DNA vaccine encoding only an epitope of mesothelin.

We will test our DNA vaccines (pcDNA3-CRT/343A3 and pcDNA3-CRT/343A6) against the
mesothelin-expressing tumor cell line WF-3 in tumor protection and tumor treatment experiments. If our DNA
vaccines can significantly control WF-3 tumors, we will attempt to understand what effector cells contribute to
the mechanism of the anti-tumor response using a CD8, CD4, or NK-depletion experiment. If these DNA
vaccines generate strong antitumor effects against WF-3, we may expect to see autoimmune responses in
vaccinated mice. We will confirm autoimmunity by biopsy of all organs in vaccinated mice.

KEY RESEARCH ACCOMPLISHMENTS:

+ Mice vaccinated with pcDNA3-HVP22, pcDNA3-BVP22, pcDNA3-MVP22, pcDNA3-mesothelin,
pcDNA3-HVP22/mesothelin, pcDNA3-BVP22/mesothelin and pcDNA3-MVP22/mesothelin exhibited no
detectable mesothelin-specific T cell responses by using CTL assays, ELISPOT assays, and intracellular
cytokine staining with flow cytometry analysis.

* DNA immunization with a calreticulin linked to heteroclitic epitope of mesothelin breaks tolerance and
induces mesothelin specific immunity in mice

REPORTABLE OUTCOMES:

Kim TW, Hung CF, Kim JW, Juang J, Chen PJ, He L, Boyd DA, Wu TC.
Vaccination with a DNA vaccine encoding herpes simplex virus type 1 VP22 linked to antigen generates
long-term antigen-specific CD8-positive memory T cells and protective immunity. Hum Gene Ther. 2004
Feb; 15(2): 167-77.

CONCLUSIONS:

A major hurdle of cancer immunotherapy is the issue of tolerance to self antigens by the host's immune
system. This occurs because epitopes of the tumor antigens recognized by T cells are poor immunogens and are
unable to induce activation and differentiation of effector T cells. A strategy that designs strong immunogenic
variants (heteroclitic epitopes) of these epitopes would likely prime T cell responses that cross-react to the
original targeting epitopes. This heteroclitic vaccine strategy has proved to be a powerful tool for breaking
tolerance, generating strong immune responses and anti-tumor effects against self-antigens. We demonstrated
that DNA immunization with a vaccine encoding CRT linked to a heteroclitic epitope of mesothelin breaks
tolerance and induces mesothelin-specific immunity in mice
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Vaccination with a DNA Vaccine Encoding Herpes
Simplex Virus Type 1 VP22 Linked to Antigen Generates

Long-Term Antigen-Specific CD8-Positive Memory T Cells
and Protective Immunity
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ABSTRACT

Intradermal vaccination with DNA encoding herpes simplex virus type 1 (HSV-1) VP22 linked to antigen leads
to spread of antigen within the epithelium and results in enhanced antigen-specific CD81 T cell immune re-
sponses in vaccinated mice. In this study, we characterized the number of antigen-expressing dendritic cells
(DCs) in the draining lymph nodes of vaccinated mice and determined whether the linkage of VP22 to anti-
gen would influence the ability of antigen-expressing DCs to activate antigen-specific CD8+ T cells in vivo.
Vaccination with DNA encoding HSV-1 VP22 linked to human papillomavirus type 16 E7 antigen generated
more antigen-expressing DCs in the draining lymph nodes of vaccinated mice than E7 alone. In addition, the
linkage of VP22 to E7 improved the MHC class I presentation of E7 in transfected DCs and led to enhanced
activation of E7-specific CD8+ T cells. We also observed that vaccination with DNA encoding VP22 linked to
E7 generated more E7-specific CD8+ memory T cells, and enhanced long-term protective antitumor immu-
nity against an E7-expressing tumor in vaccinated mice compared with vaccination with DNA encoding E7
alone. Thus, administration of DNA encoding VP22 linked to antigen represents a plausible approach for the
development of protective DNA vaccines.

OVERVIEW SUMMARY DNA encoding E7 alone. These finding may have an im-
portant impact on the development of protective DNA vac.

A limitation of DNA vaccination by gene gun is that the en- cines.
coded antigen does not spread to neighboring cells as some
replicating viral vaccine vectors do. We have previously
showed that herpes simplex virus (HSV-1) VP22 linkage sig- INTRODUCTION
nificantly enhanced the efficacy of vaccination against the
human papillomavirus E7 protein. Here, we report evidence NA VACCINES have emerged as an attractive approach for
supporting that vaccination with DNA encoding HSV-1i generating antigen-specific immunotherapy (for reviews,
VP22 linked to E7 antigen was capable of generating more see Donnelly et aL., 1997; Robinson, 1997). Because DNA is a
antigen-expressing DCs in draining lymph nodes, more anti- relatively stable and pure molecule, it can be easily prepared
gen-specific CD8+ memory T cells, and enhanced long-term and harvested in large quantities. In addition, naked plasmid
protectiveantitumor immunity against an E7-expressingtu- DNA is relatively safe and therefore can be easily and repeat-
mor in vaccinated mice compared with vaccination with edly administered. However, naked DNA has no cell type speci-
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ficity. Thus, it is important to find an efficient route for the ad- In this study, we demonstrated that vaccination of mice with
ministration of DNA vaccines into the appropriate target cells. pcDNA3-VP22/E7 led to more E7-expressing DCs in draining
Intradermal administration of DNA vaccines by gene gun rep- lymph nodes, more E7-specific CD8÷ memory T cells, and en-
resents a convenient way to deliver DNA vaccines into den- hanced long-term protective immunity against E7-expressing
dritic cells (DCs) in vivo. Skin contains numerous MHC class tumors in the vaccinated mice. Thus, administration of DNA
II bone marrow-derived antigen-presenting cells (APCs) vaccines with DNA encoding VP22 proteins represents a viable
called Langerhans cells, which are capable of moving into the approach for the development of protective DNA vaccines.
lymphatic system via draining lymph nodes (Condon et at.,
1996). The gene gun delivery method allows for direct target-
ing of genes of interest into Langerhans cells in vivo and is MATERIALS AND METHODS
therefore ideal for the administration of DNA vaccines. We
have successfully used this method to deliver DNA constructs Plasmid DNA constructs and DNA preparation
for our vaccine development (Chen et al., 1999, 2000; Ji et al., We chose to use the pcDNA3 expression vector, which has
1999; Hung et al., 2001 a-c). been used effectively to investigate the correlation between the

We have previously used this system to test several intra- be7-specific T cell-mediated immune response and the antitu-
cellular targeting strategies that enhance MHC class I and/or effc ell-mediatedaimun responseind thenantiau-
class I1 presentation of antigen. For example, we have signifi- 2000). The generation of pcDNA3-E7 (Chet et al., 2000),
cantly enhanced MHC class I presentation of a model antigen, pcDNA3-VP22/E7 (Hung et al., 2001a), pcDNA3-VP22/E7/
human papillomavirus type 16 (HPV-16) El, using the linkage GFP (Hung et al., 2001a), pcDNA3-E7/GFP (Hung et al.,
of Mycobacterium tuberculosis heat shock protein 70 (HSP70) 2001c), pcDNA3-E7/IHSP70 (Chen et al., 2000), pcDNA3-
(Chen et al., 2000), calreticulin (CRT) (Cheng et al., 2001), or CRT/E7 (Cheng et al., 2001), pcDNA3-Sig/E7/LAMP- I (Kim
the translocation domain (domain II) of Pseudomonas aerugi- et al, 2003), and pcDNA3-ETA(dlI)/E7 (Hung et al., 2001b)
nosa exotoxin A [ETA(dII)] (Hung et al., 2001b) to E7 in the hasbeendescribedpreviously.Theaccuracyoftheseconstructs
context of a DNA vaccine. The linkage of these molecules to+ T was confirmed by DNA sequencing. The DNA was amplified
E7 resulted in augmentationof the E7-specific CD8'T cell im- in Escherichia coil DHSa and purified as described previously
mune response in vaccinated mice. Furthermore, to enhance (Chen et al., 2000).
MHC class II antigen processing, we have previously linked
the sorting signals of lysosome-associated membrane protein Mice
(LAMP-I) to the E7 antigen, creating the Sig/E7/LAMP-I
chimera (Wu et al., 1995). We found that expression of this Six- to 8-week-old female C57BL/6 mice were purchased
DNA vaccine was able to target E7 to endosomal and lysoso- from the National Cancer Institute (Frederick, MD) and kept in
mal compartments and enhance MHC class II presentation to the oncology animal facility of the Johns Hopkins Hospital
CD4÷ T cells in mice vaccinated with Sig/E7/LAMP-I DNA (Baltimore, MD). All animal procedures were performed ac-
compared with DNA encoding wild-type E7 (Ji et al., 1999). cording to approved protocols and in accordance with recom-

Although DNA vaccines employing intracellular targeting mendations for the proper use and care of laboratory animals.
strategies can significantly enhance MHC class I and class II
presentation of antigen in transfected DCs, they can generate DNA vaccination
only a limited number of antigen-expressing DCs because DNA-coated gold particles were prepared and gene gun par-
naked DNA vaccines lack the intrinsic ability to amplify and ticle-mediated DNA vaccination was performed with a helium-
spread in vivo. This significantly limits the potency of DNA driven gene gun (Bio-Rad, Hercules, CA) according to a pre-
vaccines. Therefore, a strategy that facilitates the spread of viously described protocol (Chen et al., 2000). DNA-coated
antigen to more DCs may significantly enhance the potency gold particles (I Ag of DNA per bullet) were delivered to the
of naked DNA vaccines. We have augmented the potency of shaved abdominal region of C57BL/6 mice, using a helium-dri-
DNA vaccines by using herpes simplex virus type I (HSV-1) yen gene gun (Bio-Rad) with a dischargepressure of 400 Ibin2.
VP22, an HSV-I tegument protein capable of intercellular C57BL/6 mice were vaccinated via gene gun with 2 dg of
transport (Elliott and O'Hare, 1997). We showed that HSV-I pcDNA3, pcDNA3-E7, pcDNA3-EIHSP7O, pcDNA3-CRTlE7,
VP22 (VP22) was capable of enhancing intercellular spread- pcDNA3-Sig/E7/LAMP-I, pcDNA3-ETA(dlI)E7, or pcDNA3-
ing of the linked protein to APCs (Hung et al., 2001a). Fur- VP22/E7 in our mouse in vivo immunologic response experi-
thermore, we demonstrated that mice vaccinated withthermore, DA gemonetrated tha t sig icantlycgeater n r o ment. These mice received a booster with the same regimen IVP22/E7 DNA generated a significantly greater number of wekltr
E7-specificCD8÷ Tcell precursorsthan mice vaccinated with
wild-type E7 DNA (Hung et al., 200 1a). We also found that Intracellular cytokine staining and flow
vaccination with VP22/E7 DNA generated a stronger antitu- cytometry analysis
mor effect than wild-type E7 DNA (Hung et al., 2001a). Sev-
eral issues related to the administration of VP22/E7 DNA in- Cell surface marker staining of CD8 and intracellular cyto-
dlude whether the administration of chimeric VP22/E7 DNA kine staining for interferon y (IFN-y) as well as FACScan anal-
is capable of generating more antigen-expressing dendritic ysis were performed underconditionsdescribed previously (Chen
cells in the draining lymph nodes, activating more antigen- et al., 2000). Before flow cytometry, splenocytes from differ-
specific CD8 + memory T cells, and generating long-term pro- ent vaccinated groups of mice were collected and incubated for
tective antitumor immunity. 20 hr with E7 peptide (amino acids 49-57, RAHYNIVTF, at I
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lig/mi) (Feltkamp et aL, 1993) containing an MHC class I epi- analyzed by forward and side scatter and gated around a pop-
tope for detecting E7-specific CD8+ T cell precursors. The ulation of cells with size and granular characteristics of DCs.
number of IFN-y-secreting CD8+ T cells was analyzed by flow The percentage of CD 11 cI cells in the gated area was charac-
cytometry. Analysis was performed on a BD FACScan with terized by flow cytometry analysis, using phycoerythrin (PE)-
CellQuest software (BD Biosciences Immunocytometry Sys- conjugated anti-CDI c antibody (BD BiosciencesPharmingen,
tems, Mountain View, CA). San Diego, CA). Green fluorescent protein (GFP)-positive cells

were analyzed by flow cytometry analysis, using a protocol de-
Preparation of CDl )c+ cells in inguinal lymph nodes scribed previously (Lappin et al., 1999). Data are expressed as
from vaccinated mice the percentage of CDI c+GFP+ cells among gated monocytes.

C57B1J6 mice (3 per group) received 12 inoculations Activation of E7-specific CD81 T cell line by CDII c-
(nonoverlapping intradermal administration) in the abdominal enriched cells from vaccinated mice
region via gene gun. Gold particles used for each inoculation
were coated with 1 Atg of pcDNA3-E7/GFP DNA, pcDNA3- Mice were vaccinated, and enriched CDI I c+ cells were col-
VP22IE7/GFP, or no insert (used as a control). Inguinal lymph lected as described above. CDI I c-enriched cells (5 X l W) were
nodes were harvested from vaccinated mice 1, 3, or 5 days af- incubated with 5 X 105 cells of the E7-specific CD8+ T cell
ter vaccination via gene gun. A single-cell suspension from iso- line (Wang et al., 2000) for 16 hr. Activated IFN-y-secreting
lated inguinal lymph nodes was prepared. CDI lc+ cells were E7-specific CD8' T cells were then determined by staining for
enriched from lymph nodes, using CDI Ic (N418) microbeads both surface CD8 and intracellularlFN-y and analyzed by flow
(Miltenyi Biotec, Auburn, CA). Enriched CDI lc+ cells were cytometry analysis as described above.
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% of CD11c÷ GFP÷ cells 5 days after vaccination

Control E7/GFP VP221 E7/GFP

LL -i]

IO0 "o,.0 10 1' 100 101 010 1

B GFP
S7- 7-

-6- - T
5- 6-

U.
Q 4- 4- T 4-

3-3 3

2 2 2-

1 1.

0i 0 0 0-
poDI4A p.ONAS- pcOI4AS. pcDNA3 pcDNA3- pcDt4AZ- peW4A3 pODNA)- poDNAS-

E7IGFP VP22,GFP E71GFP VP2M PGFP E71OFP VP22IE7/GFP

1 Day After Vaccination 3 Days After Vaccination 5 Days After Vaccination

FIG. 1. Characterization of CDII c+GFP+ DCs in the inguinal lymph nodes of vaccinated mice. Mice (three per group) were
immunized with pcDNA3, pcDNA3-E7/GFP, or pcDNA3-VP22/E7/GFP DNA intradermally via gene gun. The inguinal lymph
nodes were harvested from mice 1, 3, or 5 days after gene gun vaccination. DCs were enriched from a single-cell suspension of
lymph nodes, using CDI Ic microbeads. (A) Representative flow cytometry data to determine the percentage of CDI Ic+GFP+
cells among the gated monocytes 5 days after vaccination. The data presented are from one representativeexperiment of two per-
formed. (B) Bar graphs depicting the percentage of CD11 c+GFP+ monocytes among the gated monocytes (mean t SD) in var-
ious vaccinated groups at various time points.
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Characterizing expression of DC markers hr after transfection, using a FACSVantage (BD Biosciences

We have used flow cytometry analysis to evaluate the ex- Immunocytometry Systems) according to the vendor's pro-We aveuse flw ytoetr anlyss o ealute he x-tocol. GFP+ DCs (I X l0s) were incubated with I ×( 106

pression of markers in DCs including MHC class I and class II, clls

B7-1 and B7-2 costimulatory molecules, and CD40 as described of the E-specific CD8+ T cell line (Wang et at, 2000)
for 4 hr. Cells were then stained for both surface CD8 and

previously (Wang et al., 2000). The immortalized DC line used f
in this study was kindly provided by K. Rock (University of intracellular IFN-y and analyzed by flow cytometry as de-

Massachusetts, Worcester, MA) (Shen et al., 1997). DCs were scribed above. An .6-specific CD8+ T cell line was used as
transfected with GFP, ET/GF'P, or VP22/E7/GFP DNA, using a negative control. The generation and characterization of this

Lipofectamine 2000 (Life Technologies, Rockville, MD), and E6-specific CD8' T cell line have been described previously

were collected 24 hr after transfection. DC surface marker stain- (Peng et al., 2003).

ing for MHC class I and class II, B7-1 and B7-2 costimulatory
molecules, and CD40 as well as FACScan analysis were per- Determination of VP22-specific CD8+ T cells
formed under the conditions described previously (Chen et al., CD8+ T cells were isolated from splenocytes of mice vac-
2000) after gating around a population of GFP+ cells. cinated with DNA encoding VP22/E7, harvested 1 week after

AfE7-specifc CD8 T cell line by DNA- the last vaccination. DC lines expressing DNA encoding GFP,
transfected DC line E7/GFP, or VP22/GFP were prepared as described above.

GFP+ DCs (I X 105) were incubated with 1 X 106 CD8+ T

A DC line was transfected with DNA encoding GFP, cells for 6 hr. Cells were then stained for both surface CD8 and
E7/GFP, or VP22/E7/GFP. The sorting of GFP+ DCs ex- intracellular IFN-y and analyzed by flow cytometry as de-
pressing GFP, E7/GFP, or VP22/E7/GFP was performed 24 scribed above.

A B
CDIlc enriched cells CD1lc depleted cells

22 0
~22~!1O3000-

S3 oo-T0 , CD11c enriched cells

o [ C011c depleted cells

-~~~16 1i6 o~ 2 i 10' 6, o 101 IT2i~

___r__'-2000-

+

_0 N 11 -r o "o +
€0 -•

"CO L L

0 -u +

thý

C3 1000-

o 0j

CCD

I 1~ E"l?1,1 0 ofi,_IO .

o ~ ~-~LL U..-

1660 101- io2 ---10 104 h 0 10 o 104

IFN-y (intracellular) >

FIG. 2. Activation of an E7-specific CD81 T cell line by CDI Ic-enriched cells isolated from the inguinal lymph nodes of vac-
cinated mice. Mice (three per group) were immunized with pcDNA3, pcDNA3-E7/GFP, or pcDNA3-VP22/E7/GFP DNA intra-
dermally via gene gun. The inguinal lymph nodes were harvested from mice 3 days after gene gun vaccination. DCs were en-
riched from a single-cell suspension of lymph nodes, using CDI Ic microbeads. These CDI Ic-enriched cells were incubated with
an E7-specific CD8+ T cell line (Wang et al., 2000). The activating IFN-y-secreting E7-specific CD8+ T cells were determined
by staining for both CD8 and intracellular IFN-y. (A) Representative flow cytometry data. The data presented are from one rep-
resentative experiment of two performed. (B) Bar graph depicting the number of IFN-y-secreting E7-specific CD8+ T cells per
5 X 10 E7-specific CD8' T cells (mean t SD).
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Eight-week long-term in vivo tumor protection Comparisons between individual data points were made by Stu-
experiment dent t test. All p values < 0.05 were considered significant.

For the long-term tumor protection experiment, mice (five
per group) were vaccinated via gene gun with 2 pgg of pcDNA3, RESULTS
pcDNA3-E7, pcDNA3-VP22/E7, pcDNA3-E7/HSP70, pcDNA3-
CRT/I7, pcDNA3-ETA(dlI)/E7, or pcDNA3-Sig/E7/LAMP-I Intradermal immunization with pcDNA3-VP22/E7 DNA
DNA. One week later, mice were boosted by the same regimen led to a significant increase in E7-expressing DCs in
as for the first vaccination. Seven weeks after the last vaccina- draining lymph nodes of vaccinated mice
tion, mice were intravenouslychallenged with TC-1 tumor cells After intradermal immunization, DCs are known to migrate
(I x 105 per mouse) via the tail vein. Mice were killed 28 days to draining lymph nodes, where they stimulate antigen-specific
after tumor challenge and lung surface pulmonary nodules in T cells (Condon et al., 1996; Porgador et al., 1998). We used
each mouse were counted by experimenters blinded to sample GFP linked to E7 to serve as a fluorescent tag to identify DNA-
identity as described previously (ii et al., 1998). transfected DCs in the inguinal lymph nodes. Inguinal lymph

Statistical analysis nodes were harvested from vaccinated mice 1, 3, or 5 days af-
ter gene gun immunization. Because there is a low quantity of

All data, expressed as means ± SD, are representative of at DNA-transfected DCs in the inguinal lymph nodes, we enriched
least two different experiments. Data for intracellular cytokine CDI lc+ cells by means of CDI Ic (N418) microbeads. To re-
staining with flow cytometry analysis and tumor treatment ex- duce background and exclude CDI Ic+ cells that are not DCs,
periments were evaluated by analysis of variance (ANOVA). we gated around a population of cells consistent with DCs for
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FIG. 3. Flow cytometry analysis to characterize the surface molecules in VP22/E7/GFP and E7/GFP DNA-transfected DCs.
Flow cytometry analysis was performed on VP22/E7/GFP-transfected DCs and on E7/GFP-transfected DCs, using antibodies
against MHC class I and class II molecules, B7-1 and B7-2 costimulatory molecules, and CD40. Note: We observed similar ex-
pression levels of these molecules on VP22/E7/GFP-transfected DCs and on E7/GFP-transfected DCs. The shaded areas repre-
sent cells stained only with secondary antibodies (negative control).
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flow cytometry analysis. The percentage of CDI 1c+ cells in antigen-expressing APCs in draining lymph nodes of
among gated monocytes was more than 98% in each case (data VP22/E7/GFP DNA-vaccinated mice was detected only 5
not shown). Cells that were double-postive for GFP and days after vaccination, suggesting that intercellular spreading
CD I I c likely represented antigen-expressing DCs, including of antigen to APCs likely occurred later than 3 days after vac-
DNA-transfected DCs, derived from vaccinated skin (Por- cination. In contrast, a significant decrease in antigen-ex-
gador et al., 1998). We observed a significantly greater per- pressing APCs in draining lymph nodes was observed in the
centage of GFP +CD1 I c+ cells in lymph nodes harvested from E7/GFP DNA-vaccinated mice 5 days after vaccination when
mice vaccinated with VP22/E7/GFP DNA than in lymph compared with 3 days after vaccination. Thus, we found that
nodes harvested from mice vaccinated with E7/GFP DNA intercellulr spreading of the marker protein within the epi-
(p < 0.012), or no insert (p < 0.014), 5 days after vaccination dermis resulted in a significantly increased number of anti-
(Fig. I A). There was some background of GFP + cells in mice gen-expresang DCs in the draining lymph nodes of vaccinated
vaccinated with untagged pcDNA3. Interestingly, on day 1 mice.
and day 3 after vaccination, we did not observe a significant
difference in the percentageofGFP+CD1 1c+ cells in inguinal Enhanced activation of E-specific CD8+ T cell line
lymph nodes between VP22/E7/GFP DNA- and E/GFPA-
DNA-vaccinated mice (Fig. IB). These data suggested vaccinated mice
that the transfection efficiency of the E7IGFP DNA and
VP22/E7/GFP DNA vaccines administered via gene gun is We then determined whether the linkage of VP22 to antigen
probably similar because the number of CDI lc+GFP+ cells would influence the ability of antigen-expressingDCs to acti-
in mice vaccinated with GFP-containing DNA was similar I vate antigen-specific CD8+ T cells in vivo. Because we ob-
day or 3 days after vaccination. Our results also indicated that served that the number of antigen-expressingDCs in the drain-
although the number of antigen-expressing DCs in the drain- ing lymph nodes of VP22/E7/GFP- and E7/GFP-vaccinated
ing lymph nodes of VP22/E7/GFP- and E7/GFP-vaccinated mice is similar 3 days after vaccination (Fig. IB), inguinal
mice is similar 3 days after vaccination, a significant increase lymph nodes were harvested from mice 3 days after gene gun
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F I.4 ntracellular cytokine staining followed by flow cytometry analysis to determine the activation of E7-specific CD8 + T
cells by DNA-transfected DCs. A DC line was transfected with GFP), EI/GFP, or VP22/E7/GFP plasmid DNA. The sorting of
GFP+ DCs expressing GFP, E7//GFP, or VP22/E7/GFP was performed 24 hr after transfection. GFP+ DCs (l X I0s) were in-
cubated with l X 106 cells from an E7-specific CD8+ T cell line (Wang eta!., 2000) for 4 hr. GFP+ DCs (l X los) were incu-
bated with 1 X 106 cells from an E6-specific CD8+ T cell line for 4 hr as a negative control. Cells were then stained for both
surface CD8 and intracellular IFN-n, and analyzed by flow cytometry. (A) Representative flow cytometry data. The data shown

here are from one representative experiment of two performed. (B) Bar graph depicting the number of IFN-y-secreting E7-spe-
cific CD8+ T cells per I X 106 E7-specific or E6-specific CD8' T cells (mean ± SD).
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vaccination. CDI 1c÷ cells were enriched from a single-cell may be accounted for by an increase in expression of various
suspensionof lymph nodes, using CDI Ic microbeads(Miltenyi DC surface molecules, we then determined whether the linkage
Biotec) as described above. CDl ic-enriched cells were incu- of VP22 influences phenotypic changes of surface molecules
bated with an E7-specific CD8+ T cell line (Wang et aL, 2000). (MHC class 1, MHC class II, B7-1, B7-2, and CD40 molecules)
Activated E7-specific CD8 + T cells were then stained for both on antigen-expressingDCs by flow cytometric analysis. We de-
surface CD8 and intracellular IFN-y and analyzed by flow cy- termined and compared the expression level of various DC
tometry. As shown in Fig. 2A and B, CDI Ic-enriched cells iso- markers in E7/GFP- and VP22/E7/GFP-transfected DCs. As
lated from mice vaccinated with pcDNA3-VP22IE7/GFP DNA shown in Fig. 3, we observed no significantdifferencesbetween
were significantly more effective in activating the E7-specific DNA-transfected DCs in terms of the expression of MHC class
CD8+ T cell line than were CDI lc-enrichedcells isolated from I, MHC class II, B7-1, B7-2, CD40, and other DC-specific
mice vaccinated with pcDNA3-E7/GFP (p < 0.002) or with markers. Our data suggest that the linkage of VP22 to antigen
pcDNA3-GFP (p < 0.001). Likewise, CDI Ic-enriched cells does not influence phenotypicchanges in the characterizedsur-
isolated from pcDNA3-VP22/E7/GFP-vaccinated mice 5 days face markers of antigen-expressingDCs.
after vaccination were more effective in activating the E7-spe-
cific CD8+ T cell line than were CDI Ic-enriched cells isolated Enhanced activation of E7-specific CD8+ T cells by
from pcDNA3-E7/GFP- or pcDNA3-GFP-vaccinated mice 5 pcDNA3-VP22/E7/GFP-transfected DCs
days after vaccination (data not shown). These results indicate
that although there are a similar number of E7/GFP-expressing enced the ability of DCs to activate an E7-specific CD8i T cell
DCs in the draining lymph nodes of either E7/GFP DNA- or line in vitro. DCs were transfected with DNA encoding GFP,
VP22/E7/GFP DNA-vaccinated mice 3 days after vaccination, E7/GFP, or VP22/E7/GFP. GFP+ DCs expressing GFP,
there is significantly greater activation of E7-specific CD8 + T E7IGFP, or VP22/E7/GFP were sorted by FACSVantage. GFP'
cells by DCs isolated from VP22/E7/GFP DNA-vaccinated DCs were incubated with an E7-specific CD8+ T cell line. An
mice. Our data suggest that the linkage of VP22 to antigen re- F,6-specific CD8+ T cell line was used as a negative control.
suits in qualitative changes of antigen-expressirg DCs and leads IFN-y-secreting E7-specific CD8' T cells were determined by
to enhanced activation of E37-specific CD81 T cells. staining for both surface CD8 and intracellular IFN-y and an-

No significant changes in DC surface markers of alyzed by flow cytometry. As shown in Fig. 4A and B, we

antigen-expressing DCs after transfection with observed a significant increase in the number of E7-specific

VP22/E7/GFP DNA and with E7/GFP DNA IFN-y-secreting CD8+ T cells from DCs transfected with
VP22/E7/GFP DNA (260 t 14.7) compared with DCs trans-

Because the qualitative changes of antigen-expressirg DCs fected with E7/GFP DNA (51 ± 9.6; p < 0.001), or no insert
that led to enhanced activation of E7-specific CD8' T cells (2 ± 0.6; p < 0.001). Our data demonstrated that although ex-
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pression levels of the surface markers on VP22/E7/GFP DNA- does not generate appreciable CD81 T cell immune responses
and E7/GFP DNA-transfected DCs were similar, VP22/E7/GFP against epitopes derived from VP22.
DNA-transfected DCs were capable of activating more E7-
specific CD8÷ T cells. Taken together, the data suggest that the Mice vaccinated with pcDNA3-VP22/E7 DNA
linkage of VP22 molecule may influence the processing of anti- generated long-term E7-specific CD8+ T cells
gen in DNA-transfected DCs. Several lines of evidence suggest that CD8' T cell-me-

Vaccination with VP22/E7 DNA does not elicit diated immune responses are important in controlling both
Vappciationlwie VP22/sEc A CD8 o T cells HPV infections and HPV-associated neoplasms. It is there-

appreciable VP22-specifc cefore important to assess quantitative changes in the number

To determine whether mice vaccinated with VP22/E7 DNA of E7-specific CD81 T cells in mice vaccinated with the var-
generated VP22-specific CD81 T cells, we transfected a DC ious DNA vaccines We determined the number of IFN-y-
line with DNA encoding GFP, VP22/GFP, or E7/GFP and in- secreting E7-specific CD8 T cells, using splenocytes taken
cubated the GFPF DCs with splenocytes from mice vaccinated from vaccinated mice at intervals of I week, 4 weeks, and
with DNA encoding VP22/E7. As shown in Fig. 5, we found 8 weeks. These mice were vaccinated with one of the
that DCs transfected with E7/GFP (78 ± 3.6/5 X 104 spleno- following DNA vaccine constructs: pcDNA3, pcDNA3-
cytes) generated significantly more IFN-y-secreting CD8' T E7, pcDNA3-CRT/E7, pcDNA3-E7/HSP70, pcDNA3-
cells than did DCs transfected with VP22/GFP (16 ± 2.0/5 x ETA(dlI), pcDNA3-Sig/E7/LAMP-I, and pcDNA3-VP22/E7.
104 splenocytes; p < 0.013) or GFP (12 ± 2.0/5 X l04 spleno- As shown in Fig. 6, whereas mice vaccinated with pcDNA3-
cytes; p < 0.012), and that DCs transfected with VP22/GFP CRT/E7 generated the highest E7-specific CD8+ T cell re-
generated a minimal increase in IFN-y-secreting CD8÷ T cells sponse 1 week after the last vaccination, pcDNA3-VP22/E7
compared with DCs transfected with GFP. These data suggest DNA generated more E7-specific IFN-y-secreting CD8+
that vaccination with DNA encoding a VP22/E7 fusion protein memory T cells 8 weeks postvaccination compared with mice
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FIG. 6. Intracellular cytokine staining followed by flow cytometry analysis to determine the number of IFN-T-secreting E7-
specific CD8+ T cell precursors generated by various DNA vaccines at 1, 4, and 8 weeks after vaccination. Mice were immu-
nized and splenocytes were collected and cultured as described in Materials and Methods. Splenocytes were collected 1, 4, and
8 weeks after initial vaccination. Bar graph depicting the numbers of E7-specific IFN-y-secreting CD8+ T cells (mean ± SD)
generated by various recombinant DNA vaccines at I week, 4 weeks, and 8 weeks after vaccination. Note: Our data shows that
at the end of the eight weeks, mice vaccinated with pcDNA3-VP22/E7 have the highest average number of E7-specific CD8+ T
cell precursors.
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vaccinated with the other vaccine constructs. Also, mice vac- pcDNA3-VP22/E7 and pcDNA3-CRT/E7 provided enhanced
cinated with pcDNA3-VP22/E7 retained a greater percent- long-term tumor protection in vaccinated mice.
age (-50%) of their initial E7-specific CD8' T cell burst as
memory cells than did mice vaccinated with the six other
constructs. Our data suggest that mice vaccinated with DISCUSSION
pcDNA3-VP22/E7 DNA were capable of efficiently gener-
ating high levels of long-term E7-specific CD8+ memory T In this study, we demonstrated that DNA vaccines employ-
cells. ing the VP22 strategy generated marked increases in the num-

pcDNA3- VP22/E7 DNA vaccine provided enhanced ber of antigen-expressilg DCs in draining lymph nodes and

long-term tumor protection in vaccinated mice more antigen-specific CD8+ memory T cells, and enhanced
long-term antitumor effects in vaccinated mice. Furthermore,

To determine whether the ensuing E7-specific CD8+ mem- our data also suggest that the linkage of a VP22 molecule may
ory T cells generated by the pcDNA3-VP221E7 vaccine trans- influence the processing of linked antigen in DNA-transfected
late to prolonged tumor protection against E7-expressing TC- I DCs, leading to enhanced activation of antigen-specific CD8 +
tumor cells, we performed a long-term tumor protection ex- T cells.
periment in mice vaccinated with pcDNA3, pcDNA3-E7, Our results indicated that, although the number of antigen-
pcDNA3-CRT/E7, pcDNA3-E7/HSP70, pcDNA3-ETA(dlI), expressing DCs in the draining lymph nodes of VP22/E7GFP-
pcDNA3-Sig/E7/LAMP-I, or pcDNA3-VP22/E7 DNA. Eight and E7/GFP-vaccinated mice is similar I or 3 days after vac-
weeks after the first vaccination, mice were intravenously chal- cination, a significant increase in antigen-expressingDCs in the
lenged with I x 10' TC- 1 cells per mouse. As shown in Fig. draining lymph nodes of VP22/E7/GFP DNA-vaccinated mice
7, mice vaccinated with pcDNA3-VP22/E7 exhibited signi- was detected 5 days after vaccination compared with E7/GFP-
ficantly fewer pulmonary nodules than mice vaccinated vaccinated mice or mice vaccinated with empty vector (Fig. 1).
with pcDNA3-E7 (p < 0.006). In addition, mice vaccinated This increase was likely due to VP22-mediated spreading of
with pcDNA3-VP22/E7 or pcDNA3-CRT/E7 exhibited the linked E7/GFP antigen to DCs postvaccination.The spreading
lowest number of pulmonary nodules compared with mice vac- of VP22-linked antigen from DNA-transfected cells to sur-
cinated with the other five constructs. Our data indicate that rounding cells may be time dependent. Our previous study ob-
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FIG. 7. Long-term in vivo tumor protection experiments to compare the antitumor effect generated by various DNA vaccine
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ber of lung nodules (mean t SD). Note: Mice vaccinated with pcDNA3-VP22/E7 and pcDNA3-CRT/E7 exhibited the lowest
mean number of pulmonary metastatic nodules.
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served that intercellular spreading mediated by VP22 did not cinatedmice generatedthe highestnumberofE7-specificCD8*
take effect until 72 hr after gene transfer in vitro (Cheng et al., memory T cells compared with other constructs. As shown in
2002). Thus, the spreading of VP22-linked antigen may occur Fig. 6, we observed that at the end of 8 weeks, pcDNA3-
3 days after gene transfer in vivo. Migration of antigen-ex- VP22/E7 generated a higher level of E7-specific CD8' mem-
pressing DCs as a result of VP22-mediated spreading 3 days ory T cells, more than 10-fold higher than pcDNA3-E7, in vac-
postvaccination might contribute to the observed peak number cinated mice. Interestingly, half of the initial CD8' effector T
of E7/GFP+ DCs 5 days postvaccination in mice vaccinated cells survived to become CD8' memory T cells. Furthermore,
with VP22/E7/GFP DNA, although we cannot rule out other we observed that in our 8-week tumor protection experiment
potential mechanisms. (Fig. 7), mice receiving the pcDNA3-VP22/E7 DNA vaccine

We found that administration of DNA encoding VP22 linked exhibited the lowest number of pulmonary nodules after TC- I
to antigen resulted in an increased number of antigen-express- challenge. Data from the experiments supported the importance
ing DCs in draining lymph nodes and enhanced activation of of CD8+ memory T cells, in that a vaccine capable of gener-
E7-specific CD8+ T cells. We attribute this increase to inter- ating higher levels of CD81 memory T cells can more effec-
cellular spreading because the VP22 molecule likely facilitates tively provide long-term protection against pathogen in a vac-
the spreading of the linked antigen to surrounding DCs. How- cinated host.
ever, we could not rule out the possibility that vaccination with In summary, our findings illustrate the promise of using the
DNA encoding VP22 may affect DC migration through VP22 strategy to enhance vaccine potency by generating more
chemokines or other factors that influence DC homing to drain- antigen-expressing DCs in draining lymph nodes, more anti-
ing lymph nodes after acquisition of antigen in the periphery. gen-specific CD8+ memory T cells, and better long-term pro-
We also could not conclusively exclude the possibility that tective immunity in vaccinated mice. Thus, VP22 may facili-
VP22 may affect the apoptoticor antiapoptoticfunctionsofDCs tate future vaccine development for the control of cancers and
by prolonging the survival of DCs, leading to more DCs in infectious disease.
draining lymph nodes.

Our data indicated that the linkage of VP22 to antigen may
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