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Abstract

Based on digital karyotyping, we have identified a new, discrete amplified region at ch19p13.2 in
a high-grade ovarian serous carcinoma. To further characterize this region, we determined the
frequency and biological significance of ch19p13.2 amplification by analyzing 341 high-grade
serous carcinomas from The Cancer Genome Atlas (TCGA) and found an increased DNA copy
number at this locus in 18% of cases. We correlated the DNA and RNA copy number by
analyzing the TCGA dataset for all amplified genes and detected 7 genes within ch19p13.2 that
were significantly correlated (R =0.54) and were, in fact, listed as the top 100 potential “driver”
genes at a genome-wide scale. Interestingly, one of the 7 genes, NACC1, encoding NAC1 was
previously reported to be involved in the development of tumor recurrence in ovarian serous
carcinoma and to play a causal role in the development of paclitaxel resistance. Therefore, we
selected NACC1 for validation in an independent cohort. Based on fluorescence in situ
hybridization, we found that 35 (20%) of 175 high-grade serous carcinomas had an increased
DNA copy number at the NACC1 locus, and those amplified cases were associated with early
disease recurrence within 6 months (p= 0.013). A significantly high level of NAC1 protein
expression based on immunohistochemistry was detected in amplified tumors as compared to non-
amplified tumors (p< 0.005). In summary, our data suggest that amplification at the ch19p13.2
NACCI1 locus, leading to NACL1 overexpression, is one of the molecular genetic alterations
associated with early tumor recurrence in ovarian cancer.

INTRODUCTION

Epithelial ovarian cancer is the most aggressive gynecologic malignancy. Ovarian cancer is
composed of a diverse group of tumors that can be classified according to their distinctive
morphologic and molecular features (1). Among them, high-grade serous carcinoma
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represents the major tumor type associated with frequent tumor recurrence and high
mortality. In contrast to other subtypes, high-grade serous carcinomas are highly aggressive,
evolve rapidly, and almost always present at advanced stage. Several studies have analyzed
global DNA copy number alterations specifically in different types of ovarian epithelial
carcinomas (2-8). The results from these reports indicate that high-grade serous carcinomas
are characterized by higher levels of sub-chromosomal gains and losses than clear cell
carcinoma, low-grade serous carcinomas, and their precursor lesions, serous borderline
tumors. This finding suggests that chromosomal instability is more pronounced in high-
grade serous carcinomas than other types of ovarian cancer.

To identify new cancer-associated genes that may participate in the pathogenesis of ovarian
high-grade serous carcinoma, we have previously applied digital karyotyping (9) and,
subsequently, SNP arrays to analyze somatic genome-wide DNA copy number alterations in
purified ovarian high-grade serous carcinoma samples (2, 4, 10). As a result, in addition to
several previously known amplified chromosomal regions containing CCNEL, AKT2, and
PIK3CA loci, we identified several new amplified loci including chromosome (ch)11q13.5
harboring Rsf-1 (HBXAP) (11), chr19p13.12 harboring NOTCH3 (12), and regions at
chrl2p13, chr8qg24 and chr19p13.2. Those regions containing known tumor-associated
genes were validated using dual color fluorescence in situ hybridization (FISH) in an
independent set of ovarian carcinomas (4). The purpose of this report is to study a
previously uncharacterized amplified region at ch19p13.2. Based on digital karyotypic
analysis in a limited set of clinical samples, we detected a discrete amplicon located at
ch19p13.2 which has not been previously reported in ovarian cancer. This amplicon appears
to be relatively large, encompassing 1.92 Mb and containing at least 60 coding sequences,
which poses challenges for further investigation to identify the cancer “driver” gene(s)
within this amplified region. Several genome database resources such as The Cancer
Genome Atlas (TCGA) have recently become available for public access, providing a
hitherto unavailable opportunity for molecular genetic discovery in cancer. In this study, we
take the advantage of the emerging dataset of the TCGA to simultaneously analyze mRNA
and genomic DNA copy numbers for all genes within the digital karyotyping-defined
ch9p13.2 amplicon in a large set of high-grade serous carcinomas. This approach enabled us
to distinguish cancer “driver” genes from co-amplified “passenger” genes. We then
validated our results using fluorescence in situ hybridization and immunohistochemistry in
an independent set of ovarian carcinomas.

MATERIALS AND METHODS

Analysis of The Cancer Genome Atlas database

Copy number variations of the ch9p13.2 amplicon in 343 ovarian tumor samples and paired
normal samples were characterized using the Affymetrix SNP6.0 array by the Broad
Institute (Boston). The intensity and log, ratios for each probe set on the SNP array were
downloaded from The Cancer Genome Atlas Data Portal (http://tcga-data.nci.nih.gov/tcga/).
Somatic copy number alterations were analyzed using the Circular Binary Segmentation
(CBS) algorithm (13) with R package “DNACopy” (version 1.14.0, default setting). Regions
with focal somatic copy number alterations were identified by GISTIC analysis in
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GenePattern (http://www.broadinstitute.org/cancer/software/ genepattern/) (14). Expression
analysis of 377 ovarian tumor samples was performed using the Affymetrix Human Exon
1.0 ST Array by the Lawrence Berkeley Laboratory. The CEL files were downloaded from
the TCGA Data Portal. The probe set signals were summarized as RMA scores with
Affymetrix Power Tools (http://www.affymetrix.com/partners_programs/programs/
developer/tools/ powertools.affx). The locations of all probe sets were obtained from the
Affymetrix annotation file (HUEx-1_0-stv2.na29.hg18.probeset.csv). A total of 8,101 core
probe sets (representing 590 genes) located at the regions with focal somatic copy number
alterations were selected for expression-copy number correlation analysis. Copy number
data and exon-array data were available for 341 cases; therefore this sample set was used for
analysis in this study. For these samples, Pearson correlation coefficients were calculated
using the expression of each probe set and its corresponding copy number across the 341
cases. The distribution of correlation coefficients of all 8,101 probe sets is bimodal,
separating the genes (probe sets) with no correlation (correlation coefficient below 0.2) from
those that show correlations between DNA copy number and RNA expression.

Fluorescence in situ hybridization

A total of 175 ovarian high-grade serous carcinomas were analyzed for DNA copy humber
within the ch19p13.2 region using two-color fluorescence in situ hybridization (FISH).
Stage 111 or IV tumor tissues from patients treated at the Johns Hopkins Hospital were
originally retrieved from the Department of Pathology at the Johns Hopkins Hospital. The
acquisition of the anonymous tissue specimens for this study was approved by the Johns
Hopkins Institutional Review Board. The tissues were arranged in tissue microarrays to
facilitate FISH and immunohistochemistry procedures. BAC clones (RP11-356L.15 and
CTD-2508D10) containing the genomic sequences of the ch19p13.2 amplicon were
purchased from Bacpac Resources (Childrens' Hospital, Oakland, CA) and Invitrogen
(Carlsbad, CA). Bac clones located at ch19p12 (CTD-2518018) were used to generate
reference probes. The method for FISH was previously described (15). The hybridization
signals were counted by two individuals. Signal ratios of experimental probe/reference
probe greater than 2.5 were considered as gain, and signal ratios of experimental probe/
reference greater than 3.5 were considered as high-fold amplification. At least 50 nuclei
were counted for each specimen.

Immunohistochemistry

The NAC1 mouse monoclonal antibody used for immunohistochemistry was purchased
from Novus Biologicals (Littleton, CO). The specificity of the antibody was previous
demonstrated (16). Paraffin sections from the same tissue microarrays as used for FISH
were deparaffinized and pretreated with low pH citrate buffer in a microwave oven for
antigen retrieval. Tissue sections were incubated with the anti-NACL1 antibody at a dilution
of 1:100 at 4°C overnight. Visualization was performed using the EnVision™+ peroxidase
system (DakoCytomation, Glostrup, Denmark). Positive controls consisted of an ovarian
carcinoma shown to be positive in a pilot study. Negative controls were stained with an
isotype-matched mouse myeloma protein. Immunoreactivity was scored by two
investigators who were blinded to the patient clinical data. Nuclear localization was
interpreted as positive staining. Staining intensity was scored on a scale of 0-3,
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corresponding to undetectable, weak, moderate, and intense immunoreactivity in tumor cells
(16). At least 500 tumor cells were counted for each specimen.

As a continuing effort to understand the molecular etiology of ovarian cancer, we have
previously analyzed DNA copy number changes in different types of ovarian carcinoma.
Based on digital karyotyping (9) in affinity-purified, high-grade ovarian serous carcinomas,
we detected a discrete, novel amplified region located at ch19p13.2 in one of 7 specimens
(Fig. 1A). This amplified locus was estimated to have ~17 copies of haploid genome and
spanned 12,735,244 to 14,655,263, containing at least 60 genes. Based on this preliminary
finding, we decided to determine the frequency of increased copy number at this region in a
large set of high-grade serous carcinomas. First, we analyzed DNA copy number in 341
high-grade serous carcinomas from the TCGA ovarian cancer genome dataset. The results
indicated that 18% of 341 high-grade serous carcinomas showed increased DNA copy
numbers (>2.5) based on SNP arrays. If a higher cutoff value (>3.5) was applied, the
fraction of amplified cases was 3%. To identify potential cancer “driver” genes within the
ch19p13.2 amplicon, we correlated mRNA expression levels and DNA copy number at a
genome wide scale in the same set of carcinomas. The rationale for this analysis is that,
when amplified, “driver” genes almost always upregulate their expression, which enables
their oncogenic functions. Based on this analysis, we listed the top 100 amplified genes with
the highest correlation coefficient between DNA copy number and mRNA expression levels
(as determined by Pearson correlation analysis (Table 1). Using this approach, we identified
several amplicons harboring well-known amplified oncogenes, including CCNE1 (17),
AKT2 (18), Pakl (5), Rsf-1 (19) and Paf1 (20). Interestingly, chromosome 19 contained a
very high number of candidate driver oncogenes. Among the top 100 genes, 54 genes were
located at discrete subchromosomal regions of chromosome 19, indicating that frequent
structural re-arrangement may occur in this chromosome in high-grade ovarian serous
carcinoma (Fig. 1B). Importantly, the ch19p13.2 region harbored 7 genes which showed the
most significant correlation between DNA copy number and RNA expression level.

To validate the above results obtained from in silica analysis, we applied two-color FISH
and immunohistochemistry to an independent set of tumors composed of 175 high-grade
serous carcinomas collected at our institution. We focused on one of the 7 candidate “driver”
genes at ch19p13.2, NACC1, because as compared to the other 6 genes, the biological role of
NACCI1 has been previously reported. NAC1, encoded by NACCL, is a nuclear protein
involved in stemness of embryonic stem cells (21) and in the pathogenesis of human cancer
(16). NAC1 has been demonstrated to participate in the development of chemoresistant
recurrent tumors (22, 23). In this study, we further determined if amplification of the
NACC1 locus was related to early disease recurrence in high-grade ovarian serous
carcinomas. We designed FISH probes that hybridized to the NACCL1 coding region and
found that 35 (20%) of 175 carcinomas demonstrated gene copy number gain (> 2.5) at
ch19p13.2. Furthermore, 8 (5%) of 175 tumors exhibited high level amplification (>3.5) in
DNA copy number at this locus. An example of FISH in a high-grade serous carcinoma is
shown in Fig. 2. Immunohistochemistry was used to estimate semi-quantitatively the protein
expression levels of NAC1 based on immunostaining intensity in the same set of 175 tumor
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tissues. We observed that amplified tumors exhibited a significantly higher level of NAC1
expression than those without amplification (p< 0.005, Fisher's exact test). As shown in
Table 2, the percentage of tumors with an immunostaining score of 3+ was 63%, 26%, and
13% in specimens showing high amplification, low level gain, and no amplification at the
NACCI1 locus, respectively. NAC1 immunoreactivity in representative amplified and non-
amplified tumors is shown in Fig. 2B.

Next, we asked whether NACC1 amplification was associated with amplification of other
chromosomal loci, including CCNEL, RSF1, NOTCH3, AKT2, and PIK3CA, which were
frequently amplified in high-grade serous carcinoma (4). The FISH results from the above
genes were available in 146 cases and they were used for the correlation study. Based on
FISH data and analysis using a 2x2 contingency table, we found that among these genes
amplification of only the NOTCH3 locus (ch19p13.12) was significantly correlated with
amplification at the ch19p13.2 locus (p = 0.0044) (Table 3). Among 175 high-grade serous
carcinomas, we identified a subset of 52 primary tumors from patients whose follow-up
information was available. These patients were selected also based on their similar clinical
treatment outcome including optimal cytoreductive surgery (residual tumor< 0.5 cm)
followed by a similar regimen of carboplatin/paclitaxel therapy at the Johns Hopkins
Hospital, Baltimore, Maryland. We observed that an increase in DNA copy number in the
NACCL1 locus significantly correlated with earlier recurrence (within 6 months after
diagnosis) compared with those without amplification (p= 0.013) (Table 4).

DISCUSSION

In this study, we provide new evidence that DNA copy number at the ch19p13.2
subchromosomal region is increased in approximately one fifth of high-grade serous
carcinomas. This finding is based on two large independent cohorts, using two independent
techniques including SNP arrays and FISH. The frequency of ch19p13.2 amplification is
comparable to that at the CCNEL, NOTCH3, RSF1, AKT2, and PIK3CA loci which were
found to be amplified in 36%, 32%, 16%,14%, and 11% of high-grade serous carcinomas,
respectively (4). However, it is uncertain whether ch19p13.2 represents a discrete amplicon
or a continuum of a larger region of DNA copy number gain in ch19p, perhaps involving the
whole arm. The significant co-amplification event of ch19p13.2 and the NOTCH3 locus
(ch19p13.12) suggests such a possibility given the proximal location of both loci.
Nevertheless, based on our FISH and immunohistochemistry analysis of the same tumor
samples, NAC1 expression likely depends on amplification within the ch19p13.2 amplicon.
The above results have several important implications with respect to molecular genetic
changes and pathogenesis of tumor recurrence in ovarian cancer.

To determine the significance of amplified genes in human cancer, we applied an approach
based on the rationale that a tumor-driving gene, when amplified, is almost always over-
expressed, which activates the oncogenic pathway, while co-amplified “passenger” genes
that are unrelated to tumor pathogenesis may or may not be over-expressed (24). Therefore,
we analyzed all genes within all amplified regions detected by the TCGA ovarian cancer
dataset to correlate DNA and transcript copy numbers within the same tumor samples. As a
result, we have identified 100 genes with the most significant correlation between DNA
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copy numbers and RNA expression levels and have found that several ovarian cancer-
associated oncogenes were on the list, including CCNEL (17), AKT2 (18), Pakl (5), Rsf-1
(19), and Paf1 (20). This finding, together with the data showing CCNEL as the most
frequently amplified region (copy number > 3.5) in ovarian serous carcinoma, supports the
robustness of this approach in identifying potential cancer driver genes within amplicons.
From this perspective, we found that NACC1 was listed with an R value as high as 0.558.
This finding suggests that NACC1 is one of the genes that contribute to tumor progression in
ovarian cancer in which ch19p13.2 amplification is found. Of note, analysis of the 100 top
gene list reveals that the majority of the amplified ovarian cancer driver genes are located on
three chromosomes, 8, 11, and 19, a finding consistent with our previous FISH study that
profiled all amplicons in ovarian serous carcinoma (4). This information may provide a
potential roadmap to study the pathogenesis of ovarian serous carcinoma in the future.

The association of the ch19p13.2 amplification and shorter disease relapse time may be
related to NACL1 overexpression. NACL, encoded by NACCL, belongs to the BTB/POZ
domain gene family and contains the BTB/POZ domain, which is responsible for
homodimerization and heterodimerization with other BTB/POZ proteins as well as the BEN
domain that mediate protein-DNA and protein-protein interactions during chromatin
organization and transcription (25). The role of NAC1 in the development of human cancer
has recently emerged. NACL is significantly overexpressed in several types of human
cancers including ovarian high-grade serous carcinoma (16, 22, 26, 27), endometrial
carcinoma (28), and cervical carcinoma (29). Like several BTB/POZ family members,
NAC1 proteins homo-dimerize through the BTB domain. Induced expression of a NAC1
deletion mutant (N130) containing exclusively the BTB domain attenuates the tumor-
promoting functions of NAC1 (16). On the other hand, over-expression of full-length NAC1
is sufficient to enhance tumorigenicity of ovarian surface epithelial cells and NIH3T3 cells
in athymic nu/nu mice (16). More recently, we observed that enforced expression of NAC1
conferred drug resistance, and NAC1 knockdown by shRNA sensitized paclitaxel
cytotoxicity in ovarian cancer cells in vitro (22). NACL1 contributed to the development of
drug resistance through multiple mechanisms including upregulating fatty acid synthase (30)
and negatively regulating the components of the Gadd45 tumor suppressor pathway
including Gadd45a and its binding protein, Gadd45gipl (22, 26). The above findings may
explain the clinical observation that upregulation of NAC1 immunoreactivity in primary
ovarian tumors is associated with aggressive clinical behavior and tumor recurrence in
ovarian cancer patients (16, 27). We did not attempt to analyze the clinical correlation of
NACC1 amplification using the TCGA dataset because of concerns about the difference in
treatment regimens and patient populations from the various institutions that contributed to
the dataset.

The frequent co-amplification of the NACC1 and NOTCH3 is of interest. Our previous
studies showed amplification of the NOTCHS3 locus in 32% of ovarian high-grade serous
carcinomas (12), and Notch3 overexpression is related to the recurrence of ovarian cancer
and confers drug resistance (31). Ovarian cancer cells which had amplified and
overexpressed Notch3 were dependent on Notch3 signaling for cellular survival and growth.
Thus, it is likely that increased DNA copy number in both genes may contribute to the
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resistance of carboplatin and paclitaxel that are routinely used in treating advanced stage
ovarian cancer patients. Interestingly, we have recently demonstrated that inactivation of the
Notch3 pathway led to inhibition of NAC1 expression, indicating that Notch3 signaling may
regulate the expression of NAC1 (31). Further studies are required to confirm the molecular
cross talk between these pathways in the development of chemoresistance.

In summary, based on analysis of the TCGA ovarian cancer dataset and our FISH result, we
were able to demonstrate that amplification at the NACC1 locus was one of the frequent
molecular genetic alterations in ovarian high-grade serous carcinomas. NAC1
overexpression may be, in part, attributed to the increase in DNA copy number, explaining
why amplification at the NACCL1 locus is related to early tumor recurrence in ovarian cancer.
Future studies should aim at fine mapping the ch19p13.2 amplified region and assessing the
potential of other genes at the ch19p13.2 locus to contribute to the aggressive behavior of
ovarian serous carcinomas that harbor this amplification.
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Fig. 1.

chr19 locations

Amplification at the ch19p13.2 region harboring NACC1. A. A focused view of the digital
karyotyping result demonstrates a discrete amplicon spanning from nucleotide position
12,735,244 to 14,655,263 in a high-grade serous carcinoma. NACC1 is located within the
amplicon. B. Analysis of the TCGA ovarian cancer dataset reveals 100 top genes showing
the highest correlation coefficient between DNA copy number and RNA expression levels.
Among them, 54 genes are located on chromosome 19. Their physical map is shown. Of
note, three amplified chromosomal regions, 19p13.2, 19q12, and 19q13.1-19¢13.2 harbor

NACC1, CCNE1 and AKT2, respectively.
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Fig. 2.
DNA copy number at the NACCL1 locus and NAC1 immunoreactivity from representative

high-grade serous carcinomas. A. Two-color fluorescence in situ hybridization in two high-
grade serous carcinomas shows increased signal of the ch19p13.2 probe (red fluorescence)
whereas the control probe (green fluorescence) that hybridizes to a region near the ch19p12
does not shown any gain of intensity. The case on the left panel shows discrete red probe
signals whereas the case on the right shows the homogeneously staining regions. The
ideogram on the left illustrates the locations which hybridize to the ch19p13.2 probe (red
bar) and to the ch19p12 control probe (green bar). B: Immunohistochemistry of NAC1.
High-grade ovarian serous carcinomas with high levels of ch19p13.2 amplification show
intense immunostaining (3+) of NAC1 in the nuclei (top panels). High-grade ovarian serous
carcinomas without detectable alteration of DNA copy number at the ch19p13.2 show
variable immunostaining intensity with staining scores ranging from 0 to 2+ (bottom panel).
Immunostaining scores are indicated in each photomicrograph.
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Table 3

Co-amplification of NACC1 and NOTCH3 loci.

NOTCH3 amplified | NOTCH3 non-amplified | Total
NACCL1 amplified 15 10 25
NACCL1 non-amplified 34 87 121
Total 49 97 146

Fisher's exact test p= 0.0044
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Correlation of NACC1 locus amplification and the time to first recurrence.

Table 4

Recur within 6 months | Recur after 6 months | Total
NACCL1 amplified 6 10 16
NACC1 non-amplified 5 31 36
Total 11 41 52

Fisher's exact test p= 0.013
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