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A B S T R A C T

Background: The objective of this study was to assess the mutational profile in epithelial ovarian cancer using
formalin-fixed, paraffin-embedded (FFPE) tumor specimens from a Taiwanese population by performing tar-
geted sequencing of 9 cancer-associated genes.
Methods: Targeted sequencing was performed on 32 formalin-fixed, paraffin embedded (FFPE) tumor specimens,
consisting of matched samples from 16 epithelial ovarian cancer patients. Genetic alterations in the 9 cancer-
associated genes were detected using a deep sequencing (> 1000×) approach.
Results: ARID1A and PIK3CA were the most frequently mutated genes. Specifically, ARID1A mutations and
PIK3CA mutations were detected in 77.8% and 66.7% of ovarian clear cell carcinoma patients, respectively.
Mutations in other genes, including MLH1 (6.3%) and CREBBP (6.3%), were detected in the Taiwanese popu-
lation. We also identified coexisting ARID1A-PIK3CA mutations (43.8%) and ARID1A-KRAS mutations (12.5%)
in tumors. It should also be noted that we identified the presence of three coexisting mutations, the ARID1A-
KRAS-PIK3CA mutations and the ARID1A-CREBBP-PIK3CA mutations.
Conclusions: In summary, we identified novel genetic alterations in patients with epithelial ovarian carcinoma
(EOC) in a Taiwanese populations. Further studies are needed to elucidate the mechanism of chromatin re-
modeling to examine the role of the PI3K/AKT pathway, to determine the critical roles of these mechanisms in
tumor development and the progression of ovarian malignancy and to investigate new targeted therapies.
Overall, our findings were reliable and are worthy of further study.

1. Introduction

Ovarian cancer especially epithelial ovarian carcinoma (EOC),
continues to be a leading cause of gynecological cancer-related mor-
tality worldwide, and EOC is the fifth leading cause of cancer-related
deaths among women in the United States [1]. Recently, it has been
reported that there were an estimated 22,440 new cases of EOC and
14,080 EOC-related deaths in 2017 [2]. Ovarian cancer is the eighth
most common cause of cancer-related death in Taiwanese women [3].

The classification of EOC is usually based on the origin of the tumor
[4,5]. Approximately 90% of primary ovarian cancers are EOCs, which

are divided into four major histological subgroups, including the serous,
mucinous, endometrioid, and clear cell groups [6,7]. EOC is classified
into two categories: type I includes low-grade serous, endometrioid,
clear cell, mucinous, and transitional cell carcinomas, and type II in-
cludes high-grade serous carcinomas, undifferentiated carcinomas, and
carcinosarcomas [8].

Next-generation sequencing (NGS) has been widely implemented
for sequencing analysis, including whole-genome sequencing (WGS),
whole-exome sequencing (WES), and the sequencing of the tran-
scriptome, targeted regions, and epigenetic modifications. There is
great potential for the application of NGS in disease management,
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disease treatment, genetic counseling, and risk assessment [9]. NGS
technology is a feasible and reliable method with which to detect novel
and rare somatic mutations. NGS has been applied for the simultaneous
identification of base substitutions, small deletions, insertions, copy-
number alterations, and structural alterations with much greater sen-
sitivity and cost effectiveness than traditional Sanger sequencing for
screening a large number of genes. Furthermore, NGS has the potential
to substantially improve the detection rates of a wide spectrum of
mutations in EOC patients compared with that of BRCA1/2 testing
alone [10]. Recently, Kim et al. [11] revealed that significantly altered
pathways were associated with cell proliferation and survival in 87% of
patients with endometriosis-associated ovarian clear cell carcinoma
(OCCC) and with chromatin remodeling in 47% of patients with OCCCs,
based on WES in patients of Korean ethnicity. Shibuya et al. [12] de-
monstrated that the most frequently mutated genes are ARID1A,
PIK3CA, PPP2R1A, and KRAS in OCCCs in the Japanese population
using an NGS approach. Our previous study showed that the most fre-
quently mutated genes were PIK3CA and ARID1A in a Taiwanese po-
pulation with endometriosis-associated ovarian cancer using targeted
NGS [13]. However, Dicks Ed et al. [14] indicated that WES data may
have clinical implications for risk prediction and prevention approaches
for high-grade serous ovarian cancer. In brief, NGS studies may lead to
significant advances in our understanding of the genome of EOC, and
current efforts are aimed toward bringing sequencing discoveries into
the clinic in the form of biomarkers and biomarker-based clinical trials
designs.

Nine cancer-related genes (including ARID1A, ARID2, CREBBP,
NUMA1, PPP2R1A, NCOA2, MLH1, PIK3CA, and KRAS) were analyzed
in the formalin-fixed, paraffin-embedded (FFPE) materials by targeted
NGS. In the present study, targeted NGS was undertaken to characterize
the gene alterations in EOC patients of Taiwan ethnicity.

2. Materials and methods

2.1. Patients

Between October 2008 and July 2013, patients with EOC were re-
cruited from the Department of Obstetrics and Gynecology at
Kaohsiung Medical University Hospital in Southern Taiwan. All parti-
cipants signed the written informed consent forms, and the protocols
were written and conducted in accordance with the institutional
guidelines and the Declaration of Helsinki and were approved by the
Institutional Review Board of Kaohsiung Medical University Hospital
(KMUHIRB-G(I)-20150040). The clinical and pathological character-
istics of the 16 patients are summarized as Table 1. In our study po-
pulation, patient 1 had recurrence after two years with multiple me-
tastases and died. Patients 3 and 12 had lymph node hyperplasia in the
pelvis. Patients 6, 10 and 15 had carcinomas in bilateral ovaries. No-
tably, patient 10 had adenocarcinoma metastasis to the right fallopian
tube, peritoneum, omentum, ascending colon, appendix and lymph
nodes. Additionally, patient 15 experienced after four years with peri-
toneum, omentum and right fallopian tube metastasis and died. In-
triguingly, we found that patient 13 had both endometrium and ovarian
cancers simultaneously.

2.2. Samples

Thirty-two FFPE specimens from EOC patients were included in this
study. Patients with EOC were confirmed using clinical and histological
data. Each patient's clinical cancer TNM (tumor–node–metastasis) stage
was determined according to the 1992 criteria of the American Joint
Cancer Committee/Union International Cancer Control (AJCC/UICC).
Sufficient and good-quality DNA from FFPE samples was extracted from
16 pairs of matched normal and EOC samples for targeted sequencing.
Representative histological features of normal endometrium, en-
dometroid carcinoma, and clear cell carcinoma were shown in Fig. S1. Ta
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Fig. 1. Distribution of genetic alterations
detected in EOC. Schematic representa-
tion of protein structures of (A) ARID1A
(B) PIK3CA (C) KRAS and (D) MLH1. The
upper panel indicates the genetic altera-
tions detected in EOC. The lower panel
indicates the mutation spectrum in The
Cancer Genome Atlas (TCGA) ovarian
cancer dataset. The left scale indicates the
number of cases. The blue, yellow, red,
and purple circles indicate missense mu-
tations, insertions/deletions, nonsense
mutations, and multiple types of muta-
tions, respectively. (For interpretation of
the references to colour in this figure le-
gend, the reader is referred to the web
version of this article.)
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2.3. DNA extraction

Representative sections were stained with hematoxylin and eosin (H
&E) and reviewed by pathologists before DNA extraction. Five 10 μm
FFPE tissue sections from each tissue block were deparaffinized, and
DNA was extracted using a QIAamp DNA mini kit (Qiagen, Heidelberg,
Germany) following the manufacturer's protocol. The quality and
quantity of the nucleic acids were analyzed using a Qubit Fluorometer
(Invitrogen, Carlsbad, CA, USA) and Nano200 Nucleic Acid Analyzer,
respectively. The quantity and integrity of the extracted gDNA were
determined by using a Qubit (Invitrogen) and Fragment Analyzer™
(Advanced Analytical Technologies, Inc), respectively.

2.4. Customized panel sequencing

A total of 9 cancer-associated genes were analyzed, namely,
ARID1A, ARID2, CREBBP, NUMA1, PPP2R1A, NCOA2, MLH1, PIK3CA,
and KRAS. Sixty nanograms of genomic DNA were amplified using
three pools of 523 primer pairs (Ion AmpliSeq Comprehensive Cancer
Panel, Life Technologies) to target all coding exons of 9 cancer-related
genes. Amplicons were ligated with barcoded adaptors using the Ion
Amplicon Library Kit (Life Technologies). Barcoded libraries were
subsequently conjugated with sequencing beads by emulsion PCR and
enriched using IonChef (Life Technologies) according to the Ion Torrent
protocol (Life Technologies). Quality and quantity of amplified library
were determined using the fragment analyzer (AATI) and Qubit
(Invitrogen). Sequencing was performed on the Ion Proton sequencer
using the Ion PI chip (Life Technologies) according to the manufac-
turer's protocol.

2.5. Data analysis

Raw reads generated by the sequencer were mapped to the hg19
reference genome using the Ion Torrent Suite (v. 4.2). Coverage depth
was calculated using the Torrent Coverage Analysis plug-in. Single
nucleotide variants (SNVs) and short insertion/deletions (INDELs) were
identified using the Torrent Variant Caller plug-in (v. 4.2). The Variant
Effect Predictor (VEP) was used to annotate every variant with a da-
tabase from COSMIC: v.70; dbSNP 138 and 1000 Genomes: phase 1.
Variants with a coverage lower than 25 or a frequency lower than 5%
were filtered out. We also performed in silico analyses with SIFT [15]
and Polyphen2 [16] to predict whether the observed mutations were
likely to be deleterious or not.

3. Results

3.1. Mutation status of the customized panel in EOC

DNA was extracted from 32 FFPE blocks of 16 patients diagnosed

with endometrioid ovarian cancer (ENOC) and OCCC. Nine patients
were histologically defined as OCCC, and the other seven patients were
defined as ENOC. We sequenced each sample on the Ion Torrent™
Customized Panel to an average sequencing depth of 4000×.
Sequencing results to a median depth > 4000× in tumors and mat-
ched normal endometrium DNA was used to establish a baseline of
pathogenic mutations. A total of 27 nonsynonymous somatic mutations,
including frameshift, stop-gain, splice -site, and missense mutations,
with an allele frequency≥ 10% were detected in the 16 tumor DNA
samples. The predicted functional impact of all the amino acid-sub-
stituting mutations was analyzed using SIFT and PolyPhen2 and the
results are shown in Table S1.

Missense mutations accounted for the majority (51.9%) of the
identified variants, followed by frameshift (29.6%), stop-gain (14.8%),
and splice-site (3.7%) mutations.

Mutation of the ARID1A gene was detected in 56% (9/16) of EOC
specimens, with mutations at p.Q586*, p.V1185 fs, p.R1446*,
p.Q1452fs, p.M1504 fs, p.R1528*, p.E1760fs, p.V1817 fs, p.S1930*,
p.H1949fs, p.A2235fs and p.Y2254fs identified in our study popula-
tions. Mutations in the PIK3CA gene were detected in 50% (8/16) of
EOC specimens, with mutations at p.E545K, p.E545G, p.Q546K,
p.Q546R and p.H1047R in our study populations. Other genes, such as
KRAS (12%), CREBBP (6%) and MLH1 (6%), were also identified in the
current study. Lollipop plot highlighting genomic alterations of select
genes, including ARID1A, PIK3CA, KRAS, and MLH1, was generated
(Fig. 1A–D).

3.2. Mutational landscape in the targeted genes

The 27 nonsynonymous somatic mutations identified in the present
study were located in 5 genes. The most frequently mutated genes were
ARID1A (44.5%; 12/27), PIK3CA (37%; 10/27), KRAS,MLH1 (7.4%; 2/
27 each), and CREBBP (3.7%; 1/27). Notably, we revealed that ARID1A
mutations coexists with PIK3CA, KRAS, MLH1, and CREBBP gene mu-
tations in the current study. As shown in Fig. 2, ARID1A mutations
coexist with PIK3CA gene mutations in patients 2, 4, and 13. ARID1A
mutations coexist with the KRAS mutation in patient 1. ARID1A mu-
tations coexisted with theMLH1mutation in patient 6. Additionally, we
identified triple mutations in patients 5, 7, 8, and 14.

4. Discussion

Here, we provide a survey of the mutational landscape of EOC in
Taiwanese populations using a customized panel. ARID1A and PIK3CA
were the most frequently mutated genes identified in this study.
Specifically, ARID1A mutations and PIK3CA mutations were identified
in 77.8% and 66.7% of OCCC patients, respectively.

Previously, Friedlander et al. [17] conducted a large study with 521
patients, confirming that the PIK3CA/AKT/mTOR pathway is

Fig. 2. The OncoPrint provides an overview of genetic alterations in particular genes (rows) affecting particular individual EOC samples (columns).
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commonly altered in OCCC. These researchers revealed that PIK3CA
mutations were observed in 50% of pure OCCCs and in 18.1% of mixed
OCCCs. In addition, Rahman et al. [18] revealed that PIK3CAmutations
were found in 28.6% (16/56) of OCCCs in Japanese women. The au-
thors suggested a significant association of PIK3CA mutations with a
favorable prognosis. In another study, Kuo et al. [19] indicated that
PIK3CA is the most frequently mutated gene, occurring in approxi-
mately 33% of patients with OCCC. Intriguingly, the authors found that
the PIK3CA mutations occurred in 50% in the Taiwanese population. In
the present study, we showed that 66.7% of OCCC patients harbor
PIK3CA mutations. Similarly, Jones et al. [20] demonstrated that
PIK3CA mutations were observed in 40% OCCC patients based on PCR
amplification and Sanger sequencing. Most recently, Shibuya et al. [12]
indicated that the frequently mutated genes included ARID1A, PIK3CA,
PPP2R1A, and KRAS in OCCC based on NGS. Similarly, Murakami et al.
[21] showed that ARID1A and PIK3CA were frequently mutated in
OCCC using whole exome sequencing. On the other hand, Maru et al.
[22] also demonstrated that the most frequently mutated gene in Ja-
panese OCCC patients was the PIK3CA gene. These researchers found a
PIK3CA mutation in 28% of OCCC patients. Zannoni et al. [23] revealed
that the PIK3CA mutations were present in 32% (20/63) of primary
OCCC patients based on pyrosequencing analysis. In the current study,
we demonstrated that PIK3CA mutations, including mutations in
p.E545K, p.Q546K/R, and p.H1047R, occurred in 66.7% (6/9) of pa-
tients with OCCC. The crystal structure of human p110α (p110α; en-
coded by the PIK3CA gene) was obtained from the protein data bank
(PDB ID: 2RD0). As shown in Fig. 3, the PIK3-hotspot mutation sites
E545 and Q546 are located in the helical domain (yellow), and H1047R
is located in the kinase domain (red). Notably, we found that only 1
patient (14.3%, 1/7) with ENOC harbored the PIK3CA mutation,
p.H1047R. As shown in Table 2, the PIK3CAmutation frequency ranged
from 28.6% to 51% in OCCC. Overall, our findings showed that the
frequency of the PIK3CA mutations in OCCC appears to be higher in
Taiwanese population and provide further evidence that PIK3CA is the
most frequently mutated gene in OCCC.

Our previous study [13] indicated that the most frequently mutated
genes in 10 Taiwanese EAOC patients were PIK3CA and ARID1A based
on deep sequencing. Very recently, Kim et al. [11] showed that the
frequencies of ARID1A, PIK3CA, and TP53 in Korean OCCC patients
were 40%, 40%, and 13%, respectively, using whole exome sequencing.
Similarly, a study showed that ARID1A somatic mutations were ob-
served in 62% of the OCCC samples based on whole-exome sequencing
from 39 OCCC patients [21]. In addition, multiple studies showed that

ARID1A was the most frequently mutated gene in OCCC, occurring in at
least 57% of patients with OCCC [12,20]. As shown in Table 2, the
ARID1A mutation frequency has ranged from 40% to 66.7% in OCCCs.
It should be noted that the frequency of ARID1A mutations was 77.8%
(7/9) in patients with OCCC and 14.3% (1/7) in patients with ENOC in
the present study. Overall, our findings indicate that the frequency of
ARID1A mutations in OCCC appears to be higher in Taiwanese popu-
lation. Taken together, our findings are consistent with those of pre-
vious studies showing that ARID1A was the most frequently mutated
gene in OCCC.

Recent studies have shown that ARID1A and PIK3CA mutations
might cooperate to promote tumor growth [24,25]. Previously, a study
showed that the loss of ARID1A protein expression occurs as a very
early event in CCC development and frequently coexists with PIK3CA
mutations [26]. In this study, we identified one patient with ARID1A
double mutations and a PIK3CA mutation. Notably, we also revealed
that four patients had two mutations each in ARID1A/PIK3CA. Two
patients had two mutations each in ARID1A/KRAS or ARID1A/MLH1.
Two patients harbored triple mutations in ARID1A/CREBBP/PIK3CA or
ARID1A/KRAS/PIK3CA. To the best of our knowledge, this study is the
first to show the occurrence of either double mutations or triple mu-
tations in these genes in Taiwanese patients with EOC. However, the
impact of patients with EOC harboring double or triple mutations in
clinical practice and the underlying mechanisms need to be elucidated
in future studies.

According to previous studies, the incidence of KRAS mutations is
approximately 15%~39% [27,28]. In fact, a higher incidence of KRAS
mutations was identified in mucinous epithelial ovarian cancer than in
other types of ovarian cancer. Indeed, Mueller et al. [29] showed that
the frequency of KRAS mutation was 71% in mucinous ovarian cancer
based on massively parallel sequencing. Similarly, Dobrzycka et al. [30]
detected KRAS mutations in 23% of mucinous epithelial ovarian can-
cers. Although the KRAS mutation appears more frequently in muci-
nous epithelial ovarian cancer, KRAS mutations were identified in 20%
of Korean ovarian clear cell carcinoma patients [11]. Meanwhile,
Zannoni et al. [23] showed that KRASmutations were present in 13% of
OCCC patients, especially codon 12 mutations. In the current study, we
revealed KRASmutations in 22.2% (2/9) of patients with OCCC. Among
these patients, we revealed one patient with a rare coexistence of KRAS
and ARID1A mutations and another patient with rare coexistence of
KRAS, ARID1A, and PIK3CA mutations.

Taken together, our results are consistent with those of other studies
and suggest that ARID1A and PIK3CA were frequently mutated in

Fig. 3. Ribbon diagram of the protein structures of (A) KRas (PDB ID: 3GFT), (B) Mlh1 (PDB ID: 4P7A), and (C) PI3K- (PDB ID: 2RD0). The most frequent hotspot
mutation sites are labeled and shown as red spheres. The KRas hotspot mutation G12V is located at the P-loop. The Mlh1 hotspot mutation G181D is located at the 6-
helix. The PIK3 hotspot mutation sites E545 and Q546 are located in the helical domain (yellow) and H1047R is located in the kinase domain (red). The figure was
generated using PyMOL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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OCCC. The current study has some limitations that must be noted. First,
the size of the study was relatively small (n=16). Second, there is a
lack of comprehensive clinical information related to therapies or re-
sponses, prognosis, and survival rate. Further work needs to be done to
collaborate with research centers throughout Taiwan to understand the
molecular alterations in EOC and to better identify therapeutic targets
for patients with EOC.

In summary, we have successfully developed a custom NGS-based
panel including 9 cancer-associated genes, namely, ARID1A, ARID2,
CREBBP, NUMA1, PPP2R1A, NCOA2, MLH1, PIK3CA, and KRAS. We
also successfully characterized the genomic landscape of 16 patients
with EOC. In the current study, we identified 27 nonsynonymous so-
matic mutations located in 5 genes. Our study may provide an oppor-
tunity for future studies to investigate therapeutic targets for the
treatment of EOC.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cca.2019.03.003.
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