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Abstract

Esophageal and gastric cancers are two of the most common malignancies worldwide with particularly high
mortality rates. Esophageal and gastric cardia cancers share certain environmental risk factors, but it is unclear if these
cancers share similar gene mutation patterns. To improve patient diagnosis, treatment, and outcome, identification
and characterization of the unique molecular mutation profiles of these cancers are needed to develop more
effective target therapies. Until recently, personalized DNA sequencing to identify individual cancer mutations was
unrealistic for clinical applications. But technological advancements in next-generation DNA sequencing, including the
semiconductor-based lon Torrent sequencing platform, have made DNA sequencing more cost and time effective with
reliable results. Using the lon Torrent Ampliseq Cancer Panel, we sequenced 737 loci from 45 cancer-related genes to
identify genetic mutations in esophageal adenocarcinoma, esophageal squamous cell carcinoma, and gastric cardia
cancer samples from Chinese patients. The sequencing analysis revealed frequent mutations in PIK3CA and TP53
genes, and less frequent mutations in several other genes. Thus, this study demonstrates the feasibility of using lon
Torrent sequencing on individual human cancers to detect patient-specific gene mutations with the goal of directing
mutation-specific targeted therapies or aid in targeted drug development to more effectively treat cancer patients.
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Introduction

Esophageal and stomach cancers are two of the most common
malignancies worldwide. In 2012, these two cancer types alone
accounted for over 1,408,000 cases and 1,123,000 deaths globally [1].
Both esophageal and gastric cancer have the highest incidence and
mortality in East Asia with roughly 42.5% of all gastric cancer cases and
48.9% of all esophageal cancer cases reported in China alone. Roughly
half of esophageal cancer patients have advanced or metastatic disease
upon diagnosis and natural overall survival time is less than 1 year [2].
The 5-year survival for all esophageal and specifically gastric cardia
cancer patients remains less than 8% and surgical intervention only
increases this to 18%-23% [3,4]. The prevalence and dismal survival
rates of esophageal and gastric cancers indicate further efforts are
needed for improved diagnostics and more effective treatment options.

The two major subtypes of Esophageal Cancer (EC) include
adenocarcinoma (EAC), more commonly found in western countries
and associated with poor diet and obesity, and squamous cell
carcinoma (ESCC), which is more prevalent in Eastern countries and
is strongly associated with smoking and alcohol consumption [5,6].
Gastric cardia cancers, virtually all of which are adenocarcinomas [7],
share clinical symptoms with esophageal cancers, like dysphagia, but
because most of these cancers are diagnosed at an advanced stage, it
may be difficult to determine if the origin is esophageal or gastric [8].
While gastric cardia adenocarcinomas (GCA) also share similar risk
factors with both EAC and ECC and gastric cancer, including dietary
factors, obesity, smoking, and alcohol consumption, previous studies
report that GCA has a greater tendency than other gastric cancers
toward deeper gastric wall penetration, lymph node metastasis,
and poor prognosis, suggesting that GCA may be more aggressive
and increasing the need for proper diagnosis [9]. Increasingly,
adenocarcinomas of the gastric cardia are thought to be distinct from

adenocarcinomas of the esophagus or distal stomach, both biologically
and epidemiologically [8].

As each cancer type and individual tumor contains a unique
pattern of molecular mutations, genetic profiling in individual cancers
will give further insight into the complex environmental and genetic
interactions that contribute to the development and progression of
the disease. Moreover, comparing the unique mutation profiles of
esophageal and gastric cardia cancers, or further gastric cardia and non-
cardia adenocarcinomas, may help to further clarify classifications and
diagnoses, an issue which has been challenging in the past. Additionally,
treatment of these diseases may be improved by targeting drugs to
the specific molecular changes found in each tumor. Recent studies
on whole-genome and -exome sequencing in esophageal and gastric
cancers have uncovered numerous genes that are commonly mutated
in these cancers, some of which have the potential to be used as drug
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targets [10-12]. The high cost of the instruments and assays used in these
studies, however, largely prevent this technology from being used as a
widespread diagnostic approach to individual cancer sequencing [13].
The possibility of personalized DNA sequencing for cancer treatment
is becoming more feasible with the recent technological advancements
in next-generation sequencing (NGS), such as the semiconductor-
based Ion Torrent sequencing platform, which circumvents many of
the previous hurdles of other NGS platforms like high cost and long
assay times [14,15]. In the present study, we have used Ion Torrent
sequencing technology to analyze clinical samples of esophageal cancer,
including squamous cell carcinoma and esophageal adenocarcinoma,
and gastric cardia cancer to identify the genetic mutations at 737 loci
from 45 known cancer-related genes.

Materials and Methods

Ethics statement

The study has been approved by the Human Research Ethics Committee
of the First Affiliated Hospital of Xinxiang Medical University, China. For
formalin-fixed, paraffin-embedded (FFPE) tumor samples from the tumor
tissue bank at the Department of Pathology of the hospital, the institutional
ethics committee waived the need for consent. All samples and medical
data used in this study have been irreversibly anonymized.

Patient information

Tumor samples used in the study were collected from the First
Affiliated Hospital of XinXiang Medical University in China. A total of
35 FFPE tumor samples from gastric cardia cancer and 45 FFPE tumor
samples from esophageal cancer patients were analyzed. Patients ranged
from 43-79 years of age with a median age of 60 years (Tables 1,2). All
80 patients were categorized based on their gender and age. Tumor
samples were categorized based on differentiation, the TNM staging
system, and metastasis to regional lymph nodes. Esophageal cancer
patients were further categorized based on pathological type (EAC vs.
ESCC) (Table 3). Additionally, esophageal cancer patients reported
histories of smoking and drinking alcohol (Supplemental Tables 1,2).

DNA preparation

Xylene was used to deparaffinize 3-5 pm thick extracted sections
of formalin-fixed, paraffin-embedded (FFPE) tissue samples. DNA was
then isolated using the QIAamp DNA Mini Kit (Qiagen) following
manufacturer’s instructions.

Characteristic n (frequency)

female 16 (45.7%)
Gender
Male 19 (54.3%)
Age (years) Average: 60 + 8 Median:60, Range:43-79
high 10 (28.6%)
) o middle 12 (34.3%)
Differentiation

low 5 (14.3%)

unknown 8 (22.8%)
Regional lymph node NO 19 (54.3%)
metastasis N1 16 (45.7%)

Ib 1(2.9%)
Il 18 (51.4%)

1l 1(2.9%)

TNM

[LIE:T 10 (28.5%)

Illb 4 (11.4%)

\% 1(2.9%)

Table 1: Clinical features of 35gastric cardia carcinoma patients.

Characteristic n (frequency)

Female 23 (51.1%)
Gender
Male 22 (48.9%)
Age (years) Average: 60 + 8 Median:60, Range:43-79
. EAC 6 (13.3%)
Pathological Type
ESCC 39 (86.7%)
high 17 (37.8%)
. L middle 17 (37.8%)
Differentiation
low 4 (8.9%)
unknown 7 (15.5%)
Regional lymph node NO 33 (73.3%)
metastasis N1 12 (26.7%)
Lower esophagus 13 (28.9%)
Location Middle esophagus 28 (62.2%)
Upper esophagus 4 (8.9%)
0 1(2.2%)
| 7 (15.6%)
TNM lla 25 (55.6)
Ilb 2 (4.4%)
1l 10 (22.2%)
. No 27 (60%)
Smoking
Yes 18 (40%)
Non drinking 30 (66.7%)
Alcohol consumption Drinking 8 (17.8%)
Unknown 7 (15.5%)

Table 2:Clinical features of 45 esophageal cancer patients.

Ion Torrent PGM Library Preparation and Sequencing

We constructed an Ion Torrent adapter-ligated library using the Ion
AmpliSeq Library Kit 2.0 (Life Technologies, Part #4475345 Rev. A)
following the manufacturer’s protocol and as described in our previous
publications [16,17]. The Personalized Cancer Mutation Panel used
for this study targets 737 loci to detect mutations in the following 45
cancer-related genes: ABL1, AKT1, ALK, APC, ATM, BRAF, CDH]1,
CDKN2A, CSFIR, CTNNBI, EGFR, ERBB2, ERBB4, FBXW7, FGFR1,
FGFR2, FGFR3, FLT3, GNAS, HNF1A, HRAS, IDHI, JAK3, KDR,
KIT, KRAS, MET, MLH1, MPL, NOTCH]1, NPM1, NRAS, PDGFRA,
PIK3CA, PTEN, PTPN11, RBI1, RET, SMAD4, SMARCB1, SMO, SRC,
STK11, TP53, and VHL.

Sequence Coverage

For the 45 esophageal cancer samples analyzed, the mean read
length was 77 bp and the average reads were approximately 22 Mb of
sequence per sample. With normalization to 30,000 reads per specimen,
the average reads per amplicon was 1639 (range: 9 to 4346) (Figure 1A);
179/189 (94.7%) amplicons averaged at least 100 reads, and 168/189
(88.9%) amplicons averaged at least 300 reads (Figure 1B).

The mean read length for the 35 gastric cardia cancer samples
analyzed was 76 bp and the average reads were approximately 17
Mb of sequence per sample. With normalization to 30,000 reads per
specimen, the average reads per amplicon was 1639 (range: 10 to 6941)
(Figure 2A); 175/189 (92.6%) amplicons averaged at least 100 reads,
and 169/189 (89.4%) amplicons averaged at least 300 reads (Figure 2B).

Variant calling

Data were initially processed using the Ion Torrent platform-
specific pipeline software Torrent Suite to generate sequence reads and
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Genes N_umber of GC sarpples with Nu_mber of EAC sarpples with Nu[nber of ESCC sa_mples with
mutations (frequency in 35 samples) | mutations (frequency in 6 samples) | mutations (frequency in 39 samples)
ABL1 0 (0.0%) 0 (0.0%) 0 (0.0%)
AKT1 0 (0.0%) 0 (0.0%) 0 (0.0%)
ALK 0 (0.0%) 0 (0.0%) 0 (0.0%)
APC 2 (5.7%) 0 (0.0%) 0 (0.0%)
ATM 0 (0.0%) 0 (0.0%) 0 (0.0%)
BRAF 0 (0.0%) 0 (0.0%) 0 (0.0%)
CDH1 0 (0.0%) 0 (0.0%) 0 (0.0%)
CDKN2A 0 (0.0%) 0 (0.0%) 0 (0.0%)
CSF1R 0 (0.0%) 0 (0.0%) 0 (0.0%)
CTNNB1 0 (0.0%) 1(16.7%) 0 (0.0%)
EGFR 0 (0.0%) 0 (0.0%) 0 (0.0%)
ERBB2 0 (0.0%) 0 (0.0%) 0 (0.0%)
ERBB4 0 (0.0%) 0 (0.0%) 0 (0.0%)
FBXW7 0 (0.0%) 0 (0.0%) 0 (0.0%)
FGFR1 0 (0.0%) 0 (0.0%) 0 (0.0%)
FGFR2 0 (0.0%) 0 (0.0%) 0 (0.0%)
FGFR3 0 (0.0%) 0 (0.0%) 0 (0.0%)
FLT3 0 (0.0%) 0 (0.0%) 0 (0.0%)
GNAS 0 (0.0%) 0 (0.0%) 0 (0.0%)
HNF1A 0 (0.0%) 0 (0.0%) 0 (0.0%)
HRAS 0 (0.0%) 0 (0.0%) 0 (0.0%)
IDH1 0 (0.0%) 0 (0.0%) 0 (0.0%)
JAK3 0 (0.0%) 0 (0.0%) 0 (0.0%)
KDR 0 (0.0%) 0 (0.0%) 0 (0.0%)
KIT 0 (0.0%) 0 (0.0%) 0 (0.0%)
KRAS 0 (0.0%) 0 (0.0%) 0 (0.0%)
MET 0 (0.0%) 0 (0.0%) 0 (0.0%)
MLH1 0 (0.0%) 0 (0.0%) 0 (0.0%)
MPL 0 (0.0%) 0 (0.0%) 0 (0.0%)
NOTCH1 0 (0.0%) 0 (0.0%) 0 (0.0%)
NPM1 0 (0.0%) 0 (0.0%) 0(0.0%)
NRAS 1(2.9%) 0 (0.0%) 0 (0.0%)
PDGFRA 0 (0.0%) 0 (0.0%) 0 (0.0%)
PIK3CA 2 (5.7%) 0 (0.0%) 2 (5.1%)
PTEN 0 (0.0%) 0 (0.0%) 0 (0.0%)
PTPN11 0 (0.0%) 0 (0.0%) 0 (0.0%)
RB1 0 (0.0%) 0 (0.0%) 0 (0.0%)
RET 0 (0.0%) 0 (0.0%) 0 (0.0%)
SMAD4 1(2.9%) 0 (0.0%) 0 (0.0%)
SMARCB1 0 (0.0%) 0 (0.0%) 0 (0.0%)
SMO 0 (0.0%) 0 (0.0%) 0 (0.0%)
SRC 0 (0.0%) 0 (0.0%) 0 (0.0%)
STK11 0 (0.0%) 0 (0.0%) 0 (0.0%)
TP53 6 (17.1%) 0 (0.0%) 13 (33.3%)

VHL 0 (0.0%) 0 (0.0%) 0 (0.0%)

Table 3:Mutation (including missense point mutations/deletion/insertion) frequencies of 45 genes (737 loci) in 35 gastric cardia cancer patients and 45 esophageal
carcinoma patients with different pathological type. (ESCC: Esophageal squamous cell carcinoma; EAC: esophageal adenocarcinoma).

trim adapter sequences, as well as filter and remove poor signal-profile
reads. Initial variant calling from the Ion AmpliSeq sequencing data
was generated using Torrent Suite Software v3.4 with a plug-in “variant
caller v3.4” program. Several filtering steps were then used to eliminate
erroneous base calling in order to generate final variant calling:
defining coverage depth and variant frequency, removing DNA strand-
specific errors, defining variants within 727 hotspots, and eliminating
variants in amplicon AMPL339432 (PIK3CA, exonl13, chr3:178938822-
178938906), as further described in our previous publications [16,17].

Finally, the JAK2 gene locus generated false deletion data from our
sequencing runs; therefore, we excluded the sequencing data from this
locus from further analysis.

Somatic mutations

Detected mutations were compared to variants in the 1000
Genomes Project [18] and 6,500 exomes of the National Heart, Lung,
and Blood Institute Exome Sequencing Project [19] to distinguish
somatic mutations and germline mutations.
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Figure 1. Sequence read distribution across 189 amplicons generated from 45 esophageal cancer samples, normalized to 300,000 reads per sample. Black
arrows point to four amplicons of ERBB2.
A. Average number of reads observed for each amplicon.
B. Number of targets with a given read depth, sorted in bins of 100 reads.

Bioinformatical and experimental validation

We used the COSMIC (version 64) [20], MyCancerGenome
database  (http://www.mycancergenome.org/), and  additional
publications to evaluate reappearing mutations in esophageal and gastric
cardia cancers (Supplemental Tables 3,4). Additionally, some detected
mutations were confirmed by Sanger’s sequencing (Supplemental Table
5 and Supplemental Figure 1).

Results and Discussion

A total of 80 patient samples were used for this study, including 35
GCA and 45 EC (6 EAC and 39 ESCC), and 45 oncogenes and tumor
suppressor genes were sequenced with the Ion Torrent PGM. Overall,
25 of the 80 samples (31.3%) contained one mutation, and 3 samples
(3.8%) contained two mutations. Specifically, 15 of the 45 (33.3%) ECs
in our samples set had one mutation in various genes (Table 3), and
one of these samples contained two mutations (Table 4). In the GCA

samples, 10 out of 35 (28.6%) were found with one mutation (Table 3),
and two samples contained two mutations (Table 5). Of the 45 genes
sequenced in both cancer types, we detected the highest frequency of
mutations in TP53 (28.9% of EC samples and 17.1% of GCA samples)
and PIK3CA (4.4% of ECs and 5.7% of GCA samples). Additionally,
four genes were found to have mutations at lower frequencies: one EC
sample revealed a missense mutation in CTNNBI, two GCA samples
contained mutations in APC, one GCA sample contained a mutation
in NRAS, and one GCA with a SMAD4 mutation. Proportionally
mutation rates were relatively similar between males and females in
GCA samples (36.8% v. 31.3%, respectively), but in the EC samples,
mutation rates were more than twice as high in females than males
(47.8% v. 22.7%, respectively). Overall, a higher mutation rate was
found in ESCC samples compared to EAC samples (38.5% v. 16.7%,
respectively), which may partially be due to the small number of
EAC samples in the study. No correlations could be made between
EC mutations and smoking or alcohol history (Supplemental Tables
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Figure 2. Sequence read distribution across 189 amplicons generated from 35 gastric cardia cancer samples, normalized to 300,000 reads per sample. Black
arrows point to four amplicons of ERBB2. Blue arrows point to 8 amplicons of EGFR.

A Average number of reads observed for each amplicon.
B. Number of targets with a given read depth, sorted in bins of 100 reads.

Gene Exon  Mutation | Mutation Type m:t::iz?\n(llf:::txirtlty) Sex Differentiation Pla)tigtg):‘o(?siicsal TNM staging Ii-r:,\;'c:f\:ler:oe?:
CTNNB1 3 S37C M 1(2.2%) F low EAC lla NO
PIK3CA 9 E545K M 1(2.2%) F high ESCC | NO
PIK3CA 9 Q546K M 1(2.2%) F high ESCC | NO

TP53 5 A159V M 1(2.2%) M middle ESCC | NO

TP53 5 R175H M 2 (4.4%) F high/middle ESCC lla/llb NO/N1

TP53 5 C176F M 1(2.2%) M high ESCC lla NO

TP53 6 R196* N 1(2.2%) F middle ESCC lla NO

TP53 6 R213* N 1(2.2%) F middle ESCC 1 N1

TP53 7 C242F M 1(2.2%) F low ESCC lla NO

TP53 7 R248W M 1(2.2%) M high ESCC lla NO

TP53 8 V272M M 1(2.2%) M high ESCC lla NO

TP53 8 P278S M 2 (4.4%) F unknown ESCC | NO

TP53 8 R306* N 1(2.2%) F high ESCC | NO

TP53 10 R342* N 1(2.2%) M high ESCC lla NO

"Mutations found within the same sample; *Nonsense mutations resulting in STOP codon; M: Missense mutation; N: Nonsense mutation; NO: noregional lymph node
metastasis; N1: metastasis in 1-2 regional lymph nodes

Table 4:Specific point mutations detected among 45 esophageal cancer samples.
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Missense point
mutations/deletion/insertion

Missense point mutations
(including coding silent)

Deletion counts
(Percentage in all

Insertion counts
(Percentage in all

Gene Exon counts (Percentage in all counts (Percentage in all mutation counts mutation counts
mutation counts of this gene)  mutation counts of this gene) of this gene) of this gene)
TP53 2 0(0.0%) 0(0.0%) 0(0.0%) 0(0.0%)
TP53 4 0(0.0%) 0(0.0%) 0(0.0%) 0(0.0%)
TP53 5 4(30.8%) 4(30.8%) 0(0.0%) 0(0.0%)
P53 6 2 (15.4%) 2 (15.4%) 0 (0.0%) 0(0.0%)
TP53 7 2 (15.4%) 2 (15.4%) 0(0.0%) 0(0.0%)
TP53 8 4(30.8%) 4(30.8%) 0(0.0%) 0(0.0%)
P53 10 1(7.7%) 1(7.7%) 0 (0.0%) 0(0.0%)
B Transcription activation (acidic) DNA binding Oligomerization
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C.467G>C[2.2%) c.586C>T(2.2%) C.814G>C(2.2%)
€.524G>A(4.4%) C.637C>T(2.2%) C.832C>T(4.4%)
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Figure 3. Missense mutation distribution in the exons and function domains of TP53 in esophageal cancer samples.

A. Frequencies of detected mutations in different exons.
B. Mutation distribution in exons.
C. Mutation distribution in functional domains.
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Gene Exon Mutation Mutation Type n of_samples with Sex Differentiation TNM staging I_.ymph node
mutation (Frequency) involvement
APC 15 R876*! N 1(2.9%) M high 1llb N1
APC 15 R1450*2 N 1(2.9%) F high I NO
NRAS 3 Q61H" M 1(2.9% M high Illb N1
PIK3CA 9 E542K? M 1(2.9% F high I NO
PIK3CA 9 E542Q M 1(2.9% M middle I NO
SMAD4 8 R361H M 1(2.9% M unknown I NO
TP53 5 V173L M 1(2.9% M unknown llla N1
TP53 5 C176F M 1(2.9% F unknown llla N1
TP53 6 R213* N 1(2.9% M unknown 1]l N1
TP53 7 R248W M 2(5.7% F/IM low/middle 1I/11b NO/N1
TP53 7 R249S M 1(2.9% F high llla N1

"Mutations found within the same sample; 2Mutations found within the same sample; *Nonsense mutations resulting in STOP codon; M: Missense mutation; N: Nonsense
mutation; NO: noregional lymph node metastasis; N1: metastasis in 1-2 regional lymph nodes

Table 5: Specific point mutations detected among 35 gastric cardia cancer samples.

1,2). The detailed list of mutations detected in the 737 loci of 45 tumor
suppressor and oncogenes in 45 esophageal and 35 gastric cardia
cancer samples is listed in Tables 4 and 5, respectively.

TP53 mutations in esophageal and gastric cardia cancers

TP53 mutations were identified in TP53 mutations were found in
17.1% of GCA samples and 28.9% of esophageal tumors, all of which
were found in the ESCC type samples (Table 3). Compared to previous
data which suggests that 38% - 50% of all human cancers and up to
70% of esophageal cancers have TP53 mutations [10,21], the mutation
rate in our study was somewhat less than expected; however, mutation
rates tend to vary by population and geographic location. Additionally,
gastric cancers that are positive for the Epstein-Barr virus (~9%) have
been found to have a much lower incidence of TP53 mutations [11].
While some differences in GCA and EC samples with TP53 mutations
in our sample set could be observed, including staging (83.3% GCA vs.
7.7% EC at stage III or higher) and regional lymph node involvement
(16.7% GCA vs. 84.6% EC without lymph node involvement) (Tables
4,5), the limited sample size and relatively low number of all TP53
mutations detected preclude convincing comparisons between these
two cancer types. Regardless, there is still some supportive evidence
here that cancer in the esophagus is more often detected sooner than
the gastric cardia, possibly due to surveillance, but also that esophageal
cancers presents with dysphagia sooner than tumors of the gastric
cardia[22]. Also, the advanced stage of nearly all TP53-mutated EC and
GCA in our study supports that T53 mutations are typically an early
event in esophageal and gastric neoplasms [23], and mutations in TP53
may be a predictable marker for cancer development.

Because of its high mutation rate in various cancer types, TP53
is an important prognostic marker in carcinogenesis. One clinical
study showed that TP53-mutated EACs were more often of advanced
stage with poorer differentiation than EACs with no TP53 mutation,
indicating disruption of this gene is associated with more aggressive
tumors [24]. Another study found that after curative resection,
esophageal cancer patients without TP53 mutations survived nearly
twice as long as those harboring TP53 mutations [25]. While this study
did not conclude that treatment response or patient survival depends
on specific TP53 mutations, other research indicates that specific TP53
mutations may in fact play a role in patient outcome or response to
treatment [26].

TP53 has multiple important biological functions, both nuclear
and cytosolic, and is involved in tumor suppression, cell cycle arrest,
apoptosis, and more [27,28]. TP53’s major role is as a transcription

factor occurs via a localized DNA binding domain in the core of the
protein, where exons 4-8 encompass the DNA binding domain and
exon 10 encodes for the oligomerization domain [29]. Mutations within
these exons, which result in the loss sequence-specific DNA binding and
defects in p53-dependent transcription, cell-cycle arrest, and apoptosis
are the most common TP53 mutations in human cancers [24,30]. Over
85% of TP53 mutations cluster between codons 125 and 300, which
mainly corresponds to the DNA binding domain [21]. Accordingly,
89.5% of the TP53 mutations in our study were found within these
codons. Of the TP53-mutated ECs in our study, 30.8% were in exon
5 (A159V, R175H, and C176F), 15.4% in exon 6 (R196* and R213*),
15.4% in exon 7 (C242F and R248W), 30.8% in exon 8 (V272M,
P278S, and R306*), and 7.7% in exon 10 (R342*) (Figure 3). In the
GCA samples, 33.3% were found in exon 5 (V173L and C176F), 16.7%
in exon 6 (R213*), and 50.0% in exon 7 (R248W and R249S) (Figure
4). All of the mutations identified are in known hotspot locations.
Additionally, several mutations are located within the critical L2 and
L3 zinc binding domains (R175H, C176F, C242F, R248W, V173L, and
R249S). Three of these specific amino acid substitutions (C176F, R213*,
and R248W) were found in both EC and GCA samples, and these three
mutations account for 36.8% of all TP53 mutations identified.

PIK3CA mutations in esophageal and gastric cardia cancers

PIK3CA mutations were identified in 5.1% of ESCC samples and
5.7% of GCAs in our sample set (Table 3). Mutations in PIK3CA are a
common event in various human cancers. The greatest PIK3CA mutation
frequencies are found in breast (27%), colon (23%), and endometrial
(36%) cancers [31], with lower frequencies observed in gastric cancers
(13%) and esophageal cancers (4.5%) [32,33]. Despite PIK3CA
mutations occurring in multiple cancer types, research indicates these
mutations may confer different outcomes depending on cancer type.
For instance, clinical studies have shown PIK3CA mutations to correlate
with poor prognoses in colorectal cancer patients [34] but are associated
with a better prognosis in certain ESCC patients [35,36].

The phosphatidylinositol 3-kinase (PI3K) pathway is known
to be important in cancer development and progression. PI3Ks are
a ubiquitous family of lipid kinases capable of activating a variety
of downstream targets that regulate numerous important cellular
processes like cell proliferation, migration, survival, and oncogenic
transformation. PIK3CA encodes for the catalytic subunit p110a of
class IA PI3Ks [37,38]. Roughly 80% of oncogenic PIK3CA mutations
are located in hotspots in exon 9 (E542K and E545K), which encodes
for the helical domain, and exon 20 (H1047R), which encodes for the
kinase domain [31]. In agreement with previous research, all of these
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Figure 4. Missense mutation distribution in the exons and function domains of TP53 in gastric cardia cancer samples.
A. Frequencies of detected mutations in different exons.
B. Mutation distribution in exons.
C. Mutation distribution in functional domains.
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Figure 5. Missense mutation distribution in the exons and function domains of PIK3CA in gastric cardia cancer samples

A. Frequencies of detected mutations in different exons.
B. Mutation distribution in exons.
C. Mutation distribution in functional domains.
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missense mutations detected in our study were located in exon 9, but
the specific point mutations differed between cancer type: E545K and
Q546K in EC versus E542K and E542Q in GCA (Figure 5). Mutations
in these residues cause the protein’s surface charge potential to change,
which may alter interactions with other regulatory proteins like RAS
and p85 [39]. The increase in lipid kinase activity and activation of
downstream Akt signaling caused by these mutations interferes with
other signaling pathways that regulate cell survival, proliferation,

apoptosis, and others, thus contributing to oncogenicity [40-42].
APC mutations in gastric cardia cancers

We detected APC mutations in two highly-differentiated GCA
samples both in exon 15 of with the amino acid substitution resulting in
astop codon (R876* and R1450*) (Table 5 and Figure 6). APC is a tumor
suppressor gene that plays a significant role in the negative regulation
of epithelial cell growth. The APC gene product directly modulates
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Figure 6. Missense mutation distribution in the exons and function domains of APC in gastric cardia cancer samples
A. Frequencies of detected mutations in different exons.
B. Mutation distribution in exons.
C. Mutation distribution in functional domains.
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the dual roles of P-catenin in cell adhesion and gene transcription.
Additionally, APC mediates P-catenin degradation, and loss of a
functional APC protein deregulates -catenin turnover, resulting in an
accumulation of transcriptionally active -catenin-Tcf-LEF complexes
and uncontrolled transcriptional activation of Tcf-responsive genes,
which may contribute to cancer progression [43].

APC mutations are most common in colorectal cancers, where up to
60% of tumors harbor an APC mutation [44]; however, APC mutations
in gastric cancers, especially gastric cardia, are much less common and
found in ~4% of these tumors [9,45]. When found in gastric cancers,
mutated APC has been found to significantly correlate to depth of tumor
invasion and is associated with advanced, well-differentiated tumors
[46]. Regardless of cancer type, the most common APC mutations
occur in exon 15, which accounts for 77% of the coding sequence [47].
In accordance, both mutations we identified were located in this exon.
Mutation R876* results in increased accumulation of nuclear B-catenin.
Although this mutation is relatively rare and accounts for roughly 2.5%
of all APC mutations [48], it has been associated with the formation
of aggressive and invasive colorectal carcinomas [49]. Mutation 1450*
is within the Mutation Cluster Region (MCR) (codons 1286-1513),
which represents about 8% of APC’s entire coding sequence [50]. This
mutation been identified in colorectal adenocarcinomas detected at
very early stages, supporting evidence that APC mutations occur early
in tumorigenesis [51,52].

Less frequent mutations in esophageal and gastric cardia
cancers

CTNNBI1: One EAC sample in our study harbored a missense
mutation in CTNNBI, and was the only mutation detected in all of
the 6 EAC samples sequenced (Table 3). The CTNNBI gene encodes
for B-catenin, a ubiquitous intracellular protein that plays a vital role in
the APC/pB-catenin/Tcf signaling pathway. The APC protein can form
a complex with glycogen synthase kinase 3p (GSK-3B) and controls
degradation of [-catenin through NH2 terminus phosphorylation
of GSK-3f. Mutations in the APC or CTNNBI1 genes, particularly in
GSK-3P’s phosphorylation region, can cause {-catenin to accumulate
in the nucleus and also to interact with TCF/Lef transcription factor to
activate target genes, an interaction that hinders cell growth regulation
and contributes to tumorigenesis [53]. Previous studies found that most
mutations in CTNNBI1 occur in exon 3, as was the mutation identified
in our study. Specifically, we identified that a cysteine was substituted
for a serine at codon 37 (S37C) (Table 4), a mutation that affects the
phosphorylation sites of GSK-3p, making it resistant to degradation [54].

CTNNBI mutations are fairly common in many different cancer
types, including gastric cancers (8-27%) [54], but is relatively rare
in esophageal cancers occurring in ~2% of patients [45,53]. Several
clinical studies have shown that reduced B-catenin expression in EC
patients did not correlate with disease stage, but rather correlated with
poor tumor differentiation and shorter overall survival, regardless of
histological type [55,56]. As aberrant expression B-catenin is disease
stage-independent, expression levels of the protein could be used as
a predicative factor of poor prognosis for EC patients or to identify
patients who run a higher risk of disease recurrence [57].

NRAS: One GCA sample contained a missense mutation in exon
3 of NRAS (Q61H) (Table 5). An estimated 20% of all human tumors
contain activating RAS mutations, where KRAS mutations account
for roughly 85% of these and 15% are NRAS mutations [58]. NRAS
mutations are most commonly found in lymphoid malignancies and
up to 30% of melanomas, and more recently have been identified in

a small subset of colorectal cancers (4%) [59]. A recent study on RAS
mutations in colorectal cancers found NRAS mutations to have a strong
association with WT KRAS, and NRAS mutations were more often
found in metastatic cancers [60]. In agreement, the sample in our study
with the NRAS mutation was found to have WT KRAS and metastases
in 1-2 regional lymph nodes.

The family of RAS proteins plays crucial roles in controlling
multiple signaling pathways to regulate cellular proliferation. Activating
RAS mutations significantly contribute to a malignant phenotype by
dysregulation of cell growth, invasiveness, and blood vessel formation
[58]. Nearly all RAS mutations in cancerous cells are a result of an
amino acid substitution in codons 12, 13, and 61 [58]. These common
mutations interfere with the intrinsic GTPase activity of RAS and
confer resistance to GAPs, which stabilize the transition state of the
RAS-GTP hydrolysis reaction, resulting in the accumulation of active,
GTP-bound RAS proteins. The glutamine at codon 61 is required for
GTP hydrolysis, and an amino acid substitution other than glutamic
acid at this position blocks this reaction [61]. The mutation found in
our study was in codon 61 with a histidinesubstituted for the glutamine.

SMAD4: One GCA sample contained a missense mutation in
exon 8 of SMAD4 (Table 5). SMAD4, a member of the SMAD family
of transcription factors, regulates transduction of TGF-p and inhibits
cell proliferation. An inactivating mutation in SMAD4 leads to
interference with TGF-p signaling and a loss of cell growth regulation
which contributes to carcinogenesis [62]. SMAD4 mutations are most
common in pancreatic cancers (roughly 50%) and are also found
in a smaller percentage of breast, ovary, and colon cancers [63], but
are relatively rare in gastric cancers [64]. Dulak et al. found SMAD4
mutations in 8% of EC and GCAs, but this study involved Caucasian
patients and did not distinguish between the cancer types [10]. Studies
that have focused on SMAD4 mutations in GCAs found that SMAD4
expression was related to tumor depth and cancer progression, and loss
of SMAD4 expression correlated with male sex, poorer prognoses, and
decreased survival [65,66].

SMAD4 function largely depends on its ability to form a
heterocomplex with R-SMAD, and D351 and R361 in the loop-helix
region of SMAD4’s MH2 domain are key residues in this process. A
mutation to either of these residues to histidine prevents normal
interaction between SMAD4 and phosphorylated SMADI and
SMAD2. Mutations at these two codons are associated with a loss of the
TGF-p response and are found in cancer cells at higher frequency than
other SMAD4 missense mutations [67,68]. Accordingly, the SMAD4
mutation detected in our study was a histidine substitution at codon
361, and in agreement with previous studies, was found in a sample
from a male patient.

Combination mutations in esophageal and gastric cardia
cancers

Two of the GCA samples in our study contained two mutations:
one highly differentiated sample with lymph node metastasis harbored
mutations in both APC and NRAS (Table 5), two genes with a strong
tendency toward co-occurrence in liver cancers [69]. The second GCA
was also highly differentiated and contained an APC and PIK3CA
mutation, a combination that is found in ~20% of colorectal cancers
[70]. One ESCC patient had two mutations of PIK3CA and TP53
(Table 4), a combination which also found in some colorectal cancers
[70]. Accumulating evidence indicates that effective treatment for
the majority of most malignancies requires combination therapies
instead of administration of a single agent [71]. Identifying mutation
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combinations in individual cancers, such as in our study, will better
allow for administering a combination of targeted agents against the
detected mutations, which may have greater benefits clinical success for
cancer patients.

Conclusions and future directions

Of the 35 gastric cardia and 45 esophageal cancer samples
sequenced in our study, some mutations were shared between cancer
types: TP53 had three identical mutations in both ECs and GCAs
(C176F, R213%, and R248W), and PIK3CA mutations were found in
both cancer types, albeit the point mutations were not the same. The
remaining mutations we identified were unique to the cancer type.
While this supports previous research suggesting that esophageal
and gastric cardia cancers have distinct molecular profiles, and thus
potentially different prognoses or patient outcomes, our limited sample
size and low TP53 mutation rate necessitates follow-up studies with
larger sample sets to further investigate the genetic profiles of both
types of cancer and to identify additional molecular targeted therapy
options for patients. Furthermore, because cancers often exhibit a high
degree of intratumoral heterogeneity [72], additional studies utilizing
multiregion sequencing may help to more intricately define the
mutation profile for these cancers and for each patient. Fortunately the
affordable cost of Ion Torrent sequencing may facilitate such a follow-
up study.

Accumulating evidence suggests that not only does the gene that
contains the mutation have prognostic power in various types of
cancer, but that also the specific amino acid substitution may have an
important impact on disease treatment and progression. For example,
several clinical studies have found that esophageal, breast, and colon
cancer patients with TP53 mutations within the zinc-binding domains
(L2 and L3) were more resistant to chemotherapy or radiation, and had
significantly poorer prognoses and decreased survival times compared
to patients without TP53-mutatated cancers or with TP53 mutations
outside L2 or L3 [26,73,74]; hence, importance in patient treatment and
prognosis lies not only in what gene is mutated, but also where in the
gene and what point mutation the gene has incurred.

As further knowledge of molecular gene mutations is gained,
therapeutic drugs can be designed to target the particular mutation.
For example, the critical GTP-binding site at codon 61 of RAS found
mutated in our study is thought to be a suitable target for drug
therapies. Here, small molecule inhibitors that bind to the GTP site
on RAS and inhibit its interaction with GTP would maintain RAS in
its inactive conformation, an approach which has been successful on
the ATP-binding site of various protein kinases. An alternative strategy
may be the development of target drugs that specifically interact with
residue 61 to restore GTPase activity in mutant RAS. Such drugs could
convert oncogenic RAS proteins to normal molecules without affecting
other cellular functions [58]. While still under investigation, such
targeted drugs could eventually be appropriate for clinical development
and personalized cancer treatments for patients with RAS mutations.
Additional research on other point mutations in other genes is
warranted to develop mutation-specific therapies, and identifying these
mutations is a critical step.

The next obstacle in improving cancer patient treatments and
outcomes is individualized DNA cancer sequencing, not only to guide
drug therapies for those with disease or predict disease progression,
but also for genetic screening to determine susceptibility for cancer
development. Cancer patients tend to have better responses to targeted
therapies versus generalized treatments, and as such, individualized

tumor sequencing is a critical step to direct effective, patient-specific
treatments. The standard of care for most patients with EC or GCA
is one or more non-specific chemotherapeutic agents like cisplatin
or fluorouracil, but as evidenced in the high mortality rate of these
diseases, these drugs are not highly effective and can have significant
side-effects. By knowing which gene mutations a patient has, specific
drugs targeting these mutations can be administered for potentially
more effective results with fewer or more tolerable side-effects. Certain
drugs have already been developed to target common mutations in
VEGE EGFR, and Her2/Neu [75]; but because these are only effective
in patients with these specific mutations, additional effort is needed to
expand the treatment options for esophageal and gastric cardia cancer
patients with different gene mutations.

Improved personalized medicine hinges on expanding the current
knowledge base of gene mutations in various cancers by identifying
new molecular drug targets or fine tuning existing treatments based
on specific point mutations to offer greater therapeutic benefits
and improved outcomes for patients with cancer. Technological
advancements in next generation sequencing (NGS) has facilitated this
in recent years, although assay cost and time has prevented the needed
transition to clinical personalized sequencing. By circumventing
some of the cost and complexity associated with four-color optical
detection used in other NGS platforms like 454 Pyrosequencing,
HelicosHeliscope, IlluminaHiSeq, and SOLiD Sequencing [76-78], the
semi-conductor-based Ion Torrent sequencing technology is allowing
for highly cost- and time-effective high-throughput screening with
reliable results [79]. Our current study supports the use of the Ion
Torrent sequencing platform for clinical individual cancer genome
sequencing, making personalized, targeted drug therapies a possibility
for each patient in the near future.
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