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Objective: The aim of this study was to compare the molecular profiling, including somatic
mutation and somatic copy number variation (SCNV), between human epidermal growth fac-
tor receptor 2 (HER2)-positive (HER2+) and HER2-negative (HER2-) gastric cancer patients.
Patients and methods: Tumor samples were collected from 15 gastric cancer patients,
including 10 HER2+ samples and five HER2— samples, which were diagnosed by immuno-
histochemistry. Whole-genome sequencing was performed by Illumina HiSeq PE150 instru-
ment, along with somatic single nucleotide variant (SNV), somatic structural variation (SV)
and SCNV analyses.

Results: The average number of somatic SNVs and mutation spectrum were similar between
HER2+ and HER2- samples. Transition of C>T was the main type of mutation. For somatic
SV, number of intrachromosomal translocation (2,850.3+£1,260.4 vs 1,157£586.6, P=0.015) and
insertion of large fragment (1,125.6+457.4 vs 500£138.9, P=0.002) in HER2+ samples were
higher than those in HER2— samples. For all samples, lysine methyltransferase 2C (KMT2C),
ZNF91, TAFI and MAP4 genes were identified as new significant mutated driver genes. KMT2C
gene mutations were mainly detected in HER2+ samples (7/10), which were correlated with
the lysine degradation pathway. SERF2 gene mutations were more common in HER2— samples
(3/5) than in HER2+ samples (1/10). Copy number gain was the major type of SCNV in both
groups, and the average number of SCNVs was similar. In the HER2+ samples, by using the
GISTIC algorithm, amplification of known driver genes cyclin-dependent kinase 12 (CDK12,
6/10) and RARA (5/10) was mainly observed, and other amplifications including JUP, GJD3,
KRT39, CDC6, RAPGEFLI, WIPF2, FAM65C, KLF5, DACHI and PIBF1 genes were also
observed. Amplifications of solute carrier family 12 member 7 (SLCI1247, 5/5), TTC40 (4/5)
and GALNTY (4/5) genes were mainly detected in HER2— samples.

Conclusion: Differences in genomic landscape between HER2+ and HER2— gastric cancer
samples were revealed in this study. KMT2C mutation and CDK 12 amplification were mainly
detected in HER2+ gastric cancer, whereas SERF2 mutation and SLC1247 amplification were
detected in HER2- gastric cancer.
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Introduction

Gastric cancer is one of the most malignant diseases worldwide. Both its incidence and
mortality rate are on the second place among all malignant neoplasms in China'. For
gastric cancer patients with local advanced or distant metastatic diseases (advanced
gastric cancer [AGC]), chemotherapy is the main strategy to prolong patients’ survival
and improve quality of life.> However, the efficacy of chemotherapy is still unsatisfied.
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The results of TOGA clinical trial demonstrated that trastu-
zumab, a monoclonal antibody targeting human epidermal
growth factor receptor 2 (HER2), in combination with chemo-
therapy has become the standard strategy for HER2-positive
(HER2+) AGC patients.® Positive rate of HER2 in gastric
cancer is ~10%—-20%, and it is mainly detected in cardiac and
gastro-esophageal junction carcinoma.* However, for Chinese
gastric cancer patients, carcinoma located in antrum and pylori
accounts for the major proportion. Furthermore, in ToGA
trial, there were about 50% of the HER2+ patients in whom
the tumor did not shrink after treatment of trastuzumab plus
chemotherapy, which suggests that a large number of patients
still might not benefit from HER2-targeted therapy in China.

Currently, whole-genome sequencing (WGS) by next-
generation sequencing technology becomes a useful tool to
explore and identify molecular characteristics of malignant
diseases.’> The molecular classification of gastric cancer had
been revealed by The Cancer Genome Atlas program (TCGA)
and other researchers.® The application of molecular classi-
fication in clinical practices of gastric cancer is now widely
investigated. However, the difference in molecular events
between HER2+ and HER2-negative (HER2-) gastric cancer
samples had not been fully elucidated. Therefore, in this study,
we aimed to explore and identify the molecular events of
gastric cancer with different HER2 status, which can provide
useful information for investigations of molecular biology and
targeted therapy of gastric cancer.

Patients and methods

Cases and sample preparation
Paraffin-embedded gastrectomy specimens and paired
nonneoplastic gastric samples derived from 15 gastric can-
cer patients were collected for WGS. All patients received
no pervious treatment and underwent radical resection (D2

Figure | IHC staining of HER2 in gastric cancer samples.

dissection) in the Department of Gastrointestinal Surgery,
Ruijin Hospital. Pathological diagnosis confirmed that the
tumor samples were all adenocarcinoma, and pathological
TNM staging was all stage I1I (ITIA: n=10, IIIB: n=5, accord-
ing to Cancer Staging Manual of American Joint Committee
on Cancer, eighth edition).

Immunohistochemistry (IHC) staining

IHC staining was performed on 4-um-thick slices following
EnVision two-step procedure of the Dako REAL™ Envi-
sion™ Detection System. Slides were incubated by primary
antibody of HER2, followed by incubation with horseradish
peroxidase-labeled secondary antibody and were visualized
by diaminobenzidine. IHC scoring of ToGA trial was used to
identify HER?2 status in this study.’ Ten cases were HER2+
(IHC 3+), and five cases were HER2— (IHC 0). Typical stain-
ing of HER2 status is shown in Figure 1.

Whole-genome library construction and
sequencing

DNA of each case was extracted, and those samples with an
OD value of 1.8-2.0 and content of 1.5 pug were used. DNA
samples were randomly broken into ~350 bp insert length to
construct library following the protocol of TruSeq Library
Construction Kit. Samples were sequenced by Illumina HiSeq
PE150 instrument. Average depth of tumor tissues and paired
nonneoplastic gastric tissues was 64.5x and 33.4X%, respec-
tively. For tumor samples, average 99.6% of reference human
genome was covered by 210x%, and 98.2% was covered by
>10x in nonneoplastic tissues.

Primary sequence analysis
Raw FASTQ files were processed and filtered to acquire clean
reads for downstream analysis. Filtered clean reads were

Notes: The typical images of HER2 status in gastric cancer samples are presented, magnification 20x, including; HER2 negative (IHC 0, A) and HER?2 positive, (IHC 3+, B).

Magnification 20% (large), 40% (small).

Abbreviations: HER2, human epidermal growth factor receptor 2; IHC, immunohistochemistry.
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aligned to the reference human genome (B37) using BWA and
Samblaster software (v0.1.22). For tumor and nonneoplastic
gastric samples, single-nucleotide polymorphism (SNP) and
insertion and deletion (INDEL) were analyzed by SAM tools
(v1.0). On average, 3,550,069 and 3,635,355 SNPs were
called in nonneoplastic and tumor samples, respectively. The
average heterozygous to homozygous SNP ratio was 1.33 in
nonneoplastic and 1.35 in tumor samples, and average transi-
tion/transversion ratios were 2.076 and 2.065, respectively.

Somatic mutation analysis

Somatic mutations of tumor samples were analyzed by com-
paring with their paired nonneoplastic gastric samples as ref-
erence. For tumor samples, single nucleotide variants (SNVs)
were analyzed by muTect (v1.1.4), and somatic INDEL were
analyzed by Strelka (v1.0.13) software. The average number
of SNVs in the region of coding DNA sequence (CDS) was
746 and 671 in HER2+ and HER2- samples, respectively.
Somatic structural variations (SVs) were detected by using
crest software (v0.0.1). SV information of tumor samples was
compared with that of nonneoplastic gastric samples. The
average number of SVs was 24,316 and 14,069 in HER2+
and HER2- samples, respectively.

Driver gene prediction and significantly

mutated gene analysis

To identify the driver-mutated genes in tumor samples, the
results of SNV were compared with known driver genes from
the database of Cancer Gene Census and reports of Vogelstein
et al,” Kandoth et al® and Tamborero et al.” Among these
matched somatic mutations, those identified by at least three
data sets were included. OncodriveCLUST (0.4.1) software
was used to predict the potential driver gene.

Significantly mutated gene was identified by MuSic soft-
ware by combining results of SNV and INDEL. Convolution
test, Fisher’s combined P-value test and likelihood ratio test
were used to detect mutated genes whose frequency was
significantly higher than the background mutation rate.

Copy number data analysis

Somatic copy number variations (SCNV) in tumor samples
were analyzed by Control-FreeC software (v6.7), and B-allele
frequency (BAF) was also detected. The recurrence of copy
number variations (CNVs) was assessed by GISTIC soft-
ware (2.0). The average number of gains was 434 and 224
in HER2+ and HER2- samples, respectively, and average
number of losses was 23 and 12, respectively. Significantly
recurring CNVs were determined by GISTIC.

Statistical analysis

Differences in clinicopathological characteristics of HER2+
and HER2- samples were analyzed by the chi-squared test.
Differences in genomic variables between HER2+and HER2—
samples were analyzed by Student’s #-test when variables
were continuous. A P-value of <0.05 was considered to be
statistically significant. Statistical analysis was performed by
SPSS software (v19.0; IBM Corporation, Armonk, NY, USA).

Ethics approval

All participants provided their written informed consent as
per the ethics protocol approved by the institutional review
board of Ruijin Hospital, Shanghai Jiaotong University
School of Medicine (Shanghai, People’s Republic of China).

Results
Clinicopathological characteristics of

gastric cancer patients

The clinicopathological characteristics of gastric cancer
patients enrolled in this study are shown in Table 1, and there
was no significant difference between the two groups. In both
HER2+ and HER2- groups, most patients were male (8/10
and 4/5). Median age of the patients in these two groups was
similar. All patients in the HER2— group have lymph node
metastasis, whereas two patients with HER2+ were lymph
node negative. Most patients in the HER2+ group were stage
IITA (8/10). In the HER2— group, two patients were I1IA and

Table 1 Clinicopathological characteristics of gastric cancer
patients

Cancer Management and Research 2018:10

Clinicopathological HER2+ HER2- P-Value
characteristics
Gender 1.000
Male 8 4
Female 2 |
Age, years
Median (range) 66 (53-75) 67 (63-73)
T 0.524
T4a 8 5
T4b 2 0
N 0.524
Negative 2 0
Positive 8 5
Stage 0.251
A 8
B 2 3
Site 0.131
Cardia 4 2
Body 0 2
Antrum 6 |
Abbreviation: HER2, human epidermal growth factor receptor 2.
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three patients were I1IB. For tumor site, lesions of six patients
with HER2+ were located in antrum (6/10), whereas there
was one patient in the HER2— group (1/5).

Somatic SNVs in HER2+ and HER2—-

patients

A total of 2.8 million somatic SNVs were identified in 15
samples (average: 187,338 per sample). The number of
somatic SNVs in HER2+ samples was higher than that in
HER2—samples (211,029£71,244.2 vs 139,954.61+45,834.1),
although a statistical significance was not achieved
(P=0.065). Most variants were located in the intronic region
(Figure 2A). The total number of somatic mutations located in
coding regions or essential splice sites in all patients (Table 2)
included 6,324 missense mutations, 427 stop codon gains,
five stop codon losses, 383 splice sites, 25 INDEL and 3,687
synonymous mutations. There was no significant difference
between two groups for the number of mutations located
in coding sequence (CDS; 746.41259.4 vs 671.81496.5,
P=0.703). The ratio of nonsynonymous to synonymous muta-
tion was 2.06+0.49 and 1.69+0.61 in HER2+ and HER2-
samples, respectively (P=0.229). For mutation spectrum
analysis, C>T transition was identified as the major type.
The pattern of mutation spectrum was not much different
between HER2+ and HER2- samples (Figure 2B).

Somatic SVs in HER2+ and HER2- groups
The average number of somatic SVs in HER2+ and HER2—

groups was 24,31619,030.5 and 14,06918,158.9 (P=0.053,
Table 3), respectively. Interchromosomal translocation

(CTX) was the most common type of somatic SV, and dele-
tion of large fragment (DEL), intrachromosomal transloca-
tion (ITX) and insertion of large fragment (INS) were also
detected (Figure 2C). Interchromosomal inversion was rarely
detected in both HER2+ and HER2- patients. Number of
ITX (2,850.3£1,260.4 vs 1,157£586.6, P=0.015) and INS
(1,125.6457.4 vs 500£138.9, P=0.002) in the HER2+ group
were significantly higher than those in the HER2— group.

Significantly mutated gene analysis
In all 15 samples, 26 mutated genes were found in four or
more samples, with P<0.05 and false discovery rate <0.2
(Table 4 and Figure 2D). By searching TCGA database, TTN,
TP53 and MUC16 were also identified as the most common
mutated genes in gastric cancer. Among those 26 mutated
genes, TP53, lysine methyltransferase 2C (KMT2C), ZNF91,
TAFI and MAP4 genes were identified as driver genes by
comparing with reported driver mutation data set.””®

Upon comparing significant gene mutations in HER2+
and HER2- samples, KMT2C gene mutations were only
identified in HER2+ samples (7/10), whereas they were not
detected in HER2— samples. Among those seven samples,
six samples have single mutation and one sample had two
mutations, and all were missense mutation. The mutation sites
of KMT2C gene in those samples were highly heterogeneous.
Only ¢.1042G>A (D348N) mutation in exon8 was found
in both H-7 and H-9 samples (Table 5). This mutation was
located in one of the zinc fingers (344-389 aa) of KMT2C
protein. By driver mutation analysis, ¢.12383G>T (S41281)
mutation was identified as a driver mutation, whereas it could

Figure 2 Genetic alterations and significant mutated genes in HER2+ and HER2— samples.
Notes: Samples were grouped by HER?2 status and sorted in descending order according to the number of somatic SNVs. (A) Number of somatic SNVs; (B) mutation
spectrum; (C) number of somatic SVs including interchromosomal translocation (CTX), deletion of large fragment (DEL), intrachromosomal translocation (ITX) and insertion

of large fragment (INS) and (D) summary of significant mutated genes.

Abbreviations: HER2, human epidermal growth factor receptor 2; SNV, single nucleotide variant; SV, structural variation.
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Table 2 Somatic SNVs in coding DNA sequence of 15 gastric cancer samples

Sample Synonymous Missense Stop gain Stop lost Splice site INDEL Total NS/S
HER2+

H-1 349 825 62 0 53 0 1,289 229
H-2 206 455 24 0 45 0 730 I.10
H-3 248 533 40 0 25 0 846 1.08
H-4 265 357 20 | 20 0 663 233
H-5 225 384 22 0 18 0 649 1.66
H-6 301 615 46 0 39 0 1,001 2.54
H-7 186 333 22 0 18 2 561 2.11
H-8 410 375 37 0 27 3 852 2.02
H-9 136 237 20 | 17 | 412 2.69
H-10 153 287 23 0 13 3 479 24|
Total 2,479 4,401 316 2 275 8 7,482 2.06
HER2-

H-11 175 358 24 0 19 0 576 1.07
H-12 304 295 14 0 18 | 632 1.50
H-13 207 208 I 0 9 2 437 1.88
H-15 79 Il 6 | 14 0 211 232
H-16 453 951 56 2 48 14 1,524 201
Total 1,218 1,923 Il 3 108 17 3,380 1.69

Abbreviations: HER2, human epidermal growth factor receptor 2; INDEL, insertion and deletion; SNV, single nucleotide variant.

Table 3 Somatic SVs in HER2+ and HER2— gastric cancer samples ~ Table 4 Significant mutated gene analysis in HER2+ and HER2—-

Sample CTX INV DEL ITX INS  Total samples
HER2+ Gene N N, N, Ny P-Value FDR
H-1 24,028 0 1,642 4,671 1,764 32,095 MUC5B 9 11 7 2 4.62E-07 9.84E-04
H-2 23,358 0 1,301 4,077 1,459 30,195 TN 9 24 8 | 2.21E-05 0.018
H-3 25,743 | 1,624 4,124 1,594 33,086 MUCI6 9 15 5 4 6.47E-05 0.041
H-4 19,836 0 4,777 2,300 1,041 27,954 TP53 8 9 6 2 9.85E-11 6.29E-07
H-5 16,060 0 1,035 3,110 1,287 21,492 MUCI 2 8 8 5 3 6.46E-05 0.041
H-6 28,675 0 1,283 3,448 1,469 34,875 KMT2C 7 8 7 0 0.000508087 0.155
H-7 9,077 0 446 1,227 520 11,270 TXNDC2 6 7 5 | 5.49E-09 2.1 1E-05
H-8 15,673 0 1,313 2,565 970 20,521 ZNF91 6 7 4 2 3.71E-08 1.19E-04
H-9 7,063 0 253 893 475 8,684 ZFHX4 6 7 5 | 0.000109098 0.06
H-10 19,743 2 468 2,088 687 22,988 TRIOBP 6 7 4 2 0.000139592  0.065
Total 189,256 3 14,142 28,503 11,256 243,160 TIGD | 5 8 4 | 3.24E-11 3.10E-07
HER2- FLG2 5 7 4 | 3.98E-06 0.005
H-11 10,276 0 364 1,122 489 12,251 ZNF43 5 6 3 2 8.59E-06 0.009
H-12 22,658 0 774 2,084 693 26,209 ZNF729 5 5 2 3 8.71E-06 0.009
H-13 5,323 0 282 592 348 6,545 CSMD3 5 6 2 3 0.000406054 0.137
H-15 6,139 0 163 726 395 7,423 HNRNPCLI 4 5 2 2 7.16E-18 1.37E-13
H-16 15,575 0 506 1,261 575 17,917 SERF2 4 7 | 3 2.18E-09 |.04E-05
Total 59,971 0 2,089 5,785 2,500 70,345 S100A9 4 4 4 0 9.23E-08 2.53E-04
Notes: CTX, interchromosomal translocation; DEL, deletion of large fragment; GPR32 4 4 2 2 1.09E-05 0.0l
INS, insertion of large fragment; ITX, intrachromosomal translocation. ZFP2 4 4 3 | 4.2|E-05 0.031
Abbreviations: HER2, human epidermal growth factor receptor 2; INV, Inter- SMARCAI 4 4 3 | 8.24E—05 0.048
chromosomal inversion; SNV, single nucleotide variant; SV, structural variation. THOC? 4 5 3 | 0000128418 0.065
TAFI 4 5 3 | 0.000140427 0.065
KALI 4 4 2 2 0.000302206 0.114
not be located in any known domains of KMT2C protein. 2ZNF208 45 0 0000326586 ~0.118
MAP4 4 6 3 | 0.000460273  0.145

KMT?2C was correlated with the lysine degradation pathway

Abbreviations: FDR, false discovery rate; HER2, human epidermal growth factor
by pathway enrichment analysis. receptor 2; KMT2C, lysine methyltransferase 2C.
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Table 5 KMT2C and SERF2 mutations in HER2+ and HER2- samples

Gene Case Change of amino acid Type Position Structure
KmT2C H-1 NM_170606: exon8: c¢.G1017C: p.K339N Missense Chr7, 151962290 Zinc finger 344-389
H-3 NM_170606: exon43: c.G10907A: p.G3636D Missense Chr7, 151859755 -
H-4 NM_170606: exon49: c.G12383T: p.S4128I Missense Chr7, 151849933 -
H-6 NM_170606: exon|5: c.C2567T: p.P856L Missense Chr7, 151935877 -
H-7 NM_170606: exon43: c.C10979T: p.S3660L Missense Chr7, 151859683 -
NM_170606: exon8: c.G1042A: p.D348N Missense Chr7, 151962265 Zinc finger 344-389
H-8 NM_170606: exon36: c.C5828T: p.A1943V Missense Chr7, I151879117 -
H-9 NM_170606: exon8: c.G1042A: p.D348N Missense Chr7, 151962265 Zinc finger 344-389
SERF2 H-12 NM_001199875: exon3: ¢.C388T: p.P130S Missense Chrl5, 44086045 -
H-13 NM_001199875: exon3: c.C388T: p.P130S Missense Chrl5, 44086045 -
NM_001199875: exon3: c.C505T: p.R169W Missense Chrl5, 44086162 -
H-16 NM_001199875: exon3: c.C388T: p.P130S Missense Chrl5, 44086045 -
NM_001199875: exon3: c.C374T: p.T125I Missense Chrl5, 44086031 -
NM_001199875: exon3: c.T469A: p.SI57T Missense Chrl5, 44086126 -
H-4 NM_001199875: exon3: c.C388T: p.P130S Missense Chrl5, 44086045 -

Abbreviations: HER2, human epidermal growth factor receptor 2; KMT2C, lysine methyltransferase 2C.

For HER2- samples, SERF2 gene mutations were found
in three of five patients. Only one HER2+ sample carried
SERF2 mutation. Sample H-16 had three mutations of SERF2
gene and H-13 had two mutations. All mutations were mis-
sense mutation. Mutation of ¢.388C>T (P130S) in exon3 was
found in all four samples, and other three mutations were also
located in exon3 (Table 5). By OncodriveCLUST analysis,
SERF?2 gene was predicted as a putative driver-mutated gene.
No pathway was correlated with SERF2 gene in pathway
enrichment analysis.

SCNYV analysis

SCNV gain was the dominant type in both HER2+ and
HER2- patients. The number of CNV gains in both groups
is much higher than CNV losses. There was no significant
difference in average number of CNV gains between HER2+
and HER2- samples, although absolute count was higher in
HER2+ patients (434.2+£307.9 vs 224.4+130.0, P=0.174;
Table 6).

In HER2+ samples, frequent gains were observed on chro-
mosomes 7, 8q,9p, 10p, 11q, 13q, 17q and 20. In HER2— sam-
ples, frequent gains were observed on chromosomes 1 p, 3q,
5p,7p,10q, 11 p, 12,16 p, 18q, 199, 20q and 22q. The CNV
gains of 17ql2, 17q21.2, 20q13.13 and 13g22.1 fragments
were only observed in HER2+ samples. In HER2— samples,
CNV gains of 5p15.33 (5/5), 10q26.3 (4/5) and 12q24.33 (4/5)
were more common than those in HER2+ samples.

By using the GISTIC algorithm, recurrence of CNV
and genes located in those cytobands were analyzed. A
total of nine known driver genes including ERBB2, cyclin-
dependent kinase 12 (CDK12), RARA, INTSI, CCNEI,

Table 6 Somatic CNV analysis in HER2+ and HER2—- samples

Sample Number of Size of Number of Size of
CNV gains CNV gains CNV losses CNV losses

HER2+

H-1 120 31191867 6 613006

H-2 480 234776947 8 573008

H-3 362 124240904 0 0

H-4 400 53081400 8 816008

H-5 254 74137395 0 0

H-6 96 24133096 0 0

H-7 644 240069220 I 3773011

H-8 409 155891840 8 28905008

H-9 1,178 553383777 59 18371307

H-10 399 161516772 29 4341029

HER2-

H-11 135 43939135 52 10463052

H-12 177 55997177 10 735010

H-13 446 296139623 42 16288042

H-15 134 47400134 3 228003

H-16 230 46187230 10 240

Abbreviations: CNV, copy number variation; HER2, human epidermal growth
factor receptor 2.

MDM?2, PTPRB, HMGA?2 and FRG1B were identified. The
CNV gain of ERBB2 (10/10), CDK12 (6/10) and RARA
(5/10) was only observed in HER2+ samples. Other genes
detected in HER2+ samples include JUP, GJD3, KRT39,
CDC6, RAPGEFLI, WIPF2, FAM65C, KLF5, DACHI and
PIBFI. In HER2- samples, no known driver genes were
identified. In highly frequent CNV gain, solute carrier family
12 member 7 (SLCI12A47), TTC40 and GALNTY genes were
more commonly detected in HER2— samples (Table 7 and
Figure 3). The function of those genes has not been reported
in gastric cancer.
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Table 7 Highly frequent CNVs and genes in HER2+ and HER2—- samples

Cytoband Wide peak boundaries N N o N, .. P-value Genes
17q12 chr17:37860001-37884999 I | 10 8.57E-22 ERBB2
17q21.2 chr17:39891001-39933999 8 0 8 1.30E-12 Jup
17q12 chr17:37640001-37672999 6 0 6 1.65E-07 CDK 12
17q21.2 chr17:38515001-38535999 6 0 6 4.95E-07 GJD3
17q21.2 chr17:39554001-39568999 5 0 5 7.84E-06

17q21.2 chr17:39118001-39130999 5 0 5 0.000116 KRT39
17q21.2 chr17:38349001-38473999 5 0 5 0.000116 CDCé6, RARA, RAPGEFL I, WIPF2
20q13.13 chr20:4924000 1-49340999 6 0 6 0.030837 FAM65C
5p15.33 chr5:1048001-1096999 7 5 2 0.021987 SLCI2A7
10q26.3 chr10:134719001-134740999 6 4 2 0.021987 TTC40
12q24.33 chrl12:132650001-132987999 6 4 2 0.039852 GALNT9

Abbreviations: CDK/2, cyclin-dependent kinase 12; CNV, copy number variation; HER2, human epidermal growth factor receptor 2; SLCI2A7, solute carrier family 12

member 7.

Figure 3 Somatic CNV in HER2+ and HER2- samples.

Notes: Genome-wide view of somatic CNV. Amplification regions containing genes including CDK/2, SLCI2A7 and GALNT9 are indicated. Global chromosomal gains (red)

and losses (blue) in 15 gastric cancer samples are displayed.

Abbreviations: CDK/2, cyclin-dependent kinase 12; CNV, copy number variation; HER2, human epidermal growth factor receptor 2; SLCI2A7, solute carrier family 12

member 7.

Discussion
In this study, we performed WGS to analyze and compare
the genomic difference between HER2+ and HER2— gastric
cancer samples. Patients with similar clinicopathological
characteristics but different HER2 status were collected.
The results showed that for somatic mutation, the number of
SNVs and mutation spectrum were similar between HER2+
and HER2- groups, whereas the specific gene mutations
were different. For SCNV analysis, the distribution of CNV
gain was different between those two groups, as well as gene
amplifications.

WGS and analysis of gastric cancer had been reported
by several research groups. By TCGA project, four sub-

types based on molecular characteristics of gastric cancer
had been established.® HER2 amplification was mainly
detected in chromosomal instability subtype and also found
in genomically stable and Epstein—Barr virus-positive
subtypes. The distribution of HER2 amplification in those
subtypes suggested that a distinct molecular difference
may not exist between HER2+ and HER2— samples. In
this study, significant difference in SNV, SV and mutation
spectrum analysis between HER2+ and HER2— samples
was not detected.

Although the molecular landscape between HER2+ and
HER2- samples was similar, different significantly mutated
genes were detected in both groups, respectively. Commonly
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mutated genes reported by other studies including TTN, 7P53
and MUC16 were also detected in both HER2+ and HER2—-
samples in the study.!® On the other hand, KMT2C gene
mutations were mainly detected in HER2+ samples, whereas
SERF2 gene mutations were detected in HER2— samples.

Missense mutations of KMT2C gene in gastric cancer had
not been fully investigated by previous studies. In this study,
¢.12383G>T (S4128]) mutation of KMT2C was identified as
a driver mutation.”® KMT2C is a member of the myeloid/
lymphoid or mixed-lineage leukemia family and encodes
a nuclear protein. It is a catalytic subunit of the MLL2/3
complex, which participates in methylation of histone H3 and
is involved in transcriptional coactivation."" KMT2C muta-
tions have been detected in several malignant diseases. In
gastric cancer, SNPs, rs6943984 and rs4725443, of KMT2C
were associated with increased gastric cancer risk.'? KMT2C
frameshift mutations were also detected in gastric cancer
samples with high microsatellite instability and resulted in
low protein expression.'? It was reported that inactivation of
KMT?2C resulted in tumor formation of ureter epithelium,
which suggested its role as a tumor suppressor gene. In this
study, new mutations of KMT2C were detected. Missense
mutations of exon8 D348N and exon8 K339N were located in
one of the zinc finger motifs of KMT2C protein (344—389 aa).
Although the biological function of these mutations found
in this study is currently unclear, those results suggested a
potential role of KMT2C in gastric cancer development and
progression.

It has been reported that KMT7T2C mutation might be a
prognostic biomarker for cancer patients, but the results
are controversial in different kinds of tumors. In cutaneous
squamous cell carcinoma, KMT2C mutation was correlated
with bone invasion and shorter recurrence-free survival.!
In pancreatic cancer, its mutation resulted in low expres-
sion and was associated with good outcome of patients.'® Je
et al®® reported that KMT2C mutation trended toward reduced
overall survival (OS) in gastric cancer. Due to the limited
sample size, its correlation with patient’s outcome can hardly
be analyzed in this study. However, prognostic analysis by
searching TCGA database showed that OS of gastric cancer
patient with KMT2C mutation was not significantly different
from those with wild-type KMT2C. In this study, KMT2C
mutation was only found in HER2+ patients. Although the
correlation between HER2 expression and outcome of gastric
cancer patients has been widely investigated, the combination
of HER?2 status and KMT2C mutation has not been assessed
as an independent parameter. Therefore, the prognostic role

of KMT2C mutation in HER2+ patients should be further
investigated.

In five HER2- samples, SERF2 mutation was detected in
three of them and was identified as a significant mutated gene.
Small EDRK-rich factor 2 (SERF2) protein is ubiquitously
expressed in organs, including prostate, adrenal, stomach,
colon and brain. However, its mutation and biological func-
tion have not been reported. In this study, all SERF2 muta-
tions were located in exon 3 of isoform 2. Although SERF?2
was predicted as a putative driver gene by OncodriveCLUST
analysis, mutations that can interfere the biological func-
tion of SERF2 protein are currently unknown. Therefore,
function of SERF2 mutation should be further analyzed to
understand its role in development or progression of HER2—
gastric cancer.

For SCNV analysis, although the number of CNV gains
was similar between HER2+ and HER2— samples, the distri-
bution of frequent SCNV was different. In HER2+ samples,
frequent gain of 17q12 cytoband that includes HER2 ampli-
con was demonstrated, as well as that of 17q21.2,20q13.13
and 13q22.1 cytobands. In HER2— patients, frequent gain
of 5p15.33, 10g26.3 and 12q24.33 was detected. According
to GISTIC analysis, genes located in those cytobands were
identified.

CDK 12 was located in cytoband 17q12. The CNV gain of
CDK 12 was detected in 60% of the HER2+ samples (6/10). In
breast cancer, ~70% ERBB2 amplicon also contained CDK 12
gene.'® CDK 12 belongs to transcription-associated subfamily
of CDKs that can phosphorylate the C-terminal domain of
the large subunits of RNA polymerase 11, thereby acting as
a key regulator of transcription elongation. The downstream
genes regulated by CDK12 include BRCAI, ATR, FANCI
and FANCD2, which participate in homologous recombi-
nation repair and maintenance of genomic stability.'”'® In
tumor, the activity of those genes has been correlated with
resistance to platinum-containing chemotherapy.'® Cisplatin
plus capecitabine (XP) were standard regime to combine with
trastuzumab for HER2+ gastric cancer patients.’ Therefore,
it is possible that coamplification of CDKI2 with ERBB?2
in HER2+ gastric cancer might reduce the efficacy of XP
regime. High expression of BRCA1, one of the CDK12
downstream genes, was correlated with sensitivity to micro-
tubule targeting agents in breast cancer, including paclitaxel
and vinorelbine.? For those patients with ERBB2 and CDK 12
amplification, taxane-containing regimes could be a better
partner other than XP regime to combine with trastuzumab.
Several studies had evaluated the efficacy of combination
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of trastuzumab and taxane in gastric cancer. Kagawa et
al*! reported the results of the combination of trastuzumab
with docetaxel and S-1 as first-line therapy in 23 HER2+
metastatic gastric cancer patients. Median progression-free
survival (PFS) and OS were 6.7 months and 17.5 months,
respectively. In another Phase II study, 47 metastatic gas-
tric cancer patients received paclitaxel plus trastuzumab as
second-line therapy, and median PFS and median OS were
5.1 months and 17.1 months, respectively.?? These results
suggested the potential efficacy of trastuzumab plus taxane-
containing regime for HER2+ metastatic gastric cancer. In
future perspective study, the predictive value of CDKI2
amplification to choose chemotherapy regime to combine
with trastuzumab should be further investigated.

Amplification of SLCI247, also known as KCC4, was
mainly found in HER2— samples. SLC12A7 acts as an electro-
neutral potassium chloride cotransporter activated by cell swell-
ing, which participates in regulating cell osmotic homeostasis
and cell volume.”? SLC1247 amplification was also detected
in adrenocortical carcinoma.? Its overexpression was found in
cervical cancer, ovarian cancer and breast cancer. In tumor cells,
SLC12A7 participates in regulating cell proliferation, invasion
and metastasis.”® Shen et al*® reported that SLC12A47 could be
recruited to cell membrane by Insulin-like growth factor 1 and
EGF stimulation, which functioned as a membrane scaffold
facilitating the cytoskeletal reorganization required for cellular
invasiveness. Furthermore, its role in regulating cell volume
control and Matrix metalloproteinase activity also involved in
tumor invasion. Amplification of SLC1247 in HER2— gastric
cancer suggested that it might participate in regulating malig-
nant behavior of HER2— gastric cancer. Currently, expression
of SLCI12A7 in gastric cancer and its correlation with HER2
expression had not been reported, as well as its biological func-
tion. Further study should be performed to elucidate its role in
HER?2- gastric cancer.

Conclusion

In this study, differences in genomic landscape between
HER2+ and HER2- gastric cancers were revealed. For
somatic mutation, new significant mutated gene KMT2C
was detected in HER2+ samples, and SERF2 mutations
were detected in HER2— samples. Amplifications of CDK12
and SLC12A47 were identified in HER2+ and HER2- gastric
cancers, respectively.
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