Gene amplification of CCNE1, CCND1, and CDK6
in gastric cancers detected by multiplex
ligation-dependent probe amplification and
fluorescence in situ hybridization
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Abstract

New and effective treatments for advanced gastric cancer are urgently needed.
Cyclins E and D1 form a complex with cyclin-dependent kinase 2 (CDK2), 4 or 6,
thereby regulating G1-S transition. The G1-S regulatory genes encoding cyclin E
(CCNEL1), cyclin D1 (CCND1) and CDK6 (CDK®6) are frequently amplified in gastric
cancer and may therefore influence molecular targeted therapies against ERBB2 or
EGFR when co-amplified. A total of 179 formalin-fixed and paraffin-embedded gastric
cancer specimens were examined for these gene amplifications by multiplex
ligation-dependent probe amplification (MLPA) and fluorescence in situ hybridization
(FISH). Amplification of at least one G1-S regulatory gene was found in 35 tumors
(CCNE1 amplification, 15% of samples; CCND1, 6%; CDK®6, 1%). In 13 of the 35
tumors, dual-color FISH identified co-amplification of the G1-S regulatory genes with
ERBB2, EGFR and/or KRAS in single cancer nuclei. The observation that cells with
G1-S regulatory gene amplification contained clonal subpopulations with
co-amplification of ERBB2, EGFR or KRAS in five early and three advanced cancers
suggests that amplification of the G1-S regulatory genes represents an early event which
precedes ERBB2, EGFR or KRAS amplification. Amplified CCNE1, CCND1 and CDKG6
in advanced gastric cancer may be potentially useful as direct targets for molecular
therapy, or for combination therapy with ERBB2 or EGFR inhibitors. MLPA could be a
useful tool for identification of patients who would benefit from such therapies.



Introduction

Gastric adenocarcinoma is the fourth most common cancer and the third leading cause

of cancer-associated death worldwide [1]. In the initial stages of gastric adenocarcinoma,

such as the early gastric carcinomas as defined by the Japanese Research Society for

Gastric Cancer [2], the carcinoma is confined to the mucosa and the submucosa. These

early tumors are usually endoscopically or surgically resectable and can be cured [3]. In

contrast, a poor prognosis is associated with advanced gastric cancers that have

penetrated the muscle layer [2], metastasized and/or developed an inoperable carcinoma.

Thus, novel therapeutic modalities are urgently needed for the treatment of late-stage

gastric carcinomas.

Under normal circumstances, growth factor signaling leads to the expression of

cyclin D1 and its complexing with cyclin-dependent kinase 4 (CDK4) or CDKG.

Following accumulation of active cyclin D1/CDK4 or CyclinD1/CDK6, CDK2 in

combination with cyclin E then accumulates to facilitate the transition from G1 to S

phase by phosphorylation of downstream targets, including the tumor suppressor RB [4].

It is generally accepted that gene amplification is the major mechanism of cyclin D1 and

E overexpression. However, another possible mechanism for accumulation of cyclin E



is alterations in its degradation pathway due to mutations in hCDCA4. [5, 6].

Amplified genes encoding receptor tyrosine kinases (RTK) such as ERBBZ2,

EGFR, FGFR2 and MET are established or potential targets of molecular therapy in

advanced gastric cancers. In addition to RTK genes, recent comprehensive genomic

analyses of copy number alterations using a high-resolution single nucleotide

polymorphism array (SNP) [7], along with oligonucleotide array comparative genomic

hybridization (aCGH) [8], have shown that the genes encoding cyclin E (CCNE1),

cyclin D1 (CCND1) and CDK6 (CDK®6) are frequently amplified in gastric cancer.

Co-amplification of CCNE1 or CCND1 with ERBB2 reportedly reduced the anti-tumor

effects of trastuzumab, a monoclonal antibody against ERBB2, in gastric and breast

cancers [9].

Multiplex ligation-dependent probe amplification (MLPA) is a new,

high-resolution method for the detection of numerous copy number variations in

genomic sequences in a single reaction. Using MLPA, the aims of this study were to

determine the gene amplification status of CCNE1, CCND1 and CDKG® in gastric cancer

specimens, and to clarify the significance of these amplifications for gastric cancer

treatment.



Materials and Methods

Patients and control cell lines

A total of 179 patients with gastric adenocarcinoma (84 early- and 95 advanced-stage

tumors) who underwent surgery at the Department of Surgery in Kanazawa University

Hospital between 2013 and 2015 contributed tumor specimens to this study. This

laboratory study was approved by the Medical Ethics Committee of Kanazawa

University (Approval No. 181), and written informed consent was obtained from all

patients.

Cancer staging was performed according to the TNM cancer staging system of

the American Joint Committee on Cancer [10]. The World Health Organization

Classification of Tumours [11] was used to determine histological classification. Serial

sections cut from representative formalin-fixed and paraffin-embedded cancer

specimens were used for hematoxylin and eosin (H-E) staining, MLPA, fluorescence in

situ hybridization (FISH) and immunohistochemistry (IHC). When a primary tumor was

positive for gene amplification of CCNE1, CCND1, CDK6, ERBB2, EGFR and/or

KRAS, samples of nodal metastatic tumors, if any, were also examined for amplification



of the positive gene(s) by FISH. The cell lines MKN7, A431 (both from Riken Cell

Bank, Tsukuba, Japan) and SNU5 (American Type Culture Collection, Rockville, MD)

were used as the positive controls for gene amplification.

MLPA

Cancer-enriched 6 pm-thick serial section that excluded non-neoplastic cells were

selected by comparison to the adjacent H-E-stained section. DNA was manually

extracted from each selected section using proteinase K (Roche Diagnostics, Manheim,

Germany) according to the manufacturer’s protocol (MRC-Holland, Amsterdam, The

Netherlands).

DNA was subjected to MLPA using the SALSA MLPA probemix P458-B1

Gastric Cancer kit (MRC-Holland), which contains two to three probes for each of 16

genes including CCNE1, CCND1, CDK6, KRAS, ERBB2, and EGFR. The resulting

polymerase chain reaction (PCR) products were separated on an ABI-310 capillary

sequencer (Applied Biosystems, Foster City, CA) and the results interpreted with

GeneMapper software (Applied Biosystems). Data analysis was performed with

Coffalyser MLPA-DAT software version 9.4 (MRC-Holland) to normalize peak values.



Average peak values below 0.7 were defined as ‘lost’; between 0.7 and 1.3 as ‘normal’;
between 1.3 and 2.0 as ‘gain’; and above 2.0 as ‘amplified’, as previously
established.[12, 13] Both ‘amplified’ and ‘gain’ results were considered MLPA-positive
and the positive tumors were further examined for the respective gene amplification by

FISH.

IHC
IHC for cyclin E, cyclin D, ERBB2 and EGFR was performed on representative
sections of all tumors. IHC detection of CDK6 and KRAS was also attempted but
yielded unsatisfactory results. The antibodies used were a mouse monoclonal antibody
against cyclin E (sc-247; Santa Cruz Biotech, Dallas, TX; working dilution, 1:200), a
rabbit monoclonal antibody against cyclin D1 (SP4; Nichirei, Tokyo, Japan; prediluted),
a polyclonal antibody against the internal domain of human ERBB2 (Nichirei; working
dilution, 1:400), and mouse monoclonal antibodies against the external domain of the
human EGFR (Novocastra Lab, Newcastle, UK; working dilution, 1:20). Antibody
binding was visualized using the LSAB™ system (Dako, Glostrup, Denmark).

For evaluation of cyclin E and D1 staining, only nuclear immunostaining in each

tumor section was scored using a four-tier system: 0, no staining; 1+, staining with an



intensity and frequency similar to the pattern occasionally observed in the neck zone of
normal gastric mucosa; 2+, intermediate staining intensity; 3+, intense staining in more
than 80% of tumor cells. Immunostaining of ERBB2 and EGFR was scored using a
four-tier system (0, 1+, 2+, 3+) according to the criteria recommended by Dako for the
HercepTest™, except that the number of positive cells was not considered. Staining was
evaluated by two observers (TO and AO) and discordance was resolved by discussion.
Tumors with 2+ and 3+ staining were considered positive, and were further examined

for amplification of the corresponding gene(s) by FISH.

FISH

The FISH probes used in this study were acquired from BACPAC Resources (Oakland,
CA) and are summarized in Table 1. The probes were labeled with SpectrumOrange™
or SpectrumGreen"™ using a nick translation kit (Abbott Laboratories, Abbott Park, IL).
For quantification of gene amplification, a pericentromeric probe (Abbott) specific to
each gene’s chromosome, or a BAC probe specific to sequences near the particular gene,
was co-hybridized to standardize the chromosome number. Tumors demonstrating
co-amplification of multiple genes were further examined by simultaneous

hybridization using two probes to the genes that were labeled with different fluorescent



markers, in order to assess the co-existence of the amplified genes in single nuclei or
single amplicons.

Removal of protein from the tissue sections, denaturation, hybridization and
post-hybridization washing were performed as described previously [13]. The tissue
sections were counterstained with DAPI 11 (Abbott) and examined using a fluorescence
microscope (Olympus, Tokyo, Japan) equipped with a Triple Bandpass Filter set
(Abbott) for DAPI II, SpectrumOrange™ and SpectrumGreen™. Scoring and
evaluation of FISH slides was performed manually by counting the target gene signals
and control signals in 20 tumor cell nuclei per sample. Gene amplification was
determined according to the American Society of Clinical Oncology/College of
American Pathologists criteria for ERBB2 amplification except that the number of
positive cells was not considered in this study [14]. Low-level amplification was
defined as two or more additional copies of genes compared to control signals. In cases
of apparent intratumoral heterogeneity in gene amplification, the fractions (%) of tumor
cells positive for gene amplification were scored and categorized into broad tiers of

<10%, 10-30%, 30-50%, 50-70% and >70%.

Direct sequencing




Mutations in exons 8 and 12 of hCDC4, which represent the locations of most reported

hCDC4 mutations in gastric carcinomas [15] were analyzed by direct sequencing in

tumors with overexpression but not amplification of CCNEL. In tumors with KRAS

amplification, codons 12, 13 and 61 were also analyzed, as point mutations have been

reported only in these locations. The PCR conditions for amplification of exon-specific

regions from tumor genomic DNA and for mutation identification are detailed in the

supplemental data.

Statistical analysis

The association between gene amplification and early or advanced cancer was analyzed

using Fisher’s exact probability test.

Results

MLPA analysis

All 179 gastric adenocarcinoma tissue samples and all three cell lines were successfully

analyzed by MLPA for the expression of 16 genes. The status of each gene in each of

the 179 tumors was categorized as ‘amplified’, ‘gain’ or ‘normal’ based on its mean
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MLPA peak value. There were no instances of ‘lost’ genes. Subsequent FISH analyses

confirmed gene amplification in 45 of the 49 (92%) tumors that were classified as

‘amplified’, and 48 of the 148 (32%) tumors that were classified as ‘gain’, for any of

these 13 genes. However, gene amplification of FGFR1, GATA4 and GATA6 was not observed in

any tumor. The number of tumors categorized as ‘amplified’ or ‘gain’ for specific genes

by MLPA analysis and FISH-proven amplification is summarized in Table 1.

IHC analysis

Analysis of the expression of cyclin E and cyclin D1 using IHC identified positive

immunostaining for these proteins in 58 and 59 of the 179 tumors, respectively. IHC

analysis of ERBB2 and EGFR expression was also performed. By combining the results

of IHC and subsequent FISH analysis, gene amplification of CCNE1, CCND1, ERBB2

and EGFR was observed among tumors with ‘normal” MLPA values, as shown in Table

1. A total of 20 tumors had positive immunostaining for cyclin E but were negative for

amplification of its gene CCNE1. Although hCDC was successfully sequenced in all of

these tumors, no instance of hCDC mutations was found.

11



FISH analysis

The same 16 genes that were analyzed by MLPA were also examined with FISH. In

FISH images, most of the samples with highly amplified genes displayed either tightly

clustered or numerous scattered signals, suggesting amplicons in homogeneously

staining regions (HSRs) or double minute chromosomes (DMs), respectively [16].

Cancer nuclei with co-localization of an amplified gene and the amplified centromeric

lesion on which the gene is located, which results in a yellow fusion signal [17], were

rarely observed. FISH analysis of the cell lines used as positive controls for gene

amplification of CCNE1, CDK6 and CCND1 indicated HSR-type amplification of

CCNE1 and CDK®6 in MKN7 and SNUS cells, respectively, and low-level amplification

of CCND1 in A431 cells, as shown in Suppl. Fig. 1.

FISH analysis indicated that CCNE1 was amplified in 12 of the 84 (14%) early

gastric cancer tumors and in 14 of the 95 (15%) advanced tumors, and was the most

frequently amplified gene among the 16 genes examined. Amplification of CCND1 and

CDK6 was found in ten and two tumors, respectively. Table 2 shows the

clinicopathological characteristics of the 35 tumors with gene amplification of CCNE1,

CCND1 and/or CDK®6. No significant differences between early and advanced cancers

were observed in the amplification frequencies of CCNE1, CCND1 or CDK®6 (p=0.87).

12



FISH was further used to determine co-amplification of genes within the tumors.

Co-amplification of CCNE1 and CCND1 was found in three early gastric cancers

(Cases 1, 12 and 15) (Table 2); CCNE1-amplified cancer cells and CCND1-amplified

cells were present in different areas of these cancers. However, no cancer cell had

simultaneous amplification of these two genes, as shown in Fig. 1. Analysis of 19

advanced gastric cancer tumors indicated that CCNE1, CCND1 or CDK6 was amplified

in each tumor and that, in most instances, the majority of cells demonstrated the gene

amplification.

Co-amplification of CCNE1, CCND1 and/or CDK6 with ERBB2, EGFR and/or

KRAS in various combinations was found in 18 out of 35 tumors, as shown in Table 2.

More precise examination by dual-color FISH revealed that these co-amplifications

occurred in single cancer nuclei in five early gastric cancers (Cases 3, 5-7 and 14) and

in eight advanced gastric cancers (Cases 18, 23, 24, 26-28, 34 and 35). Case 5 was a

non-invasive mucosal adenocarcinoma in which almost all cancer cells had

amplification of CCND1 and three separate areas of the tumor also had co-amplification

of ERBB2, EGFR and KRAS, as shown in Fig. 2. The other two mucosal cancers, which

were predominantly composed of CCNEL1-amplified cells (Case 3) or CDK6-amplified

cells (Case 6), demonstrated co-amplified EGFR in only a fraction of the tumors. Two

13



submucosal invasive cancers that consisted exclusively of CCNE1-amplified cells (Case

7) or CCND1-amplified cells (Case 14) had a clonal subpopulation of ERBB2-amplified

and EGFR-amplified cells, respectively.

In the remaining five early gastric cancer tumors (Cases 2, 10, 13, 15 and 16),

gene amplification of the cyclins and RTKSs occurred in different cells; however, in three

tumors (Cases 2, 10 and 13) the cells with amplified cyclins and those with amplified

RTKs were located adjacent to each other. Co-amplification of one of the G1-S

regulatory genes and ERBB2, EGFR and/or KRAS was found in eight advanced gastric

cancer tumors; however, due to the large size of the tumors, the precise distribution of

the amplified cells could only be determined in three tumors (Cases 18, 28 and 34).

Case 28 consisted predominantly of CCNE1-amplified cells but had a small area with

co-amplified EGFR. In Case 18, cancer cells that had co-amplified ERBB2 were found

to occupy small areas of the tumor, which was mostly composed of CCND1-amplified

cells. Case 34 predominantly composed of CCND1-amplified cells showed two small

subclonal populations of co-amplified CCND1 and ERBB2, and CCND1 and EGFR in

the vicinity (Fig. 3A&B)

Although Case 23 had a KRAS-amplified clonal subpopulation that was distinct

from the majority CCNEL1-amplified population, Case 27 demonstrated co-amplification

14



of KRAS and CCNEL1 in single nuclei. Direct sequencing did not detect any point

mutations in KRAS codons 12, 13 or 61 in either of these two tumors, the tumor of Case

5, or an early gastric cancer tumor. Dual-color FISH analysis of the co-amplified genes

showed that the fluorescent signals corresponding to the amplified genes were separated,

thus suggesting that they were located on different amplicons. In Case 35, however,

CDK®6 signals and ERBB2 signals always overlapped, which suggested that these two

genes were located in the same amplicons in most cancer cells (Fig. 3C).

Among the 19 cases of advanced gastric cancer with gene amplification of the

G1-S regulatory genes in the primary tumor, 15 cases had lymph node metastasis. FISH

analysis showed that the gene amplification pattern was consistent between the primary

and nodal tumors in 14 of these cases (Table 2)

Discussion

In the present study, gene amplification of CCNEL1 was the most frequent amplification

found among the 16 genes examined in tumor samples from patients with gastric

cancers, with CCNE1 amplification confirmed by FISH analysis in 26 out of 179 (15%)

15



tumor samples. Amplification of CCND1 and CDK6 was found in ten (6%) and two

(1%) gastric cancer tumor samples, respectively.

We did not observe co-amplification of the G1-S regulatory genes CCNEL,

CCND1 and CDKG®6 in single tumor cells. However, three early gastric cancer tumors

contained CCNE1-amplified cells located in the vicinity of CCND1-amplified cells. The

lack of observed co-amplification in single cells is likely due to only one perturbation in

early G1 control being sufficient for gastric carcinogenesis. [18]. KRAS is a

downstream mediator of RTK signaling and is activated by point mutations in many

cancers. However, these activating point mutations are strikingly rare in gastric cancers

compared to other gastrointestinal cancers.[7] Our results show that gene amplification

of KRAS occurred with greater frequency than expected in gastric cancers, and was

mutually exclusive with RTK gene amplification.

In the present study, more than half of the tumors with amplification of at least

one G1-S regulatory gene had co-amplification of ERBB2, EGFR and/or KRAS (10/16

early and 8/19 advanced cancers). This co-amplification occurred in single nuclei in five

of the early cancers and in all eight of the advanced cancers. Co-amplification of these

genes in various frequencies has been reported in studies of gastric cancers using SNP,

DNA microarray or FISH analyses [19-21]. However, our use of dual-color FISH

16



enabled us to clearly demonstrate for the first time that these co-amplifications can

occur in single cancer nuclei.

It remains to be clarified why these co-amplified genes, which were originally

located on different chromosomes or on different arms of the same chromosome (e.g.,

CDK6 and EGFR), are preferentially co-amplified. We observed in five early gastric

cancers (including three intramucosal cancers) and at least three advanced cancers that

cells with amplification of CCNE1, CCND1 or CDK6 contained clonal subpopulations

of concomitantly amplified ERBB2, EGFR or KRAS. This combination of cancer

staging, histological typing and gene amplification patterns suggests that genetic

instability initiates the amplification of G1-S regulatory genes during the preclinical

stage of non-invasive and/or mucosal cancers. The resulting deregulation of the cell

cycle may then lead to further genomic instability, driving ERBB2 or EGFR gene

amplification in these tumors. Subsequent selection then produces separated,

heterogeneous clonal subpopulations, as shown in Fig. 4. Unlike RTK genes, the G1-S

regulatory genes are likely necessary for later tumor progression. Therefore, these genes

are maintained in large populations within most advanced cancers and metastatic foci.

This observation supports possible use of the cyclins and CDKG6 as targets of molecular

therapy. However, cyclins are generally regarded as difficult to target directly with

17



therapies, as they lack intrinsic enzymatic activity and are intracellular. Thus, their

functionality may most readily be targeted via their partner kinases, i.e., CDK2 for

cyclin E [22] and CDK4 or CDKG®6 for cyclin D1 [21]. Currently, there are an estimated

ten small-molecule pan-CDK inhibitors or highly selective inhibitors in clinical trials

for various cancer types [23].

Information regarding the co-amplification of CCNE1 and CCND1 may be

further useful for current molecular targeted therapies. One study of patients with

ERBB2-positive gastric cancer found that individuals with concomitant amplification of

CCNE1 demonstrated a significantly shorter progression-free survival than those

without concomitant CCNE1 amplification [20]. CCND1 amplification has been linked

to resistance to the EGFR inhibitor gefitinib in experimental models of head and neck

cancer [24] [25].-

In molecular targeting therapy, it is critical to establish a feasible screening

method in order to identify eligible patients. MLPA is, compared to SNP, aCGH and

next-generation sequencing techniques, a relatively cheap, and easy—to-perform method

that allows simultaneous detection of multiple gene copy number aberrations in small

amount of fragments DNA derived from formalin-fixed material [26]. It is, however,

based on PCR and averages many different cells, thus theoretically validation by
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morphological method, such as FISH is mandatory. The present study not only showed

MLPA can be used as an efficient screening method for searching tumors with most

gene amplification but also in several genes the confirmatory FISH may be unnecessary

by setting approximate threshholds.

In conclusion, the common and relatively homogeneous amplification of

CCNE1, CCND1, and CDK6 in primary and metastatic nodes of advanced gastric

cancer may offer direct targets for molecular therapy. Co-amplification of these genes

with ERBB2 or EGFR may also render them targets for combination therapy with

ERBB2 or EGFR inhibitors. MLPA is a useful tool to identify patients who would

benefit from such therapies.

References

Legends

Table 1.

Results of the MLPA and FISH analyses of tumor samples from 179 gastric cancer
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patients. Values in parentheses are the numbers of tumors with gene amplification

verified by FISH.

Table 2.

Characteristics of gastric cancer tumors with amplification of CCNE1, CCND1 and/or

CDK®6. “Cases 1-16 are early gastric cancers; Cases 17-35, advanced gastric cancers.

Abbreviations: co-amp, co-amplification of a gene and the centromeric lesion in HSR;

DCS, combination chemotherapy with docetaxel, cisplatin and S-1; DM, double-minute

chromosome-type amplification; DOC, docetaxel; HSR, homogeneously staining

region-type amplification; low amp, low-level amplification; mixed, mixed carcinoma;

MP, muscularis propria; NE, neuroendocrine carcinoma; por, poorly cohesive

adenocarcinoma; SE, serosa exposed; sig, signet-ring cell carcinoma; SM, submucosa;

SS, subserosa; tub, tubular adenocarcinoma.

Fig. 1.

A representative intramucosal gastric cancer tumor sample with co-amplification of

CCNE1 and CCND1 (Case 1). (A) Hematoxylin and eosin stain. The areas indicated as

() and (I1) show overexpression and amplification of cyclins E and D1, respectively.
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The region enclosed by the black rectangle labelled (B) corresponds to the fields in

panels (B) and (D); the black rectangle labelled (C) corresponds to panels (C) and (E).

(B and C) Immunohistochemistry of cyclin E (B) and cyclin D1 (C). (D and E)

Dual-color FISH analysis: orange fluorescence, CCNEL; green fluorescence, CCND1.

Fig. 2.

Early gastric cancer tumor with amplification of CCND1 (Case 5). This intramucosal

cancer with homogenously amplified CCND1 contained small, separated areas with

co-amplification of ERBB2, KRAS or EGFR. (A) Hematoxylin and eosin stain. (B, C

and E) Immunohistochemistry showed homogeneous staining of cyclin D1 (B) and

indicated that the small, separated areas were positive for ERBB2 (C) and EGFR (E).

(D, F, & G) The region enclosed by the black rectangle labelled D in panel (C)

corresponds to panel (D), and in panel (E) the rectangles labelled F and G correspond to

panels (F) and (G), respectively. FISH analysis showed that ERBB2- and

EGFR-overexpressing cells had amplification of the corresponding gene (D and G,

respectively) and focal KRAS-amplification (F). In (D), orange fluorescence

corresponded to ERBB2; green fluorescence, CCND1; (F) orange fluorescence, KRAS;

green fluorescence, CCND1. (G) orange fluorescence, EGFR; green fluorescence,
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centromere 7.

Fig. 3.

Advanced gastric cancer tumors with amplified CCND1 (Case 34, panels A and B) or

CDKG6 (Case 35, C). (A, B) Case 34 had an area of CCND1 amplification where

amplification of ERBB2 and EGFR was observed in nearby cells, but their amplification

was mutually exclusive. Adjacent sections were alternatively stained for ERBB2 (A)

and EGFR (B) using immunohistochemistry. Dual-color FISH showed co-amplification

of CCND1 (orange signals) and ERBB2 (green signals) (A, inset) and co-amplification

of CCND1 (orange signals) and EGFR (green signals) (B, inset). (C) Dual-color FISH

analysis of Case 35 demonstrated overlap (yellow) of amplified HSR-like signals for

CDK®6 (orange) and ERBB2 (green).

Fig. 4.

A potential mechanism for the gene co-amplification observed in gastric cancer. This

model speculates that gene amplification of CCNE1, CCND1 and CDK®6 occurs in early

gastric carcinogenesis. Such amplification induces genomic instability, which drives

ERBB2, EGFR or KRAS gene amplification. The 35 tumors with CCNE1, CCND1 and
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CDKG6 are sorted according to this pathway. The numbers in normal font and the

numbers in bold font correspond to the case numbers of the early gastric cancers and the

advanced gastric cancers, respectively. Circles: amplified CCNE1, CCND1 or CDKG6;

rectangles: amplified ERBB2, EGFR or KRAS.

1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM,
Forman D, Bray F: Cancer incidence and mortality worldwide: sources,
methods and major patterns in GLOBOCAN 2012. International journal of
cancer Journal international du cancer 2015, 136(5):E359-386.

2. JGCRS.

3. Okabayashi T, Kobayashi M, Nishimori I, Sugimoto T, Namikawa T, Onishi S,
Hanazaki K: Clinicopathological features and medical management of early
gastric cancer. American journal of surgery 2008, 195(2):229-232.

4, Etemadmoghadam D, Au-Yeung G, Wall M, Mitchell C, Kansara M, Loehrer E,
Batzios C, George J, Ftouni S, Weir BA et al: Resistance to CDK2 inhibitors is
associated with selection of polyploid cells in CCNE1l-amplified ovarian
cancer. Clinical cancer research : an official journal of the American
Association for Cancer Research 2013, 19(21):5960-5971.

5. Akama Y, Yasui W, Yokozaki H, Kuniyasu H, Kitahara K, Ishikawa T, Tahara E:
Frequent amplification of the cyclin E gene in human gastric carcinomas.
Japanese journal of cancer research : Gann 1995, 86(7):617-621.

6. Nakamura M, Katano M, Fujimoto K, Morisaki T: A new prognostic strategy
for gastric carcinoma: mMRNA expression of tumor growth-related factors in
endoscopic biopsy specimens. Annals of surgery 1997, 226(1):35-42.

7. Deng N, Goh LK, Wang H, Das K, Tao J, Tan IB, Zhang S, Lee M, Wu J, Lim
KH et al: A comprehensive survey of genomic alterations in gastric cancer
reveals systematic patterns of molecular exclusivity and co-occurrence
among distinct therapeutic targets. Gut 2012, 61(5):673-684.

8. Rossi E, Klersy C, Manca R, Zuffardi O, Solcia E: Correlation between

23



10.
11.

12.

13.

14.

15.

16.

17.

genomic alterations assessed by array comparative genomic hybridization,
prognostically informative histologic subtype, stage, and patient survival in
gastric cancer. Human pathology, 42(12):1937-1945.

Scaltriti M, Eichhorn PJ, Cortes J, Prudkin L, Aura C, Jimenez J, Chandarlapaty
S, Serra V, Prat A, Ibrahim YH et al: Cyclin E amplification/overexpression is
a mechanism of trastuzumab resistance in HER2+ breast cancer patients.
Proceedings of the National Academy of Sciences of the United States of
America 2011, 108(9):3761-3766.

Flemming.

Fenoglio-Preiser C: Tumours of the stomach. In: WHO classification od
tumours. edn. Edited by Hamilton S, Aaltonen, LA. Lyon: IARC Press; 2000.
Tajiri R, Ooi A, Fujimura T, Dobashi Y, Oyama T, Nakamura R, lkeda H:
Intratumoral heterogeneous amplification of ERBB2 and subclonal genetic
diversity in gastric cancers revealed by multiple ligation-dependent probe
amplification and fluorescence in situ hybridization. Human pathology 2014,
45(4):725-734.

Ooi A, Inokuchi M, Harada S, Inazawa J, Tajiri R, Kitamura SS, lkeda H,
Kawashima H, Dobashi Y: Gene amplification of ESR1 in breast
cancers--fact or fiction? A fluorescence in situ hybridization and multiplex
ligation-dependent probe amplification study. The Journal of pathology,
227(1):8-16.

Wolff AC, Hammond ME, Schwartz JN, Hagerty KL, Allred DC, Cote RJ,
Dowsett M, Fitzgibbons PL, Hanna WM, Langer A et al: American Society of
Clinical  Oncology/College of American  Pathologists  guideline
recommendations for human epidermal growth factor receptor 2 testing in
breast cancer. Journal of clinical oncology : official journal of the American
Society of Clinical Oncology 2007, 25(1):118-145.

Lee JW, Soung YH, Kim HJ, Park WS, Nam SW, Kim SH, Lee JY, Yoo NJ, Lee
SH: Mutational analysis of the hCDC4 gene in gastric carcinomas. European
journal of cancer 2006, 42(14):2369-2373.

Kobayashi M, Ooi A, Oda Y, Nakanishi I: Protein overexpression and gene
amplification of c-erbB-2 in breast carcinomas: a comparative study of
immunohistochemistry and fluorescence in situ hybridization of
formalin-fixed, paraffin-embedded tissues. Human pathology 2002,
33(1):21-28.

Starczynski J, Atkey N, Connelly Y, O'Grady T, Campbell FM, di Palma S,

24



18.

19.

20.

21.

22,

23.

24,

25.

Wencyk P, Jasani B, Gandy M, Bartlett JM et al: HER2 gene amplification in
breast cancer: a rogues' gallery of challenging diagnostic cases: UKNEQAS
interpretation guidelines and research recommendations. American journal
of clinical pathology 2012, 137(4):595-605.

Ooi A, Oyama T, Nakamura R, Tajiri R, lkeda H, Fushida S, Nakamura H,
Dobashi Y: Semi-comprehensive analysis of gene amplification in gastric
cancers using multiplex ligation-dependent probe amplification and
fluorescence in situ hybridization. Modern pathology : an official journal of
the United States and Canadian Academy of Pathology, Inc 2015, xx(xX):XX.
Kim J, Fox C, Peng S, Pusung M, Pectasides E, Matthee E, Hong YS, Do IG,
Jang J, Thorner AR et al: Preexisting oncogenic events impact trastuzumab
sensitivity in ERBB2-amplified gastroesophageal adenocarcinoma. The
Journal of clinical investigation 2014, 124(12):5145-5158.

Lee JY, Hong M, Kim ST, Park SH, Kang WK, Kim KM, Lee J: The Impact of
Concomitant Genomic Alterations on Treatment Outcome for Trastuzumab
Therapy in HER2-Positive Gastric Cancer. Scientific reports 2015, 5:9289.
Ismail A, Bandla S, Reveiller M, Toia L, Zhou Z, Gooding WE, Kalatskaya |,
Stein L, D'Souza M, Litle VR et al: Early G(1) cyclin-dependent kinases as
prognostic markers and potential therapeutic targets in esophageal
adenocarcinoma. Clinical cancer research : an official journal of the American
Association for Cancer Research 2011, 17(13):4513-4522.

Kim S, Lee J, Hong ME, Do IG, Kang SY, Ha SY, Kim ST, Park SH, Kang WK,
Choi MG et al: High-throughput sequencing and copy number variation
detection using formalin fixed embedded tissue in metastatic gastric cancer.
PloS one 2014, 9(11):e111693.

Law ME, Corsino PE, Narayan S, Law BK: Cyclin-Dependent Kinase
Inhibitors as Anticancer Therapeutics. Molecular pharmacology 2015,
88(5):846-852.

Kalish LH, Kwong RA, Cole IE, Gallagher RM, Sutherland RL, Musgrove EA:
Deregulated cyclin D1 expression is associated with decreased efficacy of
the selective epidermal growth factor receptor tyrosine kinase inhibitor
gefitinib in head and neck squamous cell carcinoma cell lines. Clinical
cancer research : an official journal of the American Association for Cancer
Research 2004, 10(22):7764-7774.

Dragnev KH, Ma T, Cyrus J, Galimberti F, Memoli V, Busch AM, Tsongalis GJ,
Seltzer M, Johnstone D, Erkmen CP et al: Bexarotene plus erlotinib suppress

25



26.

lung carcinogenesis independent of KRAS mutations in two clinical trials
and transgenic models. Cancer prevention research 2011, 4(6):818-828.
Moelans CB, van der Groep P, Hoefnagel LD, van de Vijver MJ, Wesseling P,
Wesseling J, van der Wall E, van Diest PJ: Genomic evolution from primary
breast carcinoma to distant metastasis: Few copy number changes of breast
cancer related genes. Cancer letters 2014, 344(1):138-146.

26



Table 1 Results of the MLPA and FISH analyses of 179 gastric cancers

No. of No. of No. of 'normal’ tumors Frequency of tumors
Name of genes Chromosomal locus of gene FISH probe amplified ' tumors gain ' tumors with IHC-positive with gene amplification
CCNE1 19p12 RP11-345J21 16 (16) 11 (7) 31(3) 15% (26)
CCND1 11913.3 RP11-775J10 5 (5) 713) 47 (2) 6% (10)
CDK6 7921.2 RP11-316P4 2(2) 8 (0) 1% (2)
ERBB2 17912 RP11-62N23 6 (6) 10 (7) 4 (4) 9%(17)

EGFR 7pll.2 RP11-339F13 2 (1) 93 10 (9) 7% (13)

MET 7931.2 RP11-75120 1(1) 9(4) 3% (5)
FGFR2 10926.13 RP11-62L.18 1(1) 4 (2) 2% (3)

KRAS 12p12.1 RP11-111918 2(2) 11 (2) 2% (4)

MYC 8024.21 RP11-440N18 8 (6) 20 (10) 9% (16)
PTP4A3 8024.3 RP11-240D7 1(1) 15 (8) 5% (9)
PIK3CA 3026.32 RP11-1115H8 0 6 (1) 0.5% (1)

KLF5 13g22.1 RP11-179120 2(2) 16 (0) 1% (2)
TOP2A 17921.2 RP11-48010 2(2) 6 (1) 2% (3)
FGFR1 8pl11.23 RP11-148D21 0 4 (0) 0
GATA4 8p23.1 RP11-23514 1(0) 5 (0) 0
GATAG 18g11.2 RP11-18K7 1(0) 7 (0) 0

Values in parentheses are the numbers of tumors with gene amplification validated by FISH.



Table 2 Gastric cancers with gene amplification of CCNET, CCND/, and/or CDK6

Case No. Macroscopic Histological Depth of Anatomic stage  Neoadjuvant Amplified genes
classification® classification” invasion® /prognostic ,tzroupsd therapy CCNET CCND1 CDK6 ERBB2 EGFR KRAS in metastatic nodes

1 0-llc tub non 0 HSR (10-30) © HSR (10-30) f -

9P 0-Tlb+Ic tub non 0 DM (50-70) DM (10-30) DM (<10) & -

3° 0-Ib tub non 0 HSR, (50-70)f HSR (10-30) -

4 0-llc tub non 0 HSR (>70) © -

52 0-lla tub non 0 HSR (>70) ° HSR (10-30) DM (<10) & DM (<10) -

6° 0-llc tub non 0 DM (>70) ° DM (30-50) © -

72 0-llc tub SM 1A HSR (>70) © HSR (10-30) -

8 0-Tla+llc tub SM IA HSR & low Amp (>70) -

9 0-llc tub SM 1A HSR (>70) © -

10° 0-I+lla tub SM 1A HSR, (10-30)° DM&HSR, (<10)° -

11 0-Tlb+Ic tub SM 1A HSR (>70) © -

12 0-lla+llc tub SM IA HSR (>70) ° N

13° 0-llc+llb tub SM IA co—amp & Low amp ( 50-70) ° co—amp (<10) & -

142 0-llc tub SM IA HSR (>70) ° HSR (<10) & -

15 0-1II tub SM IB Low amp (K10) & Low amp (10<) & co—amp (10-30) -

16 0-llc tub SM IB Low amp (50-70)° co—amp (10-30) -

17 2 tub MP B HSR (>70) ° -
18° 3 tub MP 1B HSR (>70) HSR (10-30) -

19 2 tub MP 1A HSR (>70) CCND1

20 1 tub SS IIA Low amp (10-30) -

21 3 por SS 1A Low amp (30-50) -

22 2 mixed SS A HSR (>70) © CCNET
932 3 mixed SS mB S-1 Low amp (50-70) HSR (10-30) HSR (30-50) ° KRAS
24° 2 tub SS B HSR (>70)° HSR & Low amp (>70) ° CCNE!, ERBB?2,
25 3 mixed SS 1B DCS HSR (>70) ° CCNET
26° 2 tub SS 1B HSR (>70) ° HSR (<10) ¢ CCNDT1
27° 3 sig SE B Low amp>HSR, (>70) HSR (50-70) ¢  CCNET1, KRAS
28° 3 tub SE 1B HSR (>70)° HSR, K10) g CCNET

29 3 por SE mB HSR (>70) © CCNET

30 3 tub SE e DCS Low amp (50-70) CCNET

31 4 mixed SE \% HSR (>70) ° Failed

32 2 NE SE 1\ DCS HSR (>70) ° CCNET

33 5 mixed SE 1Y co—amp, >70) CCNE 1
342 3 mixed SE 1\ DCS HSR (30-50) © DM  (K10) g HSR (<10) g CCND1, EGFR
35° 4 tub SE 1\ HSR (>70) © HSR (>70) e CDK6, ERBB2

V)

: Co—amplification of at least of one of CCNE1, CCND1, or CDK6 with at least one of ERBB2, EGFR, or KRAS in single cancer nuclei.

b: The co—amplification of the cyclins and RTKs occurred in different cells, however, in they were located adjacent to each other.

[¢]

o

()

~h

: "amplified’ by MLPA.

'gained’ by MLPA.

g: 'normal’ by MLPA.

Cases 1-16, early gastric cancers; cases 17-35, advanced gastric cancers.

: Accoding to The World Health Organization Classification of Tumors

17

: According to the TNM cancer staging system of the American Joint Committee of Cancer.'®

Abbreviations: tub, tubular adenocarcinoma; mixed, mixed carcinoma; sig, signet—ring cell carcinoma; por, poorly cohesive adenocarcinoma; NE, neuroendocrine carcinoma; SM, submucosa; MP, muscularis propria; SS, subserosa; SE, serosa

exposed; DCS, combination chemotherapy with docetaxel, cisplatin and S—1; DOC, docetaxel; HSR, homogeneously staining region type amplification; DM, double minute chromosome type amplification; co—amp, co—amplification of a gene and

the centromeric lesion in HSR; Low amp, low—level amplification.
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