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Abstract
The MDM2 proto-oncogene (MDM2) is a primary negative regulator of p53. The latter is frequently mutated in gastric 
cancer (GC). In the present study, we aimed to validate gene amplification, protein expression, and the putative tumor bio-
logical function of MDM2 in a well-characterized Western GC cohort. MDM2 amplification and protein expression were 
studied in a cohort of 327 GCs by fluorescence in situ hybridization (FISH) and immunohistochemistry. Gene amplification 
and protein expression were correlated with diverse clinicopathological patient characteristics including patient outcome. 
Immunohistochemically, 97 GCs (29.7%) were categorized as MDM2 positive and 230 GCs (70.3%) as negative. An ampli-
fication of MDM2 was found in 11 (3.4%) cases without evidence of intratumoral heterogeneity. Nine of these eleven (81.8%) 
cases showed MDM2 protein expression. MDM2 amplification correlated significantly with MDM2 protein expression (p 
< 0.001). On a case-by-case analysis, MDM2-amplified cases showed varied histological phenotypes and were most com-
monly microsatellite stable; EBV, HER2, and MET negative; and FGFR2 positive. A single case harbored both, MDM2 
amplification and TP53 mutation. MDM2 amplification and MDM2 expression, respectively, did not correlate with overall 
or tumor-specific survival. Our targeted analysis of MDM2 in a well-characterized cohort of GC patients showed that MDM2 
amplification is rare, of no specific histological phenotype, and may not be always mutually exclusive with TP53 mutations. 
Given the low number of cases, currently, no diagnostic or therapeutic recommendation related to MDM2 amplification can 
be given for GC of Western origin.
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Introduction

Gastric cancer (GC) is the fifth most common cancer 
worldwide [1]. Its 5-year survival rate is still poor, rang-
ing between 34 and 37% for men and women, respectively 
[2]. The vast majority are adenocarcinomas, which can be 
hereditary, familial, or sporadic. Common risk factors are 
chronic gastritis due to infection with Helicobacter pylori, a 
diet rich in salt, and lack of fresh fruits and vegetables. Less 
commonly, GC may be related to infection with Epstein-Barr 
virus (EBV). Gene polymorphisms and germline mutations 
modulate the individual susceptibility for GC [3].

Gastric cancer is a genetic disease affecting numerous 
oncogenes and tumor suppressor genes and was categorized 

into four molecular subtypes, i.e., chromosomal instable 
(CIN), genomically stable (GS), EBV-positive, and micro-
satellite-instable (MSI) GCs [4]. CIN-GC often has an 
intestinal histological phenotype according to Lauren and 
is associated with TP53 mutations and activation of recep-
tor tyrosine kinases (RTK). GS-GC often exhibits a diffuse 
phenotype and mutations in CDH1 and RHOA, as well as 
CLDN18-ARHGAP fusion.

Using multiregional whole exome sequencing, we 
recently investigated the effect of somatic evolution on intra-
tumoral heterogeneity aiming to shed light on the evolution-
ary biology of GC and noted that two cases harbored MDM2 
amplifications [5]. The MDM2 proto-oncogene (MDM2) is 
located on chromosome 12 (12q15) and encodes a protein 
that inhibits p53’s tumor suppressor function by blocking the 
transcriptional activation domain, targeting ubiquitination, 
and exporting to the cytoplasm [6]. TP53 is among the most 
commonly mutated genes in GC accounting for 50–73% 
of all cases. MDM2, in turn, can be “activated” by gene 
amplification or promoter single nucleotide polymorphisms 
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[7]. MDM2 amplification and TP53 mutations are mutually 
exclusive [8]. MDM2 amplification is a common finding in 
malignant soft tissue tumors and infrequent in other tumor 
types [7–10]. Promoter polymorphism and MDM2 amplifi-
cation represent the two most extensively studied alterations. 
A germline single nucleotide polymorphism of the MDM2 
promoter increased MDM2 expression, increased cancer 
risk, and accelerated tumor progression [11]. Amplifica-
tion can be assessed by comparative genomic hybridiza-
tion; quantitative polymerase chain reaction; fluorescence 
(FISH), automated dual-color (DISH), or chromogenic 
in situ hybridization (CISH); and immunohistochemistry 
with intense diffuse nuclear staining [7, 12–15]. Few stud-
ies addressed the role of MDM2 in GC [16–18].

Resistance to radiation and chemotherapy, to immune 
checkpoint inhibitor therapy, and to a RTK inhibition may 
be linked to MDM2 amplification [19]. A combination of 
radiotherapy and MDM2-p53 inhibitor (APG-115) could 
boost the effect of antitumor activity in vitro and in vivo 
[20]. MDM2 may also predict efficacy of adjuvant fluoroura-
cil-leucovorin-oxaliplatin (FLO) chemotherapy in resectable 
GC [21].

In this study, we aimed to shed further light on the preva-
lence and putative tumor biological function of MDM2 in 
GC and studied protein expression and gene amplification 
in a large and well-characterized cohort of Western patients 
with GC. We finally demonstrate that MDM2 amplification 
is rare in GC, more commonly associated with microsatellite 
stability, FGR2 positivity, and HER2 negativity.

Material and methods

Statement on ethics

All procedures followed were in accordance with the ethical 
standards of the responsible committee on human experi-
mentation (institutional and national) and with the Helsinki 
Declaration of 1964 and later versions. Informed consent for 
the therapeutic surgeries had been obtained from all patients. 
Ethical approval was obtained from the local ethical review 
board (D 453/10 and D 525/15) of the University Hospital 
Schleswig-Holstein, Kiel, Germany.

 Patients and tumor samples

From the archive of the Department of Pathology, University 
Hospital Schleswig-Holstein, Campus Kiel, we retrieved all 
patients who have undergone partial or complete gastrec-
tomy for adenocarcinoma of the stomach or gastroesoph-
ageal junction between 1997 and 2009. Inclusion criteria 
were histologically confirmed primary adenocarcinoma. 
Criteria of exclusion were perioperative radiotherapy or 

chemotherapy, and histology identified a tumor type other 
than adenocarcinoma. The study was based on the assump-
tion that adenocarcinomas of the stomach and gastroesopha-
geal junction are very alike since both show the same four 
molecular subtypes proposed by The Cancer Genome Atlas 
(TCGA) [4, 22]. The following data were retrieved from 
the electronic database: patient age and gender, anatomical 
tumor location, tumor type according to Lauren [23], tumor 
grade (intestinal type only), depth of local tumor invasion 
(pT category), number of resected lymph nodes, number of 
lymph nodes with metastases (pN category), lymph node 
ratio, presence or absence of distant metastases (pM cat-
egory), tumor stage according to UICC [24], lymphatic (pL 
category) or vascular (pV category) invasion, and residual 
tumor status (pR category) [25]. Date of patient death was 
obtained from Epidemiological Cancer Registry of the state 
of Schleswig-Holstein, Germany. Hospital records and gen-
eral practitioners provided the follow-up data of patients 
still alive. All patient-related data were pseudonymized after 
inclusion in the study.

Assessing further clinicopathological characteristics

Assessments of mucin type, insulin receptor (IR) expression, 
FGFR2, human epidermal growth factor receptor 2 (HER2), 
MET, and p53 status, as well as the RHOA, PIK3CA, and 
KRAS genotype, were performed as previously described 
[26–33]. Modified Giemsa staining was used to evalu-
ate infection with H. pylori and confirmed by polymerase 
chain reaction as described in detail previously [26]. Bond-
Max detection system and EBER probe (Novocaster, Leica 
Microsystems GmbH, Wetzlar, Germany) were used for 
detecting EBV-encoded RNA based on the manufacturer’s 
instructions (Leica microsystems GmbH, Wetzlar, Germany) 
[27]. The study applied immunohistochemistry to assess 
microsatellite instability status using antibodies directed 
against MSH2, MSH6, MLH1, and PMS2 and performed 
subsequent molecular comparisons of the mononucleotide 
repeat markers NR-21, NR-24, NR-27, BAT-25, and BAT-
26’s allelic profiles in the tumor for every case with absent 
or minimal nuclear staining [34].

Tissue microarray construction

Formalin-fixed and paraffin-embedded tissue samples were 
used to generate tissue microarrays (TMA) as described 
previously [35]. Briefly, five separated, morphologically 
representative regions of the paraffin “donor” block were 
chosen. Tissue cylinders of 1 mm diameter were punched 
from these areas and precisely arrayed into a new “recipient” 
paraffin block using a customer-built instrument (Beecher 
Instruments, Silver Spring, MD, USA). After completing 
the block construction, 4-μm sections of the resulting tumor 
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TMA block were cut for further analysis. Hematoxylin and 
eosin staining was performed to control for successful trans-
fer of tumor tissue.

Immunohistochemistry

Immunostaining was performed with a monoclonal mouse anti-
body directed against MDM2 (clone: 2A10, dilution 1:5000, 
Abcam, Berlin, Germany) using the BondMax Autostainer 
(Leica Microsystems GmbH, Wetzlar, Germany). ER2 antigen 
retrieval solution (20 min, Leica Microsystems GmbH, Wetzlar, 
Germany) was used for antigen retrieval. Staining was visualized 
with the Bond Polymer Refine Detection Kit (Leica Microsys-
tems GmbH, Wetzlar, Germany). Hematoxylin served as coun-
terstain. Immunostaining was assessed using a Zeiss microscope 
(Axioskop 40; Carl Zeiss AG, Oberkochen, Germany).

Assessing immunostaining

During evaluation of the immunostaining results, the patholo-
gist was blinded to the clinical data. A scoring system was 
applied as outlined elsewhere [21]. In brief, only nuclear 
staining was considered and categorized as negative (0; no 
staining or staining of <5% of tumor cells), weak (1+), mod-
erate (2+), or strong (3+) (Fig. 1). In addition, the percentage 
of stained tumor cells was recorded as 0 (<5% of tumor cells), 
1+ (5–25%), 2+ (26–50%), 3+ (51–75%), and 4+ (76–100%), 
as previously described. Finally, a sum score was calculated 
combining intensity of nuclear staining and percentage of 
positive tumor cells. The minimum sum score was 0 and the 
maximum score was 7, lacking a sum score of 1.

Fluorescence in situ hybridization

Three- to 5-μm-thick paraffin sections obtained from TMAs 
were used for FISH. Following dewaxing, tissue sections 
were re-hydrated in a descending alcohol series, incubated in 
0.1 N citrate buffer 2 × 10 min, washed 2 × 2 min in  dH2O, 
and incubated in 0.1 N HCl with 0.01% proteinase K for 10 
min. The slides were then washed in  dH2O for 5 min, dehy-
drated in descending alcohol series, dried, and incubated 
with 100 μl of fluorochrome-labeled probe mixture (Vysis 
MDM2/CEP 12 FISH Probe Kit, Abbott Molecular Inc., 
Des Plaines, IL 60018, USA) in a ThermoBrite hybridizer 
(Abbott) at 95 °C for 10 min, cooling to 37 °C and subse-
quently overnight. Following strict washing, dehydration, 
and air drying, tissue sections were finally counterstained 
with fluorescence mounting media containing 4′,6-diamid-
ino-2-phenilindole (DAPI).

Assessment of fluorescence in situ hybridization

Fluorescence in situ hybridization was evaluated with a fluo-
rescence microscope (Axio Imager.Z2, Carl Zeiss Micros-
copy GmbH, Göttingen, Germany) using suitable filter sets 
(AHF-filter set F56-700 dual-band filter green and orange 
red) and the following criteria: cell nuclei had to be gener-
ally intact and distinctively visible with clear borders. The 
background had to be black or dark and relatively free of 
haziness or fluorescence particles. The signals had to be eas-
ily evaluable, distinct, oval or round shaped, compact, and 
bright. If these criteria were not met, the specimen was not 
evaluated. The number of red (MDM2) and green (CEP12) 
fluorescence signals was counted in a minimum of 30 tumor 

Fig. 1  MDM2 fluorescence 
in situ hybridization and MDM2 
immunostaining. MDM2 
immunohistochemistry: case 
immunonegative for MDM2 (a) 
and case immunopositive for 
MDM2 (b). Anti-MDM2 anti-
body, hematoxylin counterstain, 
original magnification × 400. 
Case #7 with MDM2 amplifi-
cation (c). One case without 
MDM2 amplification (d). Fluo-
rescence in situ hybridization, 
original magnification × 1000
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cells (Fig. 1). Subsequently, the MDM2/CEP12 ratio was 
calculated for each case. MDM2 amplification was defined 
as MDM2/CEP12 ratio ≥ 2. A ratio <2 was classified as 
unamplified. MDM2 clusters precluding exact counting of 
MDM2 fluorescence signals were classified as “amplified, 
cannot be quantitated (CBQ)”. Immunostaining of whole 
mount tissue sections (“full slide section”) were then addi-
tionally performed on all MDM2-amplified cases.

Next‑generation sequencing

Genomic DNA was extracted from formalin-fixed and paraf-
fin-embedded tissue using the QIAamp DNA mini kit (Qia-
gen, Hilden, Germany) for all cases except case #4, in which 
no tumor DNA was available. Tissue sections were manually 
microdissected prior to DNA isolation to ensure a tumor cell 
content of higher than 80%. Library preparation was per-
formed with AmpliSeq™ Library PLUS for Illumina using 
the AmpliSeq Focus Panel for Illumina and the AmpliSeq™ 
CD Indexes Set for Illumina® (Illumina, San Diego, USA). 
The quality of the libraries was assessed with a TapeStation 
4150 and D1000 ScreenTapes (Agilent, Santa Clara, USA). 
Sequencing was done on the MiSeq System (Illumina) and 
sequencing data were analyzed with the Illumina VariantS-
tudio 3.0 and the Onco CNV Caller (both Illumina). Muta-
tions were retained if variant allele frequency (VAF) was ≥ 
5%. Copy number variations were considered amplifications 
when total copy number was ≥6.0.

Statistical analysis

SPSS version 25.0.0.2 (IBM Corp., Armonk, NY) was 
used for statistical analyses. Fisher’s exact test was used 
to test association between nonordinal variables. Kendall’s 
tau rank correlation coefficient was used to test correla-
tion of ordinal variables. We accepted a significant level 
of 0.05. The Simes (Benjamini-Hochberg) procedure was 
used to correct for false discovery rates (FDR) [36]. All 
p-values are uncorrected. Survival curves were estimated 
using the Kaplan-Meier method. Differences between 
median survival rates were tested using the log-rank 
(Mantel-Cox) test.

Results

Three hundred twenty-seven patients met all study crite-
ria. One hundred twenty-three were female (37.6%) and 
204 were male (62.4%). Median age was 68 years (range 
31–92). One hundred nine (33.6%) GCs were localized 
in the proximal stomach (33.6%), and 215 (66.4%) in the 
distal stomach. According to Lauren’s classification [23], 
163 (49.8%) GCs had an intestinal phenotype, 100 (30.6%) 
had a diffuse, and 74 (19.5%) cases were unclassifiable or 
mixed. Table 1 summarizes the clinicopathological patient 
characteristics.

Fig. 2  Case-wise summary 
of the phenotypic/genotypic 
co-alterations associated with 
MDM2 amplification. Green: 
cases with MDM2 amplifica-
tion, intestinal phenotype, 
immunohistochemical reactiv-
ity, or mutated; red: cases 
without immunohistochemical 
reactivity, wildtype, or diffuse 
phenotype; gray: not avail-
able; yellow: unclassified; 
and orange: cases with mixed 
phenotype. Numbers in brackets 
document the sum score of 
MDM2 immunostaining
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Expression of MDM2 in gastric cancer

First, we examined the expression of MDM2 in GC by 
immunohistochemistry (Fig. 1a, b). Nuclear staining of 
MDM2 was found in 97 (29.7%) cases. Weak immunostain-
ing (MDM2-1+) was observed in 67 (20.5%) cases, moder-
ate (MDM2-2+) in 29 (8.9%), and strong (MDM2-3+) in 1 
(0.3%). No immunostaining was found in 230 (70.3%) GCs. 
The percentage of the immunostained tumor area varied for 
all three staining intensities (weak to strong), ranging from 
5 to 100%, with scores ranging from 1 to 4. The sum score 
was 2 in 58 (17.7%) cases, 3 in 20 (6.1%), 4 in 9 (2.8%), 5 
in 8 (2.4%), and 6 in 2 (0.6%). There was no case with a 
sum score 7.

MDM2 amplification in gastric cancer

Next, we explored the amplification of MDM2 in GC by 
FISH (Fig. 1c, d). Eleven cases (3.4%) showed amplification 
of the MDM2. The mean MDM2/chromosome 12 ratio was 
4.6 (range 3–8). In order to assess intratumoral heterogene-
ity and to avoid sampling error, we repeated FISH analysis 
using whole-mount tissue sections obtained from the eleven 
MDM2-amplified cases. MDM2 amplification was homo-
geneous in all these cases without evidence of intratumoral 
heterogeneity.

We then correlated MDM2 amplification with MDM2 
expression. The MDM2 protein expression (sum score 2–6) 
was absent in 228 (72.2%) GCs without gene amplification, 
while MDM2-amplified cases expressed MDM2 protein in 
9 of 11 cases (81.8%). In these cases, weak to strong nuclear 
immunopositivity was found and the sum score ranged from 
2 to 5. Two cases with MDM2 amplification had no MDM2 
protein expression (18.2%) (Fig. 2). Thus, MDM2 expres-
sion was significantly more common in MDM2-amplified 
cases (p < 0.001).

Phenotype of MDM2‑amplified gastric cancers

Next, we explored the correlation of genotype with pheno-
type and reviewed the histology all MDM2-amplified cases. 
Seven were of an intestinal, two of a diffuse, and one of each 
mixed or unclassifiable according to Lauren (Fig. 2).

Correlation with clinicopathological patient 
characteristics

In order to explore the putative tumor biological signifi-
cance, we correlated both, MDM2 expression and MDM2 
amplification, with diverse clinicopathological patient char-
acteristics. Following dichotomization of the MDM2 expres-
sion at the median immunoscore (0 vs. >0), MDM2-positive 
tumors were more commonly MET positive (p=0.033) and Ta

bl
e 

1 
 (c

on
tin

ue
d)

To
ta

l
M

D
M

2 
ex

pr
es

si
on

M
D

M
2 

am
pl

ifi
ca

tio
n

N
eg

at
iv

e 
(s

co
re

 =
 0

)
Po

si
tiv

e 
(s

co
re

 >
 0

)
N

ot
 a

m
pl

ifi
ed

A
m

pl
ifi

ed

n
(%

)
n

(%
)

n
(%

)
n

(%
)

n
(%

)

 
M

ut
at

ed
11

3.
9

8
(7

2.
7)

3
(2

7.
3)

11
(1

00
.0

)
0

(0
.0

)
O

ve
ra

ll 
su

rv
iv

al
 (m

on
th

s)
p(3

)
31

9/
8

31
9

0.
28

8
31

9
0.

72
7

 
To

ta
l/e

ve
nt

s/
ce

ns
or

ed
31

9/
25

2/
67

22
5/

17
8/

47
94

/7
4/

20
30

8/
24

3/
65

11
//2

 
M

ed
ia

n 
su

rv
iv

al
14

.1
 ±

 1
.2

16
.0

 ±
 1

.6
12

.5
 ±

 2
.0

14
.1

 ±
 1

.2
16

.8
 ±

 5
.1

 
95

%
 C

.I.
11

.6
–1

6.
5

12
.8

–1
9.

2
8.

5–
16

.5
11

.6
–1

6.
5

6.
8–

26
.7

Tu
m

or
-s

pe
ci

fic
 su

rv
iv

al
 (m

on
th

s)
p(3

)
29

6/
31

29
6

0.
89

0
29

6
0.

72
4

 
To

ta
l/e

ve
nt

s/
ce

ns
or

ed
29

6/
20

1/
95

21
3/

14
9/

64
83

/5
2/

31
28

9/
19

7/
92

7/
4/

3
 

M
ed

ia
n 

su
rv

iv
al

16
.5

 ±
 1

.4
16

.7
 ±

 1
.7

15
.6

 ±
 2

.2
16

.5
 ±

 1
.5

16
.8

 ±
 1

7.
0

 
95

%
 C

.I.
13

.7
–1

9.
3

13
.3

–2
0.

1
11

.3
–1

9.
9

13
.6

–1
9.

4
0–

50
.2

(1
)  Fi

sh
er

’s
 e

xa
ct

 te
st

; (2
) K

en
da

ll’
s t

au
 te

st
; (3

) lo
g-

ra
nk

 te
st

; (*
) no

t s
ig

ni
fic

an
t a

fte
r m

ul
tip

le
 te

sti
ng

 c
or

re
ct

io
n



803Virchows Archiv (2023) 483:795–807 

1 3

showed more commonly a membranous expression of the 
insulin receptor (p=0.044). No other clinicopathological 
patient characteristic correlated with the MDM2 expres-
sion. Following a separate analysis of intestinal type GCs, no 
correlation was found between MDM2 expression and any 
clinicopathological patient characteristic (data not shown).

With regard to copy number variation, it was interesting 
to note that MDM2-amplified GCs were commonly local-
ized in the proximal stomach, were all negative for H. pylori 
and HER2, and were a KRAS, PIK3CA, and RHOA wildtype 
(Fig. 2). Interestingly, 9 (82%) cases were negative for MET and 
10 (91%) for EBV. Microsatellite instability was noted in a sin-
gle, MDM2-amplified case, while FGFR2 positivity was found 
in 7 (64%) MDM2-amplified cases (Fig. 2). Due to low case 
numbers, none of these findings was statistically significant.

Next‑generation sequencing

To further explore the genotype of MDM2-amplified 
cases and search for putative druggable targets, tumor 

DNA of ten cases (case #1–3 and case #5–11) was 
forwarded to next-generation sequencing using the 
Oncomine™ Focus Assay, which covers hot spot muta-
tions, copy number variations, and fusions of 52 dif-
ferent genes. As shown in Table 2, an amplification of 
CDK4 was found in two cases, among which one also 
showed an amplification of KRAS and ERBB3. No other 
alteration matched with MDM2 amplification. Two cases 
(# 6 and #10) were not assessable due to low DNA qual-
ity. Noteworthy, NGS did not detect the MET amplifica-
tion in case #8 and #9 due to intratumoral heterogeneity 
of MET amplification [29].

Prognostic significance

No significant difference was found in the overall and 
tumor-specific survival between MDM2-amplified and 
nonamplified cases nor between cases with or without 
MDM2 expression (Fig. 3).

Table 2  Next-generation sequencing (NGS) with Oncomine™ Focus Assay identified only few copy number variations and mutations in nine 
cases with MDM2 amplification. In two cases, DNA quality did not allow NGS analysis

*Not assessable due to low DNA quality

Case number Copy num-
ber variation

Chromo-
some

Fold change Mutation HGVSc HGVSp VAF Read depth

1 CDK4 12 6.5 ERBB4 NM_005235.2:c.2103delT NP_005226.1:p.
Ser701Argf-
sTer13

5.5 5555

2 None 
detected

None 
detected

3 None 
detected

AR NM_000044.3:c.2608-1G>T Splice variant 5 8385

4 Not assessed Not assessed
5 CDK4 12 6.0 NRAS NM_002524.4:c.38G>A NP_002515.1: 

p.Gly13Asp
32.8 1924

ERBB3 12 6.0
KRAS 12 6.0

6 Not assess-
able*

Not assess-
able*

7 None 
detected

CTNNB1 NM_001904.3:c.134C>T NP_001895.1: 
p.Ser45Phe

8.7 381

8 None 
detected

FGFR1 NM_001174067.1:c.842G>A NP_001167538.1: 
p.Arg281Gln

50.8 1338

9 None 
detected

None 
detected

10 Not assess-
able*

Not assess-
able*

11 None 
detected

PIK3CA* NM_006218.2:c.103G>A NP_006209.2: 
p.Glu35Lys

6 499

PIK3CA* NM_006218.2:c.85G>A NP_006209.2: 
p.Gly29Arg

5.2 499
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Discussion

To the best of our knowledge, our study is the single most 
extended analysis of MDM2 amplification in GC of White 
patients. Overall, amplification of MDM2 was rare account-
ing only for 3.4% of our cases, a prevalence supported by 
previous findings. MDM2 amplification was present in 
1.6% of TCGA cohort and 5.5% of the cohort studied by 
Kato et al. [7, 10]. Among the 1114 cases with an adeno-
carcinoma of the esophagus, gastroesophageal junction, or 
stomach documented in the cBioPortal database (search date 
17 September 2023), 72 (6.5%) cases harbored an MDM2 
amplification and only 8 (0.7%) a mutation. Structural vari-
ants have not been reported [37]. Amplification rates may 
not be uniform across tumor types. Günther et al. demon-
strated MDM2 amplification by Southern blot analysis in 18 
of 43 (41.8%) advanced-stage GCs, commonly presenting 
with a diffuse growth pattern [17]. However, in our series, no 
evidence of intratumoral heterogeneity for MDM2 amplifica-
tion was found and we studied a much larger patient cohort.

MDM2 amplification may lead to (over)expression of 
MDM2, although other mechanisms have been reported, 
e.g., germline single nucleotide polymorphisms. We were 
able to demonstrate a significant correlation between MDM2 
amplification and protein expression. MDM2-amplified cases 
expressed MDM2 in 9 cases (81.8%) with gene amplification 

and MDM2 expression was significantly more common in 
MDM2-amplified cases. However, eighty-eight GCs were 
classified as MDM2 positive by immunohistochemistry 
without MDM2 amplification. Furthermore, the MDM2 pro-
tein expression was absent in two tumors with MDM2 ampli-
fication. Similar findings were reported from Cordon-Cardo 
et al. in soft tissue tumors. Twenty-seven percent of the sar-
comas with MDM2 expression lacked MDM2 amplification, 
and vice versa 45% of the tumors with gene amplification 
lacked MDM2 expression [38]. A putative explanation might 
be mRNA splicing, which leads to different forms of the 
MDM2 protein, thereby prohibiting immunohistochemical 
detection. Marchetti et al. in the same sense indicated that 
the utilized antibodies might identify varied epitopes only, 
making immunohistological confirmation sometimes impos-
sible [39]. They observed 21 cases without MDM2 amplifi-
cation but MDM2 protein immunohistochemical reactivity, 
which in few cases was quite widespread [39]. Thus, gene 
amplification does not always correlate with protein expres-
sion and lack of immunostaining does not exclude MDM2 
amplification. Molecular pathological analysis of MDM2 
may give higher specificity and sensitivity compared with 
immunohistochemistry [40, 41].

Next, we tested the hypothesis that MDM2-amplified 
and/or MDM2-positive GCs harbor a specific molecu-
lar or clinical phenotype. While the overall number of 

Fig. 3  Kaplan-Meier curves 
of patient overall survival 
and tumor-specific survival 
using expression of MDM2 
in the immunohistochemical 
examination (IHC) and MDM2 
amplification using fluorescence 
in situ hybridization (FISH). a, 
b Patients’ overall survival and 
tumor-specific survival accord-
ing to MDM2 expression; nega-
tive, no expression; positive, 
cases with a sum score 2–6. c, 
d Patients’ overall survival and 
tumor-specific survival accord-
ing to FISH, amplified, not 
amplified
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MDM2-amplified GCs was low, it was interesting to note that 
these tumors frequently were of KRAS, PIK3CA, and RHOA 
wildtype; microsatellite stable; H. pylori and EBV negative; 
HER2 and MET negative; and positive for FGFR2 (Fig. 3). 
In addition, a single case showed both MDM2 amplification 
and TP53 mutation. Thus, it seems that MDM2 amplification 
and TP53 mutation are not mutually exclusive in all cases 
with GC. Supporting our findings, no significant difference 
in TP53 mutation frequency and MDM2 amplification status 
was found in esophageal carcinomas [42]. On the contrary, 
MDM2 alterations are mutually exclusive with TP53 muta-
tions in sarcomas. However, further studies on larger case 
series are warranted to substantiate these observations. At 
least in our series, no correlation was found between p53 
expression and MDM2 amplification.

MDM2 amplification co-altered with TP53 indicates a 
noncanonical, p53-independent role of MDM2 in tumor 
biology, which was apparent in breast cancer [39]. MDM2 
facilitates angiogenesis as one of its suggested noncanonical 
effects [43]. The distribution of p53 alterations in identify-
ing tumor type contrasted with the distribution of MDM2 
amplification. According to Zhou et al., MDM2 regulates 
vascular endothelial growth factor translation, and it is 
active contributor to increased cancer cell growth and 
angiogenesis [44].

In summary, our study on a large cohort of GCs of West-
ern origin shows that MDM2 amplification is rare in GC and 
more common in intestinal type GC. However, on a case-
by-case analysis, intriguing findings were made, such as that 
MDM2-amplified cases were most commonly microsatellite 
stable; EBV, HER2, and MET negative, and FGFR2 positive.

Conclusion

Whole exome sequencing is becoming a mainstay of preci-
sion medicine and provides massive data on tumor genetics. 
These data are increasingly used to tailor patient treatment, 
particularly in the palliative setting: molecular tumor boards 
heavily rely on published data about the putative tumor bio-
logical significance of mutated target genes. However, there 
is a growing gap between the availability of genetic data and 
validation studies exploring the putative tumor biological 
significance of the respective gene product. To fill this gap 
of information, we extended our previous genetic research 
on nine GCs, two of which harbored an MDM2 amplification 
[5]. The targeted analysis of MDM2 in a well-characterized 
cohort of GC patients showed that MDM2 amplification is 
rare, more commonly of intestinal phenotype, although not 
exclusively, and may not be mutually exclusive with TP53 
mutations. Given the low number of cases, currently, no 
diagnostic or therapeutic recommendation related to MDM2 
amplification can be given for GC of Western origin.
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