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Abstract: Research on the amplification of oncogenes in thymic malignant tumor is limited. In this study, we aimed
to determine the gene amplification status of receptor tyrosine kinases and other cell regulator genes in thymic ma-
lignant tumors, with a view toward the future introduction of molecular targeted therapy. In addition, we examined
the usefulness of multiplex, ligation-dependent probe amplification (MLPA) in the semi-comprehensive detection of
these gene amplifications. The participants of this study were nine patients with thymic carcinoma and one patient
with atypical carcinoid who underwent resection at our department from 1999 to 2016. Twenty-four oncogenes
(MDM4, MYCN, ALK, PDGFRA, KIT, KDR, DHFR, EGFR, MET, SMO, BRAF, FGFR1, MYC, ABL1, RET, CCND1, CCND2,
CDK4, MDM2, AURKB, ERBB2, TOP2A, AURKA, AR) were analyzed for amplification by MLPA. In cases where
amplification by MLPA was suspected, confirmation was performed by fluorescence in situ hybridization (FISH).
Immunostaining for detected oncoproteins and p53 were performed in cases with confirmed oncogene amplifica-
tion. MYC (2/10, 20%) and MDM?2 (1/10, 10%) amplifications were detected using MLPA and FISH. Immunostaining
in both cases was positive. The MDM2-amplified tumor relapsed and spread rapidly after operation despite the use
of post-operative chemo-radiotherapy. MYC amplification may be involved in the carcinogenesis of thymic malignant
tumors. In addition, MDM2 amplification may be a concern in the increased malignancy.

Keywords: Thymic carcinoma, gene amplification, multiplex ligation-dependent probe amplification, fluorescence
in situ hybridization, MYC, MDM2

Introduction metastatic or inoperable refractory/recurrent

disease; however, there remains a lack of stan-

Thymic epithelial tumors, including thymoma,
thymic carcinoma, and thymic neuroendocrine
tumors, are rare primary tumors of the medias-
tinum and are derived from the thymic epitheli-
um. Thymoma is the most common primary an-
terior mediastinal mass, while thymic carcino-
mas or thymic neuroendocrine tumors are far
rarer, but are more likely to spread [1]. Although
the treatment of thymic epithelial tumors
requires a multidisciplinary approach, surgery
is the mainstay of treatment in the manage-
ment of thymic tumors for those patients where
complete resection is possible. Systemic che-
motherapy represents the standard of care for

dard treatment after first-line failure [1]. The
five-year survival rate of thymic carcinoma
patients treated with multimodal therapy,
including surgical resection, chemotherapy,
and radiotherapy, is 40-65.7%, with poorer
prognoses reported for incompletely resected
patients [2-5]. To improve the prognoses of
patients with metastatic or inoperable refrac-
tory/recurrent disease, an examination of the
efficacy of molecular target therapies should be
undertaken [6].

In various cancers, including non-small cell lung
cancer, molecular target therapies have been
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Table 1. Patient characteristics
Patients (n=10)

Age, years
Median 66
Range 55-76

Gender
Male 8
Female

Histology
Squamous cell carcinoma
Adenocarcinoma
Basaloid carcinoma
Atypical carcinoid

Surgical Procedure
Complete resection
Biopsy

Masaoka Stage
|
Il
1
IVb

N

B R RN

a W R R

shown to be effective in cases with target gene
mutation or amplification [7, 8]. While many thy-
mic carcinomas are immunohistochemically
positive for EGFR, HER2, and c-KIT, actual mu-
tations in these oncogenes are detected only in
a limited number of cases [9]. For this reason,
molecular target therapies have not been ex-
tensively evaluated in thymic carcinoma pa-
tients [6], and studies of the amplification of
oncogenes in thymic carcinoma are limited
[10-12].

Therefore, the aim of the present study was to
determine the amplification status of onco-
genes semi-comprehensively in thymic malig-
nant tumors using the multiplex ligation-depen-
dent probe amplification (MLPA) method, with a
view toward the future introduction of molecu-
lar targeted therapy.

Patients and methods
Patients

A total of 10 patients with thymic malignant
tumors who underwent surgery at the Depart-
ment of Thoracic, Cardiovascular and General
Surgery in Kanazawa University Hospital be-
tween 1999 and 2017 were examined. The Me-
dical Ethics Committee of Kanazawa University
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approved this laboratory study. Serial sections
cut from representative formalin-fixed and par-
affin-embedded cancer tissues were used for
hematoxylin-eosin staining, MLPA, fluorescen-
ce in situ hybridization (FISH), and immunohis-
tochemistry.

Relevant patient characteristics are listed in
Table 1. Patient age ranged from 55 to 76
years, with a median age of 66 years. According
to the World Health Organization Classification
of Tumors [13], the histological subtype of the
thymic malignant tumors was squamous cell
carcinoma in seven cases, and one case each
of adenocarcinoma, basaloid carcinoma, and
atypical carcinoid. Complete resection was per-
formed in nine patients, with only one case of
pulmonary metastasectomy used for diagno-
sis. According to the system described by
Masaoka et al. [14], the pathological stage was
stage | in one patient, stage Il in one patient,
stage Il in three patients, and stage IVb in five
patients. Four patients are still alive without
recurrence while three patients are alive with
recurrence, two patients died from thymic
malignant tumor, and one patient died from
another disease. Post-operative survival time
ranged from 6 to 221 months, with a median
time of 36 months.

MLPA

A cancer area was selected on a 6 um-thick
representative tumor section, with reference to
the adjacent hematoxylin-eosin staining sec-
tion, taking care that non-neoplastic cells were
excluded as much as possible. DNA was manu-
ally extracted from each section using protein-
ase K (Rosch Diagnostics, Manheim, Germany)
according to the manufacturer’s protocol (MRC-
Holland, Amsterdam, The Netherlands). By
using this protocol, > 1 pg of sample DNA with
an 0D260:0D280 ratio within 1.1-1.7 was
obtained from each tumor. DNA from the cell
lines MKN7, A431, HSC39, and MKN45, previ-
ously shown to display amplified ERBB2, EGFR,
MYC, and MET, respectively, were used as posi-
tive controls [15, 16]. MLPA was performed by
using the kit from MRC-Holland. The SALSA
MLPA P175-A2 Tumor-Gain kit contains two or
three probes for each of 24 genes including
MDM4, MYCN, ALK, PDGFRA, KIT, KDR, DHFR,
EGFR, MET, SMO, BRAF, FGFR1, MYC, ABL1,
RET, CCND1, CCND2, CDK4, MDM?2, AURKB,
ERBB2, TOP2A, AURKA, and AR. PCR products
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Table 2. Genes with increased copy number detected by multiplex ligation-dependent probe amplifi-

cation in thymic malignant tumors

Name of gene MYC MDM2 CCND1
Chromosomal locus of gene 8q24.13 12q15 11913.3
FISH probe RP11-440N18 RP11-775J10 RP11-30016
No. of amplified cases detected by MLPA 3 1 1
No. of amplified cases confirmed by FISH 2 1 0
Abbreviation: MLPA, multiplex ligation-dependent probe amplification. FISH, fluorescence in situ hybridization.

Table 3. Antibodies and dilutions applied for immunohistochemistry

Antibody Clone Dilution Antigen retrieval Manufacturer

MYC Y69 1:50 PC pH9, EDTA Pharmingen, San Diego, CA, USA
MDM2 IF2 1:40 PC pH®6, citrate Calbiochem, La Jolla, CA, USA
p53 Do-7 prediluted PC pH®6, citrate DAKO IR616

Abbreviation: PC, pressure cooking.

were separated on an ABI-310 capillary se-
quencer (Applied Biosystems, Foster City, CA,
USA) and interpreted with Genemapper soft-
ware (Applied Biosystems). Data analysis was
performed with Coffalyser MLPA-DAT software
(version 9.4, MRC-Holland) in order to generate
normalized 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 > 2.0 as “amplified”, using a previ-
ously established system [17, 18].

FISH

Tumors with “amplified” genes as determined
by MLPA were further examined using FISH to
validate the accuracy of the MLPA results for
respective gene amplification. The FISH probes
acquired from BACPAC Resources (Oakland,
CA, USA) are summarized in Table 2. Probes
were labeled with SpectrumOrange or Spec-
trumGreen using a nick translation kit (Abbott
Laboratories, Abbott Park, IL, USA). For the
detection of gene amplification, a Spectrum-
Green-labeled pericentromeric probe (Abbott),
specific to each chromosome on which the par-
ticular gene was located, was co-hybridized to
standardize the chromosome number. The
removal of proteins from the tissue sections,
denaturation, hybridization, and post-hybridiza-
tion washing were performed as described pre-
viously [18]. Tissue sections were counter-
stained with DAPI Il (Abbott) and examined
using a fluorescence microscope (Olympus,
Tokyo, Japan) equipped with a Triple Bandpass
Filter set (Abbott) for DAPI I, SpectrumOrange,
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and SpectrumGreen, using a filter set specific
for SpectrumOrange or SpectrumGreen. FISH
images were recorded through a cooled, char-
ge-coupled device camera (DP-70, Olympus)
linked to a computer software program (DP
Manager, Olympus). The scoring and evaluation
of the FISH slides was performed manually by
counting the gene signals and the centromere
signals on which the gene was located, with 20
tumor nuclei per case. The average copy num-
ber of the gene and the centromere, along with
their ratio, was determined for each case.
According to the criteria of ERBB2 amplification
approved by the American Society of Clinical
Oncology/College of American Pathologists, ge-
ne amplification was determined when the
quantity of positive cells was defined as more
than six gene copies per nucleus or gene sig-
nal/centromere signal > 2.2 [19].

Immunohistochemistry

Immunohistochemistry for MYC, MDM2, and
p53 was performed on tumors with FISH-
confirmed MYC or MDM?2 amplification. Anti-
body clones, manufacturers, dilutions, and the
antigen retrieval methods are summarized in
Table 3. Antibody binding was visualized using
the LSAB system (Dako, Glostrup, Denmark).
For the evaluation of the positive staining of
p53, each tumor was scored using a four-tier
system (0, 1+, 2+, 3+) according to the criteria
recommended by Dako for the HercepTest. For
the evaluation of MYC and MDM2 staining, only
nuclear immunostaining, which was significant-
ly higher than that of the control cells of normal
thymus, was considered as positive.

Int J Clin Exp Pathol 2020;13(5):1035-1044
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Table 4. Thymic malignant tumor cases with gene amplification

) ) o FISH Immunohistchemistry
Case No. Histological classification
MYC MDM2 MYC MDM2 p53
1 Basaloid carcinoma amplified positive positive
2 Squamous cell carcinoma amplified amplified positive positive positive

Abbreviation: FISH, fluorescence in situ hybridization.

Results
MLPA

MLPA was successfully performed on all 10 of
the formalin-fixed and paraffin-embedded tu-
mor tissue samples. The gene status of the 24
oncogenes analyzed in the 10 tumors were cat-
egorized as “amplified”, “gain”, or “normal” ba-
sed on mean MLPA peak values. There were no
cases with “lost” genes. The number of tumors
designated as “amplified” for specific genes by
MLPA is summarized in Table 2. All tumors dis-
played a “normal” or “gain” copy number for
MDM4, MYCN, ALK, PDGFRA, KIT, KDR, DHFR,
EGFR, MET, SMO, BRAF, FGFR1, ABL1, RET,
CCND1, CCND2, CDK4, AURKB, ERBB2, TOP2A,
AURKA, and AR.

FISH

Out of the 10 total thymic malignant tumors,
four tumors (40%) displayed gene amplification
of MYC, MDM2, or CCND1 by MLPA. FISH analy-
ses were performed in these “amplified” tumors
to confirm gene amplification. From the FISH
analysis, two tumors had cancer cells with gene
amplifications of MYC or MDM2 that could be
detected by FISH; these tumors are shown in
Table 4.

Immunohistochemistry

Immunohistochemistry for MYC was positive in
both 2 tumors with MYC amplification. Immu-
nohistochemistry for MDM2 was positive in one
tumor with MDM2 amplification. We examined
p53 immunohistochemistry because MDM2 is
an antagonist for p53. Eight cases out of the 10
cases showed a positive reaction to p53 immu-
nohistochemistry. Cases with MDM2 or MYC
amplifications were both positive for p53 immu-
nohistochemistry as shown in Table 4.

Clinical courses and pathological findings of
the two cases with oncogenic amplification

Case 1, with MYC amplification, was a 74-year-
old man, diagnosed with stage | basaloid carci-
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noma who underwent total thymectomy (Figure
1). Macroscopic examination revealed the pres-
ence of a multicystic lesion that was approxi-
mately 6 cm in size, with relatively well-defined
borders and scattered white nodules on the
cystic walls. Thymic tissue was found around
the cyst. Furthermore, microscopic examina-
tion revealed that the cyst wall was a relatively
thick fibrous tissue, with a multilayer of tumor
cells with high N/C ratio and proliferated papil-
lary in the mural node. Basaloid cells with pali-
saded nuclear arrangement proliferated at the
margin of the tumor. The nuclei of the tumor
cells were irregular in size and shape, and
mitotic figures were scattered. A small fraction
of the tumor cells invaded beyond the cyst wall.
There was an image in which vein invasion was
suspected; however, lymphatic invasion was
unclear. Immunostaining revealed that the
tumor cells were CD5(-), CK5/6(+), CAMb5. 2(+),
TTF-1(-), chromogranin(-), and synaptophysin(-)
and had MIB-1 indexes of 30%-40%. Basaloid
carcinoma was the diagnosis on morphologic
findings. He is alive without recurrence at 74
months after the operation.

Case 2, with both MYC and MDM2 amplifica-
tions, was a 63-year-old man, diagnosed with
stage IVb squamous cell carcinoma invading
the right upper lung, pericardium, and medias-
tinal lymph nodes (Figure 2). He underwent a
total thymectomy with right pulmonary and
pericardial partial resection and mediastinal
lymph node dissections. Macroscopic examina-
tion revealed that the tumor was 6.5x4.2x3.0
cm in diameter, and the tumor was mainly
located in the thymus and invaded into the right
lung. A part of the tumor was necrotic, with
slight adhesion to the pericardium. Microscopic
examination revealed that the histology of the
tumor was that of squamous cell carcinoma
and mainly comprised well-differentiated ele-
ments with keratinization, which proliferated in
an invasive manner. The tumor directly invaded
the right lung, particularly with severe lymphat-
ic invasion. Not only the lymph vessels in the
mediastinum but also the lymph vessels in the
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Figure 1. Case 1 with MYC amplification was diagnosed histopathologically as basaloid carcinoma (A: hematoxylin
and eosin stain, original magnification 10x). MYC amplification was confirmed by FISH (B: orange fluorescence, MYC;
green fluorescence, centromere probe for chromosome 8). And the protein overexpression of MYC and p53(2+) were
detected by immunohistochemistry (C: MYC, original magnification 400x; D: p53, original magnification 400x).

lungs and lymph vessels just beneath the pleu-
ra were extensively infiltrated. Immunostaining
(CD5 and c-KIT) was negative. The macroscopic
shape of the tumor suggested that the tumor
invaded to the lung from the thymus side. The
sarcomatous element, which was found in the
liposarcoma cases with MDMZ2 amplification,
was not detected. Chemo-radiotherapy was
performed after the operation. However, the
tumor relapsed 4 months after the operation
and spread rapidly. The patient died of cancer
at 6 months from the operation.

Discussion

In this study, we investigated the amplification
of oncogenes in thymic malignant tumors using
both MLPA and FISH methods. Examining mul-
tiple genetic amplifications from multiple sam-
ples using FISH is time-consuming, labor-inten-
sive, and unrealistic. Thus, the use of the MLPA
method in this study allowed for a relatively
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accurate assessment of the presence or
absence of the amplification of multiple genes
for a number of samples in a single experimen-
tal procedure. FISH was then used on the sam-
ples that were expected to be amplified by this
method. In this way, the time, labor, and costs
required for the experiment can be dramatically
reduced. In a previous study of gastric cancer,
FISH was performed to evaluate the amplifica-
tion in samples categorized as “gain” and
“amplified”; however, no significant amplifica-
tion was observed in cases categorized as
“gain” [20, 21]. Therefore, in this study, FISH
was performed only on samples evaluated as
‘amplified’.

Genetic mutations associated with receptor
tyrosine kinases are relatively common in lung
adenocarcinoma and have been associated
with the therapeutic effects of molecular tar-
geted therapies [22]. On the other hand, thymic
tumors have been researched for genetic
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Figure 2. Case 2 with MYC and MDM2 amplifications was diagnosed histopathologically as keratinizing squamous
cell carcinoma (A: hematoxylin and eosin stain, original magnification 200x). MYC and MDM2 amplifications were
confirmed by FISH (B: orange fluorescence, MYC; green fluorescence, centromere probe for chromosome 8, C: or-
ange fluorescence, MDM?2; green fluorescence centromere probe for chromosome 12). And the protein overexpres-
sion of MYC, MDM2, and p53(3+) were detected by immunohistochemistry (D: MYC, original magnification 400x%; E:
MDMZ2, original magnification 400x; F: p53, original magnification 200x).

abnormalities, but no results have been found
to be relevant to treatment [6]. Thymomas and
thymic carcinomas appear to be genetically
quite different tumors, thus both should be
considered separately when investigating ge-
netic abnormalities [23]. The opportunity to
examine thymic malignant tumors is limited
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because their frequency is rare in comparison
with thymomas. The evaluation of the onco-
genes related to thymic carcinoma has been
primarily performed for receptor tyrosine kinas-
es, including EGFR, HER2 (ERBB2), and KIT.
Though positive results were comparatively
recognized at a high frequency by immunos-
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Table 5. Reports on amplification of oncogenes in thymic malignant tumor detected by FISH

year Author EGFR HER2 (ERBB2) MYC MDM2
2003 Pan CC 0/12 (0%)

2005 lonescu DN 1/4 (25%)

2012 Weissferdt 0/24 (0%) 1/24 (4.2%)

2019 our report 0/10 (0%) 0/10 (0%) 2/10 (20%) 1/10  (10%)

Abbreviation: FISH, fluorescence in situ hybridization.

taining, the frequency of recognized gene muta-
tions was rare, and these mutations were not
associated with treatment [9]. Eighteen cases
of poorly differentiated nonkeratinizing squa-
mous cell carcinomas of the thymus were ana-
lyzed using next-generation sequencing; no
“actionable” genes amenable to currently avail-
able targeted therapies were identified [24].

Relevant studies on gene amplification that
report on the oncogenes of thymic carcinoma
are shown in Table 5 [10-12]. As for gene ampli-
fication, only EGFR and HER2 (ERBB2) have
been reported to date. Therefore, to our knowl-
edge, this is the first report to semi-comprehen-
sively examine the amplification of thymic ma-
lighant tumors, including oncogenes other than
EGFR and HER2 (ERBB2). In the present exami-
nation, the genetic amplification of EGFR or
HER2 (ERBB2) was not observed. Thus, the
effects of EGFR tyrosine kinase inhibitors on
thymic malignant tumors may be limited.
Although KIT is overexpressed in many thymic
carcinomas (46-86%) as detected by immunos-
taining, mutations in this gene are only identi-
fied in as few as 9% of cases. In addition, there
are several types of mutations, and it has been
reported that molecular target drugs such as
imatinib show effects only in cases with muta-
tions [6, 9]. No studies on gene amplification
for KIT have been reported. In the present
study, no amplification of KIT was observed,
thus we can presume that the frequency of KIT
amplification is not high.

In this study, amplifications of MYC and MDM?2
were observed, and p53 immunostaining was
positive in both cases. MYC is the most fre-
quently amplified oncogene in human cancers
and its alteration is observed in a wide range of
tumors, including breast, lung, and prostate
cancers [25]. MYC encodes a transcription fac-
tor that triggers selective gene expression am-
plification in order to promote cellular growth
and proliferation [26]. MYC amplification has
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been pointed out in a detailed report of a thy-
mic adenocarcinoma case, for which whole
exome sequencing and whole transcriptome
sequencing were performed [27]. It was dis-
cussed that MYC amplification might contribute
to the high malignancy of thymic adenocarci-
noma because such a focal MYC amplification
had been unprecedented in type A and type AB
thymomas [23, 28, 29]. Since the amplification
of MYC was recognized in 2 (20%) of the 10
cases examined in this study, the amplification
of MYC may be a concern in carcinogenesis and
the progress of thymic malignant tumor at a
constant rate. Currently, a drug specifically for
MYC is under development and it may be asso-
ciated with a specific treatment strategy in the
future [26, 30].

MDM?2 is an oncogene that suppresses the
actions of p53; the amplification of MDM?2 is a
frequent abnormality observed in liposarcomas
[31]. The overexpression of MDM2 is often
seen in various human cancers, and correlates
with high-grade, late-stage, and more treat-
ment-resistant tumors [32]. MDM2 amplifica-
tion has not been detected in thymic carcinoma
cases, and this is the first report that pointed
out a case with MDM2 amplification. This tumor
with MDM2 amplification was a high-grade
malignant tumor like the other organ tumors
with MDM2 amplification. MDM2 amplification
may be also a concern in the increased malig-
nancy of thymic carcinoma.

The high frequency of p53 protein overexpres-
sion in thymic carcinoma has been reported
previously [33]. The authors suggest that a cer-
tain oncoprotein may interact with the p53 pro-
tein in thymic carcinomas, leading to the stabi-
lization of the wild-type p53 protein. It is inter-
esting to note that the presence of p53 overex-
pression is associated with an increase in car-
cinogenicity due to MYC [30], and that both
cases in which MYC amplification was positive
in this study also had p53 protein overex-
pression.

Int J Clin Exp Pathol 2020;13(5):1035-1044
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There are some limitations to this study. As thy-
mic malignant tumor is a very rare disease and
has a lot of subtypes; therefore, further cases
may need to be accumulated, for example, by
collecting cases in a multicenter study. Thymic
carcinoma is defined as a primary thymic epi-
thelial neoplasm displaying overt cytologic evi-
dence of malignancy with loss of organotypical
features of thymic differentiation. No reliable
histopathologic features have yet been identi-
fied that may help distinguish these tumors
from metastases from other organs. In most
cases, thymic carcinoma remains a diagnosis
of exclusion [13]. This study also concerns rela-
tively old specimens and the possibility of false
negatives by FISH or immunostaining cannot
be denied due to storage problems. However,
the MLPA method was performed without
issues in all cases.

In conclusion, we detected MYC (20%) and
MDM?2 (10%) amplifications through the semi-
comprehensive examination of oncogenic
amplifications in thymic malignant tumors by
using both MLPA and FISH methods. MYC
amplification may be involved in the carcino-
genesis of thymic malignant tumors. In addi-
tion, MDM2 amplification may be a concern in
the increased malignancy of thymic carcino-
ma.

Acknowledgements

The authors would like to thank Enago (www.
enago.jp) for the English language review.

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Seiichi Kakegawa,
Department of Thoracic, Cardiovascular and Gene-
ral Surgery, Graduate School of Medical Science,
Kanazawa University, 13-1 Takara-machi Kanazawa,
Ishikawa 920-8641, Japan. Tel: +81-76-265-2354;
Fax: +81-76-222-6833; E-mail: seiichi.kakegawa@
gmail.com

References

[1] Scorsetti M, Leo F, Trama A, D’Angelillo R,
Serpico D, Macerelli M, Zucali P, Gatta G and
Garassino MC. Thymoma and thymic carcino-
mas. Crit Rev Oncol Hematol 2016; 99: 332-
350.

[2] Weissferdt A and Moran CA. Thymic carcino-
ma, part 1: a clinicopathological and immuno-

1042

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

histochemical study of 65 cases. Am J Clin
Pathol 2012; 138: 103-114.

Ahmad U, Yao X, Detterbeck F, Huang J,
Antonicelli A, Filosso PL, Ruffini E, Travis W,
Jones DR, Zhan Y, Lucchi M and Rimner A.
Thymic carcinoma outcomes and prognosis:
results of an international analysis. J Thorac
Cardiovasc Surg 2015; 149: 95-100.

Hishida T, Nomura S, Yano M, Asamura H,
Yamashita M, Ohde Y, Kondo K, Date H,
Okumura M and Nagai K; Japanese Association
for Research on the Thymus (JART). Long-term
outcome and prognostic factors of surgically
treated thymic carcinoma: results of 306 cas-
es from a Japanese Nationwide database
study. Eur J Cardiothorac Surg 2016; 49: 835-
841.

Weksler B, Dhupar R, Parikh V, Nason KS,
Pennathur A and Ferson PF. Thymic carcinoma:
a multivariate analysis of factors predictive of
survival in 290 patients. Ann Thorac Surg
2013; 95: 299-303.

Berardi R, De Lisa M, Pagliaretta S, Onofri A,
Morgese F, Savini A, Ballatore Z, Caramanti M,
Santoni M, Mazzanti P and Cascinu S. Thymic
neoplasms: an update on the use of chemo-
therapy and new targeted therapies. A litera-
ture reviews. Cancer Treat Rev 2014; 40: 495-
506.

Takano T, Ohe Y, Sakamoto H, Tsuta K, Matsuno
Y, Tateishi U, Yamamoto S, Nokihara H,
Yamamoto N, Sekine I, Kunitoh H, Shibata T,
Sakiyama T, Yoshida T and Tamura T. Epidermal
growth factor receptor gene mutations and in-
creased copy numbers predict gefitinib sensi-
tivity in patients with recurrent non-small-cell
lung cancer. J Clin Oncol 2005; 23: 6829-
6837.

Hirsch FR, Varella-Garcia M, McCoy J, West H,
Xavier AC, Gumerlock P, Bunn PA Jr, Franklin
WA, Crowley J and Gandara DR; Southwest
Oncology Group. Increased epidermal growth
factor receptor gene copy number detected by
fluorescence in situ hybridization associates
with increased sensitivity to gefitinib in pa-
tients with bronchioloalveolar carcinoma sub-
types: a Southwest oncology group study. J Clin
Oncol 2005; 23: 6838-45.

Weissferdt A, Wistuba Il and Moran CA.
Molecular aspects of thymic carcinoma. Lung
Cancer 2012; 78: 127-132.

Pan CC, Chen PC, Wang LS, Lee JY and Chiang
H. Expression of apoptosis-related markers
and HER-2/neu in thymic epithelial tumours.
Histopathology 2003; 43: 165-172.

lonescu DN, Sasatomi E, Cieply K, Nola M and
Dacic S. Protein expression and gene amplifi-
cation of epidermal growth factor receptor in
thymomas. Cancer 2005; 103: 630-636.

Int J Clin Exp Pathol 2020;13(5):1035-1044



[12]

[13]

(14]

[15]

(16]

(17]

(18]

[19]

[20]

[21]

Analysis of gene amplification in thymic malignant tumors

Weissferdt A, Lin H, Woods D, Tang X, Fujimoto
J, Wistuba Il and Moran CA. HER family recep-
tor and ligand status in thymic carcinoma.
Lung Cancer 2012; 77: 515-521.

Travis WD, Brambilla E, Burke AP, Marx A and
Nicholson AG. WHO classification of tumours
of the lung, pleura, thymus and heart. Lyon:
International Agency for Research on Cancer;
2015.

Masaoka A, Monden Y, Nakahara K and
Tanioka T. Follow-up study of thymomas with
special reference to their clinical stages.
Cancer 1981; 48: 2485-2492.

Hara T, Ooi A, Kobayashi M, Mai M, Yanagihara
K and Nakanishi I. Amplification of c-myc,
K-sam, and c-met in gastric cancers: detection
by fluorescence in situ hybridization. Lab Invest
1998; 78: 1143-1153.

Takehana T, Kunitomo K, Suzuki S, Kono K,
Fujii H, Matsumoto Y and Ooi A. Expression of
epidermal growth factor receptor in gastric car-
cinomas. Clin Gastroenterol Hepatol 2003; 1:
438-445.

Tajiri R, Ooi A, Fujimura T, Oyama T, Nakamura
R and lkeda H. Intratumoral heterogeneous
amplification of ERBB2 and subclonal genetic
diversity in gastric cancers revealed by multi-
ple ligation-dependent probe amplification and
fluorescence in situ hybridization. Hum Pathol
2014; 45: 725-734.

Ooi A, Inokuchi M, Harada S, Inazawa J, Tajiri R,
Kitamura SS, lkeda H, Kawashima H and
Dobashi Y. Gene amplification of ESR1 in
breast cancers-fact or fiction? A fluorescence
in situ hybridization and multiplex ligation-de-
pendent probe amplification study. J Pathol
2012; 227: 8-16.

Wolff AG, Hammond ME, Schwartz JN, Hagerty
KL, Allred DC, Cote RJ, Dowsett M, Fitzgibbons
PL, Hanna WM, Langer A, McShane LM, Paik S,
Pegram MD, Perez EA, Press MF, Rhodes A,
Sturgeon C, Taube SE, Tubbs R, Vance GH, van
de Vijver M, Wheeler TM and Hayes DF;
American Society of Clinical Oncology; College
of American Pathologists. American society of
clinical oncology/college of American patholo-
gists guideline recommendations for human
epidermal growth factor receptor 2 testing in
breast cancer. J Clin Oncol 2007; 25: 118-145.
Ooi A, Oyama T, Nakamura R, Tajiri R, Ikeda H,
Fushida S, Nakamura H and Dobashi Y. Semi-
comprehensive analysis of gene amplification
in gastric cancers using multiplex ligation-de-
pendent probe amplification and fluorescence
in situ hybridization. Mod Pathol 2015; 28:
861-871.

0Ooi A, Oyama T, Nakamura R, Tajiri R, Ikeda H,
Fushida S and Dobashi Y. Gene amplification
of CCNE1, CCND1, and CDK6 in gastric can-
cers detected by multiplex ligation-dependent

1043

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

probe amplification and fluorescence in situ
hybridization. Hum Pathol 2017; 61: 58-67.
Duffy MJ, O’'Donovan N and Crown J. Use of
molecular markers for predicting therapy re-
sponse in cancer patients. Cancer Treat Rev
2011; 37: 151-159.

Girard N, Shen R, Guo T, Zakowski MF, Heguy
A, Riely GJ, Huang J, Lau C, Lash AE, Ladanyi
M, Viale A, Antonescu CR, Travis WD, Rusch
VW, Kris MG and Pao W. Comprehensive ge-
nomic analysis reveals clinically relevant mo-
lecular distinctions between thymic carcino-
mas and thymomas. Clin Cancer Res 2009;
15: 6790-6799.

Suster D, Pihan G, Mackinnon AC and Suster S.
Poorly differentiated nonkeratinizing squa-
mous cell carcinoma of the thymus: clinico-
pathologic and molecular genetic study of 25
cases. Am J Surg Pathol 2018; 42: 1224-
1236.

Beroukhim R, Mermel CH, Porter D, Wei G,
Raychaudhuri S, Donovan J, Barretina J,
Boehm JS, Dobson J, Urashima M, Mc Henry
KT, Pinchback RM, Ligon AH, Cho YJ, Haery L,
Greulich H, Reich M, Winckler W, Lawrence
MS, Weir BA, Tanaka KE, Chiang DY, Bass AJ,
Loo A, Hoffman C, Prensner J, Liefeld T, Gao Q,
Yecies D, Signoretti S, Maher E, Kaye FJ, Sasaki
H, Tepper JE, Fletcher JA, Tabernero J, Baselga
J, Tsao MS, Demichelis F, Rubin MA, Janne PA,
Daly MJ, Nucera C, Levine RL, Ebert BL, Gabriel
S, Rustgi AK, Antonescu CR, Ladanyi M, Letai
A, Garraway LA, Loda M, Beer DG, True LD,
Okamoto A, Pomeroy SL, Singer S, Golub TR,
Lander ES, Getz G, Sellers WR and Meyerson
M. The landscape of somatic copy-number al-
teration across human cancers. Nature 2010;
463: 899-905.

Carabet LA, Rennie PS and Cherkasov A.
Therapeutic inhibition of myc in cancer.
Structural bases and computer-aided drug dis-
covery approaches. Int J Mol Sci 2018; 20:
e120.

Lee Y, Park S, Lee SH and Lee H.
Characterization of genetic aberrations in a
single case of metastatic thymic adenocarci-
noma. BMC Cancer 2017; 17: 330.

Petrini I, Meltzer PS, Kim IK, Lucchi M, Park
KS, Fontanini G, Gao J, Zucali PA, Calabrese F,
Favaretto A, Rea F, Rodriguez-Canales J,
Walker RL, Pineda M, Zhu YJ, Lau C, Killian KJ,
Bilke S, Voeller D, Dakshanamurthy S, Wang Y
and Giaccone G. A specific missense mutation
in GTF2I occurs at high frequency in thymic
epithelial tumors. Nat Genet 2014; 46: 844-
849.

Petrini |, Meltzer PS, Zucali PA, Luo J, Lee C,
Santoro A, Lee HS, Killian KJ, Wang Y, Tsokos
M, Roncalli M, Steinberg SM, Wang Y and
Giaccone G. Copy number aberrations of BCL2

Int J Clin Exp Pathol 2020;13(5):1035-1044



[30]

(31]

1044

Analysis of gene amplification in thymic malignant tumors

and CDKN2A/B identified by array-CGH in thy-
mic epithelial tumors. Cell Death Dis 2012; 3:
e351.

Stine ZE, Walton ZE, Altman BJ, Hsieh AL and
Dang CV. MYC, metabolism, and cancer.
Cancer Discov 2015; 5: 1024-1039.

Kimura H, Dobashi Y, Nojima T, Nakamura H,
Yamamoto N, Tsuchiya H, Ikeda H, Sawada-
Kitamura S, Oyama T and Ooi A. Utility of fluo-
rescence in situ hybridization to detect MDM2
amplification in liposarcomas and their mor-
phological mimics. Int J Clin Exp Pathol 2013;
6: 1306-1316.

(32]

(33]

Qin JJ, Nag S, Voruganti S, Wang W and Zhang
R. Natural product MDM2 inhibitors: antican-
cer activity and mechanisms of action. Curr
Med Chem 2012; 19: 5705-5725.

Hino N, Kondo K, Miyoshi T, Uyama T and
Monden Y. High frequency of p53 protein ex-
pression in thymic carcinoma but not in thy-
moma. Br J Cancer 1997; 76: 1361-1366.

Int J Clin Exp Pathol 2020;13(5):1035-1044



