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Division Summary

The mission of our division centers on laboratory and clinical research to develop the
novel strategies and modalities for diagnosis and treatment of the gastrointestinal (GI),
refractory and rare cancer types including glioblastoma, bone and soft tissue sarcomas and
pancreatic neuroendocrine neoplasms. Research projects are based on biological character-
istics of individual tumor types that are relevant to their invasive and metastatic potential,
resistance to therapy, recurrence and outcome of patients. Our current efforts are focused on
(1) research and development of the cancer therapy by targeting aberrant glycogen synthase
kinase (GSK)3p; (2) understanding of malignant phenotypes of cancer by investigating
pathological metabolic properties (eg., aerobic glycolysis, tumor-promoting autophagy); and
(3) biological basis of GI and refractory cancer, all for clinical translation. We have been
also establishing the tissue material resources of human stomach and colorectal cancer for
our own projects described above as well as for studies collaborating with our institutional
and many other research groups. During an immediate couple of years, we have obtained the
preliminary results indicating the putative roles of tumor GSK3f as a molecular node that is
intersected by the pathways responsible for tumor invasion and resistance to therapy, thus
enforcing its potential as an emerging cancer therapeutic target. We are extending this project
toward investigation of the putative roles for GSK3p in promoting pancreatic neuro-
endocrine neoplasms as well as in interconnecting malignant phenotypes in pancreatic
cancer with acquired chemoresistance. Following the project on GSK3f, we have recently
identified a number of molecules potentially responsible for acquired resistance to gemcita-
bine in pancreatic cancer by comparing the cDNA microarray-based gene expression
between gemcitabine-sensitive BxPC-3 cells and BxPC-3-derived clones that acquired
stepwise resistance to gemcitabine. In addition to these projects, we have participated in the
collaborative studies showing the association of hTERT phosphorylation and longer

telomere length in cancer cells with worth prognosis in various cancer types.

<2022 FOMEARE, EBKRERVOSEROEE>
1. glycogen synthase kinase (GSK) 3B BAEIZ &AM AAEEDHIZ. BF
Wt BN A EFRFR S TS GSK3B A E A D5 R 2N LT, BNADEMIEE %
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Kanaji N, Miyatake N, Okano K, Kato Y, Masutomi K. Phosphorylation of hTERT at
threonine 249 is a novel tumor biomarker of aggressive cancer with poor prognosis in
multiple organs. J Pathol 257 (2): 172-85, 2022. doi: 10.1002/path.5876 [9.883]

. Kondo H, Mishiro K, Iwashima Y, Qiu Y, Kobayashi A, Lim K, Domoto T, Minamoto
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propenone compound that inhibits BRD4-driven nucleoporin NUP210 expression and
attenuates colorectal cancer growth. Cells 11 (3): 317,2022. doi: 10.3390/cells11030317
[7.666]
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1. Takahiro Domoto, Masahiro Uehara, Osamu Takeuchi, Tomoharu Miyashita, Toshinari

Minamoto. GSK3f interconnects tumor invasion and stemness in pancreatic cancer
acquiring resistance to gemcitabine. The 7th JCA-AACR Special Joint Conference: The
Latest Advances in Pancreatic Cancer Research: From Basic Science to Therapeutics,
June 8" (Wed)~10" (Fri), 2022, Kyoto, Japan.

Masahiro Uehara, Takahiro Domoto, Satoshi Takenaka, Dilireba Bolidong, Osamu
Takeuchi, Tomoharu Miyashita, Toshinari Minamoto. Glycogen synthase kinase-3[3
participates in acquired resistance to gemcitabine in pancreatic cancer. The 7th JCA-
AACR Special Joint Conference: The Latest Advances in Pancreatic Cancer Research:
From Basic Science to Therapeutics, June 8 (Wed)~10™ (Fri), 2022, Kyoto, Japan.
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4. Takahiro Domoto, Satoshi Takenaka, Masahiro Uehara, Tatsuhiko Furukawa, Tomoharu
Miyashita , Toshinari Minamoto. GSK3p participates in malignant properties of
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hTERT at threonine 249 is a novel biomarker of aggressive cancer with poor prognosis.
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JatkE 2 A9 5. 5 33 [l H AMALESE R EFERE, VRV UL 3 [T
MpEoOHIED 20224 11 H 11 H (&), 12 A (1), —ERE—IG#EE, 5.
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el Ota R, Sawada T, Tsuyama S, Yao T, Sasaki Y, Suzuki H, Kaizaki Y,
Sl Hasatani K, Yamamoto E, Nakanishi H, Inagaki S, Tsuji S, Yoshida N,

- Doyama H, Kasashima S, Kubota E, Kataoka H, Tokino T, Minamoto T.
Integrated genetic and epigenetic analysis of cancer-related genes in non-

ampullary duodenal adenomas and intramucosal adenocarcinomas. J
_//"" Pathol 252 (3): 330-42, 2020. doi: 10.1002/path.5529.

The molecular and clinical characteristics of non-ampullary duodenal adenomas and intramucosal
adenocarcinomas are not fully understood because they are rare. To clarify these characteristics, we
performed genetic and epigenetic analysis of cancer-related genes in these lesions. One hundred and
seven non-ampullary duodenal adenomas and intramucosal adenocarcinomas, including 100 small
intestinal-type tumors (90 adenomas and 10 intramucosal adenocarcinomas) and 7 gastric-type
tumors (2 pyloric gland adenomas and 5 intramucosal adenocarcinomas), were investigated. Using
bisulfite pyrosequencing, we assessed the methylation status of CpG island methylator phenotype
(CIMP) markers and MLH1. Then using next-generation sequencing, we performed targeted exome
sequence analysis within 75 cancer-related genes in 102 lesions. There were significant differences
in the clinicopathological and molecular variables between small intestinal- and gastric-type tumors,
which suggests the presence of at least two separate carcinogenic pathways in non-ampullary
duodenal adenocarcinomas. The prevalence of CIMP-positive lesions was higher in intramucosal
adenocarcinomas than in adenomas. Thus, concurrent hypermethylation of multiple CpG islands is
likely associated with development of non-ampullary duodenal intramucosal adenocarcinomas.
Mutation analysis showed that APC was the most frequently mutated gene in these lesions (56/102;
55%), followed by KRAS (13/102; 13%), LRP1B (10/102; 10%), GNAS (8/102; 8%), ERBB3
(7/102; 7%), and RNF43 (6/102; 6%). Additionally, the high prevalence of diffuse or focal nuclear
B-catenin accumulation (87/102; 85%) as well as mutations of WNT pathway components (60/102;
59%) indicates the importance of WNT signaling to the initiation of duodenal adenomas. The higher
than previously reported frequency of APC gene mutations in small bowel adenocarcinomas as well
as the difference in the APC mutation distributions between small intestinal-type adenomas and
intramucosal adenocarcinomas may indicate that the adenoma-carcinoma sequence has only limited
involvement in duodenal carcinogenesis.

Kotake M, Bando H, Kaneko M, Takemura H, Minamoto T, Kawakami
K. LOH of the thymidylate synthase locus in combination with genotype

has prognostic and predictive significance in colorectal cancer. Mol Clin
Oncol 15 (5): 235, 2021. doi: 10.3892/mco.2021.2398.

The aim of the current study was to investigate the prognostic and predictive
significance of polymorphisms in the thymidylate synthase (TS) gene, alongside the
loss of heterozygocity (LOH) at this gene locus in patients with colorectal cancer. Genotyping was
carried out for a variable number tandem repeat (VNTR) polymorphism in the TS 5'-untranslated
region, a G/C single nucleotide polymorphism (SNP) located within this VNTR, and for TS LOH
status in 246 colorectal cancer and paired normal DNA samples. The results were analyzed in relation
to clinicopathological features, including the prognostic and predictive significance of TS genotype
in patients who underwent curative surgery. Complete VNTR, SNP and LOH information for TS was
obtained in 226 cases. No significant associations were observed between normal tissue TS genotype
status and clinicopathological features. LOH of TS was observed in 58% of tumor samples and was
associated with poor prognosis independently of clinical stage. Cases exhibiting TS LOH were
classified into the three groups of 2R/loss, 3G/loss and 3C/loss. Patients with 3C/loss genotype status
had poor outcomes when treated by surgery alone, but their survival was similar to patients with other
genotypes following Fluorouracil (5-FU)-based adjuvant chemotherapy. The results suggested that
LOH of the TS locus may be a significant prognostic factor in colorectal cancer, with the genotype
of the residual allele also demonstrating an influence on prognosis. In conclusion, LOH status should
be considered when TS genotype is explored as a potential prognostic and predictive marker for 5-
FU-based adjuvant chemotherapy in colorectal cancer.
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Abstract

The molecular and clinical characteristics of non-ampullary duodenal adenomas and intramucosal adenocarcinomas
are not fully understood because they are rare. To clarify these characteristics, we performed genetic and epigenetic
analysis of cancer-related genes in these lesions. One hundred and seven non-ampullary duodenal adenomas and
intramucosal adenocarcinomas, including 100 small intestinal-type tumors (90 adenomas and 10 intramucosal ade-
nocarcinomas) and 7 gastric-type tumors (2 pyloric gland adenomas and 5 intramucosal adenocarcinomas), were
investigated. Using bisulfite pyrosequencing, we assessed the methylation status of CpG island methylator phenotype
(CIMP) markers and MLH1. Then using next-generation sequencing, we performed targeted exome sequence analysis
within 75 cancer-related genes in 102 lesions. There were significant differences in the clinicopathological and
molecular variables between small intestinal- and gastric-type tumors, which suggests the presence of at least
two separate carcinogenic pathways in non-ampullary duodenal adenocarcinomas. The prevalence of CIMP-positive
lesions was higher in intramucosal adenocarcinomas than in adenomas. Thus, concurrent hypermethylation of mul-
tiple CpG islands is likely associated with development of non-ampullary duodenal intramucosal adenocarcinomas.
Mutation analysis showed that APC was the most frequently mutated gene in these lesions (56/102; 55%), followed
by KRAS (13/102; 13%), LRP1B (10/102; 10%), GNAS (8/102; 8%), ERBB3 (7/102; 7%), and RNF43 (6/102; 6%).
Additionally, the high prevalence of diffuse or focal nuclear B-catenin accumulation (87/102; 85%) as well as muta-
tions of WNT pathway components (60/102; 59%) indicates the importance of WNT signaling to the initiation of
duodenal adenomas. The higher than previously reported frequency of APC gene mutations in small bowel adenocar-
cinomas as well as the difference in the APC mutation distributions between small intestinal-type adenomas and
intramucosal adenocarcinomas may indicate that the adenoma-carcinoma sequence has only limited involvement
in duodenal carcinogenesis.

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd. on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Small intestinal cancers are rare. They comprise only 2—
3% of the total annual cancer incidence in the digestive
system [1,2], and a recent epidemiological study in the
Unites States of America showed that the age-adjusted
incidence rate (IR) for small intestinal cancers is only
2.10/100 000 person-years [3]. These small intestinal
cancers include neuroendocrine cancers (IR =0.83),
carcinomas (IR = 0.66), sarcomas (IR = 0.20), and lym-
phomas (IR = 0.38), with small bowel adenocarcinomas
(SBAs) accounting for approximately 69% of the carci-
nomas. The incidence of carcinomas is most prominent
in the duodenum, and duodenal carcinomas have
increased more markedly than other small intestinal can-
cers []. Duodenal adenomas are also uncommon lesions,
with a reported prevalence of less than 0.1-0.3% in
patients undergoing upper gastrointestinal endoscopy
[4,5]. Nonetheless, with the advent of surveillance
endoscopy and improvements in endoscopic imaging,
these lesions are now being detected incidentally [6].
Moreover, these lesions are thought to progress into duo-
denal adenocarcinomas (DAs), via the adenoma-—
carcinoma sequence [7-9], a common pathway for colo-
rectal cancer (CRC) development [10]. However, their
clinicopathological characteristics and natural course
have not been investigated in detail, due to their rarity.
Because SBAs have a significantly poorer prognosis
than CRCs [11], early detection and treatment are cru-
cial. In particular, preoperative diagnosis to distinguish
lesions that should be followed up from those that
require treatment is an important problem [6], and
molecular characterization of premalignant duodenal
lesions is essential to address this issue.

Concurrent methylation of multiple CpG islands
(CGIs) was first characterized as CpG island methylator
phenotype (CIMP) in CRC by Toyota et al [12]. Since
then, CIMP has been reported in various types of tumors
[13]. Multiple studies also reported the presence of
CIMP in SBAs, including DAs [14,15], and the methyl-
ation profiles of DAs reportedly differ from biliary and
ampullary carcinomas [14]. Moreover, CIMP positivity,
albeit without MLHI methylation, is reportedly associ-
ated with a poor prognosis in DA patients [15]. An ear-
lier study analyzed DNA methylation in ampullary and
non-ampullary duodenal adenomas, but that study did
not analyze these tumor types separately [16]. Thus, epi-
genetic alterations in early non-ampullary duodenal
lesions remain to be elucidated.

By contrast, genetic analyses of SBAs, including non-
ampullary DAs, have been performed by multiple
groups [17-23]. Schrock et al [20] analyzed mutations
of cancer-related genes in 317 SBA samples and showed
that the genetic signatures of SBAs were distinct from
those in CRCs or gastric cancers. In addition, exome
sequencing revealed potential driver genes, dysregulated
oncogenic pathways, and targetable mutations in SBAs
[18,19,21,22]. Still, the genetic alterations in early duo-
denal lesions are not fully understood, with only one

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

earlier study analyzing mutations of 50 cancer-related
genes in a limited number of samples [24].

To gain further insight into duodenal carcinogenesis,
we analyzed the methylation and mutation status of a
large number of non-ampullary duodenal adenomas
and intramucosal adenocarcinoma samples, and
assessed their clinicopathological significance. We also
evaluated the involvement of the WNT signaling path-
way, which is reportedly dysregulated in non-ampullary
duodenal adenomas and adenocarcinomas [25-27].

Materials and methods

Patients and tissue samples

Specimens of non-ampullary duodenal adenomas and
intramucosal adenocarcinomas (n = 107) were obtained
from 107 Japanese patients who underwent endoscopic
mucosal resection or endoscopic submucosal dis-
section at Ishikawa Prefectural Central Hospital or Fukui
Prefectural Hospital between 2008 and 2019. Normal
samples were also obtained from normal-appearing adja-
cent mucosa in 15 patients with small intestinal-type
duodenal adenomas included in the present study.
Patients with hereditary cancer syndrome such as famil-
ial adenomatous polyposis (FAP) or Peutz—Jeghers syn-
drome, as well as those with inflammatory bowel
diseases, such as Crohn’s disease, were excluded. Infor-
mation on their BMI and smoking status at the time of
treatment was also obtained. Approval of this study
was obtained from the Institutional Review Board of
Ishikawa Prefectural Central Hospital and Fukui Prefec-
tural Hospital, Kanazawa University, Juntendo Univer-
sity, and Sapporo Medical University.

Endoscopic analysis

High-resolution magnifying endoscopes (GIF-H290Z;
Olympus, Tokyo, Japan) were used for all upper gastro-
intestinal endoscopic analyses. The morphology of duo-
denal lesions was determined according to the Paris
classification [28]. All lesions detected during esophago-
gastroduodenoscopy were observed at high magnifica-
tion using narrow band imaging, after which samples
were treated by endoscopic resection for histological
analysis. Locations within the duodenum were subcate-
gorized into bulb, descending part, and transverse part.
Ninety-five small intestinal-type tumors, of which
detailed information about location was available, were
also subcategorized into tumors within the proximal part
(from bulb to periampulla) and those within the distal
part (from periampulla to transverse part), as described
previously [26].

Histological analysis

Histological studies were first carried out at Ishikawa
Prefectural Central Hospital and Fukui Prefectural Hos-
pital. The histological findings for all specimens were

J Pathol 2020; 252: 330-342
www.thejournalofpathology.com
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then re-reviewed by two independent pathologists
(ST and TY) blinded to the clinical and molecular infor-
mation. The presence of small intestinal phenotypes was
determined based on the presence of a brush border, gob-
let cells, and Paneth cells in H&E-stained specimens.
Immunohistochemical staining for CD10, MUC2,
MUCS5AC, and MUC6 was performed as described pre-
viously [29]. Small intestinal-type tumors were defined
by CD10 and MUC?2 staining. The presence of gastric-
type differentiation was defined by MUCSAC and
MUCS6 staining. Tumors with the small intestinal pheno-
type were classified as small intestinal-type low-grade
adenomas (SLAs), small intestinal-type high-grade ade-
nomas (SHAs), or small intestinal-type intramucosal
adenocarcinomas (SCAs) according to the World Health
Organization (WHO) tumor classification system (sup-
plementary material, Figure S1) [8]. Tumors with the
gastric phenotype were classified as pyloric gland ade-
nomas (PGAS) or gastric-type intramucosal adenocarci-
nomas (GCAs). SLAs and PGAs were classified as
category 3 tumors, while SHAs, SCAs, and GCAs were
classified as category 4 tumors according to the revised
Vienna classification of gastrointestinal epithelial neo-
plasia [30]. SCAs correspond to non-invasive carcino-
mas (category 4.2), suspicious for invasive carcinomas
(category 4.3), or intramucosal carcinomas (category
4.4). The clinicopathological features of the lesions are
summarized in Table 1.

DNA isolation

DNA was isolated from formalin-fixed, paraffin-
embedded (FFPE) sections using a QIAamp DNA FFPE
Tissue kit (Qiagen, Hilden, Germany). A TagMan
RNase P Detection Reagents kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) was used to quantify the
purified DNA.

DNA methylation analysis

DNA methylation was analyzed using bisulfite pyrose-
quencing as described previously [31]. A cut-off value
of 15% was used to define genes as methylation-
positive. We used five CIMP markers (CACNAIG,
IGF2, NEUROGI, RUNX3, and SOCS1) proposed by
Weisenberger et al [32]. Tumors were defined as
CIMP-positive if two or more loci showed methyla-
tion and as CIMP-high (CIMP-H) if three or more loci
showed methylation, as previously reported [16]. In
addition, methylation of the MLHI gene was investi-
gated. Primer sequences are shown in supplementary
material, Table S1.

Targeted amplicon sequencing analysis

A customized panel, encompassing all exons for 75 can-
cer-related genes including those frequently mutated in
SBAs [17-21,33,34], was created using the lon Ampli-
Seq Designer (Thermo Fisher Scientific) (supplementary
material, Table S2). Genes whose mutations had been
reported in duodenal adenomas were also included

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org
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[24]. The assay design consisted of 3663 amplicons with
an average length of 112 bp, covering 95.5% of the
366 kb target sequence. Library preparation and
sequencing with an Ion Proton sequencer were per-
formed as described previously [35,36]. The templates
were sequenced after emulsion PCR with 12—16 samples
per Ion PI chip using an Ion PI HI-Q Chef kit (Thermo
Fisher Scientific).

Identification of somatic mutations and copy
number variations

Somatic mutations and copy number variations (CNVs)
were detected as described previously [35]. Human
genome build 19 (hg19) was used as a reference. Signal
processing, base-calling, mapping to the hg19 reference,
alignment, and further quality filtering were performed
using Torrent Suite version 5.0 (Thermo Fisher Scien-
tific). Somatic mutations, including point mutations,
insertions, and deletions, were detected using Ion
Reporter Software 5.0 (Thermo Fisher Scientific).
Because matched normal controls were not available,
we utilized Ton Reporter software tumor—normal work-
flow using Demo AmpliSeq Exome control as the nor-
mal control for excluding common single nucleotide
polymorphisms (SNPs). A sequencing coverage of 20x
and a minimum variant frequency of 5% of the total
number of distinct tags were used as cut-offs. The path-
ogenic status of the variant was stated if it was a mis-
sense variant with less than 0.1% global minor allele
frequency in the dbSNP and/or the variant was suggested
as being pathogenic in the ClinVar, COSMIC, SIFT, or
PolyPhen-2 databases. Variants with allele frequencies
between 0.4 and 0.6 or greater than 0.9 were considered
germline variants unless listed as a pathogenic variant.
Integrative Genomics Viewer (IGV) software (http://
software.broadinstitute.org/software/igv/) was used to
filter out possible strand-specific errors, such as a muta-
tion that was identified in the forward or reverse DNA
strand but not in both strands. CNVs were also detected
using Ion Reporter Software with an algorithm based on
the Hidden Markov Model. Recurrent genomic regions
with CNVs were detected using copy numbers greater
than 3 and less than 1 for gains and losses, respectively.

Immunohistochemistry

Immunohistochemical studies of P-catenin expression
were performed in 102 samples, as described previously
[37]. A mouse anti-B-catenin monoclonal antibody
(1:1000 dilution, Clone 14; BD Biosciences, San Jose,
CA, USA) was used. Expression of p-catenin was evalu-
ated semi-quantitatively in tumor cells with pB-catenin-
positive nuclei, as reported previously [38]: negative,
0-9%:; focal, 10-49%; and diffuse, > 50%. All slides
were evaluated by two pathologists (ST and TY) blinded
to the clinical and molecular data. In addition, immuno-
histochemical studies of two mismatch repair (MMR)
proteins, MLH1 (1:1000 dilution, Ab92312; Abcam,
Cambridge, UK) and MSH2 (1:1000 dilution, Ab
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Table 1. Clinicopathological features of non-ampullary duodenal lesions.

Histology Total SLA SHA SCA PGA GCA P value
Vienna classification Category 3 Category 4 Category3  Category 4
Small intestinal type Gastric type (Small intestinal type
versus gastric type)
Patients' characteristics (n) 107 32 58 10 2 5
Age (years, mean + SD) 64 + 10 64 +9 63 £+ 10 66 + 12 69 4+ 3 78 + 4 0.0022
Gender
Male, n (%) 80 (75%) 24 (75%) 43 (74%) 8 (80%) 1 (50%) 4 (80%) > 0.9999
Female, n (%) 27 (25%) 8 (25%) 15 (26%) 2 (20%) 1 (50%) 1 (20%)
BMI (kg/mz, mean =+ SD) 229+ 34 232 £35 224+ 35 244 +24 222 £ 1.1 23.7 £3.2 0.79
Smoking status
Current smoker, n (%) 29 (27%) 7 (22%) 20 (34%) 0 (0%) 0 (0%) 2 (40%) > 0.9999
Former/non-smoker, n (%) 78 (73%) 25 (789%) 38 (66%) 10 (100%) 2 (1000%) 3 (60%)
Lesion characteristics
Location in duodenum
Bulb, n (%) 17 (16%) 4 (13%) 6 (10%) 1 (10%) 2 (100%) 4 (800%) < 0.0001
Descending part, n (%) 86 (80%) 27 (849%) 49 (85%) 9 (90%) 0 (09%) 1 (20%) (Bulb versus non-bulb)
Transverse part, n (%) 3 (3%) 1 (3%) 2 (3%) 0 (0%) 0 (0%) 0 (0%)
Others, n (%) 1 (19%) 0 (0%) 1 (2%) 0 (0%) 0 (0%) 0 (0%)
Lesion size (mm, mean =+ SD) 13+8 1M1+6 14+ 8 19+ 10 10+0 18+ 5 0.41
Morphology
Protruding (0-Ip, O-Is, 0-Isp), n (%) 16 (15%) 4 (13%) 4 (7%) 3 (30%) 1 (50%) 4 (80%) 0.0002
Mixed (0-I + I1a), n (%) 5 (5%) 0 (0%) 3 (5%) 1 (10%) 1 (50%) 0 (0%) (Protruding or mixed
versus nonprotruding)
Nonprotruding and nonexcavated 85 (79%) 28 (87%) 50 (86%) 6 (60%) 0 (10%) 1 (20%)
(0-lla, 0-llc, 0-lla + lic), n (%)
N/A, n (%) 1 (1%) 0 (0%) 1 (2%) 0 (0%) 0 (0%) 0 (0%)

GCA, gastric-type intramucosal adenocarcinoma; N/A, not available; PGA, pyloric gland adenoma; SCA, small intestinal-type intramucosal adenocarcinoma; SHA, small

intestinal-type high-grade adenoma; SLA, small intestinal-type low-grade adenoma.

227 841; Abcam), was performed in 107 samples to
assess microsatellite instability (MSI) status. To evaluate
expression, lymphocytes in adjacent normal tissue were
used as an internal positive control. When nuclear stain-
ing was identified in epithelial cells, the lesion was
defined as positive for MMR proteins. All slides were
evaluated by a pathologist (SK) blinded to the clinical
and molecular data.

Statistical analysis

Continuous data were analyzed using t-tests (for two
groups) or ANOVA with a post hoc Tukey’s HSD test
(for more than two groups). Comparison of categorical
data between two or more groups was performed using
the Fisher’s exact test or chi-squared test. Values of
p <0.05 were considered statistically significant. All
statistical analyses were performed using GraphPad
Prism 8 (GraphPad Software, San Diego, CA, USA).

Results

Clinicopathological characteristics of non-ampullary
duodenal lesions

The clinicopathological and molecular characteristics of
107 non-ampullary duodenal lesions analyzed in this
study are summarized in Table 1. The average age at
endoscopic treatment was 64 years. The male-to-female
ratio was approximately 3:1, which is consistent with

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

previous studies from Japan [9,26,39]. When compared
between cases with small intestinal-type (SLA, SHA,
and SCA) and gastric-type (PGA and GCA) tumors,
age at treatment was significantly higher in those with
gastric-type tumors (t-test, p =0.0022). In addition,
tumors with the gastric phenotype were more prevalent
in the duodenal bulb (6/7, 86%) than were those with
the small intestinal phenotype (11/100, 11%) (Fisher’s
exact test, p <0.0001). On endoscopic observation,
most tumors with gastric differentiation were protruding
lesions or mixed lesions that included a protruding por-
tion (6/7, 86%), and differed significantly from tumors
with small intestinal differentiation, most of which were
non-protruding and non-excavated lesions (84/100,
84%) (Fisher’s exact test, p = 0.0002, Table 1). We also
compared the clinicopathological characteristics of
small intestinal-type tumors based on the proximal or
distal locations (supplementary material, Table S3). Sig-
nificant differences were found in the tumor histological
types (SLA, SHA or SCA, chi-squared test, p = 0.017)
and categories (3 or 4, Fisher’s exact test, p = 0.0075)
between tumors in the proximal and distal duodenum.
In addition, the prevalence of nonprotruding and nonex-
cavated type tumors was significantly higher in the distal
part (Fisher’s exact test, p = 0.037).

Methylation analysis of CIMP markers and MLH1

Among non-ampullary duodenal lesions, we assessed
the methylation status of cancer-associated genes in
107 lesions and assessed the CIMP and CIMP-H status

J Pathol 2020; 252: 330-342
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in 106 lesions. Twenty-five lesions (25/106, 24%) were
defined as CIMP-positive, and seven lesions (7/106,
7%) were defined as CIMP-H (Figure 1 and Table 2).
The prevalence of CIMP-positive lesions was signifi-
cantly associated with male gender (Fisher’s exact test,
p =0.033), older age (cut-off value 75 years, Fisher’s
exact test, p =0.043), and larger tumor size (cut-off
value 15 mm, Fisher’s exact test, p = 0.032) (Table 3).
By contrast, BMI, smoking status, and the location and
endoscopic morphology of the lesions were not associ-
ated with CIMP positivity. When samples were divided
into adenomas (SLA, SHA, and PGA) and intramucosal
adenocarcinomas (SCA and GCA), the prevalence of
CIMP-positive lesions was higher in intramucosal

Gender
Age

R Ota, T Sawada et al

adenocarcinomas (6/15, 40%) than in adenomas
(19/91, 21%), although there were no statistical signifi-
cant differences (Fisher’s exact test, p = 0.18, Table 3).
When only small intestinal-type tumors were analyzed,
CIMP positivity was not associated with tumor histolog-
ical type (SLA, SHA, and SCA). Moreover, the preva-
lence of CIMP-positive lesions was not associated with
either histological classification (small intestinal type or gas-
tric type) or Vienna classification (category 3 or 4).
Although two MLHI methylation-positive lesions were
detected among the SHA samples, methylation levels were
below 20% (15.8% and 16.5%) in these lesions. In addition,
there was no association between MLH methylation status
and CIMP or CIMP-H positivity (Figure 1). Although there

Size
Pathology SLA
Vienna Category 3

NEUROG1

CACNA1G

BRAF

KRAS

GNAS

Gender
Age

Size

Pathology SHA
Vienna

IGF2

NEUROG1

RUNX3
SocCs1

CIMP

CIMP-H

MLH1

CACNA1G

BRAF
KRAS
GNAS

‘B Male, age = 75, or size =15 mm Bl CIMP, CIMP-H or mutation positive

[ CIMP or CIMP-H negative, or methylation negative Methylation positive 11 Not available

Figure 1. Methylation and mutation profiles in non-ampullary duodenal adenomas and intramucosal adenocarcinomas. Summarized results
for CIMP marker methylation, CIMP status, MLH1 methylation, and BRAF/KRAS/GNAS mutations in tumors with the indicated histological
types are shown. CIMP, CpG island methylator phenotype; GCA, gastric-type intramucosal adenocarcinoma; PGA, pyloric gland adenoma;
SCA, small intestinal-type intramucosal adenocarcinoma; SHA, small intestinal-type high-grade adenoma; SLA, small intestinal-type low-
grade adenoma.
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Table 2. Molecular characteristics and -catenin expression of the respective histological types of non-ampullary duodenal lesions.

Histology Total SLA SHA SCA PGA GCA P value
Small intestinal type Gastric type (small intestinal type versus gastric type)
Gene mutation (n) 102 32 58 5 2 5
APC mutation, n (%) 56 (55%) 17 (53%) 34 (59%) 3 (60%) 1 (50%) 1 (20%) 0.24
BRAF mutation, n (%) 5 (5%) 2 (6%) 2 (3%) 1 (20%) 0 (0%) 0 (0%) > 0.9999
KRAS mutation, n (%) 13 (13%) 1 (3%) 4 (7%) 2 (40%) 2 (100%) 4 (80%) < 0.0001
GNAS mutation, n (%) 8 (8%) 0 (0%) 1 (2%) 1 (20%) 1 (50%) 5 (100%) < 0.0001
Epigenetic alteration (n) 107 32 58 10 2 5
CIMP*, n (%) 25 (249%) 5 (16%) 14 (24%) 3 (30%) 0 (0%) 3 (60%) 0.36
CIMP-high*, n (%) 7 (7%) 2 (6%) 3 (5%) 2 (20%) 0 (0%) 0 (0%) > 0.9999
MLH1 methylation, n (%) 2 (2%) 0 (0%) 2 (3%) 0 (0%) 0 (0%) 0 (0%) > 0.9999
B-catenin expression (n) 102 32 58 5 2 5
Negative, n (%) 15 (15%) 3 (10%) 5 (8%) 1 (20%) 1 (50%) 5 (100%) < 0.0001
Focal, n (%) 33(32%) 11(34%) 19(33%) 2 (40%) 1 (50%) 0 (0%) (focal or diffuse versus negative)
Diffuse, n (%) 54 (53%) 18 (56%) 34 (59%) 2 (40%) 0 (0%) 0 (0%)

CIMP, CpG island methylator phenotype; GCA, gastric-type intramucosal adenocarcinoma; PGA, pyloric gland adenoma; SCA, small intestinal-type intramucosal adeno-
carcinoma; SHA, small intestinal-type high-grade adenoma; SLA, small intestinal-type low-grade adenoma.

B-catenin expression was categorized as negative (0-9%), focal (10-49%), and diffuse (> 50%).

*CIMP status and CIMP-high status were analyzed in 106 lesions.

Table 3. Relationship between CIMP status and clinicopathological characteristics of non-ampullary duodenal lesions.

Characteristics Total CIMP positive CIMP negative P value

Patients (n) 106 25 81

Age (years, mean =+ SD) 64 + 10 68 +9 63 + 10 0.026
< 75, n (%) 91 (86%) 18 (72%) 73 (90%) 0.043
> 75, n (%) 15 (14%) 7 (28%) 8 (10%)

Gender
Male, n (%) 79 (75%) 23 (92%) 56 (69%) 0.033
Female, n (%) 27 (25%) 2 (8%) 25 (31%)

BMI [kg/mz, mean £ SD) 229 + 34 234 + 3.4 22.7 £ 3.4 0.39

Smoking status
Current smoker, n (%) 29 (27%) 4 (16%) 25 (31%) 0.20
Former/non-smoker, n (%) 77 (73%) 21 (84%) 56 (69%)

Location
Bulb, n (%) 16 (15%) 5 (20%) 11 (14%) 0.52
Descending - transverse part, n (%) 89 (849%) 20 (800%) 69 (85%) (Bulb versus non-bulb)
Other, n (%) 1 (1%) 0 (0%) 1 (1%)

Size (mm, mean + SD) 13+ 8 17 £ 10 12 =7 0.032
< 15, n (%) 61 (57%) 9 (36%) 52 (64%) 0.032
> 15, n (%) 42 (40%) 14 (56%) 28 (35%)
N/A, n (%) 3 (3%) 2 (8%) 1 (1%)

Morphology
Protruding, n (%) 16 (15%) 4 (16%) 12 (15%) 0.78
Mixed, n (%) 5 (5%) 0 (0%) 5 (6%) (Protruding or mixed versus nonprotruding)
Nonprotruding and nonexcavated, n (%) 84 (79%) 21 (849%) 63 (78%)
N/A, n (%) 1 (1%) 0 (0%) 1 (1%)

Histology
SLA, n (%) 32 (30%) 5 (20%) 27 (34%) 0.51*
SHA, n (%) 57 (54%) 14 (56%) 43 (53%)
SCA, n (%) 10 (9%) 3 (12%) 7 (9%)
PGA, n (%) 2 (2%) 0 (0%) 2 (2%)
GCA, n (%) 5 (5%) 3 (12%) 2 (29%)
Small intestinal type, n (%) 99 (93%) 22 (88%) 77 (95%) 0.35
Gastric type, n (%) 7 (7%) 3 (12%) 4 (59%)
Adenoma, n (%) 91 (86%) 19 (76%) 72 (89%) 0.18
Adenocarcinoma, n (%) 15 (149%) 6 (249%) 9 (11%)

Vienna classification
Category 3, n (%) 34 (329%) 5 (2000) 29 (36%) 0.14
Category 4, n (%) 72 (68%) 20 (80%) 52 (64%)

CIMP, CpG island methylator phenotype; GCA, gastric-type intramucosal adenocarcinoma; N/A, not available; PGA, pyloric gland adenoma; SCA, small intestinal-type
intramucosal adenocarcinoma; SHA, small intestinal-type high-grade adenoma; SLA, small intestinal-type low-grade adenoma.
*Analyzed with SLA, SHA, and SCA.
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was no relationship between CIMP-H status and age, gen-
der, smoking status, or disease location, CIMP-H positivity
was associated with BMI (z-test, p = 0.022) and lesion size
(t-test, p = 0.012) (supplementary material, Table S4). In
addition, the prevalence of CIMP-H tumors did not signifi-
cantly differ among histological subtypes or between small
intestinal-type and gastric-type tumors.

Targeted amplicon sequencing of non-ampullary
duodenal lesions

We performed targeted sequencing of all exons in
75 cancer-related genes frequently mutated in SBAs,
including DAs, as well as duodenal adenomas. A
sequencing overview, including reads, coverage, and
uniformity of the read coverage distribution, is shown
in supplementary material, Table S5. Each FFPE sample
underwent an average of 8.5 million sequencing reads
after quality filtering. A mean coverage depth of
2461.0 reads (737.0-10 950.0) per base was observed.
All single nucleotide variations and insertions/deletions
detected through bioinformatics analysis underwent
visual inspection using the Integrative Genomics Viewer
for confirmation. We identified a mean of 1.9 somatic
nonsynonymous mutations (range 0-8) per sample (sup-
plementary material, Table S6). At least one somatic
nonsynonymous mutation was observed in 45 of the
75 genes. The ten most commonly mutated genes in
non-ampullary duodenal lesions are illustrated in
Figure 2. APC was the most frequently mutated gene in
these lesions (56 of 102 samples; 55%), followed by
KRAS (13/102; 13%), LRP1B (10/102; 10%), GNAS
(8/102; 8%), ERBB3 (7/102; 7%), and RNF43
(6/102; 6%).

For APC, a single mutation per sample was detected in
48 subjects, and two different mutations per sample were
detected in eight subjects, resulting in a total of 64 muta-
tions in this study. Most APC mutations were nonsense
(43 mutations) or frameshift (16 mutations), though a
number of missense mutations (five mutations) were
also detected. The mutation distribution within APC
was visualized using MutationMapper in cBioPortal
(https://www.cbioportal.org) [40,41] with several modi-
fications (Figure 3A). Most of the deleterious mutations
were distributed between codons 700 and 1200 or
between codons 1400 and 1600. Although a prior study
suggested that T1556fs is a mutation hotspot within APC
in duodenal adenomas [24], we most frequently found a
mutation at R1450X (in ten samples), which is similar to
CRC [42] but different from ampullary carcinoma [34]
(Figure 3B). Although the frequencies of mutations
within mutation cluster regions (codons 700-1200 and
1400-1600) among the total mutations detected in each
histological type were similar between SLAs and SHAs,
the mutation frequency in small intestinal-type adeno-
mas (SLAs + SHAs) (86%; 51/59 mutations) within
these regions was higher than in SCAs (33%; 1/3 muta-
tions) (Fisher’s exact test, p = 0.065). Overall, mutations
within  WNT signaling pathway components were
detected in 59% (60/102) of the samples (Figure 4).

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org
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There were significant differences in the prevalence of
KRAS mutations among the histological subtypes of
small intestinal-type tumors: SLA (1/32; 3%), SHA
(4/58; 7%), and SCA (2/5; 40%) (chi-squared test,
p = 0.013), though there was no significant difference
in the prevalence of APC mutations among histological
subtypes (Table 2). TP53 mutations were detected in five
samples (5%), and samples harboring a mutation within
at least one gene among APC, KRAS, and TP53 were
observed in 62 patients (61%) (Figure 2). All eight
detected GNAS mutations were at codon 201, and six
of those are associated with KRAS mutations. When
compared between small intestinal-type tumors and
gastric-type tumors, GNAS and KRAS mutations were
significantly ~associated with gastric-type tumors
(Table 2).

ERBB2 mutations, which have been frequently
reported in SBAs, were also detected in four of the
102 samples (4%). The frequency of lesions harboring
at least one mutation in an ERBB receptor family mem-
ber (ERBB2, ERBB3, or ERBB4) was 12% (12/102)
(Figure 4). BRAF mutation was detected in five samples
(5%), which is comparable to earlier studies reporting
frequencies of 6-11% in SBA samples [17,20,21].
BRAF V600E mutation was detected in only one SCA
sample with CIMP and CIMP-H (Figure 1), which is
consistent with an earlier report that only about 10% of
BRAF-mutated SBAs harbor V60OE mutations [20].

Targeted amplicon sequencing detects CNVs

We also detected CNVs in segments of the genome that
could be duplicated or deleted from the sequencing data
(Figure 2 and supplementary material, Table S7). Based
on copy number gains in all samples, the most frequently
affected genes that were considered oncogenic were
EPHAG6 (43/102; 42%), followed by KRAS (30/102;
29%), ERBB4 (25/102; 25%), BRAF (12/102; 15%),
and GNAS (13/102; 13%). On the other hand, the most
frequently affected tumor suppressive genes by copy
number losses were MIB2 (41/102; 40%), CDKN2A
(371102; 36%), TP53 (10/102; 10%), and ARIDIB
(10/102; 10%). The distributions of CN'Vs were not dif-
ferent among tumor histological subtypes. As for ERBB
family genes, copy number gains were observed in one
case each for ERBB2 and ERBB3, while frequent copy
number gains (25/102, 25%) were detected in ERBB4
(Figure 4). Lastly, the frequency of lesions harboring at
least one mutation or copy number gain in an ERBB
family member was 34% (35/102).

Immunohistochemistry

Of the 102 non-ampullary duodenal lesions analyzed,
33 (32%) showed focal nuclear expression and
54 (53%) showed diffuse nuclear expression, whereas
15 (15%) showed no nuclear expression of [-catenin
(Table 2, Figure 4, and supplementary material,
Figure S2). The prevalence of diffuse and focal nuclear
B-catenin accumulation in duodenal adenomas (SLA,
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Figure 2. Mutation and CNV profiles in non-ampullary duodenal adenomas and intramucosal adenocarcinomas. Upper panels show histolog-
ical types, Vienna classification, and CIMP status. Middle panels show summarized results for targeted sequencing of cancer-related genes in
tumors with the indicated histological types. Lower panels show frequently detected CNVs. Frequencies of CIMP status as well as mutations
and CNVs in respective genes are shown on the right. CIMP, CpG island methylator phenotype; GCA, gastric-type intramucosal adenocarci-
noma; PGA, pyloric gland adenoma; SCA, small intestinal-type intramucosal adenocarcinoma; SHA, small intestinal-type high-grade ade-

noma; SLA, small intestinal-type low-grade adenoma.

SHA, and PGA) (90%; 83/92) was consistent with earlier
reports of nuclear f-catenin accumulation in 64-84% of
non-ampullary adenomas [25-27]. Lesions showing
nuclear p-catenin accumulation (diffuse or focal) were
not associated with APC mutation-positive tumors or
tumors with mutations of WNT signaling components.
The prevalence of nuclear B-catenin accumulation was
significantly higher in small intestinal-type tumors
(86/95, 91%) than in gastric-type tumors (1/7, 14%)
(Fisher’s exact test, p < 0.0001, Table 2). However, when
we focused on tumors with the small intestinal phenotype,
the prevalence of nuclear p-catenin accumulation did not
significantly differ among SLAs, SHAs, and SCAs. We
found no significant differences between [-catenin
expression or molecular variables and the locations (prox-
imal and distal) of the 90 small intestinal-type tumors
(supplementary material, Table S3).

Among MMR proteins, expression of MLH1 and MSH2
was evaluated immunohistochemically across all non-
ampullary duodenal lesions. All samples stained positively

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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for MLH1, which was largely consistent with the methyla-
tion data. By contrast, loss of MSH2 expression was
detected in one SCA sample (KT23) (supplementary mate-
rial, Figure S3). That sample harbored the largest number of
somatic mutations (eight) among the 75 genes investigated
(supplementary material, Table S6). Six of the eight muta-
tions were insertions of one base resulting in frameshift
mutations, which supports the possibility of MSI.

Discussion

In the present study, we performed integrated genetic
and epigenetic analyses of non-ampullary duodenal
lesions. In addition to clinicopathological variables,
there were significant differences in molecular vari-
ables between small intestinal-type and gastric-type
tumors. High prevalences of KRAS and GNAS muta-
tions in PGAs and GCAs were consistent with earlier

J Pathol 2020; 252: 330-342
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Figure 3. APC mutations detected in non-ampullary duodenal lesions. (A) Schematic representation of 64 APC mutations detected in the pre-
sent study. Most of the somatic mutations detected in SLAs and SHAs were clustered within codons 700-1200 and 1400-1600, where hot-
spot mutation (R1450X) is located. Each circle represents an individual mutation in each patient. (B) Mutations previously reported in
ampullary carcinomas [34] and colorectal cancers [42] are also indicated for comparison. GCA, gastric-type intramucosal adenocarcinoma;
PGA, pyloric gland adenoma; SCA, small intestinal-type intramucosal adenocarcinoma; SHA, small intestinal-type high-grade adenoma; SLA,

small intestinal-type low-grade adenoma.

reports [43,44]. The low prevalences of nuclear
p-catenin expression in PGAs and GCAs, which is
also consistent with an earlier study [26], may suggest
that the WNT signaling pathway is less involved in
development of non-ampullary duodenal tumors with
the gastric phenotype. These results indicate that
small intestinal-type and gastric-type tumors arise
via separate carcinogenic pathways. When small
intestinal-type tumors were divided based on whether
they were located within the proximal or distal duode-
num, SLAs and nonprotruding and nonexcavated
type tumors were more prevalent in the distal part.
However, there were no significant differences in
the molecular characteristics including [-catenin

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

expression between tumors in these two locations.
Previous reports suggested that development of
gastric-type tumors in the proximal duodenum is
potentially associated with gastric acid and H. pylori
infection, whereas small intestinal-type tumors in
the distal duodenum may be associated with bile acids
[26]. Further study will be necessary to clarify the
pathological and molecular differences between
tumors in the proximal and distal duodenum.

We also found that CIMP and CIMP-H frequencies
are higher in intramucosal adenocarcinomas than in ade-
nomas, indicating that concurrent methylation of CGls is
likely associated with malignant transformation of non-
ampullary duodenal adenomas. In the clinical settings,
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Figure 4. Mutation and copy number gains of genes related to the WNT signaling pathway and ERBB receptor family members in non-
ampullary duodenal lesions. Pathological types (small intestinal or gastric type) and CIMP status, mutations in WNT signaling-associated
genes, and B-catenin expression status are shown at the top. Mutations and copy number gains in ERBB receptor family members are shown
in the middle panels and lower panels. Frequencies of mutations and copy number gains in respective genes as well as -catenin expression
positivity are shown on the right. CIMP, CpG island methylator phenotype.

tumors classified as category 3 according to the revised
Vienna classification (SLAs and PGAs) can be moni-
tored and followed up [30], while it is recommended that
category 4 tumors (SHAs, SCAs, and GCAs) be treated,
especially those that are 20 mm in diameter or larger, as
these lesions have a high risk of progression to adenocar-
cinoma [9]. The fact that CIMP or CIMP-H positivity
was associated with larger lesions in the present study
may support this recommendation. At the same time,
from the viewpoint of aberrant DNA methylation, SHAs
could be followed up at a later time, especially if they are
small in size. Despite recent advances in endoscopic
technology, including magnifying endoscopy and image
enhanced endoscopy, it remains difficult to distinguish
between lesions that should be followed up or treated
[6]. Pretreatment diagnosis by using biopsy is also diffi-
cult because the biopsy procedure itself may induce
unintended fibrosis, possibly causing unsuccessful
endoscopic resection. If specific endoscopic findings
for lesions with concurrent methylation are determined,
detailed endoscopic assessment could contribute to the
prediction of premalignant lesions, as was previously
reported for colorectal serrated lesions [45].

MLH]I methylation has been reported in 12% of non-
ampullary adenomas [16] as well as in 14% [15] or

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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25% [14] of DAs. MSI has also been reported in 20%
[15] or 33% [17] of DAs, where it is reportedly associ-
ated with MLH1 methylation [15]. In the present study,
only two MLHI methylation-positive lesions, with rela-
tively low methylation levels, and no samples with loss
of MLH1 immunoreactivity were detected. Addition-
ally, there was only one sample with loss of MSH2
expression in possible association with MSI. These
results suggest that acquisition of MSI in association
with MMR deficiency, especially with MLHI methyla-
tion, is an infrequent event in early duodenal
carcinogenesis.

Recent studies indicated that the genes recurrently
mutated in SBAs are T7TP53 (41-58%), KRAS
(27-54%), and APC (11-27%) [17-22]. An earlier study
analyzed 50 hotspot mutations in cancer-related genes in
19 patients with non-ampullary duodenal adenomas and
adenocarcinomas, and found prevalent mutations in
KRAS (63%), APC (47%), and TP53 (37%) [24]. In the
present study, we found mutations in APC (55%) and
KRAS (13%); TP53 mutations were observed in only
5% of the samples. These differences are likely due to
the proportion of the adenocarcinomas or high-grade
adenomas. In the present study, most KRAS mutations
appeared to occur at the progression of intramucosal
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adenocarcinomas. In addition, the lower prevalence of
TP53 mutations in early duodenal lesions than in SBAs
suggests that most 7P53 mutations occur at a later stage
of tumorigenesis. These results in SBAs appear to some
degree consistent with the adenoma—carcinoma
sequence previously seen in CRC [10]. We also detected
a higher prevalence of gene mutations associated with
the WNT signaling pathway (59%) and nuclear
p-catenin accumulation (85%) in non-ampullary duode-
nal lesions. Together with earlier immunohistochemical
and gene expression studies of duodenal adenomas
[25-27], these results indicate the importance of the
WNT signaling pathway to duodenal adenoma
development.

Interestingly, we detected APC mutations (55%) more
frequently in early non-ampullary duodenal lesions than
did earlier studies in advanced lesions, which reported
frequencies of 13-27% in SBAs or 8% in DAs
[17,20-22]. Kojima et al separately analyzed multiple
components in non-ampullary duodenal lesions that
exhibited different histological grades, and observed
APC mutations more frequently in the adenoma (58%)
than in the adenocarcinoma (25%) components [24].
The earlier observation that abnormal nuclear localiza-
tion of B-catenin is more frequent in non-ampullary duo-
denal adenomas than in adenocarcinomas (84% versus
33%) may support these results [26]. Although a number
of studies have reported that gastric intramucosal neo-
plasias with the small intestinal phenotype also fre-
quently show APC mutations, a few dysplasia/
intramucosal neoplasias with APC mutation reportedly
progress to gastric cancer [46]. Together with the differ-
ent mutation distribution patterns between duodenal
adenomas (SLAs + SHAs) and SCAs, the higher preva-
lence of APC mutations in duodenal adenomas than in
SBAs or DAs may suggest that most duodenal adeno-
mas, especially those with mutations within mutation
cluster regions, also have low malignant potential and
do not progress to DA. This suggests that the
adenoma—carcinoma sequence has only limited impact
on duodenal carcinogenesis. Targeted deep DNA
sequencing with tumor variant allele frequency analysis
in larger numbers of adenoma, intramucosal adenocarci-
noma, and DA samples may confirm these findings and
improve our understanding of the mechanisms underly-
ing duodenal carcinogenesis, as has been described for
gastric intramucosal neoplasias with the small intestinal
phenotype [46].

ERBB2 mutations and amplifications have been
detected in 12-23% of SBAs, which suggests that they
are potential therapeutic targets [17,20-22]. ERBB2
alterations are also significantly associated with a duode-
nal location when compared to other parts of the small
intestine [17,20]. In the present study, ERBB2 mutations
were observed in only 4% of samples. Because a signif-
icant number of FRBB2 mutations were observed in
SBAs with MMR deficiency [17,21], most of these
mutations may have been acquired after the cancer pro-
gression and/or acquisition of MSI. A recent study using
SBA patient-derived cell lines demonstrated that small-
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molecule ERBB2 inhibitors have anti-cancer activity
both in vitro and in vivo [22]. Such small-molecule
ERBB?2 inhibitors may be useful not only for the treat-
ment of metastatic SBA but also for the chemopreven-
tion of multiple non-ampullary duodenal adenoma in
patients with FAP, if activating ERBB2 mutations are
detected.

As for CNVs, previous conventional and array com-
parative genomic hybridization studies reported that in
SBAs, the regions most commonly exhibiting copy
number gains were at chromosomes 5p, 7, 8q, 13, 16,
and 20, while copy number losses were detected at chro-
mosomes 4, 5q, 8p, 17p, and 18 [23]. In the present
study, the frequent occurrence of copy number losses
at the TP53 locus (17p) as well as the gains at the BRAF
(7q) and GNAS (20q) loci was consistent with those ear-
lier results. Notably, frequent copy number gains at the
ERBB4 locus were observed in the present study. In
ovarian serous carcinoma, immunohistochemical detec-
tion of high ERBB4 expression reportedly correlated
with cisplatin resistance and a poorer prognosis [47].
Because recent studies suggest that somatic CNVs at
oncogenic loci are not always associated with gene
expression [42,48,49], further validation of the effect
of CNVs through comparison with expression is needed
before the utilization of CNVs as biomarkers.

This study has several limitations. One is the lack of
MSI analysis other than the immunohistochemical com-
parison of MMR proteins. In addition, the sample sizes
were small when the specimens were divided into
intestinal- and gastric-type tumors or CIMP-H and
non-CIMP-H tumors. Furthermore, analysis of corre-
sponding normal samples for validation of somatic
mutations was not performed. Although rigorous bioin-
formatics pipelines were used to discriminate somatic
from germline mutations, the results of mutation ana-
lyses may still include germline mutations. However,
we have several novel findings. First, molecular and
clinicopathological characteristics differ among small
intestinal-type tumors and gastric-type tumors, which is
suggestive of separate carcinogenic pathways. Second,
concurrent methylation of CGIs appears to be associated
with the development of non-ampullary duodenal
lesions. Third, prevalent WNT pathway gene mutations
and positive staining for nuclear p-catenin indicate the
involvement of WNT signaling in the development of
duodenal tumors. Finally, we observed a higher fre-
quency of APC mutations than previously reported in
SBA patients as well as differences in the mutation dis-
tributions within APC between adenoma and intramuco-
sal adenocarcinoma samples. This suggests that the
adenoma-—carcinoma sequence has only limited involve-
ment in duodenal carcinogenesis.

At present, it remains difficult to predict the progres-
sion from adenoma to adenocarcinoma or to determine
endoscopically which lesions can be followed and which
must be treated. The differences between the pathogene-
sis of small intestinal-type tumors in the proximal duo-
denum and those in the distal part are also
uncharacterized. ~ Accumulation of data from
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comprehensive genetic and epigenetic analyses and
comparison with more detailed endoscopic and patho-
logical findings will likely provide new insight into
non-duodenal ampullary carcinogenesis as well as the
endoscopic diagnosis of early non-ampullary duodenal
lesions.
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Abstract. The aim of the current study was to investigate the
prognostic and predictive significance of polymorphisms in the
thymidylate synthase (TS) gene, alongside the loss of hetero-
zygocity (LOH) at this gene locus in patients with colorectal
cancer. Genotyping was carried out for a variable number
tandem repeat (VNTR) polymorphism in the TS 5'-untranslated
region, a G/C single nucleotide polymorphism (SNP) located
within this VNTR, and for TS LOH status in 246 colorectal
cancer and paired normal DNA samples. The results were
analyzed in relation to clinicopathological features, including
the prognostic and predictive significance of TS genotype in
patients who underwent curative surgery. Complete VNTR,
SNP and LOH information for TS was obtained in 226 cases.
No significant associations were observed between normal
tissue TS genotype status and clinicopathological features.
LOH of TS was observed in 58% of tumor samples and was
associated with poor prognosis independently of clinical stage.
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Cases exhibiting TS LOH were classified into the three groups
of 2R/loss, 3G/loss and 3C/loss. Patients with 3C/loss genotype
status had poor outcomes when treated by surgery alone, but
their survival was similar to patients with other genotypes
following Fluorouracil (5-FU)-based adjuvant chemotherapy.
The results suggested that LOH of the TS locus may be a
significant prognostic factor in colorectal cancer, with the
genotype of the residual allele also demonstrating an influence
on prognosis. In conclusion, LOH status should be considered
when TS genotype is explored as a potential prognostic and
predictive marker for 5-FU-based adjuvant chemotherapy in
colorectal cancer.

Introdution

Colorectal cancer (CRC) is one of the most common
malignancies worldwide. Although most localized cases of the
disease are treated surgically, a considerable number of patients
experience disease recurrence. Adjuvant chemotherapy after
curative surgery has been shown to reduce the recurrence rate
and therefore all CRC patients with clinical stage III disease
are recommended to receive adjuvant chemotherapy (1), even
though only a proportion of these derive a benefit. Patients with
clinical stage II disease are mostly treated with surgery alone,
however some may benefit from adjuvant therapy because of a
high risk of recurrence (2,3). To maximize the efficacy of adju-
vant chemotherapy, accurate predictive markers are needed to
select patients who will benefit most from treatment.

5-FU-based chemotherapy is the current standard of care
for adjuvant therapy following surgical treatment of CRC (4).
Thymidylate synthase (TS) is a target enzyme for 5-FU (5),
leading to extensive studies of TS mRNA expression (6), TS
protein expression (7,8) and TS gene polymorphisms (9,10)
as potential predictive factors for the efficacy of 5-FU-based
adjuvant chemotherapy. Currently however, no informa-
tion regarding TS status is recommended for routine
clinical use in the selection of patients to receive 5-FU-based
chemotherapy (11).
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TS shows unique genetic variants comprising a vari-
able number of tandem repeat (VNTR) and a single
nucleotide polymorphism (SNP) in its 5' untranslated region
(5'UTR) (12-14). These may be predictive markers for 5-FU
efficacy and for adverse events from this treatment. We previ-
ously reported that VNTR and SNP can give rise to four TS
allele types: 2G, 2C, 3G and 3C. These may affect the trans-
lational activity of TS mRNA, thus influencing TS protein
expression and therefore constitute a marker for the efficacy
of 5-FU-based adjuvant chemotherapy (14-16). In addition to
these four allele types, other rarer alleles comprising more
than three repeats and novel SNPs in the 2R allele have also
been reported (17), thus giving rise to a larger number of
allele types. Furthermore, we observed that frequent loss of
heterozygosity (LOH) of the TS locus in tumors can affect
the genotype, thereby indirectly influencing the TS expres-
sion level in tumors (18,19). This potential change in genotype
status due to LOH should be considered in studies of the TS
genotype as a predictive marker. The status of VNTR, SNPs
in both 2R and 3R, and LOH must all be evaluated before
TS genotype information can be introduced into the clinical
setting.

In this study, we analyzed the TS VNTR, the SNPs in both
the 2R and 3R alleles, as well as the LOH status of the TS locus
in order to explore their potential significance as prognostic
and predictive markers of 5-FU-based adjuvant chemotherapy
in CRC.

Materials and methods

Patient cohort and DNA isolation. Matched tumor and normal
tissue samples were obtained following surgical resection
for primary colorectal adenocarcinoma in 246 patients. The
patients were all Japanese and comprised 146 males and
100 females, ranging in age from 33 to 93 years (mean age
66.0 years). The resected tissues were fixed in formalin and
embedded in paraffin followed by H&E staining and histo-
logical diagnosis. Tumor tissue was dissected manually from
10 um sections of formalin-fixed, paraffin-embeded tissue
blocks. After deparaffinization using xylene and ethanol,
genomic DNA was isolated using a QIAamp DNA FFPE
Tissue Kit (QTAGEN, Hilden, Germany) following the protocol
provided by the manufacturer. Approval for this project
was obtained from the Kanazawa University Genome/Gene
Analysis Research Ethics Committee.

Genotyping of TS VNTR and SNP. TS genotypes for the
VNTR and the SNP in the 3R allele were determined by
PCR and PCR-restriction fragment length polymorphism
(RFLP) using the forward primer TS25: 5~AGGCGCGCG
GAAGGGGTCCT-3' and reverse primer TS18: 5"TCCGAG
CCGGCCACAGGCAT-3' as described previously (14) with a
modification of PCR conditions. PCR with the genomic DNA
template was performed in reaction mixtures containing 1X
TaKaRa HS Taq buffer (TaKaRa Bio, Otsu, Japan), 200 yM
deoxyribonucleoside triphosphates, 500 nM of each primer,
0.5 unit of TaKaRa HS Taq DNA polymerase (TaKaRa Bio)
and 100 ng of genomic DNA. The cycling conditions were: one
cycle at 95°C for 3 min, 35 cycles at 98°C for 10 sec and 68°C
for 60 sec, with a final extension at 72°C for 5 min. Aliquots

of amplified fragments were separated on 3% agarose gels to
determine the TS VNTR genotype.

Samples showing the 2R/3R or 3R/3R genotypes were
analyzed further for the G/C polymorphism in the 3R allele
by using the RFLP method. Haelll digestion of the 3R frag-
ment produced 66-, 37-, 28- and 10-bp bands for the 3G allele,
and 94-, 37- and 10-bp bands for the 3C allele after separation
on 3% agarose gels. For samples with 2R/2R or 2R/3R geno-
types, the G/C polymorphism in the 2R allele was determined
by PCR-PERFLP method, consisting of PCR followed by
primer extension (PE) and RFLP analysis with Haelll diges-
tion. The PCR reaction was performed using reverse primer
TS21: 5'-CAGCTCCGAGCCGGCCACAG-3' instead of TS18.
Five microliters of PCR product was mixed with extension
primer TS105: 5"TCCGAGCCAGCCACAGGCAT-3' labeled
with fluorescein 5'-isothiocyanate to a total volume of 7.5 pul.
The mixture was denatured for 5 min at 98°C, annealed for
10 min at room temperature and then combined with 2.5 pl
of PE reaction mixture containing 0.5 unit of Vent (exo-)
DNA polymerase (New England BioLabs, Ipswich, MA),
200 uM deoxyribonucleoside triphosphates, 1X ThermoPol
Reaction Buffer provided by the manufacturer, followed by
incubation for 10 min at 72°C. The product of primer exten-
sion was digested with Haelll, separated on 3% agarose gels
and visualized with the Typhoon fluoroimager. The 2G allele
produced a 48 bp fragment and the 2C allele a 76 bp fragment
with the fluorescein 5'-isothiocyanate label. The TS genotype
was thus classified into 2G/2G, 2G/2C, 2C/2C, 2G/3G, 2G/3C,
2C/3G, 2C/3C, 3G/3G, 3G/3C, or 3C/3C by comprehensive
genotyping of the VNTR and SNP in the TS 5'UTR. Analyses
were performed at least twice to confirm the genotype.

LOH analysis. LOH of the TS locus was determined in three
distinct ways depending on the TS genotype observed in the
normal tissue. The G/C SNP in the 2R allele was not taken
into consideration for LOH analyses. Samples that were
2R/3G or 2R/3C were analyzed by PCR followed by separa-
tion on Spreadex gel (Elchrom Scientific, Cham, Switzerland).
Samples that were 2R/2R, 3G/3G or 3C/3C were evaluated for
LOH using the microsatellite marker D18S59, as described
previously (18). Samples that were 3G/3C were analyzed using
the PCR-PERFLP method, as described above for the SNP
genotyping method with the 2R allele. PCR-PERFLP avoids
interference due to heteroduplex formation, thereby allowing
the exact allele ratio to be determined. The 3G allele produced
a 76 bp fragment and the 3C allele a 104 bp fragment with
PCR-PERFLP, as visualized by Typhoon fluoroimaging. The
image was analyzed using ImageQuant software and the
relative ratio between 3G and 3C alleles in tumor DNA was
normalized using the ratio measured in the corresponding
normal tissue DNA sample. LOH was defined as either the
complete absence of one allele, or a decrease in intensity of
one allele by at least 50%. LOH of 18q was analyzed using the
microsatellite markers D18S58, D18S61 and D18S64. Forward
primers were labeled with fluorescein 5'-isothiocyanate and the
same method as for microsatellite marker D18S59 was used.

Statistical analysis. Relationships between variables were
analyzed by Chi-square analysis or the Scheffe post-hoc test
used following ANOVA. The cumulative survival rate was
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estimated using the Kaplan-Meier method and statistical
significance was assessed by the log-rank test. Cox regression
modelling was used for multivariate analysis. P-values less
than 0.05 were considered significant.

Results

Genotype analysis in normal tissue samples. We previously
investigated and compared the TS genotypes between matched
normal and tumor tissues from 151 patients with colorectal
cancer. The results suggest that frequent LOH of the TS locus
detected in the tumors affect the functional TS genotyping (18).
Therefore, in the present study, TS genotyping was carried out
on DNA from normal tissue rather than from tumor samples
in order to avoid possible artifacts from LOH. The VNTR
genotype distribution amongst the 246 cases was: 2R/2R (n=9),
2R/3R (n=70), 3R/3R (n=162) and 3R/5R (n=5). Because the
5R allele is rare and analysis of the G/C SNP in the repeat
component is difficult, the 5 cases with 3R/SR genotype were
excluded. The remaining 241 cases of 2R/2R,2R/3R and 3R/3R
VNTR genotype cases were then screened for the G/C SNP
in both the 2R and 3R alleles (Fig. 1). The combined VNTR
and SNP genotype frequencies were: 2G/2C (n=1), 2C/2C
(0=8), 2G/3G (n=3), 2G/3C (n=3), 2C/3G (n=25), 2C/3C (n=39),
3G/3G (n=48), 3G/3C (n=81) and 3C/3C (n=33). The previ-
ously reported 2R allele with a G—>C SNP located in the first
tandem repeat (17) was not found in our subjects. This should
have resulted in a 121 bp fragment following PCR-PERFLP
and gel electrophoresis (Fig. 1B). The 2G allele was quite rare
in our population and showed no significant associations with
any clinicopathological variable or with clinical course (data
not shown). Therefore, SNP information for the 2R allele was
not considered in further analysis. The distribution of clinico-
pathological features according to TS VNTR/SNP genotype
are shown in Table I. As reported previously (14), the 3G allele
was less frequent in females (P=0.04, chi-square test) (male
G=115, female G=62, male C=79, female C=68). No significant
associations were apparent between the normal tissue TS geno-
type and any other clinicopathological feature.

LOH and the residual TS allele in colorectal cancer. The
appropriate method for LOH analysis was selected according
to the genotype found in the normal tissue, as shown in
Fig. 2. The genotype frequency according to LOH status is
also shown in Fig. 2. A novel method for LOH analysis of the
3G/3C genotype was employed in this study and involved the
use of PCR-PERFLP to avoid interference with heteroduplex
product (Fig. 3). Fifteen cases could not be evaluated for
LOH status because both the TS genotype and the D18S59
microsatellite marker were homozygous. Therefore, complete
TS VNTR/SNP genotype information together with tumor
LOH status was available for 226 patients. The frequencies
were: 2R/2R (n=3), 2R/3G (n=11), 2R/3C (n=20), 3G/3G
(n=13), 3G/3C (n=34), 3C/3C (n=14), 2R/loss (n=26), 3G/loss
(n=58) and 3C/loss (n=47). The overall frequency of LOH for
the TS locus was 58.0% (131/226). Lossed alleles were evenly
distributed between 2R (n=23), 3G (n=58) and 3C (n=50).
Associations between LOH status and clinicopathological
features are shown in Table II. The absence of LOH for TS
was significantly associated with proximal tumor location

A VNTR typing

M 1 2 3 4 5 6 7 8 NC

3R
- 2R

!

SNP typing

e

B in 2R allele C

Ny

in 3R allele

Figure 1. TS VNTR and SNP analysis. (A) VNTR analysis using PCR ampli-
fication and separation of products on a 3% agarose gel. (B) SNP analysis in
the 2R allele using PERFLP followed by separation on a 3% agarose gel and
scanning with a fluoroimager. (C) SNP analysis in the 3R allele by RFLP and
separation on a 3% agarose gel. The DNA fragments stained using ethidium
bromide are displayed as white pixels on a black background, whereas those
labeled by fluoresein are displayed as black pixels on a white background.
The numbers on these panels indicate the same samples being analyzed.
The genotypes are as follows: 1, 2G/2C; 2, 2C/2C; 3, 2G/3C; 4, 2C/3G;
5,2C/3C; 6, 3G/3G; 7, 3G/3C; and 8, 3C/3C. M indicates the size marker
(50, 100, 200 and 300 bp) and NC indicates that there was no template
control. TS, thymidylate synthase gene; VNTR, variable number tandem
repeat; SNP, single nucleotide polymorphisml RFLP, restriction fragment
length polymorphism.

and with mucinous histology. No other statistically significant
associations were observed.

Patient prognosis and TS LOH status. A number of studies
have reported that LOH at a given gene locus is associated with
poor prognosis. We therefore analyzed the prognostic signifi-
cance of TS LOH status before examining the prognostic role
of the TS genotype. This was performed for 153 patients with
clinical stage II or III disease who underwent curative surgery
and where clinical information including long term follow-up
and use of adjuvant therapy was available. Of these patients, 90
(59%) showed TS LOH and had significantly shorter survival
(P=0.0005) compared to patients with no LOH (n=63; Fig. 4).
We also compared the frequency of LOH between the tumors
at clinical stage II and IIT by Chi-square test. We found no
statistical difference in frequency of LOH between the two
groups of tumors (P=0.22). Multivariate analysis with the
parameters listed in Table III demonstrated that TS LOH
status, receipt of adjuvant chemotherapy and clinical stage
were independent prognostic factors in this patient cohort.

TS LOH is often accompanied by 18q LOH. TS is located on
18p11.32. Earlier studies reported that 18q LOH was associated
with poor prognosis in CRC (20,21). Thus, we analyzed the rela-
tion between TS LOH and 18q LOH in 41 randomly selected
samples comprising 15 cases with no TS LOH and 26 cases
with TS LOH. Three microsatellite markers (D18S58, D18S61,
D18S64) located at 18q22.3, 18q22.2 and 18q21.32, respectively,
were used to determine 18q LOH. Fig. 5 shows the TS LOH
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Table I. Thymidylate synthase genotype and clinicopathological features.

2R/3R 3R/3R

Parameter 2R/3R 2R/3G 2R/3C 3G/3G 3G/3C 3C/3C
Total 9 28 42 48 81 33
Sex

Male 5 18 23 37 41 19

Female 4 10 19 11 40 14
Age (years)

Mean 63.3 704 63.7 66.3 65.5 66.3

SD 15.8 111 11.2 132 11.1 13.5
Stage

I 1 4 6 3 7 3

I 5 5 17 18 32 10

I 3 13 17 14 27 13

v 0 6 2 13 15 7
Tumor site

Proximal 2 9 12 19 32 9

Distal 7 19 30 29 49 24
Pathology

Tubl 7 8 17 21 39 13

Tub2 1 17 21 23 36 16

Muc 1 0 1 2 1 2

Por 0 3 3 2 5 2

Muc, mucinous adenocarcinoma; Por, poorly differentiated adenocarcinoma; Tubl, well differentiated tubular adenocarcinoma; Tub2,

moderately differentiated tubular adenocarcinoma.

TS genotyping in normal samples

/

!

N\

2R/3G, 2R/3C 3G/3C Homozygous
} ! {
TS LOH analysis TS LOH analysis LOH analysis

by PCR and
gel separation

by PCR, primer
extension and RFLP

by microsatellite
marker, D18S59

LOH(-) LOH(-) LOH(-)
2R/3G 11 3G/3C 34 2R/2R 3
2R/3C 20 LOH(+) 3G/3G 13

LOH(+) 3G/loss 21 3C/3C 14
2R/loss 3Clloss 26 LOH(+)

21 2R/loss 5
3G/loss 3G/loss 26
11 3Clloss 14
3Clloss Unknown 15
7

Figure 2. Flow chart of LOH analysis and the frequency of TS genotypes.
The LOH status of tumors was analyzed according to the TS genotype in
normal sample. The TS genotype frequency in relation to LOH status is
shown in the box. LOH, loss of heterozygocity; TS, thymidylate synthase
gene; RFLP, restriction fragment length polymorphism.

status as well as that of each 18q microsatellite marker. Whenever
LOH was observed at the TS gene locus, it was also consistently
present at other 18q loci. On the other hand, three tumors (from

3G/3C
T N T

3G/loss 3Clloss

N T N

= 3C
= 3G

Figure 3. Representative cases of LOH analysis in 3G/3C genotype samples.
The PCR-primer extention restriction fragment length polymorphism method
detailed in the materials and methods was used to avoid interference by the
heteroduplex product. The image of DNA fragments labeled by fluoresein
are displayed as black pixels on a white background. Thymidylate synthase
genotype and LOH status is indicated on the top of matched T and N lanes.
LOH, loss of heterozygocity; T, tumor; N, normal.

patients no. 4, 13 and 16 shown in Fig. 5) showed LOH at one or
more 18q microsatellite markers in the absence of LOH at TS.
In these tumors, LOH was not observed for all three markers,
indicating the chromosomal loss occurred in a relatively small
area of 18q. These results suggest that LOH at TS and 18q are
simultaneous events in most CRC, although a few tumors have
small areas of LOH at 18q without allelic loss at the TS locus.

TS genotype as a prognostic and predictive factor in tumors
with LOH. Since TS LOH was a strong prognostic factor (Fig. 4)
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Table II. Loss of heterozygosity of the thymidylate synthase
locus and clinicopathological features.

Parameter No LOH LOH P-value
Total 95 131
Sex 0.63
Male 55 80
Female 40 51
Age (years) 0.16
Mean 64.6 66.9
SD 12.9 11.3
Stage 0.61
I 11 12
1I 30 52
1T 39 46
v 15 21
Tumor site <0.0001
Proximal 48 30
Distal 47 101
Pathology 0.038
Tubl 42 55
Tub2 39 69
Muc 6 1
Por 8 6

Muc, mucinous adenocarcinoma; Por, poorly differentiated adeno-
carcinoma; SD, standard deviation; Tubl, well differentiated tubular
adenocarcinoma; Tub2, moderately differentiated tubular adenocar-
cinoma.

1.0 L
T "11 No TS LOH
0.8 L3 =
4 1]
[0] -
T 06 Al L
= ] = =—, TSLOH
=2 - ——
>
5 0.4 o
N ]
0.2 -
0 P=0.0005 i

T T
0 20 40 60 80 100 120 140
Months

Figure 4. Overall survival of patients with curatively resected colorectal
cancer according to their TS LOH status. TS, thymidylate synthase gene;
LOH, loss of heterozygocity.

and also influences the TS genotype observed in tumors, we
explored the role of TS genotype separately in patient groups
stratified according to their LOH status. In patients without
TS LOH (n=63), the tumor genotype is identical to that found
in normal tissue. These patients were classified into 6 groups:
2R/2R (n=2), 2R/3G (n=6), 2R/3C (n=13), 3G/3G (n=10),
3G/3C (n=23) and 3C/3C (n=9). The relatively small number

Table III. Multivariate analysis of prognostic factors.

Variable Hazard ratio 95% CI  P-value
TS LOH

Yes vs. no 301 1.36-6.64 0.0065
Adjuvant chemotherapy

Yes vs. no 0.53 0.28-0.98 0.045
Sex

Male vs. female 1.22 0.66-2.26 0.53
Age

>66 vs. <66 1.15 0.62-2.16 0.66
Stage

I vs. III 0.53 0.29-096 0.039
Tumor site

Proximal vs. distal 0.63 0.28-143 0.27
Pathology

Tub2 vs. Tubl 1.27 0.368-2.38 045

Muc vs. Tubl 242 0.50-11.7 0.27

Por vs. Tubl 0.53 0.068-4.21 0.55

CI, confidence interval; LOH, loss of heterozygosity; M, mucinous
adenocarcinoma; Por, poorly differentiated adenocarcinoma; TS,
thymidylate synthase; Tubl, well differentiated tubular adenocarci-
noma; Tub2, moderately differentiated tubular adenocarcinoma.

of cases for each genotype prevented analysis of the prognostic
value of these groups. When the genotypes were grouped into
L-type (2R/2R, 2R/3C, 3C/3C; n=24) and H-type (2R/3G,
3G/3C, 3G/3G; n=39) according to criteria from our previous
report (14), no prognostic significance was observed in the
overall patient group, in patients treated by surgery alone, or in
patients treated with adjuvant chemotherapy (data not shown).
In patients with TS LOH (n=90), the tumor TS genotypes
were: 2R/loss (n=20), 3G/loss (n=39) and 3C/loss (n=31). No
prognostic significance was observed for these genotypes in the
overall group of patients with TS LOH (Fig. 6A) or in patients
who received adjuvant chemotherapy (Fig. 6C). However, the
3C/loss genotype was associated with significantly shorter
survival in patients treated by surgery alone (Fig. 6B). These
results suggest that patients with the 3C/loss genotype have
poor prognosis when treated by surgery alone, but may benefit
from chemotherapy as observed by the similar survival rate
to patients with other genotypes. Indeed, patients with the
3C/loss genotype who received adjuvant chemotherapy
survived significantly longer than those treated by surgery
alone (Fig. 6D). Thus, the 3C/loss genotype appears to be a
prognostic marker for poor outcome, as well as a predictive
marker for good response to 5-FU-based chemotherapy.

Discussion

In this report we genotyped TS for VNTR status and for SNPs
located within the 2R and 3R alleles. We have evaluated the
TS locus for LOH in CRC. In agreement with our previous
observations, LOH was quite frequent regardless of the TS

-34 -



6 KOTAKE et al: LOH OF TS HAS PROGNOSTIC AND PREDICTIVE SIGNIFICANCE IN CRC

12 3 45 6 7 8 91011 1213141516 17 1819 20 21 2223 24 25 2627 2829 30 31 32 33 34 35 36 37 3839 40 41

TS
D18S64 | H
D18S61 H
D18S58

un
T

Figure 5. LOH status of the TS locus and of 18q in 41 randomly selected tumor samples. White squares indicate that the LOH status could not be determined
either due to microsatellite instability (I) or homozygosity (H). Light grey squares indicate no LOH and dark grey squares indicate LOH. LOH, loss of

heterozygocity; TS, thymidylate synthase gene.

A 1
Q
© i
g
> -
5
@
B .
)
S L
g
E -
=
@
0 P=0.0055 |
T T T T T T T T
C 1 1 1 1 1 1 1 1
[0}
g i
g
>
2 L
%) L
0.2 1 -
0- P=0.53 |
T T T T T T T T
D 1 1 i ; 1 1 1 1 1
1.0+ . -
1
0.8- Tha—y i
® =~ 71 Chemo (+)
g o064 | 0 === -
2
b
5 0.4+ -
@
0.24 Chemo (-) |
0 P=0.0001 [

T
0 20 40 60 80
Months

T T T
100 120 140

Figure 6. Survival analysis of patients with colorectal cancer exhibiting
TS LOH. The survival rates of patients with 2R/loss (broken line), 3G/loss
(dotted line) and 3C/loss (continuous line) genotype were compared using the
Kaplan-Meier method in (A) all patients with TS LOH, (B) patients treated
with surgery alone and (C) patients who received adjuvant chemotherapy.
(D) Survival of patients with the 3C/loss genotype who did (broken line) or did
not (continous line) receive 5-FU-based adjuvant chemotherapy. TS, thymi-
dylate synthase gene; LOH, loss of heterozygocity; 5-FU, Fluorouracil.

genotype (18,19). TS LOH was a prognostic factor for poor
survival (Fig. 4), independently of clinical stage and other
clinicopathological features. Because of the high frequency of
TS LOH (58%) and also its significant prognostic impact, the TS
genotype cannot be combined with LOH status to give one simple
prognostic indicator similar for example to the ‘3G-containing
type’ we used previously (14). The 3G/3G and 3G/loss genotypes
are identical in that both have only the 3G allele, however their
prognostic significance is quite different due to the presence of
LOH in the latter. Important prognostic information derived
from the LOH status would be lost if the 3G/3G and 3G/loss
genotypes were combined into a simple ‘3G type’.

In exploring the predictive value of a given factor for adju-
vant chemotherapy, it is also important to consider its prognostic
value in the absence of such treatment. The TS LOH status is
essential for the correct use of TS genotype as a prognostic and
predictive factor in 5-FU-based adjuvant chemotherapy. The
different number of TS genotypes in tumor DNA is another
reason to stratify patients according to their TS LOH status.
In cases with no LOH, 6 major TS genotypes are observed
(2R/2R, 2R/3G, 2R/3C, 3G/3G, 3G/3C, 3C/3C) whereas three
groups are seen in cases with LOH (2R/loss, 3G/loss, 3C/loss).
Future investigations into the role of TS genotype in the clinical
setting will require large patient cohorts so that the LOH status
of TS can also be taken into account.

In the current study we classified patients according to
their TS LOH status and then followed by investigating the
prognostic and predictive significance of TS genotype. In cases
with no LOH, the overall patient group showed relatively good
prognosis (Fig. 4) and there were 6 major genotype groups,
making it difficult to obtain statistically meaningful results
because of the relatively small patient numbers. Moreover, no
prognostic or predictive significance was observed when these
6 genotypes were classified into just two groups (H and L)
according to our previous results (14). This indicates that TS
genotype is not a useful marker in patients without TS LOH,
although study of a larger number of patients is required to
confirm this observation.

Cases with TS LOH showed poor prognosis (Fig. 4). These
were further classified into three simple TS genotype groups
(2R/loss, 3G/loss, 3C/loss) in order to explore their prognostic
and predictive values (Fig. 6). The 3C/loss genotype was a
marker for poor prognosis in patients treated by surgery alone
(Fig. 6B). Furthermore, the 3C/loss genotype also predicted
good response to 5-FU-based adjuvant chemotherapy (Fig. 6D).
Despite the relatively small number of patients (n=31), this
result reached a high level of statistical significance (P=0.0001).
Using an in vitro reporter assay, we previously showed the 3C
allele was associated with lower translational activity compared
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to the 3G allele (14). Low expression of TS mRNA (6) and
of the TS protein (8) in CRC have both been associated with
good response to 5-FU-based chemotherapy. The current result
showing the TS 3C/loss genotype is a marker for good response
to 5-FU-based adjuvant chemotherapy (Fig. 6D) is therefore
consistent with our previous in vitro observations and with the
results of Salonga et al (6) and Soong et al (8). Although we
cannot explain why this genotype was associated with poor
prognosis (Fig. 6B), the result concurs with a previous study
showing that low TS expression is a marker of worse prognosis
in patients treated by surgery alone (8).

Due to the retrospective nature of this study and the poten-
tial for biases, further analyses are required to validate the
results, particularly for the TS genotype groups in cases with
LOH. The 2G allele was rare and no 2R allele with the G—C
SNP in the first tandem repeat was found in our patient cohort,
suggesting that SNP typing of the 2R allele can be omitted
in further studies of the Japanese population. However, there
is considerable ethnic variation in the allele frequency for
2R and the incidence is higher in Western populations (22).
Therefore, additional analysis of the SNP in the 2R allele may
be required for Caucasian populations.

The LOH status of TS was closely associated with 18q
LOH status, with the latter being reported previously as a
prognostic factor in CRC (23,24). The mechanism by which
18q LOH is linked to poor prognosis of CRC patients is not
known, although the loss of several tumor suppressor genes
in this region including DCC, SMAD4 and SMAD22 has been
implicated. The current study sheds light on loss of the whole
of chromosome 18 as a prognostic factor. LOH of 18p and
18q should be analyzed simultaneously to investigate whether
the minimally lost regions on 18q or the whole allelic loss of
chromosome 18 have stronger prognostic significance.

TS LOH is a significant prognostic factor in CRC.
Furthermore, the 3C/loss genotype appears to be prognostic
in patients treated by surgery alone and predictive in patients
who receive 5-FU-based adjuvant chemotherapy. Since TS
LOH status influences the TS genotype of tumors and also
has a significant prognostic role, TS LOH should be incor-
porated into all future studies of TS genotype, particularly in
relation to its predictive value. Stratification of CRC patients
into subgroups defined by TS LOH status is therefore essen-
tial in obtaining clear evidence for a clinical role of the TS
genotype.
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