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Abstract

Identification of molecular alterations occurring in the adenomatous and
carcinomatous components within the same tumor would greatly enhance
understanding of the neoplastic progression of colorectal cancer. We ex-
amined somatic copy number alterations (SCNAs) and mRNA expression
at the corresponding loci involved in the adenoma—carcinoma sequence
in the isolated adenomatous and cancer glands of the same tumor in
15 cases of microsatellite-stable “carcinoma in adenoma,” using genome-
wide SNP and global gene expression arrays. Multiple copy-neutral loss of
heterozygosity events were detected at 4913.2, 15915.1, and 14924.3 in
the adenomatous component and at 4q13.2, 15915.1, and 14924.3 in the
carcinomatous component. There were significant differences in the copy
number (CN) gain frequencies at 20q11.21—-q13.33, 8q13.3, 8p23.1, and
8921.2—q22.2 between the adenomatous and carcinomatous components.
Finally, we found a high frequency of five genotypes involving CN gain with
upregulated expression of the corresponding gene (RPS21, MIR3654,
RSP20, SNORD54, or ASPH) in the carcinomatous component, whereas
none of these genotypes were detected in the adenomatous component.
This finding is interesting in that CN gain with upregulated gene expression
may enhance gene function and play a crucial role in the progression of an
adenoma into a carcinomatous lesion.
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INTRODUCTION

There are three pathways involved in sporadic color-
ectal carcinogenesis: the adenoma-—carcinoma se-
quence, serrated pathway and de novo pathway.' ™’
According to the adenoma-—carcinoma sequence,
molecular alterations essential to the development of
colorectal cancer (CRC) accumulate in multiple genes
that regulate cell growth and differentiation, and loss
of heterozygosity (LOH) facilitates neoplastic pro-
gression (8-9). The serrated pathway is character-
ized by mutations in the BRAF gene and global
methylation occurring in CpG islands of promoter
regions.®* In addition, specific pathological findings
including a higher frequency of right-sided colon
cancers and the development of medullary and mu-
cinous carcinomas are associated with the serrated
pathway.®*® Third, the de novo pathway, proposed
by the Hasegawa and Fujimori research groups in
Japan, suggests that depressed lesions rapidly pro-
gress into invasive or metastatic lesions, which
are characterized by TP53 mutations without KRAS
mutations.”? Among these models, the adenoma-—
carcinoma sequence is crucial for elucidating the
molecular alterations occurring during colorectal
carcinogenesis, which is the direct progression of a
malignant (carcinomatous) lesion from a benign
(adenomatous) lesion.'?

Somatic copy number alterations (SCNAs) are closely
associated with neoplastic progression of CRC.'''®
Previous studies have shown that SCNAs accumulate
during the progression from adenoma to cancer, ac-
cording to the adenoma—carcinoma sequence, suggest-
ing that SCNAs are powerful driving forces in CRC."'*'®
However, most SCNAs are presumed not to affect the
expression of the corresponding gene(s) (low or high
expression based on copy number [CN] loss or gain,
respectively) in CRC. Accordingly, although SCNAs may
be powerful markers predicting neoplastic progres-
sion,’*'® SCNASs that do not affect gene expression may
not be necessary for tumor growth or acquisition of me-
tastatic potential in CRC. On the other hand, SCNAs that
do affect expression of the corresponding gene(s) might
enhance neoplastic progression during colorectal carci-
nogenesis.'®"” To detect neoplastic progression based
on the adenoma—carcinoma sequence, the most re-
presentative pathway of CRC development, it is neces-
sary to separately examine the molecular alterations
occurring in the adenomatous versus carcinomatous
components of the same tumor.

Our aim is to identify molecular alterations including
SCNAs and global gene expression changes occurring
in the adenomatous and carcinomatous components of
the same tumor, obtained using a crypt isolation method,
which excludes interstitial cells from the tumor tissues. In
addition, we also investigated expression of the genes
at the same locus as the identified SCNAs, which may

be the force driving progression from an adenoma to
carcinoma.

MATERIALS AND METHODS
Patients

Fifteen cases of carcinoma in/with adenoma were ex-
amined. Carcinoma in/with adenoma was diagnosed
according to the modified World Health Organization
2019 criteria.® Briefly, low-grade adenomas are char-
acterized by a uniform monolayer of columnar cells with
basal nuclei showing minimal atypia. In high-grade
adenomas, nuclear atypia is more frequent, with nu-
clear pleomorphism, nuclear enlargement and pseu-
dostratification without stromal invasion. Carcinoma- in
or with adenoma-containing intramucosal cancer is
defined by cytological atypia and complex architecture
with cribriform groups, irregular branching, glandular
anastomosis and budding of neoplastic cells into the
lumen, which are considered representative of stromal
invasion. Clinicopathological findings were recorded
according to the general rules for management of the
Japanese Colorectal Cancer Association.'® The de-
tailed clinicopathological findings are summarized in
Table 1. This study was approved by the local ethics
committee of Iwate Medical University (approval num-
ber HGH28-26), and all patients provided informed
consent.

Crypt isolation method

Fresh tumor and normal tissues were obtained by en-
doscopic resection. Normal colonic mucosa was col-
lected from the most distal portion of the resected
specimen. Adenomatous and carcinomatous compo-
nents were isolated from the resected specimen sepa-
rately. The adenomatous component was distinguished
from the carcinomatous component based on findings
observed under a dissecting microscope (SZ60; Olym-
pus). Gland isolation from tumor and normal mucosae
was performed using tumor glands obtained from both
components as described previously.'® At least 10 tu-
mor or normal glands were obtained (tumor: range
10-25 glands, mean 15 glands; normal: range 10-28
glands, mean 18 glands). Briefly, fresh tissues were
minced with a razor into small pieces and incubated
at 37°C for 30min in calcium- and magnesium-free
Hanks' balanced salt solution containing 30 mM EDTA.
The isolated glands were immediately fixed in 70%
ethanol and stored at 4°C until used for DNA extraction.
The fixed glands were observed under a dissecting mi-
croscope (SZ60; Olympus). Some of the glands were
routinely processed by histopathological analysis to
confirm their histological nature. Contamination, such as
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TABLE 1 Clinicopathological findings of the cases of colorectal
adenocarcinoma in/with adenoma

Clinicopathological
findings (%)

Total 15
Sex
Male 7 (46.7)
Female 8 (53.3)
Age, median (range) (years) 71 (53-83)
Size, median (range) (mm) 40 (23-79)
Location
Right 9 (60)
Left 6 (40)
Macroscopic type
Elevated 15 (100)
Depressed 0 (0)
Adenoma component
Histological subtype
Tubular adenoma 8 (53.3)
Tubulovillous adenoma 7 (46.7)
Histological grade
Low 7 (46.7)
High 8 (53.3)
Presence of KRAS mutations 7 (46.7)
Carcinoma component
Histological subtype
Well differentiated 12 (80)
Moderately differentiated 2 (138.3)
Papillary 1(6.7)
Depth of cancer invasion
Mucosa 12 (80)
Submucosa 0

with interstitial cells, was not evident in any of our
samples. In addition, the obtained adenomatous and
carcinomatous glands were confirmed using histological
sections.

DNA and RNA extraction

DNA was extracted from the isolated tumors and normal
glands of each patient using routine phenol—chloroform
extraction. An A260/A280 ratio of 1.8 was used as the
criteria for DNA, and a ratio of 2.0 was used for RNA.

Total amount of yielded DNA was 500—-2000 ng/pL. Total
RNA was extracted from cancer and normal cells using
the RNeasy Mini kit (Qiagen) according to the manu-
facturer's instructions.

Analysis of microsatellite instability (MSI)

The MSI status was determined using a consensus
panel of five reference microsatellite markers (BAT25,
BAT26, D2S123, D3S546, and D17S250) according
to a previously described method.?° When none of the
five markers was altered, the tumors were defined as
microsatellite stable. When only one marker was al-
tered, the tumors were defined as low MSI. When two
or more markers were altered, the tumors were de-
fined as high MSI.

SNP array analysis

SNP array analysis was conducted using the Cytoscan
HD (Affymetrix) platform. This array contains more than
1.9 million nonpolymorphic markers and over 740 000
SNP markers with an average intragenic marker spacing
of 880bp and intergenic marker spacing of 1737 bp.
These platforms consist of microarrays containing non-
polymorphic probes specific for CN variations in the
coding and noncoding regions of the human genome
as well as polymorphic SNP probes. All procedures
were performed according to the manufacturer's in-
structions. We analyzed the hybridized slides containing
biotin-labeled DNA using the GeneChip Scanner 3000
7G (Affymetrix) and the Chromosome Analysis Suite
Software (Affymetrix). An abnormality was defined
as (a) a minimum of 50 consecutively duplicated probes,
(b) a minimum of 50 consecutively deleted probes,
or (c) segments of LOH larger than 3 Mb. Smaller
alterations involving cancer-associated genes were also
investigated. The detailed methodology was described
previously.”" Finally, we used 25ng of DNA for each
array.

Classification of CN alterations

In the present study, SCNAs were classified into five
subtypes: gain, LOH, copy-neutral LOH (CN-LOH),
mosaic and mixed.”’ LOH was considered a cross
chromosomal change resulting in loss of the entire
gene and surrounding region, and gain was defined as
a cross chromosomal change resulting in gain of the
entire gene and surrounding region. CN-LOH was de-
fined as LOH without a copy number change (CN = 2).
A mosaic pattern was defined as a mixture of normal
and abnormal cells with SCNAs. A mixed pattern was
defined as a mixture of more than two SCNA patterns
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within one locus, such as LOH and mosaic with LOH
(LOH type), gain and LOH (gain>LOH, gain; LOH >
gain, LOH), or gain and mosaic with gain (gain). The
mosaic type was subclassified into mosaic gain or
mosaic loss. In the present study, mosaic gain was
classified into gain, while mosaic loss was assigned
into LOH. Representative illustrations of the gain, mo-
saic gain, LOH, mosaic loss, and mixed patterns are
shown in Figure S1.

Microarray analysis

RNA was extracted from isolated normal, adenomatous
and carcinomatous glands, and RNA quality was as-
sessed using the Agilent 2100 Bioanalyzer (Agilent). All
RNA used was confirmed to be of good quality. In ad-
dition, we used 20 ng of RNA for each array. This array
measured 21 453 mRNA transcripts. Probe labeling,
chip hybridization, and scanning were performed
according to the manufacturer's instructions. Gene
expression was determined using GeneChip Human
Clariom S arrays (Affymetrix) and Transcriptome Ana-
lysis Console software (Affymetrix).

Statistical analysis

Upregulated or downregulated expression of the
mMRNA transcripts in tumor tissues was assessed by
paired t-test with the Benjamini—-Hochberg false dis-
covery rate procedure, compared with those of isolated
normal glands. Differences between SCNAs with an
upregulated or downregulated corresponding gene
expression level between patterns (including gain and
nongains, or LOH and non-LOH) were assessed with a
Fisher's exact test. Differences in SCNA number in-
cluding gain, LOH and CN-LOH among the groups
were evaluated using the Wilcoxon matched-pairs
signed-rank test in JMP Pro13 (SAS Institute, Cary,
NC, USA). Differences in SCNAs between isolated
adenomatous and carcinomatous glands were ana-
lyzed using a binomial test. Finally, differences in the
genotype (e.g., CN gain/GNAS) frequency among iso-
lated adenomatous and carcinomatous glands were
determined by a binomial test. A p-value <0.05 was
accepted as significant.

RESULTS

Microsatellite status of the adenomatous
and carcinomatous components of the
same tumor

All isolated components were classified as microsatellite
stable according to previously reported criteria.’

Pathologywvi; gy——=*

SCNAs in the adenomatous and
carcinomatous components of the
same tumor

In the isolated adenomatous component, the median
number of total chromosomal aberrations per patient
was 40 (range 16-233), with a median of 15 gains
(range 2-145), 19 LOH events (range 10-88), and
2 copy-neutral LOH events (range 0-65). On the
other hand, the median number of total chromosomal
aberrations per patient in the carcinomatous compo-
nent was 115 (range 28-659), with a median of
67 gains (range 5-551), 29 LOH events (range
9-108), and 3 copy-neutral LOH events (range 0-65).
There were significant differences in the total number
of gains between the adenomatous and carcinoma-
tous components (p=0.0125). However, the total
numbers of LOH and CN-LOH events were common
between the two components. The results are illu-
strated in Figure 1.

We examined differences in SCNAs between the
two isolated components. Regions harboring SCNAs
detected in more than 30% of cases were selected for
comparison between the two components. CN gain
events detected in more than 30% of cases were
located at 14q32.33, 7934, and 7g36.2 in the adeno-
matous component, whereas those in the carcinoma-
tous components were found (in decreasing order of
frequency) at 14g32.33, 20q11.21—q13.33, 8q11.1-
g24.3, 7911.21-g36.3, 7p22.3—p11.1, 8p23.3—p11.1,
20p12.1—p11.1, 13gq11-q14.12, 13q14.3—-q34, and
19913.2—q13.32. LOH events detected in more than
30% of cases were found at 4913.2, 15q15.1, 14924.3,
6922.31, 10926.13, 199q13.42, 2q12.3, 17p13.3-p12,
18q12.1—23, and 11g11 in the carcinomatous com-
ponents, compared with 4q13.2, 15q15.1, 14024.3,
2g12.3, 10926.13, 11q11, 19q13.42, 6g22.31, 7q34,
3025.33, 17p13.1, 17p11.2, and 17g12 in the adeno-
matous component. No CN-LOH events were detected
in more than 30% of cases in either component. These
results are shown in Table S1, and ideograms showing
the SCNAs in the adenomatous versus carcinomatous
components are presented in Figure S2. Significant
differences in the frequency of the CN gains between
the adenomatous and carcinomatous components
were found at 20q11.21—q13.33, 8p23.1, 89g13.3, and
8921.2—q22.2 (higher frequency in the carcinomatous
than adenomatous component) (Table S2). No sig-
nificant differences in the frequency of the LOH or CN-
LOH events were observed between the adenomatous
and carcinomatous components.

Individual differences in SCNAs of each case be-
tween the adenomatous and carcinomatous compo-
nents within the same tumor are depicted in Figure S3.
Several SCNA changes in each case were frequently
found in carcinomatous components compared with
adenomatous components.
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Total number of somatic copy number alterations (SCNAs), including gain, loss of heterozygosity (LOH) and copy-neutral

(CN)-LOH events, in the isolated adenomatous and carcinomatous components of the same tumor

mRNA expression profiling in the
adenomatous and carcinomatous
components of the same tumor

We performed global mRBNA expression profiling in the
15 isolated adenomatous and carcinomatous compo-
nents and compared the results with expression in the
isolated normal gland samples. The criteria for differ-
ential expression were a fold-change in expression <-1.5
or >1.5 and p<0.05 (Benjamini-Hochberg false dis-
covery rate). First, we compared the expression levels
between the adenomatous and normal glands and
identified 36 differentially expressed mRNAs (36 upre-
gulated and 0 downregulated in the adenomatous com-
ponent) (Table 2). Second, we compared the expression
levels between the carcinomatous and normal glands
and found 73 differentially expressed mRNAs (71 upre-
gulated and 2 downregulated in the carcinomatous
component) (Tables 3 and 4). Of these differentially
expressed mRNAs, 31 were common to both the iso-
lated adenomatous and carcinomatous components
(Figure 2), whereas five mRNAs were found in the

adenomatous component only and 42 in the carcino-
matous component only (Figure 2).

Integrated genome and transcriptome
analyses

To examine whether there was a correlation of SCNA
status with its corresponding gene expression, we uti-
lized a statistical approach. First, each mRNA and its
corresponding chromosomal location (e.g., RPS217 lo-
cated at 20q13.33) was explored in our two groups
(isolated adenomatous and carcinomatous glands).
Second, we examined the association of the corre-
sponding chromosomal location with the type of SCNA,
including gain and nongain, or LOH or non-LOH, in
isolated adenomatous and carcinomatous glands (e.g.,
SCNA at 20g13.33 was a CN gain). In addition, we
determined whether the SCNA pattern correlated with
the change in the expression level of its corresponding
gene (upregulated or downregulated) using a Fisher's
exact test (Tables 2-4). As a result, integrated analysis
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TABLE 2 Somatic copy number alterations and expression of the corresponding gene in the adenomatous component compared with
normal glands

Upregulated Pattern of copy number alteration

Official case (n=15) (%)

symbol Location (n=15) (%) Gain Nongain p-value
CEACAM5 19q13.2 8 (53.3) 4 (26.7) 11 (73.3) 0.5692
MIR3654 7933 8 (53.3) 4 (26.7) 11 (73.3) 1.0000
GNAS 20q13.32 9 (60) 3 (20) 12 (80) 0.5253
RPS21 20q13.33 8 (53.3) 3 (20) 12 (80) 1.0000
RPL13A 19q13.33 7 (46.7) 3 (20) 12 (80) 1.0000
SNORD32A 19q13.33 7 (46.7) 3 (20) 12 (80) 1.0000
SNORD33 19q13.33 7 (46.7) 3 (20) 12 (80) 1.0000
SNORD34 19913.33 7 (46.7) 3 (20) 12 (80) 1.0000
SNORD35A 19q13.33 7 (46.7) 3 (20) 12 (80) 1.0000
RPS28 19p13.2 8 (53.3) 2 (13.3) 13 (86.7) 0.2000
CAST 5q15 9 (60) 1(6.7) 14 (93.3) 0.4000
SNORD95 5q35.3 9 (60) 1 (6.7) 14 (93.3) 0.4000
SNORD96A 5q35.3 9 (60) 1(6.7) 14 (93.3) 0.4000
SLC12A2 5023.3 7 (46.7) 1 (6.7) 14 (93.3) 1.0000
NAP1L1 12921.2 5 (33.3) 1 (6.7) 14 (93.3) 1.0000
PIGR 1932.1 11 (73.3) 0 (0) 15 (100) 1.0000
HSPA8 11924.1 10 (66.7) 0 (0) 15 (100) 1.0000
RPL3 22q13.1 10 (66.7) 0 (0) 15 (100) 1.0000
SNORD14C 11924.1 10 (66.7) 0 (0) 15 (100) 1.0000
SNORD14D 11q24.1 10 (66.7) 0 (0) 15 (100) 1.0000
SNORD43 22q13.1 10 (66.7) 0 (0) 15 (100) 1.0000
SNORDS83B 22q13.1 10 (66.7) 0 (0) 15 (100) 1.0000
EEF1A1 6q13 9 (60) 0 (0) 15 (100) 1.0000
RACK1 5q35.3 9 (60) 0 (0) 15 (100) 1.0000
H4C3 6p22.2 9 (60) 0 (0) 15 (100) 1.0000
RPS24 10g22.3 9 (60) 0 (0) 15 (100) 1.0000
EEF1G 11912.3 8 (53.3) 0 (0) 15 (100) 1.0000
ITM2C 2937.1 8 (53.3) 0 (0) 15 (100) 1.0000
MTRNR2L9 6q11.1 7 (46.7) 0 (0) 15 (100) 1.0000
RPS3 11q13.4 7 (46.7) 0 (0) 15 (100) 1.0000
SNORD15A 11q13.4 7 (46.7) 0 (0) 15 (100) 1.0000
TMEM123 11922.2 7 (46.7) 0 (0) 15 (100) 1.0000
TPM1 15022.2 7 (46.7) 0 (0) 15 (100) 1.0000
EEF1A1P5 9934.13 6 (40) 0 (0) 15 (100) 1.0000
EPCAM 2p21 6 (40) 0 (0) 15 (100) 1.0000

CBWD5 9g21.11 5 (33.3) 0 (0) 15 (100) 1.0000
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TABLE 3 Somatic copy number alterations and expression of the corresponding gene in the carcinomatous component compared with

normal glands

Official
symbol

GNAS
RPS21
MIR3654
ASPH
RPS20
SNORD54
CEACAMS5
FBL
OLFM4
RPL13A
SNORD32A
SNORD33
SNORD34
SNORD35A
NAP1L1
RPL38
RPL41
CD63
MGST1
RPL18
MIR21
VMP1

PIGR
RPL23
SNORA21
CAST
RPS8
SNORDS38A
SNORD38B
SNORD46
SNORD55
SNORD95
SNORD96A
HNRNPM
RPS28
H4C14

Location
20q13.32
20q13.33
7933
8q12.3
8q12.1
8q12.1
19913.2
19q13.2
13q14.3
19913.33
19913.33
19q13.33
19q13.33
19913.33
12g21.2
17925.1
12913.2
12q13.2
12p12.3
19q13.33
179231
17g23.1
1g32.1
17912
17q12
5q15
1p34.1
1p34.1
1p34.1
1p34.1
1p34.1
5935.3
5035.3
19p13.2
19p13.2
1g21.2

Upregulated
case
(n=15) (%)

12 (80)

11 (73.3)
9 (60)
7 (46.7)
6 (40)

Pattern of copy humber alteration
(n=15) (%)

Gain Nongain
8 (53.3) 7 (46.7)
8 (53.3) 7 (46.7)
7 (46.7) 8 (53.3)
6 (40) 9 (60)
6 (40) 9 (60)
6 (40) 9 (60)
4 (26.7) 11 (73.3)
4 (26.7) 11 (73.3)
4 (26.7) 11 (73.3)
3 (20) 12 (80)
3 (20) 12 (80)
3 (20) 12 (80)
3 (20) 12 (80)
3 (20) 12 (80)
3 (20) 12 (80)
3 (20) 12 (80)
3 (20) 12 (80)
3 (20) 12 (80)
3 (20) 12 (80)
3 (20) 12 (80)
3 (20) 12 (80)
3 (20) 12 (80)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)
2 (13.3) 13 (86.7)

p-value
0.0769
0.0256
0.0070
0.0406
0.0110
0.0110
0.2308
1.0000
1.0000
0.5165
0.5165
0.5165
0.5165
0.5165
0.5253
0.2286
0.5253
0.5692
1.0000
0.5692
0.2418
0.2418
1.0000
1.0000
1.0000
0.5238
0.5238
0.5238
0.5238
0.5238
0.5238
0.5238
0.5238
0.4857
1.0000
1.0000
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TABLE 3 (Continued)

Upregulated Pattern of copy number alteration

Official case (n=15) (%)

symbol Location (n=15) (%) Gain Nongain p-value
H4C15 1g21.2 8 (53.3) 2 (13.3) 13 (86.7) 1.0000
RPS6 9p22.1 8 (53.3) 2 (13.3) 13 (86.7) 0.4667
SLC12A2 5023.3 8 (53.3) 2 (13.3) 13 (86.7) 0.2000
CDH1 16022.1 7 (46.7) 2 (13.3) 13 (86.7) 0.2000
RPL3 22q13.1 12 (80) 1 (6.7) 14 (93.3) 1.0000
SNORD43 22q13.1 12 (80) 1 (6.7) 14 (93.3) 1.0000
SNORDS83B 22q13.1 12 (80) 1(6.7) 14 (93.3) 1.0000
APP 21g21.3 10 (66.7) 1(6.7) 14 (93.3) 1.0000
CSTB 21922.3 10 (66.7) 1 (6.7) 14 (93.3) 1.0000
H4C3 6p22.2 10 (66.7) 1 (6.7) 14 (93.3) 1.0000
ITM2C 2q37.1 10 (66.7) 1(6.7) 14 (93.3) 1.0000
PARK7 1p36.23 10 (66.7) 1(6.7) 14 (93.3) 1.0000
SPTBN{ 2p16.2 9 (60) 1(6.7) 14 (93.3) 1.0000
TMSB10 2p11.2 9 (60) 1 (6.7) 14 (93.3) 1.0000
EPCAM 2p21 8 (53.3) 1(6.7) 14 (93.3) 1.0000
ITGB1 10p11.22 8 (53.3) 1 (6.7) 14 (93.3) 1.0000
PTMA 2937.1 6 (40) 1(6.7) 14 (93.3) 0.4000
UQCR10 22q12.2 6 (40) 1(6.7) 14 (93.3) 0.4000
RPS29 14921.3 5 (33.3) 1(6.7) 14 (93.3) 0.3333
HSPA8 11924.1 12 (80) 0 (0) 15 (100) 1.0000
SNORD14C 11924.1 12 (80) 0 (0) 15 (100) 1.0000
SNORD14D 11g24.1 12 (80) 0 (0) 15 (100) 1.0000
RPS3 11913.4 11 (73.3) 0 (0) 15 (100) 1.0000
SNORD15A 11913.4 11 (73.3) 0 (0) 15 (100) 1.0000
RACK1 5035.3 10 (66.7) 0 (0) 15 (100) 1.0000
RPS12 6023.2 10 (66.7) 0 (0) 15 (100) 1.0000
EEF1G 11912.3 9 (60) 0 (0) 15 (100) 1.0000
EEF1A1 6q13 8 (53.3) 0 (0) 15 (100) 1.0000
EIF4G2 11p15.4 8 (53.3) 0 (0) 15 (100) 1.0000
RPS7 2p25.3 8 (53.3) 0 (0) 15 (100) 1.0000
SNORD97 11p15.4 8 (53.3) 0 (0) 15 (100) 1.0000
SELENOW 19q13.33 7 (46.7) 0 (0) 15 (100) 1.0000
LAPTM4A 2p24.1 6 (40) 0 (0) 15 (100) 1.0000
TMEM123 11g22.2 6 (40) 0 (0) 15 (100) 1.0000

RPL32P29 14021.3 5 (33.3) 0 (0) 15 (100) 1.0000
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TABLE 4 Somatic copy number alterations and expression of the corresponding gene in the carcinomatous component compared with

normal glands

Pattern of copy number

@ No alteration

Official Downregulated alteration (n =15) (%)
symbol Location case (n=15) (%) LOH Non-LOH p-value
CCDC102B 18922.1-g22.2 6 (40) 5 (33.3) 10 (66.7) 0.3287
PTPRM 18p11.23 5 (33.3) 3 (20) 12 (80) 0.5055
Abbreviation: LOH, loss of heterozygosity.
Ad Carci 7
enoma arcinoma o o .
kel -
component component ¢ . ¢
c 2 1.
g o - H MR NN
CBWD5 & n > o
EEF1A1P5 & & v & \;0‘29
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RPS24
TPM1 @ Gain
CN-LOH

CAST, CEACAMS, EEF1A1
EEF1G, EPCAM, GNAS, H4C3
HSPAS, ITM2C, MIR3654
NAP1L1, PIGR, RACK1
RPL13A, RPL3, RPS21
RPS28, RPS3, SLC12A2
SNORD14C, SNORD14D
SNORD15A, SNORD32A
SNORD33, SNORD34
SNORD35A, SNORD43
SNORD83B, SNORD95
SNORDS6A, TMEM123

APP, ASPH, CCDC102B
CD63, CDH1, CSTB, EIF4G2
FBL, H4C14, H4C15
HNRNPM, ITGB1, LAPTM4A
MGST1, MIR21, OLFM4
PARK7, PTMA, PTPRM
RPL18, RPL23, RPL32P29
RPL38, RPL41, RPS12
RPS20, RPS29, RPS6, RPS7
RPS8, SELENOW, SNORA21
SNORD38A, SNORD38B
SNORD46, SNORDS54
SNORDS5, SNORD97
SPTBN1, TMSB10

UQCR10, VMP1

FIGURE 2 Global transcriptome analysis of the isolated
adenomatous and carcinomatous glands. The right circle of the Venn
diagram shows the abnormally expressed genes in the adenomatous
glands compared with the normal glands, and the left circle shows
the abnormally expressed genes in the carcinomatous glands
compared with the normal glands. The central overlapping circle
indicates the abnormally expressed genes common to both the
adenomatous and carcinomatous glands

of the SCNA and mRNA expression data revealed
that none of the SCNAs involved a correspondingly
differentially expressed gene in the adenomatous
component (Table 2). However, in the carcinomatous
component, we observed five SCNAs (gains) with up-
regulated expression of the corresponding gene. Next,
In the carcinomatous component, five of the 73 genes
with significant differential expression compared with
the normal gland (RPS271 (ribosomal protein 21),
MIR3654, RPS20, SNORD54 (small nucleolar RNA,
C/D Box 54), and ASPH (aspartate beta-hydroxylase)
showed concordance with the corresponding SCNA
(Table 3). Finally, using copy number status and

FIGURE 3 Expression levels of pooled mRNA in array-based
tests of isolated adenomatous and cancerous glands. Different
patterns of somatic copy number alterations (SCNAs) are marked by
different colors connecting copy number levels and gene expression
levels. Red, gain; Blue, loss of heterozygosity (LOH), green,
copy-neutral LOH and black, no alteration

gene expression levels, we showed that CN gain was
correlated with upregulation of its corresponding gene
(Figure 3).

We defined these CN gains with upregulated ex-
pression of the corresponding gene (RPS21, MIR3654,
RPS20, SNORD54, and ASPH) as a specific genotype
(e.g., 20913.33/RSP21). There were statistical differ-
ences in the frequency of each of these five genotypes
between the adenomatous and carcinomatous com-
ponents of the same tumor (p <0.01). A representative
case is shown in Figure S4.

DISCUSSION

Previous studies have shown that SCNAs accumulate
during the progression of CRC.""""® According to Vo-
gelstein's hypothesis, which is characterized by multi-
step carcinogenesis, genetic loss such as LOH in tumor
suppressor genes is an essential genetic event in the
neoplastic progression of CRC.'? In the present study,
however, we found that CN gain, involving elevated
CNs of particular genes, plays a major role in colorectal
carcinogenesis. CN gain at 14932-33 was identified as
a common chromosomal alteration between the ade-
nomatous and carcinomatous components, suggesting
that this alteration contributes to early colorectal
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tumorigenesis. The 14q32-33 region includes the gene
AKT1, encoding AKT serine/threonine kinase 1, which
regulates cell growth and proliferation and may be re-
sponsible for some human cancers,”**® although not
often CRC. High expression of AKT1 was not found in
either the adenomatous or carcinomatous component,
suggesting that CN gain at 14gq32-33 does not play a
functional role in the progression from adenoma to
carcinoma.

In the present study, there were significant differ-
ences in the frequency of CN gain at 20q11.21-q13.33,
8q13.3, 8p23.1, and 8g21.2—q22.2 between the ade-
nomatous and carcinomatous components. However,
none of the genes corresponding to these gains
showed altered expression. This finding suggests
that although CN gains at 20q11.21—-q13.33, 8q13.3,
8p23.1, or 8g21.2—g22.2 may be an epiphenomenon in
the progression from adenoma to carcinoma, as sug-
gested previously,”"*> CN gain in the carcinomatous
component may play a role in colorectal carcinogen-
esis. SCNAs may become candidate molecular mar-
kers predicting the risk of progression from adenoma to
carcinoma.”*#°

In the present study, there were no differences in total
SCNAs between adenoma and carcinoma gland sam-
ples, which contradicts findings in previous studies.’ "
In addition, the frequency of LOH or CN-LOH of the APC
gene located at 5922.2 may be low, compared with
previous studies.” This finding might be novel or it might
be a consequence of the technical issues, but this could
not be resolved in the present study. We performed crypt
isolation in adenoma and carcinoma glands, and con-
ducted genome-wide analyses on all material. To verify
the results, further study is required.

Recently, we found that a specific genotype defined
by SCNAs with altered expression of the corresponding
gene plays an important role in CRC progression.®® In
the present study, we showed that five genotypes in-
volving CN gain with upregulated expression of the
corresponding gene (RPS21, MIR3654, RSP20,
SNORD54, and ASPH) are closely associated with
progression from the adenomatous to carcinomatous
component of the same tumor. This finding is inter-
esting in that CN gain associated with upregulated
gene expression may enhance gene function. Such
genotypes play a leading role in the development of
carcinoma from adenoma.

The present results demonstrated that five geno-
types are closely associated with early carcinogenesis
in the colon/rectum. Of these affected genes, RPS fa-
mily members have been reported in not only breast
and prostate cancers®®“’ but also CRC, in which al-
terations in RPS genes result in ribosomopathies.”®
Ribosomal proteins, the essential components of the
ribosome, are a family of RNA-binding proteins that
play a prime role in ribosome biogenesis and protein
translation.””?° Broderick et al. reported a single
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germline truncating mutation in RPS20 in familial CRC
type X.?%*° Although the mechanisms by which muta-
tions in RPS20, RPS21, or other genes encoding the
RPS genes result in phenotypic diseases such as CRC
remain largely speculative, upregulation of RPS20 or
RPS21 expression caused by CN gain may help elu-
cidate the role of ribosomal proteins in the progression
of CRC.?’ %Y In addition, elucidation of the role of the
SCNAs associated with RPS20 or RPS21 in early
colorectal carcinogenesis is of interest, as such al-
terations may be a powerful driving force in neoplastic
progression.

A recent study has shown that downregulation of
miR-3654 plays an important role in prostate cancer
progression.”’ In the present study, we found that miR-
3654 was involved in the progression of CRC and
hypothesized that the CN gain of 7933, with an upre-
gulation of miR-3654, might be responsible for the
transformation from an adenomatous lesion to a carci-
nomatous lesion. However, such a mechanism has not
been described in CRC. Further studies are required to
investigate the molecular mechanisms regarding miR-
3654 expression in colorectal carcinogenesis.

A previous study suggested that dysregulation of
SNORD54, which is a noncoding RNA, is a new bio-
marker in chronic lymphocytic leukemia.®* Indeed, the
relevance of noncoding RNAs in human disease has
increased remarkably over the past few years.*
miRNAs represent the most extensively investigated
category of noncoding RNAs in cancer, since genetic
and epigenetic defects causing miRNA deregulation
and contributing to tumorigenesis have been identi-
fied.>> SNORD54 is an epigenetic molecular category
that may be associated with early development of col-
orectal carcinogenesis. The combination of CN gain
and upregulated expression of the corresponding gene
suggests the possibility of increasing epigenetic pro-
cesses occurring during neoplastic progression.

Finally, aspartate -hydroxylase (ASPH) is a highly
conserved dioxygenase overexpressed in multiple
malignancies, including pancreatic cancer.®* ASPH
appears to be involved in regulating the proliferation,
invasion and metastasis of pancreatic cancer cells via
multiple signaling pathways, suggesting its role as a
tumor biomarker and therapeutic target in many types
of cancers, including CRC.**® In the present study,
CN gain with high expression of ASPH was found in
isolated carcinomatous glands. Therefore, we suggest
that CN gain/ASPH upregulation may be a potential
mechanism that accelerates the action of ASPH
in CRC.

There are some limitations to this study. First, the
sample size was small. However, it is difficult to eval-
uate molecular alterations separately in the isolated
adenomatous and carcinomatous components of a tu-
mor. This is the first study to examine SCNAs and
expression of the involved gene(s) separately in the
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isolated adenomatous and carcinomatous components
of the same tumor. We believe that the molecular
alterations responsible for neoplastic progression oc-
curring in adenomatous and carcinomatous glands
were accurately evaluated in the present study. Sec-
ond, we could not examine SCNAs and global gene
expression in a second cohort for validation of the
present results, which was also due to the difficulty in
separating the adenomatous and carcinomatous
glands from the same tumor and in obtaining glands
from multiple cases. Nevertheless, we believe that our
study provides a novel approach to evaluating the
molecular mechanisms necessary for the neoplastic
progression from an adenoma to carcinoma.

In conclusion, we examined SCNAs and global
mRNA expression in isolated adenomatous and carci-
nomatous glands of the same tumor. Although no
SCNAs were associated with altered expression of the
corresponding gene(s) in the adenomatous compo-
nent, CN gain with upregulated expression of the
corresponding gene may enhance the progression of
CRC. Finally, we suggest that such a genotype is
important for understanding the molecular mechan-
isms responsible for accelerating neoplastic pro-
gression from an adenoma to a carcinomatous
lesion.
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