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Abstract

Colorectal cancer (CRC) is one of the leading causes of cancer-related death. We analyzed
genomic of non-familial tubulovillous adenoma (TVA) and two synchronous malignant colorectal
adenocarcinomas from a single patient. The number of somatic mutations was higher in the
tumor sample (especially, AV 50 cm adenocarcinoma sample) than TVA sample, and also the
allele frequency of mutation was higher on colon adenocarcinoma samples than TVA. Although
they were very low frequency of sharing same genomic alterations between the three lesions,
APC gene mutation was present in all three lesions, which confirm that APC gene mutation was
an early event in this patient. The genetic alterations of APC, KRAS and TP53, which play an
important role in the development of carcinoma from TVA, were shown through whole exome
sequencing data of each sample. Of note, of the two synchronous adenocarcinoma samples, one
lesion was KRAS mutant while the other one was KRAS wild-type. Our findings implicate that
KRAS mutation may need to be taken from every primary cancer in a patient with multiple primary
sites since KRAS status may differ amongst synchronous cancer lesions.
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Introduction malignancy [4]. Mutations in the V-Ki-ras2 Kirsten rat sar-

coma viral oncogene homolog (KRAS), most frequently de-
Colorectal cancer (CRC) is the third most common cancerin  tected in codons 12, 13, and 61, occur in approximately 40%
men and the second most common cancer in women glob- of metastatic CRC patients [5,6]. KRAS mutations are well

ally. The adenoma-carcinoma sequence has been described established negative selection factor for Cetuximab indica-
in colon tumorigenesis in the past decades [1,2]. Briefly, the ~ tion [7,8]; for instance, only KRAS wildtype CRC patients

tumorigenesis begins with the transformation of normal ep- Qemonstrgted significantly improved survival outcome follow-
ithelium to an adenoma, which then progresses in situ into N9 Cetuximab-based treatment.

a carcinoma, and ultimately into an invasive and metastatic In addition, mutational load in CRC has been shown to be
tumor [1-3]. associated with microsatellite instability (MSI-H) tumor which

The alteration of the APC, KRAS and TP53 genes in IS @ strong predictor for immune-targeted therapy [9]. Tumor
the genetic pathway, where normal colonic epithelia proceed mutational burden (TMB) is an important indicator forimmune-

to malignant carcinoma, is associated with progression to  therapy [10]. In case of multiple cancers, they may show dif-
ferent TMB which underscores the importance of genomic

profiling of each tumor when the patient has multiple cancers
occurring simultaneously.
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Genomic differences in colon cancer and colorectal polyp

patient) (TVA and two sited cancers) (2) demonstrate genomic
differences amongst different lesions occurring in a single
patient in terms of somatic mutation and mutational load.

Methods and materials
Tumor specimens and ethical statement

Two synchronous sigmoid colon cancer fresh frozen tumors
and an ascending colon TVA with adjoining non-tumor colon
mucosal tissues include no necrosis or hemorrhage were col-
lected at the Gil Medical Center, Incheon, Korea. This study
was approved by the Institutional Review Board of Gil Medical
Center, Incheon, Korea.

Exome-enriched library preparation
experimental process

DNA fragmentation

First, the purified whole genome DNA was randomly frag-
mented by using a Covaris and then the DNA was analyzed
by using the Agilent Bioanalyzer 2100. Assuming successful
fragmentation, a peak between 200-300bp was expected.
Following successful fragmentation the resulting overhangs
need to be converted to blunt ends, which was performed us-
ing the Sure Select Library Prep Kit, followed by a clean-up
step (DNA isolation) using the AMPure XP Beads. The DNA
was then stored at for —20 °C up to 7 days.

Adopter ligation & 3’ ends A-tailing

The success of the fragmentation between fragmented DNA
and index adaptors was increased, and the 3’ ends were
adenylation to reduce the self-ligation of the blunt fragment.
Immediately after adenylation, the adapter is coupled to the
newly adenylation genome DNA, and then purified by using
AMPure XP beads. The sample was stored at —20 °C for up
to 7 days.

Size selection

The samples were extracted from 2% of Agarose gel and ex-
tract an extract of 300-400bp. Due to the adapter ligation
(~60bp/adapter) the size of the target band was shifted from
the 200-300 bp range to the 300—400 bp range. Following gel
extraction and column purification of the DNA, successfully
ligated DNA fragments which including adapter sequences
are enhanced via PCR using adapter specific primers. DNA
was once again isolated using the AMPure XP Beads and
analyzed using the Agilent Bioanlyzer 2100. A sharp peak
between the 300—400bp ranges was expected.

Exome capture

First DNA was denatured and hybridized overnight to the
Sure Select RNA probes. The Sure Select Library Probes
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are 120bp biotinylated-RNA probes which target all human
exons. Following hybridization, the biotinylated probes (and
hybridized sample DNA) are captured via streptavidin beads,
washed, and then DNA is eluted from the probes. The RNA
probes were then digested and successfully captured, and
DNA fragments that included the ligated adapter sequences
were first purified and then enhanced via PCR using adapter
specific primers. DNA was then purified again using the AM-
Pure XP Beads and analyzed using the Agilent Bioanalyzer
2100. Once again a peak in the 300—400bp range was ex-
pected. Following this, samples were quantified using QPCR.
During the enhancement PCR step, unique index sequences
were incorporated into each molecule, which allows for sam-
ple pooling following QPCR quantification. After samples were
pooled they were then prepped for cluster generation.

High- throughput sequencing

The enriched exome library was loaded on the flow cells of
lllumina cBot for cluster generation. The flow cells with clus-
ters of the improved exome libraries were transferred to an
lllumina HiSeq2500. High-throughput sequencing was then
performed for each captured library to insure that each sam-
ple met the desired sequencing depth of 100X.

Identification of the sample origin

In order to verify that each sample was derived from the same
patient, we analyzed the germline variants with bioinformat-
ics method [11]. We sequenced three samples from tumor
region, and one blood sample for normal. After whole-exome
sequencing of these samples, we used ‘Burrow-Wheeler
Aligner (BWA)-MEM’ for alignment to reference genome [12].
And then, we did PCR duplicate removal, recalibration of
base and local realignment around known indels with GATK
for further analysis [13]. We used ‘Haplotype-caller’ to detect
germline mutations that each sample had. We defined the
list of germline mutations of each sample and filtered these
mutations with the following criteria: mutations were in exonic
region; not included in ‘Catalogue of somatic mutation in
cancer (COSMIC)’ database [14].

Data analysis

Alignment to the reference genomes (hg19 for human) was
performed using Burrows-Wheeler Aligner (BWA) [12]. Af-
ter pre-processing of exome sequencing data using GATK
[13] (local reorganization, duplicate marking and base recali-
bration) Samtools [15] and Picard, somatic variants were iden-
tified for point mutations and indels severally using MuTect
[16] and SomaticindelDector [17]. The ANNOVAR [18] was
used to select somatic variants located in exon sequences
and predict their functional consequences.

The data was then filtered due to good quality variants
expected to have potentially harmful effects consequence
(‘non-synonymous SNV’, ‘splicing’, ‘frameshift substitu-
tion’, ‘stopgain SNV’, ‘stoploss SNV’) using NCBI, UCSC
[19] database, SIFT [20] and PolyPhen [21]. Exclusion muta-
tions with additional minor allele frequencies (MAF)> 0.001
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A. Tubulovillous adenoma (TVA)

- Mutational event in APC |

Fig. 1

(Liberal threshold selected based on population frequency of
both diseases) observed in NCBI dbSNP [22] (Release 147),
1000Genomes [23] and ExAC [24] were further filtered.

Results

A 74-year-old man presented with ongoing lower abdominal
pain. The patient had two distal sigmoid colon cancers in
close proximity with an ascending colon TVA without any
metastasis. The patient’s initial carcinoembryonic antigen
level was 0.74 ng/mL. The patient had no prior history of any
cancer or comorbid diseases. The patient underwent subtotal
colectomy for cecal TVA and two synchronous sigmoid colon
cancer (Fig. 1). The pathologic features were as follows:
microsatellite stable, KRAS wild type, both AV 50 cm and
AV 60 cm cancers indicated T2 lesions, no lymphovascular
invasion, no perineural invasion, and 0 out of 27 lymph node
metastases with negative resection margins. Currently, the
patient is in a disease-free state without any evidence of
recurrence.

Genomic concordance between synchronous TA,
TVA and colon cancer from a single patient

Using the paired-end sequencing strategy, we simultaneously
generated sequence data from normal colon tissues, primary
colon tumors at AV 50cm and AV 60cm, and a right colon
TVA from the single patient described above, with the cor-
responding depth of 33X—43X. The generated reads were
mapped 99% on average (normal, 99.22%; TVA, 99.27%;
AV 50 cm cancer, 99.35%; AV 60 cm cancer 99.24%). Cov-
erage of depth in the target area was 308X on average
(normal, 293X; TVA, 300X; AV 50 cm cancer, 302%; AV
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B. AvV50cm and AV60cm cancer

- Mutational event in APC, KRAS |

Gross specimen and pathologic pictures (hematoxylin and eosin stain x200).

60 cm cancer, 339%). The widespread somatic changes were
noted throughout the genome, from somatic single nucleotide
variants (SNVs) to small insertions or deletions (indels)
(Fig. 2A).

Concordance of germline mutations in several
samples derived from one patient

We analyzed that how many germline mutations are over-
lapped between samples using the final list of filtered germline
mutations of each sample. These samples shared most of
same mutations of germline. We found that the germline
variants in each sample overlap with a high probability
(Fig. 4). (The rate of concordance of germline mutations be-
tween blood and TVA, between blood and AV 50 cm cancer,
between blood and AV 60 cm cancer >99.1%; between TVA
and AV 50 cm cancer, TVA and AV 60 cm cancer >98.2%;
AV 50 cm cancer and AV 60 cm cancer >96.7%)

Mutation analysis

Alignments to the reference genome with opened gaps were
performed using MuTect [16], and the SomaticindelDetector
[17] was used to map out SNVs and indels from the cancer
and matched adjacent normal tissues. In total, 79—258 ex-
onic point mutations and indels per sample were detected in
primary tumors.

Common gene alterations

In order to identify significant mutations to be malignant
in colon cancer, we compared somatic mutations of each
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Fig. 2 Abundance of somatic mutations profiles in adenoma and 2 colon cancer genomes. (A) The number of somatic mutations is
shown with the 8 functional categories. (B) Mutant allele frequencies (y-axis) of point mutations are shown for adenoma and 2 colon

cancer genomes (**p < 0.01).

sample. There are no common somatic mutations in TVA and
2 colon cancers. Although there is no exact point mutation in
these samples, common gene alterations were found at the
gene level (Fig. 3A). Interestingly, TVA and two colon cancers
have mutations in the APC gene in common.

Mutant allele frequency

To extract possible genetic changes during TVA to ade-
nocarcinoma and synchronous adenocarcinoma to adeno-
carcinoma, we performed an in-depth investigation of the
mutations of matched TVA and primary cancer samples. A
huge part of SNVs were shared by both stages, no significant
differences were observed between the allele frequency
of nonsynonymous and splice site SNVs in cancer-related
genes (i.e., TVA, p=0.89; AV60 cm cancer, p=0.40;
AV50 cm cancer, p=0.81;). However, the AV 50 cm cancer
had higher mutant allele frequencies than other the samples
(p < 0.01) (Fig. 2B). Non-silent mutations were observed
in APC, which was the only altered gene that was shared
between all three samples. The AV 50 cm and AV 60 cm
cancer samples shared only 2 gene mutations (VEGFC and
COLBAS3), and the TVA with AV 50 cm and AV 60 cm cancer
samples shared one mutation each, respectively (i.e., CTR9
and MYHS) (Fig. 3B, Supplement_table1).

Discussion

In this study, we identified three different sets of genetic char-
acters (TVA, AV 50cm, AV 60cm) from a patient. There were
more somatic mutations in AV 60cm than TVA, the highest
number of somatic mutations in AV 50cm. In addition, the
mutational allele frequency was the highest in the AV 50cm
(Fig. 2, Supplement Table 2). Interestingly, we found that TVA,
AV 60 cm and AV 50 cm have APC gene alteration, commonly
(Fig. 3). In genetic pathway to be malignant carcinoma, APC
alteration is an early event. In the development of colon can-
cer, a sequential change of KRAS and TP53 is necessary
after APC alteration [4,25].

AV 50cm cancer had mutations in KRAS gene in contrast
with AV 60cm cancer. And AV 60cm cancer had mutations
in TP53 gene in contrast with AV 50cm cancer (Fig. 4). The
reason why the mutation of TP53 and the KRAS gene is not
found in AV 50 cm and AV 60 cm is thought to be the tumor
heterogeneity. Hence, multiple primary cancer lesions should
be considered for KRAS mutational testing in every lesion
based on our finding that the two lesions had discordance in
KRAS mutational status. Previous studies have shown that
KRAS mutation is a mutation that imposes an impact on car-
cinogenesis, especially on colon cancer [4]. In light of this, it is
known that the tissue examination of colorectal TVA is a very
important event for CRC early diagnosis.
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Fig. 3 (A) Comparison of gene alterations in the adenoma and 2 colon cancers. (B) Common genes acquired non-silent somatic
mutations in the adenoma and 2 colon cancers. Whole exome sequencing in the adenoma and 2 colon cancers. Mutation landscape
with the mutation map of the 5 common mutated gene and 2 mutated oncogene. Each row represents a gene and each column

represents sample.

Previously, such research was conducted only in mainly,
familial CRCs study. Unlike the other research studied CRCs,
we sequenced and founded these mutations from three le-
sions from a non-familial CRC patient, interestingly.

Multiple cancers may arise simultaneously from regions
of normal tissue containing certain genomic alterations.
This phenomenon is exemplified by the ‘field cancerization’
caused by exposure to carcinogens [26,27]. In contrast with
genetic alterations found in isolated cases and in only minor
fractions of normal tissue cells [26,28], somatic epigenetic
alterations are common in normal tissues adjacent to various
cancers [29-31]. Although considerable genomic data has
been produced for colon cancers, whole exome sequencing
has rarely been applied to synchronous lesions. The aims
of our study were: first, we attempted to identify somatic
mutations and genome-wide MAFs for synchronous colon
cancers. Secondly, we attempted to detect genomic differ-
ences between TVA and sporadic colon cancers that might
drive TVA to cancer progression.

We found that genomic alterations for TVA were com-
parable to those for synchronous cancers in quantity (i.e.,

total mutations), but that driver alterations for TVA were less
common than those for synchronous colon cancer (i.e., num-
ber of driver mutations and co-occurrence of mutations). Our
data indicated that TVA may have qualitatively less aggres-
sive genomes that may need further driver hits to develop
into colon cancer genomes. To find critical determinants for
TVA progression to colon cancer, the analysis for driver genes
identified that synchronous TVA-cancer harbored many more
drivers than TVA (Fig. 2). However, we could not pinpoint re-
current determinants for the progression. These data indicate
that there may be neither a single driver nor a recurrent group
of drivers for the progression. APC (gain) somatic mutation
was the only one identified in synchronous TVA-AV 50 cm-AV
60 cm in this study [3].

Our study demonstrated that APC is an early genomic
event. Despite the lower prevalence of driver mutations in TVA
than synchronous cancers, even TVA harbored at least one
driver such as APC, CTR9, and MYH8 mutations, suggest-
ing that these drivers may be essential for the early phase of
cancer development, and that gradual accumulation of driver
mutations might be required for its progression.
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Fig. 4 Heatmap indicated the degree to which germline mutations are overlapped between two samples. Based on the samples on
the X-axis, it was shown how many of the overlapped germline mutations between X-axis sample and Y-axis sample.

CTR9is located at 11p15.3 and encodes 1173 amino acid
proteins. Itis widely expressed, including in fetal and adult kid-
ney, and shows evolutionary conservation throughout eukary-
otes [32]. CTR9 contains multiple tetratricopeptide repeats
(TPRs), a versatile protein—protein interaction domain that
can act as an interaction scaffold in multi-protein complexes
involved in diverse cellular processes, and is a core compo-
nent of polymerase-associated factor complex (PAF1c), which
has multiple roles in RNA Polymerase |l regulation [33]. Mu-
tations in cancer predisposition genes markedly contribute to
both familial and non-familial cases, whereas for others the
contribution to non-familial cases is small. To evaluate the
contribution of CTR9 to non-familial TVA to colon cancer pro-
gression is warranted. CTR9 mutations seem to be a very rare
cause of colon cancer and need to be analyzed via further
investigations.

Some genes displayed alterations in both TVA and
AV 50 cm and AV 60 cm, indicating their roles in
both the initiation and progression/maintenance of colon
cancers.

For example, the two mutations shared by AV 50 cm and
AV 60 cm in our study were VEGFC and COL6AS. Collagen
6A3 (COL6A3), a component of the extracellular matrix, is
often up-regulated in tumors and is believed to play a pro-
oncogenic role. It could promote tumor growth by modulating
Hippo and Wnt signaling [34].

The study involved a typical genetic change from TVA to
colon cancer. Also, it confirmed tumor heterogeneity by ge-
netic difference between colon cancers. Furthermore, in ad-
dition to the typical colon cancer mutation, characteristics for
random mutations can be seen.
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