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16 Abstract: Targeted next-generation sequencing (NGS) technology detects specific mutations that
17 can provide treatment opportunities for colorectal cancer (CRC) patients. We included 145 CRC
18 patients who underwent surgery. We analyzed the mutation frequencies of common actionable
19 genes and their association with clinicopathological characteristics and oncologic outcomes using
20 targeted NGS. Approximately 97.9% (142) of patients showed somatic mutations. Frequent
21 mutations were observed in TP53 (70%), KRAS (49%), and APC (47%). TP53 mutations were
22 significantly linked to higher overall stage (p=0.038) and lower disease-free survival (DFS) (p=0.039).
23 ATM mutation was significantly associated with higher tumor stage (p=0.012) and shorter overall
24 survival (OS) (p=0.041). Stage 3 and 4 patients with ATM mutations (p=0.023) had shorter OS, and
25 FBXW?7 mutation was significantly associated with shorter DFS (p=0.002). In multivariate Cox
26 regression analysis, ATM mutation was an independent biomarker for poor prognosis of OS
27 (p=0.022). TP53 and FBXW?7 mutations are independent biomarkers for poor prognosis of DFS
28 (p=0.042 and 0.030, respectively). A comprehensive analysis of the molecular markers for CRC can
29 provide insights into the mechanisms underlying disease progression and help optimize a
30 personalized therapy.

31 Keywords: next-generation sequencing; colorectal cancer; ATM mutation; FBXW7 mutation

33  1.Introduction

34 Colorectal cancer (CRC) is the third most common malignancy worldwide [1]. Despite the
35  advancements in CRC treatment and the decline in mortality rate over the past few decades, CRC
36  remains the second most common cause of cancer death in women and third common cause of cancer
37  death in men in Korea [2]. Although patients with localized stage CRC have a 5-year overall survival
38  (OS) of 90%, cancer spread to distant organs carries a significantly worse prognosis with a 5-year OS
39  of 14% [1]. Disease spread to distant organs is the major cause of morbidity and mortality in patients
40  with CRC [3].

41 Several genomic alterations, including KRAS, NRAS, and BRAF mutations, are associated with
42 resistance to targeted therapy with epidermal growth factor receptor (EGFR) monoclonal antibodies,
43  providing a molecular basis for selecting appropriate agents in the treatment of metastatic CRC [4].
44 Subsequent studies identified other genetic mutations of the EGFR signaling pathways involving the
45  HER2 and FGFR1 genes [5]. Genomic analysis showed that alterations in p53, WNT—f-catenin, TGF-
46 B, EGFR, and downstream MAPK/ERK and PI3K/Akt signaling pathways are associated with CRC
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47  tumorigenesis [6]. In the era of personalized medicine, an in-depth understanding of the molecular
48  profiles and altered signaling pathways is important to identify the patients who may be able to
49  benefit from such treatments.

50 Genetic or epigenetic alterations of the DNA mismatch repair (MMR) genes may have a
91  predictive value in some cases with CRC. Although testing for MMR status in patients with CRC has
52 been recommended as a workup test to evaluate the possible occurrence of Lynch syndrome, recent
53  data revealed that microsatellite instability (MSI) is a predictive biomarker for immunotherapy [7].
54 The next-generation sequencing (NGS) approach allows the agnostic analysis of large portions
55  of the genome and can identify multiple mutations with increased sensitivity [8]. This method is
56  currently used in pathology laboratories as a routine molecular test modality [9]. Combined with
57 various clinical information and advanced bioinformatic analysis, the NGS data could be used as a
58  basis for establishing a personalized treatment for cancer patients.

59 We aimed to describe the mutational profile of patients with CRCs using the targeted NGS
60  approach and analyze their potential correlations with clinicopathological factors. In addition, we
61  aimed to assess the biological and clinical significance of low variant allele frequency (VAF) for small
62  variants and compare them with those of The Cancer Genome Atlas (TCGA) dataset, a publicly
63  available archive.

64  2.Results

65
66  2.1. Study population

67 A total of 145 patients (76 men and 69 women) with CRC were included in this study. The median
68  age was 60.9 years (range, 25-88 years). Ninety-two (63.4%) of the tumors occurred in the colon,
69  while the remaining 53 (36.6%) tumors developed in the rectum. The detailed clinicopathological
70  characteristics of the study cohort are shown in Table 1.

71 Table 1. Clinicopathological data of 145 colorectal cancer patients.
72
Clinicopathological parameters Number of Patients (N = 145, %)
Sex Male 76 (52.4)
Female 69 (47.6)
Age 260 78 (53.8)
<60 67 (46.2)
Tumor site Right colon 45 (31.0)
Left colon 47 (32.4)
Rectum 53 (36.6)
T stage Tis 2 (1.4)
T1 3(2.1)
T2 6(4.1)
T3 89 (61.4)
T4 45 (31.0)
N stage NO 35 (24.1)
N1 47 (32.4)
N2 63 (43.5)
M stage MO 83 (57.2)
M1 62 (42.8)
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Stage 0 2 (1.4)
1 7 (4.8)
2 17 (11.7)
3 57 (39.3)
4 62 (42.8)
Lymphatic invasion Negative 46 (31.7)
Positive 81 (55.9)
Not available 18 (12.4)
Vascular invasion Negative 80 (55.2)
Positive 47 (32.4)
Not available 18 (12.4)
Perineural invasion Negative 69 (47.6)
Positive 58 (40.0)
Not available 18 (12.4)
Differentiation Well 12 (8.3)
Moderately 104 (71.7)
Poorly 15 (10.3)
Not available 14 (9.7)
Follow-up Recurrence 37 (25.5)
Died 5(34)
Initial CEA? >4 70 (48.3)
<4 72 (49.6)
Not available 3(2.1)
EGFR 0 1(0.7)
immunohistochemistry 1+ 54 (37.2)
2+ 54 (37.2)
3+ 26 (17.9)
Not available 10 (7.0)
73 “CEA: carcinoembryonic antigen

74
75  2.2. Mutational profile analysis

76 Of 145 patients, 97.9% (142) showed somatic mutations. Frequent mutations were found in TP53

77 (70%), KRAS (49%), APC (47%), PIK3CA (23%), FBXW7 (13%), and SMAD4 (12%). The genes with a
78  mutation frequency of >1% are presented in Figure 1. In comparison with the mutation frequencies
79  reported by TCGA CRC dataset, the mutation frequencies of TP53, KRAS, and PIK3CA genes were
80  higher in our cohort, and APC and FBXW7 mutations rarely occurred [10] (Figure A1). In the same
81  manner, the KRAS and PIK3CA mutation rates were higher than the mutation rates reported in the
82  Memorial Sloan Kettering Cancer Center (MSKCC) CRC dataset. On the contrary, our dataset

83  indicated lower rates of APC and SMAD4 mutations [11] (Figure A2).

84
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85 Figure 1. Oncoplot of the top 20 most frequently mutated genes in our cohort. This shows the list of
86 top 20 genes arranged based on the total number of variants in each gene, and the percentage
87 following each gene represents the ratio of tumor samples with its genetic alteration to the total
88 samples. Colored squares indicate the mutated genes, while gray squares indicate the non-mutated
89 genes.
90 Note: Variants annotated as Multi_Hit refer to those genes that mutated more than once in the same
91 sample.
92
93  2.2.1. TP53 mutations
94 A total of 107 different TP53 variants were detected from 100 patients. Among pathogenic/likely

95  pathogenic mutations, the most common alterations were those affecting the arginine residue 273 (13
96  cases; p.Arg273Cys and p.Arg273His) as well as the arginine residues 175 and 248 (8 and 7 cases;
97  p.Argl75His and p.Arg248Trp, respectively) (Table 2). In both TCGA and MSKCC CRC datasets,
98  p.Argl75His is the most common variant (15 and 67 cases, respectively) (Tables A1 and A2). The
99  presence of missense-type mutant p53 at codon p.Argl75 and p.Arg273 played a key role in the
100  submucosal invasion and metastasis of intestinal tumors through the gain-of-function mechanism

101 [12].
102
103 Table 2. Mutation spectrum of driver genes detected in our cohort.
104
Gene Cases Clinical Variation

(Variants) significance
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TP53 100 Pathogenic/ p-Argl75His (8), p.Argl96Ter (2), p.Arg209fs (1),
(107) Likely pathogenic (n) | p.Arg213Ter (1), p.Arg248GIln (4), p.Arg248Trp (7),

p-Arg273Cys (9), p.Arg273His (4), p.Arg280fs (1),
p-Arg282Gly (1), p.Arg282Trp (3), p.Arg306Ter (3),
p-Arg337fs (1), p.Arg342Ter (2), p.Asnl3lfs (1),
p-Cysl24fs (1), p.Cysl76Phe (1), p.Cys238Tyr (2),
p-Cys275Phe (1), p.GIn167fs (1), p.GIn52fs (1), p.Glu285fs
(1), p.Glu285Lys (4), p.Glu339Ter (1), p.Gly244Asp (1),
p-Gly244Ser (2), p.Gly245Asp (2), p.Gly245Ser (3),
p-Gly266fs (1), p.le195Thr (1), p.Leu257GIn (1),
p-Met133fs (1), p.Ser241Tyr (1), p.Trp53Ter (1),
p-Trp91Ter (1), p.Tyr220Asn (1), p.Tyr220Cys (2),
p-Tyr234Cys (1), p.Vall22fs (1), p.Vall73Leu (1), p.Val73fs

@™
Uncertain p-Arg249Ser (1), p.Gly244Cys (1), p.Gly262Val (1),
significance (n) p-Gly266Arg (1), p.Gly266Glu (1), p.Lysl32Arg (1),
p-Lys132Asn (1), p.Met237Ile (1), p.Pro250Leu (1),
p-Tyr163His (1)
Not provided (n) p-Asn239_Ser240del 1), p-Cys135Ter (1),

p.Glu224Ter (1), p.Glu258Asp (1), p.Glu287Ter (1),
p-Glu326fs (1), p.Lys292Ter (1), p.Lys320fs (1),
p-Ser240Cys (1), p.Ser240lle (1), p.Thr256Lys (1),
p-Tyr220fs (1), p.Tyr220Ter (1), p.Tyr236fs (1)

KRAS 75 (75)2 Pathogenic/ p-Alal46Val (1), p.Ala59Thr (2), p.GIn61His (1),
Likely pathogenic (n) | p.GIn6lLeu (1), p.GIn6lLys (2), p.Glyl2Ala (3),
p.Glyl2Asp (29), p.Glyl2Cys (3), p.Glyl2Ser (3),
p.Gly12Val (7), p.Gly13Asp (14)

Uncertain p-Alal46Thr (3)
significance (n)
Not provided (n) p-Lys117Leu (1)
APC 67 (106) Pathogenic/ p-Arglll4Ter (3), p.Argl450Ter (5), p.Arg213Ter (6),

Likely pathogenic (n) | p.Arg216Ter (1), p.Arg2204Ter (2), p.Arg2237Ter (1),
p-Arg232Ter (3), p.Arg283Ter (2), p.Argd05Ter (1),
p-Argd99Ter (2), p.Argb64Ter (4), p.Arg876Ter (2),
p-Asn1455fs (1), p.Asnl830fs (1), p.Asn659fs (1),
p-GIn1338Ter (2), p.GInl367Ter (1), p.GIn1378Ter (2),
p-GIn1429Ter (5), p.GIn473Ter (2), p.Glul306Ter (1),
p-Glul309fs (2), p.Glul309Ter (1), p.Glul353Ter (1),
p-Leul488fs (1), p.Lys1030Ter (1), p.Lys1199fs (1),
p-Ser1044Ter (1), p.Serl05fs (1), p.Ser1298fs (1),
p-Serl465fs (2), p.Ser1857fs (1), p.Serd57Ter (3),
p-Tyr1075Ter (1), p.Tyr935Ter (2), p.Val452fs (1)

Uncertain None
significance (n)

Not provided (n) p-Arg220fs (1), p.Asnl473fs (1), p.Asnl531fs (1),
p-Asnl782fs (1), p.Asn741fs (1), p.Aspl486fs (1),
p-GIn1035Ter (1), p.GIn1303Ter (1), p.GIn222fs (1),
p.GIn264Ter (1), p.Glul374Ter (2), p.Glul577fs (1),
p-Glul577Ter (1), p.Glu2llTer (1), p.Glu225Ter (1),
p.Glu460Ter (1), p.Glu918Ter (1), p.Glu941Ter (1),
p.Gly1094fs (1), p.Glyl288Ter (1), p.Gly797fs (1),
p-Leuld489fs (1), p.Leul669Ter (1), p.Leudbéfs (1),
p-Lys1085Ter (1), p.Lys1308Ter (1), p.Lys1370Ter (2),
p-Lys1518Ter (1), p.Lys2689s (1), p.Lys993Ter (1),
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p-Ser1861Tyr (1), p.Ser671fs (1), p.Ser844fs (1),
p-Tyrl147Ter (1), p.Tyr935fs (1), p.Vall472fs (1)
PIK3CA 32 (33) Pathogenic/ p-Argl08His (1), p.Arg88GIn (3), p.Asn345Lys (1),
Likely pathogenic (n) | p.GIn546His (1), p.Glu542Lys (3), p.Glu545Gly (1),
p-Glu545Lys (11), p.His1047Arg (6), p.His1047Leu (2),
p-Met1043Ile (1)
Uncertain p-Asn1044Lys (1)
significance (n)
Not provided (n) p-Arg357GlIn (1), p.Arg93Trp (1),
FBXW7 18 (21) Pathogenic/ p-Arg465Cys (2), p.Arg465His (3), p.Arg479GIn (3),
Likely pathogenic (n) | p.Arg505Cys (2), p.Arg505Leu (1)
Uncertain None
significance (n)
Not provided (n) p-Arg224Ter (1), p. p.Arg689Trp (1), p.Asn598fs (2),
pIle605fs (1), p.Pro201fs (1), Ser582Leu (3), p.Ser625fs (1)
SMAD4 17 (19) Pathogenic/ p-Arg361Cys (2), p.Arg361His (6), p.Arg361Ser (1),
Likely pathogenic (n) | p.Glu330Ala (1), p.His530fs (1)
Uncertain p-GIn549Ter (1)
significance (n)
Not provided (n) p-Asp351Gly (1), p.Asp396fs (1), p.Glu520Ter (1),
p-Gly395fs (1), p.Gly419Arg (1), p.Pro356Leu (2)
ATM 14 (38) Pathogenic/ p-Argl875Ter (1), p.Arg250Ter (1), p.Arg2993Ter (1),
Likely pathogenic (n) | p.Arg3008His (1), p.Gly301lfs (1), p.Lys2811lfs (2),
p-Prol1566fs (1), p.Ser1281fs (1), p.Ser1799fs (1)
Uncertain p-Arg23GlIn (1), p.Arg337Cys (1),
significance (n)
Not provided (n) p-Alal942fs (3), p.Ala2225fs (1), p.Argl619fs (1),
p-Asnl062fs (1), p.Asn2586fs (1), p.GIn268fs (1),
p.GIn446Ter (1), p.Glu376Ter (1), p.Gly2083Ter (1),
plle1659Ter (1), p.1le1960fs (1), p.I1e598fs (1), p.Lys902fs
(1), p.Phe2908fs (1), p.Phe2927fs (2), p.Phe492fs (1),
p-Phe771fs (1), p.Pro453fs (1), p.Ser1360fs (1), p.Ser2581fs
(1), p-Thr491fs (2), p.Trp308Ter (1)
TET2- 13 (18) Pathogenic/ None
AS1 Likely pathogenic (n)
Uncertain None
significance (n)
Not provided (n) p-Ala893fs (1), p.Argl404Ter (1), p.Arg544Ter (1),
p-His222fs (1), p.Leul276fs (1), p.Leul457Ter (1),
p.Lysl669fs (1), p.Phe329fs (1), p.Phe868Leu (9),
p-Thr624fs (1)
PTEN 9 (12) Pathogenic/ p-Arg130GIn (1), p.Argl73His (1), p.GIn261Ter (1),
Likely pathogenic (n) | p.GIn298Ter (1), p.Glu7Ter (1), p.lle101fs (1)
Uncertain p-Pro38Thr (1)
significance (n)
Not provided (n) p-Alal51Thr (1), p.Asn340fs (1), p.Lys144Thr (1),
p-Tyrl77His (1), p.Tyr68Phe (1)

d0i:10.20944/preprints202009.0483.v1
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BRCA2 7 (30)b Pathogenic/ p-Glu2183Ter (1), p.Glu510Ter (1), p.1le2278fs (2),
Likely pathogenic (n) | p.Lys1132fs (1), p.Val726fs (2)
Uncertain p-Arg3384Ter (1)
significance (n)
Benign (n) p-Asn289His (1), p.Asn991Asp (1), p.Val2466Ala (1)
Not provided (n) p-Asn2463fs (1), p.GIn2354fs (1), p.GIn2655fs (3),
pLys697fs (1), p.Prol702fs (1), p.Pro2246fs (1),
p-Vall532fs (1),
105 sOf 75 patients, 5 showed amplification.
106 vOf 30 cases, 6 had synonymous mutations, and 4 had intronic mutations.
107 Each SNV was classified according to the ClinVar database (https://www.ncbinlm.nih.gov/clinvar/).
108
109  2.2.2. KRAS mutations
110 Seventy-five mutations from 75 patients were identified in KRAS with the most common

111  affecting glycine 12 residue (45 cases; p.Gly12Asp/Val/Ala/Cys/Ser), followed by changes in the
112 glycine 13 residue (14 cases; p.Gly13Asp) (Table 2). Likewise, p.Gly12Asp mutation was the most
113 common recurrent variant in both TCGA and MSKCC CRC datasets (Tables A1 and A2).

114 With regard to the overall RAS mutations, one mutation in codon 61 (p.GIn61Lys) of NRAS was
115  also detected. However, no HRAS mutations were reported in our cohort.

116  2.2.3. APC mutations

117 APC mutations were detected in 67 patients (106 variants). APC mutations were not biased in a
118  particular domain; however, the vast majority of them were truncating mutations. The mutations
119  affecting the arginine 1450 residue, which is one of mutational hotspots for somatic APC mutations,
120  were commonly reported in our study (6 cases; p.Arg213Ter) (Table 2) [13]. In TCGA and MSKCC
121  CRC cohorts, the alterations affecting the arginine 1432 (19 cases; p.Arg1432Ter) and 876 residues (44
122 cases; p.Arg876Ter) were the most common mutations, respectively (Tables A1 and A2).

123 2.2.4. PIK3CA mutations:

124 Thirty-three PIK3CA mutations were detected in 32 patients. The most frequently reported
125  mutations were changes in the glutamic residue 545 in exon 9 of the protein (12 cases; p.Glu545Lys
126  and p.Glu545Gly) (Table 2). The mutations affecting the glutamic residue 545 (11 cases;
127  p.Glu545Lys/Ala/Gly/GIn) commonly occurred in the TCGA CRC cohort. Likewise, p.Glu545Lys was
128  the most frequent alteration (52 cases) in the MSKCC CRC dataset (Tables A1 and A2)

129  2.2.5. SMAD4 mutations

130 Nineteen mutations from seventeen patients were identified in the SMAD4 genes. Of these,
131  pathogenic/likely pathogenic mutations were detected in 11 variants with the most common affecting
132 arginine residue 361, which is the hotspot region for missense mutations (6 cases; p.Arg361His)
133 (Table 2) [14]. In the same manner, the most frequent variant was also detected at arginine residue
134 361 in TCGA (8 cases; p.Arg361His) and MSKCC CRC datasets (32 cases; p.Arg361His and
135  p.Arg361Cys) (Tables Al and A2).

136 The remaining recurrent mutations identified are summarized in Table 2.

137 In the present study, the presence of TP53 mutations showed mutual exclusivity with that of
138  PIK3CA mutations, which is also shown in both TCGA and MSKCC cohorts. These findings are in
139  line with that evidence that PI3CA and TP53 alterations tend to be mutually exclusive in diverse
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140  tumors [15]. On the contrary, the ATM mutations positively correlated with BRCA2 mutations, which
141  was also confirmed with the MSKCC CRC data. Mutually exclusive or co-occurring set of genes was
142 detected in our dataset, and TCGA and MSKCC cohorts are shown in Figure 2, and Figures A3 and
143 A4, respectively.

144
145
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146 Figure 2. Mutually exclusive and co-occurring gene pairs in our dataset presented in a triangular
147 matrix. Bluish green indicates a tendency toward co-occurrence, whereas brown indicates a tendency
148 toward mutually exclusiveness.
149

150  2.3. Outcome analysis

151  We evaluated the prognostic impact of the mutational profile on clinical outcomes. TP53 mutations
152 were significantly associated with lymph node metastasis (p=0.01803) and higher overall stage

153  (p=0.03813). BRAF mutation was predominantly harbored by the presence of metastasis (0.04222).
154  In addition, FBXW7 and ATM mutations were significantly associated with higher tumor stage
155  (p=0.03191 and 0.01237, respectively). The association of common gene mutations in CRC with

156  TNM classification and overall stage are summarized in Table 3. In terms of the correlation

157  between gene mutation and demographic and pathological parameters, APC mutations were

158  significantly associated with vascular invasion (p=0.01794). In addition, the frequency of mutations
159  affecting FBXW7 was higher in male patients (p=0.01063) (Table 3).

160
161 Table 3. Correlation of common gene mutations in CRC according to the clinicopathological data
162 of our cohort

163
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Mutations T stage N stage M stage Stage

1,2 3,4 0 1,2 0 1 1,2 3,4
RAS p =0.8676 p =0.4023 p = 0.5007 p =0.7053
Negative 6 63 14 55 42 27 11 58
Positive 5 71 21 55 41 35 15 61
BRAF p=1 p=0.6752 p =0.04222 p=1
Negative 11 127 33 105 82 56 25 113
Positive 0 7 2 5 1 6 1 6
PIK3CA p=0.7073 p=0.7166 p=0.05119 p =0.9012
Negative 8 105 26 87 70 43 21 92
Positive 3 29 9 23 13 19 5 27
TP53 p=0.09612 p =0.01803 p=0.4125 p =0.03813
Negative 6 39 17 28 23 22 13 32
Positive 5 95 18 82 60 40 13 87
APC p=03726 p=0.7935 p=0.1024 p=0.8235
Negative 4 74 20 58 50 28 15 63
Positive 7 60 15 52 33 34 11 56
SMAD4 p=1 p=1 p=0.904 p =0.5087
Negative 10 118 31 97 74 54 22 106
Positive 1 16 4 13 9 8 4 13
FBXW7 p =0.03191 p=0.1424 p =0.9203 p =0.09594
Negative 7 120 28 99 72 55 20 107
Positive 4 14 7 11 11 7 6 12
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ATM p =0.01237 p=0.7439 p=1 p=0717
Negative 7 124 31 100 75 56 23 108
Positive 4 10 4 10 8 6 3 11
164
165  Table 3 (continued)
Mutations | Age Sex Differentiation® | Lymphatic Vascular Perineural
invasion® invasion® invasion®
<60 | 260 | M | F WtoM | Poorly | Absent | Present | Absent | Present | Absent | Present
RAS p=08369 | p= p=0.9249 p=0.1176 p=0.9134 p=0.972
0.437
Negative 33 |36 |39 |30 |56 8 17 43 37 23 32 28
Positive 34 |42 |37 |39 |60 7 29 38 43 24 37 30
BRAF p=02491 | p= p=0.1002 p=1 p=1 p=0.3746
0.2577
Negative 62 76 74 | 64 | 113 13 44 78 77 45 65 57
Positive 5 2 2 5 3 2 2 3 3 2 4 1
PIK3CA | p=0.6054 | p= p=0.3053 p=1 p=0.8195 p=0.7176
0.3622
Negative 54 59 62 | 51 | 90 14 36 64 64 36 53 47
Positive 13 19 14 | 18 | 26 1 10 17 16 11 16 11
TP53 p=1 p= p=0.1422 p =0.08001 p=0.2426 p=0.201
0.6962
Negative 21 24 22 123 | 32 7 19 20 28 11 25 14
Positive 46 54 54 | 46 | 84 8 27 61 52 36 44 44
APC p=08782 | p= p=02135 p=0.243 p =0.01794 p=1
0.8369
Negative 37 41 42 | 36 | 61 11 29 41 51 19 38 32
Positive 30 |37 |34 |33 |55 4 17 40 29 28 31 26
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SMAD4 p=0.8541 | p= p=0.6913 p=0.3429 p=1 p=0.9175
0.832
Negative 60 | 68 68 | 60 | 100 14 38 73 70 41 61 50
Positive 7 10 8 |9 16 1 8 8 10 6 8 8
FBXW?7 p=1 p= p=1 p =0.4667 p =0.6693 p=0.2363
0.01063
Negative 59 | 68 61 | 66 | 101 13 38 72 68 42 57 53
Positive 8 10 15 | 3 15 2 8 9 12 5 12 5
ATM p=0.986 p= p =0.6284 p=0.35 p =0.7595 p =0.5505
0.5129
Negative 60 |71 67 | 64 | 106 13 40 75 73 42 61 54
Positive 7 7 9 |5 10 2 6 6 7 5 8 4

A total of 14 cases have no available data.

bA total of 18 cases have no available data.

For TCGA dataset, PIK3CA mutations correlated with lower N stage and overall stage (p=0.0217
and 0.00253, respectively). In addition, ATM mutations were significantly associated with the absence
of metastasis (p=0.00766) (Table A3).

The median time of follow-up was 16.5 months (range, 0.7-101.7 months). In the present study,
the OS of patients with or without TP53, RAS, APC, PIK3CA, and SMAD4 mutations did not differ
significantly (p=0.59, 0.72, 0.15, 0.25, and 0.12, respectively; Figure 3). Similarly, the DFS between
patients with RAS, APC, PIK3CA, and SMAD4 mutations and those with wild-type mutations were
not statistically different (p=0.3, 0.73, 0.13, and 0.59, respectively; Figure 4). However, the DFS of
patients with TP53 mutation was significantly shorter than that of patients with TP53 wild type
(p=0.039; Figure 4A). Furthermore, ATM mutation was significantly associated with shorter OS
(p=0.041, Figure 3G).
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Figure 3. Kaplan—-Meier curve for OS in 145 CRC patients by mutational status, including TP53 (A),
RAS (B), APC (C), PIK3CA (D), SMAD4 (E), BRAF (F), ATM (G), and FBXW?7 (H).
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206 Figure 4. Kaplan-Meier curve for DFS in 145 CRC patients by mutational status, including TP53 (A),
207 RAS (B), APC (C), PIK3CA (D), SMAD4 (E), BRAF (F), ATM (G), and FBXW7 (H).
208
209 With regard to the subset analysis of stage 3 and 4 patients, those with ATM mutation showed

210  shorter OS (p=0.023, Figure A5A). BRAF mutation showed significant correlations with shorter OS
211  (p=0.042, Figure A5B), which was not observed among the entire study population. The FBXW?7
212  mutation was significantly associated with shorter DFS in patients with stage 3 and 4 CRC (p=0.002,
213  Figure A6A). There was a trend toward a poor DFS for CRC in the group with TP53 mutation,
214 although this trend was not statistically significant (p=0.073, Figure A6B).

215 For the TCGA CRC dataset, the OS was not significantly different between patients with TP53,
216  KRAS, APC, PIK3CA, SMAD4, and NRAS mutations and their wild types (p=0.58, 0.96, 0.89, 0.38,
217 0.19, and 0.99, respectively; Figure A7). For the MSKCC CRC cohort, there was no difference in OS
218  between patients with TP53, KRAS, PIK3CA, SMAD4, and NRAS mutations and wild type (p=0.42,
219 039, 0.4, 0.26, and 0.16, respectively; Figure A8). On the contrary, BRAF mutation was associated
220  with shorter OS, compared with wild-type mutation (p<0.0001; Figure A8F). The absence of APC was
221  correlated with poor clinical outcomes (p=0.012; Figure A8C). Contrary to our results, the mutational
222  statuses of ATM and FBXW7 did not differ significantly in terms of OS (p=0.34 and 0.14, respectively;
223  Figure A8H and A8I).

224 In our cohort, the multivariate Cox’s regression analysis of OS showed that ATM mutation is an
225  independent biomarker for poor prognosis with a hazard ratio of 19.637 (p=0.022, confidence interval
226  [CI] = 1.547-249.26). In the same manner, TP53 and FBXW7 mutations were significant poor
227  prognostic factors for DFS with hazard ratios of 2.80 (p=0.042, CI = 1.037-7.6) and 3.79 (p=0.03, CI =
228  1.142-12.6), respectively. Figure 5A and B summarizes the role of clinicopathologic parameters and
229  individual mutations on OS and DFS, respectively.
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231 Figure 5. Forest plots for CRC prognostic markers. Multivariable Cox-proportional hazards analysis
232 was performed to identify the prognostic markers that may predict OS (A) and DFS (B). Error bars
233 represent hazard ratios and their 95% confidence intervals.

235  2.4. Variant allele frequency analysis

236  Based on the assumption that VAF is a potential biomarker [16], we investigated the biological and
237  clinical significance of VAF for small variants (SN'Vs, DNVs, and indels) in our cohort as well as in
238  the public datasets (TCGA and MSKCC cohorts). Among clinically actionable mutations, TP53
239  showed the highest VAF (Figure A9), and higher VAFs were significantly correlated with higher
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stages in APC and SMAD4 mutations (p=0.044 and 0.047, respectively). The distribution of median
VAFs in our cohort were extremely left shifted (Figure A10). These trends were similar to those in
the MSKCC cohort, but significantly different from those in TCGA CRC cohort (p<0.001), indicating
the higher sensitivity of targeted deep sequencing over whole exome sequencing. Among clinically
significant small variants in our cohort, the proportions of VAF less than 0.15 and 0.1 were 39.3%
and 29.7%, respectively, suggesting that a low VAF variant should not be neglected.

We investigated whether certain genes are more likely to have either lower or higher VAF when
mutated. When only 34 VAF-comparable genes (genes with more than two instances of VAFs) were
considered, the gene-specific distribution of VAF were easily identified in spite of the large
variability (Figure 6A). These trends were relatively preserved in the MSKCC cohort. Gene-wise
median VAFs were weakly associated with gene-wise instances of VAFs, implying that more
frequently mutated genes were more likely to have higher VAFs (Figure A11A). These findings
straightforwardly suggest that the variations in VAF cannot be entirely explained by technical
reasons, and some of the biological features of genes may be associated with VAF. To better
understand VAF in relation to mutation type, we explored the distributions of VAF based on the
type of mutation (Figure 6B). Although VAF seems significantly different in terms of mutation
type, these trends were not observed in the MSKCC cohort (Figure A11B). These differences might
be due to the variations in the NGS platform rather than in cancer biology.
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259 Figure 6. Gene-wise distribution of variant allele frequencies (VAF) for genes with more than two
260 instances of somatic mutations (A), distribution of VAFs depending on mutation types (B), and
261 Kaplan-Meier curve for OS in the MSKCC cohort stratified by presence of genes with relatively lower
262 VAF (Q)
263
264 For the evaluation of clinical relevance of low VAF variants, we classified the 34 genes into low

265  VAF genes and high VAF genes by sorting them according to their median VAFs (Table A4). Each of
266  the clinical cases was classified into “low VAF gene predominant” and “high VAF gene predominant”
267  depending on which type of genes is predominant among the list of mutated genes in each case. No
268  significant difference was shown in OS and DFS between the subgroup with high VAF variants and
269  that with low VAF variants (Figure not shown).

270

271 2.5. Comparison of clinicopathological parameters between MSI and MSS CRCs

272 Of 145 tumors, 133 were included in the MSI analysis. The correlations between MSI status and the
273  clinicopathologic features as well as the mutations of major driver genes in CRC are summarized in
274  Table 4. Microsatellite instability-high (MSI-H) CRCs revealed a marked predilection for the right
275  colon (p=0.009651). MSI-H tumors showed lower T, N, and overall stages than MSI-L/MSS tumors
276 (p=0.004249, 0.002777, and 0.003935, respectively). However, no significant differences were

277  observed in the M stage between patients with MSI-H tumors and those with MSI-L/MSS tumors
278  (p=0.08775). For genetic alterations, MSI-H tumors were characterized by infrequent KRAS

279  mutation (p=0.04454). By contrast, no significant association was found between MSI status and
280  PIK3CA or BRAF mutation (p=0.6935 and 0.3277, respectively). For the TCGA cohort, patients with
281  PIK3CA and BRAF mutations were deviated in the MSI-H groups (p=0.03334 and <0.001,

282  respectively, Table A5).

283

284 Table 4. Correlation of MSI status according to the clinicopathological data and RAS, PIK3CA,
285 and BRAF mutations in our cohort.

286

287
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Clinicopathological parameters MSI status?

MSS/MSI-L MSI-H
Age p =0.1853
>60 54 7
<60 69 3
Sex p=0.7448
Male 62 6
Female 61 4
Tumor site p =0.009651
Right colon 34 7
Left colon 89 3
T stage p =0.004249
1,2 7 4
3,4 116 6
N stage p =0.002777
0 27 7
1,2 96 3
M stage p=0.08775
0 72 9
1 51 1
Stage p =0.003935
1,2 20 6
3,4 103 4
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Differentiation® p=1
Well/ Moderately 102 9
Poorly 14 1
Lymphatic invasion® p=0.7459
Absent 41 4
Present 74 6
Vascular invasion® p =0.09041
Absent 70 9
Present 45 1
Perineural invasion® p =0.02117
Absent 59 9
Present 56 1
Initial CEA level (blood)¢ p =0.01908
>4 60 9
<4 60 1
RAS mutation p = 0.04454
Absent 54 8
Present 69 2
PIK3CA mutation p =0.6935
Absent 96 7
Present 27 3
BRAF mutation p=03277
Absent 119 9
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Present 4 1

288 <A total of 12 patients have no MSI test result.
289 A total of 14 patients have no available data .

290 <A total of 18 patients have no available data .

291  Three patients have no available data.
292

293
294  2.6. CNA and Fusion gene analysis

295  Before conducting the main analysis, as a sanity check, we investigated whether the degree of copy
296  number change in a case is correlated with a particular gene involved. The copy numbers of

297  sufficiently remote gene pairs would not be correlated without the occurrence of rare events such as
298  whole genome duplications. When gene pairs were randomly chosen in cases with more than two
299  copy number changes, the correlation of copy numbers was higher than expected when a

300  permutation test was performed by permuting the case labels and then the distribution of the

301  Spearman’s correlation of copy numbers was tested (p=0.022). These results indicate that the

302  suggested copy numbers of each gene should be carefully interpreted, and the possibility of some
303  technical artifacts should be considered.

304  Because the copy number itself may be less accurate, but amplification or deletion, whose property
305  isdifferent from the copy number, is less dependent on the scaling factor, the main analysis was
306  performed only with the occurrence of either amplification or deletion. Copy number aberrations
307  were detected in 38 of 139 samples (27.3%), all of which being amplification (Figure 7). A total of 18
308  genes were amplified with FLT3 (being the most frequent) and BCL2L1, GAS6, KRAS, MYC,

309  ZNF217, and FGFR1 (being recurrent). All of these genes are well-known oncogenes, and most of
310  them are targetable with specific inhibitors.

311
312
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Altered in 223 (99.55%) of 224 samples.
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Figure 7. Oncoplot of all genes in which either gene fusion or copy number variation (CNV) was
identified. This figure shows the list of genes arranged based on the total number of variants in each
gene and the percentage of each gene, which is the ratio of tumor samples with this genetic alteration
to total samples.

Fusion genes were identified in 10 cases, and a total of 10 genes were involved, with FGFR3 as
the most frequent gene. At least one of the fusion partners were well-known oncogenes in all cases.

3. Discussion

In this study, we showed that TP53 is the most commonly mutated gene in CRC, followed by
KRAS and APC. However, APC mutation, followed by TP53 and KRAS mutations, is mostly common
in both TCGA and MSKCC CRC datasets. The rates of TP53 mutation are similar to those reported in
our cohort and MSKCC dataset (70% vs 73%, respectively); however, the rate of TP53 mutation
reported in the TCGA CRC dataset is lower (54%). The frequency of APC mutations reported in this
study was 47%, which is significantly lower than that reported in the TCGA and MSKCC studies (71%
and 76%, respectively) (Figure 1 and Figures A1 and A2). This difference in mutational frequency as
well as distribution in codons among our study, TCGA and MSKCC CRC, may be attributable to the
differences in the sample selection, ethnicity, and methodology for genomic studies.

KRAS mutated in 49% of CRC patients, which is in accordance with the frequencies reported in
various studies on CRCs (35%-45%) including TCGA and MSKCC datasets (42% and 44%,
respectively) [17, 18]. The presence of KRAS mutations is considered as predictive markers of
negative pharmacological response to EGFR inhibitors, such as cetuximab or panitumumab [19, 20].
However, the prognostic role of KRAS mutations for DFS and OS in CRC patients remains
controversial. Various retrospective studies did not show any prognostic significance, but some
confirmed that KRAS mutations had negative prognostic role for DFS, OS, or liver metastases [21-23].

d0i:10.20944/preprints202009.0483.v1
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339  Inour study, we did not indicate the relationship between RAS mutation and the clinicopathological
340  parameters.

341 In our study, the BRAF mutation frequency was 4.8% (7/145), which was lower than that
342  identified in the Western cohort (9.2%) but similar to the mutation rates identified in Asian countries
343  (4.9%) [18]. Previous studies have widely demonstrated that patients with CRC who possess a BRAF
344  mutation have significantly poorer clinical outcomes [4, 24]. This was observed also in the present
345  study; BRAF mutations were not only associated with metastatic tumors, but also found to be a
346  negative prognostic marker for OS in a subgroup analysis with advanced CRCs.

347 Besides the frequently mutated actionable genes, ATM and FBXW7 mutations tended to be a
348  poor prognostic factor in the multivariate analyses of OS and DFS, respectively.

349 ATM is a member of the phosphatidylinositol-3 kinase-like family of serine/threonine protein
350  kinases and plays a pivotal role in the cellular response to DNA damage by ionizing radiation, which
351  results in DNA double-strand breaks [25]. With regard to the ATM gene alterations, 10% of our
352  cohorts carried mutations. The TCGA and MSKCC dataset reported that ATM mutations were
353  detected in 14% and 7% of CRC patients, respectively. Randon et al. found that ATM mutations are
354  independently associated with longer OS in patients with metastatic CRC [26]. However, we revealed
355  that ATM mutation is linked to poorer OS in patients with CRC. Furthermore, the subgroup analysis
356  of stage 3 and 4 CRCs also identified that ATM mutation is significantly associated with shorter OS.
357  In line with this, loss of ATM expression showed a tendency toward worse survival rate in patients
358  with CIN CRC [27]. In addition, no differences were observed in the OS according to ATM mutation
359  status in both TCGA and MSKCC cohorts. The discrepancy among studies might be due to the
360  different prognostic role of ATM according to the disease stage and the confounding factors from the
361  heterogeneity of available treatment strategies used for metastatic disease [26].

362 The frequency of FBXW7 mutation in the present study was 13%. This value is consistent with
363  that in previous studies, which reported that 10% of patients with CRC have FBXW7 mutations [28].
364  FBXW7 is a potential tumor suppressor, and mutations in the gene are thought to impair cyclin E
|365 degradation resulting in uncontrolled cell division and growth, thus resulting in cancer progression
366  [29]. A previous study suggested that a missense mutation was correlated with poor OS in CRC
367  patients [30]. We revealed that FBXW7 mutations correlated with shorter DFS in the subgroup with
368  advanced cancer stage.

369 MSI status is considered as an independent prognostic indicator. In our study, MSI-H CRCs
370  showed significant association with lower T stage, N stage, and clinical stage. Likewise, previous
371  studies generally revealed a better clinical outcome in patients with MSI-H CRCs compared with
372 those with MSS tumors [31, 32]. In our cohort, KRAS-mutated tumors were more frequently found in
373  the MSS group, which is consistent with the findings of previous studies [24, 33]. A previous study
374 by Koyel et al. reported a strong association between high CEA (24) and MSI-H, which is also
375  reflected in the present study [34].

376 In terms of cancer evolution, the driver mutations are likely to have a relatively high VAF due
377  to their emergence in the earlier stage of carcinogenesis. On the contrary, actionable variants induced
378 Dby a treatment may develop with a low VAF in patients with advanced cancer [16, 35]. Recently, the
379  clinical relevance of low VAF variants on the survival of patients who received a targeted therapy
380  was suggested. If the low VAF mutations are as important as high VAF mutations, only a slight
381  difference in the survival curves is expected; on the contrary, if the low VAF variants are not so critical
382  for cancer progression, there might be significant differences in the survival [16]. In our cohort, no
383  significant differences were observed between high-VAF-gene-predominant cases and low-VAF-
384  gene-predominant cases in terms of survival. When the same criteria were applied to the MSKCC
385  cohort, low-VAF-gene predominant cases showed worse prognosis (Figure 6C). Even in our cohort,
386  asignificant association was found in some clinicopathologic parameters such as TNM stage (p=0.037)
387  and lymph node metastasis (p=0.026), suggesting that high VAF genes might play a key role in these
388  contextures.

389 Our study has some limitations. It has a relatively small sample size, a short follow-up time, and
390  a retrospectively designed cohort. The frequency of NRAS mutation was too low to analyze the
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391  association between mutational status and clinical impact. In addition, the retrospectively designed
392  cohort might have influenced the results. Thus, prospective randomized trials are warranted to
393  validate these conclusions. Moreover, the gene alterations tested were only confined to those
394  included in the commercial NGS panel, which might be overcame by the application of cancer panels
395  in which greater numbers of potential genes are covered or WES in future studies.

396 4. Materials and Methods

397
398  4.1. Tumor samples and DNA/RNA extraction

399 A total of 145 patients with CRC who previously underwent surgical resection in Seoul St. Mary’s
400  hospital between 2016 and 2019 were enrolled. All cases were sporadic, without any familial history
401  of CRCs. The clinicopathological parameters were retrospectively reviewed from the medical

402  records. The study protocol was reviewed and approved by the Institutional Review Board of the
403  College of Medicine at the Catholic University of Korea (KC19RESI0669).

404  CRC areas with rich tumor cell content (at least 70%) from unstained formalin-fixed, paraffin-

405  embedded (FFPE) tissue specimens were obtained for microdissection. DNA and RNA were then
406  extracted using the Recover All Total Nucleic Acid Isolation kit (Ambion, Thermo Fisher Scientific)
407  according to the manufacturer’s instructions.

408
409  4.2. Library preparation and sequencing

410  Library preparation was accomplished using the Ion Chef System and Oncomine Comprehensive
411  Assay v3 (Thermo Fisher Scientific, San Francisco, CA, USA) in accordance with the manufacturer’s
412  instructions. Genomic DNA was then amplified, and targeted gene sequencing was performed

413  using the Ion S5 XL sequencer (Thermo Fisher Scientific, San Francisco, CA, USA).

414  The sequencing data were analyzed with the Ion Torrent Suite version 5.10.2 (Life Technologies,
415  San Francisco, CA, USA) using the variantCaller plugin. To eliminate base calling errors, several
416 filtering steps were applied to generate the final variant calling: minimum allele frequency of

417  hotspot variant: > 4%, minimum allele frequency of indel variant: > 5%, minimum allele frequency
418  of SNP variant: > 5%, minimum read counts for fusions: > 40, CNV gain threshold: 4, and gain
419  confidence level: 0.05. All identified variants were visually confirmed using the Integrative

420  Genomics Viewer (IGV 2.8.6) [36].

421
422 4.3. MSI analysis

423  MSI assays were performed using paired normal and tumor samples as previously described [37].
424 The five microsatellite markers including two mononucleotide repeats (Bat-25 and Bat-26) and three
425  dinucleotide repeats (D25123, D55346, and D175250) recommended by the National Cancer

426  Institute were amplified in a single multiplex PCR reaction. The PCR products were analyzed by
427  capillary electrophoresis using an ABI 3500 automated sequencer (Applied Biosystems, Foster City,
428  CA). Two of the five microsatellite markers demonstrated instability, and the tumor was considered
429  tobe high MSI (MSI-H). MSI at a single locus was defined as low MSI (MSI-L), while the absence of
430  instability at any of the markers was defined as microsatellite stable (MSS). For statistical purposes,
431  MSI-L tumors were considered together with MSS tumors, because of the similarity between MSI-L
432  and MSS tumors [38].

433
434  4.4. Public datasets
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435  In this study, we evaluated the clinicopathologic and genomic data from two public datasets and
436  compared these data with those of our cohort.

437  The TCGA program offers great opportunity to identify the genotype-phenotype relationship,

438  providing extensive archives of multi-omics data. We assessed the somatic mutation data of 459
439  patients with CRC (colon cancer: 341 and rectal cancer: 118) from the TCGA cohort. The TCGA data
440  were downloaded from the Genomic Data Commons Data Portal (GDC portal,

441  https://portal.gdc.cancer.gov/). In addition, data matrices and supporting data from two flagship
442  articles (version 20120719 and version 20180409) were also downloaded [10, 39].

443  The MSKCC cohort contains a large-scale, prospective clinical sequencing data established by

444 conducting a comprehensive assay, MSK-IMPACT, in 10,336 patients with 62 principal cancer types
445 [11]. We downloaded the supplementary information and source data files available in the online
446  version of the article, which include the data of 1,003 patients with CRCs.

447
448  4.5. Statistical analysis

449  All statistical analyses were performed using a combination of R 4.0.2 for Windows (R Core Team
450 2020, A language and environment for statistical computing, R Foundation for Statistical

451  Computing, Vienna, Austria, URL http://www.r-project.org/) and online chi-square/Fisher’s exact
452  test software (GraphPad, www.graphpad.com/quickcales/contingency1/). The chi-square test with
453  Yates' correction or the chi-square test for association was used to determine the relationship

454 between the clinicopathological characteristics and gene mutations. OS was defined as the period
455  between initial diagnosis and death from any cause or last follow-up visit. Disease-free survival
456  (DFS) was defined as the period between initial diagnosis and detection of recurrence or metastasis.
457  Survival was analyzed by the Kaplan-Meier method using the log-rank test. Multivariate survival
458  analyses and calculation of hazard ratios (HRs) were performed using the Cox proportional hazards
459  model to determine the independent predictors of OS. A two-sided p-value of <0.05 was considered
460  significant.

461 5. Conclusions

462 In conclusion, this study presented a mutational landscape of actionable genes in CRC,
463  validating the prognostic role of genomic alterations in TP53, BRAF, ATM, NRAS, and FBXW?7 as
464 well as MSI status. In addition, we investigated the clinical relevance of low VAF variants. A
465  comprehensive analysis of molecular markers for CRC can provide insights into the disease
466  progression and help optimize a personalized therapy in the Korean population.
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Altered in 970 (99.59%) of 974 samples.
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491 Figure A2. Oncoplot of the top 20 most frequently mutated genes in the MSKCC cohort. There
492  are 970 positive samples. MSKCC, Memorial Sloan Kettering Cancer Center
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494 Figure A3. Mutually exclusive and co-occurring gene pairs in the TCGA dataset presented in a

495  triangular matrix. Mutually exclusive/co-occurrence event on top 25 mutated genes are shown. Bluish
496  green indicates tendency toward co-occurrence, whereas brown indicates tendency toward mutually
497  exclusiveness.
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529

530 Figure A8. Kaplan—Meier curve for OS in the MSKCC dataset by mutational status, including
531  TP53 (A), KRAS (B), APC (C), PIK3CA (D), SMAD4 (E), BRAF (F), NRAS (G), ATM (H), and FBXW?7
532 (1)

533

534
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536 Figure A9. Distribution of VAFs (Y-axis) of SNPs (X-axis) among the top mutated genes in our
537  study dataset. The numbers on upper part of the figure correspond to mutated patients.
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544 Figure A11l. Scatterplot representing the relationships between median VAF of genes and

545  occurrence of corresponding genes (A) and boxplot of VAF according to mutation types in the
546 MSKCC cohort (B). Genes with less than three instances of occurrences are excluded. The red _line
547  indicates the results of linear regression. SNP: Single nucleotide polymorphism; DNP: Double
548  nucleotide polymorphism; TNP: Triple nucleotide polymorphism; ONP: Oligo-nucleotide
549  polymorphism; INS: Insertion; DEL: Deletion

550  AppendixB

551 Table A1l. Mutation spectrum of driver genes in the TCGA cohort
Gene Case Variation
(Variants)
APC 160 (251°) p.1219_1219del (1), p.1275_1275del (1), p.1289_1291del (1),

p.1291_1291del (1), p.1293_1293del (1), p.A1089V (1), p.A2028T (1),
p.A209V (1), p.A2D (1), p.A513V (1), p.C1252X (1), p.C1392S (1),
p.C1392X (1), p.C507X (1), p.D2501G (1), p.D756G (2), p.E1191X (2),
p.E1239X (1), p.E1268X (1), p.E1277fs (1), p.E1277X (1), p.E1288X (3),
p.E1291X (2), p.E1304X (1), p.E1335X (1), p.E1356X (3), p.E1361X (1),
p.E1379X (1), p.E1390X (2), p.E146K (2), p.E1518X (2), p.E1555fs (1),
p.E1560fs (1), p.E190fs (1), p.E200X (1), p.E829fs (2), p.E923X (1),
p.E966X (1), p.F1336fs (2), p.F2766C (1), p.G1270X (1), p.G1312fs (1),
p.G549X (1), p.H1472fs (1), p.H289fs (1), p.11236N (1), p.11286fs (1),
p.I16441 (1), p.12497V (1), p.K1067X (1), p.K1352X (1), p.K2174T (1),
pK652X (2), pK921X (1), pK9I75X (1), p.L1471X (1), p.L235X (1),
p.L478fs (1), p.M1395fs (1), p.N1143K (1), p.P1301fs (1), p.P1351P (1),
p.P1453fs (1), p.P1742R (1), p.P2338H (1), p.P2743L (2), p.Q1017X (1),
p.Q1023E (1), p.Q1134X (1), p.Q1173X (1), p.Q1210X (1), p.Q1226X (1),
p.Q1242X (1), p.Q1244fs (1), p.Q1276X (3), p.Q1285X (1), p.Q1310X
1), p.Q1320X (2), p.QI349X (4), p.QI360fs (1), p.Q1360X (3),
p.Q1378X (1), p.Q1388X (4), p.Q1411X (1), p.Q1451X (1), p.Q246X (1),
p.Q394X (1), p.Q462X (1), p.Q524X (1), p.Q636X (1), p.Q649X (1),
p.Q739X (1), p.Q883X (1), p.QI60X (2), p.R1096X (6), p.R1381H (1),
p.R1417fs (1), p.R1432X (19), p.R1450X (1), p.R216X (7), p.R223X (5),
p.R23111 (1), p.R232X (4), p.R2413K (1), p.R265X (2), p.R284X (3),
p.R330X (1), p.R387X (1), p.R481X (2), p.R499X (1), p.R536X (2),
p.R546X (6), p.R554X (1), p.R640W (1), p.R787X (6), p.R827H (1),
p.R858X (11), p.R906X (1), p.S1145fs (1), p.51180X (1), p.51263X (1),
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p.51264X (1), p.51297X (2), p.51328X (4), p.51380fs (1), p.S1382L (2),
p.51382X (1), p.51393fs (1), p.S1401N (1), p.S1403fs (2), p.S2011Y (1),
p.S2411F (1), p.S2464Y (1), p.55695 (1), p.S578X (1), p.5695X (1),
p.5752X (1), p.S836fs (1), p.5945fs (1), p.5960fs (1), p.T1283fs (1),
p.T1380fs (1), p.T1420fs (1), p.T1469fs (1), p.T646T (1), p.T916fs (1),
p.V1334fs (1), p.V291fs (1), p.V539A (1), p.V579fs (1), p.V812fs (1),
p.Y1165X (1), p.Y1358X (1), p.Y917X (2), p.Y935_N936delinsX (1),
p.Y938C (1)

TP53 122 (126) p122_122del (1), p.173_173del (1), p.177_183del (1),
p.212_212del (1), p.289_291del (1), p.98_99del (1), p.A138V (1),
p.A159V (1), p.C124G (1), p.C1355 (1), p.C14IR (1), p.C141S (1),
p.C141Y (1), p.C176F (1), p.C176X (1), p.C238Y (1), p.C275Y (1),
p.D207N (1), p.E154K (1), p.E258X (1), p.E285X (1), p.E286G (1),
p.F109C (1), p.F113C (1), p.G154C (1), p.G244D (2), p.G245D (1),
p.G2455 (4), p.G266X (1), p.H178fs (1), p.1195T (1), p.1251F (1), p.I63fs
(1), pK132N (1), p.K132T (1), p.K187fs (1), p.L130F (1), p.L194H (1),
p.L35fs (1), p.M2371 (1), p.P151H (1), p.P152R (1), p.P278A (1),
p.P278R (1), p.P27fs (1), p.P322fs (1), p.P60fs (1), p.Q199fs (1),
p.Q331H (1), p.Q331X (1), p.R175C (2), p.R175H (15), p.R196X (3),
pR213X (7), p.R248Q (1), p.R248W (9), p.R267W (1), p.R273C (4),
p.R273H (7), p.R282W (3), p.R306X (4), p.R335fs (2), p.R337C (1),
pR342X (1), p.S127P (1), p.S33fs (1), p.T125M (2), p.T125T (1),
p.T231T (1), p.VI43A (1), p.VI73M (1), p.V274L (2), p.Y205C (1),
p.Y236X (1)

KRAS 94 (95b) p.A146T (8), p.A146V (1), p.E98X (1), p.GI2A (1), p.G12C (6),
p.G12D (31), p.GI2R (1), p.GI2S (4), p.G12V (23), p.GI3D (10),
p.K117N (2), p.Q22K (1), p.Q61L (2), p.R68S (1)

FBXW?7 39 (50) p.321_322del (1), p.A235A (1), p.D440N (1), p.D440Y (1),
p.D520Y (2), p.E112A (1), p.E113D (1), p.E207V (1), p.G357R (1),
p.H415P (1), p.K159Q (2), p.K167T (2), p.P4P (1), p.Q501X (1), p.R13X
(1), p.R14Q (2), p.R259X (1), p.R287X (2), p.R385C (4), p.R385H (8),
p-R393fs (1), p.R399X (1), p.R425C (3), p.R425G (1), p.R425H (1),
p.R578Q (1), p.R578X (2), p.R609W (1), p.R99H (1), p.5396R (1),
p.S502L (2), p.T144T (1)

PIK3CA 34 (42) p.D258N (1), p.D350G (1), p.D925D (1), p.E542K (2), p.E545A
(1), p.E545G (1), p.E545K (8), p.E545Q (1), p.E8IK (1), p.G106R (1),
p.G364R (1), p.H1047R (5), p.H1047R (4), p.M1043I (1), p.N345K (2),
p.P471L (1), p.Q546K (1), p.R357Q (1), p.R777M (1), p.R88Q (4),
p.R951C (1), p.T1052K (1), p.V344A (1), p.V344G (1), p.V955V (1),
p.Y1021C (1)

SMAD4 26 (31) p.30_30del (1), p.36_45del (1), p.A327V (1), p.C324R (1),
p.D355G (1), p.D537G (1), p.D537V (1), p.D537Y (1), p.E134K (1),
p.E33X (1), p.E520X (1), p.G510R (1), p.G65E (1), p.L104F (1), p.L533R
(1), p.L57V (1), p.P356L (1), p.R361H (8), p.R496H (1), p.RI7H (1),
p.5357P (1), p.V136A (1), p.V437D (1), p.Y513X (1)

ATM 25 (50) p.2693_2694del (1), p.A1024T (1), p.A920V (1), p.C1168C (1),
p.D2721N (1), p.E1666X (1), p.E1822X (1), p.E2039K (1), p.E2676X (1),
p.F1837fs (1), p.F2140V (1), p.F2839L (1), p.G2425fs (1), p.G2891R (1),
p.H2038H (1), p.H2872R (1), p.K477N (1), p.L1217M (2), p.L1408I (1),
p.L1488L (2), p.L20771 (1), p.L21471 (2), p.L22511 (2), p.L2557V (1),
p.L822V (1), p.L9421 (2), p.N2435K (1), p.P2353T (1), p.Q1117P (1),
p.Q499E (1), p.R11501 (2), p.R1466X (2), p.R1489H (1), p.R1730X (3),
p.R2060H (1), p.R250X (2), p.R2598Q (1), p.S614N (1), p.T2771I (1),

p.W2769X (1)
BRAF 21 (22) p.F247L (1), p.K205Q (1), p.V60OE (20)
NRAS 20 (21) p.E132K (1), p.GI2A (1), p.G12C (3), p.G12D (2), p.GI3R (2),

p.Q61H (1), p.Q61K (7), p.Q61L (2), p.Q6IR (1), p.R164C (1)
552 “One patient has no data on amino acid changes.
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553 vThree patients have no data on amino acid changes.
554 Each SNV was classified according to the ClinVar database
555  (https://www.ncbi.nlm.nih.gov/clinvar/).
556
o957 Table A2. Mutation spectrum of driver genes in the MSKCC cohort

Gene Case (variants) Variation (n >5)

APC 737 (1203) p-R876* (44), p.R1450* (41), p.R216* (33), p.T1556Nfs*3 (31),

p-R213* (30), p.E1309Dfs*4 (29), p.R232* (24), p.R283* (21),
p.S1465Wfs*3 (21), p.Q1367* (16), p.Q1429* (16), p.R1114* (15),
p-R554* (15), p.R499* (14), p.R805* (14), p.Y935* (14), p.E1322* (12),
p.E1353* (11), p.Q1406* (11), p.R564* (11), p.E1309* (10), p.E1397*
(10), p.Q1338* (10), p.R302* (10), p.E1306* (9), p.E1379* (9),
p-P1319L£s*2 (8), p.Q1378* (8), p.E1345* (7), p.L1488Y{s*19 (7),
p-Q1303* (7), p.11307Nfs*8 (6), p.K534* (6), p.S1315* (6), p.S1465Rfs*9
(6), p-E1408* (5), p.E1464V{s*8 (5), p.E941* (5), p.S1346* (5)

TP53 710 (780) p-R175H (67), p.R273H (40), p.R248Q (35), p.R282W (34),
p-R273C (32), p.G245S (28), p.R213* (28), p.R248W (22), p.R342* (18),
p-R196* (16), p.R306* (9), p.P152L (8), p.G266E (7), p.M2371 (7),
p-V173L (7), p.X307_splice (7), p.P151S (6), p.R158H (6), p.R209Kfs*6
(6), p-X331_splice (6), p.C176F (5), p.R337C (5), p.S127F (5), p.S241F
(5), p.T125M (5), p.X126_splice (5)

KRAS 432 (447) p.G12D (122), p.G12V (87), p.G13D (77), p.G12C (31), p.A146T
(29), p.G12A (22), p.G12S (19), p.Q61H (9), p.GI12R (7), p.K117N (7),
p.A146V (6), p.Q61K (5)
PIK3CA 190 (219) p.E545K (52), p.E542K (29), p.H1047R (28), p.Q546K (9)
SMAD4 153 (170) p.R361H (19), p.R361C (13), p.D537G (7), p.A118V (5), p.E520*
©)
FBXW7 114 (130) p.R465C (13), p.R465H (13), p.R505C (13), p.5668Vfs*39 (6),
p.R278* (5)
BRAF 107 (128) p.V60OE (76), p.D594G (6)
ATM 73 (101) p-R337C (7), p-R3008C (5)
NRAS 44 (44) p.Q61K (9), p.G12D (7)
558 Each SNV was classified according to the ClinVar database
559  (https://www.ncbi.nlm.nih.gov/clinvar/)
560
561 Table A3. Correlation of common gene mutations with tumor stages in TCGA cohort
Mutations T stage? N stage® M stage* Staged
1, 3,4 0 1,2 0 1 1,2 3,4
2
KRAS p=0.7224 p=0.8708 p =0.6389 p =0.5531
Negative 55 202 143 113 184 31 134 119
Positive 39 160 113 85 145 29 108 84
NRAS p =0.3883 p = 0.8406 p =0.7946 p=1
Negative 85 339 239 183 304 55 225 188
Positive 9 23 17 15 25 5 17 15
BRAF p = 0.6445 p =0.00398 p =0.05844 p =0.00195
Negative 80 317 212 183 281 57 199 188
Positive 14 45 44 15 48 3 43 15
PIK3CA p =0.6271 p =0.0217 p =0.1388 p =0.00253
Negative 70 258 173 154 229 48 161 162
Positive 24 104 83 44 100 12 81 41
TP53 p =0.06349 p = 0.00025 p =0.0747 p =0.00016
Negative 42 122 111 52 125 15 106 53
Positive 52 240 145 146 204 45 136 150
APC p=0.6315 p=0.3294 p = 0.4598 p=0.2612
Negative 18 80 60 38 72 10 57 38
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Positive 76 282 196 160 257 50 185 165
SMAD4 p=03371 p = 0.09645 p=1 p=0.243
Negative 84 307 226 163 282 51 212 169
Positive 10 55 30 35 47 9 30 34
FBXW7 p=02788 p=025 p=0.07132 p=0.2284
Negative 81 292 204 167 260 54 192 171
Positive 13 70 52 31 69 6 50 32
ATM p = 0.8081 p=0.2109 p =0.00766 p=02312
Negative 80 314 216 176 276 58 204 180
Positive 14 48 40 22 53 2 38 23
562 “Three patients have no available data.
563 vFive patients have no available data.
564 <A total of 70 patients have no available data.
565 4A total of 14 patients have no available data.
566
567 Table A4. Classification of genes according to median VAF
Low VAF genes High VAF genes
BRCA1, CDKN2A, BAP1, TSC2, TSC1, PTCH1, VHL, CDH], PTEN, RB1, FBXW?7,
POLE, PALB2, ATM, SMARCA4, PIK3R1, | BRCA2, PIK3CA, AKT1, ARID1A, BRAF, APC,
NOTCH1, NF1, NF2, STK11, MSH?2, | KRAS, TET2, TET2-AS1, SMAD4, TP53, ERBB2,
LOC100507346,PTCH1 ATRX
568
569
570 Table A5. Correlation of MSI status according to the clinicopathological data and KRAS,
571 NRAS, PIK3CA, and BRAF mutations in the TCGA cohort

Clinicopathological MSI status?

parameters MSS/MSI-L MSI-H
Age? p=0.1627
=60 years 262 50
<60 years 127 15
Sex p =0.3295
Male 204 29
Female 188 36
T stage« p=1
1,2 81 13
3,4 308 52
N staged p =5.222e-05
0 202 52
1,2 185 13
M stagee p =0.05575
0 279 50
1 57 3
Stagef p =7.857e-06
1,2 189 51
3,4 191 12
Tumor sites p = 4.554e-14
Right colon 125 51
Left colon 239 7
KRAS mutation p = 0.03194
Absent 212 45
Present 180 20
NRAS mutation p = 0.6002
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Absent 363 62

Present 29 3

PIK3CA mutation p = 0.03334

Absent 289 39

Present 103 26

BRAF mutation p <2.2e-16

Absent 371 27

Present 21 38
572 “Two cases have no available data.
573 vThree cases have no available data.
o574 <Three cases have no available data.
975 dFive cases have no available data.
576 ¢A total of 70 cases have no available data.
o577 fA total of 14 cases have no available data.
578 8Three cases have no available data.
579
630
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