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Abstract

Background Simultaneous detection of multiple molecular biomarkers is helpful in the prediction of treatment response and
prognosis for colorectal cancer (CRC) patients.

Methods A 22-gene panel consisting of 103 hotspot regions was utilized in the formalin-fixed paraffin-embedded (FFPE)
tissue samples of 207 CRC patients, using the next-generation sequencing (NGS)-based multiplex PCR technique. Those
22 genes included AKT1, ALK, BRAF, CTNNB1, DDR2, EGFR, ERBB2, ERBB4, FBXW7, FGFR1, FGFR2, FGFR3,
KRAS, MAP2K1, MET, NOTCH1, NRAS, PIK3CA, PTEN, SMAD4, STK11, and TP53.

Results Of the 207 patients, 193 had one or more variants, with 170, 20, and 3 having one, two, and three mutated genes,
respectively. Of the total 414 variants identified in this study, 384, 25, and 5 were single-nucleotide variants, deletion, and
insertion. The top four frequently mutated genes were TP53, KRAS, PIK3CA, and FBXW7. There was high consistency
between the results of NGS—PCR technique and routine ARMS-PCR in KRAS and BRAF mutation detection. Univariate
and multivariate analyses demonstrated that advanced TNM stage, elevated serum CEA, total variants number >2, AKT1
and PTEN mutation were independent predictors of shorter DFS; poor differentiation, advanced TNM stage, total variants
number > 2, BRAF, CTNNB1 and NRAS mutation were independent predictors of shorter OS.

Conclusions It is feasible to detect multiple gene mutations with a 22-gene panel in FFPE CRC specimens. TNM stage and
total variants number > 2 were independent predictors of DFS and OS. Detection of multiple gene mutations may provide
additional prognostic information to TNM stage in CRC patients.
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Introduction

Colorectal cancer (CRC) is the third most common cancer
worldwide, with more than one million new cases diagnosed
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equally to this work. every year [1]. It is also the fourth most common cause of
cancer-related death, with 700,000 deaths per year [1]. Due
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based on the TNM staging system, which is validated and
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for biological therapy. In the past decade, with the develop-
ment of biological therapy, such as anti-EGFR drugs, the
OS of metastatic CRC patients has increased significantly
from 12 months to 2 years [4]. But only about half of meta-
static patients benefit from the anti-EGFR therapy, and this
is partly based on presence of KRAS mutation, which con-
fers resistance to anti-EGFR therapy. Therefore, we need
more predictive biomarkers to predict response to biologi-
cal therapy, to help individualize treatment, in particular for
biological therapy [5]. Hence, molecular biomarkers have a
promising future in the diagnosis, prognosis prediction and
development of personalized therapy for metastatic CRC [2].
The move from a single biomarker to a more comprehen-
sive molecular characterization is appealing [4]. Presently,
only KRAS, NRAS, and BRAF have been applied in routine
clinical practice, and they are used as predictive markers
of response to EGFR-targeted therapies [2]. However, the
need to identify different biomarkers is increasing rapidly,
because other mutations might offer the possibility of thera-
peutic intervention with new targeted drugs [4]. Almost all
patients treated with targeted agents would become resistant
to these biological drugs eventually. Clones of tumor cells
carrying molecular alterations that produce drug-resistance
expand, and then lead to treatment failure and recurrence.
Therefore, identification of resistance mechanisms might
offer the possibility of different lines of treatment with tar-
geted agents. Taken together, it would be necessary to assess
multiple biomarkers in the future [4].

Comprehensive molecular characterization of tumor
tissue in clinical practice will rely on the development of
high-throughput technologies allowing this process to be
accomplished in a cost-effective and timely manner and
by using a limited amount of tissue [6]. Next-generation
sequencing (NGS)-based techniques are rapidly becoming
the new standard to evaluate multiple gene mutations. NGS
is a useful tool for single-nucleotide variant (SN'V) and copy
number variation (CNV) identification in many genes and
samples simultaneously [7]. It has the advantage of provid-
ing information on known and novel molecular alterations
[6], and providing highly sensitive semi-quantitative infor-
mation on all possible mutations in a specific region of the
genome [8]. NGS platform was reported to have an accuracy
of 96.1% compared with Sanger sequencing [9]. Formalin-
fixed paraffin-embedded (FFPE) tissue, due to its easy avail-
ability, is the most commonly used material for molecular
testing. There are always some doubts about the quality and
quantity of DNA in FFPE tissue [4]. Some previous studies
had demonstrated that detection of multiple gene mutations
with NGS platforms in FFPE sample is indeed feasible [6,
8, 9.

CRC and non-small cell lung cancer (NSCLC) are two
frequent tumor types, which have known mutations asso-
ciated with treatment decisions. In this study, we utilized
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a NGS-based gene panel, requiring only 10 ng of input
DNA and a single tube multiplex PCR. It has 103 ampli-
cons targeting the most frequently mutated cancer-relevant
variants in 22 genes in NSCLC and CRC. Those 22 genes
included AKT1, ALK, BRAF, CTNNBI1, DDR2, EGFR,
ERBB2, ERBB4, FBXW7, FGFR1, FGFR2, FGFR3,
KRAS, MAP2K1, MET, NOTCH1, NRAS, PIK3CA, PTEN,
SMAD4, STK11 and TP53. In this study, this panel was
assessed using the NGS-based multiplex PCR technique
(NGS-PCR) in FFPE tissues of 207 CRC patients. The muta-
tion status of KRAS and BRAF detected by NGS platform
was compared with those detected by routine amplification-
refractory mutation system (ARMS)-PCR. Furthermore,
clinical significance of this panel in CRC patients was also
evaluated.

Materials and methods
Inclusion criteria

Patients who met all of the following criteria were included:
(1) pathologically proven colorectal adenocarcinoma; (2)
primary tumor was resected completely; (3) primary tumor
was removed at our hospital; (4) tumor tissue was preserved
in the pathology department for less than 2 years.

Exclusion criteria

Patients with any one of the following issues were excluded:
(1) patients with positive proximal/distal/circumferential
resection margin in the resected primary tumor specimens;
(2) patients treated with local excision; (3) FFPE specimen
of primary tumor tissue was unavailable; (4) neoplastic cells
account for less than 40% in tumor tissue.

Samples

FFPE tissue samples from resected primary CRC specimens
with at least 40% of neoplastic cells, were obtained from
207 patients who had been operated at Changhai Hospital,
Shanghai, China between 2015 March and 2016 November.
All patients received radical resection of the primary tumor.
The clinicopathological characteristics and follow-up results
were prospectively maintained in a database. All patients
were followed up every 3 months, with a median follow up
period of 23 months, ranging from 3 to 37 months. Informed
consent had been obtained from all patients and the project
had been approved by the Ethics Committee of Changhai
Hospital.
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DNA extraction

FFPE blocks were cut to obtain ten consecutive sections of
10 um. H&E staining was performed on Sect. “Introduc-
tion”. A pathologist assessed each stained section and esti-
mated the percentage of neoplastic cells. For each sample,
DNA was extracted from freshly cut FFPE sections using
GeneRead DNA FFPE kit (Qiagen) according to the manu-
facturer’s protocol. Briefly, after deparaffinized with 160 uL
Deparaffinization Solution, FFPE tissue was incubated at
56 °C for 1 h with lysis buffer containing 55 pL. RNase-free
water, 25 uL buffer FTB, and 20 pL proteinase K. After
90 °C incubation to remove cross-links, the DNA was acces-
sible for the specific removal of deaminated cytosine resi-
dues by adding 35 pL Uracil-N-Glycosilase (UNG). Then
according to standard operating procedures, after the bind-
ing of DNA to the spin column, residual contaminants were
washed away by buffers AW1, AW2, and ethanol. DNA was
finally eluted in 30 uL buffer ATE.

All the eluted DNA were further quantified using the
Qubit 3.0 fluorometer and Qubit dSDNA HS assay kit (Life
Technologies) according to the manufacturer’s protocol. And
then, 199 uL Qubit working solution and 1puL. DNA sample
were transferred to each sample tube, and quantified on the
Qubit 3.0.

Library preparation

For each FFPE sample, a total of 20 ng DNA was used for
preparing sequencing library using the SLIMamp™ Lung
and Colon Hot Spots panel kit (Pillar Biosciences) according
to the manufacturer’s protocol. In brief, 103 regions were
amplified in a first round of gene-specific PCR and subse-
quently purified via size selection using Agencourt AMPure
XP Beads (Beckman Coulter). After purification, a second
round of PCR named Indexing PCR added Illumina index
adaptors to purify products for sample tracking and sequenc-
ing. Those PCR products were further purified using Agen-
court AMPure XP Beads (Beckman Coulter). Finally, the
libraries were eluted in 22uL. nuclease-free water. The final
libraries were quantified using Qubit 3.0 fluorometer and
Qubit dsDNA HS assay kit (Life Technologies) according to
the manufacturer’s protocol. And then, 199 pL. Qubit work-
ing solution and 1pL library sample were transferred to each
sample tube, and quantified on the Qubit 3.0.

Sequencing on the MiSeq

Libraries were sequenced on the MiSeq according to the
manufacturer’s protocol. Each library was normalized to 4 nM
and combined at equal volume (4 uL). The library mix was

denatured using 0.2 N NaOH and diluted to a final concentra-
tion of 15 pM for sequencing using MiSeq Reagent Kit v2,
300-cycles (or 20 pM for v3).

Detection of mutation status of KRAS and BRAF
genes by routine ARMS-PCR technique

Beside the NGS-PCR technique described above, we had also
detected the mutation status of KRAS and BRAF genes by
routine ARMS-PCR technique. After HE staining, appro-
priate samples were chosen to include predominantly tumor
cells without significant necrosis or inflammation [10]. Eight
10 um-thick FFPE sections were collected. AmoyDx FFPE
DNA Kit (AmoyDx, Xiamen, China) was used for DNA
extraction. Genomic DNA was amplified for KRAS in exons
2, 3, and 4, and BRAF in exon 15 by using AmoyDx gene
mutation PCR kits (AmoyDx, Xiamen, China). All the experi-
ments were performed following manufacturer’s instructions,
SuL. DNA was used for PCR amplification in each reaction.
PCR cycling conditions were shown as : 5 min incubation at
95 °C, followed by 15 cycles of 95 °C for 25 s, 64 °C for 20 s,
72 °C for 20 s and then 31 cycles of 93 °C for 25 s, 60 °C for
35's, 72 °C for 20 s. Fluorescent signal was collected from
FAM and HEX channels. Each PCR run contained a nega-
tive and positive control. KRAS and BRAF mutation status
were determined according to the Ct value as indicated in the
manufacturer’s instructions.

Data analysis

Variants were filtered for known single-nucleotide polymor-
phisms (SNP) and synonymous mutations. SNP was defined as
variant having allele frequency > 5% in any sub-populations of
1000 genomes database. Benign variants, possible benign vari-
ants and variants with minor allele frequency (MAF) <0.02
were excluded. The remaining variants were assessed in the
Catalogue of Somatic Mutations in Cancer (COSMIC) data-
base [8, 11]. The data were analyzed with SPSS 22.0 (Chicago,
IL). Fisher exact or Chi square test was used for categorical
variables as appropriate. The impact of clinicopathological and
gene mutations on disease free survival (DFS) and OS was
analyzed by Kaplan—Meier curves with the log-rank test. Mul-
tivariate COX analysis was employed using stepwise regres-
sion (forward: LR), and all factors with statistical significance
in univariate analysis were included in multivariate analysis.
The enter limit and remove limit were p=0.05 and p=0.10,
respectively, and p <0.05 (two-side) was considered as statisti-
cally significant.
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Results
Panel design and performance

The panel was designed to include all well known pre-
dictive markers in the receptor tyrosine kinase (RTK)
pathway, such as EGFR, KRAS, NRAS and BRAF for
CRC, and other genes that might serve as targets in the
future, such as AKT1, DDR2, ERBB2, and so on [12-15].
This panel included the following 22 genes: RTKs (ALK,
EGFR, ERBB2, ERBB4, FGFR1, FGFR2, FGFR3, MET,
DDR?2); RTK signaling genes (KRAS, PIK3CA, BRAF,
AKT1, PTEN, NRAS, MAP2K1, STK11); and other
well known cancer-related genes (NOTCH1, CTNNBI1,
SMAD4, FBXW7, TP53) [6].

Clinicopathological characteristics of the included
207 CRC patients

A total of 207 CRC patients were included. Of the 207
patients, 129(62.3%) were men with a median age (inter-
quartile range, IQR) of 61 (53-68) years (Table 1). This
cohort included 30 (14.5%), 63 (30.4%), 79 (38.2%), and
35 (16.9%) cases of TNM stage I, II, III, and IV CRC,
respectively. Of the 207 patients, 25 (12.1%) received pre-
operative chemoradiotherapy, and 45 (21.7%) got postop-
erative chemoradiotherapy. The primary CRC lesions were
radically resected in all patients, and 16 (7.7%) received
simultaneous resection of metastatic lesions (Table 1).

The distribution of variants and mutated genes

Of the 207 patients, 193 (93.24%) had one or more vari-
ants, with a total of 414 variants. Of the 193 patients, 75,
59, 36, 12, 7, 1, 1, 1, and 1 had one, two, three, four,
five, six, seven, eight, and nine variants, respectively. Of
the 193 patients, 170, 20, and 3 had one, two, and three
mutated genes, respectively. No mutation was identified
for the remaining 14 patients. The detailed information of
variants and mutated genes is shown in Table 2 and Fig. 1.

Of the 414 variants, 158 were located on chromo-
some 17, 99 on chromosome 12, and 51 on chromosome
3; 355 had moderate influence and 59 had high influence
on protein expression; 346, 32, 21, 9, 5, and 1 were mis-
sense, stop-gained, frameshift, splice, inframe deletion
and inframe insertion variants; 384, 25, and 5 were SNV,
deletion and insertion (Table 3).

The top 4 most frequently mutated genes were TP53
(73.91%), KRAS (46.86%), PIK3CA (20.29%), and
FBXW?7 (15.94%). The incidences of all gene mutation
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Table 1 Clinicopathological characteristics of the 207 included colo-
rectal cancer patients

Parameters N (%)
Gender
Male 129 (62.3)
Female 78 (37.7)
Combined resection
No 191 (92.3)
Yes 16 (7.7)
Open/laparoscopic
Open 156 (75.4)
Laparoscopic 51 (24.6)
Gross type
Protruding 38 (18.4)
Ulcerative 163 (78.7)
Infiltrative 6(2.9)
Tumor position
Right-sided colon cancer 37 (17.9)
Left-sided colon cancer 58 (28)
Rectal cancer 112 (54.1)
Diameter (cm, IQR) 4 (3-5.5)
Differentiation
Well 3(1.4)
Moderate 170 (82.1)
Poor 34 (16.4)
T
1 7(3.4)
2 38 (18.4)
3 131 (63.3)
4 31 (15)
N
0 105 (50.7)
64 (30.9)
2 38 (18.4)
M
0 172 (83.1)
1 35(16.9)
TNM
1 30 (14.5)
11 63 (30.4)
11 79 (38.2)
v 35(16.9)
Tumor deposit
No 168 (81.1)
Yes 39 (18.8)
Perineural invasion
No 180 (87)
Yes 27 (13)
Vascular invasion
No 178 (86)
Yes 29 (14)

CEA (ng/mL, IQR) 3.74 (2.010-9.955)
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Table 1 (continued)

Parameters

N (%)

CA199 (U/mL, IQR)
Preoperative treatment

10.24 (4.405-25.610)

No 182 (87.9)

Yes 25 (12.1)
Postoperative treatment

No 162 (78.3)

Yes 45 (21.7)
MMR status®

dMMR 28 (13.5)

pMMR 179 (86.5)

IQR interquartile range, dMMR deficient mismatch repair, pMMR
proficient mismatch repair

*Expressions of four MMR proteins (MLH1, MSH2, MSH6, PMS2)
were detected by immunohistochemistry to determine its MMR status

were summarized in Table 2. No variants were identified
in MET, NOTCHI1, and STK11 genes.

The relationship of gene mutation and TNM stages

Gene mutation status of NRAS, PIK3CA, and TP53 were
related with TNM stage (p =0.048, p=0.039, p=0.029),

respectively. No significant relationship was identified
between mutation status of other 16 genes and TNM stage.
We also analyzed the relationships between the three gene
subgroups (RTKs, RTK signaling genes, other genes) and
TNM stage, but did not identify any significant relationship.
When the 19 gene panel was analyzed as a group, no signifi-
cant relationship was identified between mutation status and
TNM stage (Supplemental Table 1). We had analyzed the
relationship between total variant number and TNM stage
(Supplemental Table 2). Kruskal-Wallis test showed that
there was no significant association between total variant
number and TNM stage (p =0.133).

Comparisons of mutation status of KRAS and BRAF
detected by NGS-based multiplex PCR technique
and routine ARMS-PCR technique

The gene mutation status of KRAS and BRAF genes had
been detected twice: (1) NGS-based multiplex PCR tech-
nique (NGS-PCR) performed at the Shanghai Zhengu Bio-
logical Technology Co., Ltd; (2) routine ARMS-PCR tech-
nique performed at the pathology department of Changhai
Hospital. Of the 207 patients, KRAS mutation status had
been detected by ARMS-PCR in 151 patients, and there was
high consistency between the two measurements (Spearman
correlation coefficient: »=0.763, p <0.001, Supplemental

Table 2 The distribution of

: . Gene symbols
variants and mutated genes in

Total number Number of patients with variant

207 patients of variants No variant ~ One variant Two variants Three variants One or
more vari-
ants

AKTI1 3 204 3 0 0 3
ALK 1 206 1 0 0 1
BRAF 4 203 4 0 0 4
CTNNBI1 2 205 2 0 0 2
DDR2 2 205 2 0 0 2
EGFR 1 206 1 0 0 1
ERBB2 2 205 2 0 0 2
ERBB4 7 204 1 0 2 3
FBXW7 35 174 31 2 0 33
FGFR1 1 206 1 0 0 1
FGFR2 5 202 5 0 0 5
FGFR3 1 206 1 0 0 1
KRAS 99 110 95 2 0 97
MAP2K1 202 5 0 0

NRAS 200 7 0 0

PIK3CA 49 165 36 5 1 42
PTEN 18 196 4 7 0 11
SMAD4 16 192 14 1 0 15
TP53 156 54 150 3 0 153
Total 414 14 75 59 36 193
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Fig. 1 OncoPrint plot of gene mutation status of the 19 genes in 207 colorectal cancer patients (X axis: the 207 patients; Y axis: the percentage

of patients with gene mutation)

Table 3). Of the 207 patients, BRAF mutation status had
been detected by ARMS-PCR in 149 patients, and the two
measurements were exactly the same (r=1.000, p <0.001,
Supplemental Table 3).

Correlation between gene mutations and DFS
and OS in CRC Patients

We had analyzed the influence of “Total variant number” on
DFS and OS using different cutoff value (total variant num-
ber=1, 2, 3, 4, Fig. 2). Our results showed that only “Total
variant number >2” was significant predictor for both DFS
and OS. Therefore, “Total variant number > 2" had been
chosen as the cutoff value in this study.

Univariate analyses of influencing factors of DFS
are shown in Table 4. Advanced TNM stage (p =0.024),
elevated serum CEA (p=0.013), elevated serum CA199
(»p=0.002), total variants number>2 (p=0.019), AKT1
mutation (p=0.011), BRAF mutation (p =0.036), EGFR
mutation (p =0.047) and PTEN mutation (p =0.015), were
found to be associated with shorter DFS (Table 4).
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Univariate analyses of influencing factors of OS
are shown in Table 5. Poor differentiation (p =0.017),
lymph node metastasis (p =0.029), advanced TNM stage
(p=0.008), elevated serum CEA (p =0.022), elevated serum
CA199 (p=0.037), tumor deposit (p=0.008), total variants
number >2 (p=0.002), AKT1 mutation (p=0.002), ALK
mutation (p=0.049), BRAF mutation (»p =0.000), CTNNB1
mutation (p =0.036), KRAS mutation (p =0.034), NRAS
mutation, (p =0.015) and PTEN mutation (p =0.042), were
found to be associated with shorter OS (Table 5).

Multivariate analyses demonstrated that advanced TNM
stage [2.383 (1.217-4.666), p=0.011], elevated serum CEA
[2.363 (1.264-4.417), p=0.007], total variants number > 2
[2.126 (1.050-4.304), p=0.036], AKT1 mutation [11.798
(2.548-54.631), p=0.002] and PTEN mutation [3.441
(1.304-9.077), p=0.013], were independent predictors of
shorter DFS (Table 6).

Multivariate analyses demonstrated that poor differentia-
tion (3.166 (1.430-7.009), p =0.004), advanced TNM stage
[3.357 (1.448-7.780), p=0.005], total variants number > 2
[3.539 (1.337-9.371), p=0.011], BRAF mutation [7.268
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Table 3 The distribution of the 414 variants identified in our 207 CRC patients
Chromosome Number of variant  Variant length Number of variant Consequence of variant Number
of variant
1 1 399 Missense variant 346
2 2 6 Stop-gained 32
3 51 3 3 Frameshift variant 21
4 36 4 1 Splice variant
7 5 8 1 Inframe deletion 5
8 1 10 1 Inframe insertion
10 23 12 1
12 99 18 1
14 3 3i3 1
15 5
17 158
18 16
Impact of variant Number of variant  Variant type Number of variant
Moderate* 355 SNV 384
High? 59 Deletion 25
Insertion 5

SNV single-nucleotide variant, only including single-nucleotide replacement, single-nucleotide deletion and insertion were classified into other

two groups

#Variants with moderate influence of protein expression included: “missense variant” and “inframe deletion”. Variants with high influence of
protein expression included: “stop gained”, “frameshift variant”, and “splice acceptor variant”

(2.067-25.559), p=0.002], CTNNB1 mutation [22.079
(2.521-193.356), p=0.005] and NRAS mutation [4.365
(1.257-15.154), p=0.020], were independent predictors of
shorter OS (Table 6).

Discussion

Briefly, in this study, a gene panel consisting of 103 hotspot
regions in 22 genes, which have clinical interest for CRC or
lung cancer, was utilized for targeted sequencing. The top
4 most frequently mutated genes in this study were TP53
(73.91%), KRAS (46.86%), PIK3CA (20.29%), and FBXW7
(15.94%) genes. Gene mutation status was not related with
TNM stage, except for NRAS, PIK3CA, and TP53. Univari-
ate and multivariate analyses demonstrated that advanced
TNM stage, elevated serum CEA, total variants number > 2,
AKT1 and PTEN mutation were independent predictors of
shorter DFS; poor differentiation, advanced TNM stage,
total variants number > 2, BRAF, CTNNBI1, and NRAS
mutation were independent predictors of shorter OS. Taken
together, our study proved that TNM stage and total variants
number > 2 were independent predictors of DFS and OS.
The frequency of gene mutations in CRC varied greatly
in the literature, which could be attributed to different sam-
ple size, populations, and detection sensitivity [16]. A study
of 112 CRC FFPE specimens based on NGS showed that

the mutation frequency of KRAS, BRAF, PIK3CA, NRAS,
TP53, and APC was 35.7%, 7.1%, 16.1%, 6.3%, 39.3%,
and 29.5%, respectively [17]. Frequency of KRAS, NRAS,
BRAF, PIK3CA, TP53, APC, SMAD and FBXW7 muta-
tion was reported to be 44.4%, 4.0%, 4.0%, 13.1%, 52.5%,
27.3%, 2.0% and 3.0%, respectively, in Arab population (99
CRC); and be 48.4%, 4.0%, 4.0%, 12.1%, 47.5%, 24.2%,
11.1% and 0%, respectively, in matched Western population
(99 CRC) [16]. Many studies had reported the incidence of
TP53 mutation, ranging from 30 to 70% in different popu-
lations [18-21]. It was consistent with the TP53 mutation
incidence of 73.91% in our study. However, our mutation
incidence was higher than that reported in a previous pub-
lished literature [6], which may have something to do the
different detection sensitivity and sample size. Our study
identified no significant relationship between TNM stage
and mutation status of almost all genes, except for NRAS,
PIK3CA, and TP53. These findings were consistent with
Al-Shamsi’s results which revealed no significant associa-
tions between KRAS, NRAS, BRAF, PIK3CA, TP53, APC,
SMAD, FBXW7 mutations and TNM stage [16].

KRAS is a key downstream component of the EGFR sign-
aling pathway [19]. KRAS mutation could predict resistance
to anti-EGFR therapy [22]. However, the prognostic value
of KRAS mutation in CRC is controversial [21, 23-27].
In our study, KRAS mutation was found to be related with
OS, but not for DFS. BRAF mutation had been reported
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Table 4 Univariate analyses of influencing factors of disease free survival (DFS)

Clinical parameters

95% Confidence interval (CI)

Gender (male vs. female)

Age (> 65 years vs. < 65 years)
Preoperative treatment (yes vs. no)
Combined resection (yes vs. no)
Gross type”

Diameter (>4.0 vs. < 4.0 cm)
Differentiation A

T (T34 vs. T1-2)

N (N1-2 vs. NO)

M (M1 vs. MO)

TNM [(ITI-1V) vs. (I-1D)]

CEA (>5.0 vs. < 5.0 ng/mL)
CA199 (>37.0 vs. < 37.0 U/mL)
Postoperative treatment (Yes vs. No)
Tumor deposit (yes vs. no)
Perineural invasion (yes vs. no)
Vascular invasion (yes vs. no)
Positive DM (yes vs. no)

Positive CRM (yes vs. no)

Total variants number (>2 vs. <2)

1.150 (0.627-2.111)
1.069 (0.582-1.962)
1.173 (0.461-2.983)
1.544 (0.550-4.332)
3.074 (0.950-9.952)
1.198 (0.645-2.226)
1.484 (0.685-3.216)
1.222 (0.585-2.552)
1.620 (0.877-2.990)
1.633 (0.780-3.416)
2.123 (1.106-4.075)
2.147 (1.176-3.922)
2.858 (1.484-5.505)
1.663 (0.883-3.134)
1.357 (0.767-2.400)
1.103 (0.580-2.098)
1.052 (0.556-1.988)
0.451 (0.167-1.219)
0.506 (0.187-1.369)
2.279 (1.146-4.530)

149

p Gene mutation® 95% Confidence interval (CI)  p

0.652  AKTI1 6.439 (1.533-27.046) 0.011
0.831 ALK 0.049 (0-1.179x 107) 0.760
0.738  BRAF 4.639 (1.106-19.448) 0.036
0.410 CTNNBI 5.553 (0.742-41.563) 0.095
0.061  DDR2 0.046 (0-4926.164) 0.603
0.567 EGFR 7.609 (1.029-56.26) 0.047
0.317 ERBB2 0.049 (0-83735.743) 0.680
0.594  ERBB4 0.049 (0-3958.623) 0.600
0.123  FBXW7 0.752 (0.317-1.785) 0.518
0.193  FGFR1 0.049 (0-1.179x 107) 0.760
0.024 FGFR2 0.847 (0.115-6.253) 0.871
0.013 FGFR3 0.049 (0-1.179x 107) 0.760
0.002 KRAS 1.669 (0.905-3.080) 0.101
0.115  MAP2K1 1.099 (0.151-8.015) 0.926
0.295  NRAS 3.063 (0.942-9.960) 0.063
0.765  PIK3CA 1.444 (0.708-2.945) 0.313
0.877  PTEN 3.190 (1.249-8.149) 0.015
0.116  SMAD4 1.571 (0.559-4.414) 0.391
0.180  TP53 1.744 (0.773-3.933) 0.180
0.019 dMMR 1.443 (0.669-3.112) 0.349

DM distal resection margin, CRM circumferential resection margin, dMMR deficient mismatch repair

*Mutant vs. wild

b(Ulcerative and infiltrative) vs. protruding A (poor differentiation, signet ring cell carcinoma or mucinous adenocarcinoma) vs. (well or moder-

ate differentiation)

to predict poor outcome in CRC patients at both early and
advanced stages [21, 23, 26]. In our study, BRAF mutation
was found to be predictive of shorter DFS and OS. AKT]1
is a central player in the PI3K oncogenic pathway, and it
involves in many cellular pathways such as cell survival,
proliferation, angiogenesis, as well as radiation and drug
response [28, 29]. The clinical significance of AKT1 and
NRAS in CRC remains unknown [30]. Serum CEA level
is a well known biomarker of poor survival in CRC [31,
32]. Our univariate analyses demonstrated that TNM stage,
serum CEA level, total variants number >2, AKT1, BRAF
and PTEN mutations were independent predictive factors of
DFS and OS. TNM staging alone did not accurately predict
outcome in CRC [3, 25]. Dienstmann’s study showed that
incorporation of BRAF and KRAS mutation status to TNM
staging improved the predictive accuracy of OS [3]. Our
multivariate results proved that “total variants number >2”
was independent predictor for both DFS and OS. Why is
“total variants number >2” a prognostic marker? Does it
have something to do with microsatellite instability (MSI)?
High microsatellite instability (MSI-H) was supposed to lead
to more gene mutation and more variants. We had not tested
the MSI status in this study, but we had the data of defective
mismatch repair (AIMMR). Our results showed that AIMMR

was not predictor of DFS and OS. We had also analyzed the
relationship between total variant number and TNM stage,
but found no significant association. Our panel included 103
amplicons targeting the most frequently mutated cancer-rel-
evant variants in 22 genes in colorectal cancer. Single-nucle-
otide polymorphisms (SNP), synonymous variants, benign
variants and possible benign variants were excluded. So, all
of the remaining variants in our study would probably be
associated with the development and metastasis of colorectal
cancer. This might explain why total number of variants > 2
was related with poor prognosis.

NGS technologies provide useful tools for SNV and
CNYV identification in many genes and samples simultane-
ously [33]. In this study, we used a NGS—PCR technique
to detect multiple mutations with a 22-gene panel in 207
CRC patients. Compared with the conventional stand-
ard methods like Sanger sequencing or ARMS-PCR, our
method has several advantages. Firstly, it could save a lot
of tissue sample for detecting multiple targets. Our panel,
consisting of 103 amplicons targeting 22 genes, requires
as little as 10 ng of input DNA; while conventional meth-
ods require 500—1000 ng of DNA [6]. Secondly, the turn-
around-time (TAT) from DNA isolation to results is only
48-72 h, which is much shorter than the sum of time spent
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Table 5 Univariate analyses of influencing factors of overall survival (OS)

Clinical parameters 95% Confidence interval (CI) p Gene mutation® 95% Confidence interval (CI) P

Gender (male vs. female) 0.733 (0.356-1.506) 0.398 AKT1 9.711 (2.262-41.703) 0.002
Age (=65 years vs. < 65 years) 0.908 (0.454-1.816) 0.786 ALK 7.476 (1.007-55.497) 0.049
Preoperative treatment (yes vs. no) 0.937 (0.286-3.074) 0.915 BRAF 8.564 (2.575-28.484) 0.000
Combined resection (yes vs. no) 0.938 (0.224-3.923) 0.930 CTNNBI1 8.751 (1.150-66.618) 0.036
Gross type® 3.426 (0.819-14.335) 0.092 DDR2 0.048 (0-25655.139) 0.652
Diameter (>4.0 vs. < 4.0 cm) 1.398 (0.681-2.869) 0.361 EGFR 6.300 (0.853-46.536) 0.071
Differentiation A 2.548 (1.185-5.480) 0.017 ERBB2 0.049 (0—4.868 x 10°) 0.748
T (T34 vs. T1-2) 2.441 (0.860-6.933) 0.094 ERBB4 0.049 (0-61052.378) 0.673
N (N1-2 vs. NO) 2.233 (1.087-4.587) 0.029 FBXW7 0.592 (0.208-1.682) 0.325
M (M1 vs. MO) 1.414 (0.614-3.256) 0.416 FGFR1 0.049 (0-8.748 x 10%) 0.803
TNM [(ITI-1V) vs. (I-1D)] 2.948 (1.334-6.514) 0.008 FGFR2 1.435 (0.195-10.556) 0.723
CEA (=5.0 vs. < 5.0 ng/mL) 2.217 (1.119-4.391) 0.022 FGFR3 0.049 (0-8.748 x 10%) 0.803
CA199 (>37.0 vs. < 37.0 U/mL) 2.193 (1.047-4.596) 0.037 KRAS 2.185 (1.063-4.493) 0.034
Postoperative treatment (yes vs. no) 1.262 (0.607-2.625) 0.533 MAP2K1 1.343 (0.183-9.873) 0.772
Tumor deposit (yes vs. no) 2.335 (1.242-4.388) 0.008 NRAS 4.425 (1.339-14.626) 0.015
Perineural invasion (yes vs. no) 1.204 (0.602-2.410) 0.599 PIK3CA 1.745 (0.812-3.753) 0.154
Vascular invasion (yes vs. no) 1.331 (0.669-2.650) 0.415 PTEN 2.972 (1.038-8.513) 0.042
Positive DM (yes vs. no) 0.589 (0.215-1.612) 0.303 SMAD4 1.982 (0.697-5.634) 0.200
Positive CRM (yes vs. no) 0.423 (0.155-1.150) 0.092 TP53 1.834 (0.707-4.755) 0.212
Total variants number (>2 vs. < 2) 4.376 (1.692-11.316) 0.002 dMMR 0.794 (0.279-2.257) 0.665

A (poor differentiation, signet ring cell carcinoma or mucinous adenocarcinoma) vs. (well or moderate differentiation), DM distal resection mar-
gin, CRM circumferential resection margin, dMMR deficient mismatch repair

Mutant vs. wild

b(Ulcerative and infiltrative) vs. protruding

Table 6 Multivariate analyses of influencing factors of DFS and OS

Parameters DFS (0N}

95% Confidence interval (CI) p 95% Confidence interval (CI) p
Differentiation A - - 3.166(1.430-7.009) 0.004
TNM [(ITI-1V) vs. (I-1D)] 2.383 (1.217-4.666) 0.011 3.357 (1.448-7.780) 0.005
CEA (>5.0 vs. < 5.0 ng/mL) 2.363 (1.264-4.417) 0.007 1.838 (0.883-3.829) 0.104
CA199 (>37.0 vs. < 37.0 U/mL) 1.803 (0.846-3.843) 0.127 0.393 (0.141-1.097) 0.074
Tumor deposit (yes vs. no) - - 1.453 (0.696-3.033) 0.320
Total variants number (>2 vs. < 2) 2.126 (1.050-4.304) 0.036 3.539 (1.337-9.371) 0.011
AKT1 (mutant vs. wild) 11.798 (2.548-54.631) 0.002 5.807 (0.826-40.837) 0.077
ALK (mutant vs. wild) - - 2.519 (0.725-8.751) 0.146
BRAF (mutant vs. wild) 1.225 (0.234-6.409) 0.810 7.268 (2.067-25.559) 0.002
CTNNBI1 (mutant vs. wild) - - 22.079 (2.521-193.356) 0.005
EGFR (mutant vs. wild) 1.28 (0.129-12.649) 0.833 - -
KRAS (mutant vs. wild) - - 2.284 (0.793-6.579) 0.126
NRAS (mutant vs. wild) - - 4.365 (1.257-15.154) 0.020
PTEN (mutant vs. wild) 3.441 (1.304-9.077) 0.013 3.120 (0.956-10.184) 0.059

A (poor differentiation, signet ring cell carcinoma or mucinous adenocarcinoma) vs. (well or moderate differentiation)

on every detected gene. Thirdly, it is much more cost-
effective if costs are calculated per detected gene. In addi-
tion, the included genes of our panel are flexible and can
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from DNA extraction to sequencing. Nonetheless, our
panel covers almost all frequent mutations identified in
CRC tissues. These include a variety of indel and missense
mutations whose mutation frequency was as low as 2% [6].
Tops et al. reported a similar 22-gene panel for CRC, but it
only included 87 hotspot regions in 22 genes [6]. However,
the 22-gene panel in our study included much more hot-
spot regions (103 regions), since we have added multiple
latest variants with potential clinical significances. Most
importantly, our study is the first one that has reported its
clinical significance and prognostic value in CRC patients.
Furthermore, our study had the biggest sample size (207
CRC), which is much larger than those in Tops’ study (29
CRC) [6] and Dijkstra’s study (30 CRC) [8]. Moreover,
we identified a PIK3CA:c.3203dupA frameshift muta-
tion that would change the last C-terminal amino acid of
the PIK3CA protein and add another three amino acids.
This mutation, whose impact on tumor genesis was still
unknown, had been reported in hepatocellular carcino-
mas and breast cancer [34, 35]. But it has never been
reported in CRC according to the COSMIC [36], which
is the world’s largest and most comprehensive resource
for exploring the impact of somatic mutations in human
cancer. A search of literatures via “Pubmed” also did not
find report of this mutation in CRC.

The demand for identifying genetic targets to predict
survival and select targeted therapy has been increasing
rapidly in the past 30 years [37]. Specification of mutation
status of multiple genes in CRC is mandatory to optimize
personalized treatment. However, detecting mutation sta-
tus of multiple genes is faced with a number of challenges,
including test cost, turn-around-time and limited sample
[37]. Our panel detected by the NGS—PCR technique can
overcome these challenges. Therefore, it meets the require-
ment for unbiased and highly sensitive mutation detec-
tion and may accelerate development in basic and clinical
cancer research [9].

There are some limitations in our study. Firstly, the fol-
low-up period was relatively short. Secondly, the sample
size of our study was relatively small, although it is the
largest study in this field until now. There would be more
patients with gene mutation if the sample size was larger,
which could lead to a more accurate result, especially for
these less frequent mutations. Therefore, future large sample
sized studies are warranted to verify the conclusions drawn
in this study.

In conclusion, simultaneous detection of multiple gene
mutations with a 22-gene panel, using the NGS-based mul-
tiplex PCR technique, is feasible in FFPE CRC specimens.
TNM stage and total variants number >2 were independent
predictors of DFS and OS. Detection of multiple gene muta-
tions may provide additional prognostic information to TNM
stage in CRC patients.
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