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a b s t r a c t
Background: Many types of gene mutation are associated with the drug resistance of cancer cells. XELOX
is a new and eﬃcient surgical adjuvant chemotherapy for colorectal adenocarcinoma. However, drugresistant related genetic mutations associated with this treatment remain unknown.
Methods: Next-generation sequencing (NGS) was performed on 36 colorectal cancer patients to identify mutations among patients with residual tumors following preoperative chemotherapy. Enrichment
and prognosis of these mutations were evaluated in a TCGA cohort. The pathology of cases with poor
prognosis-related mutations was also determined.
Results: A sequence of SNPs associated with the APC, KRAS, and TP53 genes in 13 of 19 subjects with
residual tumors after preoperative chemotherapy was identiﬁed. Using survival analysis data from 317
cases in the TCGA database, a prognosis-related haplotype composed of SNPs from APC, KRAS, and TP53
was assembled. Colorectal cancer patients with these mutations had a lower 5-year tumor-speciﬁc survival rate than those without (p < 0.05). Most patients with these mutations were at a higher clinical
stage (III-IV) of disease. Enrolled subjects with the identiﬁed haplotype tended to have poor cancer cell
differentiation.
Conclusions: The prognosis-related haplotype can be used as a marker of drug resistance and prognosis
in colorectal cancer patients after preoperative chemotherapy.
© 2022 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction
Colorectal cancer (CRC) is one of the leading causes of cancerrelated mortality in both men and women worldwide. The survival
rate of patients with metastatic CRC (mCRC) remains at ≤10% [1].
Patients with high-grade (stages III or IV) CRC have an elevated risk
of recurrence and are typically treated with both surgery and adjuvant chemotherapy [2]. Several chemo-reagent-based therapies for
CRC have been developed, including CAP, 5-FU, XELOX, and FOLFOX, and relevant data and treatment outcomes are gaining more
attention [3–5]. XELOX is a particularly convenient chemotherapeutic agent with similar eﬃcacy to FOLFOX. However, the mecha-
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nism of resistance to this drug and its impact on disease outcomes
remain unclear [2,6,7].
CRC chemotherapy resistance-related mutations have been
identiﬁed in many genes, including APC, EFGR, KRAS, TP53, BRAF,
and ERCC2 [7,8]. Mutations in APC, KRAS, and TP53 are shown to
co-occur in the same samples [9]. APC is a large scaffold protein that is ubiquitously expressed in several tissues, including the
brain and gastrointestinal tract [10], and serves as a key regulator of the oncogenic protein, beta-catenin, in the Wnt signaling
pathway [11]. TP53 is a tumor suppressor gene with a spectrum
of mutations in CRC samples [12]. KRAS is deﬁned as a ‘switch’ in
cancer cell signal transduction [13] that regulates malignant behavior. A series of KRAS mutations serve as prognosis markers for Bevacizumab resistance [14]. Most of these mutations were reported
in 5-FU or other reagent-treated samples but the combined effect
remains unknown. This study sought to investigate the combined
effect of APC, KRAS, and TP53 mutations on XELOX-based chemoresistance in CRC.
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Materials and methods

carried the SNP haplotype were included in subsequent experiments.

Clinical sample collection
H&E staining

A total of 36 subjects (17 females and 19 males, 51–83 years of
age) who had received a new CRC diagnosis based on pathology
and medical imaging results (MRI) and completed XELOX-based
preoperative treatment were enrolled in this study. All patients
were admitted to the Aﬃliated Hospital of Hebei University from
August 2018 to March 2019. This study received approval from the
hospital review board. Patients with recurrent CRC, receipt of other
treatments prior to admission, and the presence of other cancers
or tumors of unknown origin were excluded. Survival follow-up
data were included in the study. All patients were fully educated
about the study and signed the informed consent. A total of 2 μg
of genomic DNA from each patient was extracted and degraded
into 30 0–50 0 bp fragments using the Covaris S220 single tube
sonicator (Life Technologies, Carlsbad, CA). Targeted NGS of 24
high-frequency mutant genes in tumor samples before and after
XELOX-based treatment is well documented. The target genes
were enriched using a custom-designed set of target gene enrichment RNA oligonucleotides for in-solution hybrid selection (Agilent
Technologies, Santa Clara, CA). Speciﬁc oligonucleotide probes were
designed against the 24 CRC susceptibility genes, which spanned
their entire non-repetitive genomic region. All coding regions had
an average coverage of >95% and an overall coverage of 43%.
Libraries were prepared according to the manufacturers’ protocols
(NEBNext® and Illumina®, San Diego, California, USA) and sequenced using HiSeq 2500 (Illumina) (PE=125). Q30 >85 was used
as the threshold for data quality control evaluated using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Alignment of the qualiﬁed data to the human reference genome
(hg19, NCBI build GRCh37) was performed using the BurrowsWheeler aligner (BWA) (http://bio-bwa.sourceforge.net).

Samples were obtained from the patients (n = 36) who received
surgery after XELOX-based preoperative treatment. Tumor localization was completed under the guidance of an MRI. Both CRC and
para cancer tissues from each patient were collected. Histopathology was performed to identify all tissue samples. Tissue sections
were dried at room temperature, ﬁxed at room temperature for
30 s, dewaxed with xylene, and rehydrated in a gradient ethanolwater solution. The sections were washed in 1x PBS for 2 s, stained
with hematoxylin (60◦ C) for 60 s, and immersed in PBS for 10 s, 1%
hydrochloric acid alcohol differentiation solution for 3 s, and PBS
for an additional 2 s. The sections were then subjected to eosin
staining for 3 min, washed in PBS for 2 s, dehydrated with 70%,
80%, and 95% ethanol for 5 min each, and xylene coated 3 times
for 5 min. Finally, the sections were transparently sealed with gum,
and tissue morphology and structure were observed under a microscope (BX63, Olympus, Japan)
Statistics
R packages were used for bioinformatic analysis. Kaplan-Meier
curves were used to assess the cumulative probability of CRC. Survival curves were created using K-M plotter and compared using the log-rank test. One-way ANOVA combined with the Tukey
test was used to compare multiple groups. Chi-square analysis was
used to determine the correlation between the frequency of SNPs
or haplotypes in CRC tissues and patient clinical data. Univariate
and multivariate analyses were performed using the Cox proportional hazards model to investigate the inﬂuence of genotypes on
the risk of recurrence. The model was also adjusted for age, gender, and other related factors. The χ 2 test was used to evaluate
differences in gene mutation frequency between groups. p < 0.05
was considered statistically signiﬁcant.

Polymorphism selection
The HapMap SNP database (http://www.ncbi.nlm.nih.gov/) and
SNP data (http://snpinfo.niehs.nih.gov/) were used to identify functional SNPs in APC, KRAS, and TP53. The selection criteria included
a minor allele frequency of ≥5% and a linkage disequilibrium (LD)
coeﬃcient r2 of <0.8. All SNPs were associated with CRC.

Results
NGS results

Gene mutation data from 317 CRC samples with at least one
mutation in the APC, KRAS, or TP53 genes, were downloaded from
TCGA database. The annotated germline SNPs were screened out
before downloading. CRC patient data were included if the diagnosis was stage III-IV according to the 7th edition of the AJCC Cancer Staging Manual. Corresponding CRC patient clinical information
was obtained from TCGA database according to TCGA publication
guidelines and data access policies. Patient data were excluded if
there was evidence of recurrent cancer, therapies performed before admission, the presence of other CRC clinical stages, or additional clinical disorders. The top 25 mutated sites on the three
genes were analyzed using the R “maftools” package.

A target NGS panel of high-frequency mutant genes was used
to identify gene mutations in CRC patients before preoperative
chemotherapy and after surgery. Postoperative examination revealed no residual tumors in 17 of 36 patients.The Mutations of
preoperative tumor samples were compared between patients with
residual tumors and those without (Supplementary Table 1). Findings indicated that mutations in the APC, KRAS, and TP53 genes
were more frequent in patients with residual tumors (Fig 1A). Few
KRAS mutations were detected in patients without residual tumors
(Fig 1B). Cox analysis was used to evaluate the association between
patient clinical characteristics and the presence of mutations. Multivariate results showed that the prevalence of APC, KRAS, and
TP53 mutations was signiﬁcantly higher among patients with AJCC
stage III/IV (p = 0.008) and TN stage III/IV (p = 0.015, p = 0.004)
(Table 1).

Haplotype analysis

Mutation identiﬁcation and enrichment analysis in TCGA data

The assembled haplotype was estimated in the CRC patient cohort by case status. The R “haplo.stats” package was used to estimate posterior probabilities of haplotypes. STATA’s haplologit command was used to model the association between haplotypes and
case status as described previously [17]. Patients from TCGA who

Mutation enrichment analysis was used to identify chemoresistant related SNPs in TCGA data. A waterfall plot showed the
high frequency of CRC patients with APC, KRAS, and TP53 mutations (Fig. 2A). A total of 46,382 SNPs were identiﬁed. The top 10
genes with identiﬁed mutations were APC, TP53, KRAS, TTN, PIK3CA,

TCGA data preparation
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Fig. 1. Genomic variation of the target gene in the clinical subjects.
(A)The total mutation rates of the APC, KRAS, and TP53 genes in subjects with and without residual tumors. (B) Individual APC, KRAS, and TP53 mutation rates in subjects
with and without residual tumors. ∗ ∗ indicates values with a p-value <0.05.

MUC16, SYNE1, FAT4, ZFHX4, and DNAH5. The TCGA cohort was divided into two subgroups. Group I included co-occurrence mutations in APC, KRAS, and TP53 while Group II included those with
only one mutation site in APC, KRAS, or TP53. Group I had a signiﬁcantly lower 5-year survival rate than Group II (p = 0.0285, Fig. 2BE). Particular tumor driver genes, including SYNE1, MUC16, ZFHX4,
and DNAH5, also had a higher mutation rate in Group I (Fig. 2FG). This ﬁnding indicates that co-occurrent mutations in APC, KRAS,
and TP53 may predict poor CRC patient prognosis.

The combined effect of SNPs on CRC prognosis
Using the mutation rate in TCGA dataset, the top 10 SNPs
were selected (Table 2). TP53 SNP (CC/rs28934578), KRAS SNP (CG
or CT/rs121913529), and APC SNP (CT/rs121913332) were shown
to cooccur in the same CRC sample and assemble as a haplotype (Table 3). However, the signiﬁcantly lower 5-year overall survival rate (OR=0.43) was only observed in patients with
CG/rs121913529/KRAS (Fig 3A-C). To investigate the effect of these
117
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Fig. 2. Mutation Identiﬁcation and Enrichment Analysis using TCGA data.
(A) A waterfall plot of the top 10 mutated genes in TCGA CRC cohort that carries at least one APC, KRAS, or TP53 mutation. (B-E) The correlation of Group I, APC, KRAS, or
TP53 mutations with CRC patient survival. COX analysis was performed to get the adjusted HR. (Group I:p = 0.0285; APC:p = 0.0816; TP53:p = 0.0267; KRAS:p = 0.0767).(F)
TCGA cohort subjects with the top 10 mutated genes. (G) The mean mutation rate of the top 10 mutated genes in TCGA cohort.
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Fig. 3. Combined effect of SNPs on CRC prognosis.
(A-C) The Kaplan-Meier survival curve of subjects with different rs28934578/TP53, rs121913332/APC, and rs121913529/KRAS genotypes, respectively. CC/rs28934578,
CT/rs121913332, and CG/ rs121913529 were associated with a poorer prognosis than other CRC genotypes. Only CG/rs121913529/KRAS represented a statistically signiﬁcant difference (p = 0.278, p = 0.1837, and p = 0.0357). (D) The Kaplan-Meier survival curve of subjects with the haplotype (assembled from CC/rs28934578, CT/rs121913332,
and CG/ rs121913529) and those without (p = 0.048). (E) The ratio of subjects with the haplotype who had residual tumors and those who did not (∗ ∗ p < 0.05).
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Table 1
. clinical-pathological characteristic in colorectal adenocarcinoma patients and their association with occurrence of APC, KRAS or Tp53 mutation
Variable

HR

Cl (95%)

Univariate analysis (n= 36)
Age
<60
1.000
>60
1.083
Gender
male
1.000
female
0.876
T stage
Tis,T1–2
1.000
T3–4
2.117
N stage
N0
1.000
N1–3
2.189
M stage
M0
1.000
M1
1.435
Clinical stage
I–II
1.000
III–IV
1.854

type was also explored. The three KEGG enrichment scores indicated that these gene-related pathways were signiﬁcantly enriched
in cytokine-cytokine receptor interaction, immuno-response, and
apoptosis pathways (Fig. 4C). These ﬁndings indicate that some immune cell types may be enriched in these patients.

P

The haplotype is associated with the CRC differentiation
1.015–2.652

0.141

0.247–1.532

0.116

1.085–3.181

0.015∗

1.568–3.081

0.004∗

1.232–2.879

0.253

1.012–3.771

0.008∗

These results indicated that the mutation haplotype may correlate with poorer cancer cell differentiation. To explore this, the differentiation status of tumor tissues from CRC patients who underwent surgical resection was assessed. H&E staining results revealed
poorer differentiation in patients with the haplotype (Fig. 5A,
p < 0.05). Thirteen patients were found in both the haplotype and
the residual tumor groups (Fig. 5B). The main histological characteristics of poorly differentiated CRC included the presence of
small and closely arranged tumor cells and evidence of tumor cells
falling off in clusters and forming a mulberry fruit-like structure
(Fig. 5C).
Discussion

HR indicate the Hazard ratio; CI indicate the conﬁdent interval

Preoperative chemotherapy is an effective method for improving high-stage CRC patient outcomes [2]. Chemoresistance is considered the primary reason for the presence of residual cancer cells
following treatment [15]. Several genes and cell signaling pathways are thought to regulate this process [16–18]. Since it is difﬁcult to identify mutations that speciﬁcally contribute to patient
health or chemoresistance, nucleic acid-based biomarkers have not
been effectively developed. It has been a challenge to characterize
drug-speciﬁc mutations given the wide variety of chemoresistance
mechanisms [19].
APC is a key oncogenic hub regulator that participates in many
cell functions including MT stability, growth, cell migration, adhesion, apoptosis, and DNA repair [20,21]. The molecular targeting,
dynamics, and regulation of the APC gene remains poorly deﬁned.
KRAS is another important oncogene that regulates many downstream genes including those in the VEGF and EGFR pathways [22].
KRAS mutations have been associated with many tumor types and
are shown to correlate with chemoresistance, brain metastasis, and
vascular formation [23,24]. P53 is a classical tumor suppressor protein that regulates several diverse downstream genes in multiple
signaling pathways. The TP53 mutation occurs in approximately
40–50% of sporadic CRC cases [25]. This gene was recently found to
target SV40 large T antigen [26]. Sequential or cooccurring somatic
mutations play an important role in CRC-related chemoresistance
[27]. Compared to APC mutations, a different sequence of RAS and
TP53 somatic mutations was more directly correlated with a tumor phenotype [19]. In a study of Oxaliplatin-based combination
chemotherapy, sequential KRAS and APC somatic mutations were
associated with a signiﬁcantly reduced 4-year recurrence-free survival (RFS) probability [28].
Multiple studies have associated poorly differentiated CRC with
chemoresistance [29]. Cancer stem cell (CSC)-like cells are often
linked to cancer recurrence and residual tumors [29,30]. APC, TP53,
and KRAS are found to maintain cell stemness [31]. Wnt signaling
is regarded as the major pathway responsible for regulating cell

Table 2
The Top10 mutational SNPs in the TCGA dataset
SNPs

count

rs121913529|KRAS
rs104886003|PIK3CA
rs112445441|KRAS
rs28934578|TP53
rs121913332|APC
rs121913530|KRAS
rs587781392|APC
rs121913333|APC
rs764719749|ACVR2A
rs113488022|BRAF

86
33
27
25
24
18
15
15
15
14

mutations on CRC prognosis, the 5-year survival rate of 102 patients with the combined haplotype-1 and 215 subjects without
the haplotype was assessed (Fig 3D). Patients with haplotype-1 had
a signiﬁcantly higher HR index than those without the haplotype
for survival time (HR=0.4487, 95% CI: 0.29–1.0; HR= 1.3725, 95%
CI: 0.48–2.114). The haplotype was detected in 15 subjects (78%)
with residual tumors and eight subjects (15%) without (Fig 3E,
p < 0.05).
Relationship between clinical features and the haplotype
To investigate the potential relationship between clinical features and the KRAS SNP (CG or CT/rs121913529), COX analysis
was performed using TCGA data. The results showed that stage
III-IV CRC patients had a signiﬁcantly higher likelihood of having the haplotype (CC/rs28934578, CG or CT/rs121913529 and
CT/rs121913332; Fig 4A-B, p < 0.05). At the same time, the haplotype (with CG/rs121913529, KRAS) was more frequently detected
in the poorly differentiated CRC patient group (Fig 4B, p<0.05).
The gene expression spectrum of CRC patients with the haploTable 3
The top three coeﬃcient haplotypes in this study
Haplotype

Alternative nuclei acids

∗

Haplotype-1
Haplotype-2
Haplotype-3

CC/rs28934578;CT/rs121913332; CG/rs121913529
CC/rs28934578;CT/rs121913332;
CC/rs28934578;CT/rs121913332;CT/rs121913529

0.866
0.712
0.668

Coeﬃcient(95% CI)

Positive cases

Positive ratio

102
87
62

32.2%
27.4%
19.5%

∗
The logistic regression model (multivariate regression) indicates a signiﬁcant interaction term showing that the effect of SNPs of and
vice versa.
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Fig. 4. Relationship between clinical features and the haplotype.
Forest plot of the association between patient clinical characteristics and different genotypes of d CG/CT/rs121913529(A) and d CG/rs121913529. (B) The hazard ratio (HR)
and 95% CI. (C) KEGG enrichment analysis of related mutations from the selected TCGA cohort. ∗ ∗ The variable with a p-value < 0.05.
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Fig. 5. The correlation between the haplotype and the differentiation of CRC.
(A) The ratio of subjects with poorly differentiated tumor cells who had the haplotype and those who did not (∗ ∗ p < 0.05). (B) Venn diagram of 13 subjects who had both
the haplotype and residual tumors. (C) H&E staining was used to evaluate the presence of histological characteristics of poorly differentiated CRC. H&E: hematoxylin and
eosin. Scale bar=100 μM.

differentiation [32]. The activation of Wnt signaling is closely correlated with the microenvironment, however, cross-talk between
the microenvironment and the progression of cell differentiation
remains unknown [33]. The current study explored how the sequential order of APC, TP53, and KRAS somatic mutations contribute to cell differentiation.
The adjuvant oxaliplatin plus capecitabine (XELOX) is recommended for use both before and after curative resection of advanced CRC [2]. Preoperative XELOX plus bevacizumab is commonly used to treat high-stage CRC [4] and the reported pathologic complete response rate is 4.3–13% [2]. However, there is an
absence of effective biomarkers to predict the XELOX-speciﬁc response in clinical practice. The current study identiﬁed a new haplotype and evaluated its prognosis value using TCGA data. In another aspect, the patients in residual tumor groups without haplotype also carry either individual KRAS, APC or TP53 mutations.
But there was no any speciﬁc mutations signiﬁcantly enriched in
the residual tumor groups. We did not ﬁnd any signiﬁcant clinical
or pathology correlation of these sparsely mutations. This haplo-

type may contribute to the inﬁltration of speciﬁc immune cells and
correlate with poor cancer cell differentiation. A limitation of this
study is that it involved a relatively small patient cohort. Future
studies are needed to evaluate the prognostic value of this haplotype in a larger and more ethnically diverse cohort. In addition,
the cross-talk mechanism between cancer cells that carry this haplotype and immune cells in the microenvironment requires further
exploration.
Conclusion
The current study identiﬁed the clinical signiﬁcance of a haplotype composed of an SNP sequence in the APC, TP53, and KRAS
genes associated with CRC. A new mutational gene combination
was identiﬁed in a patient cohort that received preoperative XELOX
therapy. The haplotype composed of these mutant genes was associated with poor CRC-related outcomes. CRC patients with this
haplotype were more likely to have poorly differentiated adenocarcinoma and to harbor residual tumor cells following treatment.
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Further studies are needed to assess the relationship between the
haplotype and tumor recurrence by investigating recurrence in a
larger cohort of patients with this mutant gene combination.
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