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Abstract

The emergence of anti-EGFR therapy has revolutionized the treatment of colorectal cancer (CRC). However, not all
patients respond consistently well. Therefore, it is imperative to conduct further research to identify the molecular
mechanisms underlying the development of cetuximab resistance in CRC. In this study, we find that the expressions
of many metabolism-related genes are downregulated in cetuximab-resistant CRC cells compared to their sensitive
counterparts. Specifically, acetyl-CoA acyltransferase 2 (ACAA2), a key enzyme in fatty acid metabolism, is
downregulated during the development of cetuximab resistance. Silencing of ACAA2 promotes proliferation and
increases cetuximab tolerance in CRC cells, while overexpression of ACAA2 exerts the opposite effect. RTK-Kras
signaling might contribute to the downregulation of ACAA2 expression in CRC, and ACAA2 predicts CRC prognosis
in patients with Kras mutations. Collectively, our data suggest that modulating ACAA2 expression contributes to
secondary cetuximab resistance in Kras wild-type CRC patients. ACAA2 expression is related to Kras mutation and
demonstrates a prognostic role in CRC patients with Kras mutation. Thus, ACAA2 is a potential target in CRC with
Kras mutation.
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Introduction

Colorectal cancer (CRC) is a major global health problem with high
morbidity and mortality rates [1]. Given its insidious symptoms and
signs, many CRC patients are diagnosed at advanced stages that are
not ideal for surgery. Neoadjuvant chemoradiotherapy of advanced
CRC decreases the risk of metastasis, but it may be ineffective in
some patients and may even delay their surgery due to the adverse
effects [2]. The prognosis of metastatic CRC patients remains poor,
with a 5-year survival rate of less than 20% [3]. The development of
anti-epidermal growth factor receptor (anti-EGFR) monoclonal
antibody, cetuximab or panitumumab, is a milestone in metastatic

colorectal cancer treatments. However, its effectiveness is limited to
Ras wild-type metastatic CRC (mCRC) patients of the left colon [4].
Even in these patients, drug resistance often develops after 7 to
10 months of treatment. Therefore, there is a need to investigate the
mechanisms behind cetuximab resistance and identify biomarkers
that predict treatment response.

The development of anti-EGFR resistance is a complex process
that involves multiple genes and factors due to the heterogeneity of
tumour tissues. Kras is a frequently mutated oncogene in CRC, with
a mutation frequency of approximately 40%, and up to 95% of
mutations occur in exons G12 and G13 [5]. Previous studies have
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shown that initial Ras mutant cells, which are resistant but not
detected, can continue to proliferate [6,7] and secondary mutations
of Kras genes are typically responsible for cetuximab resistance [8].
However, the biological mechanisms behind them have not yet
been fully clarified.

Many studies suggested that rewired metabolism caused by Kras
mutation contributes to tumour progression and cetuximab
resistance. For example, the removal of methylglyoxal (MGO), a
byproduct of glycolysis, reversed the resistance of mutant Kras to
cetuximab [9]. Mutation in Kras could also increase glutamine
utilization to meet cellular demands [10], and combining an
inhibitor of glutamine metabolism with cetuximab was found to
be a promising novel approach for overcoming acquired cetuximab
resistance in CRC [11]. Additionally, metabolic responses measured
by 18F-fluorodeoxyglucose positron emission tomography/CT
(FDG-PET/CT) have been suggested as an indicator of later
responses and even the final survival outcome of CRC patients
treated with cetuximab [12]. In patient-derived CRC spheres,
enhanced Warburg effects favour cetuximab resistance [7]. These
findings underscore a metabolic adaptive model that ensures
sufficient energy and crucial building blocks for the development
of cetuximab resistance in colorectal cancer. Thus, investigating the
metabolic vulnerabilities of tumours and elucidating the mechan-
isms underlying cetuximab resistance could open up new avenues
for managing mCRC that is refractory to current treatments.

Acetyl-CoA acyltransferase 2 (ACAA2) is an enzyme that
catalyzes the conversion of fatty acids into acetyl-CoA through
mitochondrial beta-oxidation and serves as a bridge molecule
between fatty acid degradation and the TCA cycle. Bioinformatics
analyses have identified ACAA2 as a prognostic factor in lower-
grade glioma with IDH mutation [13]. ACAA2 also participates in
cell apoptosis and transcription [14]. Attenuation of ACAA2 reduces
cell death in fibroblast MRCS5 cells, which promotes liver cancer cell
proliferation [15,16]. However, its role as an important metabolism-
related gene in tumour progression and cetuximab treatment of CRC
remains unknown.

In the present study, our results indicated that higher ACAA2
expression was related to a better cetuximab response in Kras wild-
type CRC patients. Its expression might be influenced by RTK-Kras
signaling and serve as a favorable prognostic biomarker in CRC
patients with Kras mutations.

Materials and Methods

Drug-resistant strain establishment and cell culture

The human colorectal cancer cell lines DLD1, HCT116, RKO,
NCIH508 and HEK-293T were purchased from the Cell Bank of
Chinese Academy of Sciences (Shanghai Institutes for Biological
Sciences, Shanghai, China). To generate cetuximab-resistant cells,
Kras wild-type CRC cells (NCIH508-CS) were treated with increas-
ing concentrations of cetuximab, resulting in a resistant cell line
(NCIH508-CR). All cells (RKO, HCT116, DLD1, and NCIH508-CS/
CR) were cultured in RPMI-1640 medium (HyClone, Logan, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco, Paisley,
UK), 1% penicillin, and 1% streptomycin (Gibco).

RNA sequencing

Total cellular RNA was extracted with Trizol reagent (Invitrogen,
Carlsbad, USA). The RNA integrity and library quality were assessed
on the Agilent Bioanalyzer 2100 system (Agilent Technologies,
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Santa Clara, USA). Transcriptome sequencing was performed by
Novogene Biotech Co (Beijing, China) on an Illumina HiSeq X-Ten
platform (Illumina, San Diego, USA). Differentially expressed genes
were defined with the criterion of fold change > 2.0 at P<0.05 and
selected using the “LIMMA” package. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analyses were performed using the “clusterProfiler” package.

Lentivirus-mediated gene knockdown

The ACAA2 interference plasmid vector used was pLKO.1-TRC-
copGFP-F2A-PURO with the sequence 5-CCGGCACACCTGGTT
CACGAATTAACTCGAGTTAATTCGTGAACCAGGTGTGTTTTTG-
3'. HEK-293T cells were cultured in T25 culture flasks, washed twice
with PBS and then trypsinized until the cells were round. The day of
seeding was considered day 1. On day 2, cells were transfected at a
density of 5x 10° cells/mL, with 2 mL of cell suspension added to
each well of a 6-well plate. The cell density was confirmed to be
70%—-80% before transfection. Transfection of HEK-293T cells in
single wells of 6-well plates was performed as follows: target
plasmid (1 pg); packaging plasmid I (psPAX2; 0.5pug); and
packaging plasmid II (pMD2G; 0.5 pg). After 8-10 h, 4 mL of fresh
culture solution was added, and transfection efficiency was
observed after 24 h. After collecting the virus supernatant produced
at 48-72 h, the virus solution was filtered through a 0.22-pm filter.
Cells were infected with the viral suspension and screened with
puromycin (2 pg/mL for 48 h, until the cells in the nontransfected
group died) to obtain a cell line with stable ACAA2 knockout.

Cell proliferation assay

The proliferation of CRC cells was assessed by Cell Counting Kit 8
(CCK-8) assay and colony formation assay. For the CCK-8 assay,
cells were seeded in 96-well plates and cultured for 5 days. Then
CCK-8 reagent (Dojindo, Tokyo, Japan) was added and the optical
density (OD) values were measured at 450 nm after 1h of
incubation. The readings were normalized against the values
obtained on the 1st day. For the colony formation assay, cells were
seeded in 6-well plates (500 cells/well) and cultured for 14 days.
Colonies were fixed with 4% paraformaldehyde for 20 min, stained
with 0.1% crystal violet for 30 min, and quantified using ImageJ
software (National Institute of Health, Bethesda, USA).

Inhibition assay

To assess the inhibitory effects of drugs, cells in the logarithmic
growth phase were seeded in 96-well plates at a density of 4000
cells/well. The medium was replaced by medium containing
different concentration gradient of drugs and treated for 72 h after
the cells attached. The drug-containing medium was discarded and
replaced by culture medium containing 10% CCKS8. Finally, the
absorbance was measured at 450 nm after 1 h of incubation.

Quantitative real-time PCR analysis

After discarding the cell culture medium, the cells were washed 3
times with PBS, and 1 mL Trizol was added per dish. The cells were
scraped, collected into EP tubes, and kept on ice for 10 min. After
addition of chloroform, the solution was stratified, and the upper
layer of the colorless aqueous phase was transferred to a freshly
precooled EP tube. An equal volume of isopropanol was added
slowly. The mixture was gently inverted, placed at -20°C for 30 min
and centrifuged at 12,000 g for 10 min at 4°C. The resulting pellet
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was washed with 75% ethanol at a volume ratio of 1:1 with Trizol
and then centrifuged again at 12,000 g for 10 min at 4°C. After the
supernatant was discarded, the EP tube was placed on clean and dry
filter paper for 5-10 min, and the appropriate amount of nuclease-
free water was added to resuspend the pellet. Then, 1-2 uL. of
sample was used to determine RNA concentration and purity.
Reverse transcription and qPCR were performed using PrimeScript
RT Master Mix (Perfect Real Time) kit (Takara, Shiga, Japan) and
TB Green Premix Ex Taq (Tli RNaseH Plus) kit (Takara) according
to the manufacturer’s instructions. Triplicate wells were used for
each sample. The relative gene expression was calculated using the
2-8Ct method. The primers used are listed in Table 1.

Western blot analysis

After treatment, the cells were washed three times with PBS, and
then the appropriate volume of RIPA lysis buffer (Beyotime,
Shanghai, China) with protein and phosphatase inhibitor was
added. The cells were lysed on ice for 30 min. The samples were
transferred into a precooled EP tube and centrifuged at 13,400 g for
15 min at 4°C. The supernatant was collected into a new EP tube,
and protein quantification was performed using a BCA Kkit
(Beyotime) according to the instructions. Protein samples (20 ug)
were subject to SDS-PAGE and then electro-transferred onto PVDF
membranes (Roche, Basel, Switzerland). The membranes were
blocked for 5-10 min, cut according to experimental requirements,
and incubated with the corresponding diluted primary antibody
ACAA2 (ab128929; Abcam, Cambridge, UK) and B-actin (#3700;
CST, Beverly, USA) overnight at 4°C. The next day, the membrane
strips were washed three times with TBST (containing 1% Tween
20) on a shaker, and then incubated with the HRP-conjugated
secondary antibody. Finally, imaging was performed with an
enhanced chemiluminescence (ECL) system (NCM Biotech, Shanghai,
China)

Data and sample collection

Gene expression data and detailed clinicopathological features of
the TCGA COAD cohorts, the Gene Expression Omnibus (GEO)
dataset (GSE39582), and the Oncomine database (https://www.
oncomine.com) were obtained from public databases as previously
described [15]. Only patients who had complete clinical data and a
follow-up of more than one month were included in the subsequent
analysis. The prognostic role of ACAA2 was analyzed using a series
of tissue microarrays (TMAs) developed from a cohort of 283
patients with CRC (Fudan Clinic cohort) who underwent surgery at
Fudan University Zhongshan Hospital between 2015 and 2018.
Information on clinicopathological characteristics and survival
outcomes was gathered for all patients. Overall survival (OS) was
calculated as the interval between the date of surgery and either the
date of death or the date of the last follow-up. For the Fudan clinic
cohort, the last follow-up date was December 30, 2019.

Statistical analysis
The statistical analysis was performed using SPSS software version
25.0, R software version 3.6.3, and GraphPad Prism software

Table 1. Sequences of primers used for qPCR

version 7.0. All experiments were performed in at least three
independent replicates. Differences between groups were analyzed
using Student’s ¢ test, while one-way ANOVA was used to compare
multiple groups. Pearson’s chi-square test was used to evaluate the
association between ACAA2 expression levels and clinicopatholo-
gical features of CRC patients. Survival analysis was conducted
using Kaplan-Meier curves, log-rank tests, and Cox regression
models. A P value <0.05 was considered statistically significant.

Results

Increased cetuximab resistance downregulates the
expressions of metabolism-related genes in CRC

As shown in Figure 1A,B, half of NCIH508 cetuximab-sensitive cells
(CS) survived in 1 pg/uL cetuximab in vitro. By gradually increasing
the concentration of cetuximab, paired NCIH508 cetuximab-
resistant cells were obtained. Screening criteria for differentially
expressed genes (DEGs) were set at |logFC|>2 and adj P<0.05,
which generated 589 upregulated genes and 891 downregulated
genes. The expression patterns of these DEGs are shown in
Figure 1C,D.

GO and KEGG analyses of those DEGs were performed (Figure
2A,B). Both analyses revealed that the majority of downregulated
genes in resistant cells were involved in metabolic processes,
including lipid metabolism.

Low ACAA2 expression is associated with cetuximab
resistance in CRC

Based on our previous research [17], ACAA2 is a potential
suppressor of CRC progression, but its detailed functions in CRC
are still unclear. In this study, ACAA2 was considerably down-
regulated in CR cells (Figure 3A,B) and progressively decreased
during the development of cetuximab resistance (Figure 3C).
Previous results suggested that ACAA2 suppresses CRC progres-
sion, but the detailed mechanisms are still unclear. Lentiviruses
were used for ACAA2 knockdown in CS cells. ACAA2 was also
overexpressed in CR cells (Figure 3D). Those cells with lower
ACAA2 expression had a worse response to cetuximab. ACAA2
knockdown in HCIH508-CS cells increased the ICsy by 6 folds. On
the other hand, ACAA2 overexpression restored the cetuximab
sensitivity of NCIH508-CR cells (Figure 3E-G). The role of ACAA2
expression in the cetuximab treatment response was validated using
the Fudan cohort (8/283). Out of the eight patients, seven
responded poorly to cetuximab treatment, but one responded well.
The cetuximab response positively correlated with ACAA2 expres-
sion. A decrease in ACAA2 expression promoted cetuximab
resistance in CRC cells. Our results suggested that a decrease in
ACAA2 expression promoted cetuximab resistance in CRC cells.

ACAAZ2 inhibits the proliferation of CRC cells in vitro

To explore the effects of ACAA2 on cell proliferation, stable gene
editing was performed to create HCT116 and RKO cells stably
overexpressing ACAA2. Stable silencing of ACAA2 was also
performed in RKO and DLD1 cells (Figure 4A,B). CCK8 and colony
formation assays revealed that ACAA2 overexpression significantly

Gene Forward primer (5—3’)

Reverse primer (5—3')

ACAA2 AAGTCTCACCTGAAACAGTTGAC
ACTB CTACGTCGCCCTGGACTTCGAGC

CACGCAAACCAACATGCCT
GATGGAGCCGCCGATCCACACGG
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Figure 1. Distribution of differentially expressed genes between cetuximab-resistant CRC and cetuximab-sensitive CRC cells
NCIH508 in cetuximab-sensitive (CS) and -resistant cells (CR). n=6. Data are expressed as the mean + SD. The results were obtained from three
independent experiments. (C,D) Heatmap and volcano plot of differentially expressed genes between H508-CR and H508-CS (n=3). The significant

difference was set at adj P<0.05 and fold change > 2.
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inhibited the proliferation of HCT116 (Figure 4C, upper) and RKO
(Figure 4C, lower) cells. Conversely, ACAAZ silencing exerted the
opposite effect on the proliferation of RKO (Figure 4D, upper) and
DLDI1 cells (Figure 4D, lower).

ACAA2 expression attenuation is related to a poor CRC
outcome

As shown in Figure 5A,B, compared to that in normal tissues,
ACAA2 expression was lower in CRC. Kaplan-Meier survival
analysis of the TCGA cohort revealed that lower ACAA2 expression
was associated with worse OS in CRC patients [hazard ratio (HR)

=1.99; 95% confidence interval (CI): 1.24-3.2; P<0.01]. ACAAI,
an isozyme of ACAA2 that works in the peroxisome [18,19], had no
similar features (Figure 5A,B). Analysis of data in the GSE39582 and
CAPTAC datasets revealed comparable findings, in which ACAA2
expression was lower in CRC than in normal tissues (Figure 5C).
Kaplan-Meier survival analysis of the GSE39582 cohort also
demonstrated that CRC patients with lower ACAA2 expression
had a shorter OS than those with higher ACAA2 expression [Figure
5D; hazard ratio (HR) =1.99; 95% confidence interval (CI): 1.24-
3.2; P<0.01]. The clinical characteristics of the TCGA and
GSE39582 cohorts are shown in Supplementary Table S1.
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Figure 3. The relationship between ACAA2 expression and cetuximab resistance in CRC cells qPCR analysis of ACAA2 expression in CS and CR
cells. n=4. Data are presented as the mean +SD. The results were from three independent experiments. (B,C) Western blot analysis of ACAA2
expression in CS and CR with different levels of cetuximab resistance. (D) The efficiency of ACAA2 knockdown and overexpression was validated
by western blot analysis. Inhibition assay (E) and colony formation assay (G) for the effect of ACAA2 expression on cetuximab resistance of CS
(left) and CR (right) cells. Data are shown as the mean+SD or by representative images. The results were obtained from three independent
experiments. (H,l) Representative immunohistochemical staining images of ACAA2 in CRC tissues of cetuximab-treated patients (n=8; SD: stable
disease, PD: progressive disease) in the Fudan cohort. (J) Pearson correlation analysis between ACAA2 expression and progression-free survival of
CRC patients treated with cetuximab (n=7). ****P<0.0001; ns: no significance.

ACAA2 expression is related to Kras mutations in CRC spectrum revealed that APC and TP53 are the two most commonly
Lower mRNA expression can arise from mutations in inactive DNA mutated genes in colorectal cancer, whereas PTEN is the most
or transcriptional suppression. Analysis of the gene mutation frequently mutated suppressor gene. A deletion mutation in ACAA2
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Figure 4. The effect of ACAA2 on the proliferation of CRC cells The efficiency of ACAA2 knockdown and overexpression was validated by qPCR
(A) and western blot analysis (B) in CRC cells. Data are presented as the mean + SD. (C,D) CCK-8 and colony formation assays for the relationship
between ACAA2 expression and proliferation of CRC cells. Differences between groups were analyzed using Student’s t test, while one-way
ANOVA and Tukey’s test were used to compare multiple groups. *P<0.05; ***P<0.001; ****P<0.0001.

was observed in patients in the TCGA cohort (Figure 5E). Altered
RTK-Kras signaling is a primary reason for cetuximab resistance
[20,21]. Interestingly, the results showed that CRC patients with
impaired receptor tyrosine kinase (RTK) pathway signaling
displayed lower ACAA2 expression than those without impaired
RTK (Figure 6A). In the TCGA cohort (Figure 6B), 222 (42.3%) CRC
patients had Kras mutations, while 303 (57.7%) CRC patients had

Kras wild-type genes. In GSE39582 (Figure 6C), there were 213
(39.8%) CRC patients with Kras mutations and 322 (60.2%) with
Kras wild-type genes. In both cohorts, ACAA2 expression was lower
in CRC patients with Kras mutations than in those without Kras
mutations (P < 0.05).

A Fudan clinical cohort that included 141 (49.8%) patients with
Kras mutations and 142 (50.2%) patients with wild-type Kras was
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expression level). Student’s t test and a log-rank test were used to calculate the P value. (C) ACAA2 expression levels in the GSE39582 cohort
(mRNA level) and CPTAC cohort (protein level). Student’s ttest was used to calculate the Pvalue. (D) Kaplan-Meier analysis and log-rank tests were
used to evaluate the relationship between ACAA2 expression and OS in the GSE39582 cohort (P<0.05). (E) The clinical features and mutation
patterns of ACAA2 in the TCGA cohort were analysed by cBioPortal (DNA level). *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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Figure 6. The relationship between ACAA2 expression and RTK-Kras signalling Expression of ACAA2 in normal tissues and tumors with different
RTK signaling in the CPTAC cohort. Student’s t test was used to calculate the Pvalue. (B) The expression of ACAA2 in tumor tissues of CRC patients
with or without Kras mutation. TCGA cohort data were used. Student’s t test was used to calculate the Pvalue. (C) The difference in the expression
of ACAA2 in tumor tissues of CRC patients with or without Kras mutation in the GSE39582 cohort. Student’s t test was used to calculate the Pvalue.
(E) The difference in the expression of ACAA2 in tumor tissues of CRC patients with or without Kras mutation in the Fudan clinic cohort. Student’s t
test was used to calculate the Pvalue. (F,G) Prognostic value of ACAA2 in CRC patients with or without Kras mutation in the Fudan clinical cohort.
Kaplan-Meier analysis and log-rank tests were used to calculate the P value. ¥*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

enrolled, and their clinical characteristics at baseline are shown in
Supplementary Tables S2 and S3, respectively. Further analysis
revealed that ACAA2 expression was significantly lower in patients
with Kras mutation (Figure 6D). Patients could be stratified into
poor or favourable OS based on ACAA2 expression, and the
stratification was more accurate in patients with Kras mutations
(Figure 6F-G).

Univariate and multivariate Cox analyses were performed to
confirm the prognostic value of ACAA2 for CRC patients (Tables 2
and 3). In CRC patients with Kras mutations, the risk ratio of death
was 7.04-fold higher in patients with late-stage disease than in
patients with early-stage disease (P=0.002). Patients with lower
ACAA2 expression had a 2.43-fold higher risk of death than those
with higher ACAA2 expression (P=0.043). In contrast, colorectal
cancer patients with Kras wild-type had a 4.6-fold greater risk of
mortality than those with earlier stage disease. While not
statistically significant, patients with lower ACAA2 expression
levels tended to have poorer outcomes. Therefore, we speculate that
low ACAA2 expression might be related to Kras mutation and CRC
prognosis.

Discussion
Activation of RTK signaling, such as EGFR, insulin-like growth
factor receptor (IGFR), and hepatocyte growth factor (HGF),
contributes to the survival and progression of CRC [22-24]. Anti-
EGFR therapy targets EGFR on the cell membrane and inhibits
downstream RTK signaling [25]. However, resistance to anti-EGFR
therapy in CRC is a complex process involving numerous genes and
other variables [26]. For instance, Ras mutations lead CRC patients
to be primary resistant to this treatment via direct downstream
hyperactive signaling [27]. Individuals with wild-type Ras may
generally gain secondary resistance after a period of treatment
[6,28,29]. Cetuximab treatment is one of the important components
of anti-EGFR treatment in the clinical management of CRC, but it is
only ideal in patients with wild-type Ras/Raf [30]. Unfortunately,
the duration of response is also affected by acquired drug resistance
from gene mutations, such as mutations in the Kras gene [31], and
other transcriptomic mechanisms [8,32,33].

In this study, CRC cell lines were exposed to increasing
concentrations of cetuximab to induce cetuximab resistance.
RNA sequencing analysis revealed that downregulated genes
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Table 2. Univariate and multivariate analysis of factors associated with OS in the Fudan clinic cohort with Kras mutation

Variables Univariate analysis HR [CI] P value Multivariate analysis HR [CI] P value
Sex male Reference Reference

female 1.20 [0.53-2.75] 0.66 0.96 [0.42-2.19] 0.914
Age <65 Reference Reference

265 2.01 [0.87-4.66] 0.102 2.15 [0.91-5.08] 0.083
Location left Reference Reference

right 0.83 [0.36-1.89] 0.652 0.90 [0.39-2.08] 0.802
Stage [+11 Reference Reference

mr+1v 6.52 [1.94-21.96] 0.002 7.04 [2.08-23.81] 0.002
ACAA2 high Reference Reference

low 2.57 [1.01-6.52] 0.047 2.43 [0.95-6.23] 0.043

0S, overall survival; HR, hazard ratio; Cl, confidential interval. Data were obtained from the Cox proportional hazards model. P<0.05 was regarded as statistically

significant, which was shown in bold.

Table 3. Univariate and multivariate analysis of factors associated with OS in the Fudan clinic cohort with Kras wild-type

Variables Univariate analysis HR [CI] P value Multivariate analysis HR [CI] P value
Sex male Reference Reference

female 1.99 [0.68-5.82] 0.210 2.18 [0.71-6.74] 0.174
Age <65 Reference Reference

>65 2.68 [0.91-7.87] 0.072 4.41 [1.30-14.93] 0.017
Location left Reference Reference

right 0.78 [0.28-2.16] 0.635 1.18 [0.38-3.62] 0.775
Stage I+1I Reference Reference

I +1v 2.71 [0.86-8.52] 0.088 4.66 [1.40-15.48] 0.012
ACAA2 high Reference Reference

low 1.79 [0.61-5.26] 0.289 1.48 [0.49-4.48] 0.488

0S, overall survival; HR, hazard ratio; Cl, confidential interval. Data were obtained from the Cox proportional hazards model. P<0.05 was regarded as statistically

significant, which was shown in bold.

significantly participated in metabolic processes, suggesting that a
metabolic disorder occurs in CRC during the development of
cetuximab resistance, consistent with previous reports. For
example, studies have shown that methylglyoxal (MGO), a
glycolysis byproduct, can induce cetuximab resistance in CRC cells
under stress stimulation [9]. Furthermore, by interacting with
phosphofructokinase 1, TRAP1 improves Warburg metabolism and
promotes resistance to cetuximab treatment in CRC [7].

Metabolic disorders are generally associated with dysregulated
expressions of metabolism-related genes (MRGs) [34,35]. Previous
studies have shown that these genes regulate the complex
progression of CRC [36,37] and are useful prognostic biomarkers
[17] and prospective therapeutic targets [33,38] for CRC manage-
ment. In this study, we observed a gradual reduction in the
expression of ACAAZ2, a metabolism-related gene, during the
transformation of a cetuximab-sensitive cell line into its resistant
type. ACAA2 knockout induced cetuximab sensitivity and promoted
the proliferation of CRC cells, suggesting that ACAA2 suppressed
CRC progression in various ways. One potential mechanism by
which ACAA2 affects cetuximab resistance is through direct
cleavage by PRSS1 [39]. However, this mechanism may only
explain the effect of ACAA2 on drug resistance, and further research
is needed to fully understand its role in CRC progression.

A positive correlation was found between ACAA2 expression and
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the duration of responses in some patients undergoing cetuximab
treatment. However, this result needs to be validated. Furthermore,
the data revealed that a decrease in ACAA2 expression was more
likely resulted from transcriptional regulation rather than genetic
deletion, which occurred at a very low frequency. Since the
downregulation of ACAA2 expression occurred at both the mRNA
and protein levels, transcriptional regulation is likely to be the
primary mechanism underlying the downregulation of ACAA2
expression. Future studies should focus on uncovering the
molecular mechanism that regulates ACAA2 expression in CRC.

Both primary and secondary cetuximab resistance in CRC and
head and neck squamous cell carcinoma are associated with the
upregulation and activation of the RTK pathway [40-44]. The
findings suggest that ACAA2 is significantly lower in CRC tumours
with dysregulated RTK expression than in those without,
highlighting a potential correlation between ACAA2 and RTK
expression.

Kras is a crucial downstream effector of RTK signaling and serves
as a critical clinical indicator for cetuximab therapy response in CRC
[45]. It plays an important role in driving cetuximab resistance [8],
promoting unlimited cell proliferation [46] and disrupting serious
metabolic homeostasis [47-49]. Correcting these metabolic dis-
orders may reverse malignant cellular transformation caused by
Kras mutation. For instance, removing pyruvate, a key glycolytic
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metabolite, can significantly enhance the sensitivity of colon cancer
cells with Kras mutation to cetuximab [9]. Inhibiting aspartate
synthase activity and glutamine uptake reduces glutamine metabo-
lism-dependent tumour growth in tumours with Kras mutation
[50,51]. These findings suggest that Kras may induce EGFR
monoclonal resistance in CRC by affecting energy metabolism.
Therefore, the correlation between ACAA2 expression and Kras
mutation was explored further. Intriguingly, the results indicated
that ACAA2 expression is downregulated in CRC cells with Kras
mutation. Moreover, its prognostic value was more significant in
patients with Kras mutations. The role of ACAA2 was disrupted in
the wild-type Kras gene, which may be due to cetuximab treatment
during tumor progression. ACAA2 may contribute to both primary
and secondary resistance to cetuximab therapy in patients with Kras
mutations, but the underlying molecular mechanisms require
further investigation.

In conclusion, our findings suggest that metabolism-related
genes, such as ACAA2, play important roles in the development
of cetuximab resistance in CRC cells. The downregulation of ACAA2
expression may be linked to Kras mutations. These results provide
new insights into the metabolic basis of cetuximab resistance in
CRC and may contribute to the discovery of metabolic checkpoints
and the development of novel therapeutic strategies for CRC
treatment patients with cetuximab resistance. Further investigation
is needed to elucidate the biological mechanisms and pathways
involved in CRC resistance to cetuximab.

Supplementary Data
Supplementary data is available at Acta Biochimica et Biophysica
Sinica online.
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