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Background: Cetuximab is an approved therapy for metastatic colorectal cancer (CRC) with wild-type RAS and BRAF; however,
additional resistance mechanisms beyond genetic mutations remain poorly understood. Butyrate, a key metabolite produced by the gut
microbiome and present in the circulatory system, has been reported to supply cellular energy and modulate the epidermal growth
factor receptor (EGFR) downstream signaling pathway. However, whether butyrate affects the resistance to cetuximab is still
unknown.

Methods: In this work, Cell Counting Kit-8 (CCK-8) and colony formation assays were used to evaluate the efficacy of cetuximab.
Glycolysis/oxidative phosphorylation (OXPHOS) Assay Kit was applied to assess metabolic activity. Human Phospho-Kinase Array
and RNA sequencing were employed to screen targets of butyrate. Overexpression plasmids and short hairpin RNAs (shRNAs)
targeting these molecules were transfected into cells for further validation. Subcutaneous tumor and pulmonary metastasis models were
used for in vivo studies.

Results: The findings showed that physiological concentrations of butyrate increased cetuximab resistance in KRAS wild-type cells
only. Further investigation found that butyrate upregulated EGFR signaling through facilitating the binding reaction between epidermal
growth factor (EGF) and EGFR. In parallel, butyrate activated AMP-activated protein kinase (AMPK)-wild-type p53-induced
phosphatase 1 (Wip1) signaling, leading to suppression of p53 and p38 mitogen-activated protein kinase (p38 MAPK)-mediated pro-
apoptotic signaling. These two mechanisms are the reason that butyrate attenuates the efficacy of cetuximab. Results of subcutaneous
tumor and pulmonary metastasis models exhibited a similar conclusion to in vitro experiments.

Conclusion: Butyrate reduces cetuximab efficacy in KRAS wild-type colorectal cancer through EGFR and AMPK-Wipl1 signaling,
and may represent a candidate predictive biomarker for treatment response.
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Introduction

Cetuximab (CTX) is a human/mouse chimeric IgG1 monoclonal antibody that targets the extracellular domain of the
epidermal growth factor receptor (EGFR), competitively blocking ligand binding." It is approved for the treatment of
colorectal cancer (CRC) with wild-type RAS. However, resistance frequently emerges even in patients who meet this
genotypic criterion.® Therefore, it is not accurate to use genotype alone to predict the therapeutic effect of CTX; other

factors need to be referenced to realize precision medicine for individuals. For example, tumors with higher levels of p38
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mitogen-activated protein kinase (p38) were more sensitive to CTX.* In addition to markers expressed in tumor cells
themselves, the tumor microenvironment is another important factor related to CTX resistance.

Gut microbiota composition and microbiota-derived metabolites are important components of the CRC microenvir-
onment. Substantial inter-individual variation in gut microbiota composition has been linked to colorectal
carcinogenesis.”® Drug resistance is also affected by gut microbiota. For example, Fusobacterium nucleatum was
reported to promote chemoresistance to CRC by modulating autophagy.” Metabolites are the main substances involved
in the interaction between the bacterium and the host. Short-chain fatty acids (SCFAs) are key gut microbiota—derived
metabolites produced via dietary fiber fermentation® and are highly concentrated in the colon (~70—-140 mM proximally;
~20-70 mM distally).

As a major component of SCFAs, butyrate not only affects the intestinal environment but also provides energy for
cells via absorption by colonocytes to enter the tricarboxylic acid (TCA) cycle. The fraction of butyrate that is not
metabolized by colonocytes is transported into the portal circulation and subsequently metabolized by the liver. About
2% (0-20 uM) butyrate enters peripheral circulation.” '* Although only a small amount of butyrate enters the circulation,
it may still exert effects beyond the gut, including at metastatic sites. In CRC mouse models, butyrate has been reported
to reduce liver metastasis, potentially through immune modulation and HDAC inhibition.'*'* Importantly, sodium
butyrate (NaBu), commonly used as a butyrate donor and histone deacetylase (HDAC) inhibitor,'* has been reported
to modulate EGFR downstream signaling in multiple experimental settings.'® '® Given that CTX exerts its antitumor
activity by blocking EGFR, these findings raise the possibility that butyrate may modulate response to CTX. However,
these observations were largely obtained at supraphysiological, millimolar concentrations, which are far higher than
physiological circulating levels and may introduce cytotoxicity or off-target effects.'” Therefore, whether physiological
circulating butyrate modulates CTX efficacy remains unknown.

In this study, we integrated in vitro experiments, mouse models, and exploratory clinical analyses to test whether
circulating-level butyrate modulates CTX efficacy in CRC and to elucidate the underlying EGFR-related mechanisms.

Materials and Methods
Cell Culture

Human colorectal cancer cell lines (Caco2, Sw48, HCT116, and LoVo) were obtained from the Shanghai Institutes for
Biological Sciences (Chinese Academy of Sciences, Shanghai, China). Cells were cultured in their recommended
media (minimum essential medium (MEM) with 20% fetal bovine serum (FBS) for Caco2; Dulbecco’s modified
Eagle’s medium (DMEM) with 10% FBS for Sw48; RPMI-1640 medium with 10% FBS for HCT116 and LoVo; all
from Gibco, Thermo Fisher Scientific) supplemented with 1% penicillin—streptomycin. Cells were maintained at 37 °C
in a humidified atmosphere containing 5% CO,. Cell culture conditions were selected according to the supplier’s
recommendations and commonly used protocols for these colorectal cancer cell lines.?*>? To exclude potential
confounding factors, we verified that baseline butyrate concentrations in the culture medium were approximately
o1z (Figure S1A), indicating
negligible background interference. Furthermore, NaBu supplementation did not significantly alter the pH of the

two orders of magnitude lower than reported circulating plasma levels in patients

culture medium (Figure S1B).

Cell Proliferation Assays
Cell viability was measured using the Cell Counting Kit-8 (CCK-8; Yeasen, Shanghai, China). Colony formation assays
were performed in 6-well plates, with colonies fixed in methanol and stained with crystal violet after 2 weeks.

Plasmid Transfection
Cells were transfected with short hairpin RNA (shRNA) or overexpression plasmids using Lipofectamine™ 3000
(Invitrogen, USA) following the manufacturer’s instructions. Cells were collected 48 h post-transfection for subsequent

assays.
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Western Blotting

Proteins were extracted with radio-immunoprecipitation assay (RIPA) buffer containing protease inhibitors, quantified by
bicinchoninic acid (BCA) assay, and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Membranes were blocked with 5% milk and incubated with primary antibodies overnight at 4 °C, followed by
horseradish peroxidase (HRP)-conjugated secondary antibodies. Signals were visualized with enhanced chemilumines-
cence (ECL) (Solarbio, Beijing, China). Antibodies are listed in Supplementary Table 1.

Human Phospho-Kinase Array
Protein phosphorylation profiling was performed using the Proteome Profiler™ Array Kit (ARY003B, R&D Systems)
according to the manufacturer’s protocol.

Microscale Thermophoresis (MST)

MST measurements were performed using a Monolith NT.115 instrument (NanoTemper Technologies, Germany).
Recombinant human EGFR protein (TargetMol) was fluorescently labeled with Alexa Fluor™ 647 NHS Ester
(A37573, Invitrogen) according to the manufacturer’s instructions. Excess unbound dye was removed by buffer exchange
prior to measurements. Binding of labeled EGFR to EGF was assessed in the presence or absence of 0.02 mM sodium
butyrate (NaBu). Control measurements without EGF were included to exclude non-specific binding. Each condition was
measured in at least three independent experiments. Dissociation constants (Kd) were calculated using MO. Affinity
Analysis software (NanoTemper Technologies).

RNA Sequencing and Bioinformatics

RNA was extracted using TRIzol (Invitrogen). Libraries were prepared with the NEBNext™ Ultra™ II Kit and sequenced
on the Illumina NovaSeq 6000 platform. Reads were processed with fastp, aligned to GRCh38 with HISAT2, and
quantified with featureCounts. Differential expression analysis was performed using DESeq2. Genes with [log2 fold
change (log,FC)| > 0.5 and false discovery rate (FDR) < 0.05 were considered significant. Functional enrichment was
analyzed using clusterProfiler.

Animal Studies

Male BALB/c nude mice (4-6 weeks old, specific pathogen-free) were purchased from SPF Biotechnology (Beijing,
China) and housed under specific pathogen-free conditions. After acclimatization, mice were allocated to either the
subcutaneous xenograft model or the pulmonary metastasis model according to the experimental design. Within each
model, mice were then randomly assigned to four treatment groups (n = 5 per group): control, sodium butyrate (NaBu),
cetuximab (CTX), and NaBu + CTX, using a random number—based randomization approach prior to any treatment
administration. Following group assignment, sodium butyrate was administered via drinking water, with concentrations
gradually increased from 1 to 10 mmol/L, initiated prior to tumor inoculation and maintained throughout the experiment.
Cetuximab (CTX; 0.5 mg/mouse) was administered intraperitoneally every 3 days, starting at the end of week 2 after
tumor inoculation and continuing through the end of week 6. Investigators were blinded to group allocation during tumor
measurement. Group sizes were determined based on feasibility and commonly used designs for exploratory mechanistic
studies in colorectal cancer models, rather than on a priori power calculations.

For subcutaneous xenograft models, 1 x 10’ Caco2 or Sw48 cells were injected into the flank of each mouse. Tumor
volume of subcutaneous xenografts was measured every 3 days. Mice were euthanized at the end of week 6 after tumor
implantation, and tumors were harvested for histological and immunohistochemical analyses.

For pulmonary metastasis models, 2 x 10° cells were injected via the tail vein. Mice were monitored for survival for
up to 60 days after tumor inoculation. Animals that reached predefined humane endpoints were euthanized and recorded
as events for survival analysis. Lung metastatic burden was assessed based on visible nodules and histological evaluation
at the time of death or at the end of follow-up.
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Clinical Samples and Study Design

This study included an exploratory, observational analysis of patients with colorectal cancer treated at a single center.
Clinical samples were collected according to availability. Among these patients, those who received cetuximab were
analyzed for treatment response in relation to circulating butyrate levels, while the overall cohort was used for
immunohistochemical evaluation of molecular markers. Given the exploratory nature of the clinical component, the
sample size was determined by patient availability rather than by formal power calculation.

Histology and Immunohistochemistry (IHC)

Paraffin-embedded tissues were subjected to hematoxylin and eosin (H&E) staining. IHC was performed after antigen
retrieval, overnight incubation with primary antibodies, and HRP/3,3’-diaminobenzidine (DAB) detection. Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays were carried out using the CF488 kit
(Servicebio, Wuhan, China).

Butyrate Measurement
Butyric acid concentrations in human plasma, mouse serum, and cell culture media were quantified using a commercial
ELISA kit (Elk Biotechnology, ELK8174), according to the manufacturer’s instructions.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism 8.0. Data normality was assessed using the Shapiro—Wilk test.
Data are expressed as mean + standard deviation (SD) unless otherwise indicated. Comparisons between two groups were
performed with two-tailed Student’s ¢-test or Mann—Whitney U-test; multiple-group comparisons were performed with one-
way analysis of variance (ANOVA) (Tukey’s post hoc test) or Kruskal-Wallis (Dunn’s post hoc test). Two-way ANOVA was
used for dose-response analyses. A two-sided p < 0.05 was considered statistically significant. For longitudinal tumor
volume data, mixed-effects models were used to account for repeated measurements within individual mice.

Results
Butyrate Preferentially Promotes KRAS Wild-Type Colorectal Cancer Cell

Proliferation and Reduces Cetuximab Efficacy

Circulating butyrate concentrations did not differ significantly among healthy controls, untreated CRC patients, and CTX-treated
CRC patients (Figure S1C), and overall levels fell within previously reported ranges.’ ' In an exploratory cohort of 22 patients
receiving cetuximab, circulating butyrate levels were significantly higher in those with progressive disease than stable disease
(Figure S1D, p=0.01). When dichotomized by the median, a greater proportion of patients with progressive disease was observed
in the high-butyrate group (Fisher’s exact p=0.03, Figure S1E). To model patient-relevant exposure, NaBu was applied to KRAS
wild-type (Caco2, Sw48) and KRAS-mutant (HCT116, LoVo) colorectal cancer cell lines. At low concentrations, NaBu
promoted the proliferation of KRAS wild-type cells in a dose-dependent manner, with minimal effects on KRAS-mutant cells
(Figure 1A—C). At higher concentrations (>0.32 mM), NaBu exerted cytotoxic effects on both KRAS wild-type and KRAS-
mutant cells.

We next compared glycolytic activity between KRAS—wild-type and KRAS-mutant CRC cells. Under baseline
conditions, KRAS—wild-type cells exhibited significantly lower glycolysis than KRAS-mutant cells, as indicated by
the proportion of glycolytic ATP (Figure S1F).

To assess the combined effect of NaBu and CTX, KRAS wild-type cells were co-treated with 0.02 mM NaBu and
increasing CTX doses. NaBu consistently shifted the CTX dose—response curve to the right across the tested range
(0-250 pg/mL), resulting in higher viability at matched CTX doses (Figure 1D).
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Figure | NaBu promotes proliferation of KRAS-WT CRC cells and reduces CTX sensitivity. (A) CCK-8 assay of four CRC cell lines (Caco2, Sw48, HCT1 16, LoVo) treated
with increasing concentrations of NaBu. (B and C) Colony formation assays showing enhanced growth of KRAS-WT cells (B: Caco2, Sw48) but minimal effects on KRAS-
mutant cells (C: HCTI 16, LoVo). (D) Combination treatment of NaBu (0.02 mM) and CTX in KRAS-WT cells showing reduced CTX sensitivity. Statistical significance: ns,
not significant; *p < 0.05; **p <0.01; ***p <0.001; ****p < 0.0001.
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Butyrate Upregulates the EGFR/AKT/ERK Signaling Pathway

To examine the effects of NaBu on EGFR signaling, a Human Phospho-Kinase Array was used to screen phosphorylation
changes in downstream effectors. Increased phosphorylation of EGFR, AKT, and ERK1/2 was observed in NaBu-treated
Sw48 cells (Figure 2A and B).

Western blotting further validated that NaBu enhanced phosphorylation of EGFR, AKT, and ERK1/2 in KRAS wild-
type cell lines (Caco2 and Sw48), irrespective of CTX treatment (Figure 2C).

Using microscale thermophoresis, we found that Kd of the EGF-EGFR interaction was reduced in the presence of
NaBu, indicating strengthened ligand binding (Figure 2D).

Butyrate Disturbed the Efficacy of CTX, Partially Dependent on the MEK/ERK

Signaling Pathway

MEK1/2 knockdown was achieved in Caco2 and Sw48 cells using shRNA (Figure 3A). In cell proliferation assays
(CCK-8 and colony formation), NaBu did not promote cell growth following MEK/ERK silencing. In contrast, NaBu
continued to attenuate the cytotoxic effects of CTX, although to a lesser extent (Figure 3B and C).

A B
Citrl NaBu

o0 - (X ---- p53_s15

TEE 0000 00 D R pss s . 1
e ee I Il v3sa_Tisorv1s2 0.5

o0 oo -- MSK1/2_S376/S360

---- ERK1/2_T202/Y204,1185/Y187 0

e 40 -3+ o0 ] [ EGFR_Y1086

oo . .e BT smatasrr -05

22 29 P AkT /23 Ts08 I

"o one "o BT RsKi2_s221/s227 -

L L o0 P RsK1/2/3_5380/5386/S377

C D

Ctrl
.

NaBu

Caco2 Sw48
oo [ em ] [mem ] :
o e Er—
D-ERK | we e SR _E f
actin [ - G | (S G- - - 2 e T
M ;]
EGFRI-~-"| |-~~~| 80'5
AT [ v - -] [eR TR S| 8
ERK|-~-h| |----| LLoo_ ® NaBu (-)
’ ° ® NaBu (+)
B-actinl—---l |--.--| . . . . . .
1.0E-10 1.0E-09 1.0E-08 1.0E-07 1.0E-06 1.0E-05
o e@qﬁ de_ e’f’b\) o e’g’o é+ e’f’b\) Ligand Concentration
& &

Figure 2 NaBu enhances EGFR signaling in KRAS-WT CRC cells. (A) Human phospho-kinase array of Sw48 cells treated with NaBu, showing increased phosphorylation of
EGFR, AKT, and ERK1/2, and decreased phosphorylation of p53 and p38. (B) Heatmap representation of differential phosphorylation. (C) Western blot validation of
p-EGFR, p-AKT, and p-ERK1/2 in KRAS-WT cells (Caco2, Sw48) treated with NaBu = CTX. (D) Microscale thermophoresis (MST) analysis of EGF-EGFR binding in the
presence or absence of NaBu. Enhanced binding in the presence of NaBu is reflected by a leftward shift of the binding curve and a reduced apparent dissociation constant.
The inset shows representative MST time traces used for curve fitting and binding analysis. NaBu (+), presence of sodium butyrate; NaBu (-), absence of sodium butyrate.
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Figure 3 NaBu’s proliferative effect requires MEK/ERK signaling, but partial CTX resistance persists. (A) Validation of MEK1/2 knockdown by shRNA in Caco2 and Sw48
cells. (B) CCK-8 assay showing that NaBu failed to promote cell growth after MEK /2 silencing, whereas its ability to attenuate CTX cytotoxicity was only partially reduced.
(C) Colony formation assay confirming that MEK1/2 knockdown abolished NaBu-induced proliferation, but NaBu still impaired CTX efficacy to some extent. Statistical
significance: ns, not significant; *p < 0.05; **p <0.01; **p < 0.001.

Butyrate Upregulates Glycolysis and Activates the AMPK-Wip| Axis
RNA sequencing comparing CTX+NaBu with CTX alone revealed enrichment of pathways related to glycolysis and
oxidative phosphorylation in both Sw48 and Caco2 cells (Figures 4A, B and S2A-B). Functional assays showed a dose-
dependent shift toward glycolytic ATP production, with a corresponding relative decrease in OXPHOS contribution
(Figure 4C). Western blot analysis showed increased phosphorylation of AMPK after NaBu exposure (Figure 4D). NaBu
treatment also increased Wipl protein levels and reduced phosphorylation of p53 and p38 (Figure 4D).

Wipl knockdown enhanced CTX sensitivity, whereas Wip1 overexpression conferred resistance (Figure SA-C). In
parallel, Wipl overexpression markedly reduced p-p53 and p-p38, while Wipl silencing abolished NaBu’s suppressive
effect on these proteins (Figure 5D and E).

Butyrate Increased the Resistance of CRC Cell Lines to CTX in vivo
Two KRAS wild-type CRC cell lines, Caco2 and Sw48, were used to establish subcutaneous xenograft and pulmonary
metastasis models in BALB/c nude mice. When NaBu was administered via drinking water, serum butyrate levels were
significantly elevated compared with controls and were not affected by tumor model type or CTX treatment (Figure 6A).
In both models, NaBu supplementation attenuated the antitumor efficacy of CTX. Tumor volume in the subcutaneous
model (Figures 6B and S3A) and the pulmonary metastasis index, calculated based on visible nodules (Figures 6C, 6D
and S3B), were higher in NaBu-supplemented mice compared with controls under CTX treatment. Longitudinal tumor
growth curves are provided in Supplementary Figure S3A and were analyzed using a mixed-effects model to account for
repeated measurements. In the absence of CTX, NaBu slightly promoted tumor growth and metastasis, although these

differences did not reach statistical significance. CTX treatment significantly suppressed tumor growth regardless of
NaBu administration.
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Figure 5 Wip| modulates CTX sensitivity by suppressing p53 and p38 signaling. (A) Validation of Wip| knockdown (shRNA) and overexpression (OE) in Caco2 and Sw48 cells
(Western blot). (B and C) Functional assays showing that Wip | knockdown enhanced CTX sensitivity, whereas Wip | overexpression conferred resistance, as measured by CCK-8
(B) and colony formation (C) assays. (D) Western blot showing that NaBu failed to suppress p53 and p38 phosphorylation in Wip | -silenced cells. (E) Wip | overexpression reduced
p-p53 and p-p38 even without NaBu treatment. Statistical significance: *p < 0.05; *p < 0.01; ***p < 0.001; ****p <0.0001. +, CTX present; —, CTX absent.

Survival analysis demonstrated that CTX markedly prolonged survival compared with the control group, whereas NaBu
shortened survival only in the context of CTX treatment (Figure 6E). TUNEL and Ki67 staining indicated that CTX induced
apoptosis and inhibited proliferation, while co-treatment with NaBu reduced these effects (Figures 7A and S4A-B). H&E
staining of lung metastases further confirmed that CTX preserved alveolar architecture more effectively than the NaBu+CTX
combination group (Figures 7B and S5A).

Further immunohistochemical analysis indicated that NaBu increased the expression of phosphorylated EGFR
(Figures 7C and S6A-B) and Wipl (Figures 7C and S7A), regardless of CTX treatment.

Human Validation of p-EGFR and Wip| Expression
To assess whether the experimental findings extend to the clinical setting, we analyzed tumor samples from 50 CRC
patients. Immunohistochemical staining revealed stronger p-EGFR and Wipl signals in tumors from patients with higher
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Figure 6 NaBu reduces the antitumor efficacy of CTX in vivo. (A) Serum butyrate levels measured by ELISA in normal mice and in Caco2 and Sw48 xenograft models
(subcutaneous and pulmonary metastasis) under the indicated treatments. (B) Subcutaneous xenograft growth of Caco2 and Sw48 cells. (C) Representative lung images
from pulmonary metastasis models. (D) Quantification of lung metastatic burden (metastasis index based on nodule counts). (E) Kaplan—Meier survival curves of pulmonary
metastasis models. Statistical significance: ns, not significant; *p < 0.05; **p <0.01.
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Figure 7 Histological and immunohistochemical analyses of in vivo models. (A) TUNEL and Ki67 staining of subcutaneous tumor sections from Caco2 and Sw48 xenografts.
CTX markedly induced apoptosis (TUNEL) and reduced proliferation (Ki67), whereas NaBu co-treatment attenuated these effects. Scale bars = 100 um. (B) H&E staining of
lung sections from pulmonary metastasis models. CTX preserved alveolar architecture and reduced tumor burden, while NaBu co-treatment diminished these protective
effects. Scale bars = 500 um. (C) Immunohistochemical staining of subcutaneous tumors showing that NaBu increased p-EGFR and Wip| expression, consistent with in vitro

findings, whereas total EGFR levels were relatively unchanged. Scale bars = 100 um. The square boxes in the upper-right corners indicate the regions shown at higher
magnification in the insets.

circulating butyrate (Figure 8A). Quantitative analysis further demonstrated that circulating butyrate levels were
positively correlated with H-scores of p-EGFR (R = 0.52, p < 0.05) and Wipl (R = 0.60, p < 0.05) (Figure 8B).

Discussion
Cetuximab remains an established targeted therapy for patients with KRAS wild-type colorectal cancer; however,
substantial inter-individual variability in therapeutic response persists despite appropriate molecular selection. In this
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regions shown at higher magnification in the insets. (B) Correlation analysis of circulating butyrate concentration with H-scores of p-EGFR (left) and Wip| (right) in 50 CRC
patients, showing significant positive associations (Pearson’s correlation).

study, we combined patient-derived clinical serum analyses with in vitro and in vivo models and found that circulating
butyrate attenuates cetuximab-induced growth inhibition and apoptosis in KRAS wild-type colorectal cancer. Our data
indicate the involvement of sustained EGFR-MEK/ERK activity together with activation of the AMPK—Wipl—p53/p38
axis in shaping treatment responsiveness.

Butyrate can be oxidized as a carbon source through acetyl-CoA entry into the TCA cycle in intestinal epithelial cells.*
In tumor cells, however, butyrate utilization is closely associated with the Warburg effect, such that glycolysis-dominant
states favor intracellular accumulation and altered functional consequences.?* In our study, colorectal cancer cells displayed
distinct proliferative responses to butyrate depending on KRAS status: KRAS wild-type cells exhibited increased
proliferation under physiologic butyrate concentrations, whereas KRAS-mutant cells did not show a significant prolifera-
tive response under the same conditions. This divergence is consistent with differences in cellular energy metabolism.
Mutant KRAS is known to enhance aerobic glycolysis,”> which limits mitochondrial oxidative metabolism and favors
intracellular accumulation of butyrate, more likely to act through HDAC-related mechanisms.***® In KRAS wild-type
cells, efficient entry of butyrate into the TCA cycle may limit its intracellular accumulation and maintain it at relatively low
levels. Notably, when sodium butyrate concentrations exceeded 0.32 mM, growth inhibition was observed in both KRAS-
mutant and KRAS wild-type cells, suggesting saturation of metabolic utilization. We speculate that this low intracellular
butyrate state may be permissive for the proliferative response observed under physiologic butyrate concentrations,
although additional mechanisms are likely involved. Importantly, proliferation and resistance to CTX are not always
coupled.?” Therefore, additional mechanisms involving butyrate may affect CTX resistance. To investigate the relation
between butyrate and CTX efficacy, we first assessed whether CTX treatment or the presence of CRC alters blood butyrate
concentration. Although CRC development®® or drug treatment™ can alter gut microbial composition, our results showed
that blood butyrate levels were not affected by either CRC or CTX treatment. Prior studies have similarly reported that
blood butyrate concentrations remain relatively unaffected across different disease states, such as multiple sclerosis.'® More
recent work indicates that inter-individual variability, shaped by genetic and microbiome backgrounds, is the predominant
determinant of SCFA levels in blood.***! In fecal analyses, butyrate concentrations also show substantial variation among
individuals.** Taken together, these findings suggest that circulating butyrate levels are largely independent of cancer or
treatment status, but instead reflect individual differences. This may explain why patients with higher butyrate levels
constitute a subgroup more prone to poor CTX responses. Indeed, in our exploratory clinical cohort, higher circulating
butyrate was significantly associated with progressive disease, and high-butyrate patients exhibited stronger p-EGFR and
Wipl expression by immunohistochemistry, in line with our experimental results.

Mechanistically, our study uncovered two major pathways through which butyrate attenuates CTX efficacy. First,
butyrate enhanced EGF-EGFR binding, increased EGFR phosphorylation, and sustained MEK/ERK signaling despite
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CTX treatment. Because CTX exerts its antitumor activity by competitively blocking ligand binding to EGFR and
suppressing downstream MEK/ERK signaling,? the NaBu-induced increase in EGF-EGFR affinity provides a plausible
explanation for the persistence of EGFR activation and compromised pathway suppression observed under CTX
treatment.

Second, RNA sequencing and functional assays indicated that butyrate activated AMPK, which in turn upregulated
Wipl. Multiple studies have shown that butyrate can activate AMPK across different systems, including hepatocytes and
renal tissue.*>** Given that AMPK promotes glycolysis,*> our results suggest that NaBu enhances glycolytic flux through
AMPK activation. Beyond metabolic regulation, AMPK activation has also been linked to stress-response regulatory
networks and DNA damage response, in which Wipl (PPM1D), a protein phosphatase 2C (PP2C)-family phosphatase,
functions as a critical phosphatase dampening p53 and p38 signaling.*®® Although Wipl is transcriptionally induced by
p53, its expression does not strictly correlate with p53 mutation status.>® While p53 upregulates Wipl, Wipl in turn
inhibits p53 signaling by dephosphorylating Serl5 on p53. Wild-type p53 increases the expression of its downstream
target p21 and promotes apoptosis by regulating BCL-2 (B-cell lymphoma 2) and Bax (BCL-2-associated X protein).
The level of BCL-2 family members plays a key role in apoptosis and influences the efficacy of EGFR TKIs.*’ Clinical
studies also showed that metastatic CRC with wild-type RAS/BRAF exhibits high resistance to CTX when p53 function
is lost.*! Wip1 additionally inhibits p38, another positive regulator for CTX efficacy.* We therefore hypothesized that the
upregulation of AMPK/Wipl by butyrate may represent an additional mechanism contributing to CTX resistance. Our
own data support this model: NaBu increased phosphorylated AMPK and Wipl protein levels, accompanied by reduced
phosphorylation of p53 and p38. Functionally, Wipl knockdown enhanced CTX sensitivity, whereas its overexpression
conferred resistance. Moreover, clinical immunohistochemistry revealed that tumors from high-butyrate patients dis-
played higher Wipl expression, consistent with its role in mediating CTX resistance. This dual role of AMPK—
regulating both metabolic adaptation and apoptotic signaling via Wipl—may explain why butyrate reduces CTX efficacy
beyond its proliferative effect. Taken together, these findings highlight AMPK—Wip1 signaling as an important secondary
mechanism by which butyrate attenuates CTX efficacy, complementing the EGFR/MEK/ERK pathway.

Our in vivo models further corroborated these findings: NaBu reduced the therapeutic benefit of CTX in both
subcutaneous xenografts and pulmonary metastasis, with diminished apoptosis and sustained proliferation observed
histologically. Notably, NaBu alone did not markedly increase tumor burden, which may reflect immune suppression of
tumor growth and the influence of hypoxic glycolysis in vivo.

In summary, our study demonstrates that butyrate, an important blood metabolite derived from the gut microbiome,
attenuates the efficacy of CTX in CRC through dual mechanisms: enhancing EGFR activation and activating AMPK—
Wipl signaling to suppress p53/p38-mediated apoptosis. Complementary clinical observations in two patient cohorts—
circulating butyrate associated with CTX resistance, and tumor immunohistochemistry showing higher p-EGFR and
Wipl expression in high-butyrate patients—support the translational relevance of our findings. A schematic summary of
the proposed integrative mechanism is shown in Figure 9.

Nevertheless, this study has several limitations. First, the clinical association between circulating butyrate and
cetuximab outcome was observed in a small, exploratory cohort and should be validated prospectively in larger,
independent populations. Second, we did not collect information on gut microbiota composition, dietary intake, or
antibiotic exposure, which may influence circulating butyrate levels. Third, our in vivo experiments were performed in
immunodeficient mice, which may not fully capture immune-mediated components of cetuximab activity. In addition,
systemic NaBu administration may not completely recapitulate physiological butyrate exposure, and HDAC-related off-
target effects cannot be excluded. Finally, the clinical analyses focused mainly on KRAS/BRAF status; other genomic
alterations relevant to EGFR signaling were not comprehensively assessed. Taken together, these limitations preclude
recommending routine pre-treatment serum butyrate testing for all KRAS wild-type CRC patients at present. Future
studies should standardize butyrate quantification, establish clinically actionable thresholds, and evaluate whether
controlled modulation of systemic butyrate exposure (eg, dietary or microbiota-targeted interventions) can improve
cetuximab efficacy while ensuring safety.
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Figure 9 Proposed model of butyrate-induced resistance to cetuximab in colorectal cancer. Arrows indicate proposed activation or positive regulation, whereas blunt-
ended lines indicate inhibition. Upward arrows indicate increased activity.

Conclusion

Our findings show that physiologically relevant concentrations of butyrate can weaken the therapeutic effect of
cetuximab in KRAS wild-type colorectal cancer. This occurs through two interconnected mechanisms: maintaining
EGFR-MEK/ERK signaling activity and activating the AMPK-Wipl pathway, which together suppress p53/p38-
mediated apoptosis. Consistent results from cell, animal, and patient studies suggest that circulating butyrate may
influence individual treatment responses. These observations highlight the importance of considering metabolic and
microbial factors when evaluating cetuximab efficacy and may provide a basis for developing new strategies to improve

targeted therapy outcomes in colorectal cancer.
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