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Colorectal cancer (CRC) is the fourth most diagnosed cancer and the second
leading cause of cancer-related death in the United States. Despite
advancements in treatment—including chemotherapy, targeted therapy with
epidermal growth factor receptor antibodies, and immunotherapy with
immune checkpoint inhibitors—many CRC cases exhibit intrinsic or acquired
resistance to cancer treatment, leading to limited treatment efficacy and high
recurrence rates. Resistance mechanisms encompass evasion of cell death
pathways, alterations in drug metabolism, modulations of the tumor
microenvironment, dysregulation of signaling pathways, and metabolic
reprogramming. This review aims to provide a comprehensive overview of
CRC resistance mechanisms categorized by therapy type, and to discuss
emerging strategies, such as nanotechnology-based approaches, to address
these therapeutic challenges.
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1 Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in the
United States, with an estimated 53,010 deaths anticipated in 2024 (1). Over the years,
multiple treatment modalities have been developed to combat colorectal cancer, including
chemotherapy, targeted therapy, immunotherapy, and radiation therapy. Chemotherapy
remains a cornerstone of treatment, with agents such as 5-fluorouracil (5-FU), oxaliplatin,
and irinotecan (CPT-11) (Figure 1). Targeted therapy focuses on disrupting cancer cell
processes critical for proliferation, differentiation, and migration. For instance, the
epidermal growth factor receptor (EGFR), which is overexpressed in CRC, serves as a
target for monoclonal antibodies like cetuximab and panitumumab, as well as tyrosine
kinase inhibitors like gefitinib.
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FIGURE 1

Current therapeutic treatments available for colorectal cancer.

Immunotherapy has transformed cancer care by enhancing
patient’s immune system to recognize and fight cancer. Immune
checkpoint inhibitors (ICIs), such as monoclonal antibodies
targeting programmed cell death protein-1 (PD-1), programmed
death-ligand 1 (PD-L1), and cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), have shown promise in CRC treatment (2).
Radiation therapy, though more commonly used for rectal cancer
rather than colon cancer, leverages high-energy rays to destroy
cancer cells (3).

Despite these advancements, CRC outcomes remain
suboptimal. Up to 29% of cases recur within five years after
primary surgery, and only one third of CRC diagnoses are
localized at the time of detection (4, 5). Consequently, while the
overall five-year survival rate for CRC is 64%, this drops
dramatically to 14% for patients with distant metastases (5).
Moreover, the economic burden of CRC is significant, with
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treatment costs totaling $24.3 billion in 2020, ranking in second
for cost of any cancer and encompassing 11.6% of all cancer
treatment costs (6).

The persistently low survival rates and high recurrence of CRC can
be attributed to cancer’s ability to develop resistance against existing
therapies (7). Over 90% of deaths in cancer patients can be attributed to
multidrug resistance (8). The development of resistance mechanisms to
therapies confers decreased effectiveness of the administrated
treatments, leading to decreased availability of viable treatment
options and subsequent worsened prognosis (9). Such resistance can
arise due to intrinsic factors, such as upregulation of intracellular
defense pathways and alteration of drug targets. Resistance can also be
due to extrinsic factors, such as changes in the tumor
microenvironment that allow cancer cells to evade therapeutic
treatments (10). Therefore, there is great prioritization of elucidating
mechanisms of resistance in colorectal cancer in order to develop more

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1571731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Oh et al.

effective treatments for colorectal cancer patients in the future. This
review comprehensively presents the various mechanisms of resistance
in CRC, categorized by types of treatments, and discusses promising
treatment options that overcome these resistance mechanisms,
including the advent of nanotechnology.

2 Mechanisms of chemotherapy
resistance in CRC

2.1 Resistance due to modulation of cell
death pathways

2.1.1 Evasion of apoptosis

Apoptosis is a natural process of programmed cell death, allowing
for the regulation of homeostasis through the maintenance of normal
cells and embryonic development (11). Evasion of apoptosis is a
hallmark of cancer, allowing cancer cell proliferation and resistance
to chemotherapy (12). Various cancers have been shown to have
increased expression of antiapoptotic proteins and suppression of
proapoptotic proteins to resist treatments (13).

p53 is a crucial tumor suppressor that responds to a variety of
stress signals, including DNA damage and oncogene activation. p53
protects genetic integrity and cell function by regulating various
cellular responses, such as halting the cell cycle or inducing
apoptosis (14). The TP53 gene is mutated in 43% of colorectal
cancers and many of the remaining CRC tumors have abnormal
p53 functioning due to mutations in regulators of p53 (15). Such loss
of p53 function has been shown to decrease levels of apoptosis in
colorectal cancer cell lines, correlating with modulation of specific
enzymes and contributing to resistance to 5-FU and oxaliplatin (16).
Interestingly, Boyer et al. claimed that CPT-11 resistance was not
shown to be related to p53 functioning status (16). Loss of p53
binding protein in colorectal cancer cell lines also leads to suppression
of ATM-BHK2-P53 signaling. This causes cell proliferation and
inhibition of apoptosis, leading to 5-FU resistance as well (17).
Clinically, colorectal cancer patients in the NI category with p53
mutations have had a weaker response to 5-FU treatment and shorter
survival, compared to those with wild-type p53 tumors (18).

X-linked inhibitor of apoptosis protein (XIAP) suppresses
apoptosis by inhibiting caspases (19). High-temperature
requirement factor A1 (HtrAl) is a serine protease that regulates
many cellular processes, such as apoptosis and proliferation. In
SW480 colon cancer cell lines, HtrAl was found to be
downregulated, levels of XIAP were increased, and Akt activation
increased, leading to cisplatin resistance (20). Likewise, in colon
cancer cells and colon cancer xenograft models, Akt activation led
to increased expression of XIAP and 5-FU resistance (21).

Bcl-2 family members were found to be involved in
chemotherapy resistance as well. In human colorectal cancer cell
lines, loss of proapoptotic protein Bax led to 5-FU resistance (22).
Likewise, increased expression of antiapoptotic proteins Mcl-1 and
Bcl-xL led to decreased activation of Bax and Bak, conferring
resistance to oxaliplatin and MRK-003 (23). Colorectal cancer cell
lines resistant to 5-FU demonstrated overexpression of non-coding
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RNA plasmacytoma variant translocation 1 (PVT1), which
suppressed apoptosis. An increase in PVTI correlated with
increased levels of multidrug resistance proteins, including
multidrug resistance-associated protein 1, p-glycoprotein, serine/
threonine kinase mTOR, and apoptosis regulator Bcl-2 (24).

2.1.2 Ferroptosis

Ferroptosis is an iron-dependent, non-apoptotic method of cell
death, induced by reactive oxygen species and an imbalance of
intracellular lipid redox. Glutathione peroxidase 4 (GPX4) plays a
role reducing peroxidated phospholipids, preventing ferroptosis
(25, 26). Thus, colorectal cancer cells that are resistant to
oxaliplatin have shown increased levels of GPX4, allowing
inhibition of ferroptosis. Specifically, the resistance correlates with
the activation of the KIF20A/NUAK1/PP1[3/GPX4 pathway (26).

Nuclear factor erythroid 2-related factor 2 (Nrf2) plays a key
role in inhibiting ferroptosis by suppressing cellular iron reuptake,
restricting the production of ROS, and upregulating solute carrier
family 7 member 11 (SLC7A1l), a cystine/glutamate antiporter
(27). In human CRC 5-FU resistant cell lines, there were increased
levels of Nrf-2, nuclear translocation, and binding to promotor due
to hypomethylation of the Nrf2 promoter CpG islands. Activated
Nrf2 leads to increased activity and protein expression of heme
oxygenase-1 (HO-1), an Nrf2-regulated gene. 5-FU-resistant cells
also produced more reactive oxygen species, leading to upregulation
of DNA demethylase ten-eleven translocation 1 (TET1) (28).

Lipocalin-2 (LCN-2) is a glycoprotein that regulates iron
homeostasis. Colon cancer cell lines in vitro and in vivo have
demonstrated that LCN-2 is overexpressed and inhibits
ferroptosis to confer resistance to 5-FU. LCN-2 decreases
intracellular iron levels, increases GPX4 expression, and increases
expression of xCT, a part of a cysteine glutamate antiporter (25).

2.2 Increased drug inactivation and
reduced drug activation

Recent findings have also found resistance can be attributed to
increasing chemotherapeutic drug inactivation or decreasing drug
activation. Dihydropyrimidine dehydrogenase (DPD) catabolizes 5-
FU into inactive metabolites (29). In CRC patients, high expression
of DPD was associated with resistance to 5-FU (30).

Orotate phosphoribosyltransferase (OPRT), UMP kinase, and
uridine monophosphate synthetase aid in converting 5-FU into
active metabolites. These enzymes have been found to be
downregulated in CRC cells with 5-FU resistance (16, 31, 32).
Decreased levels of UMP kinase mRNA have been found in
colorectal cancer hepatic metastases from patients as well (32).

2.3 Drug transport-based cellular
mechanisms

High expression levels of p-glycoprotein drug efflux pump, a
member of the ATP-binding cassette (ABC) transporter
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superfamily, have been associated with daunorubicin, doxorubicin,
oxaliplatin, and 5-FU resistance in colorectal cancer (33-36).
Interestingly, Ca2+-permeable transient receptor potential
canonical protein 5 (TrpC5) has been described to induce p-gp
expression in CRC cells (37). P-gp has also been found to be
upregulated by interleukin-8 in doxorubicin-resistant CRC
cells (38).

Breast cancer resistance protein (BCRP), another member of
the ABC transporter superfamily, has been found to be
overexpressed in CRC cells resistant to mitoxantrone, oxaliplatin,
cisplatin, doxorubicin, and hydroxycampothecin (16, 39-42). BCRP
has been found to be associated with ¢-MET/PI3K and JNKI1
Signaling pathways in multidrug-resistant CRC (40, 42).

Elevated mRNA levels of multidrug resistance-associated
protein 2 (MRP2), another member of the ABC transporter
superfamily, were found in colorectal cancer patients and cells
resistant to cisplatin and oxaliplatin (39, 43, 44). ABCB5 was also
overexpressed in human CRC cells resistant to 5-FU (45).

Key transcription factor FOXMLI is overexpressed and promotes
transcription of efflux transporter ABCC10 in vitro and in vivo for
5-FU-resistant colorectal cancer cells. Higher levels of ABCC10 also
correlated with oxaliplatin resistance in multiple CRC cell lines.
Clinically, CRC tissues had greater expression of FOXM1 and
ABCCI0. Increased ABCC10 levels positively correlated with
relapse and metastasis in CRC patients as well (46, 47).

2.4 Changes in drug targets

Thymidylate synthase (TS), the target of 5-FU, was
overexpressed in 5-FU-resistant HCT116 colon cancer cells and
associated with poor survival (48). FOXM1 modulates expression
levels of thymidylate synthase, contributing to resistance of 5-FU in
colorectal cancer as well (49). 5-FU-resistant colon cancer cell lines
showed increased chaperone protein HSP90 activity and
upregulation of client protein Src, both of which led to increased
TS expression (50).

Topoisomerase I is a target of SN-38, the active form of CPT-11.
CPT-11 resistant CRC cell lines demonstrated downregulation of
topoisomerase I mRNA and increased cellular export of SN-38 (16).

2.5 Tumor microenvironment

2.5.1 Tumor-associated fibroblasts
Tumor-associated fibroblast (TAF)-derived CCL2 and
downstream transcription factor Ets-1 are associated with
TAF-induced fibroblast growth factor receptor 4 (FGFR4)
upregulation in colorectal cancer cell lines. Specifically, FGFR4 aids
in TAF-induced epithelial-mesenchymal transition (EMT). FGFR was
also involved in the expression of anti-apoptotic proteins ¢-FLIP and
Bcl-2 in colon cancer cells. These mechanisms confer resistance to
chemotherapeutics such as 5-FU and oxaliplatin (51, 52).
Additionally, cancer-associated fibroblasts (CAFs) were found to
secrete proinflammatory cytokines, leading to resistance of CRC to
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oxaliplatin (53). TAFs can play a role in hypoxic conditions to secrete
TGF-B2 and HIF-1a, which can activate hedgehog transcription
factor GLI2 expression and confer resistance to FOLFOX (5-FU and
oxaliplatin) (54). Snail, a transcriptional repressor, was overexpressed
in CRC cells and induced transdifferentiation of 3T3 fibroblasts to
TAFs, endowing resistance to 5-FU and paclitaxel. This process
involved chemokine C-C motif ligand-1 (CCL1) in Snail-expressed
3T3 fibroblasts activating TGF-3 and NF-kB signaling pathways (55).

2.5.2 Tumor-associated macrophages

Activated tumor-associated macrophages (TAMs) were found
to secrete ornithine decarboxylase and trigger the JNK-caspase-3
pathway, conferring resistance to 5-FU in CRC (56). Tumor-
associated macrophages were shown to upregulate chaperone
protein glucose-regulated protein 78 and increase membrane
translocation of ABC transporter multidrug-resistance protein 1
(MDR1). This allowed increased drug efflux and therefore
resistance to 5-FU in colorectal cancer cells (57). Transcriptomics
revealed that chemotherapy resistance in colorectal cancer liver
metastasis is associated with infiltration of neutrophils and
monocytes (58). Interleukin 6 (IL-6) produced by TAMs were
found to induced CRC chemoresistance by regulating the IL6R/
STAT3/miR-204-5p axis (59).

2.6 Other mechanisms

Cullin4 family member CUL4B, a protein involved in cell
proliferation and cell cycle progression, has been found to
modulate epithelial-mesenchymal transition (EMT) and confer
resistance to oxaliplatin in CRC (60).

Dual serine/threonine and tyrosine protein kinase has been
found to be involved in regulating TGF-B-induced EMT as well,
leading to resistance to oxaliplatin in CRC cells (61).

Sex-determining region Y-box2 (SOX2), a transcriptional master
regulator, was found to activate MRP2, B-catenin, and Beclinl
expression, influencing autophagy signaling. Activation of autophagy
increases levels of stemness, EMT, and resistance to CPT-11 (62).

Fibroblasts were found to produce exosomal Wnts that
reprogram CRC cells into cancer stem cells, conferring resistance to
oxaliplatin and 5-FU (63). Resistance to oxaliplatin is induced in CRC
by exosome-delivered circular RNA, which promotes glycolysis (64).

3 Mechanisms of targeted therapy
resistance in CRC

3.1 Changes in drug targets of EGFR and
EGFR ligands

CRC has been shown to resist cetuximab through mutations on
the EGFR extracellular domain, including S492R, R198, R200,
R451C, and K467T (65-67). Lower expression of EGFR ligands
epiregulin and amphiregulin were correlated with less efficacy of
cetuximab treatment in mCRC patients (68, 69).
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3.2 Dysregulated activation of alternative
receptors: IGF-1R, IGF-2R, HERZ2, and HER3

Insulin-like growth factor 1 receptor (IGF-1R), IGF-2R, human
epidermal growth factor receptor 2 (HER2), HER3, and the
hepatocyte growth factor/mesenchymal-epithelial transition factor
(HGF/MET) pathway are involved in the activation of the PI3K/Akt
and RAS/RAF/MEK/ERK pathways. Resistance to anti-EGFR
monoclonal antibodies can develop from modulations to these
pathways (70). For example, elevated IGF-1R activation was
correlated with lower response rates in CRC patients treated with
cetuximab (71). Overexpression of IGF2 was found to be
responsible for cetuximab resistance in patient-derived xenografts
from CRC liver metastases and CRC cell lines (72).

Loss of mismatch repair gene mutL homolog 1 (MLH1) has been
shown to activate HER2/PI3K/Akt signaling to induce cetuximab
resistance in colon cancer (73). HER2 activating mutations increased
MAPK signaling, inducing resistance to cetuximab and panitumumab
in CRC cell lines (74, 75). Additionally, amplification of HER2 and
heregulin upregulation have been shown to activate HER2 and ERK 1/
2 signaling, leading to cetuximab resistance in various cancer cell lines.
This was corroborated by clinical data, which demonstrated that CRC
patients resistant to cetuximab had HER2 amplification or elevated
levels of circulating heregulin (76).

3.3 Modulation of the MET and KRAS

MET activation has been found to confer resistance to
cetuximab and panitumumab in CRC (77). Additionally, a study
on mCRC patient tumor sections revealed that tumors with KRAS
mutations were resistant to panitumumab (78).

3.4 Tumor microenvironment

3.4.1 Tumor-associated fibroblasts and cancer
stem cells

Hepatocyte growth factor, secreted by TAFs, was found to bind
to MET receptors and lead to the activation of MAPK and Akt
signaling, conferring resistance to cetuximab in colon cancer stem-
like cells (79).

Through genomic and transcriptomic analysis on CRCs,
cetuximab resistance was found to be associated with NF1 and
non-canonical RAS/RAF aberrations. However, non-genetic
mechanisms of resistance to cetuximab were also found, via TAF-
mediated stromal remodeling and secretion of various growth
factors, including FGF1, FGF2, HGF, TGF-B1 and TGF-f2 (80).

Colon cancer stem cells have been found to be resistant to
cetuximab by inducing anti-apoptotic signaling involving PP2A,
p38MAPK, MAPKAPK2, and Hsp27 (81).

3.4.2 Angiogenesis/the VEGF/VEGFR pathway

Anti-VEGEFR treatments have been shown to induce hypoxia in
the tumor microenvironment (TME), inducing extracellular matrix
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(ECM) remodeling and overexpression of hyaluronic acid in
colorectal liver metastasis mouse models, conferring resistance to
anti-VEGF therapy (82).

Elevated VEGF expression levels were associated with
cetuximab resistance in mCRC patients (83). Placental growth
factor (PIGF), a VEGFRI ligand, was overexpressed in CRC
patients resistant to antiangiogenic treatments (84). Additionally,
elevated levels of angiopoietin-2 (ANG2), which works with VEGF
to regulate vascular remodeling, were found in mCRC patients with
weaker responses to bevacizumab (85).

3.4.3 Metabolic reprogramming

Metabolic reprogramming is another mechanism of resistance
for CRC. For example, in human colorectal carcinomas, it has been
found that TNF receptor-associated proteinl (TRAPI1) regulates
phosphofructokinase 1 (PFK1) to increase levels of glycolysis,
leading to resistance to cetuximab (86). Stiffening of the
extracellular matrix was found to activate hepatic stellate cells and
fatty acid secretion that stimulated the fatty acid oxidation pathway in
colon cancer cells, leading to resistance to cetuximab (87). Expression
of proteins involved in fatty acid metabolism, such as fatty acid
binding protein and heat shock protein 27, have resulted in cetuximab
resistance in CRC cells via anti-apoptotic effects as well (88).

3.5 Other mechanisms

Transcription factor Homeobox B9 (HOXB9) induced
bevacizumab resistance in CRC mouse models (89).

Mutations of ARIDI1A, an epigenetic regulator, in colorectal
cancer patients were found to confer resistance to cetuximab rather
than bevacizumab, with a relation to the EGFR/MAPK pathway (90).

4 Mechanisms of immunotherapy
resistance in CRC

4.1 Altered expression of HLA complexes

One study revealed that a microsatellite-unstable colorectal cancer
patient with mutated 32-microglobulin (or HLA class I heavy chain)
had demonstrated resistance to anti-PD-1 mAb treatment (91). In
agreeance with this finding, a large-scale genomic analysis revealed that
B2M and HLA mutations were prevalent in MSI-high CRC primary
tumor samples, providing a means of immunotherapeutic resistance
(92). High microsatellite (MSI-H) instability CRC tumors were also
found to frequently have mutated NLRC5 and RFX5 genes, which
regulate HLA Class I gene transcription (92, 93).

4.2 Tumor microenvironment
4.2.1 Tumor-associated fibroblasts

In CRC mouse models, it was shown that TGF-f elevation in
the tumor microenvironment confers resistance to anti-PD-1
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therapy via inhibition of T-cell infiltration and decreased levels of
type 1 T-helper cell phenotype (94).

NADPH oxidase 4 (NOX4) is involved in transdifferentiating
fibroblasts to myofibroblasts. NOX4 was found to be upregulated in
colon adenocarcinoma tumor samples, which was associated with
elevated levels of myofibroblastic-CAFs and a possible mechanism
for immunotherapeutic resistance (95).

4.2.2 Myeloid-derived suppressor cells

Granulocyte myeloid-derived suppressor cells (g-MDSC’s) are
recruited by IL-8, GM-CSF, TNF-alpha, YAP1, CXCR2, and CCL2,
conferring tumor immunotherapy resistance to CRC (96-99).

Mononuclear MDSCs (M-MDSCs) have been shown to be
implicated in resisting immune checkpoint inhibitors (anti-
CTLA-4 and anti-PD-1) and are associated with receptor tyrosine
kinase (KIT) signaling in CRC (100).

Mutation of KRAS was shown to repress interferon regulatory
factor 2 (IRF2), leading to CXCL3 upregulation in CRC mouse
models. CXCL3 binds to CXCR2 on myeloid-derived suppressor
cells and aids in the migration of these cells into the tumor
microenvironment, conferring resistance to anti-PD-1 (101).

4.3 Other mechanisms

It is possible that microsatellite stable CRC tumors are more
resistant to immunotherapy compared to MSI tumors due to having
fewer neoantigens (102).

Abnormal expression of group 3 innate lymphoid cells (ILC3)
was found to confer changes to the gut microbiota and resistance to
anti-PD-1 immunotherapy in CRC mice and patients. This was
found to be due to dysregulated major histocompatibility complex
class II-mediated communication between ILC3 and T cell (103).

5 Mechanisms of radiotherapy
resistance in CRC

5.1 DNA damage repair

CRC tumor cells have been shown to display radioresistance
from multiple mechanisms such as increased DNA damage repair
and escape from apoptosis. For example, CRC cells exhibited
upregulation of DNA repair proteins such as RAD50 and DNA-
PK, which are critical for the homologous recombination and non-
homologous end-joining pathways, respectively. This upregulation
allowed for the correction of radiation-induced DNA damage to
enable cancer cell survival (104).

5.2 Cancer stem cells
Radiation can also promote the activation of cancer stem cells

(CSQ), cells within the tumor microenvironment that exhibit stem
cell process of self-renewal and differentiation which promotes
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cancer growth and metastases (104). Interestingly, cancer stem
cells (CSC) have also been shown to possess enhanced DNA
repair capabilities and robust antioxidant defenses, allowing them
to survive radiation-induced damage more effectively than non-
stem cancer cells (105).

5.3 Tumor microenvironment

Radiation exposure-induced chronic inflammation, fibrosis,
vascular damage, and immunosuppression in the tumor
microenvironment have all been shown to facilitate a pro-tumorigenic
niche as well as radiotherapy resistance (106). For example, the release
of interleukin-lo. in murine rectal cancer models caused the
differentiation of tumor-associated fibroblasts into more pro-
tumorigenic fibroblasts and reduced the anti-tumor effect of
radiotherapy (107). Additionally, the establishment of hypoxic tumor
microenvironments and accumulation of hypoxia-inducible factor
(HIF-1) have been mechanisms that resist radiotherapy and promote
CRC survival (108).

6 Shared mechanisms of resistance in
CRC

While the modalities of colorectal cancer treatment each confer
their own mechanisms of resistance, there are multiple shared
pathways between treatment options that work in tandem to
confer therapeutic resistance (Figure 2).

6.1 Autophagy

Autophagy, a process through which a cell recycles its own
degraded products to maintain its own survival, has been
implicated in treatment resistance, with cancer cells employing this
process to redirect their cellular building blocks toward their rapidly
proliferating cells. Several studies have demonstrated how the over-
expression of key autophagy related genes lead to resistance, allowing
rapidly proliferating cells to survive in the face of treatment. Wang
et al. established that a long non-coding RNA SNHG6 sponged miR-
26a-5p to target ULKI, initiating autophagosome formation.
Ultimately, this leads to inhibition of 5-FU induced apoptosis and
treatment resistance, which was demonstrated in vitro and in vivo
(109). Similarly to SNHG6, Zhang et al. demonstrated oxaliplatin
resistance may be conferred to a similar sponging mechanism, with
circHIPK3 sponging MiR-637 to mediate autophagy. They were able
to demonstrate this in vitro, with increased expression of circHIPK3
in oxaliplatin resistant cell lines, but not in 5-FU resistant cell lines.
They then confirmed by measuring circulating circHIPK3 in patient
samples, with higher levels detected in patients who were non-
response to oxaliplatin (110).

Outside of chemotherapy, these patterns have been seen with
anti-EGFR therapy as well. Guo et al. demonstrated in patients with
advanced colorectal cancer treated by either anti-EGFR inhibition or
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Shared Mechanisms of resistance in CRC.

without, the expression of autophagy proteins Beclin-1 and LC3 were
not only associated with advanced colorectal cancer, but those with
higher expression of these proteins experienced worse objective
response rates, and shorter progression free survival. These were
not detected in the cohort that did not receive anti-EGFR therapy,
suggesting a connection between therapeutic resistance (111).
Koustas et al. further confirmed the overexpression of Beclin-1 and
its association with poorer survival was paralleled in patients with
CRC undergoing chemotherapy, regardless of stage or mutational
status (112).

6.2 Cancer stem cells

In addition to upregulation of autophagic mechanisms,
treatment-resistant cancers have also been shown to demonstrate
stem-like signatures (113). Colorectal cancer specifically has been
shown to upregulate several stem cell markers, including BMI1,
Nanog, and CD44 (114). CD133 in particular has been frequently
explored in colorectal cancer. CD133 positive cells have been shown
to stay undifferentiated for over a year, possess multilineage
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differentiation potential, and have confirmed they experience loss
of CK20 expression, which is a marker of epithelial cell
differentiation (115, 116). CD133 positive cells have also been
implicated in initiation of tumor growth that is phenotypically
similar to the original, suggesting its role in tumoral proliferation
from lingering subpopulations after treatment. Furthermore, the
presence of CD133 has been correlated with resistance to
chemotherapy in multiple cancer types, including 5-FU resistance
in colorectal cancer, hepatocellular carcinoma, and glioblastoma
multiforme (117-119).

These cancer stem cells employ pro-survival mechanisms like
advantages in enhanced DNA repair, anti-apoptotic signaling
mechanisms, intrinsic drug efflux mechanisms, and the ability to
exist in quiescent states, all of which lend to escaping therapeutic
effect. Particularly the intrinsic ability to exist in quiescent states has
demonstrated efficacy in resistance to chemotherapy and
radiotherapy. As 5-FU-based chemotherapy relies on active DNA
replication to take effect, this quiescent non-replicating state prevents
5-FU from its intended activity. Similarly, radiotherapy largely acts
on the premise of DNA damage of rapidly proliferating cells, but
when quiescent, these cells are less sensitive to these insults (120).
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6.3 Persistent activation of oncogenic/
bypass signaling & downstream signaling
pathways

By far, cancer cells have adapted to confer resistance via
multiple signaling pathways, either through persistent activation
of oncogenes, bypassing regulatory signaling checkpoints, or
upregulating downstream pathways. There are several well
understood pathways that employ this strategy known thus far.

6.3.1 Wnt/p-catenin pathway

Wnt/B-catenin pathway is altered in up to 90% of patients with
colorectal cancer (121). The Wnt/B-catenin signaling pathway is
critical in pro-survival signaling leading to self-renewal and growth,
and interactions with other survival pathways such as STAT, MAPK,
and PI3K/Akt, which is implicated in treatment resistance to multiple
modalities of therapy, such as chemotherapy, targeted therapy such as
cetuximab, anti-PD1 immune checkpoint inhibitors, as well as
radiotherapy (122).

Several studies have demonstrated that blocking of Wnt/B-
catenin related pathways lead to increased chemotherapy induced
apoptosis, increasing sensitivity to chemotherapy (123, 124). This
effect has been seen with 5-FU and oxaliplatin chemotherapies,
through knock down of aquaporin-5 and MMP7 respectively (37,
125, 126). Additionally, chemotherapeutic resistance has been
implied to occur through Wnt/B-catenin associated weakening of
drug efflux mechanisms, either through suppression of MDRI1 or
weakening of the ABC1 efflux pump (37, 127).

In addition to chemotherapeutic resistance, the Wnt/B-catenin
pathway has been implicated in resistance to other systemic therapies.
Due to the close relationship of Wnt and EGFR, EGFR can form a
complex with B-catenin to activate Wnt, and the Wnt ligand can
activate Frizzled to lead to EGFR resistance, as seen with the
development of targeted therapy resistance to cetuximab (128). This
relationship has been explored by Lu et al. through whole exome
sequencing and transcriptional profiling of cetuximab-resistant
colorectal tumors; IncRNA MIRI00HG and its derived miRs were
overexpressed, with concomitant increase in Wnt signaling. Inhibition
of Wnt in these resistant cells restored cetuximab sensitivity (129).

Furthermore, Wnt/B-catenin pathway has been implicated in
the modulation of the tumor microenvironment leading to a less
immunogenic landscape for immune checkpoint inhibitors to act.
Wnhnt signaling reduces the frequency of tumor infiltrating T cells,
leading to decreased ICI efficacy. However Xiao et al. demonstrated
by blocking Wnt/B-catenin pathways improves CD8 T cell
infiltration, rendering a more favorable environment for ICI, and
enhancing the efficacy of anti-PD1 therapy (130, 131). Conversely,
by upregulating APC, which upregulates Wnt signaling, it has been
negatively correlated with the frequency of T cell infiltration (130).

Outside of systemic therapies, the Wnt/B-catenin pathway has
also been implicated in radiotherapy resistance. Specifically,
radiotherapy resistance is often related to an adaptation to the
hypoxic environment conferred by the radiation insult, primarily
through Wnt/B-catenin signaling pathway. Wnt increases 3-catenin
post-radiation leading to dedifferentiation of cancer stem cells.
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This subsequently activates Notch pathway, increasing the
proportion of cells in S phase. Through inhibition of Notch and
Wnt/B-catenin, Wang et al. demonstrated the down-regulation of
SOX2, a stemness-associated gene, and resultant decrease of mass
forming liver cancer stem cells (132). Similar in-vitro studies have
not been conducted in colorectal cancer, however the underlying
mechanism of Wnt/B-catenin signaling contributing to
radiotherapy resistance in colorectal cancer has been explored,
and dysregulated Notch or Wnt/B-catenin signaling has been
demonstrated (133).

6.3.2 JAK/STAT pathway

While the Wnt/B-catenin pathway has been explored
significantly, there are other contributing signaling pathways to
therapeutic resistance that are explored in the literature. JAK/STAT
is of note, also conferring multi-therapeutic resistance. JAK and
STAT regulate cell survival and differentiation, acting at the
convergence point of multiple cellular pathways. In colorectal
cancer, IL-6 induced phosphorylation results in constitutive
activation of STAT3, which was positively correlated with
resistance to chemoradiotherapy. Inhibition of STAT3 also
reversed in vitro and in vivo resistance, further suggesting the
association with resistance (134, 135). STAT3 upregulation also
contributes to anti-EGFR targeted therapy resistance, specifically
gefitinib, through overexpression of nuclear PKM2 (136).

Similar to other signaling pathways, JAK/STAT also modulates
the tumor microenvironment, leading to variable immune
checkpoint inhibitor efficacy and resistance. This is pronounced
through the interferon-gamma (IFN-y) pathway. Downregulation
or mutation of components of the JAK/STAT pathway have
demonstrated blockade of IFN-y signaling and tumoral non-
response to IFN-y, suggesting its involvement in the anti-tumor
response (137, 138). Furthermore, JAK1 and JAK2 inactivation has
been observed in high tumor mutational burden colon cancers that
were non-responsive to anti-PD1 therapy, suggesting the role IFN-y
plays in anti-PD1 resistance (139).

6.3.3 TGF-J signaling

TGF-P has additionally been implicated in conferring treatment
resistance through separate pathways, particularly by promoting
epithelial to mesenchymal transition. This EMT transition by
TGEF-B has been identified in non-colon cancer cell lines as well
as in colorectal cancer through disruption of MEDI12, and
transcription regulation (140, 141). Through MED12 deletion, the
MEK/ERK pathway is activated, restoring downstream MAPK
pathway inhibition, overcoming tyrosine kinase inhibitor
resistance in CRC (140).

Chemotherapy can also activate TGF-f pathways (142). By
inhibiting these associated pathways through PAR2 inhibition, the
proliferation of chemoresistance cells is reduced and cancer cell
death is more abundant (143).

TGF-f signaling has also been implicating in attenuating the
anti-tumor potential of the immune microenvironment through
immune evasion (94, 144). This has been demonstrated in murine
models with low mutational burden; T cell rejection and TGF-3
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activation led to decreased ICI benefit. However, by TGF-8
signaling alone promoted enough T cell infiltration to re-sensitize
to anti-PD1 therapies (145). This phenomenon crosses over into
radiotherapy resistance, where TGE-f is thought to play a role in
modulating treatment sensitivity and immune cell infiltration. Even
in poorly immunogenic murine carcinoma models, TGF-3
neutralization during radiation demonstrated an ability to
generate a robust CD8 response that regressed irradiated tumor
beds (146). Furthermore, TGE-P1 gene deletions or inhibition of
TGF-B signaling in breast and glioblastoma models demonstrated
increased radiation sensitivity, though this has yet to be
demonstrated in colorectal cancer (147, 148).

6.3.4 PI3K/Akt/mTOR pathway

An additional pathway implicated in multi-treatment resistance
is the PI3K/Akt/mTOR pathway. 10-18% of patients with
metastatic colorectal cancers carry PI3K mutations. Additionally,
20-40% of patients have loss of function mutations of PTEN, which
is a suppressor of PI3K/Akt pathway. Ultimately, this results in
constitutive activation of PI3K/Akt pathway, resulting in continued
tumoral growth and resistance to EGFR blockade (149, 150). This
clinically has translated to resistance to the EGFR inhibitors used as
targeted therapy in metastatic colorectal cancer. Sartore-Bianchi
et al. demonstrated these mutations resulted in a lack of response to
cetuximab and panitumumab, leading to shorter progression free
survival and poorer overall survival (151-153).

This phenomenon is paralleled in immune checkpoint inhibitor
resistance. Loss of PTEN additionally leads to upregulation of PD-
L1, leading to resistance to loss of CD8 T-cell infiltration,
transforming the immune landscape of tumors and decreasing the
efficacy of T-cell mediated immunotherapeutic agents (154, 155).
As previously stated, PTEN is a negative regulator of PI3K/Akt/
MTOR, therefore inhibition of this pathway has demonstrated
improved response to anti-PD1 and anti-CTLA4 therapies,
particularly in MSI-H and deficient MMR colorectal tumors (156).

The PI3K/Akt pathway additionally ties back to many of the
other shared mechanisms of resistance, notably demonstrated
through mechanisms of chemotherapeutic resistance. PIK3A
mutations have been shown to increase PI3K/Akt signaling in
LGR5+ CRC stem cells, leading to increased rates of proliferation
and survival. This was further corroborated by the finding that CRC
patients with the PIK3A mutation showed worse response to first-
line chemotherapeutics (FOLFOX and XELOX) compared to those
without mutations (157). Specifically, Hu et al. demonstrated that
IL-6-induced activation of the JAK2/BECNI1 pathway ultimately
regulates PI3KC3 complex formation, and that this complex is a
predictive marker for poor CRC prognosis and chemotherapeutic
response (158). Separately, Liu et al. have demonstrated microRNAs
(miR-135b and miR-182) were upregulated in 5-FU resistance cell
lines, resulting in increased drug resistance, proliferation, and
decreased apoptosis. They further clarified that this was through
altered expression of ST6GALNAC2 which acts as a regulator of the
PI3K/Akt pathway. By inhibiting this pathway, chemosensitivity to
5-FU was restored in two separate colorectal cell lines, HCT8 and
LoVo (159).
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PI3K/Akt pathways are implicated in radiotherapy resistance as
well. As radiation generates oxidative stress, mTOR is activated,
leading to intracellular signaling promoting cell survival. This
relationship between radiotherapeutic resistance and the PI3K/Akt
pathway was confirmed after utilizing NVP-BEZ235, a mTOR
inhibitor, enhancing the radiosensitivity of previously resistant
prostate cancer cells (160, 161). This was further explored in
murine intestinal models, resulting in a similar pathway of
oxidative stress and mTOR activation via PI3K/Akt (162).

6.3.5 IGF-1R signaling

Finally, more novel shared mechanisms of resistance are
coming to light as research advances. Codony-Servat et al. have
demonstrated how nuclear IGF-1R can predict resistance to
chemotherapy and targeted therapy in metastatic colorectal
cancer. In their study, nuclear IGF-1R expression was detected by
immunohistochemistry in 470 patients with metastatic colorectal
cancer, with higher expression in tumors from patients that had
undergone treatment. Furthermore, there was a significant
correlation between IGF-1R expression and poorer overall
survival. When evaluating in vitro, resistant cell lines also
displayed higher IGF-1R expression, and this expression and
nuclear localization was able to be induced following treatment
with oxaliplatin (163).

7 Approaches to overcome resistance

The rise of resistance to standard CRC therapies has
necessitated the development of innovative strategies to enhance
treatment efficacy (Table 1). Combination therapy has shown
promise in overcoming drug resistance in CRC. For example, the
phytochemical apigenin enhances CRC cell sensitivity to 5-FU by
inhibiting expression of 5-FU target thymidylate synthase and
promoting 5-FU-mediated apoptosis (164). Mouse models for
CRC genetic aberrations have demonstrated resistance to anti-
VEGF antibodies due to tumor-infiltrating neutrophils that
overexpresses angiogenesis-related Bv8/PROK2. Elevated plasma
Bv8/PROK2 levels correlated with poor overall survival patients by
suppressing these tumor-infiltrating neutrophils and the related
angiogenic processes, restoring sensitivity to anti-VEGF therapies
(165). Similarly, the gut microbiota member Fusobacterium
nucleatum and its product succinic acid confer resistance to anti-
PD-1 mAb by inhibiting the cGAS-interferon-f pathway, thereby
impairing CD8+ T cell-mediated anti-tumor immunity in the CRC.
Administering metronidazole to decrease Fusobacterium nucleatum
levels re-sensitized CRC tumors to anti-PD-1 mAb treatment (166).
Resistance mediated by MGAT3-modulated N-glycosylation, which
suppresses IF-y receptor o, (IFNYRor) expression in CRC cells, was
overcome by all-trans retinoic acid-induced MGAT3 expression
(167). Additionally, YTH N (6)-methyladenosine RNA binding
protein 1 (YTHDF1) drives resistance to anti-PD-1 therapy by
modulating the m (6)A-p56-CXCL1/CXCR2 axis, a mechanism
reversed through CRISPR or nanoparticle-mediated YTHDF1
silencing (168).
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TABLE 1 Examples of strategies to overcome therapy resistance.

Overcoming Chemotherapy
strategy/

Targeted therapy

Type of
therapy
resistance

10.3389/fimmu.2025.1571731

Immunotherapy Radiotherapy

Combination Apigenin can inhibit the = Suppression of tumor- Fusobacterium nucleatum can inhibit cGAS-
therapy 5-FU target thymidylate | infiltrating neutrophils to interferon-p pathway and impair CD8+ T cells,
synthase and promote 5-  increase Bv8/PROK2 expression | but metronidazole can decrease Fusobacterium
FU mediated apoptosis can improve sensitivity to anti- nucleatum and improve response to anti-PD-
VEGF antibodies 1 mAb
Nanotechnology Nanoparticles can target | Cetuximab-conjugated gold Nanoparticles can silence YTHDF1 to re- Albumin-coated MnO2

Asporin to improve

oxaliplatin sensitivity
Nanoparticles can co-
deliver 5-FU and pro-

nanoparticles can increase EGFR
endocytosis and degradation to
decrease tumor growth.

apoptotic factor L3 to
overcome
chemoresistance

sensitize cells to anti-PD-1 nanoparticles can relieve
hypoxia in the tumor
microenvironment to overcome

radiotherapy resistance.

Nanotechnology has emerged as a novel approach to overcoming
CRC resistance by enabling precise drug delivery and enhancing
therapeutic efficacy. Nanoparticles, defined as particles measuring 1
to 100 nanometers that have specialized surface properties, have been
successfully used for chemotherapy and adjunctive gene therapy (169).
Various methods of nanoparticle delivery have emerged over the years,
including co-delivery of nanoparticles for synergistic effects as well as
conjugation of nanoparticles with treatments, proteins, and charged
particles for enhanced therapeutic effect. For example, elevated Asporin
(ASPN) expression in oxaliplatin-resistant CRC was targeted using
nanoparticles co-delivering ASPN-siRNA and oxaliplatin, resulting in
improved anti-tumor activity in vitro and in vivo (170). Another
strategy utilized NPs co-delivering 5-FU and the pro-apoptotic factor
L3 to regulate p-gp expression and overcome chemoresistance (171).
Liposomes formulations of irinotecan and curcumin also
demonstrated a synergistic effect in CRC, with curcumin enhancing
activation of irinotecan and increased expression of the targets of the
active metabolite SN-38 (172). To overcome radiotherapy resistance
due to a hypoxic tumor environment, albumin-coated MnO2
nanoparticles have been developed to relieve hypoxia in the TME
(173). Resistance of cetuximab was reversed in CRC from
administering cetuximab-conjugated gold NPs, which increased
EGFR endocytosis and degradation, leading to suppression of
downstream signaling pathways and decreased tumor growth (174).
In terms of immunotherapy for CRC, Ni et al. created a bi-adjuvant
neoantigen nanovaccine (banNV) within a nanoparticle that consisted
of peptide neoantigen Adpgk and adjuvants Toll-like receptor (TLR) 7/
8 agonist R848 and TLRY agonist CpG. When administered with anti-
PD-1, significant regression of CRC tumors was found (175). Immune-
modifying, negatively charged nanoparticles ONP-302 were shown to
inhibit CRC tumor growth and suppress pro-tumorigenic gene
expression in TAFs (176). While the nanotechnology is a potent
field for cancer therapeutics, there have been concerns for toxicity in
dosing and the propensity to incite inflammation and worsen
respiratory and cardiovascular disease. Therefore, careful design and
administration are warranted to minimize adverse effects with
nanoparticle-related treatments (177).
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Although significant progress has been made in advancing the
use of nanotechnology in treating cancer, further optimization of
nanoparticle therapy targeting TAFs in CRC specifically is
warranted (178). Previously, patient-derived xenografts and
patient-derived organoids have been used as pre-clinical models
of CRC. However, for use in making clinical decisions for patients,
these models are too inefficient and slow. Therefore, there is a need
for the development of new pre-clinical models that can be
produced in a timely manner. Micro-organospheres have been
found to be a promising new model of metastatic colorectal
cancer in predicting which drugs can respond to a patient’s
tumor within 14 days. Further investigation of this model with a
greater number of patients is needed to confirm the use of this
model in future CRC experiments and patients (179).

Based on our research and synthesis of the literature, we
propose a translational roadmap for guiding treatment decisions
in colorectal cancer (CRC) by integrating biomarker screening with
mechanistic understanding of drug resistance. Clinically, molecular
profiling of KRAS, BRAF, NRAS, PIK3CA, TP53, and MMR/MSI
status remains foundational for stratifying patients for targeted
therapies and immunotherapies. However, our recent findings
underscore the critical role of the tumor microenvironment,
particularly neutrophil extracellular traps (NETs), in promoting
immune evasion, and metastasis (180-183). We have demonstrated
that NETs drive CRC liver metastasis by remodeling the immune
landscape and impeding CD8" T cell function, and that DNase I-
mediated degradation of NETs can reverse this resistance and
restore antitumor immunity (181, 182). Therefore, we propose
incorporating NET biomarkers (e.g., MPO-DNA complexes,
citrullinated histones) into liquid biopsy panels for high-risk or
refractory CRC cases. In parallel, profiling immune cell
composition—such as tumor-infiltrating Tregs, MDSCs, and
macrophage polarization states—may help determine the
appropriateness of immunomodulatory strategies. For patients
exhibiting resistance to conventional therapy, we advocate
combination regimens that include NET-targeting agents (e.g.,
DNase I, PAD4 inhibitors), ferroptosis inducers, or nanoparticle-
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based drug delivery systems that overcome stromal barriers. This
roadmap, while still in need of prospective clinical validation, offers
a mechanism-based approach to personalize therapy and
counteract resistance in CRC.

8 Discussion

Drug resistance remains a major challenge in the effective
treatment of CRC, contributing to its poor prognosis and high
recurrence rates. In this review, we provided a comprehensive
overview of the mechanisms of resistance in CRC, categorized by
therapy type. Chemotherapy resistance mechanisms were linked to
evasion of apoptosis and ferroptosis, increased drug inactivation,
decreased drug activation, changes in drug transport, modulations
in drug targets, and interactions with components of the TME, such
as cancer-associated fibroblasts and tumor-associated macrophages.
Resistance to targeted therapies was attributed to alterations in drug
targets, aberrant receptor activation, modulation to signaling and
angiogenesis pathways, the involvement of cancer stem cells, and
metabolic reprogramming. Immunotherapy resistance in CRC
included mechanisms such as mutations of HLA complexes as
well as involvement of cancer-associated fibroblasts and
myeloid-derived suppressor cells in the TME. Resistance to
radiotherapy was associated with the establishment of hypoxic
tumor microenvironments and other adaptive responses.

This review also highlighted shared resistance mechanisms across
treatment modalities and discussed emerging strategies to overcome
these barriers. Among these, nanotechnology-based approaches hold
significant promise for enhancing therapeutic efficacy by
circumventing resistance mechanisms. Although further
investigation and rigorous preclinical and clinical evaluations are
essential to fully develop these emerging therapeutics, the expanding
understanding of CRC resistance mechanisms and advancements in
innovative treatment strategies provide a hopeful outlook for
improving CRC management and patient outcomes.

Looking forward, the clinical translation of these emerging
strategies will require overcoming several technical and biological
hurdles. For instance, while nanoparticle-based drug delivery can
improve tumor specificity and reduce systemic toxicity, challenges
such as limited penetration into hypoxic tumor cores and variability
in patient response remain. Similarly, the application of
personalized medicine—guided by genomic and transcriptomic
profiling—relies on reliable biomarkers, which are still under
development for many resistance mechanisms. Overcoming these
barriers will require integrated efforts, including the refinement of
preclinical models that faithfully recapitulate human CRC
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