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Abstract

Colorectal cancer stem cells (CRC-SCs) contribute to treatment resistance, tumor recur-
rence and disease progression. Despite therapeutic advances, CRC-SCs frequently evade
eradication and sustain tumor propagation. Although multiple molecular pathways have
been implicated in this resistance, current preclinical evidence remains fragmented. This
systematic review aims to synthesize preclinical evidence on the molecular mechanisms
underlying CRC-SC resistance to modern anticancer therapies. A systematic search of
PubMed, Scopus, Web of Science, and Cochrane Central Register of Controlled Trials was
conducted to identify peer-reviewed original studies published between 2015 and 2025.
Eligible studies investigated molecular mechanisms of CRC-SC resistance to chemother-
apy, targeted therapy, immunotherapy, and other therapeutic modalities. Risk of bias
was assessed using QUIN for in vitro studies and SYRCLE for in vivo studies. A total of
26 studies met the inclusion criteria. Synthesis of findings showed that CRC-SC resistance is
driven by interconnected mechanisms, including adaptive signaling pathways, epigenetic
reprogramming, enhanced DNA damage response, and protective interactions within the
tumor microenvironment. Several studies reported that combination treatments targeting
these mechanisms attenuated stemness characteristics and restored therapeutic sensitiv-
ity. Overall, CRC-SC resistance arises from multiple intrinsic and extrinsic mechanisms,
supporting further preclinical and translational evaluation of combination strategies.

Keywords: colorectal cancer; colorectal cancer stem cells (CRC-SCs); cancer stem cells (CSCs);
therapeutic resistance; drug resistance; signaling plasticity; tumor microenvironment (TME);
DNA damage response (DDR); epigenetic reprogramming

1. Introduction

Colorectal cancer (CRC) remains a major public health burden and a leading cause of
cancer-related mortality [1]. In 2022, CRC accounted for 9.2% of cancer deaths among males
and 9.4% among females worldwide [1]. Epidemiological projections suggest that, if current
incidence trends persist, the global number of CRC cases will increase by approximately
22% by 2050 [2].

Despite substantial advances in early detection and multimodal treatment approaches,
including surgery, radiotherapy, chemotherapy, and targeted therapies, CRC continues
to be associated with high morbidity and mortality. Notably, approximately 30 to 40%
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of patients experience relapse following standard treatment, underscoring therapeutic
resistance [3].

Accumulating evidence increasingly implicates cancer stem cells (CSCs) as central
drivers of treatment failure, tumor recurrence, and disease progression [4,5]. CSCs consti-
tute a distinct subpopulation of tumor cells characterized by self-renewal capacity, multipo-
tent differentiation potential, tumor-initiating properties, and the ability to enter quiescent
states [6]. These features enable CSCs to survive conventional therapies and repopulate
the tumor, thereby contributing to relapse and metastatic dissemination [6]. Although
CSCs remain incompletely characterized, they are increasingly recognized as key regulators
across multiple stages of tumor development and therapeutic resistance [7].

The resistance of colorectal cancer stem cells (CRC-SCs) is recognized as a multifacto-
rial process involving different mechanisms. These include signaling plasticity; enhanced
DNA damage repair capacity and resistance to apoptosis, which promote cellular survival
under genotoxic stress; epigenetic reprogramming, which maintains stemness; and dy-
namic interactions with the tumor microenvironment (TME), where hypoxic conditions,
cytokine signaling, and stromal cell interactions collectively support CSC survival and pro-
tection [3,8-12]. However, these mechanisms are often described in isolation, and the exact
molecular mechanisms underlying CRC-SC resilience remain only partially understood; in
particular, there is a lack of a comprehensive synthesis integrating key processes, such as
signaling plasticity, epigenetic changes, DNA repair, and microenvironmental crosstalk in
CRC-SCs. Importantly, this review focuses exclusively on preclinical evidence, including
in vitro and in vivo studies. Therefore, its findings should be interpreted as mechanistic
and hypothesis-generating rather than as direct clinical recommendations. The current
systematic review aims to address this gap by synthesizing evidence on the molecular
mechanisms underlying CRC-SC resistance to modern anticancer therapies.

2. Materials and Methods

This study was conducted in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines [13] (Supplementary File S3;
Supplementary File 54). The protocol for this review was registered in PROSPERO
(CRD420251127132).

2.1. Search Strategy

Four electronic databases were searched (PubMed, Scopus, Web of Science, and

7

Cochrane Central Register of Controlled Trials), using key terms such as “colorectal cancer,”
“cancer stem cell,” “tumor-initiating cell,” “drug resistance,” and “therapy resistance,”
covering the period from 1 January 2015, to 30 August 2025. The full line-by-line search
strategies that were used in each of the four databases are provided in Supplementary File
S1 and Supplementary File S2. Publication bias was reduced by searching unpublished lit-
erature using Google Scholar and OpenGrey. Additionally, backward and forward citation
tracking was applied to included studies/articles that may have been missed during the

database search.

2.2. Selection Criteria

Study eligibility was determined according to the following criteria: (1) studies specif-
ically focused on colorectal cancer; (2) peer-reviewed original research investigating mecha-
nisms of CSC resistance to modern therapies (drug therapies, immunotherapy, targeted
therapy, etc.); and (3) publications dated between 2015 and 2025, a period corresponding to
the clinical emergence and regulatory approval of chimeric antigen receptor T-cell (CAR-T)
therapy by the U.S. Food and Drug Administration (FDA) in 2017 [14]. Studies were
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excluded based on the following criteria: (1) non-research-based publications, including
conference abstracts, book chapters, commentaries, reviews, or editorials; (2) absence of
accessible abstracts; (3) unavailability of full-text articles; and (4) publications in languages
other than English.

2.3. Review Strategy

Titles and abstracts of identified records were imported into the Zotero reference
management tool and screened by the first reviewer (S.R.) to exclude irrelevant studies and
duplicates. A random subsample of 20% of titles and abstracts was independently screened
by a second reviewer (A.B.) to ensure the accuracy of selection. Full-text articles were
re-inspected (S.R. and A.B.) for relevance against the inclusion criteria. Discrepancies were
resolved by involving a third reviewer (A.K.). The level of agreement between S.R. and
A.B. was 77.8% (0.7778) and Cohen’s k was 0.556. No automation tools, machine learning
classifiers, or citation screening software were used at any screening stage.

2.4. Data Extraction

Data from included studies were extracted into a spreadsheet by the first reviewer
(S.R.), including information on funding source, aim of the study, experimental models,
duration of the experiment, outcome of interest, outcome measurement, control group
presence, intervention, results before and after the intervention, inclusion/exclusion criteria,
molecular mechanism affected, and key findings (Supplementary Table S5). The second
reviewer (A.B.) ensured the accuracy at this stage by reviewing a random subsample of 20%
of the extracted data. Discrepancies between reviewers were resolved through discussion
involving a third reviewer.

2.5. Risk of Bias Assessment

Studies in this review comprised both in vitro and in vivo experimental components.
Accordingly, risk of bias was assessed separately for each methodological domain to ensure
an appropriate evaluation of study quality. For studies involving in vitro components, the
Quality Assessment Tool for In Vitro Studies (QUIN) was applied [15]. This instrument
evaluates experimental design and reports transparency against the following 12 crite-
ria: aims, sample description, sampling technique, control group, methodological detail,
consistency, outcome measures, outcome appropriateness, blinding, statistical analysis,
results reporting, and study limitations. For in vivo components, the SYstematic Review
Centre for Laboratory Animal Experimentation (SYRCLE) Risk of Bias tool was used [16].
It assesses methodological rigor against 10 criteria, including sequence generation, baseline
similarity, allocation concealment, random housing, caregiver/investigator blinding, ran-
dom outcome assessment, outcome assessor blinding, incomplete outcome data, selective
reporting, and other potential sources of bias.

2.6. Data Synthesis

A narrative synthesis approach was adopted for this review [17], as the included
studies were predominantly mechanistic and preclinical in nature and reported a range of
heterogeneous outcomes. Most studies presented narrative findings or non-standardized
quantitative measures, including changes in protein expression, proportion of CSC popula-
tions, colonosphere formation, tumor volume, and growth inhibition. Given this method-
ological and outcome heterogeneity, a meta-analytical approach was not feasible.

3. Results

The initial search yielded 12,507 records. After removal of 7242 duplicates and ex-
clusion of 64 records that did not meet the inclusion criteria, 26 studies were included
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in the final review (Figure 1). The included studies were published between 2015 and
2025 and originated from 12 different countries, including China [18-25], USA [22,26,27],
the Republic of Korea [28,29], Italy [30-36], the Netherlands [33], Spain [34], Japan [37],
India [38,39], Australia [40,41], France [41,42], Canada [42], and Taiwan [43].

[ Identification of new studies via databases and registers ]
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Figure 1. PRISMA flow diagram of the screening and selection process for this systematic review.

All 26 shortlisted studies used in vitro experimental models to investigate the resis-
tance mechanisms of CRC-SCs. These models predominantly used established human
CRC-SC lines, including HCT116, HT-29, and SW480 [18-23,25-29,34,35,37-43], as well as
patient-derived samples [22,24,30-33,36,37,39,41]. Furthermore, 20 out of 26 studies also
incorporated in vivo experimental components, primarily using subcutaneous xenografts
in immunocompromised mouse strains, including NOD/SCID, NSG, BALB/c, or nude
mice [20-26,28,30-35,37,38,40-43]. For analytical purposes, the included studies were
grouped according to the predominant signaling pathway mechanisms implicated in CSC-
mediated therapeutic resistance. The overview of the included studies is presented in
Table 1.
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Table 1. The overview of included studies.

First Author

Country Aim

Intervention

Experimental Strategy

Main Finding

Test whether combined BRAF/EGFR

Dabrafenib + cetuximab as the main

Combination treatment in BRAF(V600E)

Combined inhibition increased cytotoxicity

Wuetal., 2018 [18] China inhibition improves cytotoxicity and reduces combination mutant cell lines and xenoerafts and decreased stem-cell capacities compared
stemness in BRAF(V600E) CRC & to single agents
D?;E%?iﬁgg&ifgiﬁiﬁvai? drgt\t]l;ﬂ ikr:ller Exposure of CRC-SCs cells to NK cells CSCs under hypoxia reduced NK cytotoxicity
Geng et al., 2024 [19] Chin xveen conditions, and t igd iy m tyb gli under hypoxia; FADS1 siRNA in CCSCs Co-culture of CSCs and NK cells under and decreased IFN-y and TNF-«, and
eng etal, a © ygﬁ d C(;netico aSt,}?wa ;)rese onZibl: fi(i)ro ¢ + exogenous DDA in CSC-NK hypoxia normoxic and hypoxic conditions increased IL-6; FADS1 — DDA axis mediated
® Pt)his eva};ion‘ P co-culture immune evasion
Bevacizumab-resistant CRC-SCs showed
. . increased activation of the IL-22/STAT3
Imlzaeesxiigc?;e }vag Eoslz)sl;ecr;tsel: (igcsscil(')\mcr)ftu;: ° IL-22 knockdown (shRNA) in Co-culture and knockdown in bevacizumab- pathway with higher expression of IL-22,
Qin etal., 2023 [20] China umap resistance, tocusing bevacizumab-resistant CRC-SCs + cutture ockdo v IL-22R, and STAT3. Blocking IL-22 reduced
IL-22/STAT3 - resistant cells
sienaline pathwa bevacizumab stemness markers CD133, EpCAM, Oct4 and
& &P y Sox2, tumor growth and restored sensitivity
to bevacizumab
E2F7 promoted tumor stem cell activity by
Guoetal,, 2020 [21] China Determine how E2F7 regulates colon CSC E2F7-miR-199b— Knockdown/overexpression of E2F7, miR-199b suppressing, upregulating USP47,
v activity via miR-199b/USP47 USP47 axis miR-199b and USP47 in cell lines and stabilizing
MAPK signaling
et V\;};j}\ll\c}:t}}iﬁgﬁ?rncffgvzfr?(l)irtlfeormm Co-treatment of 5-FU-resistant cells with A combination of metformin +1CG-001
Roy etal., 2022 [22] USA, China . Metformin + ICG-001, alone or combined . reduced CSC markers, spheroid formation,
CSC-mediated metformin and ICG-001 .
5-FU resistance and promoted apoptosis
Define ANp63« role in CSC regulation and SEN: AND63a Treatment of sphere-forming cells with SFN; ~ ANp63x promoted CSC features through the
Chen et al., 2022 [23] China sulforaphane overex ress’ion /ri(nock down ANp63 o overexpression/knockdown and activation of Nanog, Oct4, and Sox2
(SEN) response P testing SFN effects in vitro and in vivo transcription. SEN was able to inhibit this link
ALDHA1+ CSCs were isolated and then
. - . . compared with ALDHA1- cells. They miR-199a/b promoted cisplatin resistance in
Chen etal.,, 2017 [24] Chin D(;terlnlli?lerw?ettl:r T;ii%?{:;ilg‘égveién Cisplatin; miR-199a/b antagomir; assessed sphere formation, tumor initiation, ALDHA1+ CRC-SCs via GSK33 suppression,
enetal, a cispla tf sta }fe hich path sa ABCG2 knockdown cisplatin response, miR-199a /b manipulation, Wnt/ 3-catenin activation, and
rough which pathway Whnt inhibition, ABCG2 knockdown and ABCG2-linked drug efflux
xenografts
To identify whether ZNF217 activates Notch SFN; ZNF217 Administration of SFN to CRC cell lines and mzcil;gllrf aétsléagilli (;;C;nidl%nilel?eggﬁiraeggn
Wang et al., 2024 [25] China signaling to promote CSC, and whether this overexpression/knockdown; Notch1 xenografts, and evaluation of ZNF217/ 8 phere orm '
mediates SFN response knockdown Notch signalin: SEN suppressed CSC features via inhibition of
P gnaing the ZNF217/Notchl axis
To determine whether Fap] mediates CSCs expressed high levels of Fap1 and were
apoptosis resistance in colgn CSCs and Treatment of CSCs cells with Fap1 inhibition resistant to Fas- and oxaliplatin-induced
Huang etal., 2018 [26] USA FAP1 inhibition + oxaliplatin apoptosis. Fap1 inhibition facilitated

whether Fap1 inhibition enhances
oxaliplatin response

and oxaliplatin

apoptosis in colon CSCs and enhanced
oxaliplatin effects
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Table 1. Cont.

First Author Country Aim Intervention Experimental Strategy Main Finding
MEK inhibition induced CSC markers
Cyclic MEK inhibition with CD166/ ALDH1A3, compensatory
Lamichhane et al, 2022 [27] USA Determine whether targeting CSCs can trametinib /selumetinib /PD0325901; Combination treatment with the MEK PI3K/AKT, JAK/STAT, and Wnt signaling,
M prevent resistance to MEK inhibition resistance prevention with trametinib + inhibitor and invasion. Trametinib + mithramycin A
mithramycin A suppressed CSC-linked resistance
and invasion
. diHEP-DPA reduced TAM infiltration, CSC
Suetal,, 2023 [25] Republic of Tes: wihft?ler %1HEP-]2PAiian19 Avﬁco&nseCS—FU diHEP-DPA alone and combined Administration of diHEP-DPA, 5-FU, and enrichment, suppressed 3-catenin, and
uetal, Korea esistance by suppressing S S with 5-FU combination inhibited NF-xB/STAT3 signaling
and EMT
and EMT markers
Determine whether PF-543, a SPHK1 inhibitor PF-543 sensitized TRAIL-resistant CRC cells
. Republic of can overcome TRAIL resistance and 3 Administration of PF-543, TRAIL, and via SPHK1/S1PR1/STAT3 pathway,
Kim etal,, 2025 29] Korea identify the PF-543 + TRAIL combination in TRAIL-resistant cells activating apoptosis and reducing
mechanism involved stemness/EMT traits
Identify molecular determinants of thera Established and validated CSC spheroid lines, Cetuximab resistance in CRC-SCs was
De Angelis etal., Ttal st . Py Cetuximab; irinotecan; cetuximab + characterized them genomically and associated with persistent activation of
2016 [30] ay e e irinotecan proteomically and used them in drug PI3K/AKT/mTOR, RAS/MEK/ERK and
response assays JAK/STAT pathways despite EGFR blockade
Test whether NORA234 can target CSCs and . S
Di Francoetal., whether CHK1-mediated DNA damage NORA234 (nortopsentin Treatment of patient-derived spheres with A c01.'nl')1'nat10n of NORA234 and CHK1
Ttaly . . analog); . . . inhibition depleted resistant CSCs to
2021 [31] response can overcome adaptive resistance to L nortopsentin alone or with CHK1 inhibitor S .
CHK1 inhibition nortopsentin, increased apoptosis
NORA234
. o Dual inhibition effectively targeted CSCs,
Gaggianesi etal., Evaluate whether combined inhibition of Myc Dual Myc-transcription + PI3K targeting Drug combination in CSCs and patient- reducing clonogenicity, viability PI3K/ Akt
Ttaly transcription and PI3K activity can overcome AR . . . .
2022 [32] . . with dinaciclib and taselisib derived xenografts activity and Myc expression regardless of
resistance in colorectal CSCs :
mutational background or Myc
Analyze the role of NRG-13 /ErbB-3 NRG-1 activated ErbB-3 in BRAF-V600E
. signaling in growth and promotion of Vemurafenib treatment in BRAF-V600E 3 . colon CSCs, which restored AKT/ERK
Prasze(;}lzgr[l’t;;(]et al, NIttfﬁY; }“Irlled vemurafenib resistance in BRAF-V600E colon  colon CSCs; ErbB-3 knockdown or EV20 Treatmen;?if_glri%gmrl;\:i)nthCs with signaling and promoted resistance to
o etherlands (CSCs, and whether ErbB-3 inhibition can antibody inhibition a a ody vemurafenib; blocking ErbB-3 reduced
overcome this resistance growth and restored vemurafenib sensitivity
The cell lines showed increased
Test whether AURKA /YAP1 axis contributes AURKA-mediated Yap1 Ser397
SN , . to cetuximab resistance and CSC-like features, . e sy Treatment of cetuximab-resistant cells with phosphorylation, which promoted cetuximab
Rio-Vilarifio etal., 2024 [34] Italy, Spain and whether AURKA inhibition can Cetuximab + alisertib (AURKA inhibitor) AURKA inhibitor resistance. Inhibition of AURKA with alisertib
restore sensitivity reduced CSC features and restored sensitivity
to cetuximab
Determine whether SMYD3 regulates CSCs s aa Treatment of cells and patient-derived SMYD3 regulated c-Myc activity; Its
Lepore Signorile et al., 2025 [35] Ttaly through c-Myc, and whether inhibition of EM127 (SMYD3 inhibitor), SMYD3 xenografts with EM127 alone, in combination inhibition reduced self-renewal,

SMYD3/c-Myc axis suppresses CSCs

knockout, 5-FU combined with EM127

with 5-FU

tumorigenicity and enhanced 5-FU sensitivity
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Table 1. Cont.

First Author

Country

Aim

Intervention

Experimental Strategy

Main Finding

Mattiello et al., 2021 [36]

Ttaly

Determine DNA damage response targets
that can overcome CRC-SC resistance to
CHK1 inhibition, and test whether targeting
MRE11 or RAD51 sensitized CSCs to
CHK1/2 inhibitor

Prexasertib (CHK1/2 inhibitor) + mirin
(MRE11)/B02 (RAD51) inhibitors

Combination of CHK1 inhibitor with MRE11
or RAD51 inhibitors in CSC

Targeting MRE11 or RAD51 sensitized
CRC-SCs to CHK1 inhibition, forcing
damaged cells into apoptosis

Honma etal., 2019 [37]

Japan

Define how FBXW7 relates to
chemoresistance in CRC-SCs

FBXW? knockdown; 5-FU, oxaliplatin,
and irinotecan

Analysis of FBXW7 expression in
patient-derived samples and cell lines;
knockdown

FBXW?7-high associated with poor response;
FBXW? supported chemoresistance via
cell-cycle arrest, and knockdown increased
drug sensitivity

Ghosh etal., 2025 [38]

India

Determine whether orientin can reduce
5-FU-induced CRC-SCs enrichment and
suppress angiogenesis via
HIF1 o/ VEGFA axis

Orientin + 5-FU

Compared orientin, 5-FU and combination
treatment, assessing CSC markers, oxidative
stress, HIF1 o/ VEGFA expression, and
tumor growth

Combination reduced CD44+/CD133+ CSCs,
inhibited NF-«B/HIF1«/VEGFA signaling,
angiogenesis, stem genes, reduction of 5-FU

toxicity and tumor volume

Paul et al., 2023 [39]

India

Determine whether PARP inhibition can
enhance 5-FU cytotoxicity in CRC-SCs by
disrupting PARP1-MSH6-mediated mismatch
repair pathway

PARP inhibitor (veliparib/ABT-888) +
5-FU

Combination with 5-FU

Veliparib sensitized CRC-SCs to 5-FU by
disrupting the PARP1-MSH6-mediated
pathway, thereby promoting DNA damage,
apoptosis and tumor growth inhibition

Huynh et al., 2016 [40]

Australia

Test how PAK1 relates to CSC marker
upregulation and
5-FU resistance

PAKT1 inhibitor; 5-FU

Treatment of 5-FU-resistant cells with the
PAKT1 inhibitor

PAKT activity increased expression of CSC
markers, enhanced sphere formation, tumor
growth and resistance to 5-FU; inhibition
reversed
these features

Planqueetal,,
2016 [41]

France,
Australia

Test whether Pregnane X Receptor (PXR)
promotes colon CSC chemoresistance,
self-renewal and relapse

5-FU, leucovorin, irinotecan; PXR
knockdown

shRNA knockdown of PXR in CSCs;
treatment with standard chemotherapy

PXR knockdown sensitized CSCs to
chemotherapy and delayed relapse

Bergin et al., 2024 [42]

Canada,
France

Test whether DAT-G9a axis maintains CSCs
and can be drug-targeted

Vanoxerine (dopamine transporter
antagonist); DAT/G9a-axis modulation

Vanoxerine treatment and DAT /G9a-axis
modulation assessed suppression of colon
CSC self-renewal, tumor initiation, and
immune evasion

Vanoxerine inhibited colon CSCs self-renewal
and tumor initiation by suppressing
DAT-AKT /Nur77/G9a signaling, while also
promoting IFN-related immune activation

Huang etal., 2020 [43]

Taiwan

Determine whether Ovatodiolide can inhibit
colon CSCs by disrupting CSC-derived
exosomal signaling involved in 5-FU
resistance, stemness,
and TME

Ovatodiolide, 5-FU

Treatment of tumorspheres, isolation of
exosomes, and assessment of stromal
transformation with Ovatodiolide, 5-FU
or both

Ovatodiolide impaired tumorsphere-derived
exosomal 3-catenin/STAT3/miR-1246
signaling, thereby decreasing 5-FU resistance,
CAF and M2 TAM transformation, and
tumor growth
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3.1. Risk of Bias Assessment

The QUIN assessment indicated that all included in vitro experiments were of mod-
erate methodological quality. The domains most frequently rated as not specified were
outcome assessor details, blinding, and operator details. In the SYRCLE assessment of
in vivo experiments, there was a consistent pattern of unclear or high risk of bias across sev-
eral methodological domains, particularly those related to allocation concealment, random
housing, blinding of caregivers/investigators, random outcome assessment, and blinding
of outcome assessors. The risk of bias assessment is presented in Supplementary Materials
(Tables S1-54).

3.2. Adaptive Signaling Pathways

Adaptive signaling plasticity was identified in 10 studies as a central mechanism
underlying therapeutic resistance in CRC-SCs [18,21,24,27,29,30,32-34,40]. Across these
studies, resistance was consistently linked to the capacity of CRC-SCs to activate com-
pensatory signaling pathways following therapeutic exposure. In this context, inhibition
of a single kinase, including BRAF, EGFR, AURKA, and related signaling components,
frequently resulted in feedback activation of alternative survival pathways. This adaptive
redundancy enabled CSC survival under therapeutic pressure and contributed to sustained
tumor progression [18,21,24,27,29,30,32-34,40]. Collectively, these findings suggest that
CRC-SCs rely on highly flexible, adaptive, and interconnected signaling networks that may
limit the efficacy of therapeutic agents.

A prominent example of this adaptive behavior was evident in BRAF-mutant tumors,
where inhibition of BRAF kinase with vemurafenib was insufficient to achieve sustained
therapeutic response [18]. Studies using BRAF(V600E) mutant cell lines and xenograft
models suggested that resistance is mediated by a feedback-driven upregulation of epi-
dermal growth factor receptor (EGFR), which activates downstream MAPK signaling and
maintains stemness-associated proliferative capacity [18]. In this setting, combined target-
ing with dabrafenib and cetuximab was required to reduce stemness markers, including
CD44, Oct4, CBX-7, and EZH2, and to induce apoptosis, highlighting the limitations of
single-node inhibition [18]. However, the signaling adaptability in CSCs extended beyond
intrinsic feedback activation.

Adaptive signaling in CRC-SCs is further shaped by tumor microenvironment-
mediated mechanisms. Prasetyani et al. showed that stromal-derived ligand NRG-1f3
activated ErbB-3/PI3K/AKT and ERK signaling in BRAF-mutant CSCs, thereby bypassing
vemurafenib-mediated BRAF inhibition [33]. Pharmacological targeting of ErbB-3 receptors
with the EV20 monoclonal antibody effectively disrupted this compensatory pathway and
restored vemurafenib sensitivity, highlighting microenvironmental crosstalk in therapy
resistance [33].

A comparable pattern of signaling reprogramming was observed in RAS/RAF wild-
type models exposed to anti-EGFR therapy, including SW48 and C10 cell lines and patient-
derived xenografts (PDX) [34]. In this context, AURKA-mediated phosphorylation of the
transcription factor YAP1 at Ser397 promoted its stabilization and transcriptional activity,
driving a stem-like phenotype [34]. This modification induced YAP1 upregulation, which
promoted c-MET receptor expression as an alternative survival pathway [34]. Inhibition
of AURKA with alisertib effectively disrupted this response and restored sensitivity to
cetuximab, as evidenced by reduced levels of phosphorylated ERK and AKT, which are
key downstream effectors of c-MET signaling [34].

Resistance to existing therapies was also associated with the adaptive reprogramming
of downstream signaling pathways. Across MEK- and EGFR-targeted models, CRC-SCs did
not remain dependent on the initially inhibited pathway, but instead reactivated multiple
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compensatory survival networks involving PI3K/AKT, JAK/STAT, Wnt, RAS/MEK/ERK,
and PI3K/AKT/mTOR signaling axes [27,30]. Following cyclic MEK inhibition with trame-
tinib, colorectal tumor spheroids acquired CSC-like phenotypes marked by increased CD166
and ALDH1AS3 expression, alongside concurrent activation of PI3K/AKT, JAK/STAT, and
Wnt pathways [27]. Notably, dual inhibition of MAPK/PI3K signaling was insufficient
to fully suppress this adaptive state, whereas combined treatment with trametinib and
mithramycin A more effectively attenuated CSC-associated phenotypes, feedback mech-
anisms, and invasive behavior [27]. A similar pattern of broad signaling reactivation
was observed in cetuximab-resistant patient-derived CSCs, which restored activity across
PI3K/AKT/mTOR, RAS/MEK/ERK, and JAK/STAT pathways following EGFR blockade,
in contrast to cetuximab-sensitive cells, which exhibited coordinated pathway suppres-
sion [30]. Importantly, resistance in these models was not fully reversed by targeting
individual compensatory pathways, suggesting that CRC-SCs rely on integrated signaling
networks rather than one linear escape mechanism [27,30]. This was further supported by
the enhanced efficacy of combination strategies, including trametinib with mithramycin
A, which suppressed stemness, feedback mechanisms, EMT-related behavior, and inva-
siveness and by the synergy between cetuximab and PI3K/mTOR inhibition in resistant
CSCs [27,30].

This adaptive logic also extended to CD44v6-positive colorectal cancer spheroid cells,
which resisted BRAF-based combination therapy through compensatory PI3K/AKT ac-
tivation [32]. Addition of a PI3K inhibitor to the BRAF/EGFR/HER2-targeted treatment
transiently reduced CD44v6-positive cells, sphere formation, and xenograft growth; how-
ever, tumors regrew after treatment withdrawal [32]. This resistance was supported by ele-
vated Myc levels, a transcription factor from the PI3K/AKT/mTOR axis [32]. Concomitant
PI3K inhibition with taselisib, together with indirect Myc suppression via CDK inhibition,
reduced cancer-associated fibroblast (CAF)-mediated protection, attenuated PI3K/AKT
signaling activity and Myc expression, and inhibited xenograft tumor progression [32].

Beyond the major MAPK, PI3K/AKT, and receptor tyrosine kinase networks, several
studies identified additional regulatory axes that supported CRC-SC resistance. Although
these mechanisms were more heterogeneous, involving kinase activation, lipid-mediated
signaling and microRNA-dependent pathway control, they converged on the preservation
of stemness and treatment resistance. p21-activated kinasel (PAK1) signaling represented
one such kinase-dependent mechanism [40]. PAK1 contributed to 5-fluorouracil (5-FU)
resistance by upregulating the expression of stem cell markers, including CD44, Nanog,
and Bmil, while PAK1 inhibition reduced CSC-associated features and increased 5-FU
sensitivity [40]. MicroRNA-mediated regulation was also implicated in CRC-SC resis-
tance: miR-199a/b promoted cisplatin resistance by targeting GSK3f and activating the
Wnt/ 3-catenin/ ABCG2 axis [24], while the transcription factor E2F7 promoted stemness
by repressing miR-199b, thereby stabilizing the MAPK pathway via USP47 [21].

Collectively, these studies demonstrate that CRC-SCs employ redundant and highly
flexible survival mechanisms under therapeutic pressure. Although the certainty of in-
dividual pathway-specific conclusions is limited by heterogeneity in treatment context,
mutational background, and signaling readouts, adaptive signaling plasticity should be
interpreted as a recurrent and well-established pattern in CRC-SC resistance. Rather than
depending on a single dominant pathway, they dynamically rewire and switch between
multiple signaling networks to preserve stemness and therapeutic resistance.

3.3. Epigenetic and Transcriptional Reprogramming

Therapeutic resistance in CRC-SCs was further linked to epigenetic changes and
transcriptional mechanisms that preserve stem-like states, regulate drug metabolism, and
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modulate treatment susceptibility. Four studies examined these mechanisms, including
nuclear receptor-driven transcriptional regulation, histone and protein methylation, and
dormancy-associated cell-state control [35,37,41,42]. Although these studies focused on dis-
tinct regulatory layers, they converged on a shared principle: CRC-SCs evade therapy not
only through activation of signaling pathways but also via epigenetic and transcriptional
reprogramming, thereby reducing drug responsiveness [35,37,41,42].

One major mechanism involved transcriptional control of drug metabolism and efflux,
specifically through the pregnane X receptor (PXR)-mediated transcriptional regulation [41].
In CSC-enriched spheroids, increased PXR activity was positively correlated with CSC
marker expression and PXR target genes, including drug efflux transporters (ABCG2)
and metabolic enzymes (CYP3A4) [41]. PXR inhibition reduced CSC enrichment, sphere-
forming potential, chemoresistance, and post-chemotherapy tumor relapse in xenograft
models [41]. These findings highlight transcriptional control of drug metabolism as a key
determinant of CSC-mediated therapeutic resistance.

A related theme was that epigenetic regulators maintained CSC identity through the
control of stemness-associated transcriptional programs. SMYD3-mediated methylation
of c-Myc was identified as one such mechanism, in which SMYD3 interacted with c-Myc
and methylated it at K158/K163, thereby supporting c-Myc transcriptional activity and the
expression of stemness-associated target genes [35]. Pharmacological inhibition of SMYD3
with EM127 reduced tumorsphere formation, CSC marker expression, invasion, and tumor
growth. EM127 also enhanced 5-FU-induced apoptosis [35]. Thus, these findings suggest
that SMYD3 contributes to therapeutic resistance by sustaining c-Myc-dependent stemness
programs, rather than primarily through modulation of drug efflux [35].

Histone methylation also contributed to CSC maintenance via the DAT-G9a axis.
Vanoxerine, a dopamine transporter antagonist, suppressed CSC self-renewal by targeting
a DAT-associated AKT/Nur77/G9a pathway [42]. This was associated with decreased neo-
plastic stemness, reduced tumor initiation, and increased tumor immune-cell infiltration,
including type-1 IFN-related immune activation, in preclinical models [42]. Together, these
findings suggest that methylation-dependent regulation sustains the CRC-SC phenotype
at multiple regulatory levels, including both direct modulation of oncogenic transcrip-
tional programs and chromatin-associated remodeling. Furthermore, resistance was also
linked to dormancy-associated cell-state regulation [37]. FBXW7 facilitated survival by
maintaining CSCs in a dormant, non-dividing state, thereby reducing their susceptibility to
chemotherapy. Silencing FBXW7 promoted cell-cycle reentry and increased treatment sus-
ceptibility [37]. Unlike mechanisms centered on drug metabolism or stemness-associated
transcriptional programes, this strategy confers resistance primarily through preservation of
a therapy-insensitive cellular state.

Together, these studies indicate that epigenetic and transcriptional mechanisms con-
tribute to CRC-SC resistance by preserving stem-like states, regulating drug metabolism,
and modulating treatment susceptibility. The evidence was strengthened using patient-
derived models, organoids, xenografts, and pharmacological perturbation experiments.
However, the studies differed in targets, CSC-enrichment strategies, and therapeutic con-
texts. Therefore, although these findings support epigenetic and transcriptional reprogram-
ming as an important contributor to CRC-SC resistance, the relevance of each finding across
broader CRC molecular subtypes and treatment strategies remains to be established.

3.4. DNA Damage Response and Apoptosis

CRC-SCs were shown to resist cytotoxic therapies through enhanced DNA damage
repair, checkpoint activation, and evasion of apoptosis. Across four identified studies,
CRC-5Cs survived cytotoxic stress through activation of checkpoint kinases, homologous
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recombination, mismatch-repair-related mechanisms, and suppression of death receptor-
mediated apoptosis [26,31,36,39].

One key component of this response was the checkpoint kinase CHK1, which regulates
cellular responses to replication stress and DNA damage [31]. When activated, CHK1 helps
preserve genomic integrity by delaying cell-cycle progression and allowing DNA repair
before mitosis begins. In one study, treating CSCs with the synthetic alkaloid NORA234
induced genotoxic stress, but stem cells survived by upregulating CHK1 [31]. The addition
of a CHK1 inhibitor prevented this upregulation, leading to a decrease in CD44v6+ stem
cells, which are associated with constitutive Wnt pathway activation [31]. The importance
of CHK1-mediated protection was further supported by Mattiello et al., who showed that
the CHK1 inhibitor had limited efficacy when used alone; however, combining it with
inhibitors of homologous recombination, such as RAD51 or DNA break-sensing MRE11,
improved the outcome [36]. This combination increased replication stress, disrupted
checkpoint control, and promoted premature mitotic entry, thereby eradicating CRC-SCs
through caspase-dependent apoptosis [36]. These findings indicate that DNA damage
tolerance in CRC-SCs involves coordinated checkpoint and repair mechanisms rather than
a single protective pathway.

Alongside checkpoint modulation, CSCs used mismatch-repair (MMR)-associated
mechanisms to survive under 5-FU therapy. The PARP inhibitor veliparib facilitated 5-
FU cytotoxicity by inhibiting PARP1-mediated PARylation and disrupting the interaction
between PARP1 and MSH6, a mismatch repair protein. This led to S-phase arrest and
apoptosis [39]. Despite DNA damage, CSCs can still proliferate by interfering with death
receptor-mediated apoptotic pathways. For example, Huang et al. reported that CD133+
colon CSCs evade Fas-mediated apoptosis [26]. This effect was mediated by overexpres-
sion of Fas-associated phosphatase 1 (Fap1), which neutralized Fas-dependent apoptotic
signaling. Inhibition of Fap1 restored Fas-dependent apoptosis and increased oxaliplatin
sensitivity in this stem-like compartment [26].

These findings indicate that CRC-5Cs resist cytotoxic therapy through two complemen-
tary strategies: mitigating the consequences of DNA damage and suppressing apoptosis.
This dual protection may allow CSCs to survive genotoxic stress and persist after treatment.
However, the relevance of these findings is limited to study-specific constraints, including
reliance on selected CSC marker-defined populations, limited assessment across broader
CSC phenotypes, and incomplete validation in metastatic models. Therefore, DNA damage
response and apoptotic regulation appear to represent an important mechanistic vulnerabil-
ity, but their relevance remains to be established in clinically diverse CRC-SC populations.

3.5. Tumor Microenvironment and Immune Evasion

TME resistance was described in two studies [19,20], both of which showed that
CRC-5C survival was shaped by extrinsic cytokine, immune, and metabolic signals rather
than by cell-intrinsic mechanisms alone. Although these studies examined different ther-
apeutic strategies, they shared a common concept: CRC-SCs can exploit microenviron-
mental signals to preserve stemness, evade immune-mediated elimination, and reduce
treatment sensitivity.

In bevacizumab-resistant CRC-SCs, this protection was mediated through the activa-
tion of the IL-22/STAT3 axis. Resistant CD133/EpCAM-positive CSCs showed increased
expression of IL-22, IL-22R, GP130, and STAT3, along with enhanced tumorigenicity in
xenograft models. Functionally, blocking IL-22 reduced stemness markers, including
Oct4, Sox2, EpCAM, and CD133, as well as angiogenic mediators such as VEGF and
VEGER [20]. Moreover, when combined with bevacizumab, IL-22 inhibition further sup-
pressed xenograft tumor growth, suggesting that IL-22/STAT3 supports both CSC mainte-
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nance and resistance to antiangiogenic agents [20]. While this mechanism demonstrates
how cytokine signaling can sustain CSC features and antiangiogenic resistance, the second
study extended the role of the tumor microenvironment to immune escape under hypoxic
conditions. Under these conditions, co-culturing with NK cells induced upregulation of the
FADS1/DDA axis in CRC-SCs, suppressing NK cell cytotoxicity and reducing IFN-y/TNF-
o secretion [19]. The same co-culture conditions were also associated with increased IL-6
secretion, suggesting broader cytokine dysregulation during CRC-SC immune evasion [19].

Together, these studies show that CRC-SC resistance is shaped not only by cell-intrinsic
programs but also by hypoxic, immune, and cytokine-mediated signals within the sur-
rounding microenvironment. Nevertheless, the strength of evidence differed between
studies: the IL-22/STAT3 mechanism reported by Qin et al. was supported by both in vitro
and in vivo models [20], whereas the FADS1/DDA mechanism was derived mainly from
an in vitro hypoxic co-culture model [19]. Accordingly, TME-mediated resistance should be
interpreted as a biologically plausible but still hypothesis-generating mechanism requiring
further confirmation in standardized in vivo models, patient-derived models, and clinically
relevant samples.

3.6. Natural Compound-Derived Interventions

Six studies evaluated natural compound-derived agents as potential sensitizing agents
against CRC-SCs [22,23,25,28,38,43]. Across these studies, the agents affected both intrinsic
CSC-associated pathways and extrinsic microenvironmental processes, including Wnt/ 3-
catenin signaling, Notch signaling, angiogenesis, exosomal communication, macrophage-
associated inflammation, and EMT-related pathways.

One study reported that 5-FU exposure enriched CSC-like populations. Metformin, in
combination with the Wnt inhibitor ICG-001, reduced this resistance by inducing apoptosis
and autophagy [22]. This combination inhibited Wnt/ 3-catenin signaling and decreased
the expression of CSC-associated core markers, including CD44 and Oct4.

Sulforaphane (SEN), an isothiocyanate phytochemical found in cruciferous vegetables,
was evaluated in two studies. Two independent studies suggested that SFN suppressed
CRC-SC properties by modulating stemness-associated regulatory axes [23,25]. First, SFN
was found to downregulate ANp63a expression, which is responsible for the expression
of key stemness transcription factors, including Nanog, Oct4, and Sox2 [23]. This was
associated with reduced tumorsphere formation and decreased expression of CSC mark-
ers, including CD133, CD44, and Lgr5. Furthermore, SEN also acted as an inhibitor of
the ZNF217/Notch pathway. ZNF217 usually activates the Notch signaling pathway to
maintain stemness, but SEN administration decreased the levels of ZNF217 and Notchl
proteins [25].

Orientin, a natural flavonoid, was investigated in combination with 5-FU. 5-FU was
associated with angiogenesis and systemic toxicity, whereas orientin attenuated these ef-
fects. Mechanistically, orientin reduced NF-«B expression and HIF1a activity, disrupting
the NF-«B/HIF1a/VEGFA axis and downregulating VEGF production, thus inhibiting
angiogenesis, which is necessary for tumor growth and development [38]. In vivo mod-
els indicated that the combination of orientin and 5-FU reduced CD44+/CD133+ CSC
populations, tumor volume, and 5-FU-associated hepatotoxicity and nephrotoxicity [38].

Ovatodiolide, a small-molecule phytochemical, was shown to target exosome-
mediated communication in colorectal tumorspheres. Colorectal tumorspheres released
exosomes carrying oncogenic signals that supported CSC properties and TME [43]. Ova-
todiolide prevented this trafficking, thereby decreasing exosomal transport of 3-catenin,
p-STATS3, IL-6, TGF-f31, and miR-1246 [43]. Through this mechanism, ovatodiolide reduced
the conversion of normal fibroblasts into CAFs and limited M2 macrophage polariza-
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tion [43]. Likewise, ovatodiolide was shown to decrease CSC colony formation, migration,
and 5-FU resistance, potentially through interference with (3-catenin/STAT3/miR-1246-
mediated exosomal signaling [43].

A marine omega-3 fatty acid-derived compound, diHEP-DPA (7S,15R-dihydroxy-
16S,175-epoxy-docosapentaenoic acid), was investigated in the context of 5-FU-associated
macrophage-mediated chemoresistance [28]. Prolonged 5-FU treatment was associated with
increased M2-like tumor-associated macrophage (TAM) features and secretion of growth
factors, including VEGF and IL-6 [28]. These factors may contribute to chemoresistance.
DiHEP-DPA was suggested to suppress M2-like TAM-associated signaling by inhibiting
the NF-«B signaling pathway. It also interfered with epithelial-mesenchymal transition
(EMT) through inhibition of the STAT3 signaling pathway [28].

Collectively, these studies suggest that natural compound-derived agents may reduce
CRC-SC-associated resistance by targeting multiple signaling, metabolic, angiogenic, and
microenvironmental mechanisms. However, the strength of the evidence should be inter-
preted cautiously because the studies were heterogeneous in design, model systems, tested
agents, and outcome measures. Together with the moderate methodological quality of the
in vitro studies and unclear or high risk-of-bias concerns in several in vivo domains, these
limitations indicate that natural compound-derived agents should be considered promising
preclinical sensitizers rather than clinically established therapeutic agents.

4. Discussion

The present systematic review synthesized preclinical evidence on molecular mecha-
nisms underlying modern therapy resistance in CRC-5Cs, drawing on 26 included in vitro
and/or in vivo studies. Although the included studies were heterogeneous in design
and reported outcomes, the findings collectively indicate that therapeutic resistance in
CRC-5Cs is not driven by a single dominant mechanism but rather by an adaptive, mul-
tilayered regulatory network. Key contributors include adaptive signaling pathways,
epigenetic reprogramming, enhanced DNA damage response, and interactions with the
tumor microenvironment, which together establish a coordinated survival system under
therapeutic stress.

A central observation from the included preclinical evidence was that CRC-SC-
associated resistance appears to be strongly linked to cellular plasticity. Instead of relying
on fixed resistance programs, CRC-SCs may dynamically adapt to therapeutic pressure
through the activation of compensatory signaling networks. The involvement of signaling
pathways in CSC-mediated resistance has been extensively described in previous stud-
ies [44—46]. Consistent with this literature, the present systematic review identified the
MAPK, JAK/STAT, PI3K/AKT/mTOR, and Wnt/ 3-catenin pathways as key regulators of
tumorigenesis and CSC-associated resistance mechanisms. Importantly, these pathways do
not function independently but are interconnected through extensive crosstalk, forming a
coordinated signaling network. This interdependence helps explain why inhibition of a
single pathway is frequently insufficient to produce durable therapeutic effects.

In addition, alterations in BRAF and RAS contribute significantly to therapeutic resis-
tance in CRC-SCs. This form of resistance may be partially overcome through combination
treatment strategies, for example, BRAF(V600E)-mutant CRC often exhibits limited respon-
siveness to BRAF inhibition due to feedback activation of EGFR signaling, which sustains
downstream proliferative and survival pathways. However, combined inhibition of BRAF
and EGFR has been shown to disrupt this compensatory axis, thereby enhancing cytotoxi-
city and promoting cell-cycle arrest [18]. These findings further highlight the molecular
heterogeneity underlying resistance in CRC-SCs. From a translational perspective, they
suggest that genetic and pathway-based profiling may be useful in future studies to define
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molecular contexts in which specific CSC-associated resistance mechanisms are relevant.
However, because the evidence synthesized here is preclinical, the use of these mechanisms
for patient stratification or treatment selection requires validation in clinically relevant
patient cohorts and prospective studies.

Importantly, the findings of this review indicate that CRC-SC resistance is not solely
determined by cell-intrinsic mechanisms but is also substantially reinforced by the TME.
Hypoxic conditions within the TME, together with dynamic interactions among stromal
and immune cells, promote and maintain stem-like phenotypes [47,48]. In particular, hy-
poxic environments have been associated with immune evasion through activation of the
FADS1/DDA axis. Although a therapeutic agent such as bevacizumab, a VEGF inhibitor,
has been reported to improve chemosensitivity [49], its efficacy may be attenuated by
microenvironmental signals. For example, IL-22, secreted from the microenvironment,
can activate STAT3 signaling in CRC-SCs, thereby reducing sensitivity to anti-VEGF ther-
apy. Conversely, preclinical findings suggest that certain therapeutic combinations may
counteract these resistance mechanisms. For instance, the natural compound orientin,
when combined with 5-FU, has been shown to inhibit angiogenesis in CSCs through the
suppression of the HIF1a/VEGFA axis.

Conventional anticancer therapies effectively eliminate the bulk of tumor cells; how-
ever, a subpopulation of CSCs often persists and is implicated in tumor relapse [50].
Notably, certain treatments, including 5-FU and BRAF inhibitors, have been reported to
paradoxically enrich the CSC population [28,38]. Similar observations have been described
in gastric cancer, where 5-FU exposure was associated with increased stemness, tumori-
genicity, and self-renewal [51]. In parallel, studies in breast cancer have demonstrated that
chemotherapy can lead to the elevated expression of CSC markers in breast cancer stem
cells [50]. These findings suggest that conventional therapies may inadvertently select
for or induce stem-like phenotypes, thereby contributing to disease recurrence. These
observations provide a rationale for further preclinical evaluation of combination strategies
designed to target both differentiated tumor cells and CSC populations. However, whether
such approaches reduce relapse risk in patients remains to be established clinically.

To the best of our knowledge, this is the first systematic review of preclinical evidence
on molecular mechanisms of resistance in CRC-SCs. Inclusion of both in vivo and in vitro
models, as well as patient-derived samples in selected studies, enabled comparison of
resistance mechanisms across different experimental systems, thereby enhancing the ro-
bustness and translational relevance of the synthesis. However, this approach had several
limitations. Firstly, although all included studies incorporated in vitro experiments, and
20 employed in vivo models, these systems cannot fully recapitulate the complexity of
human tumor biology. Consequently, the mechanisms identified in this review should be
regarded as preclinical evidence rather than direct clinical proof and will require further
validation in clinical datasets. Secondly, some studies reported molecular findings derived
from relatively small cohorts of CRC patients, which may limit the generalizability of the
results to broader populations. Thirdly, due to heterogeneity in study designs and the
limited methodological quality of the included studies, the findings of the current review
should be interpreted with caution.

The findings of this review have several potential translational implications. The
preclinical evidence suggests that CRC-SC-associated resistance is unlikely to be explained
by a single pathway, as these cells appear to rely on multiple interconnected signaling
networks. Accordingly, future translational studies may benefit from evaluating CSC-
associated biomarkers and functional CSC phenotypes alongside conventional measures of
treatment response. Such work could help determine whether CSC-related mechanisms
are relevant to patient stratification. In addition, natural compound-derived agents may

https://doi.org/10.3390/ijms27146285


https://doi.org/10.3390/ijms27146285

Int. J. Mol. Sci. 2026, 27, 6285

15 of 19

warrant further preclinical studies as potential sensitizers, particularly where they appear to
have an effect on multiple CSC-associated resistance pathways. However, their therapeutic
relevance requires investigation in standardized models and, ultimately, clinical studies.

5. Conclusions

CRC-SC-mediated resistance appears to arise from a coordinated network of adaptive
mechanisms rather than a single dominant pathway. Across the included studies, the
resistance to therapeutic stress was supported by signaling plasticity, epigenetic and tran-
scriptional reprogramming, enhanced DNA damage response, evasion of apoptosis, and
tumor microenvironment-mediated protection. However, the available evidence remains
predominantly preclinical and heterogeneous, with most findings derived from in vivo,
in vitro, and selected patient-derived models. Therefore, these mechanisms should be in-
terpreted as biologically plausible contributors to resistance, but not as clinically validated
determinants of treatment response. Future studies should prioritize clinically relevant
models and combination approaches that evaluate both intrinsic CSC plasticity and ex-
trinsic components of the tumor microenvironment. Such strategies may help clarify the
translational relevance of CRC-SC resistance and develop more durable therapeutic agents.
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Abbreviations

The following abbreviations are used in this manuscript:

5-FU 5-fluorouracil

ABCG2 ATP-binding cassette subfamily G member 2

AKT Protein kinase B

ALDHA3 Aldehyde dehydrogenase 1 family member A3
AURKA Aurora kinase A

Bmil B lymphoma Mo-MLYV insertion region 1 homolog
BRAF serine/threonine-protein kinase B-Raf

BRAF (V600E) BRAF valine-to-glutamate substitution at codon 600
c-MET Mesenchymal-epithelial transition factor

CAF Cancer-associated fibroblast

CBX-7 Chromobox protein homolog 7

CDK Cyclin-dependent kinase

CHK1 Checkpoint kinase 1

CRC Colorectal cancer
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CsC Cancer stem cell
CRC-SCs Colorectal cancer stem cells
DAT Dopamine transporter
DHA Docosahexaenoic acid
diHEP-DPA 75,15R-dihydroxy-16S,175-epoxy-docosapentaenoic acid
EGFR Epidermal growth factor receptor
EMT Epithelial-mesenchymal transition
ErbB-3 Erb-b2 receptor tyrosine kinase 3
ERK Extracellular signal-regulated kinase
EZH2 Enhancer of zeste homolog 2
Fapl Fas-associated phosphatase 1
GSK31p3 glycogen synthase kinase 3 beta
IL-6 Interleukin 6
IL-22 Interleukin 22
JAK Janus kinase
MAPK Mitogen-activated protein kinase
MEK Mitogen-activated protein kinase kinase
MMR Mismatch repair
miR MicroRNA
mTOR Mechanistic target of rapamycin
NK Natural killer
NRG-1 Neuregulin-1 beta
Oct4 Octamer-binding transcription factor 4
PAK1 P-21 activated kinase 1
PDX Patient-derived xenograft
PI3K Phosphoinositide 3-kinase
RPPA Reverse phase protein array
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PXR Pregnane X receptor
QUIN Quality Assessment Tool for In Vitro Studies
Ras Rat sarcoma virus
S1PR1 Sphingosine-1-phosphate receptor 1
SFN Sulforaphane
SPHK1 Sphingosine kinase 1
STAT3 Signal transducer and activator of transcription 3
STAT Signal transducer and activator of transcription
SYRCLE Systematic Review Centre for Laboratory animal Experimentation
TAM Tumor-associated macrophages
TME Tumor microenvironment
TRAIL Tumor necrosis factor-related apoptosis-inducing ligand
usSp47 Ubiquitin-specific peptidase 47
VEGF Vascular endothelial growth factor
Wnt Wingless signaling pathway
YAP1 Yes-associated protein 1
ZNF217 Zinc finger protein 217
References
1.  Filho, A.M.; Laversanne, M.; Ferlay, J.; Colombet, M.; Pifieros, M.; Znaor, A.; Parkin, D.M.; Soerjomataram, I.; Bray, F. The

GLOBOCAN 2022 cancer estimates: Data sources, methods, and a snapshot of the cancer burden worldwide. Int. J. Cancer 2024,
156, 1336-1346. [CrossRef] [PubMed]

Wu, S.; Zhang, Y.; Lin, Z.; Wei, M. Global burden of colorectal cancer in 2022 and projections to 2050: Incidence and mortality
estimates from GLOBOCAN. BMC Cancer 2025, 25, 1770. [CrossRef] [PubMed]

Haynes, ].; Manogaran, P. Mechanisms and Strategies to Overcome Drug Resistance in Colorectal Cancer. Int. . Mol. Sci. 2025,
26, 1988. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.3390/ijms27146285


https://doi.org/10.1002/ijc.35278
https://www.ncbi.nlm.nih.gov/pubmed/39688499
https://doi.org/10.1186/s12885-025-15138-0
https://www.ncbi.nlm.nih.gov/pubmed/41239247
https://doi.org/10.3390/ijms26051988
https://www.ncbi.nlm.nih.gov/pubmed/40076613
https://pmc.ncbi.nlm.nih.gov/articles/PMC11901061
https://doi.org/10.3390/ijms27146285

Int. J. Mol. Sci. 2026, 27, 6285 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

El-Tanani, M.; Rabbani, S.A.; Satyam, S.M.; Rangraze, I.R.; Wali, A.E; El-Tanani, Y.; Aljabali, A.A.A. Deciphering the Role of
Cancer Stem Cells: Drivers of Tumor Evolution, Therapeutic Resistance, and Precision Medicine Strategies. Cancers 2025, 17, 382.
[CrossRef] [PubMed]

Barjij, I.; Meliani, M. Cancer stem cells and post-therapy tumour recurrence: A systematic review of mechanistic pathways and
translational gaps. Ecancermedicalscience 2025, 19, 2016. [CrossRef] [PubMed] [PubMed Central]

Duan, Y,; Li, A.; Miao, D.; Tan, D.; Wang, K.; Shi, J. Colorectal cancer stem cells crosstalk in tumor immune microenvironment and
targeted therapeutic strategies. Front. Immunol. 2025, 16, 1714954. [CrossRef] [PubMed]

Nairuz, T.; Mahmud, Z.; Manik, R.K.; Kabir, Y. Cancer stem cells: An insight into the development of metastatic tumors and
therapy resistance. Stem Cell Rev. Rep. 2023, 19, 1577-1595. [CrossRef] [PubMed]

Ebrahimi, N.; Afshinpour, M.; Fakhr, S.S.; Kalkhoran, P.G.; Shadman-Manesh, V.; Adelian, S.; Beiranvand, S.; Rezaei-Tazangi, F;
Khorram, R.; Hamblin, M.R.; et al. Cancer stem cells in colorectal cancer: Signaling pathways involved in stemness and therapy
resistance. Crit. Rev. Oncol. 2023, 182, 103920. [CrossRef] [PubMed]

Lee, H.; Kim, B,; Park, J.; Park, S.; Yoo, G.; Yum, S.; Kang, W.; Lee, ].-M.; Youn, H.; Youn, B. Cancer stem cells: Landscape,
challenges and emerging therapeutic innovations. Signal Transduct. Target. Ther. 2025, 10, 248. [CrossRef] [PubMed]

Tiwari, N.; Mishra, J.; Singh, N.; Mishra, S.K.; Trisal, M.; Verma, S. Epigenetics and cancer stem cells—The world of cancer genesis:
A review. J. Cancer Res. Ther. 2025, 21, 5-9. [CrossRef] [PubMed]

Chu, X; Tian, W.; Ning, J.; Xiao, G.; Zhou, Y.; Wang, Z.; Zhai, Z.; Tanzhu, G.; Yang, J.; Zhou, R. Cancer stem cells: Advances in
knowledge and implications for cancer therapy. Signal Transduct. Target. Ther. 2024, 9, 170. [CrossRef] [PubMed]
Roma-Rodrigues, C.; Mendes, R.; Baptista, P.V.; Fernandes, A.R. Targeting Tumor Microenvironment for Cancer Therapy. Int. J.
Mol. Sci. 2019, 20, 840. [CrossRef] [PubMed]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef] [PubMed]

Mullard, A. FDA approves first CAR T therapy. Nat. Rev. Drug Discov. 2017, 16, 669. [CrossRef] [PubMed]

Sheth, V.H.; Shah, N.P; Jain, R.; Bhanushali, N.; Bhatnagar, V. Development and validation of a risk-of-bias tool for assessing
in vitro studies conducted in dentistry: The QUIN. J. Prosthet. Dent. 2024, 131, 1038-1042. [CrossRef] [PubMed]

Hooijmans, C.R.; Rovers, M.M.; de Vries, R.B.M.; Leenaars, M.; Ritskes-Hoitinga, M.; Langendam, M.W. SYRCLE’s Risk of Bias
Tool for Animal Studies. BMC Med. Res. Methodol. 2014, 14, 43. [CrossRef] [PubMed]

Popay, J.; Roberts, H.; Sowden, A.; Petticrew, M.; Arai, L.; Rodgers, M.; Britten, N.; Roen, K.; Duffy, S. Guidance on the Conduct of
Narrative Synthesis in Systematic Reviews: A Product from the ESRC Methods Programme; University of Lancaster: Lancaster, UK,
2006. [CrossRef]

Wu, Z,; Huang, M.; Gong, Y.; Lin, C.; Guo, W. BRAF and EGFR inhibitors synergize to increase cytotoxic effects and decrease stem
cell capacities in BRAF(V600E)-mutant colorectal cancer cells. Acta Biochim. Biophys. Sin. 2018, 50, 355-361. [CrossRef] [PubMed]
Geng, S.; Zhu, L.; Wang, Y.; Liu, Q.; Yu, C.; Shi, S.; Yu, S. Co-Colorectal cancer stem cells employ the FADS1/DDA axis to evade
NK cell-mediated immunosuppression after co-cultured with NK cells under hypoxia. Int. Immunopharmacol. 2024, 143, 113535.
[CrossRef] [PubMed]

Qin, X.; Ruan, H.; Yuan, L.; Lin, L. Colorectal cancer tumor stem cells mediate bevacizumab resistance through the signal
IL-22-STAT3 signaling pathway. 3 Biotech 2023, 13, 1-9. [CrossRef] [PubMed]

Guo, X; Liu, L.; Zhang, Q.; Yang, W.; Zhang, Y. E2F7 Transcriptionally Inhibits MicroRNA-199b Expression to Promote USP47,
Thereby Enhancing Colon Cancer Tumor Stem Cell Activity and Promoting the Occurrence of Colon Cancer. Front. Oncol. 2020,
10, 565449. [CrossRef] [PubMed]

Roy, S.; Zhao, Y.; Yuan, Y.C.; Goel, A. Metformin and ICG-001 Act Synergistically to Abrogate Cancer Stem Cells-Mediated
Chemoresistance in Colorectal Cancer by Promoting Apoptosis and Autophagy. Cancers 2022, 14, 1281. [CrossRef] [PubMed]
Chen, Y.; Wang, M.H.; Wu, J.Y.; Zhu, ].Y,; Xie, C.F; Li, X.T.; Wu, ].S.; Geng, S.S.; Li, Y.D.; Han, H.Y.; et al. ANp63«x mediates
sulforaphane suppressed colorectal cancer stem cell properties through transcriptional regulation of Nanog/Oct4/Sox2. |. Nutr.
Biochem. 2022, 107, 109067. [CrossRef] [PubMed]

Chen, B.; Zhang, D.; Kuai, J.; Cheng, M.; Fang, X.; Li, G. Upregulation of miR-199a/b contributes to cisplatin resistance via
Wnt/ 3-catenin-ABCG?2 signaling pathway in ALDHA1(+) colorectal cancer stem cells. Tumor Biol. 2017, 39, 1010428317715155.
[CrossRef] [PubMed]

Wang, M,; Tang, L.; Chen, S.; Wang, L.; Wu, J.; Zhong, C.; Li, Y.; Chen, Y. ZNF217-activated Notch signaling mediates sulforaphane-
s uppressed stem cell properties in colorectal cancer. . Nutr. Biochem. 2024, 125, 109551. [CrossRef] [PubMed]

Huang, W.; Bei, L.; Eklund, E.A. Inhibition of Fas associated phosphatase 1 (Fap1) facilitates apoptosis of colon cancer stem cells
and enhances the effects of oxaliplatin. Oncotarget 2018, 9, 25891-25902. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27146285


https://doi.org/10.3390/cancers17030382
https://www.ncbi.nlm.nih.gov/pubmed/39941751
https://doi.org/10.3332/ecancer.2025.2016
https://www.ncbi.nlm.nih.gov/pubmed/41561527
https://pmc.ncbi.nlm.nih.gov/articles/PMC12812827
https://doi.org/10.3389/fimmu.2025.1714954
https://www.ncbi.nlm.nih.gov/pubmed/41346579
https://doi.org/10.1007/s12015-023-10529-x
https://www.ncbi.nlm.nih.gov/pubmed/37129728
https://doi.org/10.1016/j.critrevonc.2023.103920
https://www.ncbi.nlm.nih.gov/pubmed/36702423
https://doi.org/10.1038/s41392-025-02360-2
https://www.ncbi.nlm.nih.gov/pubmed/40759634
https://doi.org/10.4103/jcrt.jcrt_388_24
https://www.ncbi.nlm.nih.gov/pubmed/40214347
https://doi.org/10.1038/s41392-024-01851-y
https://www.ncbi.nlm.nih.gov/pubmed/38965243
https://doi.org/10.3390/ijms20040840
https://www.ncbi.nlm.nih.gov/pubmed/30781344
https://doi.org/10.1136/bmj.n71
https://www.ncbi.nlm.nih.gov/pubmed/33782057
https://doi.org/10.1038/nrd.2017.196
https://www.ncbi.nlm.nih.gov/pubmed/28959944
https://doi.org/10.1016/j.prosdent.2022.05.019
https://www.ncbi.nlm.nih.gov/pubmed/35752496
https://doi.org/10.1186/1471-2288-14-43
https://www.ncbi.nlm.nih.gov/pubmed/24667063
https://doi.org/10.13140/2.1.1018.4643
https://doi.org/10.1093/abbs/gmy018
https://www.ncbi.nlm.nih.gov/pubmed/29534162
https://doi.org/10.1016/j.intimp.2024.113535
https://www.ncbi.nlm.nih.gov/pubmed/39488917
https://doi.org/10.1007/s13205-023-03742-5
https://www.ncbi.nlm.nih.gov/pubmed/37663749
https://doi.org/10.3389/fonc.2020.565449
https://www.ncbi.nlm.nih.gov/pubmed/33489876
https://doi.org/10.3390/cancers14051281
https://www.ncbi.nlm.nih.gov/pubmed/35267590
https://doi.org/10.1016/j.jnutbio.2022.109067
https://www.ncbi.nlm.nih.gov/pubmed/35609851
https://doi.org/10.1177/1010428317715155
https://www.ncbi.nlm.nih.gov/pubmed/28639895
https://doi.org/10.1016/j.jnutbio.2023.109551
https://www.ncbi.nlm.nih.gov/pubmed/38134973
https://doi.org/10.18632/oncotarget.25401
https://www.ncbi.nlm.nih.gov/pubmed/29899829
https://doi.org/10.3390/ijms27146285

Int. J. Mol. Sci. 2026, 27, 6285 18 of 19

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Lamichhane, A.; Shahi Thakuri, P; Singh, S.; Rafsanjani Nejad, P.; Heiss, J.; Luker, G.D.; Tavana, H. Therapeutic Targeting of
Cancer Stem Cells Prevents Resistance of Colorectal Cancer Cells to MEK Inhibition. ACS Pharmacol. Transl. Sci. 2022, 5, 724-734.
[CrossRef] [PubMed]

Su, Y.; Choi, H.S.; Choi, ].H.; Kim, H.S.; Jang, Y.S.; Seo, ].W. 75,15R-Dihydroxy-16S,17S-epoxy-docosapentaenoic Acid Overcomes
Chemoresistance of 5-Fluorouracil by Suppressing the Infiltration of Tumor-Associated Macrophages and Inhibiting the Activation
of Cancer Stem Cells in a Colorectal Cancer Xenograft Model. Mar. Drugs 2023, 21, 80. [CrossRef] [PubMed]

Kim, S.L.; Shin, M.W.; Jin, B.C.; Seo, S.Y.; Kim, S.W. The Combination of PF-543 and TRAIL Effectively Induces Apoptotic Cell
Death and Inhibits Stem Cell-Like Properties Through the SPHK1/S1PR1/STAT3 Pathway in TRAIL-Resistant Colorectal Cancer
Cells. Dig. Dis. Sci. 2025, 70, 3041-3055. [CrossRef] [PubMed]

De Angelis, M.L.; Zeuner, A.; Policicchio, E.; Russo, G.; Bruselles, A.; Signore, M.; Vitale, S.; De Luca, G.; Pilozzi, E.; Boe, A.; et al.
Cancer Stem Cell-Based Models of Colorectal Cancer Reveal Molecular Determinants of Therapy Resistance. Stem Cells Transl.
Med. 2016, 5, 511-523. [CrossRef] [PubMed]

Di Franco, S.; Parrino, B.; Gaggianesi, M.; Pantina, V.D.; Bianca, P.; Nicotra, A.; Mangiapane, L.R.; lacono, M.L.; Ganduscio, G.;
Veschi, V.; et al. CHK1 inhibitor sensitizes resistant colorectal cancer stem cells to nortopsentin. iScience 2021, 24, 102664.
[CrossRef] [PubMed]

Gaggianesi, M.; Mangiapane, L.R.; Modica, C.; Pantina, V.D.; Porcelli, G.; Di Franco, S.; Lo Iacono, M.; D’Accardo, C.; Verona, E,;
Pillitteri, I.; et al. Dual Inhibition of Myc Transcription and PI3K Activity Effectively Targets Colorectal Cancer Stem Cells. Cancers
2022, 14, 673. [CrossRef] [PubMed]

Prasetyanti, PR.; Capone, E.; Barcaroli, D.; D’Agostino, D.; Volpe, S.; Benfante, A.; van Hooff, S.; Iacobelli, V.; Rossi, C.; Iacobelli, S.;
et al. ErbB-3 activation by NRG-1p sustains growth and promotes vemurafenib resistance in BRAF-V600E colon cancer stem cells
(CSCs). Oncotarget 2015, 6, 16902-16911. [CrossRef] [PubMed]

Rio-Vilarifio, A.; Cenigaonandia-Campillo, A.; Garcia-Bautista, A.; Mateos-Gémez, P.A.; Schlaepfer, M.I.; del Puerto-Nevado, L.;
Aguilera, O.; Garcia-Garcia, L.; Galeano, C.; de Miguel, I; et al. Inhibition of the AURKA/YAP1 axis is a promising therapeutic
option for overcoming cetuximab resistance in colorectal cancer stem cells. Br. J. Cancer 2024, 130, 1402-1413. Erratum in Br. ].
Cancer 2024, 130, 1414. [CrossRef] [PubMed]

Lepore Signorile, M.; Di Nicola, E.; Forte, G.; Sanese, P.; Fasano, C.; Disciglio, V.; De Marco, K.; Latrofa, M.; De Cecco, L.;
Ficorilli, M.; et al. Tailoring a novel colorectal cancer stem cell-targeted therapy by inhibiting the SMYD3/c-MYC axis. Signal
Transduct. Target. Ther. 2025, 10, 206. [CrossRef] [PubMed]

Mattiello, L.; Soliman Abdel Rehim, S.; Musella, M.; Sistigu, A.; Guarracino, A.; Vitale, S.; Corradi, F.; Galassi, C.; Sperati, F;
Manic, G.; et al. The Targeting of MRE11 or RAD51 Sensitizes Colorectal Cancer Stem Cells to CHK1 Inhibition. Cancers 2021,
13,1957. [CrossRef] [PubMed]

Honma, S.; Hisamori, S.; Nishiuchi, A.; Itatani, Y.; Obama, K.; Shimono, Y.; Sakai, Y. F-Box/WD Repeat Domain-Containing 7
Induces Chemotherapy Resistance in Colorectal Cancer Stem Cells. Cancers 2019, 11, 635. [CrossRef] [PubMed]

Ghosh, R.; Bhowmik, A.; Biswas, S.; Samanta, P.; Sarkar, R.; Pakhira, S.; Mondal, M.; Hajra, S.; Saha, P. Natural flavonoid Orientin
restricts 5-Fluorouracil induced cancer stem cells mediated angiogenesis by regulating HIF1«x and VEGFA in colorectal cancer.
Mol. Med. Camb. Mass. 2025, 31, 85. [CrossRef] [PubMed]

Paul, S.; Chatterjee, S.; Sinha, S.; Dash, S.R.; Pradhan, R.; Das, B.; Goutam, K.; Kundu, C.N. Veliparib (ABT-888), a PARP inhibitor
potentiates the cytotoxic activity of 5-fluorouracil by inhibiting MMR pathway through deregulation of MSH6 in colorectal cancer
stem cells. Expert Opin. Ther. Targets 2023, 27, 999-1015. [CrossRef] [PubMed]

Huynh, N.; Shulkes, A.; Baldwin, G.; He, H. Up-regulation of stem cell markers by P21-activated kinase 1 contributes to
5-fluorouracil resistance of colorectal cancer. Cancer Biol. Ther. 2016, 17, 813-823. [CrossRef] [PubMed]

Planque, C.; Rajabi, F; Grillet, E; Finetti, P.; Bertucci, F.; Gironella, M.; Lozano, ].J.; Beucher, B.; Giraud, J.; Garambois, V.; et al.
Pregnane X-receptor promotes stem cell-mediated colon cancer relapse. Oncotarget 2016, 7, 56558-56573. [CrossRef] [PubMed]
Bergin, C.J.; Zouggar, A.; Mendes da Silva, A.; Fenouil, T.; Haebe, ].R.; Masibag, A.N.; Agrawal, G.; Shah, M.S.; Sandouka, T.;
Tiberi, M.; et al. The dopamine transporter antagonist vanoxerine inhibits G9a and suppresses cancer stem cell functions in colon
tumors. Nat. Cancer 2024, 5, 463-480. [CrossRef] [PubMed]

Huang, Y.J.; Huang, T.H.; Yadav, VK.; Sumitra, M.R.; Tzeng, D.T.; Wei, P.L.; Shih, ] W.; Wu, A.T. Preclinical investigation of ovatodi-
olide as a potential inhibitor of colon cancer stem cells via downregulating sphere-derived exosomal (3-catenin/STAT3/miR-1246
cargoes. Am. J. Cancer Res. 2020, 10, 2337-2354. Erratum in Am. ]. Cancer Res. 2020, 10, 4640-4642. [PubMed]

Yin, L.; Zhou, S.; Zhang, H.; Shang, Y.; Wu, S.; Jin, T. Cancer stem cells in personalized therapy: Mechanisms, microenvironment
crosstalk, and therapeutic vulnerabilities. Front. Cell Dev. Biol. 2025, 13, 1619597. [CrossRef] [PubMed]

Raghav, PX.; Mann, Z.; Mohanty, S. Therapeutic Potential of Chemical Compounds in Targeting Cancer Stem Cells. In Handbook
of Oxidative Stress in Cancer: Therapeutic Aspects; Springer: Singapore, 2022; Volume 1, pp. 1865-1903. [CrossRef]

Huang, B.; Yan, X.; Li, Y. Cancer Stem Cell for Tumor Therapy. Cancers 2021, 13, 4814. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27146285


https://doi.org/10.1021/acsptsci.1c00257
https://www.ncbi.nlm.nih.gov/pubmed/36110381
https://doi.org/10.3390/md21020080
https://www.ncbi.nlm.nih.gov/pubmed/36827121
https://doi.org/10.1007/s10620-025-09091-y
https://www.ncbi.nlm.nih.gov/pubmed/40467915
https://doi.org/10.5966/sctm.2015-0214
https://www.ncbi.nlm.nih.gov/pubmed/26956206
https://doi.org/10.1016/j.isci.2021.102664
https://www.ncbi.nlm.nih.gov/pubmed/34169240
https://doi.org/10.3390/cancers14030673
https://www.ncbi.nlm.nih.gov/pubmed/35158939
https://doi.org/10.18632/oncotarget.4642
https://www.ncbi.nlm.nih.gov/pubmed/26160848
https://doi.org/10.1038/s41416-024-02649-z
https://www.ncbi.nlm.nih.gov/pubmed/38467828
https://doi.org/10.1038/s41392-025-02290-z
https://www.ncbi.nlm.nih.gov/pubmed/40588481
https://doi.org/10.3390/cancers13081957
https://www.ncbi.nlm.nih.gov/pubmed/33921638
https://doi.org/10.3390/cancers11050635
https://www.ncbi.nlm.nih.gov/pubmed/31067777
https://doi.org/10.1186/s10020-024-01032-1
https://www.ncbi.nlm.nih.gov/pubmed/40045186
https://doi.org/10.1080/14728222.2023.2266572
https://www.ncbi.nlm.nih.gov/pubmed/37787493
https://doi.org/10.1080/15384047.2016.1195045
https://www.ncbi.nlm.nih.gov/pubmed/27260988
https://doi.org/10.18632/oncotarget.10646
https://www.ncbi.nlm.nih.gov/pubmed/27448961
https://doi.org/10.1038/s43018-024-00727-y
https://www.ncbi.nlm.nih.gov/pubmed/38351181
https://www.ncbi.nlm.nih.gov/pubmed/32905416
https://doi.org/10.3389/fcell.2025.1619597
https://www.ncbi.nlm.nih.gov/pubmed/40809695
https://doi.org/10.1007/978-981-16-5422-0_87
https://doi.org/10.3390/cancers13194814
https://www.ncbi.nlm.nih.gov/pubmed/34638298
https://doi.org/10.3390/ijms27146285

Int. J. Mol. Sci. 2026, 27, 6285 19 of 19

47.

48.

49.

50.

51.

Yang, M.; Liu, P; Huang, P. Cancer stem cells, metabolism, and therapeutic significance. Tumor Biol. 2016, 37, 5735-5742.
[CrossRef] [PubMed]

Aramini, B.; Masciale, V.; Grisendi, G.; Bertolini, F.; Maur, M.; Guaitoli, G.; Chrystel, I.; Morandi, U.; Stella, F.; Dominici, M.; et al.
Dissecting Tumor Growth: The Role of Cancer Stem Cells in Drug Resistance and Recurrence. Cancers 2022, 14, 976. [CrossRef]
[PubMed]

Cho, Y.; Kim, Y.K. Cancer Stem Cells as a Potential Target to Overcome Multidrug Resistance. Front. Oncol. 2020, 10, 764.
[CrossRef] [PubMed]

Bai, X.; Ni, J.; Beretov, J.; Graham, P,; Li, Y. Cancer stem cell in breast cancer therapeutic resistance. Cancer Treat. Rev. 2018, 69,
152-163. [CrossRef] [PubMed]

Makena, M.R;; Ranjan, A.; Thirumala, V.; Reddy, A.P. Cancer stem cells: Road to therapeutic resistance and strategies to overcome
resistance. Biochim. Biophys. Acta BBA-Mol. Basis Dis. 2020, 1866, 165339. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27146285


https://doi.org/10.1007/s13277-016-4945-x
https://www.ncbi.nlm.nih.gov/pubmed/26864589
https://doi.org/10.3390/cancers14040976
https://www.ncbi.nlm.nih.gov/pubmed/35205721
https://doi.org/10.3389/fonc.2020.00764
https://www.ncbi.nlm.nih.gov/pubmed/32582535
https://doi.org/10.1016/j.ctrv.2018.07.004
https://www.ncbi.nlm.nih.gov/pubmed/30029203
https://doi.org/10.1016/j.bbadis.2018.11.015
https://www.ncbi.nlm.nih.gov/pubmed/30481586
https://doi.org/10.3390/ijms27146285

	Introduction 
	Materials and Methods 
	Search Strategy 
	Selection Criteria 
	Review Strategy 
	Data Extraction 
	Risk of Bias Assessment 
	Data Synthesis 

	Results 
	Risk of Bias Assessment 
	Adaptive Signaling Pathways 
	Epigenetic and Transcriptional Reprogramming 
	DNA Damage Response and Apoptosis 
	Tumor Microenvironment and Immune Evasion 
	Natural Compound-Derived Interventions 

	Discussion 
	Conclusions 
	References

