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Cancer stem cells (CSCs), a resilient subset of tumor cells, able to evade immune detection and rapidly 
proliferate, are responsible for the metastasis, recurrence, and therapeutic resistance observed across various 
cancers. Recent research has concentrated on understanding the molecular networks that support CSCs im-
mune evasion, self-renewal, and adaptability. Signaling pathways (Wnt, Notch, Hedgehog, JAK-STAT) and 
surface markers (CD44, CD133, ALDH1) that characterize CSC behaviour are compiled in this review. We 
highlight the expanding usefulness of omics technologies, such as CRISPR functional genomics, single-cell 
transcriptomics, and spatial proteomics, in determining vulnerabilities unique to CSCs and guiding tailored 
treatment plans. 
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Cancer remains a leading global cause of mor-
tality, with prognosis strongly influenced 
by stage at diagnosis. Cancer, a relentless 

killer, claims nearly 10 million lives yearly, making 
it a leading cause of death globally. According to 
the WHO, new treatment strategies are desperate-
ly needed to combat this grim statistic. Cancer is a 
multi-factorial process in which normal cells change, 
grow, and spread to form new cells throughout the 
body [1]. Recently, Research has demonstrated the 
significance of the tissue microenvironment and 
specific cell physiology in cancer [2]. The con-
cept of phenotypic plasticity refers to the ability of 
individual genotypes to exhibit different physical 
traits in response to varying environmental condi-
tions (phenotypic plasticity) and dedifferentiation are 
unique abilities, both non-epigenetic reprogramming 
and polymorphic microbiomes creating specific 
traits that lead to the acquisition of potential charac-
teristics [3]. Many genes are mutated in cancer cells, 
causing cellular defects. Cancer involves two main 
genetic mutation types: dominant mutations, impact-

ing a single gene allele to cause effects, and reces-
sive mutations, requiring both alleles of a tumor sup-
pressor gene to be disabled before having any effect 
[4]. Two interconnected forms of cellular plastici
ty that contribute to tumor cell differentiation and 
heterogeneity are epithelial-to-mesenchymal transi-
tion (EMT) and the emergence of cancer stem cells 
(CSCs). It is a “death companion” that can support 
tumor progression, metastasis, tumor recurrence and 
treatment resistance in cancer. Among the many cell 
types, a distinct subpopulation termeds CSCs. Un-
derstanding the properties and properties of CSCs 
is important for future cancer research [5]. CSCs 
are increasingly recognized for their roles in tumor 
initiation, metastatic progression, and therapeutic 
resistance. Metastatic disease remains a major chal-
lenge in cancer treatment due to late diagnosis and 
limited curative options [6]. The reasons behind this 
are that the asymptomatic nature and delayed diag-
nosis of some cancers can cause the cancer to spread 
from its original site to another part of the body. 
The location in the body where cancer originates is 
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known as the “primary site of cancer”, and the area 
where the cancer spreads is called the “secondary 
or metastatic area” [7, 8]. The three primary routes 
of cancer spread include direct invasion of adjacent 
tissues, lymphatic dissemination, and hematogenous 
dissemination (via the bloodstream), with the latter 
being the most frequent cause of distant metasta-
ses. Therefore, when cancer metastasizes, treatment 
must eliminate not only primary metastases but also 
secondary metastases. Treatment of metastases is 
an important problem. There are also specific meta-
static events that are too small to detect in cancer. 
This is called micrometastases [9]. For some types 
of cancer, blood tests can detect proteins secreted 
by cancer cells. These marker proteins may indi-
cate cancer, which is difficult to identify through 
scanning techniques [10]. Many cancers show no 
symptoms in their early stages, making early detec-
tion difficult and delaying treatment. This review 
examines the complex molecular mechanisms and 
signaling pathways involved in CSCs, highlighting 
the development of targeted therapeutic strategies for 
better cancer patient outcomes.

Cancer stem cell’s features

Tumor-initiating cells, also referred to as CSCs, 
are a type of cells that are responsible for initiating 

the growth of tumors. They are thought to contribu
te to resistance and cancer progression, which is 
considered to be part of their ability to self-renew 
themselves and differentiate into a diverse hierarchy 
of cancer cell types [11]. Two various systems have 
been anticipated to define the character of CSCs: (a) 
In the hierarchical theory, CSCs are positioned at the 
top of the hierarchy. They are capable of generating 
every clone in a heterogeneous tumor. (b) Tumors 
are believed to develop from accidental mutations 
that occur in normal cells according to the stochastic 
theory. Changes in the environment and mutations 
that occur later may encourage phenotypic plastici
ty, which allows certain non-stem cancer cells to 
adopt stem-like traits and contribute to the diversity 
of tumors. New models suggest that this plasticity 
enables cells to switch between stem-like and non-
stem-like states in a dynamic way. This means that 
the classical CSC model and the stochastic model 
may not be mutually exclusive, but instead represent 
two different ways that tumors grow [12, 13]. Fig. 1 
illustrates the primary characteristics of CSCs, in-
cluding their ability to self-renew, initiate tumors, 
resist various treatments, and promote the main 
characteristics of CSCs, including as their ability to 
self-renew, initiate tumors, resist various treatments, 
and cause metastasis and recurrence. These features 

Fig. 1. Key characteristics of CSCs

CSCs
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are often correlated with characteristic molecular 
markers and unique phenotypic signatures. Some 
models suggest that CSCs may form when non-stem 
cells lose their differentiation under particular condi-
tions. However, researchers are still trying to figu­
re out where they come from – whether they come 
from normal stem cells, progenitor cells, or repro-
grammed differentiated cells [14].

CSCs in the tumor niche can renew themselves, 
differentiate into multiple cell types, and initiate the 
formation of tumors [15]. Genetic and molecular 
changes in CSCs during chemotherapy and radio-
therapy are responsible for chemotherapy resistance 
and cancer recurrence [16]. 

CSCs resemble normal stem cells and have mu-
tations in signaling pathways crucial for their main-
tenance. The most considered signaling pathways in 
various types of cancer are Wnt, Notch, Hh, NF-B 
PI3K, JAK-STAT, and TGF-signaling pathways. 
These altered pathways, together with immune sys-
tem–mediated oncogenic mechanisms, contribute 
to CSCs development. As a result, signaling path-
ways and immunomodulators have been the focus of 
cancer treatment. Targeting genetic alterations and 
dysregulated signaling pathways is being explored to 

develop new strategies for precision cancer medicine 
[17].

CSCs vital role in niches

Inside the tumor microenvironment are spe-
cific anatomical regions called niches, where CSCs 
reside. Within their niche, CSCs maintain self-
renewal and protect against damage caused by the 
host immune system, chemotherapy, radiotherapy, 
etc. These niches preserve the properties of CSCs, 
shield them from the immune system, maintain their 
phenotypic plasticity and facilitate their metastatic 
potential [18]. The development of blood vessels, 
immune cells, fibroblasts and other cell types with 
specific features inside the tumor microenvironment 
is supported by the CSCs niches. Regulation of the 
stem-like state of CSCs by niche-derived signals is 
essential for controlling the malignant behavior of 
their offspring [19]. 

CSCs may arise from normal stem cells, pro-
genitor cells, or differentiated tumor cells through 
genetic/epigenetic changes and oncogenic signaling. 
The tumor’s microenvironment, a complex mix of 
cytokines like IL-6, IL-10, and TGF-β, hypoxia, 
altered epigenetics, and signaling pathways such 

Fig. 2. Origin and regulation of cancer stem cells (CSCs) and their role in tumor progression 
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as Notch, Wnt, and Hedgehog, actively supports 
CSCs survival, adaptability, and their crucial roles 
in self-renewal, immune evasion, drug resistance, 
and tumor initiation. The intricate interplay of these 
factors creates a supportive niche for CSCs. Recent 
research has shown that extracellular vesicles (EVs), 
such as exosomes, are important for communication 
in the tumor microenvironment. CSCs can release 
or respond to EVs containing miRNAs, proteins, 
and other bioactive compounds that modulate their 
stemness, resistance, and metastatic potential. These 
EVs might help CSCs change distant locales, making 
pre-metastatic niches by changing the immune re-
sponse or the permeability of blood vessels. So, tar-
geting CSCs-derived EVs or the way they are taken 
up by target cells could be a way to stop metasta-
sis. Researchers are also looking into liquid biopsy 
methods to find circulating tumor EVs, which could 
be non-invasive markers of CSCs activity and the 
ability of cancer cells to spread. However, we still do 
not know enough about the specific biomarkers that 
are linked to CSCs-derived EVs in the establishment 
of pre-metastatic niches [20].

Immune evasion of CSCs

Cancer therapy faces a major hurdle due to 
immune evasion, with tumors creating methods to 
hide from or overcome the immune system [21]. 
CSCs have special ways of avoiding the immune 
system, unlike typical tumor cells that use various 
methods, which explains how they survive and cause 
tumors to reappear. By secreting cytokines like IL-
10 and TGF-β, CSCs establish an environment that 
suppresses immunity, thereby preventing T-cells 
and NK-cells from doing their job [22]. Moreover, 
CSCs boost immune checkpoint ligands like PD-L1, 
CTLA-4 ligands, TIM-3, and LAG-3, thereby ena-
bling them to directly inhibit T-cell-mediated cy-
totoxicity. Lei & Lee (2021) found that heightened 
PD-L1 expression on CSCs-enriched populations 
is associated with resistance to immune checkpoint 
blockade therapy [23].

One effective strategy is to decrease the expres-
sion of major histocompatibility complex (MHC) 
class I molecules, leading to decreased antigen 
presentation and enabling CSCs to evade detection 
by cytotoxic T lymphocytes. Additionally, CSCs 
often trigger the STAT3 signaling pathway, which 
boosts the creation of immunosuppressive elements 
like indoleamine 2,3-dioxygenase (IDO) and VEGF, 
thereby suppressing immune reactions.

CSCs also interact with other immunosuppres-
sive cells, which can be found in the dense tumor 
microenvironment. For example, CSCs-derived ex-
osomes filled with miRNAs and proteins have the 
ability to convert macrophages into tumor-associated 
macrophages (TAMs). As described by Verona et al., 
these TAMs release immunosuppressive molecules 
that shield CSCs. CSCs, in the same way, attract 
regulatory T cells (Tregs) and myeloid-derived sup-
pressor cells (MDSCs) to stop effector immune cells 
from functioning [24].

These strategies together emphasize how 
CSCs are not just passively enduring but actively 
building immune evasion, giving them the tools to 
live through treatment, cause relapse, and withstand 
immune-based therapies [25]. Knowing the immune 
evasion tricks of CSCs helps develop future im-
munotherapies that use checkpoint inhibitors with 
CSCs-focused treatments.

Role of CSCs in metastasis 
and dissemination

In this review, the roles of CSCs in tumor initia-
tion, progression, and metastasis, as well as in thera
peutic resistance, are examined, with an emphasis 
on the cellular and molecular controllers that affect 
the phenotypic alterations and activities at various 
stages of cancer growth [26]. Therefore, even after 
receiving adequate treatment, this population of cells 
still plays a crucial role in the tumor mass's ability to 
expand and promote tumor aggression. As a result of 
the numerous steps required to prevent it from differ-
ent immune systems and cancer therapies, metastatic 
disease is also known as a highly inefficient disease 
[27]. The circulatory system can be penetrated by 
even the distribution from a primary tumor that is 
1 cm in size (or approximately 1×109 cancer cells) 
and can penetrate the vascular system with one mil-
lion cancer cells every day [28].

Recent results from in vivo models and in vitro 
experiments have provided new insights into the im-
portance of metastatic CSCs. The existence of CSCs 
in metastasis is not well understood and is mostly 
predicated on conjecture. For instance, breast CSCs 
that metastasize to the lung have been shown to ex-
press markers similar to those found in lung-resident 
CSCs, suggesting a possible phenotypic convergence 
driven by the metastatic niche [29].  Other tumor 
types, such as pancreatic and colorectal cancer, have 
also been found to contain similar CSC populations 
that can induce metastatic growth [30]. The inherent 
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tumorigenicity of CSCs is characterized by their 
ability to efficiently repopulate the original tumor 
even at low clonal density when transplanted into 
immunodeficient mice. The sphere-forming assay is 
typically used to detect the presence of CSCs in a tu-
mor sample from a cancer patient [31]. Overcoming 
hindrances in identifying CSCs targets due to a lack 
of specific markers and CSCs plasticity is a signifi-
cant challenge.

The CSC’s signaling pathway

Several regulatory factors control the self-
renewal of CSCs, including Notch, Wnt/β-catenin, 
Hedgehog signaling, chromatin remodeling com-
plexes, transcription factors, and non-coding RNAs. 
The activation of the Wnt/β-catenin pathway is fa-
cilitated by β-catenin and T cell factor (TCF) [32]. 
Physiological and pathological processes are signifi-
cantly influenced by signaling pathways, including 
growth, organogenesis and tumorigenesis.  Wnt 
signaling pathways play a critical role in embryonic 
patterning and adult tissue homeostasis in many 
ways. Studies have shown that mutations leading to 
constitutive activation of the transcriptional response 
of the Wnt pathway are related to a high incidence 
of certain human cancers [33]. The self-renewal of 
CSCs is significantly influenced by the Wnt path-
way. Fig. 3 shows the main signals of CSCs. Here, 
Wnt/β-catenin signaling is stimulated by TCF and 
β-catenin, and ASCL2, LGR5, Axin2, CCND1/2, 
TCF7, SOX4, c-MYC, etc. The process results in the 
activation of specific genes, known as target genes, 
which then get expressed [34]. Two different WNT 
pathways have been recognized, one considered as 
the non-canonical pathway and the other in which 
the canonical pathway is associated with β-catenin 
activation. β-catenin is an intracellular signaling 
molecule encoded by CTNNB1 and plays a crucial 
role in cancer. Meanwhile, the non-canonical path-
way operates through β-catenin-independent activity 
and affects cell signaling and target gene expression 
[35].

In many tissues and cell types, the Notch 
signaling system controls self-renewal and differ-
entiation. Notch is a binary cell-fate factor, and its 
hyperactivation is considered oncogenic in various 
cancers, including T-cell acute lymphoblastic leu-
kemia (T-ALL) and breast cancer. For example, in 
breast and colon cancer models, Notch signaling—
particularly via Notch4 and its downstream targets 

HES1 and HEY1—has been directly implicated in 
sustaining the self-renewal and survival of CSCs 
populations [36, 37]. Fig. 3 explains the Notch sign-
aling pathways. When the Notch ligands DLL1-4 
bind to the Notch receptors, the receptors are cut by 
the γ-secretase enzyme [38]. This process forms a 
stable intra-cellular domain also known as NICD, 
the NICD can move into the nucleus and stimulate 
the transcription of genes that are targeted by Notch, 
such as the HEY and HES families of genes, as well 
as NRARP and others [39]. 

The Hedgehog (Hh) pathway is a signaling cas-
cade that is essential for many basic functions, such 
as tissue homeostasis and embryonic development. 
Importantly, hyperactivation of Hh is connected with 
malignancy, drug resistance and neoplastic transfor-
mation, in many cancers [40, 41]. Mechanistically, 
Hh signaling promotes cancer by regulating tumori-
genesis, malignancy, metastasis, and CSCs prolifera-
tion [42]. Stimulation of Hh signaling is regulated by 
two receptors Patched and Smo. While patched re-
ceptors prevent initiation of the Hedgehog pathway, 
Smo receptors have the opposite effect. When bound 
to the ligand (ihh, shh and dhh), Patched's inhibitory 
effect is released, Smo is triggered, and Hedgehog 
target genes are stated as shown in Fig. 3 [43].  

The Janus kinase/signal transducer and activa-
tor of transcription (JAK-STAT) pathway is very im-
portant for controlling the growth, maintenance, and 
immune evasion of CSCs. In particular, activating 
STAT3 has been linked to encouraging CSCs self-
renewal in breast, colorectal, and cervical cancer, 
among others. In cervical cancer, the oncoproteins 
E6 and E7 from HPV disrupt normal cell cycle regu-
lation and aberrantly activate the JAK/STAT path-
way. This atypical activation occurs independently 
of canonical cytokine-receptor signaling, thereby 
creating a tumor-promoting environment favora-
ble for CSCs survival. MicroRNAs (miRNAs) are 
also becoming more well-known as important post-
transcriptional regulators of CSC behavior. Some 
miRNAs, such as miR-21 and let-7, change path-
ways like Wnt, Notch, and STAT3 to either boost 
or lower CSCs characteristics. Their dysregulation 
may increase the likelihood of tumor development, 
cause resistance to treatment, and promote spread 
to other parts of the body. Researchers are looking 
at these chemicals not only as diagnostic markers 
but also as therapeutic targets to stop CSCs-driven 
tumor growth [44].

Y. Tamilselvi, P. Velmurugan, K. Sivasubramanian



10

ISSN 2409-4943. Ukr. Biochem. J., 2026, Vol. 98, N 1

Fig. 3. Signaling pathways driving cancer stem cells (CSCs) maintenance and therapy resistance

Surface marker role in CSCs 
identification and cancer diagnosis

Cluster of differentiation (CD) markers are the 
main instruments used to identify and sort cells. Re-
searchers have found a number of surface markers 
that can tell CSCs apart from differentiated tumor 
cells. Still, targeting CSCs is hard because they are 
different from each other and might change. Stem 
cell-related surface markers such as CD44, CD90, 
CD133, CD24, EpCAM, and side population (SP) 

markers are present on CSCs [45]. These markers 
make it possible to isolate and enrich CSCs both in 
vitro and in vivo. For instance, Fan’s group found that 
liver CSCs that express both CD133 and CD13 had a 
higher ability to renew themselves and make tumors 
than cells that just express one of these markers [46].

While most studies focus on CSCs markers in 
solid tumors, similar principles apply in hematologi-
cal malignancies. In blood cancers, CD34+CD38− 
cells are linked to leukemic stem cell activity, 

CSCs
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whereas CD34−CD38+ cells are not. Many of 
these markers are also found in normal stem cells; 
however, variations in their expression levels and 
combinations can aid in the diagnosis and prediction 
of different malignancies. For instance, markers such 
as EpCAM and CD44 are also expressed on normal 
tissue stem cells. Therefore, these markers are often 
used in combination (e.g., CD44^high/CD24^low) to 
increase CSCs specificity and enrichment [47]. Flow 
cytometry or antibody-based enrichment approaches 
are often used to find CSCs surface markers such 
CD44, CD133, and EpCAM [48, 49]. These methods 
assist in finding CSCs subpopulations and sorting 
patients into groups for targeted therapy. Table shows 
a list of common surface markers found on different 
types of tumors. The ALDH1A1 is a functional cy-
toplasmic marker, not a membrane-bound surface 
marker. But it is widely used in CSCs research for 
isolating stem-like cells using ALDEFLUOR assays 
[50]. 

Resistance mechanisms of cancer stem 
cells to conventional therapies

CSCs are a big problem for treating cancer be-
cause they are naturally resistant and have the abili
ty to acquire therapy-induced resistance to chemo-
therapy, radiation, and targeted therapies. CSCs 
are different from most tumor cells in that they can 
stay alive after therapy and cause relapse. They do 
this by being quiescent, repairing DNA quickly, 
having a lot of drug efflux pumps, and being re-
sistant to apoptosis. Quiescence is one of the most 
important things that makes CSCs unique. In this 
state, cells are quiescent or slowly cycling, which 
means they can avoid medications that target cells 
that divide quickly. This allows CSCs to survive 
through chemotherapy and then resume the tumor 
growth. Also, overexpression of ATP-binding cas-
sette (ABC) transporters, such as ABCG2, expels 
chemotherapeutic drugs from the cell, which lowers 
their concentrations inside the cell and makes them 
less hazardous. CSCs also have better ways to fix 
DNA, which keeps them safe from DNA damage in-
duced by radiation therapy or alkylating chemicals. 
For instance, CSCs quickly activate DNA damage 
response (DDR) mechanisms, such as ATM/ATR 
and RAD51-mediated homologous recombination. 
At the same time, CSCs often have higher levels of 
anti-apoptotic proteins, such as Bcl-2 and survivin, 
which help them survive even when they are under 
stress from cytotoxic drugs.

Another factor that makes therapy less effec-
tive is epithelial-mesenchymal transition (EMT). 
Transcription factors that are connected to EMT, 
like Snail, Twist, and Zeb1, help cells become more 
like stem cells, move about, and resist drugs. EMT 
also causes phenotypic plasticity, which means that 
non-CSCs can change into CSC-like cells when 
they are under treatment pressure [68]. CSCs also 
do well in a tumor microenvironment (TME) that 
protects them, such as one with low oxygen levels, 
an acidic pH, and immune-suppressive niches. The 
TME helps keep CSCs alive and protects them from 
being cleared by the immune system and drugs. For 
instance, hypoxia-inducible factors (HIFs) turn on 
stemness genes and change metabolic states, which 
make resistance more likely. Fig. 4 shows a full 
picture of these processes, including drug efflux, 
anti-apoptotic signaling, DNA repair enhancement, 
EMT, and TME-mediated support. These are all key 
CSCs-specific resistance pathways. 

Effective cancer research requires a focus on 
specific areas such as identifying and isolating CSCs, 
improving cancer diagnosis, and developing effec-
tive cancer treatment methods. CSCs are particularly 
important as they can cause cancer recurrence, me-
tastasis, multidrug resistance, and radioresistance 
by arresting intermediate stages and promoting the 
formation of new tumors. Therefore, CSCs are the 
most optimal targets for emerging successful can-
cer treatments. The development of therapies spe-
cifically targeting CSCs and the supportive niches 
within the tumor microenvironment is of critical 
importance. While conventional cancer therapies ef-
fectively target the fast-growing majority of tumor 
cells, they fail to address the stubbornly dormant 
and resistant CSCs, leaving these cells to potentially 
cause recurrence. The absence of this therapeutic ap-
proach is linked to the return of tumors and the inef-
fectiveness of treatments in the long run [69]. The 
use of targeted CSCs-specific agents in combination 
with traditional therapies may provide a promising 
lifelong treatment strategy and potential cure for 
cancer [70]. CSCs can enter a quiescent state, also 
known as cell cycle arrest, which supports their 
resistance to chemotherapy and radiation. Chemo-
therapeutic drugs induce apoptosis in proliferating 
cells. Despite advancements in cancer therapies that 
effectively shrink tumors, CSCs often survive due to 
their intrinsic resistance mechanisms, including en-
hanced drug pumping, dormancy, and superior DNA 
repair, allowing them to evade treatment. These sur-
viving CSCs, often characterized by their quiescence 

Y. Tamilselvi, P. Velmurugan, K. Sivasubramanian
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T a b l e. Representative CSCs markers across human tumor types

Types of tumor CSCs-markers Reference
Bronchogenic carcinoma ABCG2, CD90+ ALDH, CD133+, 

CD44+, CD87+, SP [51, 52]
Colorectal cancer ALDH, CD24+, ESA EpCAM+, 

CD44+, CD133+, CD166+, [53, 54]
Hepatocellular carcinoma CD90+, CD44+, ALDH, ABCG2, 

CD24+, CD133+, CD49f+, ESA [55, 56]
Invasive ductal carcinoma/
invasive lobular carcinoma

ALDH-1,*EpCAM+, CD133+, CD44+, CD24−
[57, 58]

Pancreatic ductal adenocarcinoma EpCAM+, CD44+, ESA CD24+, 
ABCG2, CD133+, ALDH [57, 58]

Glioblastoma/medulloblastoma CD133+/nestin+/Lin-- [59]
Gastrointestinal stromal 
tumor (GIST)

CD133+, CD44+, CD24+
[60]

Chronic myelogenous leukemia CD34+, CD38−, CD44+, CD13+ [61]
Acute myeloid leukaemia CD34+/CD38--/CD44+/IL3R+/CD33+/CD131+ [61, 62]
Glandular prostate cancer ABCG2, α2β1, ALDH, CD44+, CD133+ [63]
Melanoma ABCB5+, CD20+ [64]
Squamous cell carcinoma SSEA-1+, CD44+, CD133+ [65, 66]
Neuroblastoma ABCG2/BCRP1+ [67]

Note. Ep-CAM, although not exclusive to CSCs marker, is commonly used alongside others (e.g., the CD44^high/
CD24^low combination) to increase CSC populations across multiple tumor types, including breast, colorectal, liver, 
gastric, and pancreatic cancers

and drug resistance, are believed to be the primary 
drivers of cancer recurrence and spread to distant 
sites [71]. Although current treatments offer better 
patient outcomes and disease management, eradi-
cating CSCs is still a significant hurdle to achieving 
durable remission. The persistent presence of CSCs 
necessitates innovative treatment strategies. 

As previously discussed, CSCs and normal 
stem cells follow the same control signaling path-
ways, such as the Wnt/β-catenin pathway [73]. The 
Sonic Hedgehog (Hh) and Notch pathways are also 
intricate in the self-renewal process. Additionally, 
PTEN and polysome family members, which are 
other signaling molecules, have vital roles in regu-
lating CSCs growth. Understanding the parameters 
of CSCs self-renewal is a crucial aspect of compre-
hending tumorigenesis [74].  

Targeting signaling pathways that control the 
persistence of CSCs is a critical area of cancer ther-
apy. The most significant signaling pathways in this 
regard are the Notch, Wnt and Hh pathways and the 
TGF-β, JAK-STAT, PI3K, and NF-κB pathways. In 
developing tumors and CSCs, these pathways fre-

quently interact. Notch and Hh pathway inhibitors 
have shown notable progress in primary clinical 
trials, but targeting the Wnt pathway has proven 
to be challenging [75]. The California Institute for 
Regenerative Medicine has initiated two cancer pa-
tient-based trials aiming at CSCs, based on an early 
database. One patient was treated with an antibody-
mediated immunotherapy targeting CD47, while the 
other was targeted with ROR1. In the first case, a 
humanized anti-CD47 antibody called Magrolimab 
(originally known as Hu5f9-G4 or 5f9) was tested. 
The efficiency results of four phase 1 trials using 
Magrolimab (monoclonal antibody) as monotherapy 
or in combo with rituximab or azacytidine for AML 
(acute myeloid leukemia), NHL (Non-Hodgkin’s 
lymphoma), and solid malignancies showed conside
rable results. In the second case, the focus was on 
treating anti-ROR1, a receptor for Wnt5a signaling 
associated with the self-renewal, maintenance, and 
metastasis of CSCs. The experiment involved using 
an anti-ROR1 antibody called Cirmtuzumab, which 
blocks ROR1-dependent Wnt5a signaling. The re-
sults of this experiment are promising [76]. Vac-
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Fig. 4. Mechanisms of CSC’s resistance to therapy. This figure was redrawn and modified by the authors 
based on the concept presented by Liu et al. (2021) [72]. It illustrates the key mechanisms of chemoresistance 
in CSCs, including drug efflux, DNA damage repair, apoptosis inhibition, and EMT
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cines, antibodies, and chimeric antigen receptor T 
cells (CAR-T) have been established to precisely tar-
get CSCs, and few of these features have previously 
undergone clinical trials [77]. 

Emerging therapeutic strategies and omics-
guided target discovery against CSCs

New paths for understanding the molecular 
complexity of CSCs and locating targets for action 
have been made possible by recent developments in 
multi-omics technologies. The transcriptional pro-
grams underlying self-renewal and immune evasion, 
as well as CSC subpopulations, can be resolved by 
single-cell RNA sequencing (scRNA-seq). The ex-
pression of signaling adaptors (e.g., STAT3, WNT 
modulators) and chromatin regulators (e.g., EZH2, 
BMI1) varies throughout CSCs habitats, according to 
integrative transcriptome and epigenomic profiling. 
Drug resistance is further clarified by proteomic and 
phosphoproteomic techniques, such as mass spec-
trometry-based kinase activity mapping [78].

For instance, glioblastoma single-cell proteo
genomic investigations have identified metabolic 
requirements on oxidative phosphorylation that are 
particular to CSCs and can be therapeutically ex-
ploited through the use of mitochondrial inhibitors. 
In a similar vein, spatial transcriptomics has made 
it possible to identify clusters of stem-like cancer 
cells that express therapy-persistent markers like 
CD44v6 and LGR5, opening the door to spatially 
tailored drug administration. The use of patient-
derived xenografts (PDXs) and high-throughput 
CRISPR screening in organoids to confirm omics-
derived CSCs targets is growing [79]. The promise of 
omicsdriven approaches in creating precision treat-
ments that specifically kill CSCs while preserving 
healthy stem cells is highlighted by these findings. 
Integrating systems biology with drug screening 
platforms and delivery methods afforded by nano-
technology is necessary to turn these discoveries 
into clinically feasible therapies.

CAR-T cells, monoclonal antibodies, nanopar-
ticles, and pathway inhibitors are examples of novel 
CSCs-targeted treatments. Preclinical models indi-
cate potential for antibodies such as anti-CD133 con-
jugates and Magrolimab (anti-CD47) [80]. CAR-T 

treatments that target CSCs markers, such as ROR1 
and CD133, are being evaluated in early clinical 
stages [81]. Drugs such as doxorubicin are delivered 
to CSCs more effectively and selectively thanks to 
nanoparticles. Chemotherapy with Wnt, Notch, and 
Hedgehog pathway inhibitors (such as vismodegib 
and GSIs) is being studied separately or in combi-
nation [82]. Although these tactics provide hope for 
preventing resistance and relapse, therapeutic suc-
cess hinges on accurately identifying CSCs and 
overcoming their adaptability.

Conclusion. CSCs are very important in initi-
ating tumors, making them resistant to treatment, 
causing them to recur, and spreading to other parts 
of the body. Their natural traits, such as being able 
to remain dormant, repair DNA more effectively, re-
sist drugs, and evade the immune system, let them 
survive standard treatments. To provide targeted 
therapies, we need to know how the signaling cas-
cades (including Wnt, Notch, Hedgehog, and JAK-
STAT) that control CSCs maintenance work. Also, 
identifying CSCs-specific surface markers, such as 
CD44, CD133, and ALDH1A1, opens new ways to 
diagnose and target treatments more accurately. Nor-
mal stem cells share many features (markers) with 
CSCs; however, they could be useful in combination 
panels or with drug-conjugated antibodies. Recent 
improvements in omics technology have made it 
easier to find vulnerable molecular targets in CSCs. 
This has opened the door for combination therapies 
that attack both CSCs and the tumor bulk. These 
kinds of integrative techniques could lower the risk 
of relapse and increase long-term survival. Future 
research should focus on improving CSCs-targeted 
delivery systems, finding ways to overcome resistan­
ce mechanisms, and testing CSCs biomarkers in 
real-life situations. By developing treatments that 
specifically kill CSCs while leaving healthy tissue 
alone, it may be possible to get long-lasting results 
and stop cancer from spreading to other parts of the 
body.
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Ракові стовбурові клітини (CSCs) – це резис-
тентна субпопуляція пухлинних клітин, здатна 
уникати імунного нагляду та швидко проліфе-
рувати, яка відповідає за метастазування, ре-
цидивування та терапевтичну резистентність, 
що спостерігаються при різних типах раку. Не-
щодавні дослідження зосереджені на розумінні 
молекулярних мереж, які забезпечують імунне 
ігнорування, самооновлення та адаптивність 
CSCs. У цьому огляді узагальнено сигнальні 
шляхи (Wnt, Notch, Hedgehog, JAK-STAT) та по-
верхневі маркери (CD44, CD133, ALDH1), що ха-
рактеризують поведінку CSCs. Особливу увагу 
приділено зростаючій ролі omics-технологій, зо-
крема CRISPR функціональної геноміки, одно-
клітинної транскриптоміки та просторової про-
теоміки, у виявленні вразливостей, специфічних 
для CSCs, та розробки індивідуальних терапев-
тичних підходів. 

К л ю ч о в і  с л о в а: ракові стовбурові клі-
тини, поверхневі маркери, сигнальні шляхи, 
стійкість до лікування, цілеспрямована терапія.

References

1. Agliano A, Calvo A, Box C. The challenge of 
targeting cancer stem cells to halt metastasis. 
Semin Cancer Biol. 2017; 44: 25-42.

2. Akhtar S, Hourani S, Therachiyil L, Al-Dhfyan A, 
Agouni A, Zeidan A, Uddin S, Korashy HM.  
Epigenetic Regulation of Cancer Stem Cells by 
the Aryl Hydrocarbon Receptor Pathway. Semin 
Cancer Biol. 2022; 83: 177-196.

3. Angius A, Scanu AM, Arru C, Muroni MR, 
Rallo  V, Deiana G, Ninniri MC, Carru C, 
Porcu  A, Pira G, Uva P, Cossu-Rocca P, De 
Miglio MR. Portrait of Cancer Stem Cells on 
Colorectal Cancer: Molecular Biomarkers, 
Signaling Pathways and miRNAome. Int J Mol 
Sci. 2021; 22(4): 1603.

4. Dakal TC, Dhabhai B, Pant A, Moar K, 
Chaudhary K, Yadav V, Ranga V, Sharma NK, 
Kumar A, Maurya PK, Maciaczyk J, Schmidt-
Wolf IGH, Sharma A. Oncogenes and tumor 
suppressor genes: functions and roles in cancers. 
MedComm. 2024; 5(6): e582.

5. Bisht S, Nigam M, Kunjwal SS, Sergey P, 
Mishra  AP, Sharifi-Rad J. Cancer Stem Cells: 
From an Insight into the Basics to Recent 
Advances and Therapeutic Targeting. Stem Cells 
Int. 2022; 2022: 9653244.

6. Ayob AZ, Ramasamy TS. Cancer stem cells as 
key drivers of tumour progression. J Biomed Sci. 
2018; 25(1): 20.

7. Eid RA, Alaa Edeen M, Shedid EM, Kamal ASS, 
Warda MM, Mamdouh F, Khedr SA, Soltan MA, 
Jeon HW, Zaki MSA, Kim B. Targeting Cancer 
Stem Cells as the Key Driver of Carcinogenesis 
and Therapeutic Resistance. Int J Mol Sci. 2023; 
24(2): 1786.

8. Limonta P, Chiaramonte R, Casati L. Unveiling 
the Dynamic Interplay between Cancer Stem 
Cells and the Tumor Microenvironment in 
Melanoma: Implications for Novel Therapeutic 
Strategies. Cancers (Basel). 2024; 16(16): 2861.

9. Ganesh K, Massagué J. Targeting metastatic 
cancer. Nat Med. 2021; 27(1): 34-44.

10. Bekaii-Saab T, El-Rayes B. Identifying and 
targeting cancer stem cells in the treatment of 
gastric cancer. Cancer. 2017;123(8):1303-1312.

11.  Bocci F, Gearhart-Serna L, Boareto M, 
Ribeiro M, Ben-Jacob E, Devi GR, Levine H, 
Onuchic JN, Jolly MK. Toward understanding 
cancer stem cell heterogeneity in the tumor 
microenvironment. Proc Natl Acad Sci USA. 
2019; 116(1): 148-157.

12. Cacho-Díaz B, García-Botello DR, Wegman-
Ostrosky T, Reyes-Soto G, Ortiz-Sánchez E, 
Herrera-Montalvo LA. Tumor microenvironment 
differences between primary tumor and brain 
metastases. J Transl Med. 2020;18(1):1.

13. Cole AJ, Fayomi AP, Anyaeche VI, Bai S, 
Buckanovich RJ. An evolving paradigm of 
cancer stem cell hierarchies: therapeutic 
implications. Theranostics. 2020; 10(7): 3083-
3098.

14. Franco SS, Szczesna K, Iliou MS, Al-Qahtani M, 
Mobasheri A, Kobolák J, Dinnyés A. In vitro 
models of cancer stem cells and clinical 
applications. BMC Cancer. 2016; 16(Suppl 2): 
738.

Y. Tamilselvi, P. Velmurugan, K. Sivasubramanian



16

ISSN 2409-4943. Ukr. Biochem. J., 2026, Vol. 98, N 1

15. Dean L. Tamoxifen Therapy and CYP2D6 
Genotype. In: Pratt VM, Scott SA, 
Pirmohamed  M, Esquivel  B, Kattman BL, 
Malheiro AJ. (Eds.). In: Medical Genetics 
Summaries. Bethesda (MD): National Center for 
Biotechnology Information (US); 2012.

16. Dong Q, Liu X, Cheng K, Sheng J, Kong J, Liu T. 
Pre-metastatic Niche Formation in Different 
Organs Induced by Tumor Extracellular Vesicles. 
Front Cell Dev Biol. 2021; 9: 733627.

17. Goenka A, Khan F, Verma B, Sinha P, Dmello CC, 
Jogalekar MP, Gangadaran P, Ahn BC. Tumor 
microenvironment signaling and therapeutics 
in cancer progression. Cancer Commun (Lond). 
2023; 43(5): 525-561.

18. Eun K, Ham SW, Kim H. Cancer stem cell 
heterogeneity: origin and new perspectives on 
CSC targeting. BMB Rep. 2017; 50(3): 117-125.

19. Filipów S, Łaczmański Ł. Blood Circulating 
miRNAs as Cancer Biomarkers for Diagnosis 
and Surgical Treatment Response. Front Genet. 
2019; 10: 169.

20.  Hanahan D. Hallmarks of Cancer: New 
Dimensions. Cancer Discov. 2022; 12(1): 31-46.

21. Hapach LA, Mosier JA, Wang W, Reinhart-
King CA. Engineered models to parse apart the 
metastatic cascade. NPJ Precis Oncol. 2019; 3: 20.

22. Wu B, Shi X, Jiang M, Liu H. Cross-talk between 
cancer stem cells and immune cells: potential 
therapeutic targets in the tumor immune 
microenvironment. Mol Cancer. 2023; 22(1): 38.

23. Lei MML, Lee TKW. Cancer Stem Cells: 
Emerging Key Players in Immune Evasion of 
Cancers. Front Cell Dev Biol. 2021; 9: 692940.

24. Verona F, Di Bella S, Schirano R, Manfredi C, 
Angeloro F, Bozzari G, Todaro M, Giannini G, 
Stassi G, Veschi V. Cancer stem cells and 
tumor-associated macrophages as mates in 
tumor progression: mechanisms of crosstalk 
and advanced bioinformatic tools to dissect their 
phenotypes and interaction. Front Immunol. 
2025; 16: 1529847.

25. Lee H, Kim B, Park J, Park S, Yoo G, Yum S, 
Kang W, Lee JM, Youn H, Youn B. Cancer 
stem cells: landscape, challenges and emerging 
therapeutic innovations. Signal Transduct Target 
Ther. 2025; 10(1): 248.

26. Huang T, Song X, Xu D, Tiek D, Goenka A, 
Wu B, Sastry N, Hu B, Cheng SY. Stem cell 
programs in cancer initiation, progression, and 
therapy resistance. Theranostics. 2020; 10(19): 
8721-8743.

27. Kolling S, Ventre F, Geuna E, Milan M, 
Pisacane  A, Boccaccio C, Sapino A, 
Montemurro F. "Metastatic Cancer of Unknown 
Primary" or "Primary Metastatic Cancer"? 
Front Oncol. 2020; 9: 1546.

28. Gao P, Zou D, Zhao A, Yang P. Design and 
Optimization of the Circulatory Cell-Driven 
Drug Delivery Platform. Stem Cells Int. 2021; 
2021: 8502021.

29. Xiao G, Wang X, Xu Z, Liu Y, Jing J. Lung-
specific metastasis: the coevolution of tumor 
cells and lung microenvironment. Mol Cancer. 
2025; 24(1): 118.

30. Zhao Q, Zong H, Zhu P, Su C, Tang W, Chen Z, 
Jin S. Crosstalk between colorectal CSCs and 
immune cells in tumorigenesis, and strategies 
for targeting colorectal CSCs. Exp Hematol 
Oncol. 2024; 13(1): 6.

31. Bahmad HF, Cheaito K, Chalhoub RM, 
Hadadeh  O, Monzer A, Ballout F, El-Hajj A, 
Mukherji D, Liu YN, Daoud G, Abou-Kheir W. 
Sphere-Formation Assay: Three-Dimensional 
in vitro Culturing of Prostate Cancer Stem/
Progenitor Sphere-Forming Cells. Front Oncol. 
2018; 8: 347.

32. Kumar V, Vashishta M, Kong L, Wu X, Lu JJ, 
Guha C, Dwarakanath BS. The Role of Notch, 
Hedgehog, and Wnt Signaling Pathways in the 
Resistance of Tumors to Anticancer Therapies. 
Front Cell Dev Biol. 2021; 9: 650772.

33. Groenewald W, Lund AH, Gay DM. The 
Role of WNT Pathway Mutations in Cancer 
Development and an Overview of Therapeutic 
Options. Cells. 2023; 12(7): 990.

34. Li R, Banjanin B, Schneider RK, Costa IG. 
Detection of cell markers from single cell RNA-
seq with sc2marker. BMC Bioinformatics. 2022; 
23(1): 276.

35. Song P, Gao Z, Bao Y, Chen L, Huang Y, Liu Y, 
Dong Q, Wei X. Wnt/β-catenin signaling 
pathway in carcinogenesis and cancer therapy. J 
Hematol Oncol. 2024; 17(1): 46.

36. You M, Xie Z, Zhang N, Zhang Y, Xiao D, Liu S, 
Zhuang W, Li L, Tao Y. Signaling pathways in 
cancer metabolism: mechanisms and therapeutic 
targets. Signal Transduct Target Ther. 2023; 
8(1): 196.

37. Meisel CT, Porcheri C, Mitsiadis TA. Cancer 
Stem Cells, Quo Vadis? The Notch Signaling 
Pathway in Tumor Initiation and Progression. 
Cells. 2020; 9(8): 1879.



17

38. Zhou B, Lin W, Long Y, Yang Y, Zhang H, Wu K, 
Chu Q. Notch signaling pathway: architecture, 
disease, and therapeutics. Signal Transduct 
Target Ther. 2022; 7(1): 95.

39. Sachan N, Sharma V, Mutsuddi M, Mukherjee A. 
Notch signalling: multifaceted role in 
development and disease. FEBS J. 2024; 291(14): 
3030-3059.

40. Sari IN, Phi LTH, Jun N, Wijaya YT, Lee S, 
Kwon HY. Hedgehog Signaling in Cancer: A 
Prospective Therapeutic Target for Eradicating 
Cancer Stem Cells. Cells. 2018;7(11):208.

41.  Riobo-Del Galdo NA, Lara Montero Á, 
Wertheimer EV. Role of Hedgehog Signaling in 
Breast Cancer: Pathogenesis and Therapeutics. 
Cells. 2019; 8(4): 375.

42. Zhang J, Fan J, Zeng X, Nie M, Luan J, 
Wang Y, Ju  D, Yin K. Hedgehog signaling 
in gastrointestinal carcinogenesis and the 
gastrointestinal tumor microenvironment. Acta 
Pharm Sin B. 2021; 11(3): 609-620.

43.  Martelli AM, Paganelli F, Truocchio S, 
Palumbo  C, Chiarini F, McCubrey JA. 
Understanding the Roles of the Hedgehog 
Signaling Pathway during T-Cell Lymphopoiesis 
and in T-Cell Acute Lymphoblastic Leukemia 
(T-ALL). Int J Mol Sci. 2023; 24(3): 2962.

44.  El-Tanani M, Rabbani SA, Satyam SM, 
Rangraze  IR, Wali AF, El-Tanani Y, 
Aljabali AAA. Deciphering the Role of Cancer 
Stem Cells: Drivers of Tumor Evolution, 
Therapeutic Resistance, and Precision Medicine 
Strategies. Cancers (Basel). 2025; 17(3): 382.

45. Lyu N, Pedersen B, Shklovskaya E, Rizos H, 
Molloy MP, Wang Y. SERS characterization of 
colorectal cancer cell surface markers upon anti-
EGFR treatment. Exploration (Beijing). 2022; 
2(3): 20210176.

46. Teoh PL, Saini N. Biomarkers, isolation methods, 
and therapeutic implications of breast cancer 
stem cells. Cancer Pathog Ther. 2025; 3(5): 392-
401.

47. Sarabia-Sánchez MA, Tinajero-Rodríguez JM, 
Ortiz-Sánchez E, Alvarado-Ortiz E. Cancer 
Stem Cell markers: Symphonic masters of 
chemoresistance and immune evasion. Life Sci. 
2024; 355: 123015.

48. Varillas JI, Zhang J, Chen K, Barnes II, Liu 
C, George TJ, Fan ZH. Microfluidic Isolation 
of Circulating Tumor Cells and Cancer Stem-
Like Cells from Patients with Pancreatic Ductal 

Adenocarcinoma. Theranostics. 2019; 9(5): 
1417-1425.

49. Radu P, Zurzu M, Paic V, Bratucu M, Garofil D, 
Tigora A, Georgescu V, Prunoiu V, Pasnicu C, 
Popa F, Surlin P, Surlin V, Strambu V. CD34-
Structure, Functions and Relationship with 
Cancer Stem Cells. Medicina (Kaunas). 2023; 
59(5): 938.

50. McLean ME, MacLean MR, Cahill HF, 
Arun RP, Walker OL, Wasson MD, Fernando W, 
Venkatesh J, Marcato P. The Expanding Role of 
Cancer Stem Cell Marker ALDH1A3 in Cancer 
and Beyond. Cancers (Basel). 2023; 15(2): 492.

51. Kim WT, Ryu CJ. Cancer stem cell surface 
markers on normal stem cells. BMB Rep. 2017; 
50(6): 285-298.

52. Qiu L, Li H, Fu S, Chen X, Lu L. Surface 
markers of liver cancer stem cells and innovative 
targeted-therapy strategies for HCC. Oncol Lett. 
2018; 15(2): 2039-2048.

53. Prasad S, Ramachandran S, Gupta N, Kaushik I, 
Srivastava SK. Cancer cells stemness: A 
doorstep to targeted therapy. Biochim Biophys 
Acta Mol Basis Dis. 2020; 1866(4): 165424.

54.  Gires O, Pan M, Schinke H, Canis M, 
Baeuerle  PA. Expression and function of 
epithelial cell adhesion molecule EpCAM: 
where are we after 40 years? Cancer Metastasis 
Rev. 2020; 39(3): 969-987.

55. Tacconelli E, Carrara E, Savoldi A, Harbarth S, 
Mendelson M, Monnet DL, Pulcini C, 
Kahlmeter  G, Kluytmans J, Carmeli Y, 
Ouellette M, Outterson K, Patel J, Cavaleri M, 
Cox EM, Houchens CR, Grayson ML, Hansen P, 
Singh N, Theuretzbacher U, Magrini N; WHO 
Pathogens Priority List Working Group. 
Discovery, research, and development of new 
antibiotics: the WHO priority list of antibiotic-
resistant bacteria and tuberculosis. Lancet Infect 
Dis. 2018; 18(3): 318-327.

56. Herreros-Pomares A. Identification, Culture and 
Targeting of Cancer Stem Cells. Life (Basel). 
2022; 12(2): 184.

57. Croker H, Whitaker KL, Cooke L, Wardle J. Do 
social norms affect intended food choice? Prev 
Med. 2009; 49(2-3): 190-193.

58. Ekström S, Andersson N, Lövquist A, Lauber A, 
Georgelis A, Kull I, Melén E, Bergström A. 
COVID-19 among young adults in Sweden: self-
reported long-term symptoms and associated 
factors. Scand J Public Health. 2022; 50(1): 85-
93.

Y. Tamilselvi, P. Velmurugan, K. Sivasubramanian



18

ISSN 2409-4943. Ukr. Biochem. J., 2026, Vol. 98, N 1

59. Mesbahi Y, Trahair TN, Lock RB, Connerty P. 
Exploring the Metabolic Landscape of AML: 
From Haematopoietic Stem Cells to Myeloblasts 
and Leukaemic Stem Cells. Front Oncol. 2022; 
12: 807266.

60. Hayashi Y, Nguyen VTT. A narrative review 
of imatinib-resistant gastrointestinal stromal 
tumors. Gastrointest Stromal Tumor. 2021; 4: 6.

61. Fathy El-Metwaly N, Aref S, Ayed M, Abdel 
Hamid M, El-Sokkary AMA. CD34+/CD38- 
Stem Cell Burden Could Predict Chronic 
Myeloid Leukemia Patients' Outcome. Asian 
Pac J Cancer Prev. 2021; 22(10): 3237-3243.

62. Botezatu C, Costea DO, Nichilò M, Lazar AM, 
Andraș D, Radu MI, Mastalier B. The Five-
Year Outcomes of Breast Cancer Surgical 
Management at the Colentina Surgical 
Clinic, Bucharest, Romania: A Descriptive 
Retrospective Analysis Between 2019 and 2023.  
2025; 15(1): 92.

63. Kushwaha PP, Verma S, Kumar S, Gupta S. 
Role of prostate cancer stem-like cells in the 
development of antiandrogen resistance. Cancer 
Drug Resist. 2022; 5(2): 459-471.

64. Parmiani G. Melanoma Cancer Stem Cells: 
Markers and Functions. Cancers (Basel). 2016; 
8(3): 34.

65. Wang J, Wu Y, Gao W, Li F, Bo Y, Zhu M, 
Fu  R, Liu Q, Wen S, Wang B. Identification 
and characterization of CD133+CD44+ cancer 
stem cells from human laryngeal squamous cell 
carcinoma cell lines. J Cancer. 2017; 8(3): 497-
506.

66. Gupta P, Rizvi SZ, Lal N, Gupta V, Srivastav AN, 
Musa O. Expression of CD44 and CD133 stem 
cell markers in squamous cell carcinoma of 
esophagus. Indian J Pathol Microbiol. 2021; 
64(3): 472-478.

67. Natarajan K, Xie Y, Baer MR, Ross DD. Role of 
breast cancer resistance protein (BCRP/ABCG2) 
in cancer drug resistance. Biochem Pharmacol. 
2012; 83(8): 1084-1103.

68. Bhatia S, Wang P, Toh A, Thompson EW. New 
Insights Into the Role of Phenotypic Plasticity 
and EMT in Driving Cancer Progression. Front 
Mol Biosci. 2020; 7: 71.

69. Garg P, Malhotra J, Kulkarni P, Horne D, 
Salgia  R, Singhal SS. Emerging Therapeutic 
Strategies to Overcome Drug Resistance in 
Cancer Cells. Cancers (Basel). 2024; 16(13): 
2478.

70. Doustmihan A, Fathi M, Mazloomi M, Salemi A, 
Hamblin MR, Jahanban-Esfahlan R. Molecular 
targets, therapeutic agents and multitasking 
nanoparticles to deal with cancer stem cells: A 
narrative review. J Control Release. 2023; 363: 
57-83.

71. Aramini B, Masciale V, Grisendi G, Bertolini F, 
Maur M, Guaitoli G, Chrystel I, Morandi U, 
Stella F, Dominici M, Haider KH. Dissecting 
Tumor Growth: The Role of Cancer Stem Cells 
in Drug Resistance and Recurrence. Cancers 
(Basel). 2022; 14(4): 976.

72. Liu YP, Zheng CC, Huang YN, He ML, Xu WW, 
Li B. Molecular mechanisms of chemo- and 
radiotherapy resistance and the potential 
implications for cancer treatment. MedComm. 
2021; 2(3): 315-340.

73. Manni W, Min W. Signaling pathways in the 
regulation of cancer stem cells and associated 
targeted therapy. MedComm. 2022; 3(4): e176.

74. Zeng Z, Fu M, Hu Y, Wei Y, Wei X, Luo M. 
Regulation and signaling pathways in cancer 
stem cells: implications for targeted therapy for 
cancer. Mol Cancer. 2023; 22(1): 172.

75. Chen Y, Chen L, Yu J, Ghia EM, Choi MY, Zhang L, 
Zhang S, Sanchez-Lopez E, Widhopf  GF 2nd, 
Messer K, Rassenti LZ, Jamieson C, Kipps TJ. 
Cirmtuzumab blocks Wnt5a/ROR1 stimulation 
of NF-κB to repress autocrine STAT3 activation 
in chronic lymphocytic leukemia. Blood. 2019; 
134(13): 1084-1094.

76.  Choi MY, Widhopf GF 2nd, Ghia EM, 
Kidwell  RL, Hasan MK, Yu J, Rassenti LZ, 
Chen L, Chen Y, Pittman E, Pu M, Messer K, 
Prussak CE, Castro JE, Jamieson C, Kipps TJ. 
Phase I Trial: Cirmtuzumab Inhibits ROR1 
Signaling and Stemness Signatures in Patients 
with Chronic Lymphocytic Leukemia. Cell Stem 
Cell. 2018; 22(6): 951-959.e3.

77. Cui X, Liu R, Duan L, Cao D, Zhang Q, Zhang A. 
CAR-T therapy: Prospects in targeting cancer 
stem cells. J Cell Mol Med. 2021; 25(21): 9891-
9904.

78. Li B, Kong X, Post H, Raaijmakers L, Peeper DS, 
Altelaar M. Proteomics and Phosphoproteomics 
Profiling of Drug-Addicted BRAFi-Resistant 
Melanoma Cells. J Proteome Res. 2021; 20(9): 
4381-4392.

79. Jung J, Seol HS, Chang S. The Generation and 
Application of Patient-Derived Xenograft Model 
for Cancer Research. Cancer Res Treat. 2018; 
50(1): 1-10.



19

80.  Hadiloo K, Mostanadi P, Asadzadeh A, 
Taremi  S, Esmaeilzadeh A. Targeting cancer 
stem cells with CAR-based immunotherapy: 
biology, evidence, and future directions. Cancer 
Cell Int. 2025; 25(1): 289.

81. Masoumi J, Jafarzadeh A, Abdolalizadeh J, 
Khan  H, Philippe J, Mirzaei H, Mirzaei HR. 
Cancer stem cell-targeted chimeric antigen 
receptor (CAR)-T cell therapy: Challenges and 

prospects. Acta Pharm Sin B. 2021; 11(7): 1721-
1739.

82. Scioli MG, Storti G, D'Amico F, Gentile P, 
Fabbri  G, Cervelli V, Orlandi A. The Role 
of Breast Cancer Stem Cells as a Prognostic 
Marker and a Target to Improve the Efficacy of 
Breast Cancer Therapy. Cancers (Basel). 2019; 
11(7): 1021.

Y. Tamilselvi, P. Velmurugan, K. Sivasubramanian


