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A B S T R A C T

Cancer stem cells (CSCs) are a population of self-renewal cells with high tumorigenic potency. CSCs can adopt
easily with changes in the nearby milieu, and are more resistant to conventional therapies than other cells within
a tumor. CSC resistance can be induced secondary to radio- and chemotherapy, or even after chemotherapy
secession. A combination of both intrinsic and extrinsic factors is contributed to CSC-mediated therapy re-
sistance. CSCs represent protective autophagy and efficient cell cycling, along with highly qualified epithelial-
mesenchymal transition (EMT) regulators, reactive oxygen species (ROS) scavengers, drug transporters, and
anti-apoptotic and DNA repairing systems. In addition, CSCs develop cross-talking and share some character-
istics with other cells within the tumor microenvironment (TME) being more intense in higher stage tumors, and
thereby sophisticating tumor-targeted therapies. TME, in fact, is a nest for aggravating resistance mechanisms in
CSCs. TME is exposed constantly to the nutritional, metabolic and oxygen deprivation; these conditions promote
CSC adaptation. This review is aimed to discuss main (intrinsic and extrinsic) mechanisms of CSC resistance and
suggest some strategies to revoke this important promoter of therapy failure.

1. Introduction

Despite growing scientific breakthrough toward designing ther-
apeutic schemes with high accuracy for targeting tumors, concerns still
remain about how to breakdown tumor refractoriness to the targeted
therapy, which is known as a leading cause of high mortality rates
among patients with advanced tumors [1]. For some tumors, surgery is
requested as an option. For metastatic tumors, however, this procedure
generates a hypoxic microenvironment fostering aggressive tumor re-
lapse [2]. Patients undergoing radio- and chemotherapy regimens often
suffer from adverse effects imposed by these therapies but offering only
palliation. Although shrinkage or even transient eradication of tumor
occurs after chemotherapy [3], unfortunately, not for long patients
encounter tumor resistance and recurrence, the two major reasons of
therapy failure [4]. This indicates that conventional therapies not only
are ineffective for targeting advanced tumors, they may even promote
tumor regrowth, so extending the current knowledge about the beha-
vior of tumor in response to therapy is an urgent need.

Following chemotherapy for any tumor type, there are residual
bodies enriched in cancer stem cells (CSCs) [5,6]. CSCs and their re-
levance with therapy resistance has gained an intense attention recently
with over 19,000 online papers in PubMed from the year 2017 to 2019,

indicating the importance of their targeting for cancer therapy. CSCs
have sphere formation [7] and self-renewing abilities. CSCs are sto-
chastically distributed within a tumor [8], but reside predominantly
within hypoxic, low pH and less nutrient niches [9] and take important
roles for initiation, relapse and metastatic dissemination of tumors
[3,10,11]. CSCs share many traits with regenerative stem cells, such as
self-renewal and multipotency [1], and the reversibility of their
quiescence state [12]. However, there are features specific for CSCs,
including the intense tumorigenic potential, the capacity to grow as
spheres under serum deprivation, high aldehyde dehydrogenase
(ALDH) activity [1], and dysregulated cell cycle [13]. CSCs are iden-
tified as a rare population of cells within a tumor [7,14,15] constituting
˂ 1% of the cellular population in the most solid tumors [16], around
0.1–1% in osteosarcoma [17]. For colon cancer this amount is about 2%
[7,18]. However, upon tumor progression this fraction can increase to
about 30% [19] and this increase correlates with therapy resistance [8].
CSCs are highly tumorigenic [14] being about 10-fold more tumori-
genic than their non-CSC counterpart in tumors like pancreas [6]. The
cells are described commonly using other terms, including tumor pro-
pagating cells, tumor progenitor cells and cancer-initiating cells (CICs).
A side population is also used to describe the cells [20]. The logic be-
hind this nomenclature is that the cells are able to efflux drugs, and so
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promoting resistance to therapy. CSCs play pivotal roles in therapy
resistance, accelerating tumor regrowth after therapy [21]. Self-re-
newal dysregulation is possibly the first step in carcinogenesis [22].
CSCs have unlimited self-renewal capacity [23] so that presence of one
CSC at the tumor site is able to promote tumor recurrence [8], and at a
distant site is capable of re-growing a metastatic tumor [24,25], thus an
increase in the CSC signature of a tumor indicates weaker prognosis
than tumors exhibiting diminished CSC population [26]. Traditional
chemotherapies are failed to eradicate tumoral cells in full [27] in
which apoptotic sensitive cancer cells are the main target of radio- and
chemotherapy, leaving behind tumor resistant CSC population prone to
further expansion [27,28], so affected patients ultimately succumb to
the tumor. Therefore, enriching our current understanding about me-
chanisms involved in the CSC-related recurrence crisis is essential to
override therapy resistance, especially in unresectable tumors. Thus,
this review we designed in order to discuss over major drivers of
therapy resistance in relation with CSCs and finished with proposing
some strategies to overcome this important mediator of therapy failure.

2. Chemo-radio resistant CSCs

CSCs are resistant inherently to radio- and chemotherapy [29], and
it is known that they are more resistant to standard chemotherapies
than bulk cancer cells [17]. A cancer-initiating cell (CIC) theory is
proposed for describing resistance of metastatic tumors to traditional
chemotherapy. According to this theory, resistance of CICs to tradi-
tional chemotherapy is reconsidered as the primary mechanism for
therapy resistance in a metastatic disease. In fact, the primary targets
for radiotherapy and most of the cytotoxic therapies are rapidly di-
viding (activated) apoptotic sensitive differentiated cells (stem cells and
cancer cells) not CICs, thereby allowing enrichment of tumor resistant
CSCs [3,27,28,30,31]. For tumors like glioblastoma multiform (GBM),
harvested CSCs are identified to be the only population of tumorigenic
cells, and thus representing the primary target in cancer therapy [32].
The inherent resistance of CSCs is a driving force behind cancer cell
colonization at distant sites of metastasis despite application of ad-
juvant chemotherapy [33]. CSCs are highly dynamic and heterogeneous
[34,35] and easily adaptive with the surrounding environment [36].
CSCs are slow cycling, and have active anti-apoptotic machinery (Bcl-2
[27] and Mcl-1 [33]), efficient DNA repairing systems (DNA checkpoint
kinases) and sustained stemness features, all of which are account for
their therapy resistance [18,28,37]. DNA damage to the CSCs occurring
after radiotherapy induces cell cycle arrest attempting to repair the
injured DNA, followed by a decision into either apoptosis or their re-
entry to the cell cycle [37]. Colon CSCs injected to immunodeficient
mice can easily reproduce the original tumor [7], implying high po-
tency of the cells in creating a bed for cancer growth.

CSC resistance is also defined by extrinsic factors. The well-known
extrinsic factor influencing CSC resistance is tumor microenvironment
(TME). TME is a heterocellular place [38] where critical interactions
determine the tumor fate [39]. Tumors have distinct genetic and epi-
genetic features, which is due in part to the contribution of TME. In
fact, invasive mesenchymal type CSCs are found in the regions of in-
tense cellular density [7,40], namely at the tumor edge close to the
other TME cells [41]. This indicates the importance of the TME in
shaping the morphology and functional features of CSCs, and that the
potency of the cells will be greatly reduced when they are excluded
from this milieu. The diagram presented in the Fig. 1 depicts various
intrinsic and extrinsic factors implicated in resistance of CSCs.

2.1. Mechanisms of therapy resistance in CSCs

2.1.1. EMT
EMT is linked tightly with the CSC biology [42], including stemness

[43], immune escape and resistance to radio- and chemotherapy [44].
EMT is a dedifferentiation program that is for converting polarized

epithelial cells into cells with migratory mesenchymal phenotype [21],
thereby being more prone to represent in circulation and acquire a
metastatic fate [26]. A part of this expansion is due to an influence
imposed by CSCs on non-CSCs to recall an EMT program in the cells,
and thus shifting them toward apoptosis resistance CSCs [45,46]. Di-
verse array of growth factors and cytokines are involved in regulation of
EMT; this infers different levels of adaptability (plasticity) among tu-
moral cells [47], complexing targeted therapies.

2.1.2. Hypoxia
Hypoxia is a common phenomenon in tumor tissue [48]. Hypoxia

strongly induces drug resistance in CSCs [49], and severely blunts
tumor response to radio- [48] and chemotherapy [50]. Hypoxia pro-
motes EMT associated CSC properties including self-renewal [49] in
which CSC enrichment occurs upon exposure to hypoxia-inducible
factor (HIF)-1α in vivo; this is for promoting resistance to che-
motherapy [33]. Hypoxia promotes early EMT by suppressing E-cad-
herin (an epithelial marker) through twist activation, and by inducing
snail via Notch activation [24]. Late migratory and invasiveness is also
promoted by hypoxia [51]. Hypoxia induces unfolded protein response
(UPR) signaling (indirectly through activation of endoplasmic re-
ticulum [ER] stress) [52], which is for maintaining CSC reactive oxygen
species (ROS) at low concentrations [53].

2.1.3. Oxidative modulation
ROS at both high and low concentrations can induce therapy re-

sistance in CSCs. Lee and colleagues reported a link between an increase
in the rate of mitochondrial oxidative phosphorylation (OXPHOS)-
mediated ROS generation with enhanced HIF-1α accumulation and CSC
resistance to chemotherapy [33]. Cannito and colleagues proved that
the inducible ROS effect on HIF-1α favors promotion of early EMT-
related events [51]. A level of ROS is important for fixing DNA breaks
[54], while ROS overloading can induce DNA damage and sensitize
cells to radiotherapy. CSCs have efficient DNA repairing systems
[18,55–57] to combat potential damage to DNA upon ROS accumula-
tion (high ROS levels). These DNA repairing systems and the preference
of the repairing capacity over apoptosis have noticeable effects on re-
sponses from CSCs to radiotherapy [58]. Interestingly, there is a report
that cancer cells upon receiving DNA damage signals can reprogram
into CSCs, so DNA damage inducers like radiotherapy (if not being so
strength) can secondarily contribute to drug resistance and tumor re-
currence [48,59]. In addition, high activity of telomeric components
such as TRF2 accounts for maintenance of telomeric length and re-
sistance to radiotherapy [59]. Furthermore, CSCs exhibit enhanced
mitochondrial respiratory capacity that prevents ROS overloading and
the subsequent death of the cells upon mitochondrial respiration [60]
(Fig. 2a).

CSCs in some tumors develop a highly compatible ROS scavenging
system to keep ROS at low concentrations, thereby representing a
quiescence nature [55]. CSCs exhibit a quiescence (or dormancy) state
to resist against therapy [61] (Fig. 2a). CSCs have the capacity to
synthesis glutathione (GSH) at high amounts, which is contributed to
survival of the cells after radio- and chemotherapy [26,62]. GSH de-
pletion can induce CSC ferroptosis, an iron-mediated cell death in-
dependent on caspase cascade [63]. Low ROS levels expand CSC po-
pulation by regulation of extracellular-signal-regulated kinase (ERK)
[1] and cyclooxygenase-2 (COX-2) [64]. In fact, there is a negative
feedback interaction between ROS and COX-2 in CSCs. ROS is im-
plicated in COX-2 induction [65]. COX-2 from TME, in turn, attenuates
ROS to possibly enforce CSC enrichment [64] and metastasis [66], so
CSCs are equipped with an efficient oxidant/antioxidant machinery
acquiring a highly compatible redox system to habitat readily with the
nearby milieu and to resist oxidative stress induced by radio- and
chemotherapy [67] (Fig. 2b). Disruption of these adaptation mechan-
isms can be an effective strategy to break down CSC resistance.
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2.1.4. Autophagy
CSCs are equipped with a protective autophagy machinery to

maintain their stemness [68], keep them resistant to anoikis [69], and
to help maintaining ROS at low concentrations [70]. Anoikis is a type of
cell death resulted from inappropriate interactions between a cell type
with its nearby extracellular matrix (ECM) [71]. Autophagy is protec-
tive upon cellular exposure to stressors (hypoxia and nutritional de-
privation) [28]. CSCs maintain autophagy in an equilibrium in order to
be able to promote resistance, so disruption of this protective autop-
hagy system by either inhibition [72] or overactivation [73] could be
therapeutic.

2.1.5. Inflammation
A degree of inflammation at early stages is protective against tumor

progression, promoting coordination of responses from adaptive im-
mune system [74] and tumor cell cytolysis [75]. Inhibition of this in-
flammatory state (acute phase) by factors like transforming growth
factor-β (TGF-β) precludes immune responses, and thereby inducing
tumorigenesis [76]. However, an elevation in the rate of inflammation
(chronic phase) occurring after radio- and chemotherapy [40,77,78]
and even following chemotherapy withdrawal [79] is contributed to
promotion of therapy resistance. Chronic inflammation is a major in-
ducer of CSC expansion [23] possibly causes activation of CSCs in their
niche and enriches them outside the niche through inducing cancer
cell/CSC dedifferentiation [46]. Thus, anti-inflammatory drugs such as
aspirin can be served as an adjuvant for abrogating CSC resistance
secondary to conventional therapies [80,81] (Fig. 3a).

2.1.6. From metabolic overview
Metabolic reprogramming (plasticity) is a shift in cellular bioener-

getics in tumors [82] that is known as a feature of CSCs [83]. Tumor

chemotherapy can be an inducer of metabolic reprogramming, and thus
promoting resistance of CSCs. Resistance to chemotherapy occurs by
conversion of aldehydes into weak carboxylic acids, and thereby re-
ducing the chance of deposition for the toxic aldehydes within CSCs.
This conversion is mediated by the activity of ALDHs in CSCs [30,84].
High ALDH activity is a unique feature for CSCs that distincts them
from normal stem cells [1]. Among 19 members of ALDHs, ALDH1 is
considered as a CSC biomarker [85] primarily linked to stemness and
chemotherapy resistance [84].

CSCs would meet their metabolic demands efficiently (and further
resistance to metabolic stressors) in three ways: (1) by inducing an-
giogenesis. CSCs (as a response to repeated radiation exposure) release
factors (like insulin-like growth factor 1/IGF-1) to induce angiogenesis
in the TME [86] that further allows for greater uptake of oxygen and
nutrients [87]. (2) by shifting their phenotypes. CSCs exhibit diverse
metabolic phenotypes across tumor types [87] or even in a same tumor
[33], as for breast cancer that CSCs have epithelial- and mesenchymal-
like phenotypes displaying metabolic differences. This metabolic plas-
ticity facilitates CSC adaptation to stressors, such as nutrient burden
and thus contributed to the growth of tumor [29,60]. Shifting the
metabolic phenotype is possibly supported by a hypoxic TME [24], as it
acts on cancer cells upon dedifferentiation into CSCs [88]. (3) by
shifting the way of energy supply. CSCs would meet their metabolic
demands in a versatile way. The cells can be highly glycolytic or de-
pended on mitochondrial OXPHOS. This flexible metabolism may be
due to the adaptation of the cells to a particular condition within the
TME [83], and it helps them to fulfill their biosynthetic and bio-en-
ergetic demands so as to supply optimal nutrition for survival, pro-
liferation and evasion [89]. Suppression of OXPHOS is linked to tem-
poral necroptosis and sensitization of CSCs to chemotherapy [14,84].
However, a while after treatment with mitochondrial OXPHOS

Fig. 1. Mechanisms of therapy resistance in cancer stem cells (CSCs). CSCs are inherently resistant to therapy. CSC resistance is also strengthened by signals from
tumor microenvironment (TME). IAPs, inhibitor of apoptosis proteins; ALDH, aldehyde dehydrogenase; NAD, Nicotinamide adenine dinucleotide; NF-κB, nuclear
factor-κB; PI3K, phosphoinositide 3-kinase; Hh, hedgehog; ABC, ATP-binding cassette; TGF-β, transforming growth factor-β; STAT3, signal transducer and activator
of transcription3; CAF, cancer associated fibroblast; and M2, macrophage type 2.
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inhibitors like metformin, CSCs are reported to shift their metabolic
demands from OXPHOS to glycolysis, and thus evolving resistance to
such therapy [14,83]. Lactate is the product of this enhanced glycolysis
creating an acidified milieu [87] for promotion of ECM degradation (via

activation of proteases) [90] and resistance to chemotherapy [91]. The
metabolic shifting capability indicates that the cells are highly adaptive
to alterations in the surrounding milieu. Nicotinamide adenine dinu-
cleotide (NAD) is a key player in cancer cell metabolism. NAD is

Fig. 2. Oxidative modulation in cancer stem cell (CSC) resistance and therapy. (a) CSCs maintain low reactive oxygen species (ROS) levels, which is for promoting
CSC quiescence and therapy resistance. When encounter high ROS levels, the cells encounter hypoxia that further promotes therapy resistance. (b) The diagram in the
lower left shows a redox balance in CSCs that acts as a promoter of therapy resistance. Disruption of this balance by ROS overloading would be an effective approach
for promotion of CSC killing. DDR, DNA damage response; NF-κB, nuclear factor-κB; EMT, epithelial-mesenchymal transition; and COX-2, cyclooxygenase-2.

Fig. 3. Relation between inflammation metabolic plasticity with cancer stem cell (CSC) resistance. (a) Inflammation is divided into acute and chronic phases. The
acute phase works against CSC resistance by activating immune system, while the chronic phase that could be induced by radio- and chemotherapy is a resistance
promoter. (b)Mitochondrial oxidative phosphorylation (OXPHOS) is a primary metabolic demand in CSCs. However, upon exposure to an oxidative burden, the cells
would shift the energy requirement toward glycolysis. This metabolic plasticity is thus contributed to resistance of CSCs. M1, macrophage type 1; M2, macrophage
type 2; NAD, Nicotinamide adenine dinucleotide; and ROS, reactive oxygen species.
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contributed to adaptation of CSCs to metabolic burden through
switching their metabolism toward an energy efficient respiration [60].
NAD also renders CSC self-renewal through driving transcription of
inhibitor of differentiation (ID) members [92], so maintaining CSC self-
renewal is occurring in the context of a metabolic scheme (Fig. 3b).

2.1.7. CSC plasticity
CSC plasticity is a main predicament in cancer targeted therapies.

CSCs are able to sequentially transition between stem- (an EMT phe-
notype) and non-stem (a mesenchymal-epithelial transition [MET]
phenotype) [34,93], and between quiescence (drug resistance) and
proliferation (drug sensitive) [36] states. This is for promotion of a
heterogeneous population of cells within a tumor easily adapt with
changes in the TME [94], hard to combat by conventional che-
motherapies. In fact, the cellular plasticity that reconciles inherited
(hierarchical) and acquired (stochastic) theories described for tumor-
igenesis of a cell type [95].

EMT activation in cancer cells converts them into CSCs [22]. This
conversion or so called de(retro)differentiation program allows genetic
reconstruction (ex, Oct4 overexpression) [96], metabolic reprogram-
ming and therapy resistance [88,96]. CSCs keep their EMT phenotype
until depositing in the distant sites of metastasis (a grow-to-go pheno-
type) where they change their phenotype toward attaining a MET
morphology to proliferate rapidly causing tumor outgrowth (a go-to-
grow phenotype) [24,54]. This rapid cellular proliferation leads to
hypoxia in the nearby milieu, thereby exacerbating tumor resistance to
therapy [97] (Fig. 4a). This phenotypic plasticity accounts for diverse
levels of therapy resistance among CSCs, which is a potent threat [98].
Therefore, stabilization of plasticity offers a great benefit for eradica-
tion of tumors even at high stages. This is applicable by targeting EMT
[47,99] using either inhibitors of EMT mediators, such as twist, slug
and snail [21], or addressing central drivers of this process, including
TGF-β and Notch [47]. CD24 is a marker of CSC plasticity implicated in
EMT regulation and drug resistance, so it could be a potential target
[98].

The pool of CSCs is in the quiescence state following radio- and
chemotherapy [26,100]. The quiescence state allows maintaining their
survival [100] and acquiring more resistant phenotype. When therapy
is removed, they exhibit more sensitive proliferative phenotype [101].
The rate of expression for stemness markers is more pronounced in
proliferative than the rate in quiescent cells [102]; this possibly helps
an increase in the chance of cellular evading from therapy. The quies-
cent cells although have minimal metabolic activity [49], they display
high ALDH activity [6] for metabolizing drugs into less toxic agents,
and thus being more aggressive (invasive) upon induction [49,103].
The quiescence cells reside in avascular (hypoxic) niches [104], and the
quiescent state gives CSCs sufficient time to repair damages to their
genome upon exposure to radio- and chemotherapy [12,58], thus en-
hancing their invasiveness [12] (Fig. 4b).

Plasticity infers that not necessarily CSCs but every cells within the
TME have potentials to initiate a tumor [105,106]. All cancer cells are
inherently plastic and are able to function as CSCs when required [5].
This requirement is under the instruction of the TME, and that the in-
trinsic plasticity (rather than multipotency) is identified to be linked to
tumorigenic potential of CSCs [94]. The plastic capacity infers that
hierarchy is not essentially related to CSCs, as reported beforehand
[107], and a desired therapeutic scheme relies on targeting plasticity
within the TME (including CSC and non-CSC cells), which is an effective
strategy for removing the possibility of non-CSC/CSC conversion
[46,108], and so abolishing the chance of tumor relapse.

2.1.8. Drug transporters
A hallmark of CSCs (that distinct them from most other cancer cells)

is that the cells robustly (and stably) express drug transporters on the
cell surface, and thus exhibiting a multi-drug resistance (MDR) phe-
notype [15,32,109,110]. These are unidirectional cellular pumps

charged by ATP, known as ATP-binding cassette (ABC) transporters.
Chemotherapeutic agents are the substrates of the pumps, and the ef-
flux of these anti-cancer agents is occurring after activation of the
pumps, reducing drug accumulation within the cells [35,56,111,112],
which is possibly for maintaining cellular viability [113] and stemness
[112,114]. Effective targeting of ABC efflux pumps is important to
make CSCs penetrable to chemotherapeutics. Examples of these drug
transporters are ABC subfamily B, member 1 (ABCB1) (also known as
MDR1) [32,56] and ABCG2 (also called Breast Cancer Resistance Pro-
tein/BCRP) [32].

2.1.9. Resistance receptors
Retinoic-acid-receptor-related orphan receptor gamma (RORγ) is a

nuclear hormone receptor enriched highly in CSCs relative to non-stem
cells. RORγ mediates interactions between CSC niche with the immune
T cells for regulation of super-enhancer oncogenic network in CSCs, as
well as T cell differentiation. This co-option between immune system
and CSC oncogenesis is for promotion of cancer aggressiveness [26]. In
addition, interaction between progranulin with its sortilin receptor
expressed on cancer cells promotes their dedifferentiation into CSCs
and therapy resistance [115]. Upregulation of estrogen receptors such
as G-protein coupled estrogen receptor (GPER) has also been identified
to induce CSC expansion and drug resistance in breast cancer [116].

2.1.10. Epigenetic regulations
2.1.10.1. MiRNAs and long non-coding RNAs (lncRNAs). MiRNAs are a
class of small noncoding RNAs [117] that are bind to the target mRNAs
and cause mRNA destabilization and/or translational inhibition [1].
LncRNAs are transcripts containing over 200 nucleotides that do not
translate into proteins. LncRNAs may act through interactions with
miRNAs and target their downstream pathways [118]. MiRNAs
critically regulate CSC hallmarks, including survival [117] and drug
resistance/sensitivity [119]. The effects of miRNAs and lncRNAs on
CSC resistance are mainly implicated through targeting CSC stemness;
these effects could be either positive [118,120–123] or negative
[124–127]. These diverse functional features are tumor- and tissue-
specific [1]. A same miRNA may target diverse gene/s in different
tumors, and so taking different functions. A change in the level of
miRNA may also influence its function. For instance, maintenance of
CSC fraction is mediated in ovarian and colorectal cancers by the
respective high and low levels of miR-328 [1].

3. TME is a key contributor of CSC resistance

TME has long been known as a promoter of tumor growth [24].
CSCs have symbiotic relations with the TME [128]. CSCs are exposed
constitutively to multiple tumorigenic signals emanated by other TME
cells. Tumor/stroma cross-talking is required for promotion of CSC re-
sistance to chemotherapy [129]. TME promotes CSC heterogeneity and
adaptation, the two resistance drivers [36]. Cancer associated fibro-
blasts (CAFs) are one of the key cells within the TME implicated in
cancer progression. CAFs produce ECM proteins [130] to occupy a
niche for CSCs [131]. A stiffened ECM hampers drug penetration to the
CSC niches [131], stimulates TME hypoxia [132], and is associated with
the cancer cell/CSC dedifferentiation [133], all of which are con-
tributed to the tumor resistance and recurrence. CAFs also promote
ECM degradation [134] for CSC dissemination and invasion [90]. Cel-
lular reprogramming between cancer cells, CSCs and CAFs is one of the
major mediators of therapy resistance in CSCs (Fig. 4c). Co-culture of
non-lytic CD8+ T cells with cancer cells is reported to induce ded-
ifferentiation of the cells into CSC-like cells [100]. Dedifferentiation is
also induced by tumor necrosis factor-α (TNF-α) [135] released by TME
cells. TME is exposed constantly with conditions like hypoxia and me-
tabolic reprogramming. Hypoxia is a promoter of cancer cell/CSC
dedifferentiation (Fig. 4d). Enhanced hypoxia, as mentioned, along
with glycolysis (causing increased acidity) are resistance promoters
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[87,91]. TME macrophage type 2 (M2) cells are another important
player in CSC resistance to therapy [136,137] by promoting both of
these conditions [97], and by coordinating interplay between stemness-
related signals (STAT3 and Hh) [138]. IL-4 released from CSCs to the
TME tightens M2/CSC cross-talking, acting through promotion of M2
polarity [139] and protection of CSCs from apoptosis [18].

4. Signaling pathways of therapy resistance

There are a number of signaling implicated in resistance of CSCs. In
the Fig. 5, a summary of the roles for these multi-tasking pathways is
presented.

4.1. TGF-β

TGF-β is a major promoter of CSC stemness and resistance to radio-
[140] and chemotherapy [141]. TGF-β is released by multiple cells
within the TME in response to hypoxia [142]. TGF-β stimulates CSC
stemness through induction of EMT [143,144] and ECM stiffness [145].
TGF-β also promotes CSC dormancy [146]. Co-activation of TGF-β and
Notch signaling causes CSCs exhibiting a diversity of EMT phenotypes
(phenotypic plasticity), and residing at different regions of tumor from
tumor core (a place for ALDH1+ hybrid E/M CSCs) to the tumor per-
iphery or invasive edge (a site for CD44+ mesenchymal CSCs) [40]. The
cells reside in the core are mostly proliferative, and (despite being
hypoxic) [110] they are more sensitive to nutritional and oxidative
stressors than the cells in the edge [90], so a core-to-edge migration
possibly gives them more chance to survive and to promote tumor

Fig. 4. Cellular plasticity as a resistant promoter. (a) Cancer stem cells (CSCs) are highly plastic cell types that are able to acquire diverse phenotypes (stem/non-
stem) and cellular states (quiescence/proliferation) so as to evade therapy and to enhance their capacity to outgrowth the tumor vigorously. Epithelial-mesenchymal
transition (EMT) induces metabolic reprogramming and dedifferentiation of cancer cells into CSCs. The cells would keep their EMT features in order to reach the
distant sites of metastasis. Here, they change their phenotype by acquiring a mesenchymal-epithelial transition (MET) morphology to proliferate and expand their
numbers. MET is also an inducer of CSC quiescence. CSC plasticity is controlled essentially by tumor microenvironment (TME) hypoxic condition and signaling,
including transforming growth factor-β (TGF-β), nuclear factor-κB (NF-κB), Wnt and Notch. (b) The diagram in the lower right illustrates relation between CSC
cycling states with resistance. ALDH, aldehyde dehydrogenase. (c) The diagram shows versatile cellular reprogramming in relation with stroma (i.e. cancer asso-
ciated fibroblasts [CAFs]), and (d) the diagram in the lower left illustrates how EMT/MET cellular states in interaction with hypoxia promote CSC enrichment and
therapy resistance.

M. Najafi, et al. Life Sciences 234 (2019) 116781

6



budding (a pro-metastatic process initiated by EMT) [147].

4.2. Phosphoinositide 3-kinase (PI3K)/AKT

Dysregulation of the PI3K/AKT signaling occurs frequently in
human tumors. AKT promotes survival, metastasis and chemoresistance
by acting through modulation of downstream effectors, including cas-
pases, nuclear factor-κB (NF-κB) and mammalian target of rapamycin
(mTOR) family. PI3K induces constitutive activation of NF-κB to pro-
mote CSC chemoresistance [56]. The PI3K/AKT/mTOR pathway po-
tentiates antioxidative machinery [54] and promotes quiescence [148]
in CSCs. Interaction between AKT with Notch stimulated by hypoxia is
for stemness maintenance and drug resistance [50]. PI3K signaling in
CSCs can be targeted preferentially using pan-PI3K inhibitors, such as
B591 [149].

4.3. NF-κB

NF-κB is a crucial mediator of inflammation (acute and chronic) in
tumors linking inflammation with stemness [23]. NF-κB activates hy-
poxia related stemness signaling [150], and is associated with both
early (through induction of EMT) [22,151] and late stage of tumor-
igenesis [22]. NF-κB reverts ROS-induced apoptotic cell death in CSCs
[30], as shown in the Fig. 2a.

4.4. Signal transducer and activator of transcription3 (STAT3)

STAT3 is an immune escape mediator mainly released by cancer
cells toward the TME [152]. STAT3 is important for maintaining
stemness [118,153], immune escaping [136] and resistance of CSCs to
radio- [137] and chemotherapy [154]. Stemness is promoted by inter-
action between STAT3 with NF-κB [155]. This cross-talking is tightened
by TNF-α [151].

4.5. Wnt/β-catenin

Wnt/β-catenin, Hedgehog (Hh) and Notch take roles for regulation
of CSC self-renewal and differentiation [156]. MRNA expression of β-
catenin is increased after radiotherapy [59]. CAFs secrete Wnt into the

TME [157]. Activation of Wnt/β-catenin is mediated by SOX2 expres-
sion in CSCs [20]; this activation is for promoting cancer cell/CSC
dedifferentiation implicated in chemoresistance [157,158]. An EMT
program is activated by Wnt in these newly formed cells acting as a
promoter of tumor budding (and the resulting metastasis) and drug
resistance [42,147].

4.6. Hh

Hh is another signaling related to CSC stemness [112,156] and
chemoresistance [25]. To do such actions, Hh signaling regulates
ABCG2 efflux pump and ALDH activity [112,159]. Cancer cells produce
Hh ligand responsible for reprogramming of CAFs toward producing a
supportive niche, which is for maintenance of CSC stemness [145].
Activation of Hh ligand in cancer cells stimulated by nutritional de-
privation (stress) is also contributed to dedifferentiation of these cells
into CSCs [9].

4.7. Notch

CSCs activate Notch for promotion of resistance to radio- [156] and
chemotherapy [17,125]. Aberrant Notch activation helps acquiring
EMT and self-renewal properties in CSCs [50]. P53 is placed upstream
of Notch to exert protective effects against DNA damage [17]. Expres-
sion of different types of Notch in different tumors and cross-talking
between this signaling with Wnt and Hh pathways add complexity for
targeting these pathways [160].

5. Overcome drug resistance in CSCs

CSCs are prone dynamically to the phenotypic switching between
stem and non-stem states, causing variations in their density and spatial
distribution, thus complicating targeting for cancer therapy; this would
possibly make different levels of resistance [8,58], and thereby varia-
tions in the response rate of CSCs to chemotherapeutics even in a same
tumor [161], with a rise in the number of CSCs an increase in the dose
of radio- and/or chemotherapy is required. Differentiation of CSCs from
normal stem cells within tissues or organs is possibly the first step for
combating therapy resistance. Disruption of normal stem cells

Fig. 5. The diagram displaying contribution of multi-tasking signaling pathways to resistance of cancer stem cells (CSCs). Transforming growth factor-β (TGF-β),
phosphoinositide 3-kinase (PI3K)/AKT, nuclear factor-κB (NF-κB), Wnt/β-catenin.
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secondary to procedures aiming to target CSCs can cause regrowth of
tumor due to the essence of normal stem cells for post-therapy tissue
regeneration and homeostasis [37]. CSC profiling using nanosensors
[161] or resistant embryonic stem cells [162] is promising to identify
and to survey behavior of the cells within tumor tissue, being funda-
mental for exploring new treatment modalities and, thus, improving
clinical management of tumor.

It is important to note that the behavior of CSCs is different from
one patient to another, so the next step would be individualization of
therapy specifically on patients, as reported for GBM [163]. When ad-
juvant therapy is considered, the agents chosen for such treatment
modalities must be less toxic on patients [164]. CSCs have efficient drug
transporter pumps restricting accumulation of drugs within the cells, so
when a drug is prescribed for a patient, its penetrability must be
checked beforehand. The patient may require suppressors of ABC
pumps alongside, or a drug exchange.

CSCs inherit most of the resistance mechanisms from the tumori-
genic milieu nearby, so a special focus in CSC-targeted therapies must
be on breaking down the CSC/TME interplay; these cross connections
are tightly facilitated by TME conditions, especially hypoxia; CSCs
evolve a highly resistance phenotype in the hypoxic milieu, so abol-
ishing this condition by approaches like hyperoxia could be an effective
strategy for enhancing CSC sensitization [165]. Phenotypic plasticity of
CSCs is determined by the TME, and it can be targeted using phenotypic
stability factors [47]. It is impossible to target all signaling transduced
between CSCs and the TME, thus a close inspection must be taken on
recognition of major promoters of resistance and targeting them for
cancer therapy. TGF-β is a key signaling for promotion of CSC re-
sistance in a variety of tumors, so it could be a promising target. CSCs,
as described, are highly responsive to any variations in the oxidant/
antioxidant balance, acquiring resistance upon exposure to both low
and high ROS levels (Fig. 2a). Due to the importance of low ROS levels
in CSC maintenance (as described), the antioxidant delivery may not be
a therapeutic choice for some cancer, instead, this approach may even

cause CSC promotion [27]; this is indicative of the sensitivity of oxi-
dative modulating approaches for cancer therapy that calls for devel-
opment of modalities aiming for disruption of the redox balance in CSCs
possibly by oxidative overloading as a promising strategy.

Control of patient drug intake has a critical role in CSC response to
therapy. For example, morphine administered to relieve symptoms in
breast cancer patients can adversely cause CSC enrichment and che-
moresistance [42], while disulfiram prescribed to treat alcoholism has
strong activity against CSC resistance in such tumor [164], and spir-
onolactone (an anti-hypertensive drug) impairs DNA damage repair in
CSCs [166]. In diabetic patients, high blood glucose can cause WNT
activation, and thus increasing the risk of tumor [167]. Metformin
prescribed for these patients reduces this risk through increasing cel-
lular uptake of glucose. There is also a report that diabetes patients
receiving metformin show more response to chemotherapy [168].
However, for tumors upon progression this therapy may not be effective
due to the plastic capability of CSCs in shifting the energy demands, as
discussed.

Modulation of patient dietary intake could also be effective. For
instance, broccoli is enriched in sulforaphane and quercetin [169] that
are known to revert apoptosis resistance in CSCs [22,169]. Curcumin
found in peppers is known to hamper CSC self-renewal [22], and re-
sveratrol found in grapes reduces CSC stemness and enhances their
sensitization to radiotherapy [170]. In addition, a close inspection and
control must be taken over patient's bad habits. For instance, there is a
positive relation between cigarette smoking with enhanced ABCG2
pump activity [112] that demands for possibly higher doses of che-
motherapy (than the dose required for non-smokers). Therefore, it is
necessary to closely inspect patient intakes (drug [for other purposes]
and dietary) and bad habits and modulate them in order to enhance the
efficacy of targeted therapies against CSC resistance. Without a doubt,
patients receiving adjuvant therapies for targeting CSC resistance will
need short-term follow up, which is for tracing the efficacy of therapy.
Patients may require modification of drugs (dose and type). Long-term

Fig. 6. The diagram shows a 6-step schedule to overcome drug resistance in cancer stem cells (CSCs). CSCs have close interactions with the nearby tumor micro-
environment (TME) for promotion of therapy resistance, and due to implication of both intrinsic and extrinsic factors in promotion of CSC resistance, a multi-faceted
adjuvant strategy addressing dominant cross-talking between CSCs and their nearby milieu is required. CSCs exhibit different traits among patients with the same
type of tumor, so individualization of therapy, if applicable, would enhance the efficacy of therapy. Dietary and drug intake control also has its own value aiming to
observe a desired response from patients to adjuvant therapy.
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follow up is also essential, especially for advanced stage tumors; this is
for observing a possibility of tumor relapse. The diagram in the Fig. 6
presents a summary of a 6-step schedule for targeting CSC resistance
and thereby enhancing the efficacy of therapy.

6. Conclusion

Information provided in this review represents a network of the key
nodes implicated in regulation of CSC resistance to therapy. CSC re-
sistance is complex and multi-factorial. Exposure of CSCs with an array
of endo- or exogenous factors that would be more intense upon tumor
progression could make the cells highly compatible for regulation of
tumor behavior and responding to a type of therapy. Their versatile
function, plastic phenotype and diverse divisional features (a/sym-
metry) [46] unveil that the cells can shape the tumor for their desire,
resulting in therapy failure. This would make necessitate development
of neoadjuvant therapies highly qualified to penetrate into the cells and
to target major drivers of tumor resistance in a multi-faceted way,
having extended durability and exhibiting the least adversarial effects
on surrounding normal tissues nearby. Harassment of CSC resistance
mechanisms and hampering CSC re-emergence would be most effective
when therapeutic approaches are designed individually for patients and
the type of tumor they have [55].
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