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Abstract- Recent research into cancer stem cells has refined 
our knowledge of the origins, maintenance, and progression of 
cancer. The characteristics of tumor initiating cells and the 
stem-like properties of tumor side populations that appear to 
be responsible for tumor maintenance and metastasis have 
given insights into potential targets for the elimination of 
treatment-resistant and residual tumor cells. These insights 
have also provided inroads to understanding and preventing 
invasive and metastatic progression of cancer. In this review, 
we discuss recent advancements in understanding of tumor 
initiating cells and cancer stem cells and their implications on 
cancer pathobiology and treatment. The role of tumor initiating 
cell phenotypes on routes of metastasis and the use of 
stemness markers to guide prognosis and treatment are also 
discussed. Particular emphasis sections are included that 
focus on the role of stemness in the pathobiology and 
treatment of prostate cancer. Of particular interest is the 
correlation of stemness with decreased androgen receptor 
expression and resistance to anti-androgen therapy. The 
overview provided herein represents a primer for the 
understanding of current knowledge regarding cancer stem 
cells and their clinical implications in prostate and other cancer 
types. 

I. Introduction 

espite the significant advancements in cancer 
therapy throughout the years, cancer remains the 
most common cause of death worldwide [1]. 

Knowledge of how cancer initiates and the cellular and 
molecular origins of cancer continue to grow and be 
refined. Cancers have been thought to be monoclonal, 
meaning that each primary tumor originated from a 
single mutated cell. Mutation in one of a variety of genes 
may cause cells to form a tumor, while three to seven 
mutations and/or chromosomal defects may be needed 
for the development of cancer[2]. Accumulation of 
mutations can occur over time leading to cancer[2]. 
Complicating the monoclonal view of cancer, cancer 
growth and development are impacted by tumor 
heterogeneity and cell fusion. Recent research has 
shown that tumor cells and lymphocytes can merge, 
resulting in phenotypic and genotypic variation in tumor 
cells [3].  
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A population of self-renewing cells with a high 
tumorigenic potential has been identified in many 
cancers, which are known as cancer stem cells (CSCs). 
The continuous and uncontrolled development of 
malignant tumors is thought to be caused by CSCs, 
which are also known as cancer-initiating cells (CICs)[2]. 
These cells are also thought to have a crucial role in 
metastasis and recurrence[2]. Many theories have 
suggested that the events occurring in either stem or 
differentiated cells, such as genomic instability, an 
inflammatory environment, genetic recombination, and 
lateral genetic transformation should be taken into 
consideration as potential CSC origins [2]. The ability of 
cancer cells to proliferate and, in many circumstances, 
survive is dependent on underlying stemness[4]. 
Moreover, due to cancer stem cells' capacity to trigger 
tumor growth, self-renewal, and multi-drug resistance, 
the majority of recent cancer research has focused on 
determining their distinctive characteristics and origins. 
CSCs have been identified in a variety of tumor types, 
including head and neck, stomach, breast, pancreatic, 
lung, liver, colon, melanoma, and bladder cancers[1].  

Epithelial-to-mesenchymal transition (EMT) is a 
strictly controlled process that is essential for the 
development of tumors. EMT increases cancer cells' 
ability to migrate and invade and has a direct impact on 
the production of stem cell-like tumor-initiating cells. 
TGF-β1 plays crucial roles in the development of tumors 
and is a critical transcription factor regulating EMT [9]. 
Undoubtedly, all cells require energy for survival, 
proliferation, and cell growth. CSCs have a distinct 
metabolic flexibility in comparison to normal stem cells 
and significantly rely on oxidative phosphorylation 
(OXPHOS) as their main source of energy in contrast to 
non-CSCs, which are primarily glycolytic[5]. In the 
presence of oxygen, CSCs can alternate between 
OXPHOS and glycolysis to maintain homeostasis and 
consequently support tumor development [10].  

The inner cell mass of the preimplantation 
blastocyst is a source of Embryonic Stem Cells (ESCs), 
which are distinguished and characterized by their 
pluripotency (the capacity and ability to differentiate into 
all derivatives of the three basic germ layers: ectoderm, 
endoderm, and mesoderm) and their potential to self-
replicate without limit[6]. Apart from this, understanding 
originating cell types of cancer is a crucial step in 
determining mechanisms of tumor initiation and 
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maintenance. Long-term studies have related the 
development of prostate glands to stem cells. Prostate 
cancer is the second most prevalent cause of cancer-
related death for men in the developed world , which is 
the most commonly diagnosed malignancy in males[7]. 
Regression of the prostate occurs following androgen 
deprivation, but regeneration occurs after testosterone 
replacement[8]. The cells responsible for this are 
located in the proximal ducts and basal layer of the 
prostate. Numerous characteristics of prostate cancer 
indicate a stem cell origin[8]. Surgery, radiation, 
hormonal ablation, and chemotherapy are examples of 
traditional anti-pancreas cancer treatments. For 
individuals with severe and/or metastatic cancer, these 
treatments are ineffective despite increased attempts. 
Nevertheless, cancer treatments frequently fail because 
of residual tumor cells that survive therapy, which 
causes the reappearance of the disease [7]. It has been 
suggested that CSCs represent this residual population. 
The general findings reported in the literature illustrate 
the connection between stem cells and prostate cancer, 
its therapies, the latest research on cancer stem cells, 
and potential future technologies to overcome it, which 
are discussed herein.  

II. Stem Cells in Tumor Initiation, 

Tumor Cell Sustainability and 
Progression 

As stated in Afify and Seno (2019), “Cancer 
stem cells (CSCs), also known as cancer-initiating cells 
(CIC), are responsible for the sustained and 
uncontrolled growth of malignant tumors and are 
proposed to play significant roles in metastasis and 
recurrence.”[2] The authors clearly state that the 
initiation of cancer arises from stem cells. Furthermore, 
this statement is backed by research that was 
conducted by Mei et al. (2019), who presented very 
convincing evidence that CSCs have a substantial role 
in initiation of cancer[9]. This evidence shows that while 
there is a good understanding of how cancer cells form, 

the ability to prevent this from occurring remains 
elusive[10]. 
 

A plethora of research has been conducted that 
strongly

 
supports

 
the role that prostate cancer stem 

cells (PCSCs) play in the initiation of prostate cancer [9]. 
This drives the hypothesis

 
that prostate stem cells are 

targets for prostate cancer initiation. Furthermore, it was 
proven by Eder et al. (2016) that cancer-associated 
fibroblasts (CAFs) and prostate cancer

 
cells interact, 

which allows prostate cancer to proliferate and spread 
throughout the body [11]. Additional

 
research by Begum 

et al. (2019) further supports
 
this view [12]. They found 

that cancer-associated fibroblasts promoted CSC 
frequency, self-renewal, and metastasis in models of 
pancreatic ductal adenocarcinoma.

 

III. Inverse Correlation of Androgen 
Receptor Expression with Stemness in 

Prostate Cancer 

Cancer progression is defined by continuous 
loss of a specific phenotype and the growth of 
progenitor and stem cell features[13]. In prostate 
cancer, androgen receptor (AR) signaling is important 
for the development of cancer and therapy resistance. 
AR signaling is decreased at the transcriptional level in 
high-grade versus low-grade prostate cancer. 
Resistance to androgen receptor therapy may be 
accompanied by loss of androgen receptor signaling 
and gain of stemness since loss of AR expression is 
associated with the development of stem cell-like 
features[13]. One way to inhibit AR signaling is by using 
the AR antagonist enzalutamide, which is one of the 
main treatments used for men with castration-resistant 
prostate cancer[14]. Furthermore, MDM2, an E3 ligase, 
allows for the ubiquitination of AR in CSCs, decreasing 
total AR protein levels[15]. The loss of MDM2 allows for 
the accumulation of AR leading to differentiation into 
luminal cells and cell death[15]. Blocking MDM2-
mediated activity in concert with AR-targeted therapy 
can provide an approach for eliminating AR-negative 
CSCs in addition to AR-positive prostate cancer cells, 
which in turn decreases metastatic tumor burden and 
inhibits therapeutic resistance [15]. A study on the 
effects of AR demonstrated the influence of AR on the 
expression of CD44 and SOX2[16]. The experiment 
consisted of expressing AR in PC3 cells that are AR-
negative. The expression levels of CD44 and SOX2 were 
decreased, indicating that AR-signaling can reduce 
stemness characteristics of these cells.  

IV. Role of Stem Cells in Tumor 
Progression 

Numerous studies have introduced discrete 
identities of cells that have stem cell-like features and 

experience shifts to adapt to a changing 
microenvironment as the disease progresses. A tumor’s 
cell-of-origin determines its characteristics, such as 
metastasis, drug resistance, heterogeneity, and 
immortality[17]. A tumor that originated from cancer 
stem cells arising late in the life of tumors will have 
limited metastatic ability, a homogenous phenotype, 
and a restricted chemokine-receptor profile[17]. 
Conversely, buildup of mutations in early stem cells can 
produce tumors with increased rates of metastasis that 
are driven by a heterogeneous collection of chemokine 
receptors[17]. The aggressive nature of tumors is 
dependent on the processes of tissue formation and 
differentiation that are applied in the early embryonic 
stages. For example, ectoderm and endoderm-derived 
tumors metastasize through thelymphatics, while 
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mesenchyme-derived tumors metastasize by 
hematogenous spread[17]. 

CSCs exhibit high plasticity, meaning that they 
can change their phenotype and their appearance. 
These changes can be caused by chemotherapy, 
radiotherapeutics, senescence, and resulting changes 
in the tumor microenvironment (TME) [17]. Senescence 
can have anti-tumor effects but can also have negative 
effects, such as the promotion of cancer stemness, 
which can in turn increase plasticity, leading to tumor 
relapse or metastasis [17], [18]. Recent studies have 
indicated the importance and urgency of diagnostic 
screening of the TME prior to and during treatment since 
therapeutic efficacy and adverse effects of anti-cancer 
drugs can be affected by the TME [19]. 

In recent years, studies have provided more 
evidence that cancer stem cells play a pivotal role in the 
regulation of the TME and immunotherapeutic response 
in HCC patients. Recent construction of an HCC 
stemness subtype classifier may offer insights into the 
interaction between CSCs and the TME and may also 
be an approach for selecting immunotherapeutic 
responders in the future[20]. 

The JAK/STAT3 signaling pathway has a 
significant role in different types of cancers. Its activation 
increases metastatic and tumorigenic capability and 
chemoresistance in cancer by enhancing epithelial-
mesenchymal transition EMT, which is related to 
stemness[21]. EMT is a critical regulator of cancer 
progression, regulating cancer spread, invasion, and 
survival[21]. Once activated,STAT3 enters the nucleus 
through importin-β1 and allows expression of genes that 
promote pathways that are critical for cancer 
survival[21]. 

V. Cancer Stem Cells and Prostate 
Cancer Survival 

 

 

 

 

VI. Stem Cell Markers 

Over the years, biomarkers have been gaining 
attention, especially because they are used in diagnosis, 
therapy, and prognosis, mostly in cancer patients. 

Cancer stems cells have been known to drive tumor 
initiation and relapse[25]. Cancer stem cells originate 
from either differentiated cells or adult tissue resident 
stem cells. Their importance in disease and 
development has led to investigation and discovery of 
stem cell biomarkers. In order to identify CSCs and 
distinguish them from non-CSC cancer cells, a variety of 
markers have been used. Common markers are 
CD133, CD44, IL-6R, and ALDH[26], [27]. These 
markers, which are predominantly expressed on stem-
like cells, correlate with apoptosis resistance and tumor 
cell growth as they are prevalent on CSCs with 
enhanced cellular survival phenotypes[28]. 

Genomic stemness-regulating regions have 
been investigated for use as a marker for stemness, 
such as the ERG + 85 enhancer region for leukemia 
stem cells [29].The use of a reporter to sort an 
ERG + 85High fraction of acute myelogenous leukemia 
cells showed the ability of this population to reconstitute 
the original tumor heterogeneity and was used to 
identify a 4-Hydroxyphenyl retinamide as an inhibitor of 
leukemia stem cells. This demonstrates the use of CSC 
markers to drive drug targeting[29]. 

VII. Effects of CSCS on Anti-cancer 
Therapy 

a) Correlation of Stemness with Therapy Resistance 
CSCs are more resistant to traditional therapies 

than other tumor cells and can adapt quickly to changes 
in the microenvironment. Radiotherapy, chemotherapy, 
or the cessation of treatment can trigger CSC 
resistance[30]. Tumorcell stemness has been 
associated with immune checkpoint inhibitor (ICI) 
resistance. A recent study used RNA sequencing to 
identify a pan-cancer signature corresponding to the 
stem.sig stemness-associated gene list that was 
predictive of ICI immunotherapy response[31]. Using 
CRISPR datasets, a list of genes involved in stemness 
whose knockout resulted in enhanced tumor immune 
response was generated. This evidence indicated that 
cancer stemness is associated with immunotherapy 
resistance and provided a genetic stemness profile that 
may potentially predict immunotherapy response[32]. 

VIII. Mechanisms of Drug Resistance in 
Cancer Stem Cells 

The mechanisms that protect CSCs from 
chemotherapy or radiotherapy are an area of ongoing 
investigation. Recently, emphasis has centered on the 
role of the DNA damage response (DDR) in the 
development of tumors. It has been reported that cancer 
metastasis may be facilitated by an enhanced DDR that 
shields CSC and chemoresistant cells from the 
genotoxic pressure of chemotherapeutic medicines or 
radiation[33]. 
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A comprehensive study by Tsudenomi et al 
(2019) concluded that there is no obvious link between 
CSCs and a patient’s ability to survive; however, it is an 
integral part of establishing a prognosis [22]. 
Conversely, another study by Yi et al. (2020) effectively 
proved that prognosis and CSCs have a more direct 
correlation than previously discussed[23]. Specifically, 
an experiment was conducted by Li et al. (2020) that 
showed “that B7-H4 is a potential PCa [prostate cancer] 
stemness-associated biomarker to predict the prognosis 
of PCa.”[24] This means that the B7-H4 gene is a stem 
cell-related gene, the overexpression of which can 
cause tumors to grow, thus establishing a link between 
CSCs and poor prognosis.



CSC populations are thought to drive 
chemoresistance and cancer relapse because of the 
capacity to self-renew and specialize into a variety of 
cancer cell lineages in response to chemotherapeutic 
drugs. Additionally, CSCs have the capacity enter a 
quiescent non-proliferative state, which supports their 
capacity to resist chemo- and radio-therapy[33]. 
Commonly used chemotherapy drugs induce apoptosis 
in dividing cells. Although effective cancer treatments kill 
most growing tumor cells, some CSCs survive because 
of decreased proliferation and chemoresistance and 
can initiate a relapse [25]. 

Special Emphasis: Implications of CSCs on Anti-
Androgen Therapy Response  

Male patients with castration-resistant prostate 
cancer (CRPC) have the option of treatment with the 
androgen receptor (AR) antagonist enzalutamide [14]. 
However, there area significant number of patients that 
do not respond to the treatment, and the causes behind 
this resistance are mostly unknown. Research by 
Alumkal et al. (2020) showed that those with 
enzalutamide resistance should be enrolled in clinical 
studies to collect tissue biopsies and apply medications 
to overcome resistance [14]. Menssouri et al. (2021) 
posited that AR resistance is related to multiple 
transcriptional processes that were previously active in 
pre-treatment samples[34]. O’Reilly et al. (2019) showed 
that CSCs and tumor relapse are connected on many 
levels. Also, hypoxic conditions that result from AR 
resistance cause a variety of signaling pathways to be 
activated, which elevates stem cell markers and 
promotes prostate CSC proliferation[35]. Thus, targeting 
hypoxic signaling pathways might prevent stem cell 
appearance and lessen resistance. Androgen 
deprivation therapy resistance has been found to be 
facilitated by increased expression of Fra1 and PTTG1, 
which is induced by STAT3 binding to their 
promoters[21]. Similarly, the stemness of glioblastoma 
cells is maintained when RTVP1 expression is promoted 
by the binding of both C/EBPβ and STAT3 to the RTVP-1 
promoter, which is linked to poor clinical outcomes[21]. 
These findings open the door to a more thorough 
comprehension of the significance of CSC in castration-
resistant prostate cancer and resistance to AR 
antagonism with enzalutamide[36]. 

Recently, cell plasticity has become a target for 
therapy in prostate cancer. Tumor cells may transform 
into a distinct subtypes in response to anticancer 
therapy, such as the neuroendocrine phenotype, which 
is linked to treatment failure [37]. Sánchez et al. (2020) 
proposed a new mechanism for the plasticity of prostate 
cancervia AMP protein kinase[37]. Prostate cancer cells 
showed signs of neuroendocrine morphology and 
expressed more neuroendocrine markers and neuron-
specific enolase, which was correlated with increased 
expression of stem cell markers and resistance to AR 

[37]. In stem-like cells, overexpression of AMPK reduced 
the expression of stem markers and hypoxia-inducible 
factor (HIF-1). Also, docetaxel sensitivity was restored in 
stem-like AMPK-transfected cells [37]. 

IX. Stemness as a Therapeutic Target 

a) Sensitizing cancer stem cells to cytotoxic 
therapy/radiation 

One promising method for sensitizing breast 
cancer stem cells (BCSCs) to cytotoxic therapy is 
targeting the Fbxw7 gene, which maintains cell 
dormancy. Inhibition of Fbxw7 stimulates BCSCs to 
progress from the G0 quiescence phase can sensitize 
these CSCs to current therapies [38], [39]. The 
antirheumatic drug, sulfasalazine, has also shown to be 
effective in achieving therapy success by making CSCs 
more sensitive to radiation [38]. Targeting ATM signaling 
using an ATM inhibitor is able to 
resensitizeCD44+/CD24− BCSCs to radiation [38]. 
Similarly, inhibition of ATM/ATR signaling and 
downstream targets such as PARP1 and Wee1 
increased the sensitivity of CSCs of multiple cancer 
types to chemotherapy and radiation [40]. Moreover, the 
promotion of BCSCs development by HIF-1α in hypoxic 
conditions can be targeted using ganetespib (a second-
generation HSP90 and HIF-1α inhibitor)to sensitize 
BCSCs to chemotherapy in vivo and in vitro [38]. In 
addition, sequential treatment of patient-derived 
colorectal cancer xenografts with 5-fluorouracil (5-FU) or 
chemoradiotherapy (CRT) followed by evofosfamide (a 
hypoxia-activated prodrug) inhibited tumor growth and 
decreased the colorectal cancer initiating cell fraction 
[41]. Furthermore, Croker et al. showed that the 
inhibition of ALDH activity by using ALDH inhibitors, 
such as all-trans retinoic acid (ATRA) and 
diethylaminobenzaldehyde (DEAB), can make TNBC 
cells more sensitiveto chemotherapy and radiotherapy 
[42]. Similarly, silencing ALDH gene expression in 
ALDH-expressing ovarian CSCs reverses 
chemoresistance in these cells [43].  
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Another method for sensitizing CSCs is by 
targeting NOTCH signaling, which has been shown to 
sensitize patient-derived glioma stem cells to 
radiotherapy in vitro and to prevent xenograft formation 
[44]. In addition, inhibiting WNT/β-catenin pathway by 
using imatinib, a c-KIT/CD117 inhibitor, or anti-CD117 
siRNA can reverse chemoresistance [45]–[48]. This was 
shown in pre-clinical models where the number of 
cancer stem cells decreased in squamous cell 
carcinoma and breast cancer xenografts, allowing 
therapeutic resistance to be overcome [48]–[50][. 
Nanotechnology has offered a novel way to target CSCs 
by enhancing local drug delivery. For example, 
PEGylated gold nanoparticles fused with anti-CD44 
antibody greatly enhanced the targeting of breast and 
gastric cancer stem cells [51], [52]. In addition, using 



carbon nanoparticle-mediated hyperthermia allows 
heating of cancer stem cells to overcome resistance by 
generating intense localized heat inside these cells 
which can reach temperatures above 50 ◦C [53]. Finally, 
Hh-activated CAF targeting in patient-derived xenografts 
using smoothened inhibitors (SMOi) can inhibit FGF 
signaling to suppress CSC populations and overcome 
chemoresistance [54]. 

b) Targeted therapy directed toward cancer stem cells 
Disrupting CAF-CSC crosstalk is an attractive 

approach to targeting CSCs. Using Stattic, a STAT3 
inhibitor, to block IL-6/IL-6R/STAT3 signaling can reduce 
stemness of BCSCs [55]. Additionally, the STAT3 
antisense oligonucleotide AZD9150 exhibits antitumor 
tumor activity in refractory lymphoma and NSCLC 
clinical trials [54]. Further, CCL2-neutralizing antibodies 
and inhibitors of α- and γ-secretases that activate 
NOTCH have reduced stemness and stopped 
metastasis of breast cancer cells and glioblastoma cells 
in preclinical studies [57], [58]. Moreover, using 
AMD3100 (plerixafor) to block SDF-1/CXCR4 signaling 
greatly suppresses the CSC population in breast, colon 
and renal cancers[59]–[61]. However, these 
interventions have been relatively ineffective in patients 
with solid tumors [60]–[63]. On the other hand, using 
BKM120 or Ly294002 to block PI3K/AKT signaling can 
kill CSCs in can kill colon, prostate and breast cancers 
[66]–[69], and the PI3K inhibitors PX-866 [73], alpelisib 
[74], PQR309 [75] and pictilisib [76] were effective in 
patients with solid tumors [70]–[73].  

LGK974, Wnt-C59, and cyclosporin A, which 
inhibit the WNT/β-catenin pathway are able to inhibit the 
proliferation of CSCs in different cancers [74]–[76]. It 
has also been shown that vismodegib, a Hedgehog 
inhibitor, inhibits proliferation and triggers apoptosis in 
breast, colon, and prostate cancers [77]–[79]. 
Sonidegib, another hedgehog inhibitor, has shown to 
inhibit CAF activation and reduce the CSC population in 
triple-negative breast cancer[54]. Another approach is 
targeting the metabolism of CSCs. One of the most 
studied strategies that targets metabolism is the use of 
compounds that block electron transport chain (ETC) 
complexes, which inhibits mitochondrial respiration[80]. 
Antidiabetic drugs such as metformin and phenformin 
can act as ETC inhibitors to impair oxidative 
phosphorylation in CSCs[80]. In addition, antibiotics like 
doxycycline, tigecycline and bedaquiline can target 
mitochondrial translation and biogenesis {cite}. A 
method for selective drug delivery in mitochondria can 
be adopted using chemotherapeutics and small drug-
conjugated nanocarriers[80]. Targeting lipid metabolism 
is another pan-CSC strategy. Stearoyl-CoA desaturase 1 
(SCD-1) inhibitors have shown to target properties of 
stemness in cancer models in vitro and in vivo[80]. 
Statins can also be used to inhibit cholesterol synthesis 
via the mevalonate pathway[80]. Lipid uptake can be 

targeted using strategies revolving around inhibition of 
the transporter CD36 either pharmacologically or using 
blocking antibodies [80].  

Treatment with salinomycin-encapsulated 
lipid-PLGA nanoparticles conjugated with CD44 
antibodies has resulted in improved cytotoxic effects on 
CD44+ prostate cancer initiating cells with enhanced 
suppression of tumorsphere formation [81]. Using 
drugs, antibodies, vaccines, and CAR-T cells to target 
transcription factors, intracellular signaling pathways 
such as Hedgehog, Notch, Wnt signaling, extracellular 
factors, CSC-associated surface markers, apoptotic 
pathways, and CSC-niche interactions presents several 
effective ways to target CSCs [39], [82]. Lv et al. 
showed that vitamin C uptake via sodium-dependent 
vitamin C transporter 2 (SVCT-2) induced apoptosis in 
liver cancer stem cells in vitro and in vivo experiments 
[83]. Furthermore, in a phase II trial, Brown et al. 
demonstrated that using Metformin as a treatment 
caused a major reduction in the CSC population, a 
change in DNA methylation of carcinoma-associated 
mesenchymal stem cells (CA-MSCs), and elimination of 
increased chemoresistance caused by CA-MSCs [84]. 

c) Directing immunotherapy to cancer stem cells  
A small number of immunotherapyoptions to 

target CSCs exist to date and include adaptive T-
cells, dendritic cell (DC)-based vaccines, and immune 
checkpoint inhibitors[85], [86].The discovery of 
ICIs dramatically changed the standard-of-care practice 
in oncology allowing for the targeting of tumor 
immunity. CSCs represent a unique subpopulation of 
tumor cells that initiate and perpetuate tumors. CSCs 
are recognized as acore cause of drug resistance, 
cancer relapse, invasion, and migration. CSC self-
renewal and immune evasion can be driven by 
dysregulated FTO(Fat mass and obesity-associated 
protein)[87]. FTO has been reported to be upregulated 
in many tumors[87]. Targeting FTO helps to suppress 
tumor growth, potentiates immunotherapy, and 
attenuates drug resistance[87]. Inhibition of FTO can 
dramatically change immune response by suppressing 
expression of immune checkpoint genes[87]. It has 
been reported that two potent small-molecule FTO 
inhibitors exhibit strong anti-tumor effects in multiple 
types of cancers[87]. This study was conducted using 
samples from patients with newly diagnosed, after 
treatment, or relapsed leukemia. Through a series of 
screening and validation assays the authors discovered 
that the FTO inhibitors CS1 and CS2 displayed potent 
anti-leukemic effects in vitro by selectively suppressing 
FTO activity and signaling leading to the activation of 
apoptosis. The potent anti-tumor efficacy and minimal 
side effects of CS1 and CS2 observed in this study 
suggest a high potential for clinical application. In 
addition to hematopoietic malignancies, FTO has also 
been reported to play oncogenic roles in many types of 
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solid tumors (glioblastoma, breast cancer, and 
pancreatic cancer)[87]. This evidence confirms the 
broad therapeutic potential of immunotherapy targeting 
CSCs in various types of cancers, particularly FTO 
inhibitors. 

d) Vaccination against CSCs 

 

 
 

 
  

X. Therapeutic Markers 

CSCs express immune resistance markers and 
exhibit specific immune characteristics in various 
cancers. This phenomenon can be exploited using 
immunotherapies to target CSCs [27].A literature review 
concluded that as a sub population of bulk tumors, 
CSCs resist conventional cancer therapies, escaping 
from antitumor immunity through lower expression of 
immune receptors [89]. This prompts a drive toward the 
development of smarter, CSC-targeted, therapeutic 
approaches using specific CSCs markers.  

a) Markers for the use of immune checkpoint inhibitors 

The development of ICIs marked a new era in 
anti-cancer therapy. This treatment modality has 
resulted in favorable responses and substantial 
improvement in survival in various cancer 
types. Therefore, increasing attention is being paid to 
the identification of predictive biomarkers for the efficacy 
of ICIs. Identifying predictive biomarkers can help to 
understand whether ICIs will be effective in tumor 
suppression. Such information can influence decision-
making toward individualized anti-tumor immunotherapy 
and help to monitor drug efficacy and progression of the 
disease. PD-L1 immune checkpoint ligand has been 
shown to be expressed highly in CSCs, to contribute to 
the stemness of these cells, and to mediate immune 
evasion [89]. 

XI. Looking Forward 

Tumors consist of heterogeneous cell 
populations. This heterogeneity plays key roles in 
regulating tumor initiation, metastasis, recurrence, and 
resistance to anti-tumor therapies [39]. Defining the 
regulatory mechanisms of heterogeneity is essential for 
targeting BCSCs and treating breast cancer [90]. A 
recent study outlines discoveries of novel regulators of 
BCSCs and their niches for BCSC heterogeneity[54]. In 
this study, hedgehog signaling in tumor cells led to the 
reprogramming of cancer-associated fibroblast to 
support a CSC phenotype that was resistant to 
chemotherapy. The authors highlight that using this new 
data allows for better prognosis and prediction of 
therapeutic efficacy, which may provide novel and more 
efficient treatment strategies[54].  

Hypoxia is a common feature of tumors that 
presents opportunity for future therapies, developing 
because of the rapid growth of tumors, outpacing 
oxygen supply. Hypoxia is affected by blood flow, which 
is counteracted by formation of abnormal blood vessels 
(“neo-vessels”) supplying the tumor. Tumor hypoxia is 
associated with the invasion, metastasis, tumor survival, 
suppression of anti-tumor immunity, and hampered 
therapeutic response. Several potential mechanisms 
may play a role in these phenotypes, including 
alteredgene expression, activation of oncogenes, 
inactivation of suppressor genes, genomic instability, 
and clonal selection [90]. A. Emami Nejad et al. 
studied the effects of hypoxia on tumor biology and 
possible strategies to manage the hypoxic tumor 
microenvironment [68]. The authors noted that hypoxia 
enhances the aggressiveness of tumors and creates a 
barrier to conventional cancer therapy, including 
radiotherapy, chemotherapy, and phototherapy, 
confirming that tumors that are hypoxic are associated 
with a poorer outcomes[90]. The role of hypoxic CSCs in 
tumor expansion and malignant progression favoring 
immune escape has been highlighted[54].  

The effects of hypoxia on tumor cells are 
mediated by hypoxia inducible factors (HIFs). HIFs 
upregulate the expression of angiogenic factors, 
particularly VEGF in CSCs, and promote tumor 
angiogenesis [90]. HIF proteins are master regulators of 
oxygen homeostasis. Therefore targeting HIFs is an 
attractive strategy in the treatment of tumors. Several 
approaches have been identified for targeting hypoxia 
including, hypoxia-activated prodrugs (HAPs), specific 
targeting of HIFs, and targeting downstream HIF 
signaling pathways or critical pathways specific to 
hypoxic cells (such as mTOR and UPR) [90]. A. 
EmamiNejad et al. concluded that HIF stabilization in 
hypoxic tumor cells induces the expression of specific 
target genes encoding proteins that promote neo-
angiogenesis (VEGF), metabolic changes, stemness 
and metastasis[90]. It has also been noted that effective 
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A growing body of evidence suggests that 
complete tumor eradication is impossible without 
effective elimination of cancer stem cells (CSCs). The 
resistant nature of CSCs makes conventional 
chemotherapy inefficient. For example, breast cancer 
stem cells (BCSC) activate molecular pathways that 
render them resistant to current therapies, such as the 
increased functionality of DNA-repair mechanisms, the 
overexpression of detoxifying enzymes, enhanced anti-
oxidant capabilities, and resistance to apoptosis [85].
Therefore, targeted immunotherapy using vaccines may 
be a compelling option [27]. BCSCs possess several 
mechanisms to evade the immune response, thus use 
of vaccines for the treatment of chemoresistant breast 
cancer, perhaps in combination with ICIs, may be an 
attractive modality. Currently, there are two tumor 
vaccine options that are being studied: DC (dendritic 
cell)-based vaccines [86] and vaccines consisting of 
irradiated induced pluripotent stem cells (iPSC). Both 
are undergoing clinical trials but have not thus far been 
approved for targeted immunotherapy for cancer[89].



anti-angiogenic (VEGF) therapy may be achieved in 
combination with inhibitors of tumor hypoxic adaptation 
[54]. 

XII. Conclusion 

In summary, stemness in tumor cells is an 
indicator of therapeutic resistance and prognosis. 
Refinement of the markers of stemness used to identify 
these cells and their phenotypes in cancers is leading to 
the ability to predict treatment responses and develop 
new approaches to the effective elimination of resistant 
tumor cell populations. Better understanding of the 
nature of cancer stem cells heightens our awareness of 
the appropriate application of emergent therapy 
modalities, such as immune checkpoint inhibitors, tumor 
vaccines, and hypoxia-targeted drugs. Improved 
understanding of tumor biology is not possible without 
the intimate understanding of the role of the cancer 
stem cell as a critical player in the initiation, 
maintenance, and progression of cancer.  
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