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Abstract: Since their initial identification three decades ago, there has been extensive research
regarding cancer stem cells (CSCs). It is important to consider the biology of cancer stem cells with a
particular focus on their phenotypic and metabolic plasticity, the most important signaling pathways,
and non-coding RNAs (ncRNAs) regulating these cellular entities. Furthermore, the current status
of therapeutic approaches against CSCs is an important consideration regarding employing the
technology to improve human health. Cancer stem cells have claimed to be one of the most important
group of cells for the development of several common cancers as they dictate features, such as
resistance to radio- and chemotherapy, metastasis, and secondary tumor formation. Therapies which
could target these cells may develop into an effective strategy for tumor eradication and a hope for
patients for whom this disease remains uncurable.

Keywords: cancer stem cells; non-coding RNAs; EMT; phenotypic and metabolic plasticity; anti-
cancer therapies

1. Introduction

Malignant tumors are one of the most prevalent causes of death world-wide. Ac-
cording to Globocan (https://gco.iarc.fr/today/home (accessed on 16 December 2021)) in
2020, the estimated number of new cases reached almost 20 million, while the number of
deaths was close to 10 million. Breast, colon, lung, and ovarian cancers are the most often
diagnosed tumor type in women over 40 years of age. The highest morbidity and mortality
in men is observed for lung, prostate, and colon cancers. Therefore, many scientists have
been focused on these solid tumors with regard to disease etiology and treatment. It was
found that cancer cells are heterogenic, and that only a small fraction are responsible for
tumor development and metastasis. It was demonstrated that these cells are able to initiate
the tumor growth when implanted in mouse hosts. Hence, they are called tumor-initiating
cells or cancer stem cells (CSCs) [1].

The history of CSCs ability to drive tumorigenesis is long, but the real breakthrough
came in the 1990s and 2000s [2–6]. The low number of CSCs, occurring at a frequency of
1–100 in 10−6 [2] is a serious obstacle for cell isolation and similarly, and non-specific mark-
ers of CSCs of different origin remain challenging for cell identification [7]. However, it was
found that CSCs show many specific features, such as stemness (proliferation capacity and
self-renewal), phenotypic plasticity, metabolic reprogramming, and drug resistance [8,9].
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With regards to phenotypic plasticity, epithelial-mesenchymal transition (EMT) activation
is linked to the formation of CSCs [1]. However, the underlying mechanism is still unclear.
CSCs are also known to perform in immune evasion from immunotherapy. The recruitment
of M2 macrophages, Tregs, dendritic cells [10], and involvement of non-coding RNAs may
perform a role in suppressing tumor development [11].

In recent years, intensive studies on epigenetic changes in malignant tumors have been
conducted, including the role performed by non-coding RNAs [12–14]. Understanding
the regulation of gene expression by miRNAs (microRNAs), lncRNAs (long non-coding
RNAs), and circRNAs (circular RNAs) has been of particular interest. These non-coding
RNAs can play both oncogenic and suppressor roles in cancer and exhibit tumor-specific
expression [15–17]. The strong influence of CSCs microenvironment on their biology,
including therapy resistance, is an important topic for scientific research [18].

It is also important to consider the state-of-art in CSC biology, especially in the context
of their remarkable plasticity and some aspects of underlying epigenetic mechanisms and
potential targets for future therapeutic strategies against CSCs.

2. Biology of CSCs and Their Interaction with Tumor Microenvironment

CSCs show complex biology. It is the effect of specific features and crosstalk with
tumor microenvironment [19–24]. Key features of CSCs, including stemness, self-renewal,
phenotypic changes strongly connected with EMT phenomenon, metabolic reprogram-
ming, and ability to become invisible to immunological system are presented in Figure 1.
CSCs plasticity, phenotypic and metabolic, is their ability to dynamically change under
microenvironment conditions. It is the result of different mechanisms regulated by both
cell intrinsic and extrinsic factors [25]. These signals influence the expression of various
genes in CSCs (Table 1). BMI1 and Sox2 can regulate plasticity and pluripotency [26,27].
The EMT can be induced by SOX9 [28]. Tumor hypoxia triggers metabolic reprogramming
and phenotypic plasticity [29]. Oxygen insufficiency causes dimerization of HIF-1α and
HIF-1β to form the HIF-1 complex [30]. Silencing of HIF-1α can suppress the expression
of stem cell genes, in particular OCT4, SOX2, NANOG, and KLF4, thus preventing the
progression of cancer [31].

Table 1. Genes associated with CSCs plasticity.

Gene Function Reference

SNAI1 (SNAIL) Promotes tumor growth, invasion, migration of cancer cells [32]

SNAI2 (SLUG) Prevents cell death and promotes cell survival [33]

ZEB1 EMT transcription factor, causes plasticity of non-CSCs into CSCs, promotes stem-like
and tumorigenic phenotype [34]

HIF1A Promotes the expression of stem cell-associated transcription factors, prompt the
transcription of genes involved in the metabolism [35,36]

MCL1 Promotes chemotherapy resistant CSC via the regulation of OXPHOS [37]

VEGF Invasion related to hypoxia [38]

MYC The driver of stemness and glycolysis [39]

PIK3CA Mutated PIK3CA induces reprogramming of lineage restricted progenitors to a
multipotent stem-like state [40]

NOTCH Regulation of asymmetric division and cell stemness [41]

SOX2 Maintaining pluripotency of stem cells [26]

SOX9 Regulator of epithelial cell proliferation; acquiring properties of basal stem cells;
induction of EMT. [28]

KLF4 Promotes production of ECM that creates pro-metastatic niche [42]

MIF Conversion of cells phenotype from CD138- to CD138+ [43]

STAT3 Causes shift to aerobic glycolysis [44]
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Figure 1. The features and mechanisms of CSCs biology. Abbreviations: MDR—multi-drug resistance
proteins; TME—tumor microenvironment (Created with BioRender.com (accessed on 7 January
2022)).

Hypoxia in the tumor microenvironment is common in advanced cancer and is related
to poor prognosis and a worse survival rate. A growing body of evidence has discovered
that hypoxia can promote cancer cell invasion, metastasis, and EMT. All these events can
promote stemlike characteristics in cancer cells. Hypoxia-inducible factor 1 (HIF1) is a vital
molecule in the regulation of CSCs. HIF1 is involved in tumor growth, immune evasion,
and metabolic reprogramming. Thus, HIF1 appears to play an essential, if not critical, role
in the formation and preservation of CSCs [31].

2.1. CSCs Signaling Pathways

There are few signaling pathways activated in CSCs. The most commonly disturbed
signaling cascades in CSCs are phosphatidylinositol 3-kinase/Akt/mammalian target of
rapamycin (PI3/Akt/mTOR) pathway, Janus kinase/signal transducers and activators of
transcription (JAK/STAT) pathway, and Wnt and Notch [45].
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2.1.1. PI3K/Akt/mTOR Signaling Pathway

PI3K signaling pathway is aberrantly activated in a variety of cancers, and thus
performs a vital role in tumor growth and proliferation [46]. Abnormal functioning of the
PI3K/Akt/mTOR pathway was found in ovarian [47], breast [48], and prostate cancers [49].
In glioblastoma, the PI3K/Akt/mTOR pathway is activated by loss of the PTEN gene,
which leads to enhancement of tumor cell progression by Akt [50]. A signaling molecule
like PTEN is known as an important suppressor of tumor growth [51,52]. Hence, the
mutations in PTEN often promote uncontrolled cell growth, resistance to apoptosis, and
higher migration. Activation of mTOR promotes the proliferation of breast CSCs and
nasopharyngeal carcinoma stem cells [9]. Oncogenic induction of PI3Kα is related to
initiation of EMT, which is identified with increased plasticity [53] (Figure 2).
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Figure 2. PI3K/Akt/mTOR signaling in cancer stem cells. Abbreviations: AKT—protein kinase B;
EMT—epithelial-mesenchymal transition; mTOR—mammalian target of rapamycin; PI3K—phos-
phatidylinositol 3-kinase; PIP2—phosphatidylinositol 4,5-bisphosphate; PIP3—phosphatidylinositol
(3,4,5)-trisphosphate; PTEN—phosphatase and tensin homolog; TRK—tyrosine kinase (Created with
BioRender.com (accessed on 7 January 2022)).

2.1.2. Wnt Signaling Pathway

The Wnt signaling pathway consists of three distinct cascades: (1) the canonical Wnt
pathway (involving β-catenin and T cell-specific transcription factor (TCF), and lymphoid-
enhancer-binding factor (LEF)); (2) the non-canonical pathway which is β-catenin indepen-
dent; and (3) the non-canonical Wnt-calcium pathway, which regulates intracellular calcium
levels [54]. The canonical Wnt pathway is associated with the growth and self-renewal
of stem cells. It takes place in the proliferation and differentiation of progenitor cells. At



Cells 2022, 11, 3699 5 of 27

transcriptional and posttranscriptional levels, it controls cell fate [45,55]. The non-canonical
pathway is involved in the control of the cytoskeleton. It affects the planar- cell polarity and
is responsible for inhibition of the canonical signaling [54,55]. Wnt signaling participates
in cancer initiation by generating CSCs from normal stem cells or by re-acquisition of
stemness in subpopulations of cancer cells [56].

The Wnt signaling pathways are crucial for the development of CSCs, but their
crosstalks with other cascades (FGF, Notch, Hedgehog, and TGFβ/BMP) are also essential
for the regulation of CSCs markers expression [55]. For example, deregulation of the Wnt
pathway in CSCs correlates with increased CD44, MMP7, HAS2, CXCR4, CLDN1, and FN1
expression, which implicates the possibility of metastasis and chemoresistance. Genes,
such as LGR5 and DCLK1, are also targets of Wnt and are responsible for tumor initiation
in CSCs [56]. A particularly important target of Wnt is the ABCB1 gene, which is an ATP-
dependent molecule transporter. Overexpression of ABCB1 and its product P-glycoprotein
is associated with multiple drug resistance (MDR), which is directly related to chemo-
resistance. The promoter of ABCB1 is composed of several β-catenin/TCF4/LEF1-binding
sites, which implies regulation of ABCB1 through the canonical Wnt/β-catenin pathway in
colorectal and breast cancers [56].

2.1.3. JAK/STAT Signaling Pathway

The JAK/STAT pathway regulates stem cell development, hematopoiesis, and inflam-
matory response. It carries a signal from cytokines, interleukins, and growth factors that
impact transmembrane receptors, such as the family of epidermal growth factor receptors
(EGFR) [57]. The binding of a ligand induces a conformational change in the receptor what
causes the positioning of receptor-associated JAKs. This arrangement facilitates phosphory-
lation of appropriate tyrosine residues that modifies inactive JAKs into catalytically active
tyrosine kinase. Activated JAKs tyrosine residues in the cytoplasmic region of the receptor,
enable the formation of special binding sites where signal transducers and activators of
transcription (STATs) may attach. The STATs are set up in dimers and proceed to the
nucleus where can bind to interferon-stimulated response element (ISRE) which modify
the transcription of genes regulating proliferation, differentiation, and apoptosis of the
cells [57,58]. Pieces of evidence state that the JAK/STAT pathway is commonly activated in
CSCs have been found in stem-like cells derived from breast, colon, prostate, ovary, and
lung cancer [59–61]. The JAK/STAT pathway stimulates not only the breast cancer pro-
gression and inflammation, but also increases the conversion of non-stem cancer cells into
breast CSCs [59]. Moreover, there is a correlation between the activation of the JAK/STAT
pathway and stemness features, stating that the silencing of JAK/STAT signaling decreases
the self-renewal of colorectal cancer stem cells [61] (Figure 3).
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Figure 3. JAK-STAT signaling in cancer stem cells. Abbreviations: CSCs—cancer stem cells; JAK—
Janus kinase; STAT—signal transducer and activator of transcription (Created with BioRender.com
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2.1.4. Notch Signaling Pathway

The family of Notch receptors comprises of four members (Notch 1–4) which can
bind five various ligands, such as Delta-like ligands 1, 3, and 4, and Jagged ligand 1 and
2 [62]. The Notch signaling is a conserved pathway regulating cancer cell conservation,
nourishment, and general support of cancer growth. NOTCH can be upregulated and
downregulated. Upregulation may occur in the brain and pancreatic tumors (Notch 1, 2,
and 3), breast cancer (Notch 1, 2, 3, and 4), and downregulation is typical for colorectal
cancer (Notch 1, 2, and 3). In breast cancer, the functioning of NOTCH genes is diverse,
corresponding to the molecular subtype of tumor, i.e., NOTCH1 can induce HER2 transcrip-
tion and cause an increase in the mammary stem cells and breast CSCs [63]. Additionally,
overexpression of NOTCH1 gives the worst prognosis and survival outcome. Studies on the
MCF-10A cell line have shown that overexpression of NOTCH1 causes cell transformation,
change in cell shape, increase in cell growth, and acquisition of resistance to apoptosis [64].
Since the Notch pathway serves for stem cell differentiation, it can promote the devel-
opment of ER+ luminal tumors. The upregulation of Notch2 and Notch3 participates in
the differentiation of progenitor cells to the ones of luminal type, and Notch3 increases
invasion [63,65]. On the other hand, Notch4 is prevalent in the breast CSCs population
and is present among basal cells [66]. In an ovarian tumor, expression of the high level
of the NOTCH3 corresponds to increased drug resistance and poor overall survival [67].
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Generally, the most significant cancer stem cell markers related to the Notch pathway are
CD133, Musashi-1, CD44, EpCAM, CD166, and Bmi1 [63].

Notch signaling activation contributes to the appearance of tumorigenic conditions,
corresponding to the type of tissue, receptor-ligand interactions, and genetic mutability [63].
Moreover, Notch signaling plays a significant role in the regulation of asymmetric division
and cell stemness [41]. Increasing evidence indicates the importance of the Notch pathway
in the linkage between angiogenesis and CSCs, which underlies the validity of targeting
CSCs in terms of therapy [68].

Notch signaling promotes activation of genes required for epithelial-to-mesenchymal
transition, which is one of the most important processes described in CSCs. The EMT is
an intrinsic event for the metastatic spread of the tumor. Evidence suggests, activation of
Notch1 causes suppression of E-cadherin, which leads to EMT occurrence in breast cancer
cells. Additionally, activation of Notch by hypoxia conditions leads to downregulation of
E-cadherin and β-catenin, thus increased cell migration and invasion of breast cancer cells
cultured in low-oxygen conditions is observed [64] (Figure 4).
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Figure 4. The Notch signaling pathway in cancer stem cells. Abbreviations: ADAM/TACE—
a disintegrin and metalloproteinase/tumor necrosis factor-alpha converting enzyme; Co-A—co-
activator; Co-R—co-repressor; CSCs—cancer stem cells; CSL—CBF1, Suppressor of Hairless, Lag-1;
EMT—epithelial-to-mesenchymal transition; MAM—mastermind; NEC—Notch extracellular sub-
unit.; NEXT—Notch extracellular truncation; NICD—Notch intracellular domain; NTM—Notch
transmembrane subunit (Created with BioRender.com (accessed on 16 November 2022)).

2.2. CSCs Plasticity, EMT and Dormancy

Phenotypic plasticity of CSCs can be found as ability to switch states (phenotypes)
as a response to tumor microenvironment conditions [69]. A strong relationship exists
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between phenotypic plasticity, stemness, and EMT [24,25]. During EMT, cells show changes
in their morphology and expression of genes towards a stem-like state [25]. EMT and ECM
remodeling have a strong impact during tumor angiogenesis. CSCs are able to form vessel-
like structures, which were described as vasculogenic mimicry (VM) [70]. The mechanism
of VM is not dependent on endothelial cell proliferation and VEGF. It is strongly connected
with phenotypic changes [71]. CSCs transdifferentiate to cells with some features of
endothelial cells. It was demonstrated that cancer cells involved in VM show expression
of CD133, CD44, ALDH, and Sox2 [72,73], but also VE-cadherin and CD31 [19,74]. The
meta-analysis of thirty-six studies has revealed that VM is associated with shorter overall
survival and is a poor prognostic factor [75].

The EMT process corresponds to a wide spectrum of biological variances triggering
the conversion of cells from epithelial to the mesenchymal state. Cells that undergo EMT,
acquire migratory and invasive properties [76]. Epithelial cells exhibit more proliferative
features, while mesenchymal cells have an increased tendency for migration and ability
to impact stroma through matrix metalloproteinases (MMPs) [40,77]. Moreover, epithelial
cells show overexpression of markers, such as E-cadherin or members of miR-200 family,
while for the characterization of mesenchymal cells markers, such as N-cadherin, vimentin,
or fibronectin, can be used [76]. The signaling pathways like Wnt, Notch, Hedgehog, or Myc
act as EMT inducers and are related to stemness properties of CSCs, and impact migration
and invasion [78]. Extracellular EMT inducers comprise TGF-β, EGF, Axl-Gas6 pathway,
hypoxia, and ECM elements. In addition, transcription factors (TFs) Twist1, Snail1, and
Zeb1/2, T-box TF Brachyury promote EMT [79].

EMT was first observed by Greenburg and Hay in 1982 [80] and named epithelial-
mesenchymal transformation. EMT phenomenon is crucial for normal embryonic develop-
ment, but also is linked to several pathological processes, including wound healing, fibrosis,
and cancer progression [81]. In the case of tumor cells which can express typical markers for
both cell states (epithelial and mesenchymal), the term transformation was replaced with
transition [82]. Decades of studies have revealed that cancer cells are able to form not only
fully epithelial or fully mesenchymal cancer cells, but also various hybrid E/M (intermedi-
ate states). In 2020, the EMT International Association (TEMTIA) published a work with the
current status of the knowledge about EMT and nomenclature [83]. According to this data,
EMT should be treated as the ability to progress along the epithelial–mesenchymal axis and
to adopt different intermediate hybrid E/M states [82,83]. The hybrid phenotype is critical
for the maintenance of tumorigenicity of basal breast cancer cells. Highly tumorigenic cell
population with expression of CD104/CD44 cell surface antigen and transcription factors
Zeb1 and Snail1 was isolated in a hybrid E/M state. For this cell population increased
expression of Snail and Wnt signaling pathway was also observed [84].

Phenotypic plasticity of cancer cells and their ability to undergo EMT and metastasis
can be modulated by tumor microenvironment. There are many extracellular factors
determining the plasticity of CSCs [85]. It is the result of crosstalk leading by CSCs and
cellular components of tumor microenvironment, like cancer-associated fibroblasts (CAFs)
and macrophages.

CAFs can modulate CSCs plasticity via different signaling pathways; for instance,
in lung cancer by IGF-II/IGF1R signaling pathway [86] and in hepatocellular carcinoma
through c-Met/FRA1/HEY1 signaling [87]. In prostate cancer, CXCL12 expressed by CAFs
interacts with CXCR4 on tumor cells, induces EMT, and promotes metastasis [88]. The
crosstalk between CAFs and cancer cells promoting their phenotype changes and metastasis
was also observed in breast cancer [89]. The enhancement of stem cell features appeared
by the activation of the Notch mechanism. Macrophages can secrete factor Oncostatin-
M, an IL-6 family cytokine, which activate the dedifferentiation of triple negative breast
cancer cells into aggressive stem cells [90]. With regards to the crosstalk between cancer
cells and macrophages in a tumor, studies in silico co-culture models have revealed that
macrophages (M1 and M2 phenotypes) can alter the epithelial vs. mesenchymal state of
cancer cells. These results may be helpful for efficient therapeutic strategies.
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EMT is strongly implicated in tumor relapse. According to the studies of Sun et al.
conducted on prostate cancer, EMT can be induced by androgen deprivation, which is the
first-line therapy [91]. It is probable that the feedback loop involving the androgen receptor
and the Zeb1 transcription factor are responsible for the transition. The castration-resistant
prostate cancer is a major clinical problem, and these results seem to be crucial in terms of
medical implications for second-line treatment of castration-resistant prostate cancer. The
most recent studies of Guo et al. showed that Numb protein performs an important role in
xenograft prostate tumor growth and castration-resistant prostate cancer as a suppressor
of CSCs Notch and Hedgehog signaling [92]. The inhibition of the Notch and Hedgehog
signaling pathways significantly increases apoptosis in Numb−/low cells in response to
androgen-deprivation therapy.

CSCs show their plasticity not only in ability to EMT. These cells can use adaptive and
protective mechanism known as dormancy [93]. In this state cancer cells stop proliferating.
Clinically, cancer dormancy is very difficult to detect, and it is defined as remission time.
Two categories of dormancy in cancer can be distinguished. First, cellular dormancy, means
that each cancer cell shows cell cycle arrest. The second is tumor dormancy when in cancer
a balance between growth and apoptosis rates appears. The length of dormancy is long in
prostate cancer or in hormone dependent breast cancer, whereas in triple negative breast
cancer this period is shorter [94]. Moreover, it is suggested that dormancy of CSCs can be
the result of epigenetic changes in CSCs. The nature of dormancy is reversible, and the
epigenetic mechanisms can be responsible for regulating, maintenance, and reactivation
of cancer cells from the dormancy [94]. Non-coding RNAs seem to be very important
regulators of dormancy in cancer, e.g., the angiogenesis/dormancy switch [93]. In addition
to non-coding RNAs, there are several other intracellular and extracellular signals involved
in the mechanisms of dormancy and reactivation, to the group of dormancy signals belong,
e.g., p16, p21, p53, TGFβ2, or BMP4, and for reactivation Pi3K/AKT, TGFβ3, and HIF-1α
can be responsible [95].

Some of anticancer drugs, like fluorouracil, increase the number of dormant cancer
cells and enrich the population of CSCs, which leads to chemotherapy resistance [96].
However, some of chemotherapeutic agents show the opposite action. They can reactivate
dormant cancer cells. The studies of Gao et al. on head and neck squamous cell carcinoma
have revealed that LB1, an inhibitor of protein phosphatase 2, can enhance the cytotoxic
sensitivity to chemotherapy via promoting entering of cancer cells from dormancy into the
cell cycle [95].

2.3. CSCs Metabolic Changes

Metabolic plasticity, as another adaptation to microenvironmental conditions, is one
of the most important hallmarks of cancer cells [97]. Cells can modify metabolism using
different energy sources to enhance their survival and maintain homeostasis. With regards
to the heterogeneity of tumor cells, CSCs show higher metabolic plasticity compared to
normal cancer cells [20]. In non-stem, highly proliferative cancer cells, glycolytic pheno-
type is observed with high glucose uptake, low oxygen consumption, low mitochondrial
mass, and ROS. These features are typical for the Warburg effect where the predominant
pathway for ATP generation is glycolysis [51]. In glucose-deprived conditions, CSCs tend
to shift into a quiescent (non-proliferative) state and depend on OXPHOS to produce ATP.
Quiescent CSCs show oxidative phenotype and reverse Warburg effect metabolism with
high oxygen consumption. Moreover, CSCs with reduced proliferation are more resistant to
chemotherapy, which targets mostly proliferative CSCs [98]. The changes in metabolism can
be observed not only in cancer cells, but also in cells of tumor microenvironment, including
upregulation in lactate production and the acidification of the tumor’s stroma [99].

Switching between glycolytic and OXPHOS phenotype in CSCs is suggested. These
cells can exist in a hybrid metabolic state [100]. Hence, both glycolysis and OXPHOS should
be blocked. Metformin, as a glycolysis reducer and OXPHOS inhibitor cane inhibit this
metabolic plasticity [101].
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2.4. Epigenetic Regulation of CSCs—The Role of microRNAs, circRNAs and lncRNAs

Epigenetic mechanisms regulate potentially heritable changes in gene expression, not
associated with changes in the DNA sequence. Such changes dictate cancer formation and
progression, leaving their mark on cancer stem cells. There are three main mechanisms
of such gene expression regulation, namely DNA methylation, chromatin modification,
and non-coding RNAs [102,103]. In this review, we focused on the third mechanism, non-
coding RNAs. Non-coding RNAs serve regulatory roles in self-renewal, metabolic plasticity,
resistance to radio- and chemotherapy, interactions within the tumor microenvironment
or formation of secondary disease foci (Figure 5). They have shown a lot of promise in
development of targeted therapies to combat cancer [104–107]. The use of non-coding
RNAs may enable targeting cancer stem cells, and this may become an effective strategy to
eradicate cancer.
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Figure 5. Impact of ncRNAs on cancer stem cells’ hallmarks. Abbreviations: EMT—epithelial-
mesenchymal transition. ncRNAs with CSCs promoter role and with CSCs suppressor role are
presented in red and green, respectively (Created with BioRender.com (accessed on 16 Novem-
ber 2022)).

2.4.1. miRNAs in CSCs

miRNAs are a class of non-coding, endogenous, single-stranded RNAs, approx. 22
nucleotides in length [108], which have been demonstrated to regulate more than 60% of
all the protein-coding genes in mammals [109]. The size of human miRNome corresponds
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to nearly 1% of all genes which undergo expression in human, making it one of the most
abundant classes of genetic regulators [110,111].

miRNAs can regulate gene expression on posttranscriptional level by specific recogni-
tion and interaction with mRNA. Most often, miRNA–mRNA interactions occur via seed
region—a short sequence on the 5′ end of miRNA. Due to this, single miRNA can act on
multiple mRNAs and a single mRNA can be regulated by multiple miRNAs [112,113].
The process of gene silencing can proceed in two different manners, depending on the
degree of complementarity between miRNA and mRNA molecules. Most commonly,
miRNAs interact with the 3′ untranslated region (3′ UTR) of target mRNAs leading to
translational repression and mRNA deadenylation and decapping. In cases where there is
perfect complementarity between miRNA and mRNA, transcript degradation occurs [114].

Various roles of these small regulatory RNAs in cancer have been characterized. Upreg-
ulation or downregulation of the RNA molecules which function as oncogenes and tumor
suppressors, have been implicated in tumor development and progression [17]. Recent
evidence suggests that miRNAs control important CSCs’ features, such as self-renewal abil-
ity, chemo- and radioresistance, metabolic plasticity, or tumor initiation capacity [115,116].
MicroRNAs are involved in crosstalk with tumor microenvironment, and they can be
transported via CSCs-derived exosomes and impact gene expression [117], and they may
function both as promotors and suppressors (Table 2).

Table 2. Characteristics of chosen miRNAs in CSCs.

miRNA Name Tumor Type Target mRNAs CSCs Promoter/
Suppressor Reference

miR-31 Breast DKK1, AXIN1, GSK3B Promoter [118]

miR-128-3p Lung AXIN1, SFRP2, WIF1,
SMURF2, PP1c Promoter [119]

miR-145 Colorectal SNAI1 Suppressor [120]

miR-1185-1 Colorectal CD24 Suppressor [121]

miR-141 Prostate CD44, EZH2, Rho GTPases (RAC1,
CDC42, CDC42EP3 and ARPC5) Suppressor [122]

miRNA-338-5pmiRNA-421 Prostate SPINK1 Suppressor [123]

miRNA-34a, miRNA-34b/c Colorectal

PDGFRA, PDGFRB, AXL, WASF1
(NGS-, reporter assay- and

WB-validated)
FGFR1, IGF1, STC1, CACNA2D2,
COL6A2, COL4A2, INHBB (NGS-

and qPCR-validated)

Suppressor [124]

miRNAs as Promoters of CSCs

miR-31 is a promoter of mammary stem cell maintenance and breast cancer devel-
opment and progression. miR-31 promotes growth, proliferation, and development of
malignant features of tumors from MMTV-PyVT mouse model for breast cancer. miR-31
was enriched in breast cancer stem cells (BCSCs) (CD24+CD90+) and an around 5-fold
increase in comparison to CD24−CD90− was observed. BCSCs expansion and tumor-
initiating ability are favored by this miRNA. Loss of miR-31 marks impact on metastasis
as evident by reduced levels of EMT-associated factors and decreased levels of metastasis
inhibitors, gain of mesenchymal-like phenotype, and, importantly, reduced lung metastasis
and higher metastasis-free survival rate in PyVT/KO mice. miR-31 induction is orches-
trated by NF-κβ pathway. miR-31 itself directly targets the mRNAs of AXIN1, GSK3B, and
DKK1, thereby activating Wnt-β-catenin pathway. Furthermore, it was revealed that TGF-β
signaling was elevated in miR-31 KO mammary glands, suggesting miR-31 involvement in
repression of this pathway [118].
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miR-128-3p is a potential promoter of lung cancer stem cells (LCSCs). This miRNA
exhibits high expression in chemoresistant, metastatic A549-luc-CDDP-4th cells in NSCLC
cell lines (7-fold as compared to A549-luc-Ctrl-4th cells), a metastatic murine lung cancer
cell line LL/2-luc-M38 (70-fold compared to primary normal lung epithelial cells (NLE),
and immortalized human bronchial epithelial cell line (BEAS-2B)), and tumors are resistant
to CDDP-3rd and CDDP-4th treatments (5- and 60-fold as compared to Ctrl-3rd and Ctrl-4th
treatments). Curiously, it has been revealed that only continuous treatment with CDDP at
a high concentration (7 mg/mL) for 7 days induced miR-128-3p expression. miR-128-3p
was associated with NSCLC clinical stage and TNM stage. As compared to low-expression
group, patients with high miR-128-3p levels had shorter median overall survival and
progression-free survival. It has been also demonstrated that expression of this molecule
is an independent prognostic factor for non-small cell lung cancer patients. miR-128-
3p seems to perform crucial roles in promoting EMT, CSCs’ programming, and therapy
resistance in NSCLC. miR-128 influences cell morphology, upregulates EMT markers, and
increases migration and invasive capacities. Overexpression of miR-128-3p increased levels
of stemness markers and favored NSCLC cells’ self-renewal ability. Turning to resistance
to chemotherapy, cells with ectopic expression of miR-128-3p demonstrated higher IC50
values for cisplatin, gemcitabine, and paclitaxel. Moreover, this miRNA affects tumor cell
proliferation and survival. In vivo, this small non-coding RNA influences cancerogenesis
and metastasis in several distal organs. Administration of miRNA sponge and antagomir
confirmed that miR-128-3p is an attractive therapeutic target. miRNA exhibits its multifaced
activity by targeting 3′ UTR of AXIN1, SFRP2, WIF1, SMURF2, and PP1c mRNAs, which
are negative regulators of β-catenin pathway (first 3) or TGF-β signaling (last 2). This
points towards the significance of Wnt/β-catenin and TGF-β signaling in functions played
by miR-128-3p in the studied cancer [119].

miRNAs as Suppressors of CSCs

miR-145-SNAI1 is a regulatory axis important for colorectal cancer stemness. SNAI1,
upregulated in colorectal cancer specimens (1.3-fold and 4.5-fold increase), favors stem
cell-like phenotype maintenance, while miR-145 acts as a CSCs’ suppressor. It has been
shown that this miRNA is downregulated in colorectal cancer cell lines where endoge-
nous SNAI1 was high (SW620: 800-fold and 15-fold downregulation when compared to
HCT116 and SW40, respectively) and in SNAI1-overexpressing cell lines (DLD1—36% as
compared to vector control). A direct relationship between these two was reported, as Snai1
targets miR-145 promoter and represses its transcription, while overexpression of miR-145
downregulated this transcription factor. miR-145 was also shown to target important
stem cell factors such as KLF4, c-Myc, Nanog, or OCT4. The introduction of this miRNA
leads to increased radiation and oxaliplatin sensitivity and inhibition of self-renewal. In
EpCAM+ALDH+ cells derived from PDX, SNAI1 was upregulated, while miR-145 was
downregulated which confirms the functionality of the axis in CSCs in vivo [120].

SIRT1-miR-1185-1-CD24 axis is another of such examples. By targeting 3′UTR of CD24
(CRC CSCs marker), miR-1185-1 negatively regulates CSC features and carcinogenesis,
which was evidenced by reduced CSC frequency, colony formation, and migration ability
in vitro and decreased tumor size and weight in xenograft model. SIRT1 repressed miR-
1185-1 transcription by acting as a histone deacetylase, which thereby provides a mechanism
for CD24 upregulation in CRC. Furthermore, SIRT1 and CD24 exhibited elevated, and miR-
1185-1 declined expression in patients with colorectal cancer (5-10-fold downregulation in
comparison to healthy colorectal tissue) [121].

miR-141 belongs to miR-200 family, which role in EMT and metastasis was one of
the first to be reported. In the work brought here, the authors investigated miR-141
function in prostate cancer stem cells. They revealed that this miRNA is downregulated
in CD44+ cells derived from both patients and xenografts (10–80% of expression of the
corresponding marker-negative populations). Overexpression of miR-141 diminishes
cancer stem cell features, including self-renewal. In vivo, miR-141 inhibits tumor formation
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and regeneration and growth, which is directly linked with negative influence on cell
proliferation. Furthermore, miR-141 inhibits metastasis and invasion as shown both in vitro
and in vivo. Ectopic expression of miR-141 promotes epithelial phenotype but with a
limited depletion of the mesenchymal features. miR-141 targeted CD44, members of Rho
GTPase signaling pathway (RAC1, CDC42, CDC42EP3 and ARPC5) and EZH2 mRNAs
implying possible mechanisms of its influence on invasion, cell motility, and on cancer
stem cells properties [122].

miR-338-5-p and miR-421 have been shown to be downregulated in SPINK1+ sub-
type of prostate cancer (2-fold and 1-4-fold as compared to ERG+ subtype, respectively)
and negatively regulate proliferation, invasion, and colony and foci formation ability in
SPINK1+ cell line. In vivo, overexpression of these two miRNAs leads to depletion in the
number of intravasated cells and formation of distant metastases, reduced tumor growth,
and proliferation. miR-338-5p and miR-421 also appear to be involved in epithelial-to-
mesenchymal transition. Importantly, these two miRNAs negatively regulate expression
of pluripotency markers, stemness factors, prostatosphere formation and sensitize 22RV1
cells to doxorubicin. In regards to the mechanism of action, these 2 miRNAs modulate
SPINK1 expression by targeting 3′UTR of its transcript and their transcription is, in turn,
epigenetically silenced by Ezh2 and its partners in SPINK1+ prostate cancer subtype. Inter-
estingly, authors have also provided evidence that the use of epigenetic drugs, including
DNMT, HDAC, and HKMT, inhibitors may diminish SPINK1-related oncogenic effects
in vitro. The diagnostic potential of evaluating miR-338-5p expression have been shown to
be associated with prolonged survival and lower tumor stage [123].

miR-34 is a p-53-regulated tumor suppressor which also negatively impacts CSC
function in several cancers, including lung, breast, colorectal, and prostate, among oth-
ers [125–130]. Interestingly, its mimic has been recently tested in clinical trials.

In the study presented here it has been demonstrated that the deletion of miR-34a/b/c
modifies intestinal architecture in ApcMin/+ mice, leads to enhanced tumorigenesis, pro-
liferation, and reduced apoptosis. These miRNAs possibly affect immune cells in the
tumor niche as implied by reduced T-, B-cells, and macrophages frequencies, and observed
bacterial infiltration. Cells derived from miR-34a/b/c-deficient adenomas formed intesti-
nal tumor organoids at an increased rate. miR-34a/b/c deletion led to upregulation of
mRNAs with sequences matching the miR-34 seed sequence and were associated with EMT,
stemness and Wnt signaling, among other cancer-related biological processes. Clinically,
miR-34 targets showed upregulation in primary colorectal tumors (1–2 fold as compared to
healthy colorectal tissue) and their expression was correlated with lymph-node metastases
(INHBB, AXL, FGFR1, and PDFGRB) and survival (INHBB and AXL) [124].

2.4.2. circRNAs in CSCs

Circular RNAs (circRNAs) are a class of regulatory RNAs with a covalently closed struc-
ture [131]. Studies have revealed high abundance of some circular transcripts, cell- and tissue-
type specific expression, evolutionary conservation, and exceptional stability [132–134]. The
majority of detected circRNAs are exonic circRNAs derived from protein-coding genes and
the most frequent mechanism of their generation is termed backsplicing [135–137].

Several mechanisms of circRNAs action in cells have been described. The proposed
biological roles have been studied only in a small fraction of all identified circular transcripts.
Majority of cases involve gene expression regulation by binding miRNAs due to presence of
miRNA-binding sites, the so-called miRNA sponging [133,138–140]. Beyond this, circRNAs
may include RBP-binding sites and by this modulate activity of various proteins, serve as
scaffolds for specific enzyme-substrate complexes or recruit proteins to specific cellular
locations [135,141,142]. Despite the fact that circRNAs are generally regarded as lacking
coding potential, recent evidence suggests that these molecules undergo cap-independent
translation [143–145]. circRNAs are not as extensively studied as miRNAs, but they have
also been proposed as performing in tumorigenesis [16,146–148]. circRNAs serve important
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roles in regulation of CSCs and their major features such as self-renewal, chemoresistance,
and pluripotent state maintenance (Table 3).

Table 3. Characteristics of chosen circRNAs in CSCs.

circRNA Name Tumor Type Target CSCs Promoter/
Suppressor Reference

hsa_circ_002178 Breast miR-1258/KDM7A Promoter [149]

circAGFG1 Colorectal miR-4262/miR-185-5p/YY1/CTNNB1;
WNT/β-catenin pathway activation Promoter [150]

hsa_circ_001680 Colorectal miR-340/BMI1 Promoter [151]

circRGPD6 Breast miR-26b/YAF2 Suppressor [152]

circRNAs as Promoters of CSCs

hsa_circ_002178 can be an example of circRNA, which is implicated in promotion of
BCSCs’ features. Li et al. have reported that the hsa_circ_002178 transcript is upregulated
in breast cancer tissues (2-16-fold as compared to healthy tissue), and performs a role
in stimulation of sphere formation, leading to increased expression of stem cell markers.
Furthermore, hsa_circ_002178 overexpression facilitates survival, migration, and invasive
abilities. In vivo, knockdown of this circular RNA results in inhibition of tumor growth,
and metastasis. hsa_circ_002178 exerts its function by binding miR-1258 to upregulate
KDM7A. The expression of circRNA circ_002178 correlates with the survival rate, tumor
size, lymph node metastasis, and TNM stage of tumor patients [149].

circAGFG1 is a circular transcript, which activates Wnt/β-catenin signaling in col-
orectal cancer stem cells. The mechanism underlying Wnt/β-catenin signaling relies
on sponging of miR-4262/miR-185-5p, which leads to YY1 upregulation. YY1 activates
CTNNB1 transcription, and subsequently the Wnt/β-catenin pathway. It has been reported
that this circRNA is upregulated in colon cancer cell lines and tissues, especially with liver
metastasis (6-14-fold as compared to human colon mucosal epithelial cell line; 2.4-fold
relative to paired para-tumor tissues; and 1.3-fold as compared to non-metastatic cancer
tissues). circAGFG1 favors proliferation, viability, migration, and invasion of colon cancer
cells, but influences stem cell characteristics as evident by increased sphere formation
capacity, maintenance of CD133+ cell population, and upregulated protein levels of CD44,
Sox2, Oct4 and Nanog [150].

Lastly, circ_001680 has been found to promote several cancer stem cell characteristics,
such as sphere formation ability, elevated expression of stem cell characteristic mark-
ers (SOX2, CD44, and CD133), and irinotecan resistance. It also positively influences
maintenance of CD44+/CD133+ cell population, facilitates proliferation, and migration.
Circ_001680 was upregulated in colorectal cancer tissues (>1.5-fold as compared to matched
adjacent normal tissues), and its expression correlated positively with colorectal cancer
tumor stage [151].

circRNAs as Suppressors of CSCs

circRGPD6 appears an interesting example of breast cancer stem cells’ suppressor
function. Expression of the circRGPD6 circular transcript is significantly lower in BCSCs
than in BCCs (1.5-fold), and lower in metastatic than in primary tumors (3.7-fold). cir-
cRGPD6 overexpression in vitro contributes to depletion of tumor-initiating properties and
pluripotency capabilities of BCSCs as evident by reduced proportion of CD44+CD24− cells,
suppressed expression of stem cell marker CD44, enhanced expression of DNA damage
marker p-H2AX, differentiation markers-Muc1 and α-SMA, and vimentin and E-cadherin.
Furthermore, circRGPD6 inhibits self-renewal ability and cell viability. In vivo, circRGPD6
has been shown to inhibit metastasis and proliferation of CSCs, decrease proliferation, and
promote apoptosis in metastatic tumors, and deplete CD44+CD24− population. All these
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effects were enhanced when circRGPD6 was combined with docetaxel. circRGPD6 exerts
its function by binding miR-26b and upregulation of YAF2. There was also an association
found between clinicopathological features and circRGPD6 expression—non-metastatic
breast cancer patients exhibited elevated circRGPD6 levels as compared to metastatic pa-
tients and those with high expression of circRGPD6 showed significantly longer disease-free
survival and overall survival than those who demonstrated low expression. Use of cir-
cRGPD6 with docetaxel may serve as a new avenue in eradication of BCSCs and treatment
of metastatic breast cancer [152].

2.4.3. lncRNAs in CSCs

lncRNA, RNAs longer than 200 nucleotides which lack coding potential, have lately
gained significant interest as potential regulators of various biological processes at both
transcriptional and post-transcriptional level [153]. lncRNAs are a highly heterogenous
class of RNAs not only due to a vast repertoire of possible functions, but also in the context
of their biogenesis and origin [154,155]. These molecules can play both structural and
regulatory roles by interaction with RNA (miRNA sponging, interaction with mRNA),
DNA (formation of R-loops or triplexes), or with a variety of RNA- and DNA-binding
proteins (RBPs and DBPs, respectively), affecting transcription of neighboring and distant
genes, chromatin remodeling, and being involved in post-transcriptional regulation, and
thus influencing splicing, mRNA stability, and translation and signaling pathways. Al-
though lncRNA do not possess open reading frames (ORFs) their coding potential and
possible implications in biological processes of the generated peptides have been recently
reported [156–158].

As potent transcriptional and posttranscriptional regulators, lncRNAs are of key
importance for CSCs biology. They control processes ranging from self-renewal and expres-
sion of stem cells’ characteristic markers, metabolism, and maintenance to chemoresistance,
tumor-initiating capacity and epithelial-to-mesenchymal transition in which CSCs play a
leading role as promoters or suppressors (Table 4).

Table 4. Characteristics of chosen lncRNAs in CSCs.

lncRNA Name Tumor Type Mode of Action;
Interacting with RNA/DNA/Protein

CSCs
Promoter/Suppressor Reference

H19 Breast miRNA sponging-let-7/HIF-1α/PDK1 Promoter [159]

LINC01106 Colorectal
Cytoplasmic: miRNA

sponging-miR-449b-5p/Gli4;
Nuclear: RBP binding-FUS/Gli1/Gli2

Promoter [160]

LINC01426 Lung
Interacting with

protein-USPP2/SHH/Hedgehog pathway
activation

Promoter [161]

FGF13-AS1 Breast RBP binding-IGF2BPs/Myc Suppressor [162]

SCIRT Breast

transcription induction-
recruitment of FOXM1 through interaction

with EZH2;
transcription inhibition—interaction with

SOX2 and EZH2 to antagonize their effects

Suppressor [163]

lncRNAs as Promoters of CSCs

lncRNAs in breast cancer stem cells seems to be an intensive object of study in the field.
H19 is a hypoxia-related lncRNA which regulates stem cells features in breast cancer.

Expression of this long non-coding RNA is upregulated in ALDH+ and SP breast cancer
cells (5-10-fold as compared to ALDH− and non-SP cells). Functional studies have revealed
that H19 knockdown disrupts glycolysis as evident by reduction in cellular glucose up-
take, lactate production, and ATP levels under hypoxia and downregulates breast cancer
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stemness as sphere-formation capacity was decreased and expression of C-MYC, OCT4
and LIN28 was downregulated under hypoxic conditions. In vivo, H19 enhances tumor
growth and tumorigenic potential. Mechanistically, this long non-coding RNA acts as
let-7 sponge to upregulate HIF-1α, and, subsequently, increase the levels of PDK1. As
suggested by the authors, PDK1 is a key target in H19 mediated regulation of cancer stem
cell maintenance and glycolysis. Furthermore, it has been demonstrated that by inhibition
of H19 and PDK1, aspirin suppresses glycolysis and stemness of breast cancer. Clinically,
H19 was upregulated in breast cancer tissues compared to normal tissues (5-fold) and its
expression correlated with poor overall survival [159].

As to lncRNAs interfering with crucial stemness signaling pathways, by interaction
with USP22 protein, LINC01426 influences Shh ubiquitination, and activates Hedgehog
pathway in lung cancer stem cells. LINC01426 was found upregulated in both lung
adenocarcinoma (LUAD) tissues and cell lines (5-fold as compared to normal tissue and >2-
fold as compared to human bronchial epithelial cells). It promoted proliferation, migration,
and inhibited apoptosis of LUAD cells, and influenced expression of EMT-associated
markers. lncRNA facilitates self-renewal as evident by sphere formation form LUAD cells
and increased levels of Nanog and Oct4 [161].

Long intergenic non-protein coding RNA 1106 (LINC01106) is implicated in colorectal
cancer, and it is associated with Hedgehog pathway. LINC01106 is upregulated in colon
adenocarcinoma (COAD) tissues (>1.5 fold as compared to normal/adjacent normal tissues)
and negatively correlates with overall survival of COAD patients. LINC01106 silencing
reduces the colony-forming ability, cell proliferation, and migration capacity and levels
of migration-related proteins. Its knockdown possibly blocks EMT process as evident by
the increase in E-cadherin levels and decrease in N-cadherin levels. As to CRC stemness,
LINC01106 upregulates NANOG and OCT4, and facilitates sphere formation of CRC cells.
Thus, lncRNA exerts its function via two main mechanisms—in the cytoplasm it positively
regulates Gli4 by sequestering miR-449b-5p, and in the nucleus it recruits FUS to Gli1
and Gli2 promoters to activate transcription of these 2 Hedgehog downstream factors.
Furthermore, it was revealed that Gli2 activated LINC01106 transcription [160].

lncRNAs as Suppressors of CSCs

Ma et al., 2019 has revealed that FGF13-AS1, downregulated in breast cancer tissue (>1-
fold as compared to normal tissue), inhibits proliferation, invasive capacity, and metastasis
of breast cancer cells in vitro and in vivo. FGF13-AS1 was shown to interfere with glycol-
ysis, OCT4 and SOX2 expression, spheroid formation and maintenance of CD44+CD24−

population of breast cancer cells. Mechanistically, FGF13-AS1 interacts with IGF2BPs, m6A
reader, to reduce Myc mRNA half-life. Myc protein also inhibits this lncRNA on the level
of transcription. FGF13-AS1 expression was additionally found to correlate with lymph
node metastasis and breast tumor stage and its low levels indicated worse outcomes in
terms of relapse-free survival [162].

SCIRT (Stem Cell Inhibitory RNA Transcript) is a lncRNA which plays a role in tran-
scriptional regulation of self-renewal and cell cycle-related genes important in transition
between breast cancer stem cells and mature cancer cells characterized by higher pro-
liferation rate. SCIRT has been shown to inhibit sphere formation in BC cells, reduce
tumorigenesis in vivo and decrease migration. Knockdown of SCIRT leads to upregulation
of genes involved in TGFβ and PIK3-Akt pathways, enriched in pluripotency factors and,
the downregulation of genes involved in cell-cycle and DNA replication pathways (such
as FOXM1, E2F4, or E2F7). SCIRT, through interaction with EZH2, recruits FOXM1 to
induce transcription at cell-cycle-related genes’ promoters counteracting EZH2-mediated ef-
fects. Furthermore, SCIRT decreases transcription at self-renewal-related genes’ promoters
antagonizing SOX2 and EZH2 effects by forming a complex with them [163].
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3. Non-Coding RNAs in Therapeutic Anti-CSCs Strategies

According to the current understanding of CSCs, their crucial role in tumor develop-
ment and metastasis, CSCs became one of the subjects pertaining to anti-cancer therapy.
Presently, there are no effective treatments targeting CSCs. However, there are several
clinical trials assessing drugs targeted to surface biomarkers, signaling pathways of CSCs,
EMT process and microenvironment elements strongly connected to CSC biology [9]. Based
on CSC surface markers, monoclonal antibodies directed against CD44 (SPL-108) and
EpCAM (emovab) in ovarian cancer, or CD47 (TTI-621) and CD70 (ARGX-110) in acute
myeloid leukemia are being evaluated. Wnt receptor and PI3K/mTOR, highly activated in
cancer stem cells can be also promising targets [9]. For example, Ipafricept (OMP-54F28)
is an inhibitor of Wnt receptor in clinical trial (NCT01608867). SAR245409 was tested in
locally advanced or metastatic solid tumors as an inhibitor of PI3K/mTOR.

Use of non-coding RNAs is also a promising strategy to combat cancer stem cells. Non-
coding RNAs exhibit specific expression and play roles in functioning of cancer stem cells,
regulating their fundamental features, including resistance to conventional therapies, as
can been seen from above presented research. This makes them attractive drug candidates
and therapeutic targets.

There are two major approaches to the use of ncRNAs in cancer—generation of
synthetic versions of tumor suppressive molecules to enhance their activity or targeting
oncogenic RNA to silence their expression and, at the same time, to minimize their activ-
ity [164]. To ensure tumor-specific delivery several different strategies have been explored
such as virus-based, lipid nanoparticles, nano-sized carriers, introduction of chemical
modifications or bioconjugation to oligonucleotides [165,166].

miRNAs may be a potent therapeutic tool as one miRNA can regulate many mRNAs
which translates into regulation of many cellular pathways. To modulate pathological levels
of miRNAs, synthetic miRNAs (miRNA mimics) and oligonucleotide-based inhibitors of
miRNAs (anti-miRs) are commonly used [167]. Furthermore, miRNA sponges and miRNA-
masking antisense oligonucleotides seem promising tools. However, they have not yet
reached clinical evaluation [168]. Several miRNA-based drugs with potential anti-tumor
activities have been tested in clinical trials-MRX34, a miR-34 mimic; MesomiR 1, a miR-16
mimic; Cobomarsen/MRG-106, anti-miR-155, and INT-1B3, a miR-193a-3p mimic (Table 5).

Table 5. Clinical trials of miRNA-based drugs in cancer.

Therapeutic
Name Mode of Action Tumor Type Delivery System Clinical Trial

Number
Phase, Recruitment

Status

MRX34 miR-34 mimic

Melanoma;
advanced and

metastatic solid
tumors

Intravenously/
vehicle transfer

(liposomal)

NCT01829971
NCT02862145

Phase I T (serious
adverse events)

MesomiR 1 miR-16 mimic MPM and NSCLC
Intravenously/
vehicle transfer

(nonliving minicells)
NCT02369198 Phase I C

Cobomarsen/
MRG-106 anti-miR-155 CTCL, CLL,

DLBCL or ATLL
Intravenously/chemical

modification (LNA)

NCT02580552
NCT03837457
NCT03713320

Phase I T
(business reasons)

INT-1B3 miR-193a-3p
mimic Solid tumors Intravenously/vehicle

transfer (lipid NP) NCT04675996 Phase I R

Abbreviations: ATLL—adult T-cell leukemia/lymphoma; CLL—chronic lymphocytic leukemia; CTCL—cutaneous
T-cell lymphoma; DLBCL—diffuse large B-cell lymphoma; MPM—malignant pleural mesothelioma; NSCLC—
non-small cell lung cancer. Clinical trial phase status: A-active, not recruiting; C-completed; R-recruiting;
T-terminated.

siRNAs (short interfering RNAs) are also short single or double stranded RNAs, which
silence expression of their targets via RISC (RNA-induced silencing complex). As opposed
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to miRNAs, they lead to degradation of complementary mRNAs only; therefore, they
usually have few targets [169]. Currently, 17 clinical trials in different types of cancer are
being conducted (phase I/II/III; status: completed/recruiting/active) (Table 6).

Table 6. Phase I completed/II/III clinical trials of shRNA and siRNA-based drugs in cancer—selected
examples (data from clinicaltrials.gov (accessed on 28 August 2022)).

Therapeutic Name Mode of Action Tumor Type Delivery System Clinical Trial
Number

Phase, Recruitment
Status

Vigil ™ vaccine

Bi-shRNA-furin and
GMCSF

+carboplatin
+bevacizumab

+atezolizumab

+irinotecan,
temozolomide

Ewing’s sarcoma
NSCLC

Liver cancer
Stage III/IV

Ovarian cancer

Ovarian, Cervical,
Uterine cancer

Ewing’s sarcoma

Intradermally/
(autologous tumor cells

expressing Vigil plasmid)

NCT01061840

NCT01867086
NCT01551745

NCT03073525

NCT03495921

Phase I C

Phase II C
Phase II C

Phase II A

Phase III A

pbi-shRNA™
EWS-FLI1 Type 1

LPX
bi-shRNA EWS/FLI1 Ewing’s sarcoma Intravenously/vehicle

transfer (liposomal) NCT02736565 Phase I A

lentivirus vector
CCR5 shRNA-

TRIM5alpha-TAR
decoy

CCR5 shRNA HIV infection,
Lymphomas

Intravenously/transduced
autologous CD34+

hematopoietic
progenitor cells

transplantation/vehicle
transfer (lentivirus)

NCT02797470 Phase I/II R

lentivirus vector
rHIV7-shI-TAR-

CCR5RZ

shRNA targeted to an
exon of the HIV-1

genes tat/rev
Lymphoma

Intravenously/transduced
hematopoietic progenitor

cells and non-bound
CD34+ cells/vehicle
transfer (lentivirus)

NCT00569985 Phase I C

pbi-shRNA ™
STMN1 STMN1 bi-shRNA Advanced, metastatic

Cancer, solid tumors

Intratumoral
injection/transfer vehicle
(bilamellar invaginated

vesicle lipoplex (BIV LP))

NCT01505153 Phase I C

Atu027 PKN3 siRNA
+ gemcitabine

Advanced solid
tumors

Intravenously/vehicle
transfer (liposomes)

NCT00938574
NCT01808638

Phase I C
Phase I/II C

ARO-HIF-2 TRiM (RGD- HIF-2α
siRNA conjugate) ccRCC

Intravenously/bioconjugation
(alpha-v beta3

targeting ligand)
NCT04169711 Phase I C

siG12D-LODER KRASG12D siRNA Advanced pancreatic
cancer

Intratumoral/Biodegradable
polymeric matrix (PLGA)

NCT01188785
NCT01676259

Phase I C
Phase II R

TKM 080301 PLK1 siRNA

Colorectal, pancreas,
gastric, breast,

ovarian cancer with
hepatic metastase

Intravenously/vehicle
transfer (LNP) NCT01437007 Phase I C

APN401 Cbl-b siRNA Inoperable metastatic
solid tumors

Intravenously/siRNA-
transfected Peripheral

Blood Mononuclear Cells

NCT03087591
NCT02166255 Phase I C

Abbreviations: ccRCC—clear cell renal cell carcinoma; NSCLC—non-small cell lung cancer. Clinical trial phase
status: A-active, not recruiting; C-completed; R-recruiting.

shRNAs (short hairpin RNA) utilize the siRNA/miRNA biogenesis pathway as these
RNA hairpins are first processed into mature sequences by Dicer and then loaded into
RISC [170]. 9 shRNAs are currently tested clinically in cancer (Table 6).

There are still several obstacles in the way to find a successful translation of RNA-based
therapeutics into a clinic. One of the biggest challenges is specificity.
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Candidate RNA therapeutics may cause off-target effects in a sequence-dependent and
sequence-independent manner, and these include partial complementarity to undesired
targets, and interactions with proteins, including immune defense-related. What may also
occur is loading of the passenger strand instead of the guide strand into RISC, and toxicity,
especially connected to cell proliferation [168,171].

Effective and safe delivery is another critical issue. By nature, oligonucleotides are
hydrophilic and negatively charged which poses a problem for their transport via bio-
logical membranes. Additionally, they can be characterized by relatively short half-life.
Another issue in this area, which is also connected to specificity are undesired on-target
effects which result from systemic (as opposed to cell- or organ-specific) delivery of the
therapeutic [168,172]. Here, it would be worth to mention a clinical trial of MRX34 (a
miR-34a mimic) which was terminated due to severe immune-related side events and
death of four patients. Possible explanation may lie in the fact that systemically delivered
miR-34a mimic was taken up by white blood cells and it is now known that this miRNA
impacts NF-KB pathway, a modulator of TCR-mediated signaling and cholesterol efflux in
macrophages [173–176]. Nevertheless, cause of the effects observed in the study remains
to be elucidated. There are now many new promising delivery strategies, including those
which enable cell- and organ-specific delivery, and which are currently tested in clinical
trials [172]. Some of them are not free from disadvantages, such as potential integration
into the host genome in case of viral vectors, dose-limiting toxicities, or immune-related
effects [177].

Potential immunogenicity is another feature of candidate therapeutic RNA molecules
which may be a hurdle to their clinical application. As a viral defense mechanism, human
immune system harbors intra- (TLRs 3, 7, 8, and 9 in endosomes) and extra-cellular (cytoso-
lic sensors (e.g., protein kinase R, RIG-I, and MDA-5)) PAMP receptors which recognize
single and double stranded RNAs. This interaction between the receptor and RNA causes
immunological reactions, which are part of the natural defense, and which include release
of cytokines, proliferation of immune cells, and activation of adaptive immunity [178]. Here,
again, clinical trial of MRX34 can be provided as an example in which a miR-34a mimic as
a short dsRNA potentially caused severe immune-related toxicities in patients [173,174].

Dosing is another important matter which should be taken into consideration. As
many of RNA therapeutics make use of endogenous machinery responsible for RNAi, if
high concentrations of such RNAs are to be administered, the machinery may become
saturated, and this, in consequence, may lead to inhibition of endogenous small RNAs’
activity. In case of miRNAs, an additional issue arises due to their inherent feature of
targeting multiple mRNAs and competition for binding of a particular target by multiple
miRNAs. It remains unclear how changes in concentration of particular miRNA influence
the whole array of its’ targets. Data on dose-dependent regulation of the targetome,
described in a quantitative manner is still lacking [168,177].

It should be emphasized that many of those aspects have been partially addressed—
new chemical modifications of RNA aiming at reduction in immunostimulation, increase
in specificity to the target-of-interest, resistance to nuclease-mediated degradation, and
increase in cellular uptake have been already incorporated [165]. As mentioned earlier,
promising strategies which enable more effective and specific delivery have been developed
and are now tested clinically, including liposomes, polymers, extracellular vesicles (EVs),
nonliving minicells, viral vectors, conjugation of lipids, sugars, peptides, metal-based
nanoparticles [172]. What remains critical is through testing of specificity of new potential
therapeutics and possible expansion of screening of potential immunological effects [171].

Although challenges emerged at the beginning of the way to clinical application of
RNA-based therapeutics, many of them have been already defined and begun to be ad-
dressed. What seems to be the key to success is an interdisciplinary approach which would
utilize achievements of fields such as molecular biology, nanotechnology, immunology, or
pharmacology.
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circRNAs and lncRNAs have not yet reached clinical testing, they are however promis-
ing candidates for new therapies. Circularized RNA transcripts are already being gener-
ated and tested as potential therapeutics in vitro and in vivo, and these include synthetic
circRNAs which can bind/sponge oncogenic miRNAs [152,179–182]. Several different ap-
proaches of their generation have been explored but inverted repeat-induced backsplicing
seems to be chosen most [183]. Cancer-promoting circRNAs could be potentially silenced
with RNAi, antisense technology, or CRISPR-Cas13 by targeting the unique sequence
(backsplice junction) [183,184].

As to lncRNAs, they comprise two types of elements—interactor and structural—
involved in interactions with RNA, DNA, and proteins to serve functions in, among others,
translation, transcription of neighboring genes, and chromatin remodeling [154]. Such
sequence motifs or secondary/tertiary structures may be short, and therefore could be
crafted into RNA therapeutics [185]. Oncogenic lncRNAs, on the other hand, could be
targeted by small molecules if secondary structures are taken into consideration or by
antisense oligonucleotides (ASOs), in the context of sequence [168].

To conclude, cancer stem cells are characterized by many different features, like
remarkable plasticity, metabolic changes, drug resistance, which are strongly linked with
molecular alterations, ncluding complex non-coding RNAs influence. Understanding
the biology of CSCs and mechanisms of their regulation by microRNAs, circRNAs or
lncRNAs is crucial in terms of effective anticancer therapy. Hence, the number of promising
therapeutic strategies targeting CSCs are currently under development.
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99. Szlasa, W.; Wala, K.; Kiełbik, A.; Zalesińska, A.; Saczko, J.; Kulbacka, J. Connection between Warburg Effect and Oncometabolites

Biosynthesis with Connection between Warburg Effect and Oncometabolites Biosynthesis with Its Clinical Implications. Org.
Med. Chem. 2020, 9, 103–111. [CrossRef]

100. Yu, L.; Lu, M.; Jia, D.; Ma, J.; Ben-Jacob, E.; Levine, H.; Kaipparettu, B.A.; Onuchic, J.N. Modeling the Genetic Regulation of
Cancer Metabolism: Interplay between Glycolysis and Oxidative Phosphorylation. Cancer Res. 2017, 77, 1564–1574. [CrossRef]

101. Elgendy, M.; Cirò, M.; Hosseini, A.; Weiszmann, J.; Mazzarella, L.; Ferrari, E.; Cazzoli, R.; Curigliano, G.; DeCensi, A.; Bonanni,
B.; et al. Combination of Hypoglycemia and Metformin Impairs Tumor Metabolic Plasticity and Growth by Modulating the
PP2A-GSK3β-MCL-1 Axis. Cancer Cell 2019, 35, 798–815.e5. [CrossRef]

102. Sharma, S.; Kelly, T.K.; Jones, P.A. Epigenetics in Cancer. Carcinogenesis 2009, 31, 27–36. [CrossRef]
103. Wolffe, A.P.; Matzke, M.A. Epigenetics: Regulation through Repression. Science 1999, 286, 481–486. [CrossRef]
104. Kara, G.; Calin, G.A.; Ozpolat, B. RNAi-Based Therapeutics and Tumor Targeted Delivery in Cancer. Adv. Drug Deliv. Rev. 2022,

182, 114113. [CrossRef] [PubMed]
105. Hu, B.; Zhong, L.; Weng, Y.; Peng, L.; Huang, Y.; Zhao, Y.; Liang, X.J. Therapeutic SiRNA: State of the Art. Signal Transduct. Target

Ther. 2020, 5, 101. [CrossRef] [PubMed]
106. Hattab, D.; Gazzali, A.M.; Bakhtiar, A. Clinical Advances of Sirna-Based Nanotherapeutics for Cancer Treatment. Pharmaceutics

2021, 13, 1009. [CrossRef] [PubMed]
107. Rupaimoole, R.; Slack, F.J. MicroRNA Therapeutics: Towards a New Era for the Management of Cancer and Other Diseases. Nat.

Rev. Drug Discov. 2017, 16, 203–222. [CrossRef] [PubMed]
108. Bartel, D.P. MicroRNAs: Genomics, Biogenesis, Mechanism, and Function. Cell 2004, 116, 281–297. [CrossRef]
109. Friedman, R.C.; Farh, K.K.H.; Burge, C.B.; Bartel, D.P. Most Mammalian MRNAs Are Conserved Targets of MicroRNAs. Genome

Res. 2009, 19, 92–105. [CrossRef]
110. Alles, J.; Fehlmann, T.; Fischer, U.; Backes, C.; Galata, V.; Minet, M.; Hart, M.; Abu-Halima, M.; Grässer, F.A.; Lenhof, H.P.; et al.

An Estimate of the Total Number of True Human MiRNAs. Nucleic Acids Res. 2019, 47, 3353–3364. [CrossRef]
111. Lander, E.S.; Linton, L.M.; Birren, B.; Nusbaum, C.; Zody, M.C.; Baldwin, J.; Devon, K.; Dewar, K.; Doyle, M.; Fitzhugh, W.; et al.

Initial Sequencing and Analysis of the Human Genome. Nature 2001, 409, 860–921. [CrossRef]
112. Bartel, D.P. MicroRNAs: Target Recognition and Regulatory Functions. Cell 2009, 136, 215–233. [CrossRef]
113. Bartel, D.P. Metazoan MicroRNAs. Cell 2018, 173, 20–51. [CrossRef]
114. Jonas, S.; Izaurralde, E. Towards a Molecular Understanding of MicroRNA-Mediated Gene Silencing. Nat. Rev. Genet. 2015, 16,

421–433. [CrossRef] [PubMed]
115. Khan, A.; Ahmed, E.; Elareer, N.; Junejo, K.; Steinhoff, M.; Uddin, S. Role of MiRNA-Regulated Cancer Stem Cells in the

Pathogenesis of Human Malignancies. Cells 2019, 8, 840. [CrossRef] [PubMed]
116. Yan, H.; Bu, P. Non-Coding RNAs in Cancer Stem Cells. Cancer Lett. 2018, 421, 121–126. [CrossRef] [PubMed]
117. Al-Sowayan, B.S.; Al-Shareeda, A.T.; Alrfaei, B.M. Cancer Stem Cell-Exosomes, Unexposed Player in Tumorigenicity. Front.

Pharmacol. 2020, 11, 384. [CrossRef]
118. Lv, C.; Li, F.; Li, X.; Tian, Y.; Zhang, Y.; Sheng, X.; Song, Y.; Meng, Q.; Yuan, S.; Luan, L.; et al. MiR-31 Promotes Mammary Stem

Cell Expansion and Breast Tumorigenesis by Suppressing Wnt Signaling Antagonists. Nat. Commun. 2017, 8, 1036. [CrossRef]

http://doi.org/10.1186/s13058-019-1136-x
http://doi.org/10.1158/0008-5472.CAN-11-3004
http://doi.org/10.1158/1078-0432.CCR-17-0913
http://doi.org/10.1016/j.molmed.2015.02.005
http://www.ncbi.nlm.nih.gov/pubmed/25771096
http://doi.org/10.2147/OTT.S140854
http://www.ncbi.nlm.nih.gov/pubmed/29138574
http://doi.org/10.18632/oncotarget.8172
http://www.ncbi.nlm.nih.gov/pubmed/27009858
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1038/s41419-021-04116-6
http://www.ncbi.nlm.nih.gov/pubmed/34482364
http://doi.org/10.19080/OMCIJ.2020.09.555771
http://doi.org/10.1158/0008-5472.CAN-16-2074
http://doi.org/10.1016/j.ccell.2019.03.007
http://doi.org/10.1093/carcin/bgp220
http://doi.org/10.1126/science.286.5439.481
http://doi.org/10.1016/j.addr.2022.114113
http://www.ncbi.nlm.nih.gov/pubmed/35063535
http://doi.org/10.1038/s41392-020-0207-x
http://www.ncbi.nlm.nih.gov/pubmed/32561705
http://doi.org/10.3390/pharmaceutics13071009
http://www.ncbi.nlm.nih.gov/pubmed/34371702
http://doi.org/10.1038/nrd.2016.246
http://www.ncbi.nlm.nih.gov/pubmed/28209991
http://doi.org/10.1016/S0092-8674(04)00045-5
http://doi.org/10.1101/gr.082701.108
http://doi.org/10.1093/nar/gkz097
http://doi.org/10.1038/35057062
http://doi.org/10.1016/j.cell.2009.01.002
http://doi.org/10.1016/j.cell.2018.03.006
http://doi.org/10.1038/nrg3965
http://www.ncbi.nlm.nih.gov/pubmed/26077373
http://doi.org/10.3390/cells8080840
http://www.ncbi.nlm.nih.gov/pubmed/31530793
http://doi.org/10.1016/j.canlet.2018.01.027
http://www.ncbi.nlm.nih.gov/pubmed/29331418
http://doi.org/10.3389/fphar.2020.00384
http://doi.org/10.1038/s41467-017-01059-5


Cells 2022, 11, 3699 25 of 27

119. Zhang, L.; Cai, J.; Fang, L.; Huang, Y.; Li, R.; Xu, X.; Hu, Z.; Zhang, L.; Yang, Y.; Zhu, X.; et al. Simultaneous Overactivation of
Wnt/β-Catenin and TGFβ Signalling by MiR-128-3p Confers Chemoresistance-Associated Metastasis in NSCLC. Nat. Commun.
2017, 8, 15870. [CrossRef]

120. Zhu, Y.; Wang, C.; Becker, S.A.; Hurst, K.; Nogueira, L.M.; Findlay, V.J.; Camp, E.R. MiR-145 Antagonizes SNAI1-Mediated
Stemness and Radiation Resistance in Colorectal Cancer. Mol. Ther. 2018, 26, 744–754. [CrossRef]

121. Wang, T.W.; Chern, E.; Hsu, C.W.; Tseng, K.C.; Chao, H.M. SIRT1-Mediated Expression of CD24 and Epigenetic Suppression of
Novel Tumor Suppressor MiR-1185-1 Increases Colorectal Cancer Stemness. Cancer Res. 2020, 80, 5257–5269. [CrossRef]

122. Liu, C.; Liu, R.; Zhang, D.; Deng, Q.; Liu, B.; Chao, H.P.; Rycaj, K.; Takata, Y.; Lin, K.; Lu, Y.; et al. MicroRNA-141 Suppresses
Prostate Cancer Stem Cells and Metastasis by Targeting a Cohort of pro-Metastasis Genes. Nat. Commun. 2017, 8, 14270. [CrossRef]

123. Bhatia, V.; Yadav, A.; Tiwari, R.; Nigam, S.; Goel, S.; Carskadon, S.; Gupta, N.; Goel, A.; Palanisamy, N.; Ateeq, B. Epigenetic
Silencing of MiRNA-338-5p and MiRNA-421 Drives SPINK1-Positive Prostate Cancer. Clin. Cancer Res. 2019, 25, 2755–2768.
[CrossRef]

124. Jiang, L.; Hermeking, H. MiR-34a and MiR-34b/c Suppress Intestinal Tumorigenesis. Cancer Res. 2017, 77, 2746–2758. [CrossRef]
[PubMed]

125. Shi, Y.; Liu, C.; Liu, X.; Tang, D.G.; Wang, J. The MicroRNA MiR-34a Inhibits Non-Small Cell Lung Cancer (NSCLC) Growth and
the CD44hi Stem-like NSCLC Cells. PLoS ONE 2014, 9, e90022. [CrossRef] [PubMed]

126. Park, E.Y.; Chang, E.S.; Lee, E.J.; Lee, H.W.; Kang, H.G.; Chun, K.H.; Woo, Y.M.; Kong, H.K.; Ko, J.Y.; Suzuki, H.; et al. Targeting
of MiR34a-NOTCH1 Axis Reduced Breast Cancer Stemness and Chemoresistance. Cancer Res. 2014, 74, 7573–7582. [CrossRef]
[PubMed]

127. Bonetti, P.; Climent, M.; Panebianco, F.; Tordonato, C.; Santoro, A.; Marzi, M.J.; Pelicci, P.G.; Ventura, A.; Nicassio, F. Dual Role for
MiR-34a in the Control of Early Progenitor Proliferation and Commitment in the Mammary Gland and in Breast Cancer. Oncogene
2019, 38, 360–374. [CrossRef] [PubMed]

128. Bu, P.; Wang, L.; Chen, K.Y.; Srinivasan, T.; Murthy, P.K.L.; Tung, K.L.; Varanko, A.K.; Chen, H.J.; Ai, Y.; King, S.; et al. A
MiR-34a-Numb Feedforward Loop Triggered by Inflammation Regulates Asymmetric Stem Cell Division in Intestine and Colon
Cancer. Cell Stem Cell 2016, 18, 189–202. [CrossRef] [PubMed]

129. Bu, P.; Chen, K.Y.; Chen, J.H.; Wang, L.; Walters, J.; Shin, Y.J.; Goerger, J.P.; Sun, J.; Witherspoon, M.; Rakhilin, N.; et al. A
MicroRNA MiR-34a-Regulated Bimodal Switch Targets Notch in Colon Cancer Stem Cells. Cell Stem Cell 2013, 12, 602–615.
[CrossRef]

130. Liu, C.; Kelnar, K.; Liu, B.; Chen, X.; Calhoun-Davis, T.; Li, H.; Patrawala, L.; Yan, H.; Jeter, C.; Honorio, S.; et al. The MicroRNA
MiR-34a Inhibits Prostate Cancer Stem Cells and Metastasis by Directly Repressing CD44. Nat. Med. 2011, 17, 211–215. [CrossRef]

131. Holdt, L.M.; Kohlmaier, A.; Teupser, D. Molecular Roles and Function of Circular RNAs in Eukaryotic Cells. Cell. Mol. Life Sci.
2018, 75, 1071–1098. [CrossRef]

132. Jeck, W.R.; Sorrentino, J.A.; Wang, K.; Slevin, M.K.; Burd, C.E.; Liu, J.; Marzluff, W.F.; Sharpless, N.E. Erratum: Circular RNAs Are
Abundant, Conserved, and Associated with ALU Repeats (RNA (156)). RNA 2013, 19, 426. [CrossRef]

133. Memczak, S.; Jens, M.; Elefsinioti, A.; Torti, F.; Krueger, J.; Rybak, A.; Maier, L.; Mackowiak, S.D.; Gregersen, L.H.; Munschauer,
M.; et al. Circular RNAs Are a Large Class of Animal RNAs with Regulatory Potency. Nature 2013, 495, 333–338. [CrossRef]

134. Salzman, J.; Gawad, C.; Wang, P.L.; Lacayo, N.; Brown, P.O. Circular RNAs Are the Predominant Transcript Isoform from
Hundreds of Human Genes in Diverse Cell Types. PLoS ONE 2012, 7, e30733. [CrossRef] [PubMed]

135. Ashwal-Fluss, R.; Meyer, M.; Pamudurti, N.R.; Ivanov, A.; Bartok, O.; Hanan, M.; Evantal, N.; Memczak, S.; Rajewsky, N.;
Kadener, S. CircRNA Biogenesis Competes with Pre-MRNA Splicing. Mol Cell 2014, 56, 55–66. [CrossRef] [PubMed]

136. Guo, J.U.; Agarwal, V.; Guo, H.; Bartel, D.P. Expanded Identification and Characterization of Mammalian Circular RNAs. Genome
Biol. 2014, 15, 409. [CrossRef] [PubMed]

137. Starke, S.; Jost, I.; Rossbach, O.; Schneider, T.; Schreiner, S.; Hung, L.H.; Bindereif, A. Exon Circularization Requires Canonical
Splice Signals. Cell Rep. 2015, 10, 103–111. [CrossRef]

138. Hansen, T.B.; Jensen, T.I.; Clausen, B.H.; Bramsen, J.B.; Finsen, B.; Damgaard, C.K.; Kjems, J. Natural RNA Circles Function as
Efficient MicroRNA Sponges. Nature 2013, 495, 384–388. [CrossRef]

139. Piwecka, M.; Glažar, P.; Hernandez-Miranda, L.R.; Memczak, S.; Wolf, S.A.; Rybak-Wolf, A.; Filipchyk, A.; Klironomos, F.; Jara,
C.A.C.; Fenske, P.; et al. Loss of a Mammalian Circular RNA Locus Causes MiRNA Deregulation and Affects Brain Function.
Science 2017, 357, eaam8526. [CrossRef]

140. Zheng, Q.; Bao, C.; Guo, W.; Li, S.; Chen, J.; Chen, B.; Luo, Y.; Lyu, D.; Li, Y.; Shi, G.; et al. Circular RNA Profiling Reveals an
Abundant CircHIPK3 That Regulates Cell Growth by Sponging Multiple MiRNAs. Nat. Commun. 2016, 7, 11215. [CrossRef]

141. Chen, N.; Zhao, G.; Yan, X.; Lv, Z.; Yin, H.; Zhang, S.; Song, W.; Li, X.; Li, L.; Du, Z.; et al. A Novel FLI1 Exonic Circular RNA
Promotes Metastasis in Breast Cancer by Coordinately Regulating TET1 and DNMT1. Genome Biol. 2018, 19, 218. [CrossRef]

142. Holdt, L.M.; Stahringer, A.; Sass, K.; Pichler, G.; Kulak, N.A.; Wilfert, W.; Kohlmaier, A.; Herbst, A.; Northoff, B.H.; Nicolaou, A.;
et al. Circular Non-Coding RNA ANRIL Modulates Ribosomal RNA Maturation and Atherosclerosis in Humans. Nat. Commun.
2016, 7, 12429. [CrossRef]

143. Legnini, I.; di Timoteo, G.; Rossi, F.; Morlando, M.; Briganti, F.; Sthandier, O.; Fatica, A.; Santini, T.; Andronache, A.; Wade,
M.; et al. Circ-ZNF609 Is a Circular RNA That Can Be Translated and Functions in Myogenesis. Mol. Cell 2017, 66, 22–37.e9.
[CrossRef]

http://doi.org/10.1038/ncomms15870
http://doi.org/10.1016/j.ymthe.2017.12.023
http://doi.org/10.1158/0008-5472.CAN-19-3188
http://doi.org/10.1038/ncomms14270
http://doi.org/10.1158/1078-0432.CCR-18-3230
http://doi.org/10.1158/0008-5472.CAN-16-2183
http://www.ncbi.nlm.nih.gov/pubmed/28363996
http://doi.org/10.1371/journal.pone.0090022
http://www.ncbi.nlm.nih.gov/pubmed/24595209
http://doi.org/10.1158/0008-5472.CAN-14-1140
http://www.ncbi.nlm.nih.gov/pubmed/25368020
http://doi.org/10.1038/s41388-018-0445-3
http://www.ncbi.nlm.nih.gov/pubmed/30093634
http://doi.org/10.1016/j.stem.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26849305
http://doi.org/10.1016/j.stem.2013.03.002
http://doi.org/10.1038/nm.2284
http://doi.org/10.1007/s00018-017-2688-5
http://doi.org/10.1261/rna.035667.112
http://doi.org/10.1038/nature11928
http://doi.org/10.1371/journal.pone.0030733
http://www.ncbi.nlm.nih.gov/pubmed/22319583
http://doi.org/10.1016/j.molcel.2014.08.019
http://www.ncbi.nlm.nih.gov/pubmed/25242144
http://doi.org/10.1186/s13059-014-0409-z
http://www.ncbi.nlm.nih.gov/pubmed/25070500
http://doi.org/10.1016/j.celrep.2014.12.002
http://doi.org/10.1038/nature11993
http://doi.org/10.1126/science.aam8526
http://doi.org/10.1038/ncomms11215
http://doi.org/10.1186/s13059-018-1594-y
http://doi.org/10.1038/ncomms12429
http://doi.org/10.1016/j.molcel.2017.02.017


Cells 2022, 11, 3699 26 of 27

144. Yang, Y.; Gao, X.; Zhang, M.; Yan, S.; Sun, C.; Xiao, F.; Huang, N.; Yang, X.; Zhao, K.; Zhou, H.; et al. Novel Role of FBXW7
Circular RNA in Repressing Glioma Tumorigenesis. J. Natl. Cancer Inst. 2018, 110, 304–315. [CrossRef] [PubMed]

145. Zhang, M.; Huang, N.; Yang, X.; Luo, J.; Yan, S.; Xiao, F.; Chen, W.; Gao, X.; Zhao, K.; Zhou, H.; et al. A Novel Protein Encoded by
the Circular Form of the SHPRH Gene Suppresses Glioma Tumorigenesis. Oncogene 2018, 37, 1805–1814. [CrossRef] [PubMed]

146. Lei, M.; Zheng, G.; Ning, Q.; Zheng, J.; Dong, D. Translation and Functional Roles of Circular RNAs in Human Cancer. Mol.
Cancer 2020, 19, 30. [CrossRef] [PubMed]

147. Qu, S.; Liu, Z.; Yang, X.; Zhou, J.; Yu, H.; Zhang, R.; Li, H. The Emerging Functions and Roles of Circular RNAs in Cancer. Cancer
Lett. 2018, 414, 301–309. [CrossRef]

148. Su, M.; Xiao, Y.; Ma, J.; Tang, Y.; Tian, B.; Zhang, Y.; Li, X.; Wu, Z.; Yang, D.; Zhou, Y.; et al. Circular RNAs in Cancer: Emerging
Functions in Hallmarks, Stemness, Resistance and Roles as Potential Biomarkers. Mol. Cancer 2019, 18, 1–17. [CrossRef]

149. Li, W.; Yang, X.; Shi, C.; Zhou, Z. Hsa_circ_002178 Promotes the Growth and Migration of Breast Cancer Cells and Maintains
Cancer Stem-like Cell Properties Through Regulating MiR-1258/KDM7A Axis. Cell Transplant. 2020, 29, 0963689720960174.
[CrossRef]

150. Zhang, L.; Dong, X.; Yan, B.; Yu, W.; Shan, L. CircAGFG1 Drives Metastasis and Stemness in Colorectal Cancer by Modulating
YY1/CTNNB1. Cell Death Dis. 2020, 11, 542. [CrossRef]

151. Jian, X.; He, H.; Zhu, J.; Zhang, Q.; Zheng, Z.; Liang, X.; Chen, L.; Yang, M.; Peng, K.; Zhang, Z.; et al. Hsa_circ_001680 Affects the
Proliferation and Migration of CRC and Mediates Its Chemoresistance by Regulating BMI1 through MiR-340. Mol. Cancer 2020,
19, 20. [CrossRef]

152. Lin, X.; Chen, W.; Wei, F.; Xie, X. TV-CircRGPD6 Nanoparticle Suppresses Breast Cancer Stem Cell-Mediated Metastasis via the
MiR-26b/YAF2 Axis. Mol. Ther. 2021, 29, 244–262. [CrossRef]

153. Kung, J.T.Y.; Colognori, D.; Lee, J.T. Long Noncoding RNAs: Past, Present, and Future. Genetics 2013, 193, 651–669. [CrossRef]
154. Statello, L.; Guo, C.J.; Chen, L.L.; Huarte, M. Gene Regulation by Long Non-Coding RNAs and Its Biological Functions. Nat. Rev.

Mol. Cell Biol. 2021, 22, 96–118. [CrossRef] [PubMed]
155. Wu, H.; Yang, L.; Chen, L.L. The Diversity of Long Noncoding RNAs and Their Generation. Trends Genet. 2017, 33, 540–552.

[CrossRef] [PubMed]
156. Chekulaeva, M.; Rajewsky, N. Roles of Long Noncoding Rnas and Circular Rnas in Translation. Cold Spring Harb. Perspect. Biol.

2019, 11, a032680. [CrossRef] [PubMed]
157. Fang, Y.; Fullwood, M.J. Roles, Functions, and Mechanisms of Long Non-Coding RNAs in Cancer. Genom. Proteom. Bioinform.

2016, 14, 42–54. [CrossRef]
158. van Heesch, S.; Witte, F.; Schneider-Lunitz, V.; Schulz, J.F.; Adami, E.; Faber, A.B.; Kirchner, M.; Maatz, H.; Blachut, S.; Sandmann,

C.L.; et al. The Translational Landscape of the Human Heart. Cell 2019, 178, 242–260.e29. [CrossRef]
159. Peng, F.; Li, T.T.; Wang, K.L.; Xiao, G.Q.; Wang, J.H.; Zhao, H.D.; Kang, Z.J.; Fan, W.J.; Zhu, L.L.; Li, M.; et al. H19/Let-7/LIN28

Reciprocal Negative Regulatory Circuit Promotes Breast Cancer Stem Cell Maintenance. Cell Death Dis. 2017, 8, e2569. [CrossRef]
160. Guo, K.; Gong, W.; Wang, Q.; Gu, G.; Zheng, T.; Li, Y.; Li, W.; Fang, M.; Xie, H.; Yue, C.; et al. LINC01106 Drives Colorectal

Cancer Growth and Stemness through a Positive Feedback Loop to Regulate the Gli Family Factors. Cell Death Dis. 2020, 11, 869.
[CrossRef]

161. Liu, X.; Yin, Z.; Xu, L.; Liu, H.; Jiang, L.; Liu, S.; Sun, X. Upregulation of LINC01426 Promotes the Progression and Stemness in
Lung Adenocarcinoma by Enhancing the Level of SHH Protein to Activate the Hedgehog Pathway. Cell Death Dis. 2021, 12, 173.
[CrossRef]

162. Ma, F.; Liu, X.; Zhou, S.; Li, W.; Liu, C.; Chadwick, M.; Qian, C. Long Non-Coding RNA FGF13-AS1 Inhibits Glycolysis and
Stemness Properties of Breast Cancer Cells through FGF13-AS1/IGF2BPs/Myc Feedback Loop. Cancer Lett. 2019, 450, 63–75.
[CrossRef]

163. Zagorac, S.; de Giorgio, A.; Dabrowska, A.; Kalisz, M.; Casas-Vila, N.; Cathcart, P.; Yiu, A.; Ottaviani, S.; Degani, N.; Lombardo, Y.;
et al. SCIRT LncRNA Restrains Tumorigenesis by Opposing Transcriptional Programs of Tumor-Initiating Cells. Cancer Res. 2021,
81, 580–593. [CrossRef]

164. Le, P.; Romano, G.; Nana-Sinkam, P.; Acunzo, M. Non-Coding Rnas in Cancer Diagnosis and Therapy: Focus on Lung Cancer.
Cancers 2021, 13, 1372. [CrossRef] [PubMed]

165. Khvorova, A.; Watts, J.K. The Chemical Evolution of Oligonucleotide Therapies of Clinical Utility. Nat. Biotechnol. 2017, 35,
238–248. [CrossRef] [PubMed]

166. Dowdy, S.F. Overcoming Cellular Barriers for RNA Therapeutics. Nat. Biotechnol. 2017, 35, 222–229. [CrossRef] [PubMed]
167. Rooij, E.; Kauppinen, S. Review Review Series: Small RNA Development of MicroRNA Therapeutics Is Coming of Age. EMBO

Mol. Med. 2014, 6, 851–864. [CrossRef]
168. Winkle, M.; El-Daly, S.M.; Fabbri, M.; Calin, G.A. Noncoding RNA Therapeutics—Challenges and Potential Solutions. Nat. Rev.

Drug Discov. 2021, 20, 629–651. [CrossRef]
169. Elbashir, S.M.; Harborth, J.; Lendeckel, W.; Yalcin, A.; Weber, K.; Tuschl, T. Duplexes of 21-Nucleotide RNAs Mediate RNA

Interference in Cultured Mammalian Cells. Nature 2001, 411, 494–498. [CrossRef]
170. Paddison, P.J.; Caudy, A.A.; Bernstein, E.; Hannon, G.J.; Conklin, D.S. Short Hairpin RNAs (ShRNAs) Induce Sequence-Specific

Silencing in Mammalian Cells. Genes Dev. 2002, 16, 948–958. [CrossRef]
171. Matsui, M.; Corey, D.R. Non-Coding RNAs as Drug Targets. Nat. Rev. Drug Discov. 2017, 16, 167–179. [CrossRef]

http://doi.org/10.1093/jnci/djx166
http://www.ncbi.nlm.nih.gov/pubmed/28903484
http://doi.org/10.1038/s41388-017-0019-9
http://www.ncbi.nlm.nih.gov/pubmed/29343848
http://doi.org/10.1186/s12943-020-1135-7
http://www.ncbi.nlm.nih.gov/pubmed/32059672
http://doi.org/10.1016/j.canlet.2017.11.022
http://doi.org/10.1186/s12943-019-1002-6
http://doi.org/10.1177/0963689720960174
http://doi.org/10.1038/s41419-020-2707-6
http://doi.org/10.1186/s12943-020-1134-8
http://doi.org/10.1016/j.ymthe.2020.09.005
http://doi.org/10.1534/genetics.112.146704
http://doi.org/10.1038/s41580-020-00315-9
http://www.ncbi.nlm.nih.gov/pubmed/33353982
http://doi.org/10.1016/j.tig.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28629949
http://doi.org/10.1101/cshperspect.a032680
http://www.ncbi.nlm.nih.gov/pubmed/30082465
http://doi.org/10.1016/j.gpb.2015.09.006
http://doi.org/10.1016/j.cell.2019.05.010
http://doi.org/10.1038/cddis.2016.438
http://doi.org/10.1038/s41419-020-03026-3
http://doi.org/10.1038/s41419-021-03435-y
http://doi.org/10.1016/j.canlet.2019.02.008
http://doi.org/10.1158/0008-5472.CAN-20-2612
http://doi.org/10.3390/cancers13061372
http://www.ncbi.nlm.nih.gov/pubmed/33803619
http://doi.org/10.1038/nbt.3765
http://www.ncbi.nlm.nih.gov/pubmed/28244990
http://doi.org/10.1038/nbt.3802
http://www.ncbi.nlm.nih.gov/pubmed/28244992
http://doi.org/10.15252/emmm.201100899
http://doi.org/10.1038/s41573-021-00219-z
http://doi.org/10.1038/35078107
http://doi.org/10.1101/gad.981002
http://doi.org/10.1038/nrd.2016.117


Cells 2022, 11, 3699 27 of 27

172. Roberts, T.C.; Langer, R.; Wood, M.J.A. Advances in Oligonucleotide Drug Delivery. Nat. Rev. Drug Discov. 2020, 19, 673–694.
[CrossRef]

173. Hong, D.S.; Kang, Y.K.; Borad, M.; Sachdev, J.; Ejadi, S.; Lim, H.Y.; Brenner, A.J.; Park, K.; Lee, J.L.; Kim, T.Y.; et al. Phase 1 Study
of MRX34, a Liposomal MiR-34a Mimic, in Patients with Advanced Solid Tumours. Br. J. Cancer 2020, 122, 1630–1637. [CrossRef]

174. Beg, M.S.; Brenner, A.J.; Sachdev, J.; Borad, M.; Kang, Y.K.; Stoudemire, J.; Smith, S.; Bader, A.G.; Kim, S.; Hong, D.S. Phase I
Study of MRX34, a Liposomal MiR-34a Mimic, Administered Twice Weekly in Patients with Advanced Solid Tumors. Invest. New
Drugs 2017, 35, 180–188. [CrossRef] [PubMed]

175. Xu, Y.; Xu, Y.; Zhu, Y.; Sun, H.; Juguilon, C.; Li, F.; Fan, D.; Yin, L.; Zhang, Y. Macrophage MiR-34a Is a Key Regulator of
Cholesterol Efflux and Atherosclerosis. Mol. Ther. 2020, 28, 202–216. [CrossRef] [PubMed]

176. Hart, M.; Walch-Rückheim, B.; Friedmann, K.S.; Rheinheimer, S.; Tänzer, T.; Glombitza, B.; Sester, M.; Lenhof, H.P.; Hoth, M.;
Schwarz, E.C.; et al. MiR-34a: A New Player in the Regulation of T Cell Function by Modulation of NF-KB Signaling. Cell Death
Dis. 2019, 10, 46. [CrossRef] [PubMed]

177. Diener, C.; Keller, A.; Meese, E. Emerging Concepts of MiRNA Therapeutics: From Cells to Clinic. Trends Genet. 2022, 38, 613–626.
[CrossRef]

178. Guo, S.; Li, H.; Ma, M.; Fu, J.; Dong, Y.; Guo, P. Size, Shape, and Sequence-Dependent Immunogenicity of RNA Nanoparticles.
Mol. Ther. Nucleic Acids 2017, 9, 399–408. [CrossRef]

179. Meganck, R.M.; Borchardt, E.K.; Castellanos Rivera, R.M.; Scalabrino, M.L.; Wilusz, J.E.; Marzluff, W.F.; Asokan, A. Tissue-
Dependent Expression and Translation of Circular RNAs with Recombinant AAV Vectors In Vivo. Mol. Ther. Nucleic Acids 2018,
13, 89–98. [CrossRef]

180. Han, D.; Wang, Y.; Wang, Y.; Dai, X.; Zhou, T.; Chen, J.; Tao, B.; Zhang, J.; Cao, F. The Tumor-Suppressive Human Circular RNA
CircITCH Sponges MiR-330-5p to Ameliorate Doxorubicin-Induced Cardiotoxicity through Upregulating SIRT6, Survivin, and
SERCA2a. Circ. Res. 2020, 127, e108–e125. [CrossRef]

181. Rossbach, O. Artificial Circular RNA Sponges Targeting MicroRNAs as a Novel Tool in Molecular Biology. Mol. Ther. Nucleic
Acids 2019, 17, 452–454. [CrossRef]

182. Liu, X.; Abraham, J.M.; Cheng, Y.; Wang, Z.; Wang, Z.; Zhang, G.; Ashktorab, H.; Smoot, D.T.; Cole, R.N.; Boronina, T.N.; et al.
Synthetic Circular RNA Functions as a MiR-21 Sponge to Suppress Gastric Carcinoma Cell Proliferation. Mol. Ther. Nucleic Acids
2018, 13, 312–321. [CrossRef]

183. Kristensen, L.S.; Jakobsen, T.; Hager, H.; Kjems, J. The Emerging Roles of CircRNAs in Cancer and Oncology. Nat. Rev. Clin.
Oncol. 2022, 19, 188–206. [CrossRef]

184. He, A.T.; Liu, J.; Li, F.; Yang, B.B. Targeting Circular RNAs as a Therapeutic Approach: Current Strategies and Challenges. Signal
Transduct. Target Ther. 2021, 6, 185. [CrossRef] [PubMed]

185. Mercer, T.R.; Munro, T.; Mattick, J.S. The Potential of Long Noncoding RNA Therapies. Trends Pharmacol. Sci. 2022, 43, 269–280.
[CrossRef] [PubMed]

http://doi.org/10.1038/s41573-020-0075-7
http://doi.org/10.1038/s41416-020-0802-1
http://doi.org/10.1007/s10637-016-0407-y
http://www.ncbi.nlm.nih.gov/pubmed/27917453
http://doi.org/10.1016/j.ymthe.2019.09.008
http://www.ncbi.nlm.nih.gov/pubmed/31604677
http://doi.org/10.1038/s41419-018-1295-1
http://www.ncbi.nlm.nih.gov/pubmed/30718475
http://doi.org/10.1016/j.tig.2022.02.006
http://doi.org/10.1016/j.omtn.2017.10.010
http://doi.org/10.1016/j.omtn.2018.08.008
http://doi.org/10.1161/CIRCRESAHA.119.316061
http://doi.org/10.1016/j.omtn.2019.06.021
http://doi.org/10.1016/j.omtn.2018.09.010
http://doi.org/10.1038/s41571-021-00585-y
http://doi.org/10.1038/s41392-021-00569-5
http://www.ncbi.nlm.nih.gov/pubmed/34016945
http://doi.org/10.1016/j.tips.2022.01.008
http://www.ncbi.nlm.nih.gov/pubmed/35153075

	Introduction 
	Biology of CSCs and Their Interaction with Tumor Microenvironment 
	CSCs Signaling Pathways 
	PI3K/Akt/mTOR Signaling Pathway 
	Wnt Signaling Pathway 
	JAK/STAT Signaling Pathway 
	Notch Signaling Pathway 

	CSCs Plasticity, EMT and Dormancy 
	CSCs Metabolic Changes 
	Epigenetic Regulation of CSCs—The Role of microRNAs, circRNAs and lncRNAs 
	miRNAs in CSCs 
	circRNAs in CSCs 
	lncRNAs in CSCs 


	Non-Coding RNAs in Therapeutic Anti-CSCs Strategies 
	References

