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a b s t r a c t 

In recent years, it has been evidenced that the human transcriptome includes several types of non-coding RNAs (ncRNAs) that are mainly involved in the regulation 

of different cellular processes. Among ncRNAs, long-non-coding RNAs (lncRNAs) are defined as longer than 200 nucleotides and have been shown to be involved 

in several physiological and pathological events, including immune system regulation and cancer. Cancer stem cells (CSCs) are defined as a population of cancer 

cells that possess characteristics, such as resistance to standard treatments, cancer initiation, ability to undergo epithelial-to-mesenchymal transition, and the ability 

to invade, spread, and generate metastases. The cancer microenvironment, together with genetic and epigenetic factors, is fundamental for CSC maintenance and 

tumor growth and progression. Unsurprisingly, lncRNAs have been involved in both CSC biology and cancer progression, prognosis and recurrence. Here we review 

the most recent literature on IncRNAs involvement in CSC biology and function. 
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ong non ‐coding RNAs 

The presence of a wide number of non-coding RNAs (ncRNAs) signifi-

antly contributes to the complexity of the human transcriptome. These

olecules form a heterogeneous class of RNAs lacking protein-coding

unctions. NcRNAs play a key role in regulating transcription and post-

ranscriptional processes, including X chromosome inactivation, epige-

etic regulation, genomic imprinting, and mRNA splicing [1] . Accord-

ng to their size, they can be divided into long (lncRNAs, > 200 nt), and

mall ncRNAs (18–200 nt) [2] . Alternatively, they can be classified as

ousekeeping ncRNAs, such as ribosomal or transfer RNAs, and regu-

atory ncRNAs, including microRNAs (miRNAs) and lncRNAs. LncRNAs

an be transcribed from intergenic, promoter regions, or antisense into

nnotated protein-coding genes [1] . Furthermore, lncRNAs can also be

roduced from transcriptional pseudogenes or mitochondrial genes [3] .

nterestingly, several cancer genes, acting as oncosuppressors, generate

ong antisense ncRNAs [4] . Like mRNAs, most lncRNAs are transcribed

y the RNA polymerase II and undergo 5 ′ capping, polyadenylation, and

plicing, including the generation of different isoforms by alternative

plicing. LncRNAs can be localized in the nucleus and the cytosol. The

ain function of lncRNAs is to regulate gene expression at epigenetic,

ranscriptional, and post-transcriptional levels [5] . Although lncRNAs

an belong to more than one archetype, four main molecular mecha-
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isms (archetypes) have been described and by which lncRNAs exert

heir function. [6] . Firstly, archetype I lncRNAs can act as molecular

ignals that indicate certain transcriptional activities that are associated

ith their transcription at a specific location, time, or developmental

tage, and in response to distinct stimuli. Secondly, lncRNAs, belong-

ng to archetype II, function as decoys that bind and titrate away pro-

eins, e.g., transcription factors, or miRNAs, thereby negatively regu-

ating their effectors. Thirdly, archetype III lncRNAs act as guides that

ind proteins and direct the ribonucleoprotein complex to target genes.

astly, archetype IV lncRNAs can function as scaffolds that assemble

ultiple proteins in a complex, such as the stabilization of signaling

omplexes or direct histone modifications [ 6 , 7 ]. 

ancer stem cells and resistance to cancer therapies 

Aggressive cancers are characterized by their resistance to therapies,

hich result in cancer recurrence, poor prognosis, and reduced survival.

he underlying cellular and molecular mechanisms of this aggressive-

ess are subject to intense investigations [ 8 , 9 ]. As part of these efforts,

everal studies formulated the hypothesis that cancer resistance and re-

urrence are associated with the existence of highly aggressive cancer

ell populations [ 10 , 11 ]. These were termed cancer stem cells (CSCs)

ue to their abilities to self-renew and to generate differentiated can-

er progenies, features that are associated with stemness. Consequently,

SCs can re-initiate, maintain, and promote cancer progression. How

SCs are generated is subject to debate; however, it is thought that onco-
nia “Luigi Vanvitelli ”, Naples, Italy; Biogem scarl, Laboratory of Precision and 
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enic mutations that result in oncogenic transformations of embryonic

nd/or tissue-specific stem and progenitor cells are at the heart of CSC

mergence [12–14] . 

Although cancer therapies efficiently destroy most cancer cells, CSCs

scape their effects via several cellular mechanisms [ 11 , 15 ]. For in-

tance, chemotherapies that target highly dividing cells, have limited

ffects on CSCs that are characterized by slow division or quiescence

16–18] . CSCs resistance to drugs is also associated with the expression

f high levels of ATP-binding cassette (ABC) transporters. These mem-

rane proteins mediate transmembrane transport of various substrates

nd contribute to the elimination of drugs from cells [18] . Another im-

ortant mechanism of resistance is related to increased expression of

ldehyde dehydrogenases (ALDHs) in CSCs. This superfamily of enzymes

s involved in the detoxification of endogenous and exogenous aldehyde

ubstrates by catalyzing the oxidation of aldehydes to carboxylic acids

 19 , 20 ]. Several studies have shown that elevated levels of ALDH ex-

ression correlate with worse prognosis in cancer patients [21–23] . 

The resistance of CSCs to apoptosis has also been demonstrated by

everal studies [24] . For instance, glioma and leukemia CSCs resist ex-

rinsic receptor-mediated cell death by downregulating Fas and Fas-L ex-

ression [25–30] . They also express higher levels of apoptotic inhibitors,

uch as the cellular Fas ‐associated death domain ‐like IL ‐1 𝛽‐converting

nzyme ‐inhibitory protein (c ‐FLIP) [30–34] . Besides, high levels of ex-

ression of the pro-survival protein B ‐cell lymphoma-2 have also been

ound in CSCs from different tumors [35–38] . Finally, CSCs possess an-

ther survival advantage through their capacity to timely activate the

NA damage sensor and repair machinery [39] . CSC resistance to ra-

iotherapy, which causes DNA damage, has been well documented in

he literature [ 40 , 41 ]. All these observations suggest that CSCs pos-

ess an enhanced DNA damage repair ability that protects them from

hemotherapy- and radiotherapy-mediated apoptosis. 

SC niche 

The CSC microenvironment or niche is a complex hypoxic envi-

onment that comprises a variety of cells such as stromal, immune

nd epithelial cells, and a network of extracellular macromolecules

hat support cells within the extracellular matrix (ECM). This niche

s essential for CSC-mediated cell invasion, metastasis, and chemore-

istance [42] . Cancer-associated fibroblasts (CAFs) offer a mechanical

upportive role for CSCs through fibrillary collagen production. How-

ver, this is not their only function within the CSC niche as they also

ecrete cytokines such as CXC chemokine ligand (CXCL)12 and growth

actors, including vascular endothelial growth factor (VEGF), hepato-

yte growth factor (HGF), and Platelet-Derived Growth factor (PDGF),

hich significantly promote CSC proliferation, invasion, and metasta-

is [43–45] . Furthermore, they also secrete transforming growth factor-

eta 1 (TGF- 𝛽1), a key player in CSC-mediated epithelial-mesenchymal

ransition (EMT), that is at the origin of invasive and metastatic pro-

esses [46] . Endothelial cells (ECs), together with perivascular cells,

re the building blocks of vessels, that ensure the constant supply of

utrients for CSCs metabolism and the recruitment of immune cells

uch as T regulatory cells (Tregs) that promote immune suppression

47] . ECs are stimulated by angiogenic factors, such as VEGF, which

ncreases tumor vascularization, growth, and metastasis [48] . Besides

heir involvement in tumor angiogenesis, they also secrete cytokines

uch as interleukin (IL) − 3, granulocyte-colony stimulating factor (G-

SF), granulocyte-macrophage-CSF (GM-CSF), IL-1, IL-6, VEGF-A, and

asic fibroblast growth factor (bFGF) that promote and maintain CSC

elf-renewal, and CSC-mediated cancer progression [49–51] . The CSC

iche is a highly inflammatory environment, that enhances tumor pro-

iferation, invasion, and metastasis [47] . For instance, tumor-associated

acrophages (TAMs) and myeloid-derived suppressor cells (MDSCs) se-

rete TGF- 𝛽 which contributes to EMT, invasion, and metastasis [52–

4] . TAM-secreted TGF- 𝛽 recruits Tregs to the CSC niche. MDSCs that se-

rete TGF- 𝛽, but also cytokines, recruit T helper 17 cells to promote their
2 
mmunosuppressive activity [47] . Other important cellular components

f the CSC niche are mesenchymal stem cells (MSCs). These multipotent

tromal cells can differentiate into various cell types, including osteo-

ytes, adipocytes, and chondrocytes, and migrate to chronic inflamma-

ory sites such as cancer, where they secrete TGF- 𝛽 and contribute to

MT and metastasis [55] . MSCs also secrete VEGF, macrophage inflam-

atory protein-2 (MIP-2), TGF- 𝛽1, and the pro-inflammatory cytokines

L-6, and IL-8, which contribute to the colonization process of secondary

ancer sites in metastatic breast, prostate, gastric and lung cancers [56–

0] . Finally, due to their multipotent nature, MSCs may be precursors

f CAFs that further contribute to the cellular heterogenicity in the CSC

icroenvironment and its metastatic potential [61–63] . 

ancer stemness, EMT, and tumor progression 

CSCs can re-initiate tumorigenesis by generating a new tumor via

heir capacity to self-renew and to generate differentiated cancer proge-

ies. However, their high invasive and metastatic potential involves a

ellular process known as EMT (epithelial-mesenchymal transition). In

his process, epithelial cells that are connected via lateral cell-cell con-

acts such as desmosomes, adherence, tight, and gap junctions, trans-

ifferentiate into mesenchymal-like cells via the loss of these lateral

unctions and expression of molecules associated with the mesenchy-

al phenotype [64] . The resulting cells, that are no longer bound to

ach other, can begin to invade adjacent tissues, which potentially leads

o metastatic spread of cancer cells to distant organs. TGF- 𝛽 that is

ecreted by MSCs, CAFs, and immune cells, is an essential player in

SC invasion mediated by EMT [65] . Upon activation of TGF- 𝛽 recep-

ors, a series of signaling cascades involving the downstream Smad fac-

ors are initiated and result in the transcriptional activation of target

enes that are implicated in EMT such as SNAIL, bHLH and ZEB tran-

cription factors [ 65 , 66 ]. Consequently, these events lead to the expres-

ion of mesenchymal proteins, such as N-cadherin, Fibronectin, and ma-

rix metalloproteases (MMPs) that are involved in cancer cell invasion

66] . Although TGF- 𝛽 signaling seems to play a leading role in EMT,

ther signaling pathways, such as the WNT, Notch, and Hedgehog (HH)

athways, also participate in EMT. For instance, WNT signaling via

he 𝛽-catenin/glycogen synthase kinase-3 𝛽 (GSK3 𝛽) pathway promotes

MT by enhancing the transcriptional activation of lymphoid enhancer-

inding factor 1 (LEF1) and T cell factor (TCF), that are involved in gene

xpression programs that favor EMT [67] . Finally, sonic HH signaling

as been shown to increase EMT and invasion by enhancing SNAIL1 ex-

ression in carcinomas, while Notch signaling promotes EMT through

he Notch intracellular domain that directly activates SNAIL2 expression

 68 , 69 ]. 

nvolvement of lncRNAs in the CSC niche, chemoresistance, EMT, 

nd metastasis 

LncRNAs are aberrantly expressed in various human cancer types

nd play an important role in tumorigenesis, cancer progression,

etastatic spread, and drug resistance [70–72] . A study that analyzed

he expression of over 10,000 lncRNAs and in more than 1000 tumor

amples across 4 cancer types, discovered that lncRNAs are associated

ith tumor subtypes and clinical prognoses [73–75] . Since lncRNAs are

xpressed in a tissue- and cancer-specific manners, they are considered

otential diagnostic and prognostic biomarkers and promising therapeu-

ic targets [ 70 , 76 ]. 

LncRNAs involvement in metastasis is attributed to the regulation

f EMT which is intricately linked to CSCs. Recently, several lncRNAs

ere found to be involved in the WNT/ 𝛽-Catenin, HH, Notch, and TGF- 𝛽

ignaling pathways, where they regulate the transcription of factors in-

olved in stemness induction and maintenance, such as Sox2, NANOG,

nd Oct4, and in EMT, such as ZEB1 and ZEB2. In the following, we

rovide examples on the role of lncRNAs in the regulation of stemness,
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Fig. 1. LncRNAs control main CSC fea- 

tures, LncRNAs (orange) regulate e.g. stem- 

ness, epithelial-mesenchymal transition (EMT), 

chemoresistance and tumorigenesis via inter- 

actions with miRNAs (green), proteins (red) or 

other lncRNAs. In addition, they are involved in 

the communication of CSCs with the tumor mi- 

croenvironment. EMT: Epithelial to mesenchy- 

mal transition, MSI: Microsatellite instability. 
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MT, and CSC chemoresistance and on their influence on CSC interac-

ions with the tumor microenvironment ( Fig. 1 , table 1 ). 

ox transcript antisense intergenic RNA (HOTAIR) 

The expression of the HOTAIR is associated with advanced tumor

tage, metastasis, and poor prognosis in various human cancer types

77–79] . Its pro-metastatic function is attributed to HOTAIR-induced

etargeting of the polycomb repressive complex 2 (PRC2) and epige-

etic silencing of metastasis-repressor-genes [ 80 , 81 ]. HOTAIR expres-

ion was enhanced in enriched CSC populations of breast (MCF-7, MDA-

B-231, MCF-10a, and HCC1954) and colon (HT29, DLD1) cancer cell

ines compared to non-CSC populations [ 82 , 83 ]. In different cancer

tem cell types derived from cell lines such as breast (MCF-7, MDA-

B-231), colon (LoVo), liver (Huh7), ovarian cancer (SKOV3) and oral

quamous cell carcinoma (Ca9–22, GNM), HOTAIR overexpression in-

reased stemness- and EMT-associated characteristics, such as prolifer-

tion, colony formation, self-renewal, migration, invasion, expression

f the pluripotent stem cell markers and E-cadherin downregulation in

itro [ 82 , 84–87 ]. In vivo, tumorigenicity and metastasis were also en-

anced [ 84 , 85 , 88 , 89 ]. Depending on the publication, CSCs were either

nriched via sphere formation or via magnetic (MACS) or fluorescence-

ctivated cell sorting (FACS) sorting of cells expressing cancer type-

pecific CSC markers, e.g. CD133 or CD44 [82–87] . 

A few studies provided insights into the mechanism by which HO-

AIR regulate the function of CSCs. In colon and breast CSCs, TGF-

1 that is secreted by CAFs, induced HOTAIR expression through

mad2/3/4, leading to increased EMT and metastasis of breast cancer

ells in vivo [ 83 , 89 ]. In breast CSCs, the self-renewal ability was, at least
3 
artly, due to HOTAIR inhibition of miR-34a transcription, which tar-

ets Sox2, an important transcription factor involved in the maintenance

f stem cell self-renewal [82] . HOTAIR also promoted tumorigenesis of

iver CSCs by down-regulating SETD2, that ultimately led to impaired

MR and microsatellite instability [85] . 

These results showed how one of the most well-studied lncRNAs,

OTAIR, regulates stemness and EMT in CSCs, and provided insights

nto its role in CSCs-mediated metastasis. 

etastasis ‐associated lung adenocarcinoma transcript ‐1 

MALAT ‐1) 

Metastasis-associated lung adenocarcinoma transcript-1 (MALAT-1)

s highly expressed in various human malignancies, where it enhances

nvasion and metastasis [90–95] . MALAT-1 is also overexpressed glioma

tem cells (SHG139S), and breast (MCF-7–derived), and pancreatic (e.g.,

D133 + FACS-sorted CFPAC-1 and ASPC-1) CSCs. It promoted CSC

haracteristics, such as proliferation, self-renewal, colony formation, mi-

ration, and invasion in vitro [ 88 , 92 , 96 , 97 ] and enhanced tumorigene-

is of pancreatic cancer cells in vivo [88] . MALAT-1 knockdown reduced

he expression of stem cell markers, such as Sox2 [ 88 , 96 , 97 ], and drug

esistance to gemcitabine [88] . Mechanistically, MALAT-1 may func-

ion as a sponge for miRNAs. For instance, by binding to miR-200c it

ncreased the expression of ZEB1, an important EMT transcription fac-

or [98–101] . MiR-200c was also shown to target Sox2, which may ex-

lain the upregulation of Sox2 by MALAT-1 [102] . Sponging of miRNAs

hat regulate stemness and EMT is a common mode of action of lncR-

As in CSCs. Another interesting mechanism that has been described

or MALAT-1 and that involves its cooperation with the lncRNA highly
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Table 1 

Key characteristics of CSCs are regulated by lncRNAs. 

Enhancement of … Mechanism of action LncRNAs References 

Stemness Sponging miRNAs targeting 

Sox2 

- HOTAIR 

- MALAT-1 

- Sox2ot 

- linc-DYNC2H1–4 

- ROR 

82 (Deng 2017) 

100–102 (Pa 2017, Zhuo 2018, 

Lu 2014) 

130 (Li 2018) 

129 (Gao 2017) 

131 (Hou 2014) 

Fatty acid oxidation - MACC1-AS1 133 (He 2019) 

Pluripotency Sponging miRNA targeting 

LIN28 

- H19 

- linc-DYNC2H1–4 

- ROR 

104, 106 (Peng 2017, Yu 2007) 

129 (Gao 2017) 

New ref 

EMT Sponging miRNAs targeting 

ZEB1/2 

- MALAT-1 

- H19 

- XIST 

- lncATB 

- linc-DYNC2H1–4 

- ROR 

99,101 (, Zhuo 2018) 

107 (Liang 2015) 

127 (Xu 2018) 

128 (Yuan 2014) 

129 (Gao 2017) 

131 (Hou 2014) 

Unknown - HOTAIR 84, 86 (Dou 2016, Lu 2017) 

Tumorigenesis Telomere protection - MALAT-1 + HULC 

- CUDR ( + IL-6) 

- CUDR-induced H19 

103 (Lu 2014) 

122 (Zheng 2017) 

124 (Pu 2015) 

Microsatellite instability - HOTAIR 

- CUDR 

85 (Li 2015) 

122 (Zheng 2017) 

Chemoresistance Upregulation of ABC 

transporters 

- H19 111 (Bauderlique-Le Roy 2015) 

Fatty acid oxidation - MACC1-AS1 133 (He 2019) 
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pregulated in liver cancer (HULC), has been shown to enhance the

roliferation of liver CSCs in vitro and in vivo [103] . This was due to

n increased expression and post-translational modification of telom-

re repeat-binding factor 2 (TRF2), which is an important protein for

elomeres’ maintenance and protection. MALAT-1 and HULC formed a

elomeric complex with TRF2, thereby protecting the telomeres. Also,

RF2 increased TERC expression and thus enhanced telomerase activity

103] . 

19 

H19 is strongly expressed by various cancer types, including breast

nd glioblastoma CSCs stem-like cells [ 104 , 105 ]. H19 was shown to

e important for the maintenance of CSC characteristics in breast can-

er cells in vitro and in vivo [104] . Mechanistically, it functioned as

 competing endogenous RNA sponging miRNA let-7, which resulted

n elevated levels of LIN28, a let-7 target, and an important pluripo-

ency factor [ 104 , 106 ]. Besides, H19 acted as a molecular sponge for

iR-200a, miR-138, and miR-141, which negatively regulated cancer

temness [107–110] . In colorectal cancer cells, H19 sponging of miR-

00a and miR-138 led to de-repression of ZEB1 and ZEB2 and thus EMT

nduction as it was measured by a reduced expression of the epithelial

arker E-cadherin, an increased expression of the mesenchymal marker

imentin, an enhanced migration in vitro and tumorigenesis in vivo

107] . Prostate cancer RWPE-1 stem-like cells, expressing higher H19

evels compared to the parent population, showed increased resistance

o arsenic and higher mRNA levels of ABCG2, an ABC transporter con-

erring multi-drug resistance [ 111 , 112 ]. Moreover, in CD133 + FACS-

orted liver CSCs, H19 has been shown to activate the MAPK/ERK sig-

aling pathway, which increased the expression of MDR1 and GST- 𝜋,

hus likely conveying chemoresistance, while H19 silencing had the op-

osite effect [113] . 

Interestingly, H19 packaged into exosomes could be transferred from

AFs to SW480 and HCT116 colorectal cancer cells. H19 expression lev-

ls were measured in exosomes and cancer cells following cancer cells

ultures with CAF-conditioned media, isolated exosomes from CAFs and

AFs [114] . In the recipient cells, H19 promoted stemness by repressing

iR-141 and thereby activating the 𝛽-catenin pathway, and by enhanc-

ng resistance to oxaliplatin in vitro and in vivo [114] . Furthermore,

D90 + FACS-sorted Huh7 liver CSC-like cells were recently shown to
4 
ecrete H19-containing exosomes, resulting in an increased angiogenic

nd pro-metastatic phenotype of endothelial cells in vitro [115] . 

UDR and UCA1 

Cancer up-regulated drug-resistant (CUDR) or Urothelial cancer as-

ociated 1 (UCA1) represent different isoforms of the same transcript

nd are upregulated in various cancers, including liver, colorectal, and

ladder cancers [116–118] . Moreover, UCA1 was shown to enhance

he chemoresistance of squamous carcinoma and bladder cancer cells

o doxorubicin and etoposide, and cisplatin and gemcitabine, respec-

ively, in vitro [119–121] . Zheng et al. showed that CUDR was able

o trigger a malignant transformation of human embryonic stem cell-

erived hepatocyte-like stem cells in cooperation with IL-6. CUDR and

L-6 increased the expression and mRNA stability of SUV39h1, a his-

one methyltransferase that catalyses histone 3 lysine 9 tri-methylation

H3K4me3). This histone mark promoted nuclear factor 𝜅B (NF- 𝜅B) ex-

ression and phosphorylation under inflammatory conditions, which in

urn increased signal transducer and activator of transcription 3 (STAT3)

xpression and phosphorylation. Phosphorylated STAT3 bound to the

romoters of miRNAs and lncRNAs, including CUDR, HOTAIR, MALAT-

, HULC, and H19, enhanced their expression, while also decreasing the

xpression of telomeric repeat-containing RNA (TERRA) [122] , a non-

oding RNA involved in maintaining telomeres’ structure [123] . The

ltered expression of these non-coding RNAs leads to increased telom-

rase activity, telomere length, and microsatellite instability [122] . The

ame research group also described a similar mechanism, by which a de-

rease in phosphatase and tensin homolog deleted on chromosome 10

PTEN), a well-known tumor suppressor gene, may promote the bind-

ng of CUDR to CyclinD1 in CD133 + CD44 + CD24 + EpCAM + liver

SCs [124] . CUDR-CyclinD1 increased H19 expression by binding to its

romoter region. Overexpressed H19 enhanced the interplay between

ERT and TERC and decreased the binding of TERT to TERRA, which

esulted in increased telomerase activity and telomere length [124] .

dditionally, a complex consisting of CUDR, CyclinD1, and CTCF in-

uced the overexpression of the C-myc oncogene [124] . This group also

howed that CUDR increased HULC expression in human embryonic

tem cells that were differentiated into hepatocyte-like cells by inhibit-

ng the methylation of its promoter and enhanced 𝛽-catenin expression

hrough the CUDR-CTCF complex. HULC and 𝛽-catenin activity were es-

ential for the oncogenic activity of CUDR [125] . They also found that
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d  
UDR enhanced TRF2 expression via the SET1A-pRB complex, leading

o telomere extension [126] . 

ncRNAs play a crucial role in the induction and maintenance of 

SCs 

LncRNAs play a crucial role in the induction and maintenance of

SCs in different cancer types. They influence stemness and EMT on

any different levels, often by increasing Sox2 and ZEB1/2 expression

evels. A well-described mechanism by which lncRNAs upregulate the

xpression of these transcription factors is by sponging miRNAs that tar-

et these same factors. In the above corresponding paragraphs, we pro-

ided some examples associated with the function of HOTAIR, MALAT-

, and H19. Furthermore, other lncRNAs, including XIST [127] , lncATB

128] , linc-DYNC2H1–4 [129] , Sox2ot [130] and ROR [131] exert their

unction in a similar fashion. Another mode of action of lncRNAs is

o promote the activation of signaling pathways that are important for

SCs, such as the activation of 𝛽-catenin signaling by H19, CUDR, and

OTTIP [132] . Moreover, lncRNAs exert an important role in telomere

rotection and elongation as described above for MALAT-1 and HULC

nd CUDR-induced H19. These examples also show that lncRNAs can

egulate each other, such as in the case of CUDR, which induces the ex-

ression of various other lncRNAs or by direct interaction such as for

ALAT-1 and HULC. lncRNAs can also influence the chemoresistance

f CSCs. H19 and MACC1-AS1 promote chemoresistance by enhancing

he expression of ABC transporters [133] , while LET, MEG3, and GAS5

ounteract chemoresistance [134–136] . Gemcitabine-induced TGF- 𝛽1

ignaling in bladder cancer cells and xenografts decreased the levels

f the lncRNA LET, resulting in low miR-145 levels and leading to en-

anced stemness and gemcitabine resistance [134] . MiR-145, a known

umor suppressor, represses pluripotency, and reduces drug resistance

y targeting MRP1 [137–139] . 

LncRNAs are also important mediators and target of the interaction

f CSCs with the tumor microenvironment. The expressions of Several

ncRNAs, including HOTAIR, MALAT-1 [90] , H19 [140] , MACC1-AS1

133] , lncATB [128] , ZEB2NAT [46] , and hPVT1 [141] , are upregu-

ated in cancer stem cells by TGF- 𝛽1. This latter can be secreted by

arious cell types in the tumor microenvironment, including CAFs, M2

acrophages, MDSCs, and cancer (stem) cells themselves [142] . It is

nown to induce stemness [ 143 , 144 ], EMT [ 54 , 144 ], and metastasis

145] in later stages of carcinogenesis. For example, Deng et al. showed

hat TGF- 𝛽1 that is secreted by mesenchymal stem cells contributes

o the upregulation of MACC1-AS1 in gastric cancer cells, which en-

ances stemness and chemoresistance mediated by sponging miR-145–

p [133] . Also, lncRNAs, such H19 and Sox2ot, that are packaged into

xosomes, facilitate the communications between CSCs and other cell

ypes in the tumor microenvironment and can enhance EMT and stem-

ess [130] . 

ncRNAs impact in clinical settings 

Several lncRNAs have been found to be expressed in different types

f cancer and these expressions correlated with patients’ diagnosis, prog-

osis, cancer risk and recurrence, and were identified as potential ther-

peutic targets [146] . Many of these processes are also associated with

SCs’ resistance, and they are associated with poor prognosis; they can

lso be dormant and develop new tumor recurrence after many years or

enerate metastases as described before. 

Several lncRNAs that we have described to be involved in CSC bi-

logy are also associated with those clinical parameters. For example,

ncreased H19 has been associated with reduced disease-free survival

rom first biopsy to first recurrence in bladder cancer patients. Simi-

arly, increased MALAT-1 has been found to be an independent prog-

ostic marker for recurrence in hepatocellular carcinoma in 112 HCC

ases, while HOTAIR can predict recurrence in small-cell lung cancer,

rothelial carcinoma, colon cancer, and cervical cancer [146] . MALAT-
5 
 was also associated with overall survival and advanced tumor stages

n cervical cancer and recent data suggest its role as a prognostic marker

n many cancer entities such as breast and multiple myeloma [147] . One

ore example is CCAT1, which increase has been associated with colon

ancer patients’ clinical stage (higher in stage III/IV than I/II), lymph

ode metastasis and survival time after surgery [148] . These represent

nly few examples of the impact of lncRNAs on cancer progression in

atients and their prognosis. Based on this evidence, some strategies to

arget LncRNA has been developed at least in preclinical model. Among

hese, antisense oligonucleotide (ASO) represents a quite effective tool

o be used in clinical settings. ASOs are short DNA sequences comple-

entary to RNA of interest. The typical ASO design to target lncRNA is

s a gapmer. This short oligonucleotides consist of RNA-based flanking

equences and an internal DNA “gap ” region. Thys binds to comple-

entary RNA and promote the degradation of the RNA/DNA heterodu-

lex by RNase. An example of this application is given by a gapmer de-

igned to target MALAT-1. In a preclinical model of breast cancer where

ALAT-1 is known to drive cancer progression and metastasis, two dif-

erent ASO were administered resulting in reduced tumor growth, cyst

ormation and differentiation [149] . Similar results were obtained in a

ung cancer model [150] . An additional technology that is very promis-

ng for the targeting of lncRNA is CRSPR/Cas9 as it can act on the pro-

oter of specific lncRNA at the genomic level and can be also activated

nly in cancer cells. A genome-wide CRSPRi strategy evidenced the pos-

ibility to target as many as 16.000 lncRNA promoters [151] . Knockout

f MALAT-1 and NEAT1 obtained by CRISPR technology inhibited the

etastases in different preclinical models [152] . In an animal model

f gastric cancer targeting of the lncRNA-GMAN by CRISPR technology

uppress metastasis formation and dramatically increased overall sur-

ival. 

The identification of novel cancer biomarkers and consequently the

evelopment of new therapeutic target candidates might lead to more

ersonalized, more effective and less toxic treatments for cancer. In this

ontext, a promising source of response-to-therapy markers is repre-

ented by LncRNAs. Among the ncRNAs, LncRNAs have been widely

tudied as cancer biomarkers because of their stability in formalin-

xed paraffin embedded (FFPE) tissues and in blood circulation. Al-

ered LncRNA expression has been found in several types of cancers

nd contributes to therapy resistance. [146-147] Moreover, LncRNAs

re critical regulator of immune response and therefore a role as thera-

eutic targets and/or response predictors to immunotherapy in cancers

ould be expected. [153] Several studies have demonstrated the impor-

ance of lncRNAs as biomarkers to predict the efficacy of conventional

hemotherapy. Due to the high stability in FFPE tissues, prognostic or

redictive LncRNAs can be detected by using diagnostic biopsies as a

ource of cancer material; therefore, LncRNA analysis could be rapidly

nd easily performed during the standard diagnostics procedures. Re-

ently, LncRNA detection in body fluids (e.g., serum and plasma) proved

o be a scarcely invasive source of prognostic biomarkers. The opportu-

ity to monitor specific ncRNA levels in serum or plasma in order to

et an insight into the responsiveness of tumor cells, before starting a

ew therapeutic regimen or when the therapy is ongoing, is extremely

ppealing. Moreover, it is emerging the possibility to efficiently deliver

NA (including ncRNAs) in nanoparticles in vivo in human cells and

he recent emergence of COVID-19 pandemic have pushed the scientists

nd pharmaceutical companies in developing vaccines based on the de-

ivery of viral RNA in pegylated SNALPs. These strategies have been

emonstrated to be safe and active and have disclosed a new scenario

f intervention based on the therapeutic use of RNAs in human diseases

ncluding genetic illnesses and cancer. 

ow lncRNAs might additionally drive immune ignorance as a 

allmark of cancer and cancer stem cells in particular 

Immune escape is a hallmark of cancer and a prerequisite for cancer

issemination and progression [153] . Therefore, It is unsurprising, that
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ancer stem cells have been reported to orchestrate major immune sup-

ressive mechanisms within the tumor microenvironment [154] . While

ndividual mechanisms have been reported for a given cancer entity, it

s unclear if these examples are proprietary to CSCs, which is more likely

nd universally applicable. For instance, in glioblastoma, the downregu-

ation of the antigen-presentation machinery (MHC-I and -II) is reported

o dampen immunogenicity and accelerate immune escape [155] . Sim-

larly, immune checkpoint molecules, such as PD-L1 or Galectin-3, are

trongly expressed by CSCs and suppress T cell activity [156] , while

SCs release macrophage migration inhibitory factor (MIF) to promote

rginase 1 expression and T cell suppression through MDSCs [157] . In

olon cancer, the production of IL-4 from CSCs has been described to

ct both in an autocrine loop and to suppress T cell function [158] . In

reast cancer, NK cell activatory ligands, MICA and MICB, are downreg-

lated on CSCs, while PD-L1 and CD47 are upregulated to prevent T and

yeloid cell activity [ 159 , 160 ]. Lastly, in pancreatic cancer, CSCs are an

bundant source of TGF- 𝛽, which in addition to its autocrine functions,

s an effective suppressor of T cell function [161] . This non-exhaustive

ist illustrates that immune suppression is an important part of the self-

enewing potential of CSCs. It is highly likely, that more mechanisms

hat were previously described in cancer cells, apply to CSCs. 

Under homeostatic and disease conditions, lncRNAs are important

egulators of immune function [162] . Specifically, in cancer, differ-

nt lncRNAs have been reported to boost or dampen immune function

163] . For example, ncRNA-RB1 promotes immunogenic cell death upon

hemotherapy application through calreticulin exposure, thus promot-

ng the induction of specific immune responses [164] . TP73-AS1 pro-

otes HMGB1 production in hepatocellular carcinoma, and thereby,

aintains tumor-driving inflammation [165] . Lnc-sox5 drives the pro-

uction of IDO1 and subsequently T cell suppression and protection

rom specific immune responses [166] . AFAP1-AS1 is highly expressed

n nasopharyngeal carcinoma and seems to correlate with PD-1 expres-

ion and T cell exhaustion [167] . Along these lines, the various mecha-

isms illustrate the relevance of lncRNAs in immune escape and differ-

nt cancer types. For instance, it has been reported that lncRNA TUC339

an be released in exosomes from HCC cells and taken up by myeloid

ells. Upon uptake, TUC339 dampens the pro-inflammatory functions of

yeloid cells, such as antigen uptake, cytokine production, and migra-

ion [168] . As illustrated, CSCs are abundant sources of lncRNAs that

egulate major hallmarks of CSCs. It is tempting to speculate that lncR-

As, packed in exosomes, might be used by CSCs to drive immune ex-

austion and suppression in cancer. It is of course important to realize

hat this might not be the only mechanism by which CSCs can influ-

nce the immune system. This might also happen, as outlined above,

ia membrane-bound or even soluble factors. In other words, CSCs do

ecapitulate mechanisms usually ascribed to immune-privileged organs

f the body to shield these from immune effector cells. Any successful

mmunotherapeutic strategy will need to obtain access and retain activ-

ty in the presence of CSCs for a successful therapeutic outcome. 

onclusions and outlook 

CSCs significantly contribute to cancer resistance to treatments and

ancer following therapy and lncRNAs are important mechanistic con-

ributors to this process. Meanwhile, lncRNAs are significantly involved

n the control of immune responses. While this review sheds light on the

nterplay of these processes, it is also important to stress, that a substan-

ial number of contributions, is made by analogy from other systems.

hile it is likely that if a given lncRNA has a physiological immune

egulatory role, this role will be conserved in the context of CSCs, but

he formal proof is mostly lacking. With the rise of immunotherapies

s part of the standard of care, there is a growing need to understand

ow CSCs, in general, and lncRNAs, in particular, might contribute to

he primary and acquired resistance to immunotherapeutic modalities.

his knowledge will constitute an important prerequisite for the design

nd development of more efficient immunotherapies. 
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