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Introduction

Long non-coding RNAs (lncRNAs) are implicated in the 
control of a series of cellular processes such as splicing, 
cell cycle, apoptosis, maintenance of pluripotency, and 
more. They basically exert this control by modulating 
the mechanisms of regulation of gene transcription and 
the translation of messenger RNAs, but also of protein 
localization within the cell and their degradation. They are 
able to take part in these mechanisms thanks to their ability 
to interact with a wide range of molecules including DNA, 
RNA and proteins of various type (1). The main functions 

that lncRNAs perform in the cell can be traced back to 
four basic categories: (I) molecular decoy, (II) molecular 
guide, (III) molecular scaffold and (IV) molecular regulator. 
As decoys, they can basically sequester microRNAs 
(miRNAs), thereby derepressing a series of molecular 
targets. As guides, they can guide multi-protein complexes 
able of inducing epigenetic changes to specific locations 
on the genome. As scaffolds, they participate directly in 
the formation of ribonucleoprotein complexes. Finally, 
as regulators, they can directly take part in the regulation 
of transcription (2). Given their plasticity of interaction 
and ability to act in different cellular mechanisms, it is not 
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surprising that a vast repertoire of lncRNAs is deregulated 
in human carcinomas. In fact, their deregulated expression 
has been associated with different clinical-pathological 
characteristics such as survival, proliferation, the ability to 
metastasize, the immunological response and pluripotency, 
just to give examples.

The aim of this review, therefore, is to briefly describe 
the role of a small list of lncRNAs that are deregulated 
in human carcinomas and that control cell proliferation 
by acting at the same time on the main cell proliferative 
pathways. We have focused on a group of lncRNAs able 
to modulate proliferation of cancer cells either positively 
(H19, linc-ROR, MALAT1, HULC, HOTAIR and ANRIL), 
negatively (MEG3 and lincRNA-p21) and in a double fashion 
(UCA1 and TUG1).

Selected lncRNAs involved in cell proliferation

H19 imprinted maternally expressed transcript (H19)

The lncRNA H19, through the simultaneous action on 
different cellular pathways, undoubtedly represents one of 
the best examples of lncRNA regulating cell proliferation, 
in fact, its expression is essential for the development of 
various human cancers (3,4). Interestingly, H19 carries 
out its function of positive regulator of proliferation 
and tumorigenesis mainly through the interaction with  
EZH2 (5). This lncRNA is transcribed from the Igf2/
H19 cluster, which also contains the IGF2 gene in 
addition to H19 (6). Interestingly, the H19 locus encodes a  
2.9 kb lncRNA which also contains the miR-675 (7). H19 
represents an example of imprinted gene, its expression 
being linked to the parental origin of the chromosome (8). 
A series of stimuli are able to activate the expression of 
lncRNA H19 and, among these, hypoxia, inflammation, 
but also growth factors and cytokines are certainly very 
important (9). The expression of H19 is also regulated by 
E2F1 (10). It is interesting to note that the silencing of H19 
in pancreatic ductal adenocarcinoma cells induces a block of 
the cell cycle in the G0/G1 phase, as observed in a mouse 
model of carcinoma. The silencing of H19 also causes 
a reduction in the levels of E2F1 which, in turn, cannot 
longer induce and sustain the expression of H19, then 
blocking this regulatory positive loop (11).

Regulator of reprogramming (linc-ROR)

A series of studies report that linc-ROR is overexpressed 

in different human cancers and that its elevated levels are 
positively associated with a worse tumor prognosis (12). 
Interestingly, as far as cell proliferation is concerned, in 
pancreatic cancer stem cells (PCSCs) it has been observed 
that linc-ROR, by suppressing miR-145 and promoting the 
increase of Nanog, positively influences proliferation (13). In 
nasopharyngeal carcinoma, on the other hand, the function 
of linc-ROR is closely related to the control of the cell cycle, 
since its silencing induces an accumulation of cells in the 
G0/G1 phase accompanied by a decrease of those in the S 
phase (14). Among the factors that regulate the expression 
of linc-ROR, key factors regulating the maintenance of 
cellular pluripotency such as OCT4, SOX2 and Nanog, 
were reported to play a fundamental role (15).

Urothelial cancer associated 1 (UCA1)

LncRNA UCA1 plays an important role in the control 
of cancer cell proliferation. However, while in gastric 
carcinoma it is overexpressed acting as an oncogene (16), 
conversely, it is downregulated in esophageal squamous 
cell carcinoma blocking tumor growth, as demonstrated by 
functional experiments (17). It is interesting to note that 
UCA1, in addition to being induced by SP1 (18), is also 
induced by the presence of cancer associated fibroblast 
(CAF), as reported in colorectal cancer (19).

Maternally expressed gene 3 (MEG3)

In different types of cancer, MEG3 has been seen to 
perform its function as a tumor suppressor and negative 
regulator of cell proliferation, by targeting a series of 
miRNAs such as miR-421 in breast cancer (20), miR-181 
in gastric cancer (21) and miR-21-5p in non-small cell lung 
cancer (NSCLC) (22). The methylation of its promoter 
undoubtedly represents one of the primary mechanisms 
by which MEG3 is regulated (23), however other factors 
are able to control its expression. In fact, cAMP is able to 
activate its expression by binding to a CRE element present 
in its promoter. It is interesting to note that the methylation 
state of the CRE element negatively affects the binding of 
cAMP, effectively blocking the activation of the promoter 
by this latter (24).

Metastasis associated lung adenocarcinoma transcript 1 
(MALAT1)

MALAT1  represents one of the basic regulator of 
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cell cycle and proliferation, acting on these processes 
through different mechanisms. It has also been reported 
that this lncRNA is overexpressed in a series of human  
carcinomas (25), confirming its crucial role in cell 
proliferation. Interestingly, through the recruitment 
of SF2/ASF, MALAT1 can induce the transition of the 
cycle through the G0/G1 phase (26). Additionally, by 
translocating the hnRNP-C protein from the nucleus to the 
cytoplasm, MALAT1 is also able to control the transition of 
the cycle through the G2/M phase (27).

Taurine up-regulated 1 (TUG1)

TUG1 is an interesting lncRNA that can act as both tumor 
suppressor and oncogene, depending on the type of cancer 
in which it is deregulated. It acts on the regulation of cell 
proliferation mainly via two mechanisms: by sponge effect 
on miRNAs (28) and by interaction with the polycomb 
PRC1 and PRC2 complexes (29). As for the sponge effect 
mechanism on miRNAs, TUG1 performs this detrimental 
function on a long list of them. Interestingly, TUG1 
positively regulates the expression of EZH2 through 
sponge effect on different miRNAs that target it, such 
as miR-144-3p (30) and miR-382 (31). Regarding its 
guide/scaffold function, it is interesting to note that in 
hepatocellular carcinoma TUG1 is able to target PRC2 on 
the KLF2 promoter (a tumor suppressor), repressing its  
expression (32).

Highly up-regulated in liver cancer (HULC)

LncRNA HULC has been found to be overexpressed in a 
wide range of human cancers such as hepatocellular, gastric, 
pancreatic and esophageal carcinoma (33). Interestingly, 
HULC is able to negatively regulate the expression of the 
tumor suppressor p18 which is located close to its position 
on the genome (34). It is worth to note that a study carried 
out in hepatocellular carcinoma shows that in the HULC 
promoter there is a binding site for CREB and that, 
therefore, its expression is controlled by this transcription 
factor (35).

HOX transcript antisense RNA (HOTAIR)

HOTAIR has been identified as a lncRNA transcribed by 
the HOXC cluster and able to carry out transcriptional 
repression on the HOXD cluster, by recruiting the PRC2 

complex (36). A lot of studies showed that HOTAIR is 
responsible of the increased proliferation and progression 
along the cell cycle (among other things) in a wide range 
of human cancers. In particular, it has been observed 
that, through interaction with EZH2, HOTAIR promotes 
proliferation in glioma system (37). The interactions with 
the PRC2 complex, and more specifically with EZH2, 
represents one of the mechanisms by which HOTAIR 
acts. In fact, through this mechanism, the PRC2 complex 
is recalled on regions of the genome rich in GA by the 
interaction with HOTAIR, where it has previously been 
located (38). In this way, the PRC2 complex repositioned on 
the genome can perform its function as a repressor of gene 
expression by inducing the trimethylation of H3K27 (39,40). 
As far as HOTAIR regulation is concerned, it is worth 
noting how HOTAIR is regulated at the post-transcriptional 
level by miRNAs, such as miR-141 which displays tumor 
suppressor activity (41). NF-kB and estrogen receptor also 
seem to play an important role in the activation of HOTAIR, 
as reported in ovarian and breast cancer, respectively (42,43).

Tumor protein p53 pathway corepressor 1 (lincRNA-p21)

In general, lincRNA-p21 acts as a tumor suppressor 
lncRNA, negatively controlling proliferation and activating 
apoptosis (44). It is interesting to note that lincRNA-p21 
acts itself as a transcriptional factor playing its critical 
role through the interaction with the transcriptional  
machinery (45). However, it has also been observed that 
lincRNA-p21 is able to regulate several functions by acting 
at post-transcriptional level (44).

CDKN2B antisense RNA 1 (ANRIL)

Like many other lncRNAs, ANRIL functions as an 
epigenetic transcriptional regulator of target genes. It is able 
to promote cell proliferation by directly acting on miRNAs 
and carrying out a sponge effect, as observed for miR-186 
in cervical cancer (46) and miR-199a in breast cancer (47). 
However, ANRIL is also able to stimulate proliferation 
in prostate cancer cells by acting on the TGF-β1/SMAD 
pathway (48). E2F1 represents one of the most important 
activators of ANRIL, as it stimulates its promoter following 
genotoxic stress and DNA repair, when the cell can re-enter 
the cycle (49). Finally, it has also been reported that while 
SOX2 (50) and SP1 (51) positively regulate ANRIL, TET2 
negatively regulates it (52).
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Proliferative pathways regulated by lncRNAs

RB transcriptional corepressor 1 (pRB)

Several papers have reported that H19 is strongly involved 
in the pRB pathway (53,54). pRB is epigenetically 
regulated in different types of human cancer (55) and H19 
participates in this kind of regulation through a mechanism 
involving miR-675 (which is contained in its sequence), 
targeting pRB and culminating in the promotion of cell 
proliferation. In fact, miR-675 is able to bind to the 3'-
UTR of RB, negatively regulating its expression levels (53).  
Interestingly, in colorectal cancer and hepatocellular 
carcinoma it has been reported that the levels of H19/miR-
675 and pRB levels are inversely correlated, thus confirming 
this regulatory mechanism (53,54). Therefore, H19/miR-
675 are undoubtedly critical regulators of the pRB-induced 
tumor suppressor pathway. It is worth to note that pRB, in 
turn, through a repression of its promoter can suppress the 
expression of H19 induced by E2F1, revealing the existence 
of a self-regulatory mechanism between pRB and lncRNA 
H19 (Figure 1).

It is also interesting to note that MEG3 has the ability to 

trigger a decrease of cell proliferation through the MDM2 
and pRB pathway, via the negative regulation of DNMT 
proteins and in particular DNMT3A (56). Decreased 
expression of MEG3 allows DNMT3A to further increase 
and repress MEG3 itself, giving rise to a self-regulatory 
feed-back loop. The pRB protein, on the other hand, is 
able to induce the expression of MEG3 (Figure 1) through 
the downregulation of DNMT1, with the consequent 
decrease of MEG3 methylation levels. In this way, MEG3 
can increase its own expression and can regulate the 
proliferation of lung cells (57). It is also interesting to note 
that several miRNAs are able to activate the expression of 
MEG3 through the repression of DNMT1 and DNMT3b, 
as observed for miR-29a and miR-26a (58,59).

Tumor protein p53 (p53)

As observed in HCC, p53 activates the expression of H19 
through the HIF-1 alpha pathway. H19, in turn, becomes 
part of a self-regulatory loop with p53 (Figure 1), since it 
can block its activity, preventing the expression of Bax and 
bypassing apoptosis, as reported in gastric cancer (60).

Figure 1 Main lncRNAs involved in tumor suppressor pathways. In the figure are schematically shown the interactions of selected lncRNAs 
within the suppressive pathways driven by pRB and p53. LncRNAs, long non-coding RNAs.
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Similarly to what has been observed for H19, linc-
ROR also appears to be both regulated and a regulator of 
p53 (Figure 1). In fact, if on the one hand p53 can induce 
its expression following cell damage (61), linc-ROR in 
turn is able to induce proliferation of colorectal cancer 
cells through the inhibition of p53 (62), by binding to 
the phosphorylated form of the hnRNP-I protein (61). 
Therefore, also in this case there is a reciprocal regulatory 
mechanism. However, it is interesting to note that only the 
wild type form of p53 has the ability to bind to the linc-ROR 
promoter and induce its activation (61).

Several studies have demonstrated that MEG3 carries 
out its activity through the action on the p53 pathway, 
then acting as a tumor suppressor negatively regulating cell 
proliferation. In colon carcinoma and in osteosarcoma cells, 
it was observed that MEG3 acts directly downregulating 
MDM2, thus promoting the activation of p53 (63). This 
mechanism involves the recruitment of the PRC2 complex 
on the MDM2 promoter by MEG3, emphasizing its role as 
a guide for the re-localization on the genome of epigenetic 
regulators of gene expression (63). Interestingly, in 
hepatoma cells it has also been observed that MEG3 directly 
interacts with the p53 protein, stabilizing it and prolonging 
its half-life. This mechanism triggers the downstream 
expression of several p53 targets which negatively regulate 
cell proliferation in different tumor histotypes (64).

In NSCLC and gliomas, TUG1 expression is strongly 
decreased compared to normal tissues (65). Thanks to a 
responsive element on its promoter, TUG1 is induced by 
p53 protein and can negatively regulate cell proliferation, 
exerting its function of tumor suppressor in different tumor 
systems.

It has also been reported that HULC is involved in p53 
signaling, since it is able to block EEF1E, a critical activator 
of p53. This mechanism, subsequently, promotes tumor 
proliferation and growth (33).

Final ly,  l incRNA-p21 ,  induced fol lowing DNA 
damage, can basically exert its function by inducing 
apoptosis through p53 (66). Interestingly, p53 itself 
is able to induce lincRNA-p21 expression by binding 
to its promoter. In particular, after exposure to UVB, 
lincRNA-p21 (induced through a p53-mediated mechanism) 
is responsible to trigger apoptotic death in UVB-treated  
keratinocytes (67). However, a mutation that hits one p53 
allele, as early and frequently observed in skin cancer, 
is sufficient to confer an oncogenic function to p53, 
which is in turn reflected into an inhibitory effect on 
the lincRNA-p21 expression (67). Hence, the mutational 

status of p53 is crucial for lincRNA-p21 activation, and this 
occurrence is even more intricate than expected. In fact, 
in head and neck squamous cell carcinoma (HNSCC), it 
has been observed that also a mutant form of p53 is able 
to activate lincRNA-p21 expression, but this event directly 
relies on the involvement of nuclear transcription factor Y 
subunit alpha (NF-YA) in the transcriptional machinery (68).

Phosphoinositide 3-kinase/protein kinase B/mammalian 
target of rapamycin (PI3K/AKT/mTOR)

H19 and miR-675 can activate the AKT/mTOR pathway 
and therefore cell proliferation, through the negative 
regulation of RUNX1 (69). In fact, H19 and miR-675 are 
overexpressed in gastric carcinoma and promote AKT 
phosphorylation, thereby stimulating the corresponding 
proliferative pathway (69). Additionally, in gallbladder 
cancer it has been observed that H19 exerts sponge effect 
on miR-194-5p, thus favoring the activation of AKT2 
and strengthening cell proliferation (70). The PI3K/AKT 
pathway seems to be involved also in the regulation of H19, 
since in HCC it has been observed that TGF-β induces 
the expression of H19 through a mechanism that directly 
involves the PI3K protein (71), thus confirming a close 
relationship between this lncRNA and the PI3K/AKT 
pathway (Figure 2).

An interesting lncRNA able to positively regulate cell 
proliferation by activating the AKT pathway is undoubtedly 
UCA1. In gastric cancer, the expression levels of UCA1 are 
extremely high in tumor tissue compared to the normal 
counterpart. In this system, UCA1 directly interacts with 
EZH2 promoting its binding to the CCND1 promoter, to 
stimulate its transcription. In addition, UCA1 is also able 
to induce AKT phosphorylation. These two synergistic 
actions, thus, trigger the transition of cancer cells through 
the G1/S phase of the cell cycle (18). In bladder cancer, 
UCA1 influences the cell cycle through a mechanism that 
involves CREB, and which induces an increase in the 
expression levels of AKT1 and p-AKT1 (72). Furthermore, 
in bladder carcinoma cells, UCA1 also positively regulates 
glucose metabolism via the mTOR/STAT3/miR-143/
hexokinase 2 pathway, taking part in the generation of the 
Warburg effect (73). Additionally, in NSCLC, it has been 
observed that UCA1 is overexpressed and regulates cell 
proliferation and drug resistance by directly activating the 
AKT/mTOR pathway (74).

Conversely, a series of studies has shown that MEG3 
can inhibit the AKT pathway (Figure 2), then negatively 
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regulating cell proliferation (75). While it is expressed in 
a series of normal tissues, MEG3 is decreased in a series of 
human cancers including glioma (76), meningioma (77), 
gastric (78) and breast cancer (75), letting to envisage its 
tumor suppressor role. This role is confirmed by functional 
experiments showing that the restored expression of MEG3 
in breast and ovarian cancer cells results in a suppression 
of the PI3K/AKT pathway with a concomitant induction 
of PTEN expression (75,79). Interestingly, it has been 
reported that MEG3 exerts a repressive effect on cell 
proliferation, by blocking a series of miRNAs that target 
PTEN. In fact, in glioma cells, MEG3 negatively controls 
cell proliferation by blocking miR-19a, which in turn is able 
to target PTEN (80).

MALAT1 has been found overexpressed in a series 
of human cancers, then representing a clear example of 
oncogenic lncRNA. In particular, in gastric cancer it has 
been found overexpressed and functional studies have 

shown that this lncRNA induces the phosphorylation of 
AKT, PI3K and STAT3 (81,82). The ability of MALAT1 to 
induce proliferation by activating the PI3K/AKT pathway 
has also been observed in ovarian and cervical cancer (83,84).

In malignant melanoma, it has been reported that TUG1 
can perform sponge effect on miR-129-5p. The decrease 
of this miRNA promotes the expression of the AEG1 
protein, which plays a positive role on cell proliferation 
by activating the PI3K/AKT and WNT/β-catenin  
pathways (85). Interestingly, the PI3K/AKT pathway is 
also activated in osteosarcoma, where TUG1 is able to exert 
sponge effect on miR-219a-5p (86). Additionally, thanks to 
its ability to suppress HOXB7 expression, TUG1 is directly 
able of causing AKT dephosphorylation, with consequent 
pathway shutdown (65). Furthermore, TUG1 exerts 
sponge effect on several miRNAs targeting PTEN, then 
promoting its expression and further switching off the AKT  
pathway (87). Interestingly, the PI3K/AKT pathway in 

Figure 2 Main lncRNAs involved in oncogenic pathways. The figure schematically reports the interactions and involvement of several 
selected lncRNAs in the oncogenic pathways activated by MAPK/ERK, CDKs/Cyclins and PI3K/AKT/mTOR. LncRNAs, long non-
coding RNAs.
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turn regulates the expression of TUG1 through an indirect 
mechanism. The expression of TUG1 is regulated by 
different transcription factors, among which it is worth 
mentioning SP1 (32), p53 (65) and FOXM1 (86). It is 
interesting to note that FOXM1 and TUG1 levels are 
positively correlated in osteosarcoma and that the former is 
able to directly transactivate the TUG1 promoter, following 
its activation by AKT (86).

The lncRNA HULC  is  abundantly expressed in 
pancreatic carcinoma where it stimulates cell proliferation 
by inhibiting miR-15a, with the consequent activation 
of the AKT pathway (88). Also in NSCLC, HULC is 
overexpressed and this is reflected in an increase of SPHK1 
and in the downstream target PI3K/AKT pathway. HULC, 
therefore, induces the overexpression of SPHK1 and 
subsequent phosphorylation of AKT (89). In glioma cells, 
it has been demonstrated that the suppression of HULC 
induces a modulation of the PI3K/AKT/mTOR pathway 
(Figure 2) with a reduction of cell proliferation and block 
of cells in the G1/S phase (90). Interestingly, in glioma 
cells HULC is involved in the proliferation through the 
induction of ESM-1, then regulating the PI3K/AKT/
mTOR pathway (90). As for the interaction with miRNAs, 
it has been observed that HULC is able to exert sponge 
effect on miR-122, that inactivates the PI3K/AKT, JAK/
STAT and NOTCH pathways (91).

As far as HOTAIR is concerned, studies have revealed 
that, through its ability to recruit chromatin modifying 
complexes, it induces hypermethylation of the PTEN 
promoter with consequent reduction of its levels, then 
directly regulating the AKT pathway (92). In addition, 
HOTAIR is also able to address the recruitment of PCAF 
to a substantial list of genes involved in the PI3K/AKT/
mTOR pathway (93).

As observed for MEG3, also lincRNA-p21 represses 
the PI3K/AKT pathway, then acting as tumor suppressor 
gene, as reported in prostate cancer, where its silencing 
is correlated with activation of the AKT protein (94). 
Moreover, as already observed for other lncRNAs, 
lincRNA-p21 exerts its functions through sponge effect on 
several miRNAs. It is worth noting that via sponge effect 
on miR-181b and miR-17-5p, it is able to modulate the 
AKT (promoting the re-expression of PTEN) and WNT 
(promoting the re-expression of WIF1, WNT inhibitory 
factor 1) activity, as reported in hepatic stellate cells (95,96).

Similarly, ANRIL promotes cell proliferation through 
the modulation of the PI3K/AKT pathway, as reported 
in osteosarcoma (97) and in glioma cells  (98).  In 

medulloblastoma, it was observed that ANRIL regulates the 
levels of phosphorylated p38 MAPK, ERK and AKT, with 
consequent effects on proliferation and apoptosis (99).

Finally, in NSCLC it has been reported that the 
expression of linc-ROR is positively associated with the 
levels of p-PI3K, p-AKT, and mTOR (100).

Cyclin-dependent kinases/cyclins/cyclin-dependent kinase 
inhibitors (CDKs/Cyclins/CDKi)

H19 is able to directly control crucial cell cycle regulators 
such as CCND1, CCNE1 and CDK4 (101),  then 
stimulating the cell cycle through the sequestration of the 
eIF4A3 protein, the protein responsible for the splicing of 
pre-mRNAs.

MALAT1 is characterized by the ability to induce cell 
proliferation by controlling all phases of the cell cycle. In 
fact, following its experimental depletion, several positive 
regulators of the G0/G1 transition, such as CDC25 and 
cyclin A2, are no longer expressed. As far as G1 phase is 
concerned, it has been reported that MALAT1 depletion 
directly causes an increase of p53, as well as of p16, p21 
and p27 (102). Finally, as regards the control of the G2/M 
phase, MALAT1 performs its function essentially through 
the control of B-MYB splicing (an oncogene involved in 
the G2/M transition), which in turn is responsible of the 
expression of several mitotic proteins, such as CDK1 and 
cyclin B1 (102). It is interesting to note that miR-101 and 
miR-217 can block MALAT1 in esophageal squamous cell 
carcinoma, then inducing a decrease in proliferation and an 
arrest of the cell cycle in the G2/M phase (103). This occurs 
because the lack of MALAT1 does not allow the increase of 
B-MYB and indeed promotes an increase of p21 and p27 
levels (103).

By interacting with PRC2, TUG1 is able to induce 
epigenetic changes in the promoters of genes coding for 
CDK inhibitors, triggering their shutdown and promoting 
the advancement of cells along the cell cycle (Figure 2). 
Among these genes, it is worth mentioning p21, p15 and 
p16, p27 and p57 (104).

In nasopharyngeal carcinoma cells, it has been observed 
that the suppression of HULC induces an increase in the 
expression of p21 (105). Interestingly, it seems that the 
induction of p21 is indirect and depends on p53, which in 
turn is also induced by HULC. Namely, the overexpression 
of HULC in nasopharyngeal carcinoma induces cell growth 
by modulating the p53-p21 axis (105). Additionally, in liver 
carcinoma samples, the expression levels of HULC and p18 
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are inversely correlated, and this observation indicates that 
a close relationship between these two entities could exist. 
In fact, it is reported that HULC can negatively regulate the 
expression of p18 through a mechanism involving CREB. 
In particular, via CREB, the HBx protein activates HULC, 
which in turn represses the expression of p18 (34,35).

Interestingly, p21 is also subjected to the regulation 
by HOTAIR ,  as observed in lung adenocarcinoma, 
where HOTAIR promotes proliferation through its  
repression (106). However, HOTAIR can also regulate 
the expression of cyclins by acting as a decoy for several 
miRNAs with tumor suppressive functions. In ovarian 
cancer, in fact, HOTAIR targets miR-206, thus unblocking 
CCND1 and CCND2, which can thus carry out their 
positive action on the cell cycle (107). Again, in esophageal 
cancer HOTAIR is able to target miR-1, positively acting on 
the cell cycle control (108).

On the contrary, in an experimental mouse system it has 
been observed that lincRNA-p21 induces the expression of 
p21, reflecting its mechanism of action in the control of 
the G1/S transition and proliferation (45). In esophageal 
cancer cells, again, lincRNA-p21 is able to induce high 
levels of p21 and reduce cyclin D levels, causing cell cycle  
arrest (109). Additionally, in head and neck squamous 
carcinoma, it has been reported that lincRNA-p21 can also 
reduce the expression of cyclin B1 and cyclin D1, thus 
promoting an accumulation of cells in the G1 phase of the 
cell cycle (68).

It is worth to note that cyclins are also under the 
control of lncRNA UCA1. In fact, UCA1 induces the 
expression of cyclin D1 and stimulates the G1/S transition, 
interacting with EZH2 and promoting its binding to the 
cyclin D1 promoter. Indeed, UCA1 positively regulates cell 
proliferation through a mechanism that directly involves the 
interaction with EZH2.

ANRIL, like other lncRNAs, acts by regulating the 
expression of its target genes both through the interaction 
and recruitment of the PRC1 and PRC2 complexes, and 
through the sponge effect on several miRNAs (110). In 
particular, ANRIL through the recruitment of the PRC1 
complex on the CDKN2A locus (through direct interaction 
with CBX7), is able to induce the epigenetic repression 
of p14ARF and p16INK4A (regulation in cis) with 
consequent effects on cell proliferation (111). Moreover, 
through interaction with SUZ12, ANRIL can recruit the 
PRC2 complex on the CDKN2B gene locus (regulation in 
cis), thus repressing the expression of p15INK4B (112). 
Interestingly, ANRIL by interacting with PRC2 can also 

silence KLF2 and p21 (regulation in trans), this resulting 
in an increased proliferation, as observed in NSCLC (113). 
In gastric cancer ANRIL promotes tumor growth through 
the transcriptional silencing of miR-99a and miR-449 via 
PRC2. Thanks to this mechanism, ANRIL has the ability to 
modulate the signaling downstream of mTOR and CDK6/
E2F1 (114).

Mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK)

It has been reported that UCA1 is strongly expressed in 
lung cancer cell lines and that its silencing causes a block 
of cell proliferation. This silencing is directly reflected in 
a reduced expression of MAPK with lack of activation of 
the related pathway (115). It is interesting to note that the 
silencing of UCA1 leads directly to an overexpression of 
miR-143, which in turn causes suppression of MAPK (115).

Additionally, in ER-positive breast cancer, linc-ROR 
can stimulate proliferation by activating the MAPK/ERK 
(Figure 2) pathway through a mechanism that alters the 
stability of DUSP7, which in turn is able to downregulate 
ERK (116).

MALAT1 is involved in the proliferation of intestinal 
carcinoma cells, where it is abundantly expressed and exerts 
its function also modulating ERK/MAPK signaling. In 
fact, it has been observed that its depletion prevents the 
phosphorylation of MEK1/2, ERK1/2 and JNK (117).

As previously described lncRNAs, also TUG1 takes part 
in the regulation of MAPK/ERK pathway. Interestingly, it 
has been observed that following the silencing of TUG1, 
the levels of p-ERK, p-AKT and p-GSK3b increase and 
promote cell proliferation, underlining the involvement 
of TUG1 in the regulation of the AKT and MAPK  
pathways (65).

Finally, the involvement of ANRIL in the positive control 
of cell proliferation is also reflected in its ability to modulate 
the expression of p38, ERK and JNK, as observed in glioma 
cells (99).

Hypoxia-inducible factor 1 alpha (HIF-1 alpha) and 
hypoxia

A positive correlation between H19 and HIF-1 alpha 
expression in hypoxic tumor cells has been observed since 
several years (118). Furthermore, it has also been found that 
HIF-1 alpha is responsible to induce the expression of H19 
by binding to its promoter and by induction of SP1 (119). 
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Interestingly, H19 can regulate the expression of HIF-
1 alpha through a mechanism based on the sponge effect 
exerted against miRNAs targeting HIF-1 alpha. In fact, in 
endometrial cancer, H19 up-regulates the levels of HIF-
1 alpha (Figure 3) with consequent activation of the HIF-1 
alpha/AXL signaling and increase in cell proliferation and 
tumor progression through the suppression of miR-20b-5p 
function (120).

It is also worth to note that linc-ROR exerts sponge 
effect on miR-145, promoting an increase of HIF-
1 alpha, which in turn induces VEGF, supporting cell  
proliferation (121).

UCA1 and HIF-1 alpha are linked to each other through 
a mechanism of mutual regulation (Figure 3). In fact, as 
observed in breast cancer (122), osteosarcoma (123) and 
bladder cancer (124), UCA1 is induced by high levels of 
HIF-1 alpha. UCA1, in turn, through sponge effect on 
miR-18a, is able to release HIF-1 alpha from the control of 

this miRNA, thus generating an interesting positive feed-
back loop that plays a crucial role in hypoxic tumor cell 
proliferation.

An interesting work shows that MEG3 is involved in 
the regulation of HIF-1 alpha. In particular, it has been 
observed that after exposure of bronchial cells to nickel, 
an increased expression of DNMT3b represses the MEG3 
promoter. This leads to a lack of transcription of PHLPP1, 
an AKT inhibitor, and the activation of the AKT/p70S64/
S6/HIF-1 alpha pathway, with increased HIF-1 alpha 
expression and consequences on cell proliferation (125).

MALAT1 also appears to play a role in the control of 
proliferation in hypoxic conditions by acting on the HIF-
1 alpha driven pathway. In fact, high levels of MALAT1 
can induce stabilization of HIF-1 alpha, through blocking 
its ubiquitination, then promoting its accumulation (126). 
Furthermore, a study reported the role of MALAT1 as a 
hypoxia sensor (127), since it was observed that hypoxia 

Figure 3 Main lncRNAs involved in the pathways regulated by HIF-1 alpha, MYC and WNT/β-catenin. The figure briefly shows several 
lncRNAs that modulate the pathways activated by specific transcription factors such as HIF-1 alpha, MYC and β-catenin. LncRNAs, long 
non-coding RNAs.



3149Translational Cancer Research, Vol 10, No 6 June 2021

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2021;10(6):3140-3157 | https://dx.doi.org/10.21037/tcr-21-230

directly induces MALAT1 expression in lung cancer cells. 
Finally, in multiple myeloma, it has been reported that HIF-
1 alpha has the ability to induce MALAT1 via KDM3A, 
under hypoxic conditions. Since MALAT1, in turn, induces 
further accumulation of HIF-1 alpha (128), this mechanism 
generates a positive feed-back loop.

In hepatocellular carcinoma, hypoxia is associated 
with high levels of HOTAIR, that is able to induce HIF-1 
alpha through a mechanism involving miR-130a-3p (129). 
Therefore, it is interesting to note that HIF-1 alpha is 
indeed a key target of HOTAIR. In renal carcinoma, a 
similar mechanism occurs, and this regulatory mechanism 
involves miR-127 which is blocked by HOTAIR through 
sponge effect. The induction of HIF-1 alpha, in turn, 
induces the AXL receptor and, thus, cell proliferation (130).

Finally, it has been shown that lincRNA-p21 and HIF-
1 alpha are closely interconnected, letting to envisage that 
lincRNA-p21 is also involved in the signaling pathways 
activated under hypoxic conditions. In fact, while HIF-
1 alpha can bind to lincRNA-p21 promoter activating it, 
lincRNA-p21, in turn, interferes with the VHL protein, 
promoting the stabilization of HIF-1 alpha, generating 
a positive feed-back loop (Figure 3) (131). However, in 
liver cells, lincRNA-p21 induces a decrease in the levels of 
HIF-1 alpha and, consequently of VEGF, thus blocking 
cell proliferation (132). Interestingly, in NSCLC it has 
been observed that lincRNA-p21 rather exhibits oncogenic 
behavior, as its high expression in some patient subtypes 
is associated with a poor outcome of the disease (133). 
In fact, under hypoxic conditions (when lincRNA-p21 is 
directly induced by HIF-1 alpha), lincRNA-p21 becomes a 
positive regulator of angiogenesis, rather than an inducer 
of apoptosis following the activation of p53 (131,133). 
Additionally, it is even more noteworthy that in NSCLC 
patients, lincRNA-p21 has been detected in the extracellular 
vesicles (EVs) present in the vessels that directly drain the 
lung tumor, and this occurrence is associated with a negative 
prognosis (134). In particular, the levels of lincRNA-p21 
present in EVs are even higher in hypoxic conditions, and 
these levels directly trigger angiogenesis and alter tumor cells 
adhesion in target endothelial cells, confirming once again 
the role of lincRNA-p21 as an independent prognostic marker 
in NSCLC, and, in particular, in hypoxic conditions (134).

MYC proto-oncogene (MYC)

It is interesting to note that MYC can induce the 
transcription of H19 by binding to the conserved E-boxes 

present in its promoter (135). In particular, MYC induces 
histones acetylation, with a consequent activation of 
transcription. This is mainly important in leukemic cells 
where H19, induced by Bcr/Abl and MYC, promotes the 
tumorigenesis induced by Bcr/Abl through subsequent 
phosphorylation of STAT5 and expression of Bcl-Xl (136).

Linc-ROR, through the interaction with hnRNP-I, can 
strengthen the expression of MYC, contrary to what has 
been observed for p53 (137). In particular, the interaction 
with hnRNP-I promotes the binding of the protein to 
MYC mRNA, stabilizing it. Furthermore, it has also been 
observed that linc-ROR interacts with the AUF1 protein, 
thus preventing the latter from destabilizing the MYC 
messenger (137).

UCA1 carries out its positive effect on the regulation of 
proliferation also via action on the MYC pathway. In fact, 
high levels of UCA1 in multiple myeloma exert sponge 
effect on miR-331-3p which, if not blocked, would inhibit 
IL-6R. The latter activates MYC and the JAK2/STAT3 
pathway, thus stimulating proliferation and inhibiting 
apoptosis (138).

One of the main mechanisms by which HOTAIR acts is 
characterized by the interaction with protein complexes 
capable of inducing epigenetic modifications in histones, 
and in particular PRC2 and LSD1 (139), thus emphasizing 
the role of HOTAIR as a scaffold. Indeed, in breast cancer 
cells, HOTAIR acts as scaffold for MYC, its cofactor 
HBHIP, and LSD1. The formation of this complex 
promotes the transcriptional activation of several molecular 
targets of MYC (such as cyclin A), which culminates in 
increased cell proliferation and oncogenesis (140). It is 
interesting to note that HOTAIR itself is under the control 
of MYC (Figure 3), this latter being able to directly bind to 
its promoter, as reported in gallbladder cancer (141).

Very interesting is the ability of TUG1 to act as a 
ceRNA for miR-145, the latter a potent tumor suppressor. 
In bladder cancer, in fact, it has been observed that these 
two non-coding RNAs regulate themselves in a reciprocal 
opposite way, becoming part of the RISC complex (142). 
Furthermore, in glioma stem cells it has been observed 
that TUG1 is able to block miR-145, thus preventing the 
degradation of SOX2 and MYC, which in turn support the 
stemness phenotype (143).

Wingless-type MMTV integration site family/β-catenin 
(WNT/β-catenin)

Like several other lncRNAs, H19 regulates cell proliferation 
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via decoy effect on miRNAs. In particular, in colorectal 
cancer, H19 strengthens cell proliferation by exerting 
sponge effect on miR-200a, which in turn negatively 
regulates β-catenin (144).

Likewise, HOTAIR takes part in the modulation of 
proliferation by acting on the WNT/β-catenin pathway 
(Figure 3). In ductal pancreatic adenocarcinoma, treatment 
with radiotherapy increases the levels of HOTAIR, which in 
turn negatively regulates WNT inhibitory factor 1 (WIF-
1), this latter being an inhibitor of the WNT pathway. 
Moreover, the experimental silencing of HOTAIR increases 
the levels of WIF-1 with consequent inhibition of the 
WNT pathway, a decrease in proliferation and an increase 
in radiotherapy sensitivity (145). HOTAIR can regulate 
the WNT/β-catenin pathway also by acting on miR-
203a-3p, as reported in colorectal carcinoma cells, where 
HOTAIR promotes proliferation (146). In gastric cancer, 
on the other hand, HOTAIR has been reported to promote 
cell proliferation by decreasing miR-34a levels, with a 
consequent activation of the WNT pathway. Interestingly, 
in this system the levels of HOTAIR and miR-34a are 
inversely correlated (147).

Conversely, in NSCLC cells, MEG3 is able to block the 
cell cycle and activate apoptosis through p53 and the block 
of the WNT pathway. This occurrence is crucial as it allows 
to increase the drug sensitivity (148).

LincRNA-p21 directly regulates the WNT pathway 
(Figure 3), in colorectal cancer cells, by exerting a 
translational control on β-catenin (149). However, high 
levels of HuR inhibit lincRNA-p21 and promote translation 
of JUNB and CTNNB, which in turn promote cell 
proliferation (150). It is interesting to note that lincRNA-p21 
performs its function by interacting with RNA binding 
proteins such as hnRNP-K and HuR. In particular, through 
the association with this latter and through the recruitment 
of the RISC complex, it controls the translation of β-catenin.

An interesting study in cervical cancer shows that TUG1 
can neutralize miR-138-5p, with the consequent increase of 
the SIRT1 levels. In turn, SIRT1 induces the expression of 
several factors such as β-catenin, MYC and cyclin D1, thus 
resulting in the activation of the WNT/β-catenin pathway 
and induction of proliferation (151).

Finally, ANRIL, through the interaction with SOX2, has 
the ability to transcriptionally activate the WNT/β-catenin 
pathway (50). It is interesting to note that also linc-ROR 
and MALAT1 are able to influence the WNT/β-catenin 
pathway, as reported in ovarian cancer (152).

Conclusions

Thanks to the employ of new investigation technologies, 
much progress has recently been made in the scientific 
community with regard to the lncRNA research. As we 
have depicted in this review, only by considering a small 
number of them involved in the control of tumor cell 
proliferation, we can realize the vastness of the interactions 
and interconnections that are found within the molecular 
pathways of the cell. The scientific challenge of the future, 
therefore, will be to use -omics technologies to paint a clear 
picture of all the interactions involving non-coding RNAs, 
within each type of tumor. Undoubtedly, deciphering all 
these mechanisms of action will bring new possibilities for 
the treatment of human neoplastic diseases, especially as 
regards the implementation of novel therapeutic tools based 
on the use of lncRNAs.
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