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Abstract: Renal cell carcinoma is one of the common cancers whose incidence and mortality are
continuously growing worldwide. Initially, this type of tumour is usually asymptomatic. Due to the
lack of reliable diagnostic markers, one-third of ccRCC patients already have distant metastases at
the time of diagnosis. This underlines the importance of establishing biomarkers that would enable
the prediction of the disease’s course and the risk of metastasis. LncRNA, which modulates genes
at the epigenetic, transcriptional, and post-transcriptional levels, appears promising. The actions
of lncRNA involve sponging and sequestering target miRNAs, thus affecting numerous biological
processes. Studies have confirmed the involvement of RNAs in various diseases, including RCC. In
this review, we focused on MALAT1 (a marker of serious pathological changes and a factor in the
promotion of tumorigenesis), RCAT1 (tumour promoter in RCC), DUXAP9 (a plausible marker of
localized ccRCC), TCL6 (exerting tumour-suppressive effects in renal cancer), LINC00342 (acting as
an oncogene), AGAP2 Antisense1 (plausible predictor of RCC progression), DLEU2 (factor promoting
tumours growth via the regulation of epithelial-mesenchymal transition), NNT-AS1 (sponge of miR-
22 contributing to tumour progression), LINC00460 (favouring ccRCC development and progression)
and Lnc-LSG1 (a factor that may stimulate ccRCC metastasis).
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1. Introduction

Renal cell carcinoma (RCC) is the seventh most common cancer globally and incidence
and mortality are constantly growing worldwide, especially in Western countries [1,2].
There are more than ten subtypes of RCC (clear cell RCC, papillary RCC (pRCC), and
chromophobe RCC (chRCC)), of which clear cell renal cell carcinoma (ccRCC) is the most
prevalent, accounting for 85–90% of cases [3]. Clear cell renal cell carcinoma is malignant
and the rate of metastasis and recurrence following nephrectomy is high (approximately 30%
of patients) [4]. The ccRCC course is usually asymptomatic, and no reliable early diagnostic
markers are available. Thus, approximately 30% of ccRCC patients have distant metastasis
at the time of their initial diagnosis [5]. Based on transcriptomics, patients with ccRCC have
been classified into ccA and ccB subtypes, the latter being associated with significantly better
disease-specific survival, compared with ccA [6–8]. Renal clear cell carcinoma was found to
be associated with immune cell infiltration [9]. The estimated five-year overall survival rate
for patients with localized disease is 93%, however, the rate of five-year survival in cases of
patients with metastatic ccRCC amounts to 12% [10]. The assessment of ccRCC prognosis is
based on the AJCC staging system as the gold standard [11]. In turn, the Leibovich score
is commonly utilized for the prediction of ccRCC recurrence [12]. This scoring algorithm
is based on tumour stage and size, the status of regional lymph node, tumour nuclear

Int. J. Mol. Sci. 2023, 24, 643. https://doi.org/10.3390/ijms24010643 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms24010643
https://doi.org/10.3390/ijms24010643
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://doi.org/10.3390/ijms24010643
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24010643?type=check_update&version=2


Int. J. Mol. Sci. 2023, 24, 643 2 of 19

grade, as well as histologic tumour necrosis [12]. However, it is not a perfect tool since
it properly predicts a five-year metastasis-free survival rate in 97% of low-risk cases. The
gold standard for the treatment of RCC involves nephrectomy and chemotherapy [13].
Despite the advancement in treatment methods (targeted therapy and immunotherapy),
the five-year overall survival rate in patients with metastatic ccRCC has not improved [14].
Therefore, new therapies are constantly searched for. It appears that treatment based on the
inhibition of vital regulatory targets for metastasis may prove the most efficient therapy for
patients who have lost the chance for surgery [15]. LncRNAs have been suggested to be
the new factors that regulate mechanisms associated with tumour metastasis [16]. A better
understanding of molecular and histological heterogeneities of cancers could translate into
improved outcomes for patients. There is also a need for new biomarkers which enable the
prediction of the prognosis of patients with ccRCC. Due to the fact that the effectiveness of
treatment is better when the disease or recurrence is quickly found, there is still a search
for sensitive and specific biomarkers which would enable the prediction of the risk of
progression, metastasis, etc. [17]. The risk of recurrence is a significant factor in the selection
of treatment [18].

2. Long Noncoding RNA

Genetic studies have found that only 2% of human genomic DNA can be subjected
to transcription into mRNA, while the remaining 98% can be transcribed into noncoding
RNA [19,20]. With the advancement of scientific research techniques, a growing number of
lncRNA have been discovered. Long noncoding RNA (lncRNA) is an RNA sequence, with
a length not exceeding 200 nucleotides, which does not code any polypeptide or protein.
The actions of lncRNAs are based on their sponging and sequestering miRNAs [21]. This
way, they hamper the interaction of miRNA with target mRNA [22,23].

Recently, lncRNAs’ function as vital regulators of numerous cellular processes has
been discovered. They are believed to be involved in various physiological or pathological
processes [24,25]. LncRNA can modulate genes at three levels: epigenetic, transcriptional,
and post-transcriptional [20]. These RNAs are involved in numerous diseases, including
the development, progression, and metastasis of cancers [21,26,27]. The role of lncRNAs
in the modulation of cancer occurrence and development could involve their actions in
the regulation of gene expression [28]. They have been found to stimulate proliferative
signalling, enable the evading of immune destruction and surveillance, promote replicative
immortality, induce angiogenesis, and act as a trigger for invasion and metastasis [14,16,29].
LncRNAs are involved in many cellular functions, the majority of which require interaction
with proteins [13]. The results of many studies have shown that lncRNAs regulate pro-
tein stability via RNA-protein interactions [30,31]. Growing evidence indicates that such
lncRNAs can be used as prognostic biomarkers [32].

Tumour cells adjust their metabolic pathways to survive as well as to grow and progress
in rough tumour microenvironments (TMEs). Therefore, they switch glucose metabolism
from phosphorylation to aerobic glycolysis (Warburg effect) [33]. The metabolites obtained
in the course of glycolysis are used by cancer cells to fuel proliferation and metastasis. In
turn, secreted lactate, which forms an acidic microenvironment, stimulates tumour cell
invasion and escape from chemotherapy [34,35]. Abnormally enhanced glycolysis has been
suggested to correlate with a poor prognosis of ccRCC. Thus, it appears that glycolysis may
be used as a potential target for the diagnosis and therapy of ccRCC. Li et al. [26] identified
three glycolysis-related lncRNAs (AC156455.1, AC009084.1, and LINC00342) which enabled
the prediction of ccRCC patients’ prognosis. Based on such lncRNA signatures, authors
were able to divide ccRCC patients into high- and low-risk groups with high sensitivity and
specificity. This signature correlated with poor overall survival of patients with ccRCC in
various ages, tumour grades, and clinical stage groups. It appears that the aforementioned
glycolysis-related lncRNA signature could support the prediction of a clinical prognosis.
LncRNA has been suggested to modulate the expression of glycolytic enzymes which are re-
sponsible for the stimulation of glycolytic levels and progression in tumour cells. Being able



Int. J. Mol. Sci. 2023, 24, 643 3 of 19

to interact with transcription factor receptors (aryl hydrocarbon receptor), lncRNAs enhance
the transcription of important glycolytic enzymes (i.e., hexokinase 2 or pyruvate kinase M2)
thus facilitating tumour cell progression [36,37]. Moreover, they can inhibit the degradation
of some enzymes via the impact on ubiquitination [38]. LncRNA-induced modulation of
glycolytic levels and other glycolysis-related pathways can be also based on the interactions
with specific micro-RNAs (miRNA). Many lncRNA acts as miRNA sponges or compet-
ing RNA. The inhibition of targeted miRNAs translates into the alterations of glycolysis.
Zhao et al. [39] demonstrated that lncRNA can even mediate glycolysis-associated positive
feedback circuits resulting in glycolytic reprogramming towards persistent glycolysis and
enhanced invasion and liver metastasis in colorectal cancer.

The occurrence of cancers is associated with mutations in DNA repair genes which
results in genomic instability (GI) [40]. Genomic instability is the source of the heterogeneity
within and between tumours [41]. Heterogeneity affecting key tumour pathways and induc-
ing phenotypic variation is associated with the progression and prognosis of tumours [42,43].
The results of studies have indicated that long noncoding RNAs are involved in the mainte-
nance of genomic stability [44]. Single nucleotide variants (SNVs) were found to be prevalent
in tumours and occur within noncoding RNA, especially lncRNA, resulting in their aberrant
function or expression [45,46]. The term genomic instability applies to DNA sequence varia-
tions, the instability of chromosomes, and chromatin’s higher-order structure [47]. LncRNAs
have been demonstrated to regulate the mitotic checkpoint and centromere proteins which
could result in the formation of aneuploidy [48,49]. Chromosomal instability and tumorige-
nesis were suggested to be associated with the upregulation of telomeric repeat-containing
lncRNA and subsequent stabilization of shortened telomeres [44,50]. Moreover, the disrup-
tion of topologically associated domains (TADs) via genomic rearrangements can lead to
aberrant gene misexpression and the development of disease [51]. Properly functioning
lncRNA can prevent TADs damage since they help to preserve TADs stability [52,53]. Also,
DNA disruption, particularly alterations resulting in defective DNA double-strand breaks
(DSB) repair, is associated with tumorigenesis [54]. The results of studies have indicated
that some damage-induced lncRNAs can be considered a key regulator in DSB misrepair,
thus leading to genomic instability and the development of cancers. The role of GI-derived
lncRNAs in RCC has not been widely studied, however, one of the studies suggested that
the following lncRNAs, LINC00460, AL139351.1, AC156455.1, AL035446.1, LINC02471,
AC022509.2, and LINC01606, may be involved in the cell cycle, the replication of DNA,
mismatch repair, and consequently in the development and progression of ccRCC [44].
However, so far, some of these RNAs have not been associated with any tumours.

Another study has suggested that the lncRNA signature is closely correlated with distant
metastasis in ccRCC and prognosis [55]. This signature involved LINC01234, LINC02577,
and LINC02609. The first lncRNA was reported to be markedly upregulated also in some
other cancers. However, no reports are available concerning the role of LINC02577 and
LINC02609 in human cancers. In the study performed by Su et al. [55], the aforementioned
lncRNA promoted distant metastasis of ccRCC via the mechanism involving the regulation
of autophagy. The authors suggested that a set of distant metastasis-related lncRNAs could
serve not only as a reliable prognosis biomarker but also as a promising therapeutic target
for ccRCC. However, first, their utility has to be verified in larger studies.

Hierarchical clustering analysis demonstrated that patients with progressive disease
and nonprogressive disease have differing transcriptome levels, which allows identifying
new prospective biomarkers [17]. However, the mechanisms responsible for the abnormal
expression of lncRNAs, including upstream regulatory mechanisms in cancer cells, have not
been well established. Available scientific data suggest that lncRNA expression is regulated
by transcription factors, histone status, DNA methylation patterns, and post-transcriptional
regulation [56]. Zang et al. [57] demonstrated that lncRNA CCAT1 activation depends on
H3K27 acetylation. In turn, enhanced expression of lncRNA H19 is associated with reduced
methylation of the CpG islands in the promoter region [58]. In the case of other lncRNA
(lnc01503), its increased expression stemmed from the greater capacity of the transcription
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factor to bind to the promoter region [59]. Hammerle et al. [60] showed that the interaction
between IGF2BP1 and the lncRNA HULC not only diminished the stability of the latter, it
also diminished its expression. The lack of sound data in this field requires further research.
Mechanisms of lncRNA action are presented in Figure 1.
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Below, we mention some of the lncRNA with a potential role in the metastasis and
prognosis of ccRCC.

2.1. MALAT1

Recently, extracellular vesicles (EVs) have been attracting attention due to their poten-
tial role in tumour development and progression [61]. They are composed of exosomes and
microvesicles, which are involved in intercellular communication [62]. According to many
studies, the ability of tumour cells to secrete EV correlates with their capacity to metastasize
from a primary tumor [63–66]. Secreted EV spread from the primary tumor via body fluids,
and when they reach distant organs, they promote the formation of a pre-metastatic niche.
The EVs contain functional cargo which enables them to modify the phenotype of receiving
cells as well as extracellular matrix ECM organization [67–69]. Tumour EVs were found
to affect various mechanisms of tumour progression, including proliferation, endothelial
permeability, invasion, immune response, and drug resistance [69–71]. Aggressive tumour
cells deprived of the genes responsible for the secretion of EV (such as RalA, RalB, nS-
Mase2, Rab27a) were less likely to metastasize [72–74]. The exposure of A498 and ACHN
cells to RCC cell 786-O-derived EVs was found to improve cell viability, migration, and
invasiveness, as well as stimulate epithelial-mesenchymal transition (EMT) [61]. Extra-
cellular vesicles’ ability to facilitate tumorigenesis is related to their involvement in the
transfer of various RNAs, including lncRNAs [75]. Many studies have confirmed the role of
tumour-derived extracellular vesicles in the progression and metastasis-related stimulation
of premetastatic niche preparation [61,76]. One lncRNA, metastasis-associated lung ade-
nocarcinoma transcript 1 (MALAT1), also known as nuclear-enriched abundant transcript
two, has been suggested to be not only the marker of serious pathological changes in
cancerous organs, but also to promote tumorigenesis [77]. MALAT1 transcripts have a
length of approximately 8000 nucleotides and this lncRNA is highly conserved among
mammals [78,79]. Hirata et al. [80] demonstrated that transcriptional activation of MALAT1
by Fos promoted the oncogenesis, while its knockdown translated into suppressed onco-
genic properties and depleted Ezh2, and subsequent EMT inhibition resulting from the
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recovery of E-Cadherin and beta-catenin down regulation. The aforementioned Ezh2 boosts
methylation of the H3K27 gene involved in cancer progression and metastasis which
leads to its silencing [81]. An in vitro study confirmed reduced cell invasion and enhanced
apoptosis in RCC cell lines with MALAT1 knocked down [80]. LncRNA MALAT1 was
also found to stimulate the expression of Livin protein by improving its stability [82].
Interaction between MALAT-1 and Livin was demonstrated to be crucial for RCC cell
viability and cell apoptosis. Another study revealed that this oncogene was associated
with poor survival in various RCC specimens [83]. Numerous binding sites for EST1 have
been identified within the TFCP2L1 gene promoter. Aberrant overexpression of MALAT1
was demonstrated to be an oncogenic mediator in RCC [80]. Increased ETS1, resulting
from lncRNA-mediated regulation, favours malignant behaviours and tumour growth
in ccRCC [84]. Thus, it appears that MALAT1 negatively modulates TFCP2L1 through
the specific binding to ETS1. Following the binding of MALAT1 with ETS1 protein, a
complex is formed, and it participates in transcriptional regulation. Predominant MALAT1
expression was found in extracellular vesicles secreted by various cancer cells. Following
the release, such EVs become transported to recipient cells to promote the progression of
the tumour [85,86]. Several studies have confirmed the strict relationship between elevated
levels of MALAT1 and improved viability, migration, and invasion of RCC cells [61,87]. In
turn, the knockdown of MALAT1 hampered the malignant behaviours of RCC cells [88].
In nude mice with RCC, the lack of MALAT1 was associated with significant suppres-
sion of xenograft growth [82]. Some studies have suggested the involvement of MALAT1
in epithelial-mesenchymal transition (EMT) [89]. Other studies have suggested that the
predominant mechanism associated with MALAT1 function involves the regulation of
RNA processing [90]. According to Tripathi et al. [90], MALAT1 controls RNA splicing
via interaction with many splicing factors, including serine/arginine-rich splicing factor
one and serine/arginine-rich splicing factor three. MALAT1 can also bind numerous sub-
units of the RNA spliceosome (e.g., ATP-dependent RNA helicase A, serine/arginine-rich
splicing factor 7, and splicing factor U2AF2 [91]). Moreover, it was found that MALAT1
could interact with various pre-mRNAs, for example, precofilin-1 (pre-CFL1) via specific
proteins [92]. Furthermore, one of the studies indicated the relationship between CFL1 and
cell invasion and cancer metastasis [93,94]. Zhang et al. [89] demonstrated that the absence
of MALAT1 was associated with reduced CFL1 mRNA expression and lower protein level,
however, the level of pre-mRNA remained unchanged. This finding could be explained
by the fact that it is probably MALAT1 that affects the alternative splicing of pre-CFL1,
which leads to the enhanced formation of unstable CFL1 transcripts that immediately
undergo degradation. Moreover, they revealed that MALAT1 can promote cell migration
and invasion via a mechanism related to the alteration of CFL1 expression in RCC cells and
subsequent change of F-actin level [89].

2.2. RCAT1

RCAT1 (renal cancer-associated transcript one or ENSG00000270661) has recently been
recognised as an important tumour promoter in RCC [95]. The expression of this lncRNA
was found to be markedly upregulated in RCC tissues. It also correlated with the poor
prognosis of RCC patients. Due to its cytoplasmic distribution, ENSG00000270661 can serve
as a ceRNA. The analysis of mechanisms through which lncRNA RCAT1 could promote
ccRCC cell proliferation, migration, and invasion revealed that it can sponge miR-214-
5p [95]. Moreover, lncRNA RCAT1 knockdown was associated with a higher expression
of miR-214-5p, while its overexpression led to downregulation of miR-214-5p in renal
cancer cells, thus suggesting the presence of a negative regulatory effect. Many studies have
demonstrated that miR-214-5p plays a tumour-suppressive role in various cancers [96,97].
The overexpression of this miRNA was found to prevent the proliferation and metastasis
of RCC cells [95]. Furthermore, lncRNA RCAT1-mediated malignant behaviour was partly
limited by miR-214-5p. Since no information on the protein-binding potential of lncRNA
RCAT1 and related mechanisms is available, this issue requires further studies. Based
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on the role of various lncRNA in cancer cells, it has been hypothesized that lncRNA
RCAT1 might play a putative role in transcriptional processing with a protein-binding
potential to stimulate the progression of tumours [95]. Since lncRNA RCAT1 serves as
ceRNA, it has been hypothesized that the PI3K–Akt signalling pathway may be involved
in its biological effects. In general, the PI3K–Akt signalling pathway is considered to be
important for cell proliferation, apoptosis, and motility [98]. The results of studies have
revealed constitutive activation of this signalling pathway in ccRCC, which was associated
with cancer progression [99,100].

Owing to advancements in molecular biology and genetics techniques, targeting
lncRNA seems to be a promising therapy. The use of antisense oligonucleotides and RNA
interference (RNAi) therapy may in the future enable the control of tumour growth, devel-
opment, and metastasis. The experiments involving the delivery of nanoparticle-mediated
RNAi targeting other oncogenic lncRNA (DANCT) have brought encouraging results as
they indicated effective cellular uptake, prolonged target silencing, as well as the lack of
evident toxic side effects [101].

2.3. DUXAP9

LncRNA DUXAP9 (ENSG00000225210) is another molecule possibly related to tumori-
genesis. According to studies, DUXAP9 is m6A modified and binds to IGF2BP2, which
raises its stability [102]. The interaction of lncRNA with IGF2BP2 modulates a variety of bi-
ological mechanisms [100,103]. IGF2BPS, which belongs to the family of m6A card readers,
can bind to a specific m6A sequence, thus targeting numerous transcripts. The presence of
m6A modifications in lncRNAs has been suggested to be implicated in the development
of various cancers [13]. M6A methylation is the predominant post-transcriptional RNA
modification occurring in the majority of eukaryotic cells. This process is reversible, and
it is catalysed by enzymes, known as “writers,” “erasers,” and “readers.” Such modifica-
tions have been linked with cell proliferation, differentiation, and tumorigenesis [104,105].
Tan et al. [102] revealed a vital impact of m6A modification on the effects of DUXAP9.
Indeed, the silencing of either METTL3 or IGF2BP2 was associated with lower RNA stability
resulting from the inhibition of m6A modification and a consequent reduction in the level of
DUXAP9. This finding implies that DUXAP9 and IGF2BP2 form an RNA–protein complex
in RCC. It also indicates that the biological effects of DUXAP9 depend on m6A modifica-
tion [102]. Moreover, DUXAP9 was found to activate the PI3K/AKT pathway as well as
the expression of Snail in localized ccRCC. The results of one of the studies indicate that
DUXAP9 knockdown diminished the activation of Akt signalling in renal cancer cells. It
was suggested that DUXAP9-mediated stimulation of proliferation involved the regulation
of Akt/mTOR [102]. The inhibition of PI3K was demonstrated to abrogate the tumorigenic
effects of DUXAP9 in RCC. Thus, it appears that DUXAP9 can induce Akt/mTOR signalling
via the activation of PI3K. The regulation of Snail, a transcriptional repressor of epithelial
genes by DUXAP9 was shown to promote EMT in renal cancer cells [106]. This process
involved the activation of the Akt-GSK3β-Snail signalling pathway [102].

Another study found that lncRNA DUXAP9 could directly interact with E3 ubiqui-
tin ligase Cbl-b (Casitas B-lineage lymphoma proto-oncogene-b) which resulted in the
diminished degradation of the epidermal growth factor receptor (EGFR) [107]. Enhanced
EGFR signalling was demonstrated to promote proliferation and metastasis in cancers. The
oncogenic potential of DUXAP9 has been explored in various cancers, including thyroid
cancer, nonsmall cell lung cancer, bladder cancer, and renal cell carcinoma [107–109]. Tan
et al. [102] demonstrated significant upregulation of lncRNA DUXAP9 in localized ccRCC.
Moreover, they found a correlation between the expression of this RNA, the overall survival,
and the progression-free survival (PFS) in ccRCC patients.

2.4. LncRNA TCL6 (lncTCL6)

For the first time, lncRNA TCL6 has been reported in T-cell leukaemia [110]. It was
located in the vicinity of the TCL1B protein-coding gene on chromosome 14q32.1. More
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recent studies indicate its independent predictive value of ccRCC aggressiveness [111,112].
Kulkarni et al. [110] demonstrated an inverse correlation between the levels of lncTCL6,
more advanced tumour grade, and decreased overall survival. Moreover, the analysis of its
expression enables the differentiation between cancerous/noncancerous tissues in RCC.
Thus, it can serve as a diagnostic biomarker in ccRCC.

According to suggestions, TCL6 may regulate the EGFR/AKT pathway in placental
tissue [113]. The results of Kulkarni et al. [110] research point to lncRNA and miRNA-
mediated regulation of the Src-Akt pathway that triggers metastasis in renal cancer. LncTCL6
was found to be the miR-155 target. According to the authors, the lncTCL6-miR-155-
Src/Akt/EMT network poses a new regulatory mechanism related to ccRCC progression
and metastasis. They demonstrated markedly downregulated lncTCL6 and considerably
upregulated miR-155-5p in renal cancer tissues. Such a profile was positively correlated
with poor overall survival of RCC patients [110]. LncTCL6 was found to exert tumour-
suppressive effects in renal cancer since its overexpression limited the Src-Akt-mediated
metastatic process as a result of the recruitment of STAU1 protein to Src mRNAs and subse-
quent decay of the latter. In many cancers, the activation of Akt and Src correlated with the
presence of malignant phenotypes and worse survival in renal carcinoma [114,115]. In other
studies, lncTCL6, acting as a tumour-suppressor, improved overall survival [111,116,117].
In vitro overexpression of lncTCL6 was found to markedly reduce the proliferation of
ccRCC cells, the formation of colonies, and migration of tumour cells, as well as invasion,
G2/M arrest, and apoptosis [110]. Opposite effects were observed in the case of miR-155
overexpression as well as lncTCL6 suppression. In this study, greater aggressiveness of
renal cell cancer involved the activation of Src-Akt-induced EMT triggered via miR-155
targeting lncTCL6 [110]. It appears that the interaction between lncTCL6 and miR-155 may
be a promising target for a therapeutic approach in ccRCC.

2.5. LINC00342

Many studies have demonstrated that INC00342 acts as an oncogene. They indicated
the association between its level and cancer progression in different cancers. LINC00342
was found to sponge miR-19a-3p, which was associated with the modulation of NPEPL1
expression and contributed to the growth and metastasis of colorectal cancer cells [118]. Li
et al. [26] observed the correlation between the overexpression of LINC00342 and the poor
prognosis of patients with ccRCC. In vitro study revealed its higher expression in ccRCC
cell lines compared to human renal tubular epithelial cells. The silencing of LINC00342 with
siRNA was found to reduce both the glycolytic level and migration capabilities of 786-O
cells. These findings confirmed the vital role of LINC00342 in the reprogramming of glucose
metabolism and metastasis. Some studies have suggested that abnormal tumour glycolytic
levels may modify the crosstalk between tumour cells and the tumour microenvironment.
This can result in immune resistance or escaping immune surveillance [119,120]. Indeed,
lncRNA could stimulate tumour aerobic glycolysis and increase its resistance to immune
immunotherapy [121]. In the study conducted by Li et al. [26], glycolysis-related lncRNA
signature was associated with the infiltration of memory B cells, regulatory T cells, follicular
helper T cell, and M0 macrophages. In turn, the distribution of monocytes, naive B cells, M0
macrophages, resting and activated dendritic cells, and resting mast cells was repressed in
high-risk patients. In this group, T cell costimulation became activated, while type II IFN
response was inactivated [26]. Such a signature may be associated with the arrest of immune
response and contribute to ccRCC development. Moreover, they demonstrated that the
silencing of LINC00342 was associated with diminished glycolytic levels and suppressed
Wnt/β-catenin signalling pathway. This signalling pathway was found to be involved in
the Warburg effect and the malignant progression of cancer cells [122,123]. Moreover, it
can promote the rise in glucose uptake and limit mitochondrial respiration favouring the
proliferation of cancer cells [124].
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2.6. AGAP2-AS1 (AGAP2 Antisense 1)

This RNA, known also as PUNISHER ENSG00000255737, is located at 12q14.1 [125].
Nakken et al. [17] have studied the expression profiles in ccRCC patients who, despite being
classified as having a low risk of progression, developed metastasis during a follow-up
period [17]. They found that the expression level of noncoding RNA AGAP2-AS1 in tumour
tissues appropriately predicted 100% of the nonprogressor group and nearly 90% of the
progressor group, already from the time of surgery. Higher expression of AGAP2-AS1 was
reported in patients whose disease progressed compared to nonprogressors. The same results
were obtained by a qPCR analysis of serum samples. However, this time, the differences were
not significant, probably due to too small a cohort. Confirmation of observed differences
would enable the use of liquid biopsies instead of solid tissue samples for diagnostic
purposes [126]. Interestingly, Nakken et al. [17] failed to demonstrate significant differences
in AGAP2-AS1 expression between the original tumour and metastases, of which biopsy was
made on average 4.5 years later. This indicates that the expression of AGAP2-AS1 is stable
over time, which supports its reliability as a biomarker. The upregulation of AGAP2-AS1
was also reported in other cancers which correlated with lower survival rates [127,128]. The
role of AGAP2-AS1 in tumours was confirmed by studies revealing that its silencing limited
the proliferation and invasion potential as well as enhanced tumour cell apoptosis [129–132].
Furthermore, the AGAP2-AS1 gene knockdown was associated with restored sensitivity to
treatment with trastuzumab in breast cancer cell lines previously overexpressing AGAP2-
AS1 and resistant to this therapy [133]. Another study has also shown higher AGAP2-AS1
expression in metastatic cancer tissues compared to localized prostate cancer [134].

The results of studies revealed that AGAP2-AS1 was coexpressed with HDGF and
ANGPTL4, both of which were related to tumour angiogenesis [125,130,135]. High levels
of lncRNA AGAP2-AS1 considerably correlated with a worse survival status in ccRCC
patients. The association between high AGAP2-AS1 expression and overall survival was
observed in patients with histological grade G1/G2, grade G3/G4, and clinical stage III/IV,
but not in individuals with histological clinical stage I/II. This finding shows the specific
prognostic role of AGAP2-AS1 expression levels and provides a potential target for preci-
sion therapy for ccRCC [125]. Increased expression was associated with gender, age, more
advanced clinical stage, and TNM stage in patients with ccRCC [125]. Mechanisms behind
poor overall survival in patients with higher AGAP2-AS1 expression may involve angiogen-
esis, hypoxia, epithelial-mesenchymal transition, the notch signalling pathway, or stromal
simulation [125,136–138]. Epithelial-mesenchymal transition, angiogenesis, and hypoxia are
well-established characteristic features of cancers. Angiogenesis was found to play a vital
role in the progression of ccRCC via a process involving VEGF, PDGF, FGF-2, chemokines,
angiopoietins, apelin (APLN), and ephrins [139,140]. Gao et al. [125] demonstrated that
increased expression of lncRNA AGAP2-AS1 was important for angiogenesis and suggested
that the VEGF and Akt pathways might be involved in its actions. Further analyses revealed
a significant correlation between elevated AGAP2-AS1 expression and G1/G2, stage I/II,
and M0 cases.

2.7. DLEU2

DLEU2 is another long noncoding RNA whose aberrant expression was observed in
various cancers [141]. Studies of different cancers have indicated the role of lncRNA in the
evolution and progression of malignancies [142]. Since it was found for the first time in
immune cell-associated disease (diffuse large B-cell lymphoma), it has been hypothesized
that DLEU2 expression may correlate with immune cell infiltration [143]. According to
studies, this RNA is involved in the progression of tumours through the regulation of EMT,
the impact on the Akt signalling pathway, and the stimulation of tumour cell proliferation
via modulating the Notch signalling pathway [144–146]. Fu et al. [141] demonstrated a
higher expression of DLEU2 in ccRCC patients compared to matched normal samples. The
aberrant expression of this long noncoding RNA was found to be associated with copy
number variations and DNA methylation. The expression level correlated with the TNM
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stage of the tumor as well as with the immune markers of B cells, CD8+ T cells, dendritic
cells, neutrophils, M2 macrophages, monocytes, T cell exhaustion, Th1 cells, Tfh cells,
and Tregs. A relationship was observed between DLEU2, TGFB1, and CTLA4, which are
involved in vital immunoregulatory activities. TGFB1 stimulates the expression of CTLA4,
thus aggravating CTLA4-related inhibition of t-cell proliferation and cytokines release and
promoting t-cell apoptosis, which enables tumour immune escape [147]. T-cells are known
to play a key role in immune regulation in the tumour environment. According to studies,
Tregs can reduce the immune system’s activity towards tumours and raise the body’s
immune tolerance to them [148]. In turn, DC was found to stimulate tumour growth and
metastasis as a result of rising Tregs and triggering CD8+ T cells [149]. Finally, M2 tumour-
associated macrophages can facilitate the EMT process in tumours and enhance tumour cell
activity [150]. DLEU2 expression was also found to be markedly associated with molecular
markers of different tumour-infiltrating immune cell subtypes, such as CD8+ T cell markers,
thus it appears that DLEU2 may modulate immune infiltration [141]. Moreover, it was
found to modulate the proliferation and differentiation of immune cells [151]. It has been
suggested that DLEU2 favours tumour development since it modulates the infiltration of
immune cells in the TME [141]. In patients with ccRCC and high expression of DLEU2, the
immune infiltration may, at least to some extent, modulate the prognosis. The analysis of
the ROC curve indicates that DLEU2 can be used to predict the presence of ccRCC as well
as disease progression. Moreover, Fu et al. [141] suggested that a high expression of this
RNA was associated with a worse prognosis. The results of other studies also demonstrated
that DLEU2 expression could stimulate tumour growth, spreading, and invasion in various
types of cancers [144,152].

2.8. NNT-AS1

The expression of NNT-AS1 has been demonstrated in various cancers. It can serve as
a sponge of miR-22, thus contributing to tumour progression [153]. Another study indicated
that it increased the resistance of cervical cancer to cisplatin treatment [154]. However, the
role of NNT-AS1 in ccRCC is not so well studied. Zhou et al. [20] found marked upregulation
of NNT-AS1 in specimens collected from ccRCC compared to normal, healthy tissues. These
authors suggested that the RNA may act as an oncogene related to the progression of ccRCC.
While searching for the mechanism laying behind the neoplastic effects of NNT-AS1, they
found that it can serve as a sponge to miR-137, which in turn, targets oncogene YBX-1.
The silencing of NNT-AS1 was demonstrated to be associated with considerably limited
ccRCC proliferation and metastasis. In turn, overexpression of NNT-AS1 stimulated both
proliferation and invasion. The localisation of NNT-AS1 in cells (cytoplasm) may imply
that it is involved in the regulation of gene expression at the post-transcriptional level. This
hypothesis is supported by the fact that it can specifically bind with AGO2, a member of
the Argonaute family. AGO2 is involved in small RNA-induced post-transcriptional gene
silencing [155,156]. In order to exert its functions, NNT-AS1 binds to miRNA and modulates
its expression. MiR-137 was found to be a downstream target of NNT-AS1. The silencing
of this RNA enhanced miR-137 expression, while its overexpression brought the opposite
effects. An in vivo study demonstrated an inverse correlation between miR-137 and NNT-
AS1. Inhibition of miR-137 was associated with enhanced expression of YBX-1 at the mRNA
and protein levels. Therefore, it seems that NNT-AS1 modulates the miR-137/YBX-1 axis,
thus contributing to ccRCC progression [20].

2.9. LINC00460

In ccRCC cells and tissues, the upregulation of LINC00460 has been reported [21]. The
role of LINC00460 has been studied in numerous tumours. For example, in nonsmall cell
lung cancer (NSCLC), this lncRNA triggered epithelia-mesenchymal transition, cell migra-
tion, and tumour invasion, while in colorectal cancer it stimulated the resistance to cancer
treatment [157–159]. LINC00460 has also been found to be associated with RCC. The deter-
mination of its expression level enabled the differentiation between normal renal cells and
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ccRCC cells [21]. Elevated LINC00460 expression significantly correlated with TNM stages
and lymph node metastasis and was associated with a poor prognosis in RCC patients. The
results of studies demonstrated that high LINC00460 expression stimulated the proliferation,
migration, and invasion of ccRCC cells [21,160]. Therefore, it appears that this RNA can serve
as a therapeutic target for patients with ccRCC as well as a prognostic biomarker. This thesis
is supported by the results of studies demonstrating that the inhibition/down-regulation
of LINC00460 was associated with hampered tumour cell proliferation and invasion in
various cancers, such as colorectal cancer, gastric cancer, etc. [161,162]. An in vitro study of
ccRCC cells confirmed the suppression of the proliferation, migration, and invasion when
they were transfected with small interfering RNA (siRNA) for LINC00460 that knocks down
LINC00460 [21]. The biological functions of this long noncoding RNA were suggested to
be related to its ability to act as a ceRNA decoy for selected tumour-suppressive miRNAs.
Further studies identified that miR-149-5p is the downstream target for LINC00460. MiR-
149-5p directly regulates forkhead box protein M1 (FOXM1), which is a proliferation-related
transcription factor, involved also in tumorigenesis [163]. It has been demonstrated to promote
proliferation and cell cycle progression, and it is also necessary for the proper execution of
mitosis. The overexpression of FOXM1 in cancers has been linked to oncogenic transforma-
tion, tumour initiation, growth, progression, migration, invasion, and metastasis via impact
on epithelial-mesenchymal transition, angiogenesis, the recruitment of tumour-associated
macrophages, the prevention of premature cellular senescence, and chemotherapeutic drug
resistance [163]. The downregulation of this miRNA observed in ccRCC tissues and asso-
ciated with the sponge effect from LINC00460 translated into the survival of patients with
ccRCC [164,165]. To sum up, LINC00460 might favour ccRCC development and progression
by sponging miR-149-5p thus affecting FOXM1 [21].

2.10. Lnc-LSG1

The expression of Lnc-LSG1 is prevalent in the cytoplasm, and to a lower extent, in
the nucleus [13]. This RNA locus acts locally (in cis) to trigger the transcription of nearby
genes via the stimulation of chromatin looping [166]. In order to exert its functions, lnc-LSG1
frequently requires interaction with proteins. Proteins potentially associated with this RNA
have been summarized in the online Database catRAPID [167]. ESRP2 which modulates
alternative splicing in epithelial cells is one of them. Shen et al. [13] demonstrated that Lnc-
LSG1 may stimulate ccRCC metastasis via an epithelial-specific splicing regulator (ESRP2).
Mizutani et al. [168] found that ESRP2 and Arkadia (also known as RNF111) inhibited ccRCC
tumour growth in a coordinated manner. In their study, the overexpression of Lnc-LSG1
considerably reduced the level of ESRP2 protein, while the knockdown of Lnc-LSG1 was
associated with higher ESRP2 protein levels. According to the authors, Lnc-LSG1 can bind
directly to the ESRP2 protein resulting in ubiquitin-proteasome pathway-mediated inhibition
of its expression, which translates into the stimulation of ccRCC metastasis. Binding with
Lnc-LSG1 shortens the ESRP2 half life and leads to its degradation via the ubiquitination
pathway [13]. Moreover, Lnc-LSG1 was found to be the downstream target of METTL14.
METTL14, which exerts an antimetastatic effect on ccRCC cells, was shown to recruit
YTHDC1 to a GGACU motif present on Lnc-LSG1 which in consequence hampered the
binding between Lnc-LSG1 and ESRP2 protein and enhanced ESRP2 protein stability [13].

Table 1 presents the summary of the possible role of lncRNA in the progression of
ccRCC cancer and metastasis.
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Table 1. Possible role of lncRNA in the progression of ccRCC cancer and metastasis.

Name Plausible Mechanisms Involved Effects

LINC00342 Sponges miR-19a-3p [118]

â Correlation between its overexpression and poor prognosis of patients with ccRCC [26]
â Vital role in the reprogramming of glucose metabolism and metastasis
â Relation to the arrest of immune response
â Promotion of ccRCC development
â Wnt/β-catenin signalling pathway [26]

Lnc-LSG1 Reduction of ESRP2 protein level [13] â Stimulation of ccRCC metastasis [13]

AGAP2-AS1

VEGF and Akt pathway
Involvement of AGAP2-AS1 in angiogenesis,

hypoxia, epithelial-mesenchymal transition, the notch
signalling pathway, or stromal simulation [125,136–138]

â Higher expression in patients with progressive disease [17]
â Its expression level enabled the differentiation between the nonprogressor and progressor groups [17]
â AGAP2-AS1 expression is stable over time
â The upregulation correlated with lower survival rates [68,69]
â Its silencing limited the proliferation and invasion potential as well as enhanced tumour cell apoptosis [70–73].

DLEU2
Regulation of EMT, impact on Akt signalling pathway,
stimulation of tumour cell proliferation via modulating

Notch signalling pathway [144–146]

â DLEU2 expression may correlate with immune cell infiltration [143]
â Higher expression of DLEU2 in ccRCC patients compared to matched normal samples [141]
â Correlation between expression level and TNM stage of tumour and immune markers [141]
â DLEU2 modulates the proliferation and differentiation of immune cells [92]
â DLEU2 expression could stimulate tumour growth, spreading, and invasion [85,93]

NNT-AS1

Sponge of miR-22, miR-137
possible involvement in the regulation of

gene expression at the post-transcriptional level [20]
modulation of miR-137/YBX-1 axis

â Contribute to tumour progression [153]
â Upregulation of NNT-AS1 in ccRCC compared to healthy tissues [20]
â Silencing of NNT-AS1 results in considerably limited ccRCC proliferation and metastasis [20]

LINC00460 MiR-149-5p—the downstream target for
LINC00460 modulation of FOXM1

â Upregulation of LINC00460 in ccRCC cells and tissues [21]
â Expression level enables the differentiation between normal renal cells and ccRCC cells [21]
â Elevated expression correlated with TNM stages and lymph node metastasis [21]
â suppression of the proliferation, migration, and invasion in cells transfected with siRNA that knockdown LINC00460 [21]

MALAT1
Transcription factor (ETS1)

Involvement in the regulation of RNA processing [90]
Interaction with precofilin-1 (pre-CFL1) [92].

â Promotion of tumourigenesis [77]
â Stimulation of RCC invasion and metastasis
â Expression is associated with poor survival [83].
â Elevated levels of MALAT1 improved viability, migration, and invasion of RCC cells [61,87]
â Knockdown of MALAT1 hampers malignant behaviours [88]
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Table 1. Cont.

Name Plausible Mechanisms Involved Effects

RCAT1 Sponge of miR-214-5p
â Markedly upregulated expression in RCC tissues [95].
â Positive correlation with poor prognosis of RCC patients [95]
â Stimulation of ccRCC cell proliferation, migration, and invasion [95]

DUXAP9

m6A modifications, binding to IGF2BPS, the activation of the
Akt-GSK3β-Snail signalling pathway,

the interaction with E3 ubiquitin ligase Cbl-b [102]
Induction of Akt/mTOR signalling via the activation of PI3K [102]

â Significant upregulation in localized ccRCC [102]
â Promotion of EMT in renal cancer cells [141]
â DUXAP9-related enhanced EGFR signalling promotes proliferation and metastasis in cancers [107].
â Correlation between its expression and the overall survival and progression-free survival in ccRCC patients [102].

TCL6 Regulation of EGFR/AKT pathway [113]
lncTCL6-miR-155-Src/Akt/EMT network [110]

â Marked downregulation of lncTCL6 and considerable upregulation miR-155-5p in in renal cancer tissues [145]
â Inverse correlation between the levels of lncTCL6 and more advanced tumour grade and decreased overall survival [145].
â Its expression enables the differentiation between cancerous/non-cancerous tissues in RCC [145]
â Its overexpression limits the Src-Akt-mediated metastatic process [110]
â Its overexpression significantly reduces the proliferation of ccRCC cells, the formation of colonies, migration of tumour

cells as well as invasion, G2/M arrest, and apoptosis [110]
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3. Conclusions

All the aforementioned studies indicated the plausible role of lncRNA in the progression
of ccRCC and metastasis. Some of them appear to be useful as biomarkers, factors enabling
the prediction of disease course (progressive vs. nonprogressive), or differentiation between
ccRCC and healthy tissue. However, before the expression of selected lncRNA could be used
in clinical practice, their reliability has to be confirmed in large trials. Currently, there are
just a few available research articles presenting the role of lncRNA in ccRCC, and therefore,
it is hard to draw solid conclusions.
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