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Increasing evidence suggests that long noncoding RNAs (lncRNAs) play vital roles in the transformation 
and maintenance of cancer phenotypes and have important clinical implications. These lncRNAs 
control important aspects of tumor biology, including proliferation, angiogenesis, metastasis, and the 
microenvironment by regulating RNA and protein interactions or through their ability to base pair with 
RNA and DNA. In this study, we review the mechanism of the function of lncRNAs in cancer and their 
diagnostic roles in cancer phenotypes, which make them attractive as non-invasive biomarkers from body 
fluid samples for different types of cancer.
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Carcinogenesis is regarded to comprise genetic or 
epigenetic alterations that are based on two constituent 
processes, the continuous acquisition of heritable genetic 
variation in individual cells by random mutation and 
natural selection acting on the resultant phenotypic 
diversity. Furthermore, several important studies 
suggest that cancer is a disease of the genome, which 
comprises heterogeneous clonal expansions driven by 
the accumulation of mutations that are preferentially 
selected by the tumor microenvironment [1]. Many of 
these mutation sites overlap regions of the genome that 
lack protein-coding capacity. These abnormalities have 
an impact on noncoding RNA molecules, which display 
altered expression and disrupted functions in terms of 
regulation of their targets. 

Approximately, 19,000–20,000 human protein-
coding genes have been estimated to be present in the 
human genome. Protein-coding sequences make up only 
a small fraction of the genome (no more than 2%), and 
a large number of sequences are associated with non-
coding RNA moleculars. Among noncoding RNAs, long 
noncoding RNAs (lncRNAs), with a length > 200 bp, have 
increasingly been recognized to play vital roles in tumor 
biology, representing a new focus in the study of cancer. 
Emerging technologies are expanding investigators’ 
abilities to functionally annotate cancer-associated 
lncRNAs. Importantly, cancer-specific expression of 

certain lncRNAs has provided the necessary impetus 
to lncRNA research and highlighted the importance of 
these molecular modulators, which has been verified 
in the pathological states of carcinogenesis [2]. With 
regard to their role in cancer, lncRNAs show tissue-
specific expression in a specifically regulated manner, 
in correlation with distinct gene sets that influence 
cell cycle regulation, survival, immune response, or 
pluripotency, among other functions, which determine 
the transformed phenotype of the cancer cells. In fact, 
lncRNAs play an important role in regulating gene 
expression at various levels, including chromatin, 
modification, transcription, and post-transcriptional 
processing [3–4]. Conversely, several lncRNAs are also 
transcriptionally regulated by key tumor suppressors 
or oncogenes. For example, lncRNA p21 is mediated by 
p53-dependent transcriptional responses, which affect 
the expression of hundreds of gene targets enriched for 
the gene sets normally repressed by p53 [5]. Zheng et 
al. also demonstrated that the oncogenic transcription 
factor cMyc is partly responsible for lncRNA expression 

[6]. The regulatory function occurs in many types of 
cancer that are involved in the specific genomic context 
of divergent transcription. In particular, recognition 
of the roles lncRNAs has revealed new diagnostic 
and therapeutic targets. LncRNAs appear to be more 
structured and stable than mRNA transcripts, the 
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measurement of lncRNAs as free nucleic acids could 
trace cancer metastases or circulating cancer cells 
in body fluids, such as blood and urine. For example, 
the overexpression of the lncRNA HOTAIR promotes 
the metastasis of breast cancer cells by epigenetically 
silencing the developmentally important genes in the 
HOXD cluster [7–8]. In addition, panels of lncRNAs have 
already been put to good use in clinically approved 
tests for bladder, prostate, and non-small lung cancer 
[9–11]. LncRNAs are thus functional transcripts that 
contribute to the hallmarks of cancer. Further research 
into the relationship between cancer and the roles of 
lncRNAs will be crucial to understand and realize their 
therapeutic potential.

In this work, we provide an overview of the current 
state of lncRNA biomarker identification in cancer 
phenotypes linked to invasion/metastasis, angiogenesis, 
genome instability, and tumor-promoting inflammation. 

Molecular background of lncRNAs

The catalog of lncRNAs has gradually increased in 
recent years. An lncRNA can be placed into one of 
approximately five broad categories, including sense, 
antisense, bidirectional, intronic, and intergenic lncRNAs 
[12]. According to LNCipedia2.0, the latest version of 
the lncRNA database, there are already 32,183 human 
annotated lncRNAs; however, few lncRNAs have 
been functionally validated [13]. Therefore, it should be 
elucidated theoretically as to whether most of these 
lncRNAs result from transcriptional noise. To answer this 
question, a study by Ponjavic et al analyzed 3122 long and 
full-length noncoding RNAs that exhibited signatures 
of functionality that are more usually associated with 
protein-coding genes [14]. Furthermore, Dinger et al have 
constructed a database that should provide the expression 
status and other valuable resources for mammalian 
lncRNAs [15]. Most recently, TANRIC, an open-access web 
resource, providing interactive exploration of lncRNAs 
in cancer, was constructed to characterize the expression 
profiles of lncRNAs in large patient cohorts of 20 cancer 
types, based on the Cancer Genome Atlas (TCGA) and 
independent datasets [16]. 

LncRNAs are much longer than microRNAs, and 
thus have a complex secondary structure, which endows 
lncRNAs with the ability to bind protein, RNA, and/or 
DNA partners. Thus, they can have several regulatory 
capacities, for example as activators, decoys, guides, 
or scaffolds for their interacting proteins, including 
behaving as transcription factors and histone modifiers. 
In the present review, we summarize the mechanism 
of lncRNAs’ regulatory cellular processes that rely on 
interactions with cellular macromolecules. 

Chromatin-bound lncRNAs

Chromatin remodeling was one of the first identified 
functions of lncRNAs. An lncRNA is generated by 
antisense transcription from the fibroblast growth factor 
receptor 2 (FGFR2) locus, which promotes cell-specific 
alternative splicing via modulation of the chromatin 
signature [17]. Meanwhile, prostate cancer associated 3 
(PCA3) also is an antisense intronic lncRNA that controls 
the expression level of prostate cancer suppressor prune 
homolog 2 (PRUNE2) via formation of a double-stranded 
complex, after which the adenosine deaminase, RNA 
specific (ADAR)-mediated RNA editing mechanism 
downregulates the expression of its target gene [18]. The 
X-linked lncRNA Firre, helps to position the inactive 
X chromosome near the nucleolus and preserves one 
of its main epigenetic features [19]. Meanwhile, during X 
chromosome inactivation, lncRNA RepA can silence the 
expression of polycomb repressive complex 2 (PRC2), 
the mechanism of which involves the interaction 
between histone methyltransferase and the lncRNA 18. 
Conversely, lncRNAs can organize chromatin domains to 
coordinate long-range gene activation, such as in the case 
of HOTTIP and CCAT1-L, which regulate chromosome 
looping in their proximity to deposit activating H3K4me3 
marks on gene promoters [20–22]. Importantly, recent 
work reported that lncRNA recruitment to distant 
promoters and enhancers functionally modulates cancer 
transcriptional programs. Such RNAs make an important 
contribution to the maintenance of certain transcription 
factors (TFs) at gene regulatory elements, which produces 
a positive-feedback loop that contributes to the stability 
of gene expression programs [23].

LncRNA and DNA methylation 
cooperate in the epigenetic regulation 
of the cancer genome

Epigenetic changes in malignant diseases have been 
described, such as DNA hypermethylation on CpGs 
islands or genetic control physical domains at several 
tumor-suppressor genes, oncogenes, and DNA repair 
genes. In addition, hypermethylation is associated 
with aberrant post-translational modifications on 
histone tails, as well as lncRNAs patterns and their 
levels of expression. Important evidence is provided 
by the lncRNA HOTAIR and its functional histone 
mark H3K27me3, which is directly associated to the 
expression level of PRC2 [24]. This function is based on 
a fundamental role of lncRNAs, as molecular guides or 
scaffolds that cooperate with methylation signals, acting 
as a decoy mechanism to control regional epigenetic 
changes throughout the human cancer genome.
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LncRNAs interact with target proteins 
as scaffolds to modify their stability

Interactions between lncRNAs and proteins have 
significant effects. Interestingly, many lncRNAs exert 
their unique activities in cancer cells. Using RNA 
immunoprecipitation, two prostate-specific lncRNAs, 
PCGEM1 and PRNCR1, were found to associate with 
the androgen receptor in prostate cancer cells and cause 
ligand-independent activation of cell proliferation [25]. 
Similarly, CTBP1-AS and CCTA2 interact with TFs to 
modify their activity [26–27]. Furthermore, the lncRNA 
HOTAIR serves as a scaffold that forms a complex with 
Hepatitis B virus X-interacting protein (HBXIP) and 
lysine demethylase 1A (LSD1) to activate transcription of 
c-myc targeted genes [28]. 

LncRNAs serve as regulators of 
mRNA expression

Emerging evidence supports the view that lncRNAs 
play vital roles in the control of mRNA stability, splicing, 
and translation. Previously, Tripathi et al demonstrated 
that MALAT1 regulates alternative splicing by 
modulating the phosphorylation of SR splicing factor 
in vitro [29]. Furthermore, the lncRNA, antisense to zinc 
finger E-box binding homeobox 2 (ZEB2), regulates 
the expression of its target gene by impaired splicing of 
the internal ribosome entry site contained in an intron 
during epithelial–mesenchymal transition (EMT) [30]. 
In addition to alternative splicing, MALAT1 can also 
interact with pre-mRNA that directs itself to localize 
at the proximal chromatin region of transcriptionally 
active genes [31]. In addition, some lncRNAs form DNA-
RNA triplexes that regulate the expression of oncogenes, 
such as sphingosine kinase 1 (SPHK1) and transforming 
growth factor beta (TGFB) via antisense orientation to 
their promoters [32–33].

Taken together, research has shown that lncRNAs 
perform functional interactions or combinations with 
DNA, RNA, and protein, which suggest that lncRNAs 
served as a multifunctional tool in several biological 
processes. Next, we discuss the relationship between 
lncRNAs and the phenotype of carcinogenesis, to further 
determine their contribution to cancer hallmarks.

The contribution of lncRNAs to 
cancer hallmarks

Hanahan and Weinberg defined the hallmarks of 
cancer as acquired functional capabilities that allow cancer 
cells to survive, proliferation, and metastasis in 2011 [34]. 
Two prominent characteristics of tumorigenesis were 

emphasized in that paper: The development of genomic 
instability and the tumor microenvironment. Recently, 
lncRNAs have been identified as, key molecular players 
in proliferation, viability, angiogenesis, and metastasis 
[35–36]. In addition, other new signatures of lncRNAs are 
emerging.

Modulating proliferative signaling

Cancer cells, by deregulating proliferative signals, 
become masters of their own proliferative destinies. 
Numerous studies have demonstrated that cancer-related 
changes in lncRNA expression could promote cancer 
growth, mainly by acquiring pro-growth signals and 
evading the growth suppressive signals. 

Multiple lncRNAs are involved in the regulation 
of critical cell cycle regulators, such as cyclins, cyclin 
dependent kinases (CDKs), and p53 [37]. For example, 
the cyclin D1 lncRNA specifically binds with an RNA-
binding protein, TLS (translocated in liposarcoma), 
and exerts transcriptional repression through histone 
acetyltransferase inhibitory activity [38]. The lncRNA 
ANRIL binds to and recruits PRC2 to repress the 
expression of p15 (cyclin dependent kinase inhibitor 2B 
(CDKN2B)) [39].

The lncRNA PANDA confines cells to their existing 
proliferative state by repressing the transcription 
of senescence-promoting genes, which represents a 
stable cell cycle arrest that limits the proliferation of 
pre-cancerous cells [40]. In a DNA damage-dependent 
manner, lncRNA Gadd7 binds to the TAR DNA-binding 
protein, and further modulates the expression of CDK6 
at the post-transcriptional level by its altering mRNA 
stability [41]. Meanwhile, the expression of lncRNA 
HEIH in HBV-hepatocellular carcinoma is associated 
with recurrence and is an independent prognostic 
marker for survival, the mechanism of which involves 
G0/G1 arrest [42]. Importantly, MALAT1, an mRNA 
splicing mediator, is upregulated in several human 
cancers and contributes to cancer cell proliferation 
[29, 37]. The underlying mechanism is that MALAT1 
promotes cellular proliferation by modulating the pre-
mRNA processing of cell cycle-regulated transcription 
factors, such as Mybl2, an oncogenic transcription factor 
involved in G2/M progression [43]. In addition, Zhang et 
al demonstrated that p53 is significantly downregulated 
by the lncRNA ROR, which suppresses p53 translation 
through direct interaction with a heterogeneous nuclear 
ribonucleoprotein [44]. Furthermore, Myc transcription is 
activated in cis by the colon cancer-associated lncRNA 
CCAT1, which facilitates the long-range interaction 
between Myc and an enhancer element [45]. Inversely, 
Myc also targets numerous lncRNAs for transcriptional 
regulation [6], which in turn regulates cell-cycle 
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progression.

Inducing angiogenesis

Normally, as part of physiological processes such 
as wound healing and female reproductive cycling, 
angiogenesis is turned on, but only transiently. In contrast, 
during tumor progression, an “angiogenesis switch” is 
almost always activated and remains on [34]. The best-
known angiogenic switch is vascular endothelial growth 
factor (VEGF). Recently, transcription of VEGF was 
identified to be modulated by multiple lncRNAs. LncRNA 
PVT1 is upregulated and is significantly associated with 
high-microvessel density and poor prognosis in gastric 
cancer. The mechanism of PVT1-mediated angiogenesis 
involves in evoking the signal transducer and activator 
of transcription 3 (STAT3)/VEGF-A signaling axis [46]. 
Similarly, lncRNAs MVIH, MIAT, and SUMO1P3 have 
also been reported to promote the expression of VEGF 
[47–49]. Furthermore, lncRNA GATA6-AS is upregulated 
in endothelial cells during hypoxia. A compelling body 
of evidence indicates that GATA6-AS interacts with 
the epigenetic regulator lysyl oxidase like 2 (LOXL2) 
to regulate endothelial gene expression via changes in 
histone methylation [50]. 

Influencing invasion and metastasis

The multistep process of invasion and metastasis has 
been conceived as a sequence of discrete steps, often 

termed the invasion-metastasis cascade [51], the beginning 
of which is EMT. During this developmental regulatory 
program, the transformed epithelial cells can acquire 
the ability to invade, resist apoptosis, and disseminate 
[52]. With recent advances in transcriptome analysis 
technologies (such as RNA-seq), emerging evidence 
shows that lncRNAs that are differentially expressed in 
tumors correlate their metastatic properties, especially 
EMT. Some lncRNAs, such as ATB, stabilize interleukin 
11 (IL11) mRNA, and elevated IL-11 secretion, which 
induces EMT and invasion [53]. Moreover, ATB also 
serves as an independent prognostic marker in gastric [54] 
and colorectal cancer [55]. Kim et al reported that there is 
a long-range interaction and correlation between a Myc 
enhancer and the promoter of the lncRNA CARLo-5 

[45], which has some effects on EMT, and predicts 
outcome in patients with hepatocellular carcinoma 

[56]. In contrast, the lncRNA Gas5 was reported to be 
a negative regulator of survival and proliferation of 
several cancers [57]. Low expression of Gas5 correlates 
with poor prognosis of breast cancer and head and neck 
squamous cell carcinoma [58]. In line with this, Zhao et al 
indicated that Gas5 suppresses the migration of glioma 
cells by downregulating the expression of microRNA 
miR-222 [59]. With the growing number of studies on 
the association of lncRNAs with metastatic properties, 
the potential of these types of lncRNAs as therapeutic 
targets and prognostic markers will be a topic of active 
research. 

Table 1  Example biomarkers of cancer-associated lncRNAs
LncRNA Description Functions in tumor cells Involved Mechanism

ABT [53–55] Activated by TGF-beta Metastasis↑ RNA-RNA activation / translational 
regulation

ANRIL [39, 70–75] Antisense lncRNA in the INK4 Locus 
(CDKN2B-AS) Proliferation↑, Metastasis↑ Chromatin remodeling

BANCR [76–78] BRAF regulated lncRNA Proliferation↑, Metastasis↑ Transcriptional activation

BCAR4 [79–82] Breast cancer antiestrogen resistance 4 Proliferation↑, Metastasis↑ Binding to transcription factor /
Transcriptional activation

CARLo-5 [45, 56] Active regulator region of lncRNA Proliferation↑, Metastasis↑ RNA-DNA interaction /Binding to enhancer 
region of MYC

CCAT1/ CCAT2 [20, 26] Colon cancer specific transcript 1/2 Proliferation↑, Metastasis↑ Chromatin remodeling /Transcriptional 
activation

DINO [83] Damage Induced lncRNA via p53 Proliferation ↓ Activation of p53 target genes in response 
to DNA damage

MVIH [49] LncRNA associated with microvascular invasion Angiogenesis↑↑ Unknown

PVT1 [46] STAT3-responsive lncRNA Angiogenesis↑ The binding of PVT1 activated the STAT3 
signaling pathway

PACER [66]
P50-associated COX-2 extragenic RNA Proliferation↑, Metastasis↑,

Inflammation↑
Activation-competent NF-kappa B p65/p50 
dimers
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Regulating the tumor-associated 
inflammatory response

As is well known, the relationship between 
inflammation and carcinogenesis is analogous to that 
between “fuel and fire” [60]. Inflammation is demonstrably 
capable of fosteringthe development of incipient 
neoplasias into cancers. It is increasingly clear that 
lncRNAs control the key aspects of immunity such as 
production of inflammatory mediators, differentiation 
and immune cell recruitment through regulating protein-
protein or RNA-DNA interactions [61]. Recently, the roles 
of lncRNAs in controlling NF-κBsignaling have attracted 
much attention [62]. Lethe, a pseudogene lncRNA, is 
selectively induced by proinflammatorycytokines via 
NF-κB, and functions in negative feedback signaling 
to NF-κB [63]. During the activation of macrophages, 
lncRNA Tnfaip3 acts as a coregulator of NF-κB to 
modulate inflammatory gene transcription via epigenetic 
chromatin remodeling [64]. In addition, NKLIA is 
upregulated in breast cancer cells by NF-κB, binds to NF-
κB/IκB, and directly masks of phosphorylation motifs of 
IκB [65]. COX-2, an important oncogenehas been linked to 
development, progression, and outcome of several types 
of human cancer.Krawczyk et al. identified the COX-2-
lncRNA,PACER occludes NF-κB subunit p50, potentially 
facilitating interaction with activation competent NF-
κB p65/p50 dimers [66]. Furthermore, lncRNA TCF7 is 
required for liver cell stem cell self-renewal and tumor 
proliferation. Mechanistically, TCF7 recruits the SWI/
SNF complex to the promoter of TCF7 to regulate its 
expression, leading to activation of Wnt signaling [67]. 
Interestingly, Zhou et al. validated immune associated 
lncRNAs signature, which is significantly linked to the 
clinical molecular subtypes and prognosis in diffuse large 
B cell lymphoma [68]. 

Conclusion
Overall, increasing evidence suggests that lncRNAs 

play vital roles in the transformation and maintenance 
of cancer phenotypes, and have important clinical 
implications. Actually, the function and characteristics 
of lncRNAs have made them a well suitedcandidate 
for cancer molecular diagnosis (summarized together 
in Table 1). Importantly, lncRNAs show more tissue 
specificity compared to protein-coding mRNAs and 
miRNA[69], making them attractive in the search of novel 
non-invasive diagnosticbiomarkers from body fluid 
samples. In the future, more studies will be performed 
to evaluate the diagnostic value of lncRNAs in different 
types of cancer.

Conflicts of interest
The authors indicated no potential conflicts of interest.

References

1. Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities in human 
cancers. Nature, 1998, 396: 643–649.

2. Brunner AL, Beck AH, Edris B, et al. Transcriptional profiling of long 
non-coding RNAs and novel transcribed regions across a diverse 
panel of archived human cancers. Genome Biol, 2012, 13: R75.

3. Hutchinson JN, Ensminger AW, Clemson CM, et al. A screen for 
nuclear transcripts identifies two linked noncoding RNAs associated 
with SC35 splicing domains. BMC Genomics, 2007, 8: 39.

4. Wilusz JE, Sunwoo H, Spector DL. Long noncoding RNAs: functional 
surprises from the RNA world. Genes Dev, 2009, 23: 1494–1504.

5. Huarte M, Guttman M, Feldser D, et al. A large intergenic noncoding 
RNA induced by p53 mediates global gene repression in the p53 
response. Cell, 2010, 142: 409–419.

6. Zheng GX, Do BT, Webster DE, et al. Dicer-microRNA-Myc circuit 
promotes transcription of hundreds of long noncoding RNAs. Nat 
Struct Mol Biol, 2014, 21: 585–590.

7. Zhang H, Cai K, Wang J, et al. MiR-7, inhibited indirectly by lincRNA 
HOTAIR, directly inhibits SETDB1 and reverses the EMT of breast 
cancer stem cells by downregulating the STAT3 pathway. Stem Cells, 
2014, 32: 2858–2868.

8. Gupta RA, Shah N, Wang KC, et al. Long non-coding RNA HOTAIR 
reprograms chromatin state to promote cancer metastasis. Nature, 
2010, 464: 1071–1076.

9. Wieczorek E, Reszka E. mRNA, microRNA and lncRNA as novel 
bladder tumor markers. Clin Chim Acta, 2018, 477: 141–153.

10. Yang H, Han Y, Wu L, et al. Long Non-Coding RNA Expression 
Signature Hallmarks Promising Efficacy in Identification of Human 
Non-Small Cell Lung Cancer: a Meta-Analysis Study. Clin Lab, 2017, 
63:1447–1456.

11.  Shappell SB. Clinical utility of prostate carcinoma molecular 
diagnostic tests. Rev Urol, 2008, 10: 44–69.

12. Ponting CP, Oliver PL, Reik W. Evolution and Functions of Long 
Noncoding RNAs. Cell, 2009, 136: 629–641.

13. Volders P-J, Helsens K, Wang X, et al. LNCipedia: a database for 
annotated human lncRNA transcript sequences and structures. 
Nucleic Acids Res, 2013, 41: 246–251.

14.  Ponjavic J, Ponting CP, Lunter G. Functionality or transcriptional 
noise? Evidence for selection within long noncoding RNAs. Genome 
Res, 2007, 17: 556–565.

15.  Dinger ME, Pang KC, Mercer TR, et al. NRED: a database of long 
noncoding RNA expression. Nucleic Acids Res, 2009, 37: 122–126.

16. Li J, Han L, Roebuck P, et al. TANRIC: an Interactive open platform 
to explore the function of incRNAs in cancer. Cancer Res, 2015, 75: 
3728–3737.

17. Gonzalez I, Munita R, Agirre E, et al. A lncRNA regulates alternative 
splicing via establishment of a splicing-specific chromatin signature. 
Nat Struct Mol Biol, 2015, 22: 370–376.

18. Davidovich C, Wang XY, Cifuentes-Rojas C, et al. Toward a consensus 
on the binding specificity and promiscuity of PRC2 for RNA. Mol Cell, 
2015, 57: 552–558.

19. Yang F, Deng XX, Ma WX, et al. The lncRNA Firre anchors the inactive 
X chromosome to the nucleolus by binding CTCF and maintains 
H3K27me3 methylation. Genome Biol, 2015, 16: 52.

20. Xiang JF, Yin QF, Chen T, et al. Human colorectal cancer-specific 



156  http://otm.tjh.com.cn

CCAT1-L lncRNA regulates long-range chromatin interactions at the 
MYC locus. Cell Res, 2014, 24: 513–531.

21. Lai F, Orom UA, Cesaroni M, et al. Activating RNAs associate with 
Mediator to enhance chromatin architecture and transcription. 
Nature, 2013, 494: 497–501.

22. Wang KC, Yang YW, Liu B, et al. A long noncoding RNA maintains 
active chromatin to coordinate homeotic gene expression. Nature, 
2011, 472: 120–U158.

23. Sigova AA, Abraham BJ, Ji X, et al. Transcription factor trapping by 
RNA in gene regulatory elements. Science, 2015, 350: 978–981.

24. Tsai MC, Manor O, Wan Y, et al. Long noncoding RNA as modular 
scaffold of histone modification complexes. Science, 2010, 329: 
689–693.

25. Yang LQ, Lin CR, Jin CY, et al. lncRNA-dependent mechanisms of 
androgen-receptor-regulated gene activation programs. Nature, 
2013, 500: 598.

26. Ling H, Spizzo R, Atlasi Y, et al. CCAT2, a novel noncoding RNA 
mapping to 8q24, underlies metastatic progression and chromosomal 
instability in colon cancer. Genome Res, 2013, 23:1446–1461.

27. Takayama K, Horie-Inoue K, Katayama S, et al. Androgen-responsive 
long noncoding RNA CTBP1-AS promotes prostate cancer. Embo J, 
2013, 32: 1665–1680.

28. Li YH, Wang Z, Shi H, et al. HBXIP and LSD1 Scaffolded by lncRNA 
Hotair Mediate Transcriptional Activation by c-Myc. Cancer Res, 
2016, 76: 293–304.

29. Tripathi V, Ellis JD, Shen Z, et al. The nuclear-retained noncoding 
RNA MALAT1 regulates alternative splicing by modulating SR splicing 
factor phosphorylation. Mol Cell, 2010, 39: 925–938.

30.  Beltran M, Puig I, Pena C, et al. A natural antisense transcript 
regulates Zeb2/Sip1 gene expression during Snail1-induced 
epithelial-mesenchymal transition. Gen Dev, 2008, 22: 756–769.

31. Engreitz JM, Sirokman K, McDonel P, et al. RNA-RNA interactions 
enable specific targeting of noncoding RNAs to nascent pre-mRNAs 
and chromatin sites. Cell, 2014, 159: 188–199.

32. Postepska-Igielska A, Giwojna A, Gasri-Plotnitsky L, et al. LncRNA 
Khps1 regulates expression of the proto-oncogene SPHK1 via 
triplex-mediated changes in chromatin structure. Mol Cell, 2015, 60: 
626–636.

33. Mondal T, Subhash S, Vaid R, et al. MEG3 long noncoding RNA 
regulates the TGF-beta pathway genes through formation of RNA-
DNA triplex structures. Nat Commun, 2015, 6: 7743.

34. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. 
Cell, 2011, 144: 646–674.

35. Schmitt AM, Chang HY. Long noncoding RNAs in cancer pathways. 
Cancer Cell, 2016, 29: 452–463.

36. Gutschner T, Diederichs S. The hallmarks of cancer a long non-
coding RNA point of view. Rna Biol, 2012, 9: 703–719.

37. Kitagawa M, Kitagawa K, Kotake Y, et al. Cell cycle regulation by long 
non-coding RNAs. Cellular Mol Life Sci, 2013, 70: 4785–4794.

38. Kurokawa R. Promoter-associated long noncoding RNAs repress 
transcription through a RNA binding protein TLS. Adv Exp Med Bio, 
2011, 722: 196–208.

39. Kotake Y, Nakagawa T, Kitagawa K, et al. Long non-coding RNA ANRIL 
is required for the PRC2 recruitment to and silencing of p15(INK4B) 
tumor suppressor gene. Oncogene, 2011, 30: 1956–1962.

40. Puvvula PK, Desetty RD, Pineau P, et al. Long noncoding RNA 
PANDA and scaffold-attachment-factor SAFA control senescence 
entry and exit. Nat Commun, 2014, 5: 5323.

41. Liu XF, Li D, Zhang WM, et al. Long non-coding RNA gadd7 interacts 
with TDP-43 and regulates Cdk6 mRNA decay. Embo J, 2012, 31: 

4415–4427.
42. Yang F, Zhang L, Huo XS, et al. Long noncoding RNA high expression 

in hepatocellular carcinoma facilitates tumor growth through enhancer 
of zeste homolog 2 in humans. Hepatology, 2011, 54: 1679–1689.

43. Tripathi V, Shen Z, Chakraborty A, et al. Long noncoding RNA 
MALAT1 controls cell cycle progression by regulating the expression 
of oncogenic transcription factor B-MYB. Plos Genet, 2013, 9: 
1003368.

44. Zhang A, Zhou NJ, Huang JG, et al. The human long non-coding 
RNA-RoR is a p53 repressor in response to DNA damage. Cell Res, 
2013, 23: 340–350.

45. Kim T, Cui R, Jeon YJ, et al. Long-range interaction and correlation 
between MYC enhancer and oncogenic long noncoding RNA 
CARLo-5. Proc Natl Acad Sci USA, 2014, 111: 4173–4178.

46. Zhao J, Du PZ, Cui P, et al. LncRNA PVT1 promotes angiogenesis 
via activating the STAT3/VEGFA axis in gastric cancer. Oncogene, 
2018, 37: 4094–4109.

47. Zhang LM, Wang P, Liu XM, et al. LncRNA SUMO1P3 drives colon 
cancer growth, metastasis and angiogenesis. Am J Transl Res, 2017, 
9: 5461.

48.  Yan B, Yao J, Liu JY, et al. lncRNA-MIAT regulates microvascular 
dysfunction by functioning as a competing endogenous RNA. Circ 
Res, 2015, 116: 1143–1156.

49. Yuan SX, Yang F, Yang Y, et al. Long Noncoding RNA associated 
with microvascular invasion in hepatocellular carcinoma promotes 
angiogenesis and serves as a predictor for hepatocellular carcinoma 
patients’ poor recurrence-free survival after hepatectomy. Hepatology, 
2012, 56: 2231–2241.

50.  Neumann P, Jae N, Knau A, et al. The lncRNA GATA6-AS 
epigenetically regulates endothelial gene expression via interaction 
with LOXL2. Nat Commun, 2018, 9: 237.

51. Talmadge JE, Fidler IJ. AACR centennial series: the biology of cancer 
metastasis: historical perspective. Cancer Res, 2010, 70: 5649–5669.

52. Polyak K, Weinberg RA. Transitions between epithelial and 
mesenchymal states: acquisition of malignant and stem cell traits. 
Nat Rev Cancer, 2009, 9: 265–273.

53. Yuan JH, Yang F, Wang F, et al. A long noncoding RNA activated 
by TGF-beta promotes the invasion-metastasis cascade in 
hepatocellular carcinoma. Cancer Cell, 2014, 25: 666–681.

54. Saito T, Kurashige J, Nambara S, et al. A long non-coding RNA 
activated by transforming growth factor-beta is an independent 
prognostic marker of gastric cancer. Ann Surg Oncol, 2015, 22: 
S915–S922.

55. Iguchi T, Uchi R, Nambara S, et al. A long noncoding RNA, IncRNA-
ATB, is involved in the progression and prognosis of colorectal 
cancer. Anticancer Res, 2015, 35: 1385–1388.

56. Wang FQ, Xie CR, Zhao WX, et al. Long non-coding RNA CARLo-5 
expression is associated with disease progression and predicts 
outcome in hepatocellular carcinoma patients. Clin Exp Med, 2017, 
17: 33–43.

57. Pickard MR, Williams GT. Regulation of apoptosis by long non-coding 
RNA GAS5 in breast cancer cells: implications for chemotherapy. 
Breast Cancer Res Treat, 2014, 145: 359–370.

58. Gee HE, Buffa FM, Camps C, et al. The small-nucleolar RNAs 
commonly used for microRNA normalisation correlate with tumour 
pathology and prognosis. Br J Cancer, 2011, 104: 1168–1177.

59. Zhao XH, Wang P, Liu J, et al. Gas5 exerts tumor-suppressive 
functions in human glioma cells by targeting miR-222. Mol Ther, 
2015, 23: 1899–1911.

60. Aggarwal BB, Sung B. The relationship between inflammation and 



157Oncol Transl Med, August 2018, Vol. 4, No. 4

cancer is analogous to that between fuel and fire. Oncology (Williston 
Park), 2011, 25: 414–418.

61. Heward JA, Lindsay MA. Long non-coding RNAs in the regulation of 
the immune response. Trends Immunol, 2014, 35: 408–419.

62. Mao XH, Su ZY, Mookhtiar AK. Long non-coding RNA: a versatile 
regulator of the nuclear factor-B signalling circuit. Immunology, 2017, 
150: 379–388.

63. Rapicavoli NA, Qu K, Zhang JJ, et al. A mammalian pseudogene 
lncRNA at the interface of inflammation and anti-inflammatory 
therapeutics. Elife, 2013, 2: e00762.

64. Ma S, Ming Z, Gong AY, et al. A long noncoding RNA, lincRNA-Tnfaip3, 
acts as a coregulator of NF-kappa B to modulate inflammatory gene 
transcription in mouse macrophages. FASEB J, 2017, 31: 1215–1225.

65. Liu BD, Sun LJ, Liu Q, et al. A cytoplasmic NF-kappa B interacting long 
noncoding RNA blocks I kappa B phosphorylation and suppresses 
breast cancer metastasis. Cancer Cell, 2015, 27: 370–381.

66. Krawczyk M, Emerson BM. p50-associated COX-2 extragenic RNA 
(PACER) activates COX-2 gene expression by occluding repressive 
NF-kappa B complexes. Elife, 2014, 3: e01776.

67. Wang YY, He L, Du Y, et al. The long noncoding RNA IncTCF7 
promotes self-renewal of human liver cancer stem cells through 
activation of wnt signaling. Cell Stem Cell, 2015, 16: 413–425.

68. Zhou M, Zhao HQ, Xu WY, et al. Discovery and validation of immune-
associated long non-coding RNA biomarkers associated with clinically 
molecular subtype and prognosis in diffuse large B cell lymphoma. 
Mol Cancer, 2017, 16: 16.

69. Derrien T, Johnson R, Bussotti G, et al. The GENCODE v7 catalog 
of human long noncoding RNAs: Analysis of their gene structure, 
evolution, and expression. Genome Res, 2012, 22: 1775–1789.

70. Lin L, Gu ZT, Chen WH, et al. Increased expression of the long 
non-coding RNA ANRIL promotes lung cancer cell metastasis and 
correlates with poor prognosis. Diagn Pathol, 2015, 10: 14.

71. Sun Y, Zheng ZP, Li H, et al. ANRIL is associated with the survival 
rate of patients with colorectal cancer, and affects cell migration and 
invasion in vitro. Mol Med Rep, 2016, 14: 1714–1720.

72. Qiu JJ, Lin YY, Ding JX, et al. Long non-coding RNA ANRIL predicts 
poor prognosis and promotes invasion/metastasis in serous ovarian 
cancer. Int J Oncol, 2015, 46: 2497–2505.

73. Hua L, Wang CY, Yao KH, et al. High expression of long non-coding 
RNA ANRIL is associated with poor prognosis in hepatocellular 
carcinoma. Int J Clin Exp Pathol, 2015, 8: 3076–3082.

74. Nie FQ, Sun M, Yang JS, et al. Long noncoding RNA ANRIL promotes 
non-small cell lung cancer cell proliferation and inhibits apoptosis by 
silencing KLF2 and P21 expression. Mol Cancer Ther, 2015, 14: 
268–277.

75. Yu WQ, Gius D, Onyango P, et al. Epigenetic silencing of tumour 
suppressor gene p15 by its antisense RNA. Nature, 2008, 451: 
202–206.

76. Zhang JJ, Du YY, Zhang XX, et al. Downregulation of BANCR 
promotes aggressiveness in papillary thyroid cancer via the MAPK 
and PI3K pathways. J Cancer, 2018, 9: 1318–1328.

77. Flockhart RJ, Webster DE, Qu K, et al. BRAF(V600E) remodels the 
melanocyte transcriptome and induces BANCR to regulate melanoma 
cell migration. Genome Res, 2012, 22: 1006–1014.

78. Sun M, Liu XH, Wang KM, et al. Downregulation of BRAF activated 
non-coding RNA is associated with poor prognosis for non-small 
cell lung cancer and promotes metastasis by affecting epithelial-
mesenchymal transition. Mol Cancer, 2014, 13: 68.

79. Xing Z, Lin AF, Li CL, et al. IncRNA directs cooperative epigenetic 
regulation downstream of chemokine signals. Cell, 2014, 159: 1110–
1125.

80. Godinho M, Meijer D, Setyono-Han B, et al. Characterization of 
BCAR4, a novel oncogene causing endocrine resistance in human 
breast cancer cells. J Cell Physiol, 2011, 226: 1741–1749.

81. Dong L, Lin WR, Qi P, et al. Circulating long RNAs in serum 
extracellular vesicles: their characterization and potential application 
as biomarkers for diagnosis of colorectal cancer. Cancer Epidemiol 
Biomarkers Prev, 2016, 25: 1158–1166.

82. Shui XL, Zhou CW, Lin W, et al. Long non-coding RNA BCAR4 
promotes chondrosarcoma cell proliferation and migration through 
activation of mTOR signaling pathway. Exp Biol Med, 2017, 242: 
1044–1050.

83.  Schmitt AM, Garcia JT, Hung T, et al. An inducible long noncoding 
RNA amplifies DNA damage signaling. Nat Genet, 2016, 48: 1370–
1376.

DOI 10.1007/s10330-018-0291-1
Cite this article as: Luo HL, Chang RJ, Chen XL. Long noncoding 
RNAs as diagnostic biomarkers associated with cancer phenotypes. 
Oncol Transl Med, 2018, 4: 151–157.


