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Alternative splicing of lncRNAs in human diseases
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Abstract: Alternative splicing (AS), a vital post-transcription process for eukaryote gene expression regulating, can 
efficiently improve gene utilization and increase the variety of RNA transcripts and proteins. However, AS of non-
coding RNAs (ncRNAs) has not been paid enough attention to compared with that of protein-coding RNAs (mRNAs) 
for a long time. In fact, AS of ncRNAs, especially long noncoding RNAs (lncRNAs), also plays a significant regulatory 
role in the human disease. Recently, some bifunctional genes transcribed into both mRNA and lncRNA transcripts by 
AS have been observed. Here, we focus on the AS of lncRNAs and bifunctional genes producing lncRNA transcripts 
and propose a strategy for the future research of lncRNA AS. 
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Introduction 

Eukaryotic genes are split genes that contain 
introns which need to be removed from pre-
mRNAs by splicing to form mature RNAs [1]. 
Previous studies have shown that a single pre-
RNA can be spliced into several mature RNAs 
by the process of alternative splicing [2, 3]. 
Surprisingly, more than 90% of human genes 
and 60% of plant genes undergo AS, suggest-
ing that AS occurs much more intensively than 
expected in eukaryotes [4-6]. Furthermore, 
both mRNAs and ncRNAs can be alternatively 
spliced [7]. However, studies have paid more 
attention to the AS of mRNAs than that of 
ncRNAs. Recently, increasing evidences have 
shown that alternative splicing of ncRNAs is 
even more common [7, 8].

Until now, ncRNAs have been defined as RNA 
transcripts that are transcribed by the genome 
and devoid of protein-coding potential. In fact, 
recent studies have suggested that there may 
not be an either-or relationship between mRNAs 
and ncRNAs. First, some lncRNAs have been 
found to contain short open reading frames 
(sORFs) that encode small peptides [9, 10]. 
Second, several studies have revealed that 
some mRNAs function directly at the RNA level 
independent of their proteins [11]. Additionally, 

it is increasingly being recognized that some 
genes can be transcribed into both mRNA tran-
scripts and ncRNA transcripts [12]. Although 
these results revoke the strict definition 
between mRNAs and ncRNAs, ncRNAs appear 
to stand with tremendous potential to be pro-
ceeded with. 

Our foci lncRNAs are heterogeneous ncRNAs 
with a length more than 200 nucleotides [13]. 
Currently, lncRNAs have been found to contrib-
ute significantly to various physiological pro-
cesses and the occurrence and development of 
multiple diseases [14-18]. It has been repeat-
edly demonstrated that lncRNAs regulate gene 
expression as competing endogenous RNAs or 
by involving in numerous signal pathways [19-
21]. Although with strong functions, lncRNAs 
were not actually discovered until the 1980s 
[22]. As the earliest discovered lncRNAs, XIST 
and H19 have been studied for a long time and 
have produced excellent results [23, 24]. 
However, various lncRNAs have captivated sci-
entists’ attention since the 21st century, when 
part of the work of the Encyclopedia of DNA 
Elements (ENCODE) Project and the human 
genome project showed that ncRNAs account 
for an overwhelming proportion of the human 
genome [25, 26]. Thus, there is still a long way 
to go to fully understand the role of lncRNAs in 
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various physiological and pathological process-
es. In this review, we focus on the AS of lnc- 
RNAs and bifunctional genes producing lncRNA 
transcripts.

Functions and mechanisms of alternative 
splicing

The high incidence of AS in eukaryotic genes 
extremely increases the variety and function of 
ncRNAs and proteins [4-6]. AS events play an 
important role in both physiology and pathology 
progresses. First, AS events show tissue-
dependent and developmental stage-depen-
dent manners [27, 28]. For example, a mass of 
AS events are observed during myogenesis  
and the AS of Mef2d and Rock2 regulated by 
Rbfox2 drives myoblast fusion to promote 
developmental transition [29]. Similarly, Key 
hematopoietic regulators manifest characteris-
tic alternative splicing patterns in hematopoi-
etic stem cells (HSCs), and the AS of HMGA2, 
one of these regulators, affects HSC properties 
[30]. In addition, AS events play a pivotal role in 
embryonic development, neurodevelopmental 
and pediatric liver development [31-33]. Se- 
cond, abnormal AS induces the switch to dis-
ease-specific transcripts to promote disease 
development. For instance, miR-193a-5p is 
reported to regulate splicing factor SRSF6-
mediated AS of oxoglutarate dehydrogenase-
like (OGDHL) and extracellular matrix protein 1 
(ECM1) to boost the epithelial-to-mesenchymal 
transition (EMT) in pancreatic cancer [34]. Si- 
milarly, RNA helicase MTR4 modulates hepato-
cellular carcinoma relevant AS through recruit-
ing polypyrimidine tract binding protein 1 
(PTBP1) to its target pre-mRNAs, thus promot-
ing tumorigenesis and cancer metabolic repro-
gramming [35]. Additionally, some genome-
wide analyses have revealed that disease- 
specific transcripts produced by abnormal AS 
are enriched in extensive human diseases [36-
39]. AS events also have a significant impact on 
the biogenesis and progression of other diseas-
es such as type 1 diabetes and neuropathic 
pain [40-42]. Therefore, AS events and their 
relevant splicing factors are expected to be new 
biomarkers for early diagnosis and prognostic 
prediction of diseases. In consideration of the 
vital role of AS in physiological processes and 
development of diseases, it is valuable to thor-
oughly investigate the mechanisms of AS, and 
to develop novel therapeutic strategies based 
on the abnormal AS in diseases.

Generally, AS has seven basic patterns includ-
ing exon skipping, mutually exclusive exons, 
intron retention, alternative 5’ splice site, alter-
native 3’ splice site, alternative first exons and 
alternative last exons [3]. Some genes have, 
hitherto, been reported to have only one AS 
pattern, such as Spo11 which has been found 
only cassette exon pattern [43]. While some 
genes have been reported to be spliced simul-
taneously in several AS patterns, such as 
CASC18 [44].

Splicing reactions are catalyzed by the spliceo-
some, a complex macromolecular machine 
consisting of at least five kinds of snRNAs and 
more than 200 snRNPs. In the splicing reac-
tion, spliceosome is assembled step by step at 
the splice site of the pre-RNA through a compli-
cated process [45, 46]. However, splice sites 
only provide splicing position information dur-
ing the splicing reaction. Generally, the use of 
splice sites is regulated by splicing regulatory 
cis-elements and trans-factors [47]. Cis-
elements are specific RNA sequence elements 
of pre-RNA and exert a positive or negative 
effect on the use of splice site. They can be 
classified into the following groups: exon splic-
ing enhancers (ESEs), exon splicing silencers 
(ESSs), intron splicing enhancers (ISEs) and 
intron splicing silencers (ISSs) [47]. Generally, 
cis-elements regulate splicing through recruit-
ing trans-factors which include two classic fam-
ilies, serine and arginine rich splicing factor (SR 
proteins) and nuclear heterogeneous ribonu-
cleoproteins (hnRNPs) [48, 49]. Considering its 
context-dependent activities, the interaction 
network consisting of cis-elements and trans-
factors exerts extremely complex regulatory 
functions to AS [47]. For example, different 
hnRNP family members could either facilitate 
splicing or inhibit splicing when they bind to the 
same position of a pre-RNA [50]; SR proteins 
suppress splicing when they bind to introns but 
activate splicing when they bind to exons [51]. 
Therefore, the overexpression of disease-asso-
ciated or mutational splicing factors can lead to 
abnormal regulation of AS and alter the splicing 
pattern of downstream molecules, thus pro-
moting the occurrence and development of dis-
eases [52-56]. Moreover, transcription, chro-
matin structure, DNA methylation, histone 
modification and RNA modification can also 
affect the use of AS regulatory elements 
[57-61].
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Furthermore, considering that lncRNAs exten-
sively affect gene expression by interacting 
with their target DNAs, RNAs and proteins, they 
could modulate AS at multiple levels [62-64]. 
Mechanically, on the one hand, lncRNAs can 
interact with splicing factors. For example, 
lncRNA SNHG6 was found to bind to hnRNPA1 
in order to induce hnRNPA1-coordinated spe-
cific splicing of PKM mRNA, resulting in the rise 
in PKM2/PKM1 ratio and the enhancement of 
aerobic glycolysis in colorectal cancer [65]. In 
addition to SNHG6, LUCAT1, LASTR and other 
lncRNAs have been proved to regulate AS by 
binding to splicing factors [42, 66]. On the other 
hand, lncRNAs can form RNA-RNA duplexes 
with target pre-mRNAs to regulate their AS. This 
was exemplified by the interaction between Fas 
pre-mRNA and lncRNA Saf, which contributes 
to the formation of the Fas isoform lacking exon 
6 [67]. Furthermore, lncRNAs could regulate AS 
by affecting chromatin remodeling [68, 69].

Regulatory role of alternative splicing of ln-
cRNA in human diseases

LncRNAs not only regulate AS of mRNAs, but 
also undergo AS similar to mRNAs, and lncRNA 
AS plays an important regulatory role in the 
occurrence and development of human diseas-
es [7]. Systematic analysis of alternative splic-
ing landscape across 8075 cancer patients 
demonstrates that tumors have up to 30% 
more AS events than normal samples, suggest-
ing that AS plays an important role in carcino-
genesis [70]. With the emergence of increasing 
studies on lncRNA AS in cancers, the regulation 
of lncRNA AS on carcinogenesis has been grad-
ually revealed. Several studies have demon-
strated that the regulation of lncRNAs on carci-
nogenesis shows a transcript-dependent man- 
ner. For instance, CRNDE-g has been reported 
to be the most abundant transcript among 
twelve transcripts of CRNDE in all detected 
cancer cell lines and be involved in the regula-
tion of aberrant cell proliferation [71]. Similarly, 
ZNF695 transcript variant 3, one of ZNF695 
lncRNA transcripts, is specifically upregulated 
in leukemia and has the ability to predict overall 
survival of B-cell acute lymphoblastic leukemia 
patients [72]. Surprisingly, it has been revealed 
that abnormal lncRNA AS could switch lncRNA 
splicing to the disease-specific transcripts to 
promote carcinogenesis. For example, the 
polypyrimidine tract binding protein 1 (PTBP1) 

mediates the alternative splicing of lncRNA 
LHFPL3-AS1 precursor towards LHFPL3-AS1-
long transcript which upregulates BCL2 protein 
to suppress apoptosis of melanoma stem cells 
[73]. Similarly, the risk-associated single nucle-
otide polymorphism (SNP) rs11672691 incre- 
ases PCAT19-long and decreases PCAT19-
short by mediating promoter-enhancer switch-
ing, thus regulating cell proliferation, tumor 
growth, and metastasis in prostate cancer [74]. 
Furthermore, Pvt1b, a transcript of lncRNA 
Pvt1, was proved to be induced by p53-mediat-
ed response to stress and repress Myc tran-
scription and inhibit cellular proliferation and 
tumor growth [75]. In summary, abnormal 
lncRNA AS induces the increase of disease-
specific lncRNA transcripts to promote carcino-
genesis. Therefore, a better understanding of 
underlying molecular mechanisms of lncRNA 
AS and relationships between lncRNA tran-
scripts involved in carcinogenesis may provide 
us effective therapeutic targets and predictive 
biomarkers.

In addition, lncRNA AS plays a similar role in 
other diseases. For example, in the brain of 
multiple system atrophy, the expression of 
linc00320-002 transcript was significantly 
upregulated compared with the normal brain, 
but no difference was observed in the expres-
sion of linc00320-006 and 007 transcripts 
[76]. Moreover, lncRNA AS has also been 
reported to be involved in developmental and 
neural differentiational regulation [44, 77].

Interrelationships between lncRNA transcripts 
in human disease regulation

As described above, lncRNAs could be spliced 
alternatively and lncRNA transcripts thus pro-
duced may even exceed our imagination (Table 
1). For instance, CRNDE gene produces at least 
twelve transcripts and CASC18 gene produces 
seven transcripts by AS [44, 71]. LncRNA tran-
scripts of a single pre-RNA may play different 
roles due to their differences in exons or introns 
resulting from AS. In addition, they may play 
similar roles, such as CASC2a/b and CASC2c, 
which can both inhibit tumor cell proliferation 
[78-80]. 

The main reason that different lncRNA tran-
scripts of a single pre-RNA have the same func-
tion may be that they retain the same function-
al site after alternative splicing. For instance, 
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Table 1. LncRNAs being alternatively spliced

LncRNA Transcripts involved Relationship between 
transcripts

Target genes or 
regulated genes Other significant results Diseases or processes References

CASC18 CASC18-A1, A2, B1, B2, C, D1, D2 Not investigated PAX6 CASC18-D has potential of being a neural 
cell differentiation marker

Neural differentiation [44]

CRNDE CRNDE-a, b, c, d, e, f, g, h, i, j, k, l Not investigated Not investigated CRNDE-g is the most expressed transcript 
in various cancer types

Various solid and hemato-
poietic malignancies

[71]

LHFPL3-AS1 LHFPL3-AS1-long and LHFPL3-AS1-short Not investigated miR-181a-5p and Bcl-2 PTBP1 mediates the alternative splicing 
of lncRNA LHFPL3-AS1 precursor towards 
LHFPL3-AS1-long transcript

Melanoma [73]

PCAT19 PCAT19-long and PCAT19-short reciprocal expression and clini-
cal relevance

HNRNPAB and a subset 
of cell-cycle genes

rs11672691 increases PCAT19-long and 
decreases PCAT19-short by mediating 
promoter-enhancer switching

Prostate cancer [74]

PVT1 Pvt1a and Pvt1b Opposite roles in the regulation 
of Myc

Myc Pvt1b is induced by p53-mediated re-
sponse to stress

Lung cancer [75]

Full-length transcript and transcript lacking 
exon 4 (PVT1ΔE4)

Similar roles in the proliferation 
of tumor cells and sponging 
miR-200s

miR-200s SRSF1 up-regulates the expression of 
PVT1ΔE4

Clear cell renal cell 
carcinoma

[85]

linc00320 linc00320-002, 006, 007 Not investigated Not investigated linc00320-002 is highly expressed in the 
white matter compared to grey matter in 
the multiple system atrophy brain and 
normal brain

Multiple system atrophy [76]

H19 H19 variant lacking part of exon 1 Not investigated Not investigated H19 variant lacking part of exon 1 is 
expressed in embryonic and placental not 
cancer issues

Embryonic and placental 
development

[77]

CASC2 CASC2a/b and CASC2c Similar roles in the proliferation 
of tumor cells

miR-18a, JNK, ERK1/2, 
β-catenin

None Hepatocellular carcinoma, 
gastric cancer and colorec-
tal cancer

[78-80]

LINC00477 LINC00477 isoform 1, 2 and 3 Opposite roles in the cell prolif-
eration and migration

ACO1 Isoform 1 suppresses the conversion ability 
from citrate to isocitrate by binding to ACO1

Gastric cancer [86]

PXN-AS1 PXN-AS1-L and PXN-AS1-S Opposite roles in the regulation 
of PXN and tumor development

PXN MBNL3 increases PXN expression by induc-
ing lncRNA-PXN-AS1 exon 4 inclusion

Hepatocellular carcinoma [87]

MALAT1 FL-MALAT1 and Δsv-MALAT1 Unique role for each transcript Genes involved in the 
PI3K/AKT pathway

The expression of Δsv-MALAT1 is likely to 
be regulated by YAP

Breast cancer [93]

GAS5 Full-Length (FL) and Clone 2 (C2) Unique role for each transcript P53, BRCA1, GADD45A FL rescues cell cycle arrest, while C2 
enhances cell apoptosis

Neuroblastoma [94]

MIR503HG at least four distinct transcripts in human 
placenta and multiple transcripts in other 
tissues

Not investigated Not investigated MIR503HG transcripts are downregulated 
in gynecological cancers

Gynecological cancers [104]
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Plasmacytoma variant translocation 1 (PVT1) is 
a kind of lncRNA proved to be upregulated in 
multiple cancers [81-84]. It has been proved 
that both PVT1 full-length transcript and PVT1 
transcript lacking exon 4 facilitate the develop-
ment of renal cancer through interacting with 
miR-200s, because the binding site to miR-
200s is not on exon 4 of PVT1 [85].

Compared to transcripts with similar functions, 
we are more interested in lncRNA transcripts 
which exert opposite functions in the develop-
ment of diseases. For example, LINC00477 is a 
lncRNA alternatively spliced into three tran-
scripts in gastric cancer [86]. Compared with 
normal tissues, the expression of LINC00477 
transcription 1 in gastric cancer tissues is 
down-regulated, while the expression of tran-
scription 2 is up-regulated [86]. And transcript 
1 and 2 have opposite effects on the prolifera-
tion and migration of gastric cancer cells [86]. 
This indicates that it is not rigorous to general-
ize the function of all transcripts of a single 
lncRNA at an overall level, because the function 
of different transcripts may be opposite. In 
addition, it was found that transcript 1 could 
interact with aconitase 1 (ACO1) to regulate 
iron metabolism and glycometabolism, while 
transcript 2 could not [86]. This is possibly 
because transcript 1 not transcript 2 has the 
special binding site to ACO1.

Why could different lncRNA transcripts of a sin-
gle pre-RNA show opposite characters in the 
disease development? Researchers focused 
on the mechanism of functional differences 
between two transcripts of PXN-AS1 in their 
study [87]. PXN-AS1 gene contains five exons, 
and produces two transcripts by AS. The longer 
lncRNA transcript PXN-AS1-L includes exon 4, 
while the shorter lncRNA transcript PXN-AS1-S 
skips exon 4. Its antisense chain gene encodes 
paxillin (PXN), a focal adhesion protein upregu-
lated in various tumors and involving in cell 
movement and migration by recruiting struc-
tural and signaling molecules [88]. Recent 
research found that splicing factor MBNL3 
increases PXN expression by inducing the PXN-
AS1 exon 4 retention, that is, increasing PXN-
AS1-L expression and decreasing PXN-AS1-S 
expression (Figure 1A) [87]. In other words, 
these two transcripts are antagonistic in the 
regulation of PXN expression. Mechanically, 
PXN-AS1-L exon 4 binds to the PXN mRNA 

3’UTR and prevents PXN mRNA degradation 
induced by miR-24-AGO, thereby upregulating 
the expression of PXN [87]. While PXN-AS1-S 
exon 5 inhibits PXN mRNA translation elonga-
tion by binding to its CDS, thereby reducing the 
expression of PXN [87]. Subsequently, another 
study has reported that PXN-AS1-L increases 
the expression of SAPCD2 protein by binding to 
SAPCD2 mRNA 3’UTR and inhibiting its degra-
dation induced by miRNAs-AGO2 [89]. In this 
case, does PXN-AS1-S also affect the expres-
sion of SAPCD2? In addition, a recent study has 
unraveled that PXN-AS1 functions as a compet-
ing endogenous RNA of miR-3064 [90]. Both 
two transcripts contain the binding site to miR-
3064, so are there any differences in the bind-
ing capacity of the two transcripts to miR-
3064? Although many questions remain to be 
answered, these studies provide a new direc-
tion to further explore lncRNA AS. The above 
studies suggest that different lncRNA tran-
scripts of a single gene produced by AS may 
have completely opposite effects on the down-
stream target molecules and even the occur-
rence and progression of diseases. Mechan- 
ically, this noteworthy phenomenon can be 
explained by the inclusion or exclusion of a cer-
tain functional site or the change of RNA sec-
ondary structure.

Furthermore, another relationship has been 
reported that different transcripts exert dispa-
rate functions respectively, neither the same 
nor the opposite. For example, metastasis-
associated lung adenocarcinoma transcript 1 
(MALAT1) is a nuclear-retained lncRNA that 
regulates AS and transcriptional control of 
oncogenes [91, 92]. Recently, Didier et al. 
found that besides full-length transcript 
(FL-MALAT1), MALAT1 is alternatively spliced 
into the other transcript, Δsv-MALAT1 which 
shows two deletion regions by AS [93]. From 
their investigation, it can be found that there is 
no considerable functional correlation between 
FL-MALAT1 and Δsv-MALAT1, in spite of their 
positively correlated expression correlation. 
First, FL-MALAT1 and Δsv-MALAT1 show nota-
bly different expression patterns. Compared 
with the normal breast tissue, FL-MALAT1 
increases in 14.1% tumors, while Δsv-MALAT1 
increases in 5.4% tumors and decreases in 
18.8% tumors. Second, Δsv-MALAT1 is obs- 
erved to play a critical role in aggressiveness of 
breast tumors, while FL-MALAT1 is not. Third, a 
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transcriptional regulation of Δsv-MALAT1 by the 
transcriptional co-activator YAP is observed, 
while FL-MALAT1 is not. Fourth, Δsv-MALAT1 
activates the PI3K/AKT pathway, while FL- 
MALAT1 does not. Through studying the func-
tional differences between the two MALAT1 
transcripts, the researchers emphasized the 
vital influence of AS on the functions of lncRNA 
transcripts. However, are the functional differ-
ences between the two MALAT1 transcripts 

TV4, TV5, TV6 and TV7. Among them, ZNF695_
TV1, ZNF695_TV4 and ZNF695_TV5 belong to 
mRNA, while ZNF695_TV3, ZNF695_TV6 and 
ZNF695_TV7 belong to lncRNA [72]. In addi-
tion, a recent study identified that PNUTS pre-
RNA is alternatively spliced into lncRNA-PNUTS 
besides PNUTS-mRNA and hnRNP E1 downreg-
ulates lncRNA-PNUTS expression by binding to 
an alternative splicing site of PNUTS pre-RNA 
[95]. They also found that lncRNA-PNUTS, not 

Figure 1. Research achievements of lncRNA alternative splicing in several 
investigations. A. MBNL3 increases the expression of PXN protein by induc-
ing the inclusion of lncRNA-PXN-AS1 exon 4 in hepatocellular carcinoma 
(HCC) cells. B. LncHOXA10 drives the transcription initiation of HOXA10 
by interacting and recruiting NURF chromatin remodeling complex to its 
promoter. C. UV irradiation causes a decrease in the expression of ASCC3 
mRNA and an increase in the expression of ASCC3 lncRNA transcript. And 
the two transcripts of ASCC3 play antagonistic effects on transcriptional 
recovery after DNA damage.

caused by the excluded frag-
ments? Does the excluded 
fragment simply cause a 
change in the sequence, or 
simultaneously change the 
RNA secondary structure? 
These questions remain under-
explored. Similarly, full-length 
transcript of GAS5 rescues cell 
cycle arrest, while C2 tran-
script drives apoptosis, indicat-
ing that these two transcripts 
of GAS5 have their own func-
tion separately in neuroblasto-
ma cancer [94]. In summary, 
different lncRNA transcripts of 
a single gene have relatively 
complex regulatory effects on 
physiological and pathological 
processes, which cannot be 
simply generalized at the over-
all level in the research.

Interrelationships between 
lncRNA transcripts and mRNA 
transcripts of bifunctional 
genes in human disease regu-
lation

With the increasing under-
standing of gene expression, 
emerging data have suggested 
that there are some bifunction-
al genes that can be alterna-
tively spliced into both mRNA 
and lncRNA transcripts (Table 
2). For example, ZNF695 is one 
of the members of the largest 
DNA-binding protein family, 
zinc finger protein family (ZNF), 
in mammals [72]. Ricardo et al. 
found that ZNF695 pre-RNA 
produces six transcripts by AS, 
including ZNF695_TV1, TV3, 
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Table 2. Bifunctional genes transcribed into both mRNA and lncRNA transcripts through alternative splicing

Gene mRNA transcripts LncRNA transcripts Relationship between 
transcripts

Target genes or 
regulated genes Other significant results Diseases or  

processes References

ZNF695 ZNF695 transcript 
variant TV1, TV4, TV5

ZNF695 transcript  
variant TV3, TV6, TV7

Not investigated Not investigated ZNF transcript variant TV3 has the potential to 
predict overall survival of leukemia patients

Childhood B-cell acute 
lymphoblastic leukemia

[72]

PNUTS PNUTS mRNA LncRNA-PNUTS Not investigated miR-205 HnRNP E1 regulates alternative splicing of 
PNUTS pre-RNA by binding to its splicing site

Breast cancer [95]

HOXA10 HOXA10 LncHOXA10 LncHOXA10 activates HOXA10 
transcription

PTEN SF3B1 modulates the alternative splicing of 
HOXA10; LncHOXA10 and HOXA10 promote 
liver tumor initiating cell self-renewal

Liver cancer [96, 100]

ASCC3 ASCC3 long isoform ASCC3 short isoform Opposite roles in transcriptional 
regulation

Not investigated Transcript elongation rates are reduced and 
transcriptions are restricted to the 5’ end of 
genes after UV irradiation

UV irradiation [101]

SAT1 SSAT1 SSATX SSATX functions as a melanoma 
tumor suppressor in a manner 
independent of SSAT1

Genes involved in the 
Wnt/β-catenin pathway

Repression of SSATX promotes cell prolifera-
tion, invasion, migration and colony formation

Melanoma [102]

SRA SRAP SRA Repression of SRA has no effect 
on SRAP

E-cadherin, N-cadherin, 
β-catenin, CCL21, p38

SRA regulates cancer cell proliferation, inva-
sion, EMT and distant metastasis

Melanoma [105]
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PNUTS-mRNA, interacts with miR-205 and 
decreases its bioavailability, thus playing a reg-
ulatory role in EMT [95].

For bifunctional genes that produce both mRNA 
and lncRNA transcripts, the interaction between 
the two kinds of transcripts has become the 
main concern of the study. For example, Shao 
et al. found that Homeobox A10 (HOXA10) 
lncRNA transcript promotes its mRNA tran-
script expression [96]. HOXA10, a member of 
the homeobox transcription factor family, 
effects the development of lung adenocarcino-
ma, gastric cancer and other cancers [97-99]. 
HOXA10 gene is composed of three exons and 
produces two transcripts of HOXA10 mRNA 
(containing exon 2 and exon 3) and lncHOXA10 
(containing exon 1 and exon3) by alternative 
splicing [96]. It was identified that lncHOXA10 
drives the transcription initiation of HOXA10 by 
interacting and recruiting NURF chromatin 
remodeling complex to its promoter, thus pro-
moting liver tumor initiating cell self-renewal 
and tumorigenesis (Figure 1B) [96]. Another 
study also found that splicing factor 3b subunit 
1 (SF3B1) regulates HOXA10 splicing to affect 
cell proliferation, apoptosis and cell cycle arrest 
in gastric cancer [100]. In conclusion, the lnc- 
RNA transcript of HOXA10 gene plays its bio-
logical function by promoting the expression of 
its mRNA transcript. However, whether HOXA10 
mRNA and its coding protein have a feedback 
effect on the expression of lncHOXA10 has not 
been reported, so the interaction between the 
two transcripts remains to be further studied.

In addition, mRNA and lncRNA transcripts of a 
single pre-RNA may exhibit antagonistic effects. 
For instance, Williamson et al. found that the 
two transcripts of ASCC3 play antagonistic 
effects on transcriptional recovery after DNA 
damage [101]. ASCC3 pre-RNA is alternatively 
spliced into two transcripts. The longer tran-
script encodes ASCC3 protein, while the short-
er transcript functions as a lncRNA. They found 
that UV irradiation causes a decrease in the 
expression of ASCC3 mRNA and an increase in 
the expression of ASCC3 lncRNA transcript. 
Further study revealed that ASCC3 protein 
maintains transcriptional inhibition, while 
ASCC3 lncRNA transcript facilitates transcrip-
tional recovery (Figure 1C) [101]. However, 
knockdown of one transcript has no effect on 
the expression of the other, indicating that the 

mechanism of antagonism between the two 
transcripts is not simply to regulate each oth-
er’s expression [101]. There are several specu-
lations as to the specific mechanism: one is 
that lncRNA transcript may regulate post-trans-
lational modification of ASCC3 protein, and the 
other is that lncRNA transcript may recruit 
another transcriptional regulator to promote 
transcriptional recovery after UV irradiation 
[101].

Furthermore, mRNA and lncRNA transcripts 
may be independent of each other. For exam-
ple, SAT1 gene is transcribed into two tran-
scripts, SSAT1 and SSATX. SSAT1 protein is a 
rate-limiting enzyme in the polyamine catabo-
lism and SSATX, the lncRNA transcript, is 
inserted a 110 bp exon between exon 3 and 
exon 4 of SSAT1 mRNA [102]. SSATX is down-
regulated in melanoma, and knockdown of 
SSATX activates the Wnt/β-catenin signaling 
pathway and promotes the proliferation, inva-
sion and migration of melanoma cells, which is 
not dependent on SSAT1 protein [102]. Since 
SSATX and SSAT1 sequences are exactly simi-
lar except for the insertion, there are several 
questions to be further studied: whether the 
tumor suppressor function of SSAT1 indepen-
dent of SSATX is the function of the additional 
exon, and whether the two transcripts have 
other functions in common. Overall, the above 
studies indicate that there may be a promoting 
or inhibiting relationship between mRNA tran-
script and lncRNA transcript of a single gene 
produced by AS, or they may function indepen-
dent of each other. 

Strategies to study different lncRNA transcripts 
produced by alternative splicing

Recently, a growing body of studies have found 
that some lncRNAs have more than two tran-
scripts, such as CRNDE and CASC18, which 
makes the comparative study of these tran-
scripts less effective, so researchers turned to 
adopt the method of studying specific exons 
directly [44, 71]. For example, PVT1 contains at 
least 12 exons and can produce multiple 
lncRNA transcripts by alternative splicing. The 
researchers considered PVT1 exon 9 as the 
research object, and focused on its function in 
the development of prostate cancer and in the 
resistance to androgen deprivation therapy 
[103]. This methodology suggests that for 
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genes with several transcript types, several 
exons and complicated functions, it is conve-
nient to study the function of certain exon sepa-
rately as a starting point.

One excellent application object of the above 
methodology could be exon 2 of linc00320. 
Exon 2 retention is the main feature that dif-
ferentiates linc00320-002 from linc00320-
006 and 007 transcripts. As mentioned above, 
linc00320-002 transcript not linc00320-006 
and 007 transcripts was upregulated in the 
brain of multiple system atrophy compared with 
the normal brain [76]. The explanation may be 
that exon 2 in linc00320-002 is likely to be 
involved in the pathogenesis of multiple system 
atrophy. Hence the function of exon 2 in multi-
ple system atrophy should be studied separate-
ly in subsequent studies.

However, the separate study of functional site 
cannot replace the study of the whole tran-
script, because a certain functional site may 
not necessarily perform its function in the 
whole RNA molecule with a specific secondary 
structure. For example, in the PXN-AS1 study 
above, the researchers found both two tran-
scripts contain exon 5 and put a noteworthy 
problem: why can PXN-AS1-S bind to the PXN 
mRNA CDS region, while PXN-AS1-L cannot? 
They proposed that the combination of PXN-
AS1-L exon 4 and PXN mRNA 3’UTR might pre-
vent PXN-AS1-L from binding to the PXN mRNA 
CDS region, and this proposition was proved by 
the fact that PXN mRNA binds to exon 4 more 
tightly than exon 5 [87]. Consequently, these 
results may provide potential strategies for fur-
ther lncRNA AS studies: even if different tran-
scripts contain the same functional site, their 
functions may vary due to the adjacent 
sequence of the functional site and changes in 
RNA structure. Therefore, the separate analysis 
of an exon or intron can explain the possible 
generality of the transcripts containing the 
exon or intron and provide ideas for subsequent 
studies, but it cannot replace the study of the 
whole transcript.

As described above, lncRNA-PNUTS has been 
found to competitively bind and inhibit miR-205 
[95]. Both mRNA transcript and lncRNA tran-
script share the miR-205 binding site, so why 
cannot the former bind to miR-205 to play the 
regulatory role? The researchers made the fol-
lowing two speculations: one is that the miRNA 

binding site is located in the CDS region of 
PNUTS mRNA, and ribosomal hindrance may 
affect the binding of miR-205 to the target site; 
the other is that the two transcripts may have 
distinct secondary structures, and the second-
ary structure of lncRNA-PNUTS is more prone to 
binding with miR-205 [95].

In summary, RNA transcripts of a single pre-
RNA may not have the same function even if 
they have the same functional site, because a 
certain functional site functions as a part of the 
whole RNA instead of on its own. Therefore, this 
review provides a relatively reasonable and rig-
orous strategy to study the functions of lncRNA 
transcripts produced by AS: for different lncRNA 
transcripts of a single pre-RNA produced by AS, 
it is necessary not only to investigate the func-
tions of different exons or introns separately, 
but also to study the similarities and differenc-
es between transcripts in disease regulation 
based on their context and RNA structure.

Conclusion and outlook

Despite masses of studies on lncRNAs, we 
have paid less than half a century’s attention to 
lncRNAs, and our understanding of its produc-
tion mechanism and function may be only a 
drop in the sea. In particular, the discovery of 
small peptides encoded by lncRNAs, bifunc-
tional genes and independent functional 
mRNAs reveals the limitations of our under-
standing of lncRNAs [9, 11, 12]. 

Studies have shown that AS exists widespread-
ly during gene expression. However, research-
ers have been focusing on mRNA AS rather 
than lncRNA AS for a long time. Recently, the 
burgeoning research on lncRNA AS indicates 
that lncRNA AS plays a critical regulatory role in 
the occurrence and development of human dis-
eases, especially cancers. Abnormal lncRNA AS 
resulting from various causes, including overex-
pression of disease-associated splicing factors 
and genotoxic and oncogenic stress, leads to a 
switch of lncRNA splicing to the disease-specif-
ic transcripts, thus promoting tumorigenesis 
[73, 75, 87]. Moreover, the interrelationships 
between transcripts in the regulation of diseas-
es are complex. Different lncRNA transcripts of 
a single gene may have the same or completely 
opposite or even unrelated functions. Further, 
there may be a mutually reinforcing or inhibiting 
relationship between transcripts. Therefore, it 
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is better to study functions of different tran-
scripts separately rather than to generalize all 
transcripts during fundamental research in 
order to better apply to clinical diagnosis and 
treatment.

Furthermore, in order to study the functions 
and relationships of different transcripts of 
lncRNAs more clearly, we propose a reasonable 
and rigorous research strategy: it is necessary 
not only to study the function of certain exon or 
intron individually, but also to study the func-
tional similarities and differences between 
transcripts in disease regulation based on their 
RNA structures. 

In conclusion, lncRNA AS events and their rele-
vant splicing factors can be used as biomark-
ers or therapeutic targets for various diseases, 
especially cancers. Further studies of lncRNA 
AS are required to explore the global landscape 
of disease-associated lncRNA AS, the regula-
tion mechanism of abnormal lncRNA AS and 
the specific role of lncRNA AS in the human dis-
ease regulation, thus to translate basic science 
research of lncRNA AS into clinical application.
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