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Abstract: Pancreatic cancer is one of the most deadly neoplasms and the seventh major cause of
cancer-related deaths among both males and females. This cancer has a poor prognosis due to the
lack of appropriate methods for early detection of cancer. Long non-coding RNAs (IncRNAs) have
been recently found to influence the progression and initiation of pancreatic cancer. MACC1-AS1,
LINC00976, LINC00462, LINC01559, HOXA-AS2, LINC00152, TP73-AS1, XIST, SNHG12, LUCAT1,
and UCAL1 are among the oncogenic IncRNAs in pancreatic cancer. On the other hand, LINC01111,
LINCO01963, DGCR5, MEG3, GAS5, and LINC00261 are among tumor suppressor IncRNAs in this
tissue. In the current review, we summarize the roles of these two classes of IncRNAs in pancreatic
cancer and discuss their potential as attractive diagnostic and prognostic biomarkers for pancreatic
cancer. We also identified that the low expression of MEG3, LINC01963, and LINC00261 and the high
expression of MACC1-AS1, LINC00462, LINC01559, and UCA1 were significantly correlated with
worse survival in pancreatic cancer patients. Further research on these IncRNAs will provide new
clues that could potentially improve the early diagnosis, prognostic prediction, and personalized
treatments of patients with pancreatic cancer.

Keywords: IncRNAs; pancreatic cancer; biomarker; diagnosis; prognosis

1. Introduction

Pancreatic cancer is one of the most deadly neoplasms as the whole number of deaths
from this neoplasm is nearly equal to the number of affected individuals. This cancer is
among the major causes of cancer-related demises among both males and females [1]. In
numerous countries, the records of new affected individuals and deaths from pancreatic
cancer have remained constant or slightly increased, most likely due to an increase in
the occurrence of lifestyle-related risk factors (such as obesity, diabetes, and alcohol)
or improvements in diagnostic procedures and cancer registry programs [2]. The most
common subtype of this neoplasm is pancreatic ductal adenocarcinoma (PDAC) as the
malignant cells originate from the ductal epithelium of the exocrine pancreas. PDAC is an
aggressive tumor with poor response to treatment options [3]. Furthermore, the diagnosis
of PDAC is delayed due to a lack of early diagnostic strategies. Another challenging issue
in the field of PDAC therapy is the genetic and phenotypic heterogeneity of this type of
malignancy [3]. These issues necessitate the identification of molecular pathways that are
involved in the initiation and progression of pancreatic cancer. Long non-coding RNAs
(IncRNAs) as a group of transcripts with regulatory functions have been found to partake
in the pathogenesis of almost all types of neoplasms [4]. LncRNAs are RNAs longer than
200 nucleotides and have no protein-coding capacity. They are mainly transcribed by RNA
polymerase II, yet other RNA polymerases are involved in their transcription [5]. While a
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number of IncRNAs are transcribed from intergenic regions (lincRNAs), others can overlap
with other genes in sense or antisense directions [5]. The presence of a 7-methyl guanosine
cap at the 5 end, a polyadenylated tail at the 3’ end and splicing are all characteristics
shared by IncRNAs and mRNAs. In addition, enhancer RNAs and promoter upstream
transcripts are other types of IncRNAs that are transcribed from enhancer and promoter
regions of genes, respectively [5]. LncRNAs have been found to induce numerous central
phenotypes of cancer cells through interacting with other biomolecules such as DNA,
proteins, and RNAs. Several cancer-related IncRNAs have been functionally annotated and
have been proposed as potential cancer therapeutic targets [4]. In pancreatic cancer cells,
numerous IncRNAs have been found to be dysregulated in association with progression of
cancer. Several IncRNAs have been annotated as oncogenic or tumor suppressor IncRNAs
in pancreatic cancer. In the current review, we focus on the summarization of the roles and
the potential clinical implications of IncRNAs in pancreatic cancer.

2. Oncogenic LncRNAs in Pancreatic Cancer

Expression of IncRNAs has been appraised in pancreatic cancer tissues and cell
lines using IncRNA microarray and qRT-PCR methods. These methods have resulted
in the identification of numerous differentially expressed IncRNAs between neoplastic
and non-neoplastic tissues. For instance, MACC1-AS1 has been identified as the most
over-expressed IncRNA in pancreatic cancer tissues in a study conducted by Qi C et al. [6].
Expression of MACC1-AS1 was particularly elevated in patients who had poor survival.
MACC1-AS1 silencing suppresses the proliferation and metastatic ability of pancreatic
cancer cells. Mechanistically, MACC1-AS1 enhances the expression of PAX8 protein, which,
in turn, increases aerobic glycolysis and activates NOTCHI1 signaling. In addition, the
expression of PAXS is increased in pancreatic cancer tissues in correlation with levels of
MACCI1-AS1 and the prognosis of patients with pancreatic cancer. Thus, the MACC1-
AS1/PAX8/NOTCHLI axis has been suggested as a putative target for the treatment of
pancreatic cancer [6]. The association between expression levels of LINC00976 and pancre-
atic cancer progression has been assessed using in situ hybridization (ISH) and qRT-PCR
methods. LINC00976 is up-regulated in pancreatic cancer tissues and cell lines in correla-
tion with poor survival of patients. LINC00976 silencing inhibits proliferation, migratory
potential and invasiveness of pancreatic cancer in vivo and in vitro. LINC00976 has been
found to target ovarian tumor proteases OTUD7B. This protein deubiquitinates EGFR and
influences the activity of MAPK signaling. Further studies have shown the role of the
LINC00976/miR-137/OTUD7B axis in the modulation of the proliferation of pancreatic
cancer cells [7]. Expression of LINC00462 in pancreatic cancer cells is induced by OSM.
Up-regulation of this IncRNA has been accompanied by enhancement of cell prolifera-
tion, acceleration of cell cycle progression, and inhibition of cell apoptosis and adhesion.
Moreover, LINC00462 up-regulation increases the migration and invasiveness of pancre-
atic cancer cells through enhancement of epithelial-mesenchymal transition (EMT) and
accelerated growth and metastasis of pancreatic cancer in vivo. Moreover, over-expression
of this IncRNA in clinical samples has been associated with larger tumor dimension,
poor tumor differentiation, advanced TNM stage, and higher probability of metastasis in
patients. Notably, LINC00462 has been demonstrated to have interaction with miR-665. Up-
regulation of LINC00462 leads to the enhancement of expressions of TGFBR1 and TGFBR2
and the subsequent activation of the SMAD2/3 pathway in pancreatic cancer [8]. Table 1
shows the information on oncogenic IncRNAs in pancreatic cancer. Figure 1 illustrates
the role of various IncRNAs in pancreatic cancer through regulating the TGF-3 /SMAD
signaling pathway.
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Table 1. List of up-regulated IncRNAs in pancreatic cancer (ANT: adjacent non-cancerous tissue; cell lines were used for

functional studies, apoptotic assays, and identification of partners of IncRNAs).

LncRNA Sample Cell Line Interaction Sﬁag&iw;‘}:g PS(}]I;LII‘CI:?;S Method Function Ref.
3 High expression
AsPC-1, Wes‘}fg I;%:t’m of LncRNA
54 pairs of BxPC3, Tumor stage, . & C90rf139 is
pairs o . RNA immuno- - :
C90rf139 d PANCI, miR- lymph recipitation, ~ associated with o
or tumor an PaCa-2, 663a/S0x12 - nodemetas- i x ¥ ' the poor clinico-
ANTs - - RNA pull-down, .
SW-1990, tasis . pathological
HPDE6-C7 luciferase feature of PC
reporter assay patients
Tumordiffe qRT-PCR, LncRNA CRNDE
SW-1990, rentiation, luciferase plays an
58 pairs of PANC- tumor size, reporter assays, oncogenic role in
CRNDE tumor and 1,CAPAN-1, miR-384 _ TNM stage, =~ Western blotting, PC tissue and [10]
ANTs JF305 BxPC- and lymph immunohistoch cell lines via
3,HPDE6-C7 nodal emistry (IHC) directly targeting
metastasis analysis miR-384
139 invasive In situ
ductal hybrld_lzatlon, Hl? @ffects cell
H19 ucta PANC-1 - - DNA microarray  motility but not [11]
carcinoma :
samples analysis, cell growth rate
gqRT-PCR
LncRNA
HOTAIR can
activate the
HPDE6-C7, c J AK}21/ ST/%TB
SU.86.86, qRT-PCR, pathway by
HOTAIR _ CFPPAC-1, miR-34a ]Alljfi{sVTaAB _ Western blotting, ~ targeting miR-34  [12]
SW-1990, Y RNA pull-down and then
PL45 enhancing the
proliferation and
invasion of PC
cells
HOTTIP
P 1 I'I{I%);‘Aélzof lumina H regulates the
anc-1, , umina Human - -
HOTTIP L36pL,and  HOXAII, - - V.3 HT12 R ro‘ﬂffsr;“g;‘a [13]
MiaPaCa2 HOXAO9, and Beadchip array POPLOSIS,
HOXA1 migration of PC
cells
enhancer of
16 pairs of zeste IncRNA
tumor and AsPC-1 homolog 2 HOXA-AS2
HOXA-AS2 ANTs, BxPC-3, (EZH2), _ _ qRT-PCR playsan = 1)
12 pairs of PANC-1 lysine oncogenic role in
tumor and specific pancreatic cancer
ANTs demethylase tissue
1(LSD1)
LINC00976 plays
. an oncogenic role
CFPAC-1, Tumor size, in pancreatic
MIA-PaCa-2, lymph nqde cancer tissue and
PANC-1, EGFR/MAPK me’(astas1sl, In sit promotes
BXPC- miR-137/ A perineura 1 St invasion,
LINC00976 _ 3,CFPAC-1, OTUD7B signaling invasion, hybridization migration, and 71
ASPC-1, pathway Vasg._ll?rlr;vaswn, (ISH), gRT-PCR proliferation via
Panc03.27, metisiralsis up-regulating
Capan-2 ability OTUD?B and
then targeting
miR-137
Over-expression
of LINC00462
Large tumor qRT-PCR, CCK-8 significantly
SW-1990, size, poor assay, Western promotes EMT
BxPC3,PANC- miR-665, SMAD2/3 tumor differ- blé)ttin and cell
LINCO00462 _ 1, AsPC-1, TGFBR1, signaling entiation, flow ¢ torﬁétr proliferation and [8]
CFPAC-1, TGFBR2 pathway TNM stage, Yl y suppresses cell
HPDE6-C7 distant , analyses, apoptosis via
metastasis ~ immunofluorescence up-regulating

TGFBR1 and
TGFBR2
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Table 1. Cont.

Signaling

Clinical

LncRNA Sample Cell Line Interaction Pathway Properties Method Function Ref.
High expression
of LINC01559
AsPC-1, RT-qPCR, RIP proelgl;?;(i:gi of
55 pairs of I?XII;CC-?’{ iR-1343 ERK Large CCI%fgaays’sa pancreatic cancer
LINC01559 tumor and il miise - signaling tumors, Y cells and [15]
MIA- PaCa-2, 3p/RAF1 lymphnode  Western blotting, isb _
ANTs SW-1990, pathway metastasis, immunohisto mEtasltatsls g 1;{)
HPDE chemistry (IHC) reguiating 8a
and activating
the ERK
pathway
LINCO00152 can
BxPC3, . ~ suppress
28 pairs of Pancl, ;{s{{sz P%]I:{)’UC ;ZSIS(a8 miR-150 and
LINC00152 tumor and AsPC1, miR-150 _ _ 3, = Y then promote [16]
ANTs SW-1990, luciferase pancreatic cancer
HPDE6.C7 reporter assay cells
progressions
qRT-PCR,
Western blotting,
PANC-1, fluorescent in LI}{\ICOO%}?
Capan-2, situ enhances the
LINCO00958 _ SW-1990, miR-330-5p _ _ hybridization EMT process and  [17]
BxPC- (FISH), metastatic ability
3,HPDE RNA immuno- of PC cells
precipitation
(RIP)
LUCATI can
GOpaitsof  Capand. - qRT-PCR, _enhance the
pairs o Capan2, tumor size, in situ invasion abilit
LUCAT1 tumor and AsPC-1, miR-539 _ lymphatic PR y [18]
ANT: PANC-1 fnvasion hybridization, of cells by
s HPDE6¢7 ’ Western blotting targeting
miR-539
LINC00994 acts
Microarrays, as an oncogene
10 pairs of PANC-1, MiR-765- qRT-PCR, and its inhibition
LINC00994 tumor and AsPC-1, 3p/RUNX2 _ _ flow cytometry, can suppress [19]
ANTs SW-1990 P luciferase assay, RUNX2 by
Western blotting targeting
miR-765-3p
qRT-PCR, RNA
pull-down, RNA  Its inhibition can
36 pairs of I])g,AII}ICC_f,l, tiTmu?Igl};)gecfipi— indlcllce ipoﬁtOSis
xPC-3, 143 ation , flow and autophagy
LINC01207 tumor and Mpanc-96, miR-143-5p _ _ cytometry, activity of PC [20]
ANTs d
PaTu-8988 immunofluorescencecells via targeting
staining, Western miR-143-5p
blotting
High expression
of LncRNA
MACC1-AS1 can
. IncRNA induce
t98 pairs Oé I?XII;CC-?’{ microarray, pancreatic cancer
MACC1L- it MIA-PaCard NOTCH1 qRT-PCR, cells proliferation
AST 124 airsg of Kpo PAX8 signaling _ luciferase and promote [6]
¢ P d AsPCA pathway analyses, metastasis
urngan Capan-1 RNAimmuno- through
s p precipitation regulating the
PAX8/NOTCH1
signaling
pathway
High expression
qRT-PCR, RNA of LncRNA
PANC-1, . . immunoprecipi- OIP5-AS1 can
110 pairs of BxPC-3, 1%1(1)1{)2‘]5219 ! ERK Tuépor size, tation, increase EMT
OIP5-AS1 tumor and AsPC-1, ’ istant RNA pull-down,  process, invasion,  [21]
ANTs CFPAC-, ERK pathway  metastasis, luciferase and PC cell
HPDE6-C7 p y 8 reporter assay, proliferation via
Western blotting activating the

ERK pathway




Biomolecules 2021, 11, 1665 50f17
Table 1. Cont.
LncRNA Sample Cell Line Interaction SI)lgnalmg Clinical Method Function Ref.
athway Properties
qRT-PCR,
Western blotting, PTV1 induces
gﬁﬁ}% RNA immunoig downregulation
30 pairs of , . precipitation of miR-519d-3p
PVT1 tumor and EXII)\ICC-?, miR-519d-3p glyc}(l) lysis lym}t)h tnqde (RIP) assay, RNA and then [22]
ANTs ! pathway metastasis ull-down assa romotes the
ASPC-1 p . P
He6C7 immunohisto- progression of
chemistry pancreatic cancer
(IHC)
: Inhibition of
78 t hybridization LncRINA
 Jotumot SW-1990, NOTCH Y ’ RP11-567G11.1
RP11- tissues and 7 - - CCKS8 and flow :
567G11.1 hon- tumor BxPC-3, _ signaling _ evtometr can induce [23]
) tissues PANC-1 pathway W y Y apoptosis and
esternglottmg, suppress cancer
qPCR cell proliferation
Flow cytometry,
RNA- The expression
fluorescencein  level of SBF2-AS1
PANC-1, situ hybridiza- is increased in
SB;/)\(/{)1C9-93(5 SMAD tion(FISH), M2 macrophage
SBF2-AS1 _ Capan? 4 miR—122-5p Sigl"lalil’lg _ qRT-PCR, exosomes and [24]
THP-1 pathway Western blotting, plays an
RNA immuno-  oncogenic role in
precipitation, pancreatic cancer
RNA pull-down tissue
assays
qRT-PCR, Flow
CZ:;@?EY High expression
PANC-1, . Tumor size, . ! of LncRNA
Sopaisof Wiy MRS o e SN an
SNHG7 tumor and BxPC-3 homolo _ metastasis, RI\% A immunz/— promote the [25]
ANTs AsPC-1, & lymph node P progression of
HPDE 1(Robol) metastasis precipitation PChb itivel
” (RIP) assay, RNA y posiuvely
pull-down assay, affecting Robol
Western blotting
LncRNA
SNHG12 can
HPDES, increase the
15 pairs of BxPC-3, gRT-PCR, flow invasion, EMT,
SNHG12 tumor and CAPANT1, miR-320b _ _ cytometry, and proliferation  [2¢]
ANTs PANCI, luciferase assay of cancer cells by
SW-1990 negatively
affecting
miR-320b
Increased
gxprecs;sion of
Poor tumor NHG14 can
CFPAC-1, differentia- ﬂf(izslcgi’m promote the
45 pairs of BxPC-3, tion, situ progression of
SNHG14 tumor and L3.6pl miR-613 _ advanced hybridization pancreatic cancer [27]
ANTs Panc-1, TNM stage, fl Y ’ by inhibiting
HPDE6C7 nodal ow cytometry, caspase-3 activity
metastasis Western blotting and
down-regulation
of miR-613
qRT-PCR, Flow
Cytometry, SNHG15 plays
tumor size, Western blotting, an oncogenic role
48 pairs of AsPC-1, 4 TNM RNA immuno- in pancreatic
SNHG15 tumor and BxPC-3, horzneglg 5 _ stage lymph precipitation, cancer tissue by [28]
ANTs HPDE6 8 node, chromatin inversely
metastasis immunoprecipi-  regulating target
tation genes

(ChIP)
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Table 1. Cont.
LncRNA Sample Cell Line Interaction Signaling Clinical Method Function Ref.
Pathway Properties
SPRY4-IT1 acts
qRT-PCR, as an oncogene
BxPC-3 Western blotting,  in PC tissue, and
SPRY4-IT1 _ P ANC-ll Cdc20 _ _ wound healing its inhibition [29]
assay, Transwell induces
assay depletion of PC
progression
High expression
HPDE6-C7
4 3 of IncRNA
77pairsof 100 TNM stage, ARTTCR, TP73-AS1
TP73-AS1 tumor and ’ miR-141 _ lymph node induces [30]
JE305, . reporter assays, . N
ANTs K metastasis : migration,
PANC-1, Western blotting . . drc
BxPC-3 invasion, and
cell proliferation
Low expression
PANC-1, Tumor size, of LncRNA
120 pairs of BxPC-3, depth of qRT-PCR, UCA1 can reduce
UCA1 tumor and C‘;a\})an—l, _ _ invasion, flow cytometry, the proliferation [31]
ANTs SW-1990, CA19-9level, Westernblotting,  of PC cells and
HPDE6C-7 tumor stage induce cell cycle
arrest
qRT-PCR,
Western blotting, anR{\TA UCAL
) g . histo acts as an
36 pairs of HPC-Y5, . Immunonis oncogene in PC
PANC-1, miR- chemistry, .
UCA1 tumor and SW-1990 96/FOXO3 _ _ fl tissue and cell [32]
ANTs ASPC-1 ow cytometry,  Jines via negative
S~ luciferase assay, regulating
RNA in situ miR-96
hybridization
LncRNA XIST
plays an
oncogenic role in
. 3 qRT-PCR, PC tissue
XIST 50 pairs 05 PANC-1, miR-141-3p, SiTS;:]ig luciferase through [33]
tuﬁ%]"an HEK293T TGF-p2 §thwag = reporter assay, targeting =
5 P y Western blotting ~ miR-141-3p and
the TGF-B
signaling
pathway
LncRNA XIST
Hecr Larger tumor can induce PC
c7/, SiZe, perineu- cell proliferation
64 pairs of  [atu89ss,SW- ralinvasion, ~ gRT-PCR, BrdU Ifhrough
p 1990, BxPC-3, miR- EGFR/ Akt lymph node cell proliferation .
XIST tumor and : : . ; negatively [34]
AsPC-1, 133a/EGFR signaling metastasis, assay, luciferase ;
ANTs X regulating
CFPAC-1, shorter reporter assay iR133a and
PANC-1 overall miklsoa an
survival positively
regulating EGFR
q-RT-PCR,
Western blotting Overexpression
immunofluores- of LncRNA
AsPC-1, cence assay, ZEB2-AS1
39 pairs of HPAC, miR-204/ luciferase induces cell
ZEB2-AS1 tumor and Cfpac-1, HMGB1 - - reporter assay,  proliferationand  [3°]
ANTs PANC-1, RNA-binding invasion by
HPDE protein immuno- negatively
precipitation s ing miR-204
(RIP) assay,

LncRNA array
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Figure 1. A schematic diagram shows the role of various IncRNAs in modulating the TGF- /SMAD signaling pathway in
pancreatic cancer. According to this cascade, when bioavailable TGF-f binds a homodimer of TBRII, transphosphorylation
of the TBRI can trigger the activation of kinase activity. SMAD proteins, the substrates for TBRI kinases, are downstream of
the BMP-analogous ligand-receptor systems. SMAD1, SMAD2, SMAD3, SMAD5, and SMADS can bind to membrane-
bound serine/threonine receptors and are up-regulated via their kinase function. As a co-factor, the Co-SMAD (SMAD4) can
bind to the up-regulated R-SMAD to create a complex that translocates into the nucleus. Consequently, -SMAD (SMAD?)
can deactivate the impacts of R-SMADs [36,37]. Previous studies have authenticated that several IncRNAs can play an
effective role in regulating the TGF-3/SMAD cascade in pancreatic cancer. LINC00462 can up-regulate expression levels of
TGFBR1 and TGFBR?2 and activate the SMAD2/3 pathway in pancreatic cancer cells through down-regulating miR-665
expression [8]. Furthermore, IncRNA XIST can promote TGF-[32 expression via inhibiting the expression of miR-141-3p,
thus enhancing cell proliferation, migration, and invasion of PC cells [33]. Green arrows indicate the up-regulation of target
genes by IncRNAs; red arrows depict the inhibitory effects of IncRNAs.

3. Tumor Suppressor LncRNAs in Pancreatic Cancer

LINCO01111 is a newly identified IncRNA that is significantly down-regulated in tissue
and plasma samples gathered from patients with pancreatic cancer. This IncRNA has been
found to exert tumor-suppressive effects. Notably, expression levels of LINC01111 have
been inversely correlated with the TNM stage but positively correlated with the survival
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rate of patients with pancreatic cancer. LINC01111 can suppress the proliferation, cell
cycle progression, invasiveness, and migratory potential of pancreatic cancer cells in vitro.
Moreover, it can suppress the tumorigenic potential and metastatic ability of neoplastic
cells in vivo. LINCO01111 over-expression leads to the up-regulation of DUSP1 through
sponging miR-3924. These events result in the inhibition of phosphorylation of SAPK,
therefore inactivating SAPK/JNK signaling in pancreatic cancer cells [38]. LINC01963 is
another down-regulated IncRNA in clinical samples of pancreatic cancer and cell lines.
Over-expression of LINC01963 leads to suppression of colony formation, attenuation of
cell cycle progression, and inhibition of proliferation and invasion of pancreatic cancer cells
while enhancing the apoptosis rate in these cells. More importantly, short hairpin RNA
targeting LINC01963 increases the tumorigenicity of pancreatic cancer cells in vivo. Func-
tionally, LINC01963 decreases the expression of miR-641, a miRNA that down-regulates
TMEFF2. Thus, LINC01963 suppresses the progression of pancreatic cancer through the
miR-641/TMEFF?2 axis [39]. MEG3 is another down-regulated IncRNA in pancreatic cancer
cells, the expression of which has been inversely correlated with the expression of PI3K.
In clinical samples, expression of MEG3 has been inversely correlated with tumor dimen-
sion, organ metastasis, and vascular invasion in pancreatic cancer. Functionally, MEG3
can suppress the progression of pancreatic cancer through regulation of the activity of
PI3K/AKT/Bcl-2/Bax/cyclin D1/P53 and PI3K/AKT/MMP-2/MMP-9 axes [40]. On the
other hand, the IncRNA GASS5 has been found to suppress metastasis of pancreatic cancer
via the regulation of the miR-32-5p/PTEN axis [41].

Several tumor suppressor IncRNAs exert prominent effects on cell apoptosis. For
instance, DGCRS5 functions as a molecular sponge for miR-27a-3p, a miRNA that regulates
the expression of BNIP3. Forced up-regulation of DGCRS in pancreatic cancer cells leads
to the down-regulation of miR-27a-3p. Furthermore, DGCRS5 regulates the expression of
BNIP3 and the activity of p38 MAPK via sponging miR-27a-3p. The miR-27a-3p/BNIP3
axis has been found to be the main mediator of the pro-apoptotic effects of DGCRS5 [42].
Table 2 shows the list of down-regulated IncRNAs in pancreatic cancer. Figure 2 shows
the role of several IncRNAs in regulating the PI3K/AKT, MAPK/ERK, and JAK2/STAT3
cascades in pancreatic cancer.

Table 2. List of down-regulated IncRNAs in pancreatic cancer (ANTs: adjacent non-cancerous tissue).

LncRNA Sample Cell Line Interaction SI,lagtI;;vh:yg Pgigrct?is Method Function Ref.
35 patients I Tumornode 1o well  ENST00000480739
ENST0000 with CFP, Aé—l’ 059 _ stage and invasion participates in [43]
0480739 pancreatic PANC-1 and lymph node assay, ELISA,  tumor metastasis -
cancer W1990 netastasis Western blot and progression
qRT-PCR,
EdU incorpo-
ration assay,
PTKIDC% Scmfcg LINCO1111 plays a
MIA-P C' . TNM stage woun tumor-suppresswe
2 SW—1%981 . SAPK/INK (ne aﬁvelg ) healing role in PC tissue
LINCO1111 _ Capan-2,’ miR-3924 signaling gauvely), assays, and cell lines via [38]
Panc 03.27 pathway sur.\t(lvall Western inhibition of the
s (positively) blotting, SAPK/JNK
CFPAC-1 _RNA signaling pathway
microarrays,
in situ hy-
bridization
qRT-PCR,
c tg?n“e]tr High expression of
PANC-1 yassa y LncRNA
7 bairs of CFPAC-T lucif 4 LINC01963 can
67 pairs o BxPC-3,” miR- Distantmetastasis, oo ao¢ induce inhibition
LINCO01963  tumor and SW-1990,  641/TMEFF2 - TNMstag 3553y of pancreatic [39]
ANTs AsPC1, . RNA _ cancer progression
HPDE6-C7 Hg;‘:;?g;e via negatively
Western ’ regulating miR-641

blotting
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LncRNA Sample CellLine Interaction sl}agt‘l‘:‘vtl;‘f nggrct?ls Method Function Ref.
qRT-PCR,
Western
blotting,
~ RNA
immunopre-
cipitation Down-regulation
i SW-1990, (RIP), RNA  of IncRNA DGCR 5
DGCRS 20 pairs of PANC-1, miR-27a- p38 MAPK pull-down affects apoptosis [(42]
tu%%ﬂnd HPDE6-C7 3p/BNIP3 pathway - assay, through regulating
luciferase BNIP3 and the p38
reporter MAPK pathway
assay,
flow
cytometric
(FCM)
analysis
g}%K/ /AKTI[ Bcl- L hist.
ax/cyclin mmunohisto
30 pairs of DI/PS3and  Tumorsize, ~ chemistry = LNCRRANVEGS
MEG3 tumor and PANC-1 PI3K protein PI31\I§[{\/IAI,KT/ metastasis, (IHC) assay, tumor-suppressor [40]
- and vascular qRT-PCR, : .
ANTs 2/MMP-9 invasion in PC tissue and
signalin; Western cell lines
& & blotting
pathways
qRT-PCR,
Western
blotting, flow
cytometry
. lysis GASS exhibits
22 pairs of PANC-1 PTEN anatysis, t
, . . - RNA UmMor suppressor )
GAS5 tu%ﬁﬂnd HEI;J)]%)]%-_S‘C miR-32-5p 51§trk11avl\:2g immunopre- activity in PDAC [41]
P y cipitation tissue samples
(RIP) assay,
RNA
pull-down
assay
A low expression
Cg)ngCCél, qRT-PCR, level of LINCO%%:&
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Figure 2. A schematic representation shows that several IncRNAs regulate the PI3K/AKT, MAPK/ERK and JAK2/STAT3
pathways in pancreatic cancer. Growth factor-driven RTK (e.g., EGFR) or cytokine (e.g., IL- 6) signaling can trigger the
activation of PI3K/AKT, MAPK/ERK, and JAK2/STAT3 cascades. LncRNAs can affect the activity of these cascades. For
instance, HOTAIR can trigger the activation of the JAK2/STAT3 pathway via down-regulating miR-34a expression, thus
promoting invasion and migration of pancreatic ductal adenocarcinoma [12]. In addition, GAS5 can up-regulate PTEN
expression by down-regulating the expression level of miR-32-5p, therefore inhibiting pancreatic cancer metastasis [41].
LINCO01559, through sponging miR-1343-3p, can up-regulate RAF1 expression that can further activate the ERK signaling
pathway, thereby enhancing pancreatic cancer progression and metastasis [15]. Green arrows indicate the up-regulation of
target genes modulated via IncRNAs; red arrows depict the inhibitory effects.

4. Diagnostic Role of LncRNAs in Pancreatic Cancer

The diagnostic role of IncRNAs in pancreatic cancer is appraised by depicting receiver
operating characteristic (ROC) curves. The calculated values for the area under these curves
(AUC values) for a number of these IncRNAs are more than 0.8, suggesting the potential
of these IncRNAs as diagnostic markers for pancreatic cancer (Table 3). For instance,
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the expression of LINC00675 is firstly assessed in a small cohort of PDAC tissues and
chronic pancreatitis tissues through microarray screening. At the next step, these results
are validated in larger cohorts of patients using the qRT-PCR method. Over-expression
of LINCO00675 is significantly correlated with lymph node metastasis, perineural invasion,
and poor clinical outcome of patients with pancreatic cancer. Notably, this IncRNA has
a 0.893 AUC value for predicting the progression of pancreatic cancer within one year.
Moreover, the AUC value for the prediction of tumor progression within six months is
0.928. Thus, LINCO00675 is a potential diagnostic marker for the prediction of recurrence in
PDAC patients following radical surgical resection [45].

Table 3. Diagnostic role of IncRNAs in pancreatic cancer (ANT: adjacent non-cancerous tissue).

Detection Method for

Area Under the Curve

LncRNA Expression Pattern LncRNAs Sample (AUC) References
LncRNA-UFC1 Up-regulation qRT-PCR 48 serum samples of patients 0.810 [47]
RP11-263F15.1 Up-regulation Microarray, qRT-PCR 71 pairs of tumor and ANTs 0.843 [48]

~ g . 3 15 serum samples of patients y
ABHD11-AS1 Up-regulation qRT-PCR and 30 healthy individuals 0.887 [49]
LINC00675 Up-regulation Microarray, qRT-PCR 45 pairs of tumor and ANTs 0.928 [45]
. 60 serum samples of patients =
HULC Up-regulation qRT-PCR and 60 healthy individuals 0.856 [50]
C9orf139 Up-regulation qRT-PCR 54 pairs of tumor and ANTs 0.923 [46]
0.84 (cancer vs. benign
PVT1 Up-regulation qRT-PCR Salivary samples from 55 lesion), 0.90 (cancer vs. [51]
patients with resectable healthy state)
pancreatic cancer, 20 patients 0.86 (cancer vs. benign
HOTAIR Up-regulation qRT-PCR with benign pancreatic lesions, lesion), 0.88 (cancer vs.

and 55 normal controls healthy state)

C90rf139 is another up-regulated IncRNA in the tissues and sera of patients with
pancreatic cancer that has diagnostic value in clinical settings since the AUC value of
this IncRNA has been estimated to be 0.923. Over-expression of this IncRNA has been
associated with a higher possibility of cancer progression to advanced stages, lymph node
metastasis, and poor differentiation [46].

Moreover, serum levels of UFC1 expression are relatively higher in patients with
pancreatic cancer compared with healthy controls. ROC curve analyses have shown that
the serum levels of this IncRNA can separate pancreatic cancer patients from healthy
subjects with an AUC value of 0.810. Moreover, serum levels of UFC1 have been associated
with lymph nodes involvement, metastases to distant organs, and clinical stage [47].

5. Prognostic Role of LncRNAs in Pancreatic Cancer

The prognostic role of IncRNAs in pancreatic cancer has been validated in several
investigations (Table 4). Many IncRNAs with potential application as diagnostic mark-
ers have also been demonstrated to have prognostic potential. For instance, UFC1 not
only serves as a diagnostic marker but also facilitates the prediction of the prognosis of
pancreatic cancer. Based on the results of the Kaplan-Meier analysis, over-expression of
UFC1 has been associated with shorter progression-free survival and overall survival rates.
Multivariate analyses have also shown the potential of UFC1 expression levels as an inde-
pendent prognostic factor for pancreatic cancer [47]. UNX1-IT1 is another IncRNA whose
expression levels have been correlated with differentiation grade of tumors, lymph node
involvement, and clinical stage. Over-expression of RUNX1-IT1 has also been correlated
with a significant reduction in overall survival. Based on univariate and multivariate Cox
regression analyses, over-expression of RUNX1-IT1 has been identified as a factor that
increases the risk of mortality from pancreatic cancer [52]. ENSG00000254041.1 is another
novel IncRNA whose expression is particularly elevated in pancreatic cancer samples with
high EMT signature scores. Multivariate analyses have proposed ENSG00000254041.1 as
an independent factor for pancreatic cancer [53]. Previous survival analyses performed on
pancreatic cancer patients revealed that patients with low MEG3 expression had a worse
prognosis [54]. Consistent with this result, our Kaplan—-Meier analysis by the KM-plotter
database has shown that MEG3 expression is positively correlated with longer overall
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survival in pancreatic cancer patients (Figure 3). Our survival analysis also indicated
that an increased expression of IncRNA LINCO01963 and LINC00261 were significantly
associated with better overall survival in pancreatic cancer patients (Figure 3). In con-
trast, upregulation of IncRNA MACC1-AS1, LINC00462, LINC01559, and UCA1 predicted
shorter overall survival in pancreatic cancer patients (Figure 4).

Table 4. Prognostic role of IncRNAs in pancreatic cancer (ANT: adjacent non-cancerous tissue).

LncRNA Expression Pattern Sample Kaplan-Meier Analysis Multivariate Analysis References
. Overexpression of Expression Of, lncRNA
83 tumor tissues and 38 IncRNA RUNXI-IT1 RUNXI-IT1 was identified as
RUNX1-IT1 Up-regulated ANTs and 15 normal ne . - an independent prognostic [52]
ancreatic tissues was associated with factor f H
p poor overall survival actor for pancreatic cancer
patients
70 pairs of tumor and fts high expression was ENS%(&rgggiz%zgillchﬁe an
ENSG00000254041.1 Up-regulated ANTSs assoc1atT1d with p(l)or independent pr edictor of [53]
overafl surviva pancreatic cancer survival
Expression of IncRNA
45 pairs of t d Its high expression was MALATI1 can be an
MALAT1 Up-regulated pairs oNifsmor an associated with poor independent prognostic factor [54]
disease-free survival for disease-specific survival in
patients
Low expression of Low expression of IncRNA
. LOC285194 can be an
LOC285194 Down-regulated 85 pairs oth%lsmor and &;ﬂ?&&%ﬁ%&?ﬁ independent poorprognostic [55]
poor overall survival factor in pancreatic cancer
patients
Overexpression of
IncRNA-UFC1 was Expression levels of
48 serum samples of associated with shorter IncRNA-UFC1 were identified ,
LncRNA-UFCL Up-regulated patients progression-free as independent prognostic [47]
survival and overall factors in patients
survival
Inlc{lisf iezdérf:clI;I\lIA The expression level of
71 pairs of tumor and i ) IncRNA RP11-263F15.1 was /
RP11-263F15.1 Up-regulated expression level was . . 48
preg NTs asfociate d with poor not 1ndepend§nt of prognostic (48]
overall survival factors in patients
Overexpression of
~ 30 pairs of tumor and IncRNA BC008363 5
BC008363 Down-regulated NTs indicated better overall - [56]
survival
Increased LncRNA
25 pairs of tumor and MEG3 expression was _
MEG3 Down-regulated ANTs associated with longer - 1571
overall survival
A high expression level The expression level of
25 pairs of tumor and of LncRNA HULC was LncRNA HULC identified as =
HULC Up-regulated NTs associated with shorter an independentpredictor for (58]
overall survival overall survival
MEG3 LINC01963 LINC00261
[S) o o
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o logrank P = 0.0067 ‘Hu logrank P = 0.0011 L\ logrank P = 0.0016
o] 4 o | o |y,
= i o i;’ o "
N "y
> o " > o t‘ el te)
=S K f g o 1 § o B b
: , 2 " £ b
£ 3] \ B3l Lt 831 L e
4 4 1 -v—] "’(.r
o~ . o~ . S ~ ) L
o 7 Expression o 7| Expression o | Expression
— low — low — low
g high o high o high
T T T T o T T © T T T
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

Time (months)

Time (months)

Time (months)

Figure 3. The prognostic value of IncRNA MEG3, LINC01963, and LINC00261 in pancreatic cancer patients was analyzed
using the KM-plotter database.
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Figure 4. The prognostic value of IncRNA MACC1-AS1, LINC00462, LINC01559, and UCAL in
pancreatic cancer patients was investigated using the KM-plotter database.

6. Discussion

Non-coding RNAs have important roles in the pathoetiology of human disorders [59].
LncRNAs can be classified based on their genomic locations into four classes, namely,
intergenic IncRNAs (such as LINC00462 and LINCO00958), which are transcribed from
intergenic regions of either sense or antisense strands; intronic IncRNAs, which are tran-
scribed totally from the intronic regions of protein-coding genes; sense IncRNAs, which
are transcribed from the sense strand of protein-coding genes and encompass exons; and
antisense IncRNAs (such as MACC1-AS1 and HOXA-AS2), which are transcribed from
the antisense strand of protein-coding genes [60]. These transcripts have a crucial impact
on gene expression through different mechanisms, namely, transcriptional interference,
chromatin remodeling, regulation of splicing events, modulation of translation through
binding to translation factors or ribosomes, acting as competing endogenous RNAs for
miRNAs, altering localization of proteins, modulation of telomere replication, and RNA
interference [60,61]. Based on these diverse roles in cellular and biochemical processes,
IncRNAs have been suggested as disease biomarkers and therapeutic targets. Suppression
of expression of over-expressed IncRNAs has been suggested as a therapeutic option for
human diseases. This aim has been accomplished through the application of RNAi meth-
ods, degradation of IncRNAs by RNase H, antisense oligonucleotides, or application of the
genome-editing strategy CRISPR/Cas9 [62].

LncRNAs can affect the growth, migration, and invasion of pancreatic cancer [63].
These transcripts have been suggested as a key class of pervasive genes participating
in tumorigenesis and metastasis [64]. They have been demonstrated to partake in the
pathobiology of pancreatic cancer via different mechanisms, among which is the modula-
tion of cancer-related pathways such as JAK2/STAT3, EGFR/MAPK, ERK, NOTCH, and
PTEN pathways. The EMT process is an important process for the progression of cancer
metastasis and is affected by several IncRNAs in pancreatic cancer. LINC00462, LINC00958,
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SNHGI12, and OIP5-AS1 are among IncRNAs whose roles in the progression of EMT have
been validated in pancreatic cancer.

Although several mechanisms have been found as routes of participation of IncR-
NAs in the carcinogenesis of pancreatic cancer at the molecular level, the interaction be-
tween IncRNAs and miRNAs seems to be the most appreciated route. LINC00976/miR-
137, LINC00462 /miR-665, LINC00976 / miR-137, LINC01559/miR-1343-3p, LINC00152 /miR-
150, TP73/miR-141, XIST/miR-141-3p, SNHG12/miR-320b, LUCAT1/miR-539, LINC00958 /
miR-330-5p, CRNDE/miR-384, SNHG?7 /miR-146b-5p, ZEB2-AS1/miR-204, PVT1/miR-
519d-3p, SNHG14/miR-613, SBF2-AS1/miR-122-5p, LINC00994/miR-765-3p, and LINCO01
207 /miR-143-5p are among the identified pairs between oncogenic IncRNAs and tumor
suppressor miRNAs that are sponged by these IncRNAs. On the other hand, some tu-
mor suppressor IncRNAs have been found to act as sponges for oncogenic miRNAs.
LINC01111/miR-3924, LINC01963/miR-641, DGCR5/miR-27a-3p, GAS5/miR-32-5p, and
LINC00261/miR-23a-3p axes are examples of the latter type of IncRNA /miRNA interac-
tions in the context of pancreatic cancer. LncRNAs might also act as decoys, scaffolds,
and enhancers [65]. However, these modes of action have not been completely assessed
in the context of pancreatic cancer. The main challenge in the field of IncRNAs is that
the underlying mechanism of action of many of these transcripts is not yet entirely clear.
Additional perception of the biological impact and function of IncRNAs would require
further investigations to be accomplished, which might result in the discovery of some
currently unidentified modes of action. Another perplexing factor in comprehending the
mechanism of IncRNA function is that IncRNAs might use more than one mode of action
to exert their regulatory roles on gene transcription [66].

Several IncRNAs, including IncRNA-UFC1, RP11-263F15.1, ABHD11-AS1, LINC00675,
HULC, and C90rf139, have been shown to have the potential to be included in diagnostic
approaches for pancreatic cancer. Therefore, combinations of expression amounts of these
IncRNAs might enhance the efficiency of diagnosis of pancreatic cancer, particularly using
non-invasive methods conducted on biofluids obtained from patients.

Expression of IncRNAs can also predict the behavior of pancreatic cancer. RUNX1-IT1,
ENSG00000254041.1, MALAT1, LOC285194, LncRNA-UFC1, RP11-263F15.1, BC008363,
MEGS3, and HULC are among IncRNAs whose expressions have been correlated with the
survival of patients with pancreatic cancer.

Oncogenic IncRNAs can be targeted by strategies such as sShRNAs or antisense oligonu-
cleotides [67]. Another promising strategy in this regard is the use of emerging routes of
genome editing such as the CRISPR system [68]. However, several biosafety and bioavail-
ability issues should be solved before the wide application of these techniques in clinical
settings. Moreover, the context-dependent functions of IncRNAs should be completely clar-
ified to avoid any detrimental effects when applying anti-IncRNA therapeutic modalities.

In brief, IncRNAs have pivotal roles in the pathogenesis of pancreatic cancer and have
applications in diagnostic and prognostic approaches to this cancer. Based on the results of
in vitro and in vivo experiments, modulation of expression of IncRNAs can be regarded as
an appropriate strategy for the treatment of pancreatic cancer. The IncRNAs that have been
previously reported in the literature and those IncRNAs identified in this study have the
potential to serve as novel diagnostic, prognostic, and individualized treatment-predictive
biomarkers for pancreatic cancer.

Author Contributions: Conceptualization, M.T. and P.D.; original draft preparation, S.G.-F. and M.E;
review and editing, T.Z. All authors have read and agreed to the published version of the manuscript.
Funding: The research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.



Biomolecules 2021, 11, 1665 15 0f 17

References

1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA A Cancer ]. Clin. 2021, 71, 7-33.

2. Arnold, M.; Abnet, C.C.; Neale, R.E.; Vignat, J.; Giovannucci, E.L.; McGlynn, K.A.; Bray, F. Global burden of 5 major types of
gastrointestinal cancer. Gastroenterology 2020, 159, 335-349.e315. [CrossRef]

3.  Grant, T.J,; Hua, K; Singh, A. Molecular Pathogenesis of Pancreatic Cancer. Prog. Mol. Biol. Transl. Sci. 2016, 144, 241-275.

4. Schmitt, A.M.; Chang, H.Y. Long Noncoding RNAs in Cancer Pathways. Cancer Cell 2016, 29, 452-463. [CrossRef]

5. Statello, L.; Guo, C.-J.; Chen, L.-L.; Huarte, M. Gene regulation by long non-coding RNAs and its biological functions. Nat. Rev.
Mol. Cell Biol. 2021, 22, 96-118. [CrossRef]

6. Qi C; Xiaofeng, C.; Dongen, L.; Liang, Y.; Liping, X.; Yue, H.; Jianshuali, J. Long non-coding RNA MACC1-AS1 promoted
pancreatic carcinoma progression through activation of PAX8/NOTCHI signaling pathway. J. Exp. Clin. Cancer Res. 2019, 38,
1-12. [CrossRef]

7.  Lei, S;He, Z.; Chen, T.; Guo, X.; Zeng, Z.; Shen, Y.; Jiang, ]. Long noncoding RNA 00976 promotes pancreatic cancer progression
through OTUD7B by sponging miR-137 involving EGFR/MAPK pathway. . Exp. Clin. Cancer Res. 2019, 38, 1-15. [CrossRef]

8. Zhou, B.; Guo, W,; Sun, C.; Zhang, B.; Zheng, F. Linc00462 promotes pancreatic cancer invasiveness through the miR-665/TGFBR1-
TGFBR2/SMAD2/3 pathway. Cell Death Dis. 2018, 9, 1-15. [CrossRef]

9.  Agiannitopoulos, K.; Samara, P.; Papadopoulou, M.; Efthymiadou, A.; Papadopoulou, E.; Tsaousis, G.N.; Mertzanos, G.;
Babalis, D.; Lamnissou, K. miRNA polymorphisms and risk of premature coronary artery disease. Hell. J. Cardiol. 2020, 62,
278-284. [CrossRef]

10. Wang, G.; Pan, J.; Zhang, L.; Wei, Y.; Wang, C. Long non-coding RNA CRNDE sponges miR-384 to promote proliferation and
metastasis of pancreatic cancer cells through upregulating IRS 1. Cell Prolif. 2017, 50, €12389. [CrossRef]

11. Yoshimura, H.; Matsuda, Y.; Yamamoto, M.; Michishita, M.; Takahashi, K.; Sasaki, N.; Ishikawa, N.; Aida, J.; Takubo, K.;
Arai, T, et al. Reduced expression of the H19 long non-coding RNA inhibits pancreatic cancer metastasis. Lab. Investig. 2018, 98,
814-824. [CrossRef]

12. Deng, S.; Wang, J.; Zhang, L.; Li, J.; Jin, Y. LncRNA HOTAIR Promotes Cancer Stem-Like Cells Properties by Sponging miR-34a to
Activate the JAK2/STAT3 Pathway in Pancreatic Ductal Adenocarcinoma. OncoTargets Ther. 2021, 14, 1883. [CrossRef] [PubMed]

13. Cheng, Y,; Jutooru, I.; Chadalapaka, G.; Corton, J.C.; Safe, S. The long non-coding RNA HOTTIP enhances pancreatic cancer cell
proliferation, survival and migration. Oncotarget 2015, 6, 10840-10852. [CrossRef] [PubMed]

14. Lu, J.; Wei, ].-H.; Feng, Z.-H.; Chen, Z.-H.; Wang, Y.-Q.; Huang, Y.; Fang, Y.; Liang, Y.-P.; Cen, ]J.-J.; Pan, Y.-H. miR-106b-5p
promotes renal cell carcinoma aggressiveness and stem-cell-like phenotype by activating Wnt/ 3-catenin signalling. Oncotarget
2017, 8, 21461. [CrossRef]

15. Chen, X.; Wang, J.; Xie, F.; Mou, T.; Zhong, P.; Hua, H.; Liu, P,; Yang, Q. Long noncoding RNA LINC01559 promotes pancreatic
cancer progression by acting as a competing endogenous RNA of miR-1343-3p to upregulate RAF1 expression. Aging 2020,
12, 14452. [CrossRef]

16. Yuan, Z.-].; Yu, C; Hu, X.-F; He, Y,; Chen, P; Ouyang, S.-X. LINC00152 promotes pancreatic cancer cell proliferation, migration
and invasion via targeting miR-150. Am. J. Transl. Res. 2020, 12, 2241. [PubMed]

17.  Chen, S.; Chen, J.-Z.; Zhang, ] .-Q.; Chen, H.-X,; Qiu, E-N.; Yan, M.-L.; Tian, Y.-F; Peng, C.-H.; Shen, B.-Y.; Chen, Y.-L. Silencing of
long noncoding RNA LINC00958 prevents tumor initiation of pancreatic cancer by acting as a sponge of microRNA-330-5p to
down-regulate PAXS8. Cancer Lett. 2019, 446, 49-61. [CrossRef] [PubMed]

18.  Chakraborty, T.; Bhattacharyya, A.; Pattnaik, M. Theta autoregressive neural network model for COVID-19 outbreak predictions.
Medrxiv 2020. [CrossRef]

19. Zhu, X.; Niu, X;; Ge, C. Inhibition of LINC00994 represses malignant behaviors of pancreatic cancer cells: Interacting with
miR-765-3p/RUNX2 axis. Cancer Biol. Ther. 2019, 20, 799-811. [CrossRef]

20. Liu, C.; Wang, J.-O.; Zhou, W.-Y,; Chang, X.-Y,; Zhang, M.-M.; Zhang, Y.; Yang, X.-H. Long non-coding RNA LINC01207 silencing
suppresses AGR2 expression to facilitate autophagy and apoptosis of pancreatic cancer cells by sponging miR-143-5p. Mol. Cell.
Endocrinol. 2019, 493, 110424. [CrossRef]

21. Wu, L,; Liu, Y,; Guo, C.; Shao, Y. LncRNA OIP5-AS1 promotes the malignancy of pancreatic ductal adenocarcinoma via regulating
miR-429/FOXD1/ERK pathway. Cancer Cell Int. 2020, 20, 1-13. [CrossRef]

22. Sun,].; Zhang, P; Yin, T.; Zhang, F.; Wang, W. Upregulation of LncRNA PVT1 facilitates pancreatic ductal adenocarcinoma cell
progression and glycolysis by regulating MiR-519d-3p and HIF-1A. J. Cancer 2020, 11, 2572. [CrossRef]

23. Huang, R.; Nie, W,; Yao, K.; Chou, ]. Depletion of the IncRNA RP11-567G11. 1 inhibits pancreatic cancer progression. Biomed.
Pharmacother. 2019, 112, 108685. [CrossRef]

24. Yin, Z.; Zhou, Y.; Ma, T.; Chen, S.; Shi, N.; Zou, Y.; Hou, B.; Zhang, C. Down-regulated IncRNA SBF2-AS1 in M2 macrophage-
derived exosomes elevates miR-122-5p to restrict XIAP, thereby limiting pancreatic cancer development. J. Cell. Mol. Med. 2020,
24,5028-5038. [CrossRef]

25. Jian, Y,; Fan, Q. Long non-coding RNA SNHGY facilitates pancreatic cancer progression by regulating the miR-146b-5p /Robol
axis. Exp. Ther. Med. 2021, 21, 1-13. [CrossRef]

26. Cao, W,; Zhou, G. LncRNA SNHG12 contributes proliferation, invasion and epithelial-mesenchymal transition of pancreatic

cancer cells by absorbing miRNA-320b. Biosci. Rep. 2020, 40, BSR20200805. [CrossRef]


http://doi.org/10.1053/j.gastro.2020.02.068
http://doi.org/10.1016/j.ccell.2016.03.010
http://doi.org/10.1038/s41580-020-00315-9
http://doi.org/10.1186/s13046-019-1332-7
http://doi.org/10.1186/s13046-019-1388-4
http://doi.org/10.1038/s41419-018-0724-5
http://doi.org/10.1016/j.hjc.2020.01.005
http://doi.org/10.1111/cpr.12389
http://doi.org/10.1038/s41374-018-0048-1
http://doi.org/10.2147/OTT.S286666
http://www.ncbi.nlm.nih.gov/pubmed/33737813
http://doi.org/10.18632/oncotarget.3450
http://www.ncbi.nlm.nih.gov/pubmed/25912306
http://doi.org/10.18632/oncotarget.15591
http://doi.org/10.18632/aging.103487
http://www.ncbi.nlm.nih.gov/pubmed/32509216
http://doi.org/10.1016/j.canlet.2018.12.017
http://www.ncbi.nlm.nih.gov/pubmed/30639194
http://doi.org/10.1101/2020.10.01.20205021
http://doi.org/10.1080/15384047.2018.1564566
http://doi.org/10.1016/j.mce.2019.04.004
http://doi.org/10.1186/s12935-020-01366-w
http://doi.org/10.7150/jca.37959
http://doi.org/10.1016/j.biopha.2019.108685
http://doi.org/10.1111/jcmm.15125
http://doi.org/10.3892/etm.2021.9829
http://doi.org/10.1042/BSR20200805

Biomolecules 2021, 11, 1665 16 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Deng, P.c.; Chen, Wb.; Cai, Hh.; An, Y.; Wu, X.q.; Chen, X.m.; Sun, D.L; Yang, Y,; Shi, L.q.; Yang, Y. LncRNA SNHG14 potentiates
pancreatic cancer progression via modulation of annexin A2 expression by acting as a competing endogenous RNA for miR-613.
J. Cell. Mol. Med. 2019, 23, 7222-7232. [CrossRef]

Al-Kafaji, G.; Al-Mahroos, G.; Abdulla Al-Muhtaresh, H.; Sabry, M.A.; Abdul Razzak, R.; Salem, A.H. Circulating endothelium-
enriched microRNA-126 as a potential biomarker for coronary artery disease in type 2 diabetes mellitus patients. Biomark 2017,
22,268-278. [CrossRef]

Guo, W.; Zhong, K.; Wei, H.; Nie, C.; Yuan, Z. Long non-coding RNA SPRY4-IT1 promotes cell proliferation and invasion by
regulation of Cdc20 in pancreatic cancer cells. PLoS ONE 2018, 13, e0193483. [CrossRef]

Cui, X.-P; Wang, C.-X; Wang, Z.-Y; Li, J; Tan, Y.-W.; Gu, S.-T.; Qin, C.-K. LncRNA TP73-AS1 sponges miR-141-3p to promote
the migration and invasion of pancreatic cancer cells through the up-regulation of BDH2. Biosci. Rep. 2019, 39, BSR20181937.
[CrossRef]

Chen, P;; Wan, D.; Zheng, D.; Zheng, Q.; Wu, E; Zhi, Q. Long non-coding RNA UCA1 promotes the tumorigenesis in pancreatic
cancer. Biomed. Pharmacother. 2016, 83, 1220-1226. [CrossRef]

Zhou, Y,; Chen, Y,; Ding, W.; Hua, Z.; Wang, L.; Zhu, Y.; Qian, H.; Dai, T. LncRNA UCA1 impacts cell proliferation, invasion, and
migration of pancreatic cancer through regulating miR-96/FOXO3. Iubmb Life 2018, 70, 276-290. [CrossRef]

Sun, J.; Zhang, Y. LncRNA XIST enhanced TGF-32 expression by targeting miR-141-3p to promote pancreatic cancer cells invasion.
Biosci. Rep. 2019, 39, BSR20190332. [CrossRef] [PubMed]

Wei, W.; Liu, Y,; Lu, Y,; Yang, B.; Tang, L. LncRNA XIST promotes pancreatic cancer proliferation through miR-133a/EGEFR. J. Cell.
Biochem. 2017, 118, 3349-3358. [CrossRef]

Gao, H.; Gong, N.; Ma, Z.; Miao, X.; Chen, J.; Cao, Y.; Zhang, G. LncRNA ZEB2-AS1 promotes pancreatic cancer cell growth and
invasion through regulating the miR-204/HMGBI axis. Int. ]. Biol. Macromol. 2018, 116, 545-551. [CrossRef]

Yoshimatsu, Y.; Watabe, T. Roles of TGF-§ signals in endothelial-mesenchymal transition during cardiac fibrosis. Int. J. Inflamm.
2011, 2011, 724080. [CrossRef]

Xu, F; Liu, C.; Zhou, D.; Zhang, L. TGF-3/SMAD pathway and its regulation in hepatic fibrosis. J. Histochem. Cytochem. 2016, 64,
157-167. [CrossRef]

Pan, S.; Shen, M.; Zhou, M.; Shi, X.; He, R.; Yin, T.; Wang, M.; Guo, X.; Qin, R. Long noncoding RNA LINCO01111 suppresses
pancreatic cancer aggressiveness by regulating DUSP1 expression via mictoRNA-3924. Cell Death Dis. 2019, 10, 1-16. [CrossRef]
Li, K,; Han, H.; Gu, W,; Cao, C.; Zheng, P. Long non-coding RNA LINC01963 inhibits progression of pancreatic carcinoma by
targeting miR-641/TMEFF2. Biomed. Pharmacother. 2020, 129, 110346. [CrossRef]

Gu, L.; Zhang, J.; Shi, M.; Zhan, Q.; Shen, B.; Peng, C. IncRNA MEG3 had anti-cancer effects to suppress pancreatic cancer activity.
Biomed. Pharmacother. 2017, 89, 1269-1276. [CrossRef]

Gao, Z.-Q.; Wang, J.-f.; Chen, D.-H.; Ma, X.-S.; Wu, Y,; Tang, Z.; Dang, X.-W. Long non-coding RNA GAS5 suppresses pancreatic
cancer metastasis through modulating miR-32-5p /PTEN axis. Cell Biosci. 2017, 7, 1-12. [CrossRef]

Li, X; Zhou, S.; Fan, T.; Feng, X. IncRNA DGCR 5/miR-27a-3p/BNIP3 promotes cell apoptosis in pancreatic cancer by regulating
the p38 MAPK pathway. Int. . Mol. Med. 2020, 46, 729-739. [CrossRef]

Sun, YW,; Chen, Y.F; Li, J.; Huo, YM,; Liu, D.J.; Hua, R.; Zhang, ].E; Liu, W,; Yang, ].Y.; Fu, X.L.; et al. A novel long non-coding
RNA ENST00000480739 suppresses tumour cell invasion by regulating OS-9 and HIF-1w in pancreatic ductal adenocarcinoma. Br.
J. Cancer 2014, 111, 2131-2141. [CrossRef]

Wang, X.; Gao, X.; Tian, J.; Zhang, R.; Qiao, Y.; Hua, X.; Shi, G. LINC00261 inhibits progression of pancreatic cancer by
down-regulating miR-23a-3p. Arch. Biochem. Biophys. 2020, 689, 108469. [CrossRef]

Li, D.-D.; Fu, Z.-Q.; Lin, Q.; Zhou, Y.; Zhou, Q.-B.; Li, Z.-H.; Tan, L.-P,; Chen, R.-F.; Liu, Y.-M. Linc00675 is a novel marker of short
survival and recurrence in patients with pancreatic ductal adenocarcinoma. World J. Gastroenterol. 2015, 21, 9348. [CrossRef]
Ge, ]J.-N.; Di Yan, C.-L.G.; Wei, M.-J. LncRNA C90rf139 can regulate the growth of pancreatic cancer by mediating the miR-
663a/Sox12 axis. World |. Gastrointest. Oncol. 2020, 12, 1272. [CrossRef]

Liu, P; Sun, Q.-Q.; Liu, T.-X; Lu, K.; Zhang, N.; Zhu, Y.; Chen, M. Serum IncRNA-UFC1 as a potential biomarker for diagnosis
and prognosis of pancreatic cancer. Int. J. Clin. Exp. Pathol. 2019, 12, 4125.

Huang, X.; Ta, N.; Zhang, Y; Gao, Y.; Hu, R;; Deng, L.; Zhang, B.; Jiang, H.; Zheng, ]J. Microarray analysis of the expression profile
of long non-coding RNAs indicates IncRNA RP11-263F15. 1 as a biomarker for diagnosis and prognostic prediction of pancreatic
ductal adenocarcinoma. J. Cancer 2017, 8, 2740. [CrossRef]

Liu, Y,; Feng, W.; Liu, W.; Kong, X; Li, L.; He, J.; Wang, D.; Zhang, M.; Zhou, G.; Xu, W. Circulating IncRNA ABHD11-AS] serves
as a biomarker for early pancreatic cancer diagnosis. J. Cancer 2019, 10, 3746. [CrossRef]

Ou, Z.-L.; Luo, Z; Lu, Y.-B. Long non-coding RNA HULC as a diagnostic and prognostic marker of pancreatic cancer. World J.
Gastroenterol. 2019, 25, 6728. [CrossRef]

Xie, Z.; Chen, X,; Li, ].; Guo, Y,; Li, H.; Pan, X,; Jiang, J.; Liu, H.; Wu, B. Salivary HOTAIR and PVT1 as novel biomarkers for early
pancreatic cancer. Oncotarget 2016, 7, 25408-25419. [CrossRef]

Liu, S;; Zhang, ].; Yin, L.; Wang, X.; Zheng, Y.; Zhang, Y.; Gu, J.; Yang, L.; Yang, ].; Zheng, P. The IncRNA RUNX1-IT1 regulates
C-FOS transcription by interacting with RUNX1 in the process of pancreatic cancer proliferation, migration and invasion. Cell
Death Dis. 2020, 11, 1-17.


http://doi.org/10.1111/jcmm.14467
http://doi.org/10.1080/1354750X.2016.1204004
http://doi.org/10.1371/journal.pone.0193483
http://doi.org/10.1042/BSR20181937
http://doi.org/10.1016/j.biopha.2016.08.041
http://doi.org/10.1002/iub.1699
http://doi.org/10.1042/BSR20190332
http://www.ncbi.nlm.nih.gov/pubmed/31213574
http://doi.org/10.1002/jcb.25988
http://doi.org/10.1016/j.ijbiomac.2018.05.044
http://doi.org/10.4061/2011/724080
http://doi.org/10.1369/0022155415627681
http://doi.org/10.1038/s41419-019-2123-y
http://doi.org/10.1016/j.biopha.2020.110346
http://doi.org/10.1016/j.biopha.2017.02.041
http://doi.org/10.1186/s13578-017-0192-0
http://doi.org/10.3892/ijmm.2020.4632
http://doi.org/10.1038/bjc.2014.520
http://doi.org/10.1016/j.abb.2020.108469
http://doi.org/10.3748/wjg.v21.i31.9348
http://doi.org/10.4251/wjgo.v12.i11.1272
http://doi.org/10.7150/jca.18073
http://doi.org/10.7150/jca.32052
http://doi.org/10.3748/wjg.v25.i46.6728
http://doi.org/10.18632/oncotarget.8323

Biomolecules 2021, 11, 1665 17 of 17

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Chen, B.; Zhang, Q.; Wang, X.; Wang, Y.; Cui, J.; Zhuang, H.; Tang, J. The IncRNA ENSG00000254041. 1 promotes cell invasiveness
and associates with poor prognosis of pancreatic ductal adenocarcinoma. Aging 2020, 12, 3647. [CrossRef] [PubMed]

Liu, J.-H.; Chen, G.; Dang, Y.-W.; Li, C.-].; Luo, D.-Z. Expression and prognostic significance of IncRNA MALATT1 in pancreatic
cancer tissues. Asian Pac. |. Cancer Prev. 2014, 15, 2971-2977. [CrossRef]

Ding, Y.-C.; Yu, W.; Ma, C.; Wang, Q.; Huang, C.-S.; Huang, T. Expression of long non-coding RNA LOC285194 and its prognostic
significance in human pancreatic ductal adenocarcinoma. Int. J. Clin. Exp. Pathol. 2014, 7, 8065.

Li,J.; Liu, D.; Hua, R.; Zhang, ].; Liu, W.; Huo, Y.; Cheng, Y.; Hong, J.; Sun, Y. Long non-coding RNAs expressed in pancreatic ductal
adenocarcinoma and IncRNA BC008363 an independent prognostic factor in PDAC. Pancreatol. 2014, 14, 385-390. [CrossRef]
Ma, L.; Wang, F; Du, C.; Zhang, Z.; Guo, H.; Xie, X.; Gao, H.; Zhuang, Y.; Kornmann, M.; Gao, H. Long non-coding RNA
MEGS3 functions as a tumour suppressor and has prognostic predictive value in human pancreatic cancer. Oncol. Rep. 2018, 39,
1132-1140. [CrossRef]

Peng, W.; Gao, W.; Feng, ]. Long noncoding RNA HULC is a novel biomarker of poor prognosis in patients with pancreatic cancer.
Med Oncol. 2014, 31, 346. [CrossRef]

Lopez-Jiménez, E. and E. Andrés-Leén, The Implications of ncRNAs in the Development of Human Diseases. Non-Coding RNA
2021, 7, 17. [CrossRef]

Ma, L.; Bajic, V.B.; Zhang, Z. On the classification of long non-coding RNAs. RNA Biol. 2013, 10, 925-933. [CrossRef]

Dong, P; Xiong, Y.; Yue, J.; JB Hanley, S.; Kobayashi, N.; Todo, Y.; Watari, H. Exploring IncRNA-Mediated Regulatory Networks
in Endometrial Cancer Cells and the Tumor Microenvironment: Advances and Challenges. Cancers 2019, 11, 234. [CrossRef]
[PubMed]

Dahariya, S.; Paddibhatla, I.; Kumar, S.; Raghuwanshi, S.; Pallepati, A.; Gutti, RK. Long non-coding RNA: Classification,
biogenesis and functions in blood cells. Mol. Immunol. 2019, 112, 82-92. [CrossRef] [PubMed]

Sharma, G.G.; Okada, Y.; Von Hoff, D.; Goel, A. Non-coding RNA biomarkers in pancreatic ductal adenocarcinoma. Semin. Cancer
Biol. 2020. [CrossRef]

Xu, T; Lin, CM,; Cheng, S.Q.; Min, J.; Li, L.; Meng, X.M.; Huang, C.; Zhang, L.; Deng, Z.Y.; Li, ]. Pathological bases and clinical
impact of long noncoding RNAs in prostate cancer: A new budding star. Mol. Cancer 2018, 17, 103. [CrossRef] [PubMed]

Fang, Y.; Fullwood, M.]. Roles, Functions, and Mechanisms of Long Non-coding RNAs in Cancer. Genom. Proteom. Bioinform.
2016, 14, 42-54. [CrossRef] [PubMed]

Moschovis, D.; Gazouli, M.; Tzouvala, M.; Vezakis, A.; Karamanolis, G. Long non-coding RNA in pancreatic adenocarcinoma and
pancreatic neuroendocrine tumors. Ann. Gastroenterol. 2017, 30, 622-628. [CrossRef] [PubMed]

Arun, G.; Diermeier, S.D.; Spector, D.L. Therapeutic Targeting of Long Non-Coding RNAs in Cancer. Trends. Mol. Med. 2018, 24,
257-277. [CrossRef]

Feng, X.; Zhao, J.; Ding, J.; Shen, X.; Zhou, J.; Xu, Z. LncRNA Blncl expression and its effect on renal fibrosis in diabetic
nephropathy. Am. J. Transl. Res. 2019, 11, 5664.


http://doi.org/10.18632/aging.102835
http://www.ncbi.nlm.nih.gov/pubmed/32090981
http://doi.org/10.7314/APJCP.2014.15.7.2971
http://doi.org/10.1016/j.pan.2014.07.013
http://doi.org/10.3892/or.2018.6178
http://doi.org/10.1007/s12032-014-0346-4
http://doi.org/10.3390/ncrna7010017
http://doi.org/10.4161/rna.24604
http://doi.org/10.3390/cancers11020234
http://www.ncbi.nlm.nih.gov/pubmed/30781521
http://doi.org/10.1016/j.molimm.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31079005
http://doi.org/10.1016/j.semcancer.2020.10.001
http://doi.org/10.1186/s12943-018-0852-7
http://www.ncbi.nlm.nih.gov/pubmed/30037351
http://doi.org/10.1016/j.gpb.2015.09.006
http://www.ncbi.nlm.nih.gov/pubmed/26883671
http://doi.org/10.20524/aog.2017.0185
http://www.ncbi.nlm.nih.gov/pubmed/29118556
http://doi.org/10.1016/j.molmed.2018.01.001

	Introduction 
	Oncogenic LncRNAs in Pancreatic Cancer 
	Tumor Suppressor LncRNAs in Pancreatic Cancer 
	Diagnostic Role of LncRNAs in Pancreatic Cancer 
	Prognostic Role of LncRNAs in Pancreatic Cancer 
	Discussion 
	References

