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Abstract: Emerging evidence indicates that the long noncoding RNA UCA1 is upregulated in multiple cancers, in-
cluding pancreatic ductal adenocarcinoma (PDAC), and plays a critical role in various complex biological processes.
However, the functional roles of UCA1 in PDAC remain to be clarified. In the current study, we showed that UCA1
significantly promoted cell proliferation and tumor growth both in vitro and in vivo, and enhanced stemness main-
tenance of PDAC cell lines. Moreover, we found that UCAL overexpression increased the activity and expression of
oncogenic KRAS. Mechanistically, upregulated UCA1 increased phospho-KRAS protein levels by interacting with
hnRNPA2B1, and KRAS facilitated high cytoplasmic accumulation of hnRNPA2B1. Additionally, we identified that
UCA1 functioned as a competing endogenous RNA (ceRNA) to increase the expression of KRAS via sponging miR-
590-3p, and in turn, KRAS promoted UCA1 expression. Collectively, these findings suggest that the UCA1-KRAS axis

plays a crucial role in PDAC progression and that UCA1 may serve as a target for new PDAC therapies.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC), the
main form of pancreatic cancer (90%) and one
of the most fatal malignancies, is the four-
th leading cause of cancer-associated death
worldwide [1-3]. Despite recent advancements
in the treatment and the understanding of the
molecular biology of the disease, the 5-year
overall survival rate of pancreatic cancer pa-
tients is less than 5% because of rapid metas-
tasis, chemotherapy resistance and the lack of
an effective early detection modality [4-6].
Thus, an explicit understanding of the patho-
genesis of and improved strategies for target-
ing this challenging malignancy are desperately
needed.

Long noncoding RNAs (IncRNAs), a class of
noncoding transcripts with a length of greater
than 200 nucleotides, play vital roles in diverse
biological processes and diseases, including

the occurrence and development of tumors [7,
8]. LncRNA urothelial carcinoma-associated 1
(UCA1), located at 19p13.12, was initially iden-
tified in human bladder carcinoma [9]. This Inc-
RNA plays an oncogenic role in multiple types of
malignancies, such as bladder cancer, breast
cancer, colorectal cancer, gastric cancer [9-13].
Furthermore, upregulated UCA1 is associated
with clinicopathological features, tumor stage
and poor prognosis of pancreatic cancer pati-
ents and promotes the proliferation, migration,
invasion and tumorigenesis of pancreatic can-
cer cells via regulating the Hippo pathway or
sponging miR-135a and miR-96 [14-17]. How-
ever, little is known about whether UCA1 is
involved in the KRAS pathway.

KRAS is the most commonly mutated oncogene
in tumors of endodermal origin, such as those
of the pancreas (95%), colon (40%), and lung
(35%) [18, 19]. The most frequently observed
oncogenic KRAS mutation in PDAC occurs at
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codon 12 and results in KRAS remaining con-
stitutively active in the GTP-bound state [18,
20, 21]. KRAS mediates signaling through three
major effector pathways, i.e., the RAF/MEK/
ERK, PI3K/AKT/mTOR and RalA/B pathways, as
has been shown in human pancreatic cancer
tissues, cancer cell lines and mouse models of
PDAC [22, 23]. Activating KRAS mutations are
necessary for the initiation, progression and
metastasis of PDAC. In addition, these muta-
tions play a role in stemness maintenance [18,
24-27]. Although the results in preclinical and
phase | trials targeting KRAS to treat PDAC are
encouraging, no significant clinical benefits
have been observed. Therefore, there is an
urgent need for a better understanding of the
pathogenesis of and improved strategies for
treating this challenging malignancy.

Here, we found that UCA1 expression was up-
regulated in PDAC tissues and cell lines. UCA1
was critical for cell growth both in vitro and in
vivo as well as for stemness maintenance in
PDAC cell lines. Importantly, mechanistic analy-
sis demonstrated for the first time that UCAL
not only enhances phospho-KRAS activity by
increasing the binding of hnRNPA2B1 to KRAS
but also affects KRAS expression through spo-
nging miR-590-3p to modulate the progression
of PDAC. Thus, these results provide evidence
for the importance of the UCA1/KRAS regula-
tory network and suggest that this pathway is
a novel target for exploring new therapeutic
strategies to treat PDAC.

Materials and methods
Cells and cell culture

The human PDAC cell lines PaTu8902, Mpanc96
and HPAF-Il; a human embryonic kidney cell
line (HEK293T); and the immortalized pancre-
atic ductal epithelial cell line H6C7 were pur-
chased from the American Type Culture Colle-
ction. The human PDAC cell lines PANC-1,
PaTu8988, and SW1990 were kindly provided
by the Second Military Medical University in
Shanghai. All cells were tested and authenti-
cated by short tandem repeat analysis. Mpanc-
96 and HPAF-II cells were cultured in RPMI-
1640 medium (HyClone, Beijing, China); PANC-
1, PaTu8988, SW1990, H6C7 and HEK293T
cells were cultured in DMEM (HyClone, Beijing,
China). All media were supplemented with 10%
fetal bovine serum (Gibco, Carlsbad, CA, USA),
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100 units/ml penicillin and 100 mg/ml strepto-
mycin, and the cells were cultured in a humidi-
fied 5% CO, incubator at 37°C.

Western blotting

The cultured cells were rinsed with cold PBS
before being lysed with RIPA buffer at 100°C
for 10 min. Then, the mixture was centrifuged
at 12000 r/min for 5 min. Approximately 10 pl
of protein was loaded in each lane of a 10%
SDS-PAGE gel. After separation, the protein
was transferred to a PVDF membrane. The
membrane was blocked with 5% BSA for 1 h
at room temperature and was then incubated
with primary antibodies at 4°C overnight, fol-
lowed by the secondary antibody. The antibod-
ies used were rabbit anti-CD133 (Cell Signaling,
CAT 64326), rabbit anti-OCT4 (Cell Signaling,
CAT 2750), rabbit anti-SOX2 (Cell Signaling, CAT
3579), rabbit anti-NANOG (Cell Signaling, CAT
4903), rabbit anti-hnnRNPA2B1 (Abcam, ab31-
645), mouse anti-KRAS (Santa Cruz, sc30),
mouse anti-GFP (Cell Signaling, CAT 2955), and
mouse anti-B-Tubulin (Cell Signaling, CAT 6181).

gRT-PCR

Total RNA was isolated using RNAiso Plus
(Takara). Reverse transcription was performed
using a RevertAid First Strand cDNA Synthe-
sis Kit (Thermo Fisher Scientific) according to
the manufacturer’'s recommendations. SYBR
green-based real-time PCR was then perform-
ed in triplicate using a CFX96 sequence detec-
tion system (Bio-Rad), and U6 was used as the
internal control. The primers for qRT-PCR were
as follows: U6 primer forward, 5-CTCGCTTC-
GGCAGCACA-3’ and reverse, 5-AACGCTTCAC-
GAA TTTGCGT-3’; UCA1 primer forward, 5-TT-
TGCCAGCCTCAGCTTAAT-3’ and reverse, 5-TT-
GTCCCCATTTTCCATCAT-3’; and KRAS primer
forward, 5-ATTGTGAATGTTGGTGT-3’ and rever-
se, 5'-GAAGGTCTCAACTGAAATT-3'. The relative
fold change in RNA expression was calculated
using the 2-AACt method.

Plasmid construction

The double strand duplexes of the UCA1 and
EGFP shRNA oligos (Sangon Biotech Co. Ltd.
Shanghai, China) were inserted into the EcoRI
and Agel sites of pLKO.1-TRC (Sigma-Aldrich,
St. Louis, MO, USA), as described previously
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[15]. The UCA1 expression plasmid was kindly
provided by professor Yin-Yuan Mo at the Uni-
versity of Mississippi Medical Center, Jackson,
MS, USA. The sh-KRAS, Flag-Vector, and Flag-
KRAS plasmids were previously constructed in
our laboratory. pSL-MS2-12X (YouBio, Chang-
sha, China) was double digested with Xhol and
Apal, and the MS2-12X fragment was sub-
cloned into pcDNA3.1 and pcDNA3.1-UCAZ; the
resulting constructs were named pcDNA3.1-
MS2 and pcDNA3.1-MS2-UCA1, respectively.
Mutations in UCA1 were generated by site-
directed mutagenesis, and the relevant frag-
ments were cloned into the pcDNA3.1-MS2
plasmid. The sequences were confirmed by
DNA sequencing.

Cell transfection and generation of stably
transfected cell lines

Cells were transfected with plasmid DNA or
shRNAs using Lipofectamine 2000 reagent (In-
vitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions.

The lentiviral packaging vectors used were
psPAX2 and pMD2.G. Cells were infected with
1 x 10° recombinant lentivirus transduction
units in the presence of 8 mg/ml polybrene
(Sigma-Aldrich). Puromycin (1 yg/ml) was add-
ed to the cells until all cells in the blank group
died. The surviving cells were stably infected
cells and were used for subsequent experi-
ments.

Cell counting kit-8 (CCK-8) proliferation assay

Cell proliferation and viability were assessed by
using a CCK-8. Cells (2 x 10°%) were seeded into
each well of a 96-well culture plate and incu-
bated in humidified air at 37°C for 24, 48, 72,
96, 120 and 144 h. After removal of the super-
natant, 100 pl of medium was added to every
well, and the plate was incubated for 1 h. The
absorbance was read at 490 nm on a micro-
plate reader.

Colony formation assay

Stable cell lines were harvested, resuspended
in medium, transferred to six-well plates (500
cells per well) and cultured for 10-14 days until
large colonies were visible. Cells were fixed in
4% paraformaldehyde for 15 min and were then
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stained with 0.05% crystal violet for 30 min.
The number of colonies was counted.

Sphere formation assay

The sphere formation assay was performed by
plating dissociated single cells from stable cell
lines at a density of 1 cell/ul into 6-well plates
in stem cell medium: serum-free DMEM/F12
medium supplemented with L-glutamine, sodi-
um pyruvate, 100 U/ml penicillin/streptomycin,
20 ng/ml basic fibroblast growth factor (Pepro-
Tech, London, UK), 20 ng/ml epidermal growth
factor (Cell Signaling Tech, Denver, MA, USA),
and B27 (1:50, Gibco, Grand Island, NY, USA).
The number of spheres was counted after 14
days of culture.

Xenograft mouse model

This study was carried out in accordance with
the recommendations of NIH animal use guide-
lines. The protocol was approved by the Insti-
tutional Animal Care and Use Committee of
Jiangsu University, Zhenjiang, China. HPAF-II
cells (2.0 x 10° cells/site) stably transfected
with sh-EGFP or sh-UCA1 were subcutaneously
injected into 4-week-old nude mice to generate
xenografts. The tumor volume was measured
every week after injection and calculated using
the following formula: length x (width?)/2.

RNA immunoprecipitation (RIP) assay

To confirm the interaction of hnRNPA2B1 and
miR-590-3p with UCA1, we used an anti-GFP
antibody to pull down UCA1. RIP assays were
performed using the Magna RIP Kit (Millipore,
Bedford, MA, USA) according to the manufac-
turer’s instructions. After the antibody was re-
covered by protein A/G beads, hnRNPA2B1 and
miR-590-3p were detected in the precipitates
by western blotting and qRT-PCR, respectively.

Immunoprecipitation (IP) assay

To determine the interaction between hnRN-
PA2B1 and KRAS, we performed an IP assay
using an anti-Flag antibody. The IP assay was
performed by using the Thermo Scientific™
Pierce Classic IP Kit (Thermo Fisher Scientific,
MA, USA) according to the manufacturer’s ins-
tructions. Briefly, cells were lysed in IP lysis/
wash buffer containing protease inhibitors, and
the cleared lysates were immunoprecipitated
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Figure 1. UCA1 is highly expressed in PDAC cells and tissues and is associ-
ated with overall survival. A. TCGA database analysis indicated that UCA1

buffer without EDTA. Then,
the gel was transferred to a
PVDF membrane at 50 V over-

expression was upregulated in PDAC tissues compared with that in normal

pancreatic tissues (normal pancreas n=16; PDAC n=36; P<0.0001). B. The
Kaplan-Meier survival curves showed a significant correlation between UCAL
overexpression and poor overall survival in PDAC patients (P<0.001). C. The
relative expression of UCAL in HPDEG-C7 cells and in 6 PDAC cell lines was

assessed by qRT-PCR.

with the anti-Flag antibody. The input and
immunocomplexes were analyzed by western
blotting.

Immunofluorescence analysis

Cells were grown on coverslips in a 24-well pla-
te for 48 h and were then washed twice with
PBS, fixed with ice-cold 3% paraformaldehyde
at room temperature for 15 min, and blocked
with 3% BSA in PBS for 1 h. Cells were incubat-
ed with the primary antibody overnight at 4°C.
The following antibodies were used: anti-hnRN-
PA2B1 and anti-KRAS. After being rewarmed
for 1 h, the cells were incubated with Cy3-label-
ed goat anti-rabbit 1gG (Beyotime Biotechno-
logy) and Alexa Fluor 488-conjugated goat anti-
mouse IgG (Invitrogen) secondary antibodies
for 2 h at 37°C in the dark. DAPI (1 ug/ml,
Pierce, IL, USA) was used to counterstain nu-
clei. After extensive washing, the samples were
mounted on glass slides, and fluorescence
images were captured with a confocal micro-
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night. After being blocked
with 5% BSA for 1 h at room
temperature, the membranes
were blotted with the anti-
KRAS antibody.

Luciferase reporter assay

The fragments of the 3’ untranslated region
(UTR) of UCA1 and KRAS containing the pre-
dicted miR-590-3p binding site were amplified
by chemical synthesis and inserted into a lucif-
erase reporter vector to form the reporter vec-
tors UCA1-wild-type (UCA1-WT) and KRAS-wild-
type (KRAS-3'UTR-WT), respectively. The puta-
tive binding sites of miR-590-3p in the UCA1 or
KRAS 3’ UTR were replaced to generate the
UCA1l-mutant-type (UCA1-MUT1) or KRAS-mu-
tant-type (KRAS-3’'UTR-MUT) constructs. The
reporter vectors were cotransfected into HEK-
293T cells along with miR-590-3p or miRNA
negative control. Luciferase activity was detect-
ed by a dual luciferase reporter assay system
according to the manufacturer’s instructions.

Statistical analysis

All grouped data are presented as the means +
SDs from at least three independent experi-

Am J Cancer Res 2019;9(3):496-510
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Figure 2. UCA1 promotes proliferation and tumorigenesis in PDAC cell lines in vitro and in vivo. A, B. The effect
of UCAL on cell growth was assessed by a CCK-8 assay in Mpanc96/HPAF-II cells with UCA1 knockdown and
PaTu8988/Panc-1 cells with UCAL overexpression. C, D. Colony formation assay to examine the effect of UCA1
knockdown and overexpression on the colony formation capacity of PDAC cell lines. E, F. HPAF-II cells with UCA1
downregulation were injected (2.0 x 108 cells/site) subcutaneously into a mice, and the tumor volume was mea-

sured weekly (n=5 mice). *P<0.05.

ments. Comparisons between groups were
analyzed by ANOVA or Student’s t-test using
GraphPad Prism 5 software. Kaplan-Meier cur-
ves were analyzed using log-rank analysis. P<
0.05 was considered statistically significant.

Results

UCA1 expression is upregulated in PDAC tis-
sues and cell lines

To determine the clinical relevance of UCA1
expression, we first used The Cancer Genome
Atlas (TCGA) database to analyze the mRNA lev-
els of UCAL1 and found that UCA1 was highly
expressed in PDAC tumor specimens compar-
ed to UCA1 expression in normal tissue (Figure
1A). Furthermore, we found from the TCGA da-
tabase Kaplan-Meier survival curves that UCAL
was a negative prognostic factor for overall sur-
vival (Figure 1B). UCA1 transcript levels in 6
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PDAC cell lines and the immortalized human
pancreatic ductal epithelial cell line H6C7 were
assessed by qRT-PCR. The results indicated th-
at the UCA1 levels were significantly higher in
the PDAC cell lines than in HBC7 cells and that
although UCA1 mRNA remained highly abun-
dant in Mpanc96 and HPAF-II cells, UCA1 was
weakly expressed in PaTu8988 and PANC-1
cells (Figure 1C).

UCA1 promotes cell proliferation and tumor
growth

To investigate whether UCA1 expression is re-
quired for proliferation in PDAC, we knocked
down UCA1 with sh-UCAL1. In Mpanc96 and
HPAF-II cells, the levels of UCA1 were signifi-
cantly reduced in the sh-UCA1 group compared
to those in the sh-EGFP group (vector control)
(Figure S1A). Similarly, UCA1 expression was
effectively upregulated by the overexpression

Am J Cancer Res 2019;9(3):496-510
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Figure 3. Elevated UCA1 expression induces stemness in PDAC cell lines. A, B. The effect of UCA1 on the sphere
formation capability was assessed through a tumorsphere formation assay in stem cell medium and imaged by
inverted microscopy. Representative images of PDAC cell line spheroid cultures after 10 days. Scale bar, 100 um.
*P<0.05. C, D. The effect of UCAL on stemness was measured by a western blot analysis of the stemness markers

CD133, OCT4, NANOG and SOX2. *P<0.05.

of UCAL in PaTu8988 and PANC-1 cells (Eigure
S1B). Moreover, the CCK-8 and colony forma-
tion assays revealed that UCA1 downregulation
largely suppressed the proliferative activity and
colony formation of Mpanc96 and HPAF-II cells
(Figure 2A and 2C). In contrast, overexpression
of UCA1 in PaTu8988 and PANC-1 cells promot-
ed proliferation and colony formation (Figure
2B and 2D). Furthermore, experiments in the
xenograft mouse model revealed that sh-UCAL
also significantly reduced tumor growth (Figure
2E and 2F).

UCA1 enhances the capability for stemness
maintenance

To further determine the role of UCAL in PDAC,
we examined sphere formation by a tumor-
sphere formation assay in stem cell medium. In
Mpanc96 and HPAF-II cells, sphere formation
capability was decreased in the sh-UCAL group
compared to that in the vector control group
(Figure 3A), as was the expression of the stem-
ness markers CD133, OCT4, NANOG and SOX2
(Figure 3C). In contrast, overexpression of UC-
Al in PaTu8988 and PANC-1 cells resulted in
the opposite effects (Figure 3B and 3D). These
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results suggested that UCA1 is involved in
stemness maintenance in PDAC cell lines.

Identification of UCA1 as an hnRNPA2B1 bind-
ing partner

Various mechanisms have been proposed to
explain IncRNA-mediated gene expression; an
important mechanism is the ability to form
ribonucleoprotein complexes through interac-
tions with various proteins to regulate a large
number of genes. As an RNA-binding protein,
hnRNPA2B1 has multiple fundamental biologi-
cal functions, such as RNA splicing, mRNA pro-
cessing, telomere synthesis, gene expression
modulation, mRNA translation and tumorigen-
esis [28-34]. To identify the means by which
UCA1 is involved in the proliferation and stem-
ness of PDAC cell lines, we further perform-
ed RIP assays using an anti-GFP antibody to
determine whether hnRNPA2B1 can interact
with UCA1. As expected, UCA1 interacted with
hnRNPA2B1 (Figure 4A).

To determine which fragment of UCA1 is in-

volved in the interaction with hnRNPA2B1, we
constructed two distinct plasmids, pcDNA3.1-

Am J Cancer Res 2019;9(3):496-510
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critical to its interaction with hnRNPA2B1.

MS2-12X-UCA1 5 and pcDNA3.1-MS2-12X-
UCA1 3’ (covering the 5’ end and the 3’ end of
UCA1, respectively) and found that the UCA1 5’
end structure was sufficient for the interaction
between UCA1 and hnRNPA2B1 (Figure 4B and
4C).

Furthermore, we used the catRAPID online al-
gorithm (http://service.tartaglialab.com/page/
catrapid group), which is based on secondary
structure, hydrogen bonding and van der Waals
contributions, to predict the RNA-protein inter-
action of UCA1 with hnRNPA2B1 (Figures 4D
and S1C) [35]. To investigate whether UCA1
interacts with hnRNPA2B1 at the predicted
RNA sequences, we hypothesized that the 3’
stem-loop structure of UCA1 was sufficient for
the interaction between UCA1 and hnRNPA2-
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B1, and we performed RIP on wild-type and
point mutation-containing (A225-247, A258-
264 or A271-282) UCA1 5 end structures
(Figure 4E and 4F). We found that the interac-
tion was drastically reduced when UCA1 (A271-
282) was mutated, suggesting that this hnRN-
PA2B1-binding motif is critical to UCA1-hnRN-
PA2B1 binding.

UCA1 enhances the interaction between
hnRNPA2B1 and KRAS

A previous study showed that the interaction
between hnRNPA2B1 and KRAS depends on
the KRAS Ser181 phosphorylation status and
that this interaction plays a key role in KRAS-
dependent PDAC cell lines through the PI3K/
AKT signaling pathway [36]. We confirmed the

Am J Cancer Res 2019;9(3):496-510
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Figure 5. Effect of UCA1 on the interaction between hnRNPA2B1 and KRAS. A. Samples were harvested from
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cells transfected with sh-EGFP or sh-UCA1.

interaction of hnRNPA2B1 with KRAS by coim-
munoprecipitation assays in HEK293T cells
(Figure 5A and 5B). To determine whether UC-
Al impacts the interaction between hnRNPA-
2B1 and KRAS, we performed a coimmunopre-
cipitation analysis in HEK293T cells cotrans-
fected with UCA1 and Flag-KRAS. Clearly, UCA1
upregulation increased hnRNPA2B1 expres-
sion, as observed in the western blot analysis
of the precipitated protein (Figure 5C). In addi-
tion, we validated the colocalization of hnRN-
PA2B1 and KRAS in KRAS-dependent PDAC cell
lines (Mpanc96 and HPAF-II) with UCA1 down-
regulation by immunofluorescence microscopy.
Interestingly, we observed a reduction in cyto-
plasmic hnRNPA2B1 and decreased colocaliza-
tion of hnRNPA2B1 with the cytoplasm-local-
ized KRAS in KRAS-dependent PDAC cell lines
with UCA1 knockdown (Figure 5D). These data
further confirmed that UCA1 is involved in regu-
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lating the nuclear/cytoplasmic distribution of
hnRNPA2B1 and the interaction of hnRNPA-
2B1 with KRAS.

UCA1 enhances phospho-KRAS expression by
interacting with hnRNPA2B1

Having demonstrated that UCAL1 upregulation
significantly increased the physical interaction
of the hnRNPA2B1-KRAS complex, we specu-
lated that UCA1 might also be involved in regu-
lating the expression of KRAS by interacting
with hnRNPA2B1. Thus, we further examined
the protein levels of hLnRNPA2B1 and phospho-
KRAS and assessed KRAS expression at both
the protein and mRNA levels in KRAS-depend-
ent PDAC cell lines (Mpanc96 and HPAF-II) with
UCA1 knockdown. As expected, the expression
of hnRNPA2B1, KRAS and phospho-KRAS, as
well as the KRAS mRNA levels, were reduced
after UCAL1 downregulation (Figures 6A, 6B and
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Figure 6. UCA1 increases phospho-KRAS expression by interaction with hnRNPA2B1 in KRAS-dependent PDAC
cell lines. A. Immunoblotting of hnRNPA2B1 and KRAS in Mpanc96 and HPAF-II cells treated with sh-EGFP or sh-
UCAL. B-tubulin was used as the loading control. B. Samples separated by conventional SDS-PAGE were loaded on
the Phos-tag SDS-PAGE gel and assayed by immunoblotting using an anti-KRAS antibody. P-KRAS, phosphorylated
KRAS. C. Immunoblotting of hnRNPA2B1 and KRAS in Mpanc96 and HPAF-II cells transfected with MS2, MS2-UCA1-
wt or MS2-UCA1-mut. B-tubulin was used as the loading control. D. Samples separated by conventional SDS-PAGE
were loaded on the Phos-tag SDS-PAGE gel and assayed by immunoblotting using an anti-KRAS antibody. P-KRAS,
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7C). To confirm the mechanism of action, we
overexpressed full-length UCA1 (UCA1-wt) and
a UCA1 construct with a mutation in the hnRN-
PA2B1-binding region (A271-282, UCA1-mut)
and examined the expression of hnRNPA2B1,
KRAS and phospho-KRAS, as well as the KRAS
MRNA levels. Most importantly, the UCA1-mut
group exhibited increased KRAS expression at
both the protein and mRNA levels, but the ex-
pression of hnRNPA2B1 and phospho-KRAS
was not affected, suggesting that UCA1 impa-

504

cts phospho-KRAS expression by interacting
with hnRNPA2B1 (Figure 6C and 6D). We also
observed the cytoplasmic expression of hnRN-
PA2B1 and colocalization of hnRNPA2B1 and
KRAS. Notably, immunofluorescence analysis
showed that UCA1-wt promoted cytoplasmic
expression of hnRNPA2B1 and increased the
colocalization of hnRNPA2B1 and KRAS com-
pared with these characteristics in the control
group, while no change was observed in the
UCA1-mut group (Figure 6E).
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(PaTu8988 and PANC-1 cells) promotes the expression of KRAS protein and mRNA. C. qRT-PCR analysis of KRAS
mRNA levels in Mpanc96 and HPAF-II cells with UCA1 downregulation. D. Prediction of potential miRNAs targeting
UCA1 and binding to the KRAS 3’UTR by bioinformatics analysis (miRanda; http://www.micro-RNA.org/). E. The bio-
informatics prediction of the miR-590-3p binding sequence in UCA1 is shown. F, G. gRT-PCR analysis of miR-590-3p
levels in PDAC cell lines with UCA1 silencing or overexpression. H. Relative expression of UCA1 after miR-590-3p
upregulation in Mpanc96 and HPAF-II cells. |. The relative luciferase activity was measured by a dual luciferase

reporter assay after the cotransfection of wild-type or mutant UCA1 and miR-590-3p.

UCAL1 is a direct target of miR-590-3p

The above results first indicated that UCAL reg-
ulates the expression of phospho-KRAS by in-
teracting with hnRNPA2B1. However, the mech-
anism by which UCA1 modulates KRAS expres-
sion requires further investigation. Thus, we
transfected KRAS-independent PDAC cell lines
(PaTu8988 and PANC-1) with UCA1 or the vec-
tor control to examine KRAS expression. Inter-
estingly, we found that UCA1 overexpression
resulted in significant upregulation of KRAS
expression and mRNA levels in PaTu8988 and
PANC-1 cells (Figure 7A and 7B). These data
further confirmed that UCA1l impacted the
expression of KRAS in both KRAS-dependent
and KRAS-independent PDAC cell lines. To
seek insight into the potential molecular me-
chanism connecting UCA1 with KRAS, bioinfor-
matics analysis (miRanda; http://www.micro-
RNA.org/) was applied to predict potential miR-
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NAs targeting UCAL1 and binding to the KRAS
3'UTR (Figure 7D). Next, RIP was performed to
identify which candidate miRNAs were involved
in the interaction with UCA1. The involvement
of miR-1271, miR-143, miR-193a-3p, and miR-
590-3p was confirmed, as shown in Figure S2B.
Next, we found that UCA1 and KRAS have a
potential miR-590-3p binding site by bioinfor-
matics prediction (Figure 7E).

In addition, miR-590-3p expression was lower
in UCA1--overexpressing cells than in control
cells (Figure 7F). In contrast, UCAL1 knockdown
resulted in the opposite effects in Mpanc96
and HPAF-II cells (Figure 7G). Moreover, miR-
590-3p overexpression resulted in decreased
expression of UCA1, suggesting that UCAL neg-
atively regulates miR-590-3p expression (Fig-
ure 7H). To clarify that the mechanism of miR-
590-3p action on UCA1 is specific, we per-
formed a luciferase activity assay to detect the
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potential association between UCAL1l and miR-
590-3p. The luciferase reporter assay revealed
that the luciferase activity was significantly
lower in the wild-type UCA1 group than in the
vector control group, whereas the mutated
UCA1 group did not show a significant respon-
se to miR-590-3p, indicating that UCAL1 can
directly bind to miR-590-3p (Figure 7I).

UCAL1 acts as a competing endogenous RNA
(ceRNA) of miR-590-3p to modulate KRAS ex-
pression

Furthermore, we observed that miR-590-3p su-
ppressed KRAS protein expression and mRNA
levels, as shown in Figure 8A and 8B. More-
over, the bioinformatics analysis and luciferase
activity assay showed that miR-590-3p signifi-
cantly reduced the luciferase activity of the
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3'UTR-KRAS-WT reporter gene vector, but no
significant change was observed for the 3'UTR-
KRAS-MUT vector (Figure 8C and 8D). UCA1-WT
increased the mRNA and protein levels of KRAS
in PaTu8988 and PANC-1 cells compared with
these levels in the control group but UCA1-
MUT1 had no significant effect (Figure 8E and
8F). Taken together, these data suggested that
UCA1 modulates KRAS expression by sponging
miR-590-3p.

Discussion

Increasing evidence suggests that UCAL is an
oncogene in tumor growth and metastasis and
may be a biomarker and therapeutic target in
multiple human cancers. Our previous study
suggested that UCAL1 overexpression was fou-
nd in human PDAC tissues and was associated
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with poorer patient outcomes. Here, we showed
that UCA1 is also upregulated in PDAC cell lines
and that its expression is positively correlated
with oncogenic KRAS expression. The complex
UCA1-KRAS regulatory network leads to cell
growth in vitro and tumor growth in vivo, and
this network is critical for stemness mainte-
nance in PDAC cells (Figure S3). Thus, our re-
sults indicated that UCA1 acts as an oncogenic
factor in PDAC.

LncRNAs, which lack protein-coding potential,
have conserved secondary structures that can
directly interact with proteins [37]. An impor-
tant finding in our study is that hnRNPA2B1, as
a binding partner of UCA1, plays an important
role in the UCA1-mediated KRAS regulatory net-
work. Activating KRAS mutations are known to
be oncogenic in various types of cancer, are
involved in the formation of pancreatic intrae-
pithelial neoplasia and promote the develop-
ment of PDAC. Moreover, these mutations are
necessary for stemness maintenance. The ex-
pression of hnRNPA2B1 has been reported to
be dysregulated in multiple cancers, including
pancreatic cancer, lung cancer and hepatocel-
lular carcinoma (HCC) [38-40]. As an RNA-
binding protein, hnRNPA2B1 accelerates pre-
mMRNA processing via forming complexes with
IncRNAs during the development of carcinoma.
In addition, HCC patients with high cytoplasmic
expression of hnRNPA2B1 exhibited a signifi-
cantly higher incidence of poorly differentiat-
ed stages and lower survival rates than those
with nuclear expression of hnRNPA2B1 [40].
Similarly, Barcelo et al. showed evident cyto-
plasmic hnRNPA2B1 staining in PDAC tissue
and that hnRNPA2B1 is a novel interactor with
oncogenic KRAS, which regulates the PI3K/
AKT/mTOR pathway in KRAS-dependent PDAC
[36]. Interestingly, these researchers proved
that the interaction between hnRNPA2B1 and
KRAS depends on the KRAS Serl181 phosphor-
ylation status and that KRAS phosphorylation
increases the recruitment of HNRNPA2B1 to
the cytoplasm [36]. In this study, we demon-
strated that UCA1 interacts with hnRNPA2B1
and identified the potential hnRNPA2B1-bind-
ing motif in UCAL1. This motif was critical to
UCA1-hnRNPA2B1 binding because the ability
for this interaction was drastically reduced
when it was mutated. In addition, UCAL upregu-
lation promoted the interaction of hnRNPA2B1
and KRAS. UCA1 knockdown reduced the pro-
tein levels of hnRNPA2B1, total KRAS and
phospho-KRAS; the level of cytoplasmic hnRN-
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PA2B1; and the colocalization of hnRNPA2B1
and KRAS in KRAS-dependent PDAC cell lines
(Figure 6). However, although UCA1 overexpres-
sion enhanced the protein levels of hnRN-
PA2B1, total KRAS and phospho-KRAS; the
level of cytoplasmic hnRNPA2B1; and the colo-
calization of hnRNPA2B1 and KRAS, only total
KRAS expression was altered when the UCA1-
hnRNPA2B1 binding motif was mutated (Fig-
ure 7). These results suggested that UCA1 pro-
motes phospho-KRAS protein expression th-
rough interaction with hnRNPA2B1 and that
the higher cytoplasmic accumulation of hnRN-
PA2B1 was a consequence of the increased
hnRNPA2B1 recruitment by KRAS phosphoryla-
tion. These results might explain why hnRN-
PA2B1 expression was expressed higher in the
cell cytoplasm with UCA1 overexpression.

Studies have shown the phosphorylation of
KRAS at serine 181, which is located within the
polybasic region [41, 42]. Recent evidence has
revealed that KRAS requires S181 phosphory-
lation to manifest its oncogenic properties,
implying that KRAS phosphorylation is essen-
tial for cell survival and tumorigenic activity
[43]. Furthermore, KRAS phosphorylation could
modulate oncogenic KRAS activity, and it is
necessary to activate the mitogen-activated
protein kinase and PI3K/AKT pathways [44,
45]. We showed that UCA1l upregulates the
levels of KRAS phosphorylation for its involve-
ment in the development of PDAC via hnRN-
PA2B1 binding; however, the molecular mecha-
nism connecting UCA1 to KRAS has not yet
been completely elucidated.

A recent study reported that IncRNAs can act
as ceRNAs of miRNAs to regulate target mRNA
levels [46]. UCAL1 has been shown to contain
binding sites for many miRNAs involved in mul-
tiple tumor types. Moreover, UCA1 acts as a
ceRNA and is widely reported in several types
of tumors. UCA1 plays an oncogenic role in
inducing tumorigenesis in breast cancer via
acting as a ‘sponge’ to bind miR-143 [47]. In
addition, UCA1 functions as a ceRNA to in-
crease the expression of ZEB1 via miR-204-5p
and regulate glioma metastasis [48]. UCA1
activates CREB1 expression by sponging miR-
590-3p to be involved in gastric cancer pro-
gression [49]. These examples piqued our in-
terest in exploring whether a ceRNA mecha-
nism is involved in the interaction between
UCA1 and KRAS. Here, we showed by a bioinfor-
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matics analysis and RIP assay that miR-590-3p
can directly bind UCAL. Moreover, we observed
that UCA1 negatively regulates miR-590-3p ex-
pression in PDAC cell lines. The luciferase re-
porter assay provided further evidence of the
specific interaction between UCA1 and miR-
590-3p. Furthermore, we confirmed that KRAS
was a direct downstream target of miR-590-3p
by using bioinformatics analysis and a lucifer-
ase activity assay. Most importantly, we found
that UCA1 downregulation suppressed the ex-
pression of the miR-590-3p target gene KRAS,
whereas UCAL upregulation inhibited miR-590-
3p function, resulting in increased KRAS expre-
ssion. These results showed that UCA1 func-
tions as a molecular sponge by directly binding
to miR-590-3p and up-regulating KRAS expres-
sion. Consistent with this finding, KRAS also
significantly promoted UCA1 expression (Figure
S2F and S2G), thus forming a positive feedback
loop. However, the mechanism by which KRAS
affects UCAL expression remains to be further
explored. Our observations demonstrated that
the UCA1/KRAS regulatory mechanism is invol-
ved in proliferation and stemness maintenance
in PDAC cell lines and that the effect of UCAL in
PDAC cell lines can be explained.

Taken together, the data from the present stu-
dy revealed that UCA1 plays an oncogenic role
in PDAC in part by enhancing the activity and
expression of KRAS. Mechanistically, we pro-
vided the first evidence that UCA1 increases
KRAS phosphorylation by interacting with hn-
RNPA2B1 and that UCA1 functions as a molec-
ular sponge for miR-590-3p to promote KRAS
expression. These findings provide a better un-
derstanding of the underlying mechanism of
UCA1 in PDAC progression. The inhibition of the
UCA1/KRAS regulatory network might be a tar-
get for new PDAC therapies.
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Figure S1. A, B. The UCA1 mRNA levels were reduced in Mpanc96 and HPAF-II cells transfected with sh-UCA1,
whereas the UCA1 mRNA levels were increased after UCAL overexpression in PaTu8988 and PANC-1 cells. C. Predic-
tion of the RNA-protein interaction of UCA1 with hnRNPA2B1 using the catRAPID algorithm. D, E. The mRNA levels
of UCA1 and KRAS were detected by qRT-PCR in Mpanc96 and HPAF-II cells after transfection with pSL-MS2-12X,

UCA1-wt or UCA1-mut3 (A271-282, mutated hnRNPA2B1 binding site in UCA1), respectively. (*P<0.05, **P<0.01,
**%P<0.001).
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Figure S2. A. A schematic diagram of RNA immunoprecipitation (RIP) using MS2. B. Candidate miRNAs interacting
with UCA1 were identified by the RIP assay. C. The expression of miR-590-3p in miR-590-3p-overexpressing cells
was assessed by qRT-PCR. D, E. KRAS protein and mRNA expression levels were assessed in 4 PDAC cell lines by
western blotting and qRT-PCR, respectively. F, G. The effect of KRAS on UCA1 expression was explored by qRT-PCR
in Mpanc96/HPAF-II cells with KRAS knockdown and PaTu8988/Panc-1 cells overexpressing KRAS.
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Figure S3. A schematic showing the results of this study. UCA1 is upregulated in PDAC. Moreover, UCA1 promotes
the activity and expression of oncogenic KRAS, which, through interacting with hnRNPA2B1 and sponging miR-590-
3p, is involved in the growth and progression of PDAC.



