This article has an erratum available at: http://dx.doi.org/10.21037/atm-2022-15 and the article has been update on 2022-05-23 at here.

L))

Check for

updates
Original Article
Page 1 of 12

MiR-499a-5p promotes 5-FU resistance and the cell proliferation
and migration through activating PI3K/Akt signaling by targeting
PTEN in pancreatic cancer
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Background: Pancreatic cancer (PC) can be considered a representative cancer type of the human body.
As demonstrated by some studies, microRNA (miR)-499 is dysregulated in various cancer types including
PC, for which chemotherapy involving 5-fluorouracil (5-FU) has long been considered the first-line therapy.
However, there are complex and comprehensive mechanisms related to 5-FU, which have not been fully
elucidated. This study thus aimed to examine the molecular mechanisms of 5-FU resistance through miR-
499a-5p in PC.

Methods: The expression of miR-499a-5p in PC was measured using quantitative polymerase chain
reaction (PCR). MiR-499a-5p was examined in-vive for its effects on the malignant phenotypes of PC cells.
Results: The results of the present study demonstrated miR-499a-5p to be upregulated in PC and 5-FU
resistant PC tissues. According to in vitro assays in PC cells (PANCI1/FR), miR-499a-5p was found to
affect adenosine triphosphate (ATP) binding cassette subfamily B member 1 (P-gp), ATP binding cassette
subfamily C member 1 (MRP1), and ATP binding cassette subfamily G member 2 (BCRP), thereby
facilitating 5-FU resistance in PC cells. Functions assays indicated that suppressed miR-499a-5p expression
inhibited the proliferation and migration of cells but facilitated apoptosis in the PC cell line; by contrast,
miR-499a-5p overexpression triggered the inverse phenotypic changes of cells. Concerning the mechanisms
involved, miR-499a-5p increased PI3K/Akt signaling by targeting phosphatase and tensin homolog (PTEN).
Conclusions: Taken together, these findings demonstrate that miR-499a-5p can be potentially applied to
PC therapy.
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Introduction

Pancreatic cancer (PC) can be considered a representative
cancer type (1), and the metastasis of PC is the main reason
for the death of patients with this disease (2). Individuals
with early primary tumors may be effectively treated by
surgery or other intervening treatments, which, however,
show only limited efficacy for those with advanced cancers
(3,4). 5-fluorouracil (5-FU), as a chemotherapeutant
that leads to cytotoxic damage, is the basis of standard
chemotherapy for PC (5). 5-FU-based chemotherapy,
including combined therapy and adjuvant therapy, has seen
widespread application in the medical care of different
cancer types. Nevertheless, there is obvious variability in the
clinical responses to 5-FU, and chemoresistance restricts
PC therapy to a considerable extent (6). The mechanisms
related to 5-FU resistance are complex, and have not been
extensively investigated.

MicroRNAs (miRNAs) are small RNA transcripts that do
not possess protein-coding capabilities. MiRNAs can bind
to the protein-coding transcripts, thereby regulating the
development and pathology of animals and humans (7-10).
An increasing number of studies have associated miRNAs
with different cancer types including PC with regard to
their occurrence, progression, and metastasis (11). Studies
have pointed to the central importance of miR-499a-5p in
various human diseases and biological activities (12-16).
Recent studies have shown that miR-499 targets forkhead
box 04 (FOXO4) and programmed cell death 4 (PDCD4),
thereby facilitating cell invasion and tumor metastasis in
PC (17). However, little is known regarding the relationship
between miR-499a-5p and 5-FU resistance in PC. In this
study, we focus on the role of miR-499a-5p in promoting
5-FU resistance

The present study found that PC tissues and cells with
miR-499a-5p overexpression were resistant to 5-FU-therapy
and thatmiR-499a-5p mediated 5-FU resistance through
PTEN-PI3K-AKT signaling. Therefore, miR-499a-5p
could be a new target of therapy for overcoming PC drug
resistance.

We present the following article in accordance with
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-6556).

Methods
Tissue samples

All procedures performed in this study involving human
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participants were in accordance with the Declaration
of Helsinki (as revised in 2013). The present study
obtained the approval of the Ethics Committee (No.
CHEC-Y2020-043) of Changhai Hospital (Shanghai,
China) and written informed consent was obtained from all
participants. We collected 45 pairs of PC tissues together
with corresponding normal adjacent tissues from PC
patients who received surgical resection at the Changhai
Hospital from January 2011 to December 2015. All of
them were from patients who received initial surgery and
did not accept preoperative chemotherapy or radiotherapy.
The tissue samples were immediately frozen in the liquid
nitrogen during surgery and stored at -80 °C for later use.
Table 1 lists the patients’ clinicopathological features.

Cell culture, transfection and reagent

Human embryonic kidney (HEK) 293T cells, the human PC
cell lines (Mia-capa2, PANCI, AsPC-1, and Capan-2), and
the pancreas cell line HPDE6-C7 were acquired from the
Chinese Academy of Sciences (Shanghai, China). PANC1/
FU PC cancer cell line (5-FU-resistant) were purchased
from Mei Xuan Biological Science and Technology Ltd.
(Shanghai, China). All cells received culturing in Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, Grand Island,
NY, USA) that contained fetal bovine serum (FBS; 10%,
Gibco) added with penicillin-streptomycin (1%, Sigma-
Aldrich, St-Louis, MO, USA) in a humid incubator with 5%
CO, at 37 °C. The mimics control, miR-499a-5p mimics,
inhibitor control, and miR-499a-5p inhibitors were acquired
from Gene Copoeia (Guangzhou, China). Lipofectamine
2000 reagent (Invitrogen, Thermo Fisher Scientific, and
Waltham, MA, USA) was applied to cell transfection in line
with the manufacturer’s instructions. PC cells underwent
12 hours of treatment with 1 pM of MK2206, an Akt
inhibitor (Selleck Chemicals, Houston, TX, USA).

Real-time quantitative polymerase chain reaction (qRT-
PCR)

An RNA extraction kit (Co Win Bioscience Co., Ltd.,
Beijing, China) assisted in extracting the total RNA and
miRNA ¢cDNA Synthesis Kit (Co Win Bioscience Co.,
Ltd.) assisted in converting the extracted total RNA to
complement DNA (¢cDNA). A miRNA qPCR detection
kit (Co Win Bioscience Co., Ltd.) helped to examine
the miRNA level. The thermocycling conditions were
as follows: 5 minutes at 95 °C, 40 cycles at 95 °C for 10 s,
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Table 1 Association between miR-499a-5p expression and clinicopathologic characteristics of PC patients in the study cohort
No. of patients
Characteristics P value®
Low (n=23) High (n=22)

Gender 0.903
Female 9 9
Male 14 13

Age (years) 0.445
<60 5 7
>60 18 15

Tumor location 0.626
Rectum 10 8
Colon 13 14

Differentiation grade 0.815
Well + moderate 16 16
Poor 7 6

Tumor size (cm) 0.047*
<5 13 6
>5 10 16

Local invasion 0.372
pT1-T2 15 17
pT3-pT4 8 5

Lymph node metastasis 0.048*
Negative 18 11
Positive 5 11

TNM stage 0.003*
I+1 14 4
1] 9 18

?, Pearson chi-square test was used for comparison between subgroups; *, statistical significance.

60 °C for 30 s, and 72 °C for 1 s. Each reaction was repeated
3 times. The 27**“ method was used to calculate miR-2053
expression (18). The relative gene expression was analyzed
by 3 independent experiments.

Cell viability assays

The cell viability assays were conducted according to the
methods outlined by Du ez 4/. (19). Transfected PANCI1
and PANCI1/FR cells underwent 24 hours of treatment
by5-FU (0-20 pM) for their cell viability to be assessed by
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Cell Counting Kit-8 (CCK-8) assays. A microscope was
employed for reading the absorbances at 450 nm. After
the normalization of values to the untreated controls, we
calculated the half maximal inhibitory concentration (IC50s)
for each treatment.

Bromodeoxyuridine proliferation

The indicated PC cell lines were treated by using miR-
499a-5p mimics or inhibitors or the corresponding controls.
After 10 hours, we used trypsin to digest the cells and
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seeded 10,000-20,000 cells into 96-well plates. BrdU Cell
Proliferation Assay Kit (#6813, Cell Signaling Technology,
Danvers, MA, USA) was then applied.

Caspase-3/7 assay

The caspase-3/7 activity following the indicated PC cell lines
were treated by using miR-499a-5p mimics or inhibitors or the
corresponding controls, and detected by the Caspase-Glo 3/7
Assay kit (G8090, Promega, Madison, W1, USA).

Western blotting

RIPA buffer was used to extract the proteins from PC
cells, and a bicinchoninic acid (BCA, Promega, Madison,
WI, USA) kit assisted in measuring the concentration.
Subsequently, proteins underwent electrophoresis with
10% SDS-PAGE and were transferred onto polyvinylidene
fluoride (PVDF) membranes (Bio-Rad, Hercules, CA,
USA). The membranes were then plated in 5% nonfat
milk for blockage and incubated with the following
primary antibodies at 4 °C: PTEN (1:1,000, #9188; Cell
Signaling Technology), Akt (1:1,000, #4691; Cell Signaling
"Technology), anti-N-Cadherin (1:1,000, #ab18203, Abcam,
Cambridge, UK), p-Akt (1:2,000, #4060; Cell Signaling
"Technology), anti-E-Cadherin (1:1,000, #ab1416, Abcam),
anti-Vimentin (1:1,000, #ab92547, Abcam), and GAPDH
(1:1,000, #5174; Cell Signaling Technology). Following
this, the membranes were incubated for 1 h with the second
antibody (anti-rabbit #7074; Cell Signaling Technology) at
room temperature. At last, the membranes were detected by
an enhanced chemiluminescence (ECL) reagent (Beyotime
Institute of Biotechnology, Haimen, China).

Luciferase reporter assay

We inserted the synthesized wild-type (WT) or mutant (MT)
3'UTR of PTEN messenger RNA (mRNA) downstream of
the pEZX-MTO06 vector (Gene Copoeia), using wt-3'"UTR
and mut-3'UTR of PTEN to transfect 293T cells that
had been transfected by miR-499a-5p mimics or controls,
respectively. Cell collection was completed 48 hours later. Luc-
Pair Duo- Luciferase Assay Kit (Gene Copoeia) was used to
quantify the luciferase activity.

Statistical analysis

GraphPad Prism 7.0 software (GraphPad Software, Inc.,
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San Diego, CA, USA) assisted in analyzing data, which
are expressed as the mean + SD. The paired Student’s ¢
test was carried out for determining and analyzing the
statistical significance regarding the difference between PC
tissues and normal samples. One-way analysis of variance
(ANOVA) was used to confirm the significant differences
between multiple tests. Student-Newman-Keuls test acted
as the post hoc test after the ANOVA. The y’ test was used
for analyzing the degree to which miR-499a-5p expression
affected the clinicopathological characteristics. All the
experiments were repeated 3 times. P values <0.05 were
considered for statistical significance.

Results
miR-499a-5p was overexpressed in PC tissue and cell lines

Firstly, qQRT-PCR was used to assess miR-499a-5p
expression in 45 paired PC samples. MiR-499a-5p showed
a higher expression in PC versus the adjacent noncancerous
tissue (Figure 14). In patients resistant to 5-FU, miR-499a-
5p was upregulated vs. 5-FU-sensitive patients (Figure 1B).
We measured the miR-499a-5p level in various PC cell
lines and compared them with that of the pancreas cell
line, HPDE6-C7. In a manner similar to that observed in
tissue samples, all PC cells lines examined, including Mia-
capa-2, PANCI, AsPC-1, and Capan-2, exhibited a higher
expression of miR-499a-5p than did normal HPDEG6-C7
cells (P<0.05 vs. each PC cell line; Figure 1C). 5-FU-resistant
cells (PANC1/FR) also showed higher miR-499a-5p
expression than didPANCI cells (Figure 1D). To determine
how miR-499a-5p expression affects the clinicopathologic
characteristics, 45 patients included in the study cohort were
placed into 2 subgroups, including a high expression group
and a low expression group, and the median expression in
PC tissues was considered as the cutoff. Increased miR-
499a-5p levels in PC led were associated with tumor size
(P=0.047), an increase in lymph node metastasis (P=0.048),
and advanced TNM stage (P=0.003; 7able I). Considered
cumulatively, these findings suggest that increased miR-
499a-5p expression may lead to malignant PC progression.

MiR-499a-5p enbanced 5-FU resistance in PC cells

We found that in PC cells (PANC1), adose5-FUled to miR-
499a-5p upregulation (Figure 2A4). MiR-499a-5p expression
was overexpressed or silenced exogenously to evaluate its
significance for PANCI/FR cells (Figure 2B,2C). 5-FU
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Figure 1 MiR-499a-5p was overexpressed in PC tissue and cell lines. (A) MiR-499a-5p under the assessment of qRT-PCR analysis involving
45 paired PC tissues. (B) MiR-499a-5p level in PC patient with 5-FU resistance vs. those with 5-FU sensitivity. (C) MiR-499a-5p level in
PC cells vs. control cells under qRT-PCR. (D) MiR-499a-5p expression in PANCI1/FR (5-FU resistant) and naive PANCI cells. *, P<0.05;
** P<0.01; ***, P<0.001. PC, pancreatic cancer; qRT-PCR, real-time quantitative polymerase chain reaction.

was associated with increasedIC50 in PANCI cells with
exogenous miR-499a-5p expression, inhibited miR-499a-5p
expression, and showed decreased IC50 in PANCI1/FR cells
(Figure 2D). As revealed by qRT-PCR analysis, miR-499a-
5p overexpression raised the P-gp, MRP1, and BCRP levels
in PANCI, which, however, were suppressed due to miR-
499a-5p silencing in PANC1/FR (Figure 2E,2F). According
to these findings, miR-499a-5p enhanced 5-FU resistance
in PC cells.

The oncogenic properties of miR-499a-5p in PC

For investigating the biological functions of miR-499a-
5p regarding PC cell progression in vitro, PC cell lines

© Annals of Translational Medicine. All rights reserved.

with miR-499a-5p overexpression with miR-499a-
5p mimics in PANCI and Mia-capa2 cells (Figure 34).
Results of BrdU incorporation showed that miR-499a-5p
overexpression remarkably improved PANCI1 and Mia-
capa? cell proliferation (Figure 3B). Moreover, miR-499a-5p
overexpression in PANC1 and Mia-capa2 cells significantly
increased migration of indicated PC cells (Figure 3C).
Moreover, miR-499a-5p overexpression in PANCI and
Mia-capa2 cells significantly inactivated caspase-3- and
caspase-7-positive apoptotic cells, respectively, relative to
controls (Figure 3D). Meanwhile, miR-499a-5p knockdown
in PANCI1 and Mia-capa2 cells with miR-499a-5p inhibitor
(Figure 3E) in PANCI1 and Mia-capa2 cells inhibited cell
proliferation (Figure 3F), migration ability (Figure 3G), and
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Figure 2 MiR-499a-5p enhanced 5-FU resistance in PC cells. (A) qRT-PCR showing MiR-499a-5p expression in PANCI cells treated
with 5-FU. (B,C) PANCI cells over-expressing miR-499a-5p or silenced for miR-499a-5p in PANCI1/FR. (D) Assessment of cell viability
and IC50 of 5-FU in PANCI1 vs. PANCI1/FR cells. (E,F) P-gp, MRP1, and BCRP expression were assessed by qRT-PCR. *, P<0.05; ***,
P<0.001. PC, pancreatic cancer; QRT-PCR, real-time quantitative polymerase chain reaction

activated caspase-3- and caspase-7-positive apoptotic cells,
respectively, relative to controls (Figure 3H). Above results
indicated that miR-499a-5p is an oncogene of PC.

MiR-499a-5p enbanced 5-FU resistance and PC
metastasis through PI3K-AKT silencing

For exploring the mechanisms by which miR-499a-
5p enhances 5-FU resistance and acts as oncogenic

© Annals of Translational Medicine. All rights reserved.

driver of PC, the function of miR-499a-5p in epithelial-
mesenchymal transition (EMT), a vital cancer metastasis
pathway, was first identified. MiR-499a-5p notably affected
EMT through Vimentin, and N-cadherin essentially
maintained the original expression between miR-499a-5p
overexpressing or silenced lines (Figure 44,4B), suggesting
that metastasis and drug resistance mediated by miR-499a-
5pin PC cells were independent of EMT. TargetScan (http://
www.targetscan.org/vert_72/), a public database, was further
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Figure 4 PTEN was a downstream target of miR-499a-5p. (A,B) The EMT (e-cadherin, n-cadherin, and vimentin) markers of mRNA and
protein subjected to miR-499a-5p overexpression or underepxression in PANCI and Mia-Paca2 cells did not change. (C) Putative binding
sites for miR-499a-5p in the PTEN mRINA overexpression or underexpression groups, with the mutated sites being underlined. (D,E) miR-
499a-5p overexpression led to a decrease in PTEN at the mRNA and protein level in PANCI and Mia-Paca2 cells. N=3. (F) miR-499a-
5p level modulation in 293T cells exerted a negative regulatory effect on the luciferase activity exhibited by vectors that contained wt 3'-
UTR of PTEN relative to vectors that contained MT 3'-UTR. All experiments were repeated 3 times. Data are presented as mean = SD.
! P>0.05; **, P<0.01; ***, P<0.001. PTEN, phosphatase and tensin homolog deleted on chromosome ten; EMT, Epithelial-Mesenchymal
Transition; WT, wild type; M'T, mutant type; UTR, untranslated region; SD, standard deviation.

used to search for candidate targets genes specific to miR- expression in PC, PTEN expression in the indicated PC
499a-5p. Based on the query conducted, PTEN possessed a cells under the transfection of miR-499a-5p mimics was
complementary sequence of the miR-499a-5p (Figure 4C). measured. The data demonstrated that transfection with

To determine whether miR-499a-5p affects PTEN miR-499a-5p mimics significantly decreased the expression

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(24):1798 | https://dx.doi.org/10.21037/atm-21-6556
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Figure 5 PI3K/Akt pathway was essential for the biological function of miR-499a-5p in PC. (A,B) Western blot analysis demonstrated the

promoting and suppressing effect of miR-499a-5p mimics on p-Akt expression in PANCI and Mia-Paca2 cells, respectively. (C,D) The p-Akt,
Akt levels in PANCI and Mia-Paca2 cells with overexpressed miR-499a-5p under the treatment of MK2206 (an Akt inhibitor) and DMSO.
All experiments were repeated 3 times. PC, pancreatic cancer; DMSO, dimethyl sulfoxide.

levels of PTEN mRNA and protein relative to the negative
control (NC) group (P<0.01; Figure 4D,4E). As revealed
by the luciferase reporter assay, 293T cells under the
transfection of wt PTEN 3'-UTR exhibited decreased
luciferase activity as miR-499a-5p levels were restored
(P<0.05 for both cell lines; Figure 4F). With regard to the
control experiment, miR-499a-5p level modification did not
affect the luciferase activity in PANCI or Mia-capa2 cells
under the transfection of mt PTEN 3'-UTR (Figure4F).
These findings thus suggest that PTEN expression in PC is
directly controlled by miR-499a-5p.

© Annals of Translational Medicine. All rights reserved.

The essential role of PI3K/Akt pathway in the biological
Sfunction of miR-499a-5p in PC

As it appeared that PTEN was primarily responsible
for negatively regulating PI3K/Akt pathway, we further
examined whether miR-499a-5p is capable of changing
the activity exhibited by PI3K/Akt pathway in PC cells. As
revealed by the western blotting, miR-499a-5p mimics and
inhibitors increased and decreased the expression of p-Akt
inPANCI1 and Mia-Paca2, respectively (Figure 5A4,5B). To
determine if PI3K/Akt pathway was capable of mediating
the degree to which miR-449a-5p affected PC cell

Ann Transl Med 2021;9(24):1798 | https://dx.doi.org/10.21037/atm-21-6556
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progression, MK2206 (an Akt inhibitor) assisted in blocking
the activation of Akt in PANCI1 and Mia-Paca2 cells with
overexpressed miR-499a-5p (Figure 5C,5D).

Discussion

High rates of 5-FU resistance lead treatment of PC greatly
discounted (20). Previous studies have reported that
miRNAs have an impact on multidrug resistance (21-23).
However, the link between miR-499a-5p and 5-FU
resistance has not been reported for PC. The current
study indicated that miR-499a-5p was upregulated in PC
tissues and cells that showed resistance to 5-FU-therapy
and that miR-499a-5p downregulation increased the
sensitivity of PANC1/FU to 5-FU. Conversely, miR-499a-
Spoverexpression in PANCI cells elevated its IC50 to
5-FU. Further cell line evidence supported miR-499a-5p’s
function in drug resistance in PC. Previous studies indicated
that miRNA-21 induces 5-FU resistance by PTEN and
PDCD4, the innovation of our study was found that the
novel targeted genes (such as P-gp, MRP1, and BCRP) of
miR-499a-5p regulated in PC.

PTEN is a type of tumor suppressor gene that has
powerful functions and is closely related to apoptosis (24).
Several studies have shown that various miRNAs can
regulate PTEN in human cancers, including miR-19a
in leukemia (25), miR-22 in prostate cancer (26), miR-
26a in high-grade glioma (27), and miR-21 in HCC (28).
Nevertheless, few studies have investigated the association
of PTEN with miR-499a-5p in PC. Our study conclusively
showed that PTEN is a direct function target for miR-
499a-5p. First, it was found that miR-499a-5p had a
negative modulating impact on the expression of PTEN
in PC cells at the protein and mRNA levels. It was further
demonstrated that miR-499a-5p could impact the luciferase

© Annals of Translational Medicine. All rights reserved.

activity possessed by wt-3'"UTR of PTEN relative to the
mut-3"UTR. These findings point to PTEN as a direct
function target for miR-499a-5p and suggest that it is
capable of mediating the function of miR-499a-5p in PC
cells. Decreased PTEN expression can activate the PI3K/
AKT pathway to enhance tumor progression (29-32).
Activated Akt is involved in regulating cell cycle and the
proliferative, antiapoptotic, metastatic, and invasive abilities
of cancer cells (33). The AKT phosphorylation level
decreased markedly due to miR-499a-5p downregulation
while p-AKT was highly expressed due to miR-499a-
Sp upregulation, but AKT expression did not in the 2
conditions.

In summary, our study showed that miR-499a-5p
makes PC cells more resistant to 5-FU via PTEN/PI3K/
AKT signaling pathway (Figure 6). Considering that the
experiments were only carried out in vitro, we believe the
next step should involve in vivo experiments in animals and
performed flow cytometry to detect cell apoptosis and cycle.
Further studies will focus on whether miR-499a-5p could be
used as a potential biomarker for patient risk stratification
and local regional metastasis in PC.
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