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miR-3191 promotes the proliferation
and metastasis of hepatocellular carcinoma
via requlating PAK6

Angji Xie'", Hengjie Wang?', Jingchen Huang?, Minmin Sun* and Lin Chen'"

Abstract

Background/Aims microRNAs (miRNAs) contribute to tumorigenesis, progression and drug resistance of
hepatocellular carcinoma (HCC). miR-3191 is a newly discovered miRNA, and its function and mechanism of action in
biological processes and diseases are not completely understood.

Methods miR-3191 expression is determined via quantitative real-time polymerase chain reaction. Knockdown
and overexpression of miR-3191 influence the proliferation and metastasis of HCC cells, which is measured by Cell
Counting Kit-8 assay, Colony Formation assay and Cell metastasis assay. Protein expression is estimated by Western
blot. The interplay between miR-3191 and target is validated by dual-luciferase reporter assay.

Results Here, we show that miR-3191 is upregulated in HCC tissues and associated with poor prognosis of HCC
patients. Mechanistically, p21-activated protein kinase 6 (PAK6) was identified as a direct target of miR-3191 in HCC.
PAK6 knockdown partially recovered interference of miR-3191-induced decrease in cell proliferation and invasion. The
accuracy of HCC patient prognosis could be improved by employing a combination of miR-3191 and PAK6 values.

Conclusions miR-3191 promotes the proliferation and metastasis of HCC cells via targeting PAK6 and may serve as a
prognostic biomarker and potential therapeutic target.
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Introduction

Hepatocellular carcinoma (HCC) ranks the sixth most
common form of cancer worldwide, with about 870,000
cases reported in 2022 [1]. Hepatitis B virus (HBV), poor
diet and inactivity, fungal toxins, non-alcoholic fatty liver
disease (NAFLD), alcohol consumption and infection
with the hepatitis C virus are major pathogenic factors
for HCC [2-5]. Due to the unobvious early symptoms,
most HCC patients are diagnosed at advanced stage. Sur-
gical resection is the first choice for most patients, while
postoperative recurrence and metastasis rates are par-
ticularly high [6, 7]. Despite the great advances achieved
in chemotherapy, targeted therapy and immunotherapy,
patients with HCC generally have a poor prognosis [8, 9].
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Therefore, it’s urgent to explore the underlying molecular
pathogenesis of HCC and to develop effective interven-
tion strategies.

MicroRNAs (miRNAs) are single-stranded small RNA
molecules about 21-23 bases in size, which are gener-
ated by the dicer enzyme processing of single-stranded
RNA precursors about 70-90 bases in size with hairpin
structure [10]. Lin-4 and let-7 were the first identified
miRNAs, which were found in nematode worms [11].
Subsequently, several research groups identified hun-
dreds of miRNAs in a variety of biological species, includ-
ing humans, fruit flies, plants and so on [12, 13]. MiRNAs
have high biological genome coding and degrades mRNA
or blocks its translation by pairing with target gene
mRNA base to guide silencing complex (RISC). Increas-
ing evidence found that miRNAs play a variety of roles in
the regulation of cell growth and development. In addi-
tion, numerous studies showed that miRNAs participated
in the regulation of tumorigenesis, progression and drug
resistance of human malignant tumors [14—17]. miR-
3191 is a newly discovered miRNA, and its function and
mechanism of action in biological processes and diseases
are not completely understood [18]. It was reported that
miR-3191 promotes migration and invasion by downreg-
ulating TGFBR2 in colorectal cancer [19]. Nonetheless,
the role of miR-3191 and its underlying mechanism in
the progression of HCC remain poorly understood.

In this study, we for first find that miR-3191 is highly
expressed in HCC tissues and predicts poor prognosis
of HCC patients. Next, by using loss-of-function analy-
sis and gain-of-function analysis in HCC cells, we dem-
onstrate that miR-3191 promotes HCC cells proliferation
and metastasis. Further mechanism study reveals that
PAKS is a direct target of miR-3191 in HCC cells. Clini-
cal investigation also confirms the correlation between
miR-3191 and PAK6, and demonstrates the value of com-
bining miR-3191 and PAK6 to improve the prognostic
accuracy for HCC patients. Altogether, we discover that
miR-3191 promotes the proliferation and metastasis of
HCC cells via targeting PAKS6.

Materials and methods

Patients and samples

HCC samples were collected from patients who under-
went the resection of their primary HCC in Eastern
Hepatobiliary Surgery Hospital (EHBH, Shanghai,
China). Cohort 1 patients (#=180, from 2009 to 2013)
and cohort 2 patients (n=113, from 2011 to 2014) were
collected to investigate the clinical significance of miR-
3191 in HCC. Detailed clinicopathological features are
described in supplementary Tables 1&2. Overall sur-
vival (OS) was defined as the interval between the dates
of surgery and death. The recurrence was defined as the
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interval between the dates of surgery and recurrence; if
recurrence was not diagnosed, then patients were cen-
sored on the date of death or on the last follow-up. Forty
human HCC tissues and normal tissues, Eighteen paired
peri-tumor normal tissue, primary HCC and metastatic
foci, Sixteen paired primary HCC and recurrent HCC tis-
sues, and Sixty-three differentially differentiated human
HCC tissues were collected to detect miR-3191 expres-
sion. The patients’ informed consent was also obtained,
and all procedures were approved by the ethical commit-
tee of EHBH.

Cell lines and cell culture

HCC cell lines Hep3B and Huh7 were provided by Eras-
mus University (Rotterdam, Netherlands). All human
HCC cells were cultured in DMEM (Gibco®, New York,
USA) with 10% FBS (Gibco®), glutamine and penicil-
lin/streptomycin (Gibco®) at 37 °C in 5% CO, incuba-
tor. Mycoplasma contamination was excluded via a PCR
(D7232, Beyotime, Shanghai, China) based method. The
cell lines were authenticated by short tandem repeat
(STR) DNA profiling.

The lenti-vector expressing miR-3191 mimic, miR-3191
inhibitor and their control virus were purchased from
Shanghai GenePharma (Shanghai, China). NC mimic:
5-UUCUCCGAACGUGUCACGUTT-3; miR-3191
mimic: 5-UGGGGACGUAGCUGGCCAGACAG-3;
NC inhibitors: 5-CAGUACUUUUGUGUAGUACAA-3;
miR-3191 inhibitors: 5-CUGUCUGGCCAGCUACGUC
CCCA-3! siPAK6 and its control siRNA were purchased
from Shanghai GenePharma. Huh7 and Hep3B cells
were infected with miR-3191 mimic, miR-3191 inhibi-
tor and their control virus and the stable infectants were
screened by puromycin as described previously [20].

Cell counting kit-8 (CCK-8) assay

CCK-8 assay was performed according to the manufac-
turer’s instructions to measure cell proliferation. Then,
3x10% HCC cells were plated and incubated in 96-well
plates for 0, 24, 48, 72 and 96 h. They were placed in an
incubator containing 5% CO, at 37 °C. Next, 10 pL of
CCK-8 reagent was added to each well for 1 h (Dojindo
Molecular Technologies, Kumamoto, Japan). Finally,
they were detected using a microplate reader (Molecular
Devices, Kumamoto, Japan) at an absorbance of 450 nm.

Colony formation assay

For colony formation assay, HCC cells were cultured in
96-well plates with 1,000 cells/well at 37 °C for 7 days,
and were subsequently stained with 0.1% crystal violet
(C0121, Beyotime, Shanghai, China). Then, a light micro-
scope (ThermoFisher Scientific, USA) was used to count
the colonies.
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5-ethynyl-2’-deoxyuridine (EdU) immunofluorescence
staining

For cell EAU immunofluorescence staining, HCC cells
were seeded into 96-well plates (3x10° cells) and per-
formed using the EAU Kit (C0071S, Beyotime, Shanghai,
China). The results were quantified with a Zeiss axiophot
photomicroscope (Carl Zeiss) and Image-Pro plus 6.0
software.

Cell metastasis assays

For cell migration experiments, 2x10° HCC cells were
seeded into the upper chamber of a polycarbonate tran-
swell in serum-free DMEM medium. The lower chamber
was added with DMEM medium containing 20% FBS as
chemoattractant. The cells were incubating for 16 h and
the chamber was fixed with 10% neutral formalin for
more than 4 h. The cells were dyed with crystal violet.
The cells were then counted under a microscope (Olym-
pus) and the cell number is expressed as the average
number of the cells in each field.

For cell invasion experiments, 2x10° HCC cells were
seeded into the upper chamber of a polycarbonate tran-
swell in serum-free DMEM medium. The lower chamber
was added with DMEM medium containing 20% FBS as
chemoattractant. The cells were incubating for 36 h and
the chamber was fixed with 10% neutral formalin for
more than 4 h. The cells were dyed with crystal violet.
The cells were then counted under a microscope (Olym-
pus) and the cell number is expressed as the average
number of the cells in each field.

Animal models

BALB/c nude mice (male, 6 weeks old) were purchased
from Chinese Academy of Sciences Slack Company
(Shanghai, China). For xenograft formation assay, 2x10°
Huh7 miR-3191 inhibitor cells and control cells were
injected subcutaneously into nude mice (n=6 each, ran-
domized allocated). Nude mice were sacrificed six weeks
post inoculation and tumors were collected and xeno-
grafts weight examined.

For lung metastatic model, a total of 2x10° Huh7
miR-3191 inhibitor cells and control cells were injected
into the tail veins of nude mice (=6 each, randomized
allocated). Mice were sacrificed at 2 months post injec-
tion. The lung tissues of each mouse were separated and
subjected to H&E staining. And the lung metastatic foci
were counted in a double-blind manner with the aid of
a dissecting microscope. All animal experiments were
approved by the Animal Care Committee of Community
Health Service Center.

Real-time PCR
Real-time PCR were carried out as described in our
previous paper [20]. Briefly, total RNA was extracted
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using an miRcute miRNA isolation kit (TTANGEN, Bei-
jing, China) for miRNA and TRIzol (Life Technologies,
USA) for mRNA in accordance with the manufacturer’s
instructions. Then, miRNA and mRNA were polyad-
enylated using a poly-A polymerasebased First-Strand
Synthesis kit (Takara, Kyoto, Japan). Subsequently, a
PrimeScript RT Reagent kit (TaKaRa) were used for
reverse transcription (RT) of the total mRNA. Finally,
miR-3191 and complementary DNA (cDNA) in these
samples were assayed using SYBR Green I (Applied Bio-
systems, USA). The primer sequences were: PAK6 primer
sequences were forward: 5> GCTCTCGGACTTCGGAT
TCT 3, reverse: 5 GGCATACAAAGACCTGGAGAT 3.
The B-actin was used as reference for relative expression
calculation and its primer sequences were forward: 5 GG
CCCAGAATGCAGTTCGCCTT 3; reverse: 5 AATGGC
ACCCTGCTCACGCA 3.

Western blotting assay

Protein extraction from HCC cells were finished by using
the RIPA lysis buffer reagent (P0013B, Beyotime, Shang-
hai, China), and the protein quality was determined by
BCA kit (P0009, Beyotime). Next, proteins were sepa-
rated by SDS-PAGE, transferred onto the PVDF mem-
branes (Millipore, USA), and incubated with primary
antibodies against PAK6, N-cadherin, E-cadherin, and
Vimentin, and subsequently with the secondary antibod-
ies. Finally, an electrochemiluminescence (ECL) system
(5200CE, Tanon, Shanghai, China) was used for protein
bands visualization, which were analyzed by using the
Image ] software. The primary antibodies were E-cad-
herin (1:1000; 20874-1-AP, Proteintech), N-cadherin
(1:1000; 22018-1-AP, Proteintech), PAK6 (1:1000; 13539-
1-AP, Proteintech) and GAPDH (1:5000; #5174, Cell Sig-
naling Technology).

Luciferase reporter assay

The 3’-untranslated region (3’-UTR) of wildtype (GUC
CCCA) or mutant (ACAGUAC) PAK6 was inserted into
the pmir-GLO Luciferase vector (Promega, Madison,
WI, USA) for Luciferase reporter experiments. Then, the
above Luciferase plasmids were transfected into miR-
3191 mimic or inhibitor and their control HCC cells.
Finally, cells were extracted with passive lysis buffer [25
mM Tris-phosphate (pH 7.8), 2 mM EDTA, 1% Triton
X-100, and 10% glycerol]. The luciferase activity was
measured with a microplate luminometer LB 96 V (Ber-
thold GmbH & Co. KG, Bad Wildbad, Germany). The
Renilla luciferase signal was normalized to the internal
firefly luciferase transfection control.

RNA immunoprecipitation (RIP) assay
The RIP assay were used to verify the binding relation-
ship between miR-3191 and PAK6. The RIP assay was
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performed using the Magna RIP™ RNA Binding Protein
Immunoprecipitation Kit (Millipore, USA) according to
the manufacturer’s instructions. Cells were lysed in RIP
lysis buffer, and then were incubated with RIP buffer with
a human anti-Ago2 antibody (Abcam, Cambridge, MA,
USA). Each sample was incubated with proteinase K to
digest protein. Purify RNA was obtained and then was
analyzed using qRT-PCR assay.

Immunohistochemistry

The tissue samples were fixed with 10% neutral formal-
dehyde, embedded in paraffin, and sectioned for immu-
nohistochemical (IHC) staining. In brief, after antigen
retrieval, sections or tissue microarrays (TMAs) were
blocked with bovine serum antigen albumin (BSA) and
incubated with the indicated primary antibody and then
secondary antibody. A diaminobenzidine (DAB) colo-
rimetric reagent solution was used, followed by hema-
toxylin counterstaining. The slides were scanned, and
representative images were captured. IHC scoring was
based on the percentage of positively stained cells, and
staining intensity was assessed by Image Scope software
(Aperio Technologies, Inc.).

Statistical analysis

Each experiment was repeated at least three times. Sta-
tistical analysis was performed using SPSS V.18.0. The
data are expressed as the mean*SD. Two-tailed Student’s
t test or the Mann-Whitney U test was used to compare
two continuous variables, and the chi-square test was
used to compare qualitative variables. The DFS and OS
of distinct subgroups were compared by the Kaplan-
Meier method and log-rank analysis. Pearson’s correla-
tion analysis was performed to determine the correlation
between two variables. Each dataset was analyzed sepa-
rately. A p value less than 0.05 was considered statistically
significant.

Results

miR-3191 expression is upregulated in HCC tissues

To explore the potential role of miR-3191 in HCC, we
examined miR-3191 expression levels in a large num-
ber of human HCCs. As shown in Fig. 1A, miR-3191
expression was significantly increased in HCC tissues
compared with the paired non-cancerous tissues. Con-
sistently, poorly differentiated HCCs exhibited higher
expression levels of miR-3191, while relatively lower miR-
3191 amounts were detected in those well-differentiated
HCCs (Fig. 1B). Existing evidence showed that HCC car-
ries a high risk of portal vein metastasis and recurrence
[21]. Strikingly, miR-3191 expression was dramatically
elevated in metastatic foci compared with the matched
primary HCCs or peri-tumor normal tissues (Fig. 1C),
which indicates the potential function of miR-3191 in
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HCC metastasis. Moreover, miR-3191 expression was
markedly increased in recurrent HCC foci compared
with the matched primary HCCs (Fig. 1D).

miR-3191 predicts the poor prognosis of HCC patients

To investigate the clinical significance of miR-3191, we
used two independent HCC cohorts. Notably, correla-
tion regression analysis revealed that high miR-3191
expression in HCC tissues was associated with aggres-
sive clinical features (Supplementary Tables 1 and 2).
Moreover, patients with higher miR-3191 levels exhib-
ited worse overall survival and shorter time to recurrence
(Fig. 2A&B). Moreover, using the online bioinformatics
tool Kaplan-Meier plotter, we found that HCC patients
with increased miR-3191 expression had worse overall
survival (Fig. 2C). Thus, miR-3191 expression may serve
as a valuable predicting factor for the survival of HCC
patients.

miR-3191 knockdown inhibits cell proliferation and
metastasis in HCC

Next, miR-3191 knockdown virus was infected into Huh7
and Hep3B cells to investigate its role in HCC. Real-time
PCR assay showed that miR-3191 expression was much
lower in miR-3191 inhibitor Huh7 and Hep3B cells than
control HCC cells (Fig. 3A). Moreover, fluorescence in
situ hybridization (FISH) assay also showed that miR-
3191 expression was much lower in miR-3191 inhibi-
tor Huh7 cells than control Huh7 cells (Fig. 3B). CCK-8
assay showed that knockdown of miR-3191 inhibited
cells proliferation in HCC (Fig. 3C). Moreover, the colony
assay demonstrated that the HCC cells with miR-3191
knockdown virus developed fewer and smaller colo-
nies (Fig. 3D). EdU staining assay further indicated that
interference of miR-3191 attenuated HCC cells prolifera-
tion (Fig. 3E). Importantly, miR-3191 knockdown HCC
cells formed much smaller xenografts in vivo (Fig. 3F).
To determine the effects of miR-3191 on the migration
and invasion of HCC cells, the Transwell chamber assay
was performed. As expected, miR-3191 knockdown sig-
nificantly impaired the migratory and invasive abilities
of both Huh7 and Hep3B cells (Fig. 3G&H). In addi-
tion, downregulation of miR-3191 significantly increased
expression of epithelial marker (E-cadherin) and
decreased expression of mesenchymal marker (N-cad-
herin) (Fig. 3I). Moreover, miR-3191 knockdown HCC
cells formed decreased numbers of pulmonary lesions in
mice (Fig. 3]).

miR-3191 promotes HCC cell proliferation and metastasis

To further explore its role in HCC, miR-3191 overexpres-
sion virus was infected into Huh7 and Hep3B cells. Real-
time PCR assay showed that miR-3191 expression was
much higher in miR-3191 mimic Huh7 and Hep3B cells
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Fig. 1 Up-regulation of miR-3191 in HCC tissue (A) miR-3191 expression in 40 pairs of HCCs and peri-tumor normal tissues. (B) miR-3191 expression in 63
differentially differentiated human HCCs. (C) miR-3191 expression in 18 paired peri-tumor normal tissue, primary HCC and metastatic foci. (D) miR-3191

expression in 16 primary HCC and recurrent HCC tissues

than control HCC cells (Fig. 4A). CCK-8 assay showed
that overexpressing of miR-3191 promoted cells pro-
liferation in HCC (Fig. 4B). Moreover, the colony assay
demonstrated that the miR-3191 overexpression HCC
cells formed much more and bigger colonies (Fig. 4C).
EdU staining assay further indicated that overexpressing
of miR-3191 facilitated HCC cells proliferation (Fig. 4D).
Furthermore, forced miR-3191 expression dramatically
enhanced the migratory and invasive abilities of both

Huh7 and Hep3B cells (Fig. 4E&F). Moreover, up-regu-
lation of miR-3191 significantly decreased expression of
epithelial marker (E-cadherin) and increased expression
of mesenchymal marker (N-cadherin) (Fig. 4G).

miR-3191 promotes HCC cells proliferation and metastasis

via directly targets PAK6

In probing the underlying mechanism, the online Tar-
getScan software (http://www.targetscan.org/vert_72/)
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was used to predict the possible target genes of miR-
3191 in HCC. The results showed that miR-3191 poten-
tially bound to the 3’-UTR of PAK6 mRNA (Fig. 5A). To
investigate this issue, the targeting sites in PAK6 were
mutated, and were transfected into miR-3191 mimic or
inhibitor and their control HCC cells, respectively. The
decreased the luciferase activity mediated by miR-3191
overexpression and the increased the luciferase activ-
ity mediated by miR-3191 knockdown can be prevented
through mutation of miR-3191 binding sites within the

PAK6 mRNA 3-UTR region (Fig. 5B&C). RIP assay
showed that the endogenous PAK6 was significantly
enriched in HCC cells co-transfected miR-3191 and
PAK6 (Fig. 5D), revealing the direct binding between
PAK6 and miR-3191.

Next, the PAK6 mRNA and protein expression was
increased in miR-3191 knockdown HCC cells, while
the opposite effect was observed when miR-3191 was
overexpressed (Fig. 5E-H). Moreover, there was a nega-
tive correlation between miR-3191 and PAK6 mRNA in
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HCC tissues (Fig. 5I). Although either high miR-3191
or low PAK6 in HCC predicts a poor prognosis (Fig. 5]),
HCC patients with both elevated miR-3191 level and
reduced PAKG6 expression displayed even worse progno-
sis (Fig. 5K), indicating a better prognostic value of com-
bining the two parameters in comparison with miR-3191
or PAK®6 alone.

To further elucidate whether the effects of miR-3191
were mediated by repression of PAK6 in HCC cells, spe-
cial PAK6 siRNA was used. As expected, the growth and
metastasis ability in miR-3191 knockdown HCC cells
could also be recovered through knockdown of PAK6
(Fig. 6A-D). Collectively, the above results demonstrated
that miR-3191 promotes HCC cells proliferation and
metastasis via targeting PAK6 signaling.

Discussion

Despite the extensive investigation of miRNAs in HCC,
there are few miRNAs can be used for clinical transfor-
mation. In this study, we identified miR-3191 as a novel
HCC-related miRNA that was upregulated in HCC.
Patient cohorts assay showed that high miR-3191 expres-
sion associated with poor prognosis of HCC patients.
In vitro functional experiments revealed that miR-3191
significantly facilitated the proliferation, colony forma-
tion, migration and invasion of HCC cells. The underly-
ing mechanism of miR-3191 function was associated the

regulatory effect it had on PAK6 expression. Our study
highlights the critical role of the miR-3191/PAK6 signal-
ing axis in regulating the malignant behavior of HCC
cells.

miR-3191 is a newly discovered miRNA, and its func-
tion and mechanism of action in biological processes
and diseases are unclear [18]. He et al. have shown that
miR-3191 was upregulated in colorectal cancer tissues
and promoted metastasis of colorectal cancer via target-
ing TGFBR2 [19]. In the present study, we also showed
that miR-3191 was upregulated in HCC tissues. In addi-
tion, our clinical investigations revealed the close corre-
lation between miR-3191 levels with HCC progression
and patient prognosis. Moreover, we confirmed that miR-
3191 increased the HCC cell proliferation by a series of in
vitro and in vivo assays. Additionally, we also found that
miR-3191 promoted the migrative and invasive ability of
HCC cell lines in vitro. This is a novelty of our work that
has not been reported in previous studies.

p21-activated protein kinase 6 (PAK®6) is a serine-thre-
onine kinase belonging to the PAK family, which associ-
ated with many fundamental cellular processes in cancer
including cell-cell adhesion, migration and apoptosis
[22-24]. Previous studies have indicated that abnormal
expression of PAK6 played critical roles in numerous
types of cancers, including cervical cancer, prostate can-
cer, gastric cancer and liver cancer [25-27]. Chen and
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colleagues have reported that PAK6 overexpression is
involved in the pathogenesis of HCC and may be an inde-
pendent poor prognostic factor for HCC [28]. However,
Liu and colleagues found that decreased PAK6 expres-
sion predicts poor survival in HCC patients [29]. In the
present study, bioinformatics results showed that miR-
3191 can bind to the 3’-UTR of PAK6. Forced miR-3191
expression downregulated PAK6 mRNA and protein in
HCC cells. miR-3191 negatively correlated with PAK6
mRNA in HCC tissues. Moreover, PAK6 siRNA further
confirm that miR-3191 promoted HCC proliferation and
metastasis via regulating PAK6 pathway. Consistently,
our results showed that either high miR-3191 expres-
sion or low PAK®6 correlated with poor prognosis of HCC
patients. Accumulating evidence indicates that appro-
priate combination of different markers might be more
accurate than a single marker in prognosis evaluation.
Herein, we reported that the combination of high miR-
3191 expression and low PAK6 predicted worse progno-
sis than either marker alone, suggesting a more accurate
combinational marker to evaluate the prognosis of HCC
patients.

In summary, our study for the first time showed that
miR-3191, as an oncogene, promoted HCC cells prolif-
eration and metastasis through the translational repres-
sion of PAK6. miR-3191 might serve as a novel target for
PAK®6 prediction and therapy.
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