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Abstract: Objective: Prostate cancer is one of the most diagnosed malignancies in men worldwide. Novel (nua)
kinase family 1 (NUAK1) is a member of adenosine monophosphate (AMP)-related kinase which participates in
varying cancers progression. However, the role of NUAK1 in prostate tumorigenesis has not been fully characterized.
The aim of this study was to elucidate the potential biological role of NUAK1 in prostate cancer. Methods: Quantita-
tive real-time PCR (qRT-PCR) was performed to determine the expression levels of NUAK1 and microRNA-30b-5p
(miRNA-30b-5p) in prostate cancer cell lines and samples. Western blot was conducted to explore the related pro-
tein levels of epithelial-mesenchymal transition (EMT) and NUAK1 expression in prostate cancer cells. Trans-well
test was used to assay prostate cancer cell migration and invasion. Luciferase assays were employed to probe the
interaction between NUAK1 and miR-30b-5p. Results: NUAK1 abundance was enhanced in prostate cancer tissues
and cell lines. The knockdown of NUAK1 may inhibit prostate cancer cells EMT, migration and invasion. Luciferase
assays suggested NUAK1 was a target gene of miR-30b-5p. Furthermore, miR-30b-5p suppressed EMT, migration,
and invasion in prostate cancer cells and introduction of NUAK1 abated the inhibitory effect. Conclusions: Both of
NUAK1 and miR-30b-5p were required for prostate cancer progression. NUAK1 interference limited prostate cancer
cell EMT, migration and invasion by miRNA-30b-5p modulating, providing a promising therapeutic approach for
prostate cancer.
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Introduction

Prostate cancer is one of the most common
types of malignancies in men, with an incidence
of one in six new cases of male cancer [1].
Patients with prostate cancer have a high risk
of metastasis and mortality [2]. There is still a
need to determine additional drivers of pros-
tate cancer although a few genes that initiate
prostate cancer have been identified [3, 4].
Recently, cell migration and invasion is regard-
ed as a major cause of cancer-induced death
[5]. Epithelial-mesenchymal transition (EMT)
has been identified as a critical player in cancer
metastasis [6]. Moreover, cancer cellular adhe-
sion is reduced and detached from each other
through EMT in early metastasis [7]. Uncovering
the mechanism of the process may provide a
novel avenue for prostate cancer treatment.

Novel (nua) kinase family 1 (NUAK1), also
termed as the fifth member of adenosine
monophosphate-activated protein kinase (AM-
PK)-related kinase family (ARKDS), plays various
roles in regulating cellular adhesion, metabo-
lism and response [8]. Overexpression of
NUAK1 has been found to support tumor cell
viability and reduce the overall survival in gas-
tric cancer [9]. Likewise, NUAK1 is suggested to
be involved in cell migration and invasion via
EMT in gastric cancer [10]. In addition, addition
of NUAK1 promotes EMT, migration, and inva-
sion in ovarian cancer [11]. NUAK1 is strongly
associated with tumor migration and metastat-
ic potential in many other cancers, including
pancreatic cancer [12], lung cancer [13] and
ovarian cancer [14], suggesting that NUAK1
was a potential therapeutic target in many
malignancies. However, the regulatory effect of
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NUAK1 on prostate cancer progression remains
poorly understood.

The expression of mMRNA is regulated by microR-
NAs (miRNAs), which function in cancer cell pro-
liferation, invasion and angiogenesis [15].
Inhibition of NUAK1 inhibited cell migration and
invasion by miR-204 overexpression in non-
small-cell lung carcinoma (NSCLC) cell [16].
Moreover, NUAK1 plays essential role in mela-
noma invasion by miR-211 targeting [17].
Accordingly, it also reveals a potential role of
NUAK1 in malignancies as a common target of
series of MiRNAs. The available efforts indicate
that miR-30b-5p as a tumor suppressor, and
plays an essential role in renal cell carcinoma
and gastric cancer [18, 19]. There is little evi-
dence in support of the interaction between
NUAK1 and miR-30b-5p.

In this study, to identify the role of NUAK1 in
prostate cancer, mRNA and protein expression
levels were detected in prostate cancer tissues
and cells. Here we focused on the role of
NUAK1 in epithelial-mesenchymal transition
(EMT), migration, and invasion in DU145 and
PC-3 cells and probed the interaction between
NUAK1 and miR-30b-5p.

Materials and methods
Specimens

In this study, prostate cancer samples and
adjacent normal tissues from 37 patients at
Xiangyang Central Hospital were snap-frozen in
liquid nitrogen immediately and stored at-80°C
until required. The study was approved by the
Institutional Research Ethics Committee of
Xiangyang Central Hospital and written
informed consent was obtained from all recruit-
ed patients. The patients were classified into
high and low NUAK1 expression groups for fur-
ther survival assay according to the statistical
analysis of NUAK1 expression level in cancer
tissues. So the low NUAK1 expression group
(n=18) was defined as those below the mean
value of NUAK1 expression, whereas the high
NUAK1 expression group (n=19) consisted of
those above the mean value in prostate cancer
tissues.

Cell culture

Normal Prostate Epithelial Cells (PrEC) and two
human prostate cancer cell lines (DU145 and
PC-3) were purchased from the Institute of
Biochemistry and Cell Biology of the Chinese
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Academy of Sciences (Shanghai, China). Cells
were maintained in RPMI-1640 cell culture
medium (Gibco, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (Gibco),
1% penicillin and streptomycin (Invitrogen,
Carlsbad, CA, USA) at 37°C in a humidified incu-
bator with 5% CO, during the study.

RNA extraction and qRT-PCR

Quantitative real-time PCR (gRT-PCR) was used
to detect the relative levels of NUAK1 and miR-
30b-5p in prostate cancer tissues and cell
lines. Total RNA was extracted from tissues and
cells using Trizol reagent (Invitrogen) according
to the manufacturer’s instructions. Subse-
quently, first strand cDNA was synthesized with
MRNA or miRNA Reverse Transcription Kit
(Invitrogen), respectively and then mixed with
SYBR green (Applied Biosystems, Foster City,
CA, USA) for qRT-PCR detection with the follow-
ing amplification protocol: 95°C for 1 min, 40
cycles of 95°C for 15s,and 60°C for 1 min. The
gene expression was analyzed with 242¢t meth-
od. B-actin and U6 small RNA were used as
internal control for normalization of NUAK1 and
miR-30b-5p, respectively. Primers were listed
as follows: NUAK1 (Forward, 5-CCGCTCACTG-
ATGTAATCGT-3’; Reverse, 5-GTCATCTCTCAACC-
ATCCTCAT-3’), B-actin (Forward, 5-AGCAGC
ATCGCCCCAAAGTT-3’; Reverse, 5-GGGCACG-
AAGGCTCATCATT-3’), miR-30b-5p (Forward, 5™-
ATCGCTGTAAACATCCTACAC-3’; Reverse, 5-G-
TCG TATC CAGTGCAAGGGTCCGAGGTATTCGC-
ACTGGATACGACAGCTGA-3’), U6 (Forward, 5-
GCTTCGGCAGCACATATACTAAAAT-3’;  Reverse,
5-CGCTTC ACGAATTTGCGTGTCAT-3’).

Cell transfection

NUAK1 small interfering RNA (siNUAK1), NUAK1
overexpression plasmids, pcDNA, miR-30b-5p
mimics, inhibitors and negative control (NC)
were obtained from GenePharma (Shanghai,
China). The transfections were performed into
5x10* cells cultured in a humidified incubator
with 5% CO, at approximately 80% confluence
using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s protocol. At 24 h
post-transfection, transfection efficiencies we-
re analyzed by qRT-PCR.

Transwell assay

Transwell chambers (Costar, Corning, NY, USA)
were used to analyze cell migration and inva-
sion ability. For cell invasion assay, chambers
were coated with Matrigel (BD, San Jose, CA,
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Figure 1. The expression of NUAK1 was enhanced in prostate cancer tissues and cells. A. The expression of NUAK1
was investigated in prostate cancer tissues compared with adjacent normal tissues by qRT-PCR as well as WB.
The number of patients was 37 (n=37). B. The abundance of NUAK1 was investigated in prostate cancer cell lines
(DU145 and PC-3) compared with normal Prostate Epithelial Cells (PrEC) by WB. C. The survival rate was detected
in the low and high NUAK1 expression group. The low NUAK1 expression group (n=18) was below the mean value
of NUAK1 expression, and the high NUAK1 expression group (n=19) was above the mean value in prostate cancer

tissues. Data are the mean % standard deviation from three independent experiments. *P<0.05.

USA). DU145 and PC-3 cells (2x10* cells/well)
suspended in serum-free medium were placed
in the upper chambers. Then the cells were
carefully removed with a cotton swab after
incubation at 37°C in 5% CO, for 8 h. Invading
cells on the basal side of the membrane were
fixed with 100% methanol for 10 min, stained
with hematoxylin (Sigma, St. Louis, MO, USA)
and counted under a microscope (Olympus,
Tokyo, Japan). Three visual fields were random-
ly selected. The trans-well chambers without
Matrigel were selected for cell migration assay
following the similar approach.

Luciferase assays

Luciferase assays were used to validate wheth-
er NUAK1 is a direct target gene of miR-30b-5p.
Plasmids containing wild type (WT) or mutant
(MUT) NUAK1 3’ untranslated regions (3-UTR)
as a tracking gene were specifically synthesized
(GeneCopoeia, Rockville, MD, USA). Luciferase
assays were performed according to the manu-
facturer’s protocols. The plasmids containing
NUAK1 WT or MUT target gene 3’-UTR were co-
transfected with miR-30b-5p mimics or inhibi-
tors with Lipofectamine 2000 in DC145 and
PC-3 cells. Transfected cells were collected and
contributed to luciferase activities analysis
using Luciferase Assay Kit (GeneCopoeia) after
48 h.

Western blot (WB)

Cell proteins were extracted in RIPA lysis buffer
and quantified by BCA assay (Thermo Fisher).
Denatured proteins from each sample were
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separated by SDS-PAGE gel and transferred to
polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). The membranes
were blocked in 5% non-fat milk for 1 h and
incubated with primary antibodies overnight at
4°C. Fibronectin, Vimentin, E-cadherin, NUAK 1
and B-actin as a control were measured using
monoclonal rabbit antibodies (Cell Signaling
Technology, Danvers, MA, USA). Then mem-
branes were hatched with anti-rabbit IgG (CST)
marked by horseradish peroxidase (HRP) for 2
h after washing with Tris-buffer saline contain-
ing 0.1% Tween 20 (TBST). The visualization of
immunoreactivity was realized by enhanced
chemiluminescence (ECL) chromogenic sub-
strate (GE Healthcare, Amersham, UK) conduct-
ed to densitometry analysis using Image Lab
software (Bio-Rad, Hercules, CA, USA).

Statistical analysis

All experiments were repeated more than three
times. Data were presented as the mean *
standard deviation from three independent
experiments. All data were analyzed using
Student’s t test by SPSS 22.0 (SPSS Inc.,
Chicago, IL, USA). P<0.05 was considered sta-
tistically significant.

Results

NUAK1 is up-regulated in prostate cancer tis-
sues or cells

The expression of NUAK1 was evaluated in
prostate cancer tissues and cell lines. An
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Figure 2. NUAK1 knockdown inhibited EMT, migration, and invasion in prostate cancer cells. (A) The expression of
NUAK1 was investigated in DU145 and PC-3 cells transfected by siNUAK1 compared with siNC by qRT-PCR. (B-E) The
expression of EMT-related E-cadherin, vimentin and fibronectin was analyzed in DU145 and PC-3 cells compared
with controls by WB. (F) Cell migration or (G) invasion ability was detected in DU145 and PC-3 cells by transwell as-
say. Data are the mean + standard deviation from three independent experiments. *P<0.05.
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Figure 3. NUAK1 was identified as a target of miR-30b-5p. A. Wild-type (WT) and mutant (MUT) of the putative miR-
30b-5p targeting sequences in NUAK1 3’UTR. B-E. Analysis of luciferase activity was performed in DU145 and PC-3
cells transfected by miR-30b-5p mimic or inhibitor compared with negative control (NC). F. The expression of NUAK1
protein was analyzed in DU145 and PC-3 cells transfected by miR-30b-5p mimic or inhibitor compared with their
NC respectively by WB. G. Correlation plot for NUAK1 expression versus miR-30b-5p levels in prostate cancer speci-
mens, n=37. Data are the mean + standard deviation from three independent experiments. *P<0.05.
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Figure 4. miR-30b-5p expression was decreased and addition of miR-30b-5p inhibited EMT, migration, and inva-
sion in prostate cancer cells. A. The expression of miR-30b-5p was investigated in DU145 and PC-3 cells compared
with PrEC by qRT-PCR. B. The alteration of miR-30b-5p was investigated in DU145 and PC-3 cells with miR-30b-5p
mimic transfection compared with NC by qRT-PCR. C, D. The expression of EMT-related E-cadherin, vimentin, and
fibronectin was analyzed in DU145 and PC-3 cells with miR-30b-5p mimic transfection compared with NC by WB. E,
F. Cell migration and invasion abilities were detected in DU145 and PC-3 cells with miR-30b-5p mimic transfection
compared with NC. Data re the mean + standard deviation from three independent experiments. *P<0.05.

pared with adjacent normal tissues (Figure 1A).
Moreover, NUAK1 protein levels in DU145 and

increased abundance of NUAK1 was observed
at mRNA level in prostate cancer samples com-
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Figure 5. Overexpression of NUAK1 attenuated the effect of miR-30b-5p on cell EMT, migration, and invasion.
A-D. The expression of EMT-related E-cadherin, vimentin and fibronectin was analyzed in DU145 and PC-3 cells
co-transfected with miR-30b-5p mimic and NUAK1 compared with NC-pcDNA3.1 group by WB. E, F. Cell migration
and invasion abilities were detected in DU145 and PC-3 cells co-transfected with miR-30b-5p mimic and NUAK1
compared with the NC-pcDNA3.1 group. Data are the mean * standard deviation from three independent experi-
ments. *P<0.05.

PC-3 cells were obviously greater than that in
PreC cells (Figure 1B). Furthermore, a survival
curve showed that high NUAK1l expression
level induced a lower survival rate than the low
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NUAK1 expression group (Figure 1C) (P<0.01).
These results suggested that increased NUAK1
expression resulted in a worse outcome in
prostate cancer.
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NUAK1 promotes EMT, migration and invasion
in prostate cancer cells

Altered mRNA expression occurred in DU145
and PC-3 cells transfected with siNUAK1 com-
pared with the NC group (Figure 2A). To investi-
gate the function of NUAK1 in EMT, EMT-related
markers were detected in DU145 and PC-3
cells by WB. Depletion of NUAK1 induced an
obvious increase of E-cadherin protein level
and great reduction of vimentin and fibronectin
compared with the siNC group in DU145 and
PC-3 cells, respectively (Figure 2B-D). In par-
ticular, abrogation of NUAK1 drastically im-
paired the ability of cell migration and invasion
in DU145 and PC-3 cells (Figure 2E, 2F). Taken
together, these findings indicated that NUAK1
knockdown inhibited DU145 and PC-3 cell EMT,
migration, and invasion.

NUAK1 is a target gene of miR-30b-5p in pros-
tate cancer cells

In order to confirm whether NUAK1 level was
regulated by miR-30b-5p, we probed a putative
miR-30b-5p binding sites of 3-UTR of NUAK1
by TargetScan (Figure 3A). DU145 and PC-3
cells with the plasmids of WT 3’-UTR of NUAK1
transfection showed a marked decrease of
luciferase activity in the presence of miR-30b-
5p mimics and elevated luciferase activity in
the cells co-transfected with miR-30b-5p inhib-
itor, but this was not true for MUT 3’-UTR of
NUAK1 (Figure 3B-E). Moreover, addition of
miR-30b-5p induced a strong reduction of
NUAK1 protein level in DU145 and PC-3 cells
compared with NC. However, depletion of miR-
30b-5p caused an opposite effect (Figure 3F).
More particularly, there was a negative correla-
tion (R?=0.7819, P<0.0001) with the abun-
dances of NUAK1 mRNA and miR-30b-5p in
prostate cancer tissues from 37 patients
(Figure 3G). There results indicated that NUAK1
was directly regulated by miR-30b-5p.

MiR-30b-5p inhibits EMT, migration, and inva-
sion in prostate cancer cells

Since NUAK1 was targeted by miR-30b-5p, the
role of miR-30b-5p was also analyzed in pros-
tate cancer cells. The expression level of miR-
30b-5p obviously decreased in DU145 and
PC-3 cells compared with that in PrEC cells
(Figure 4A). For further study, DU145 and PC-3
cells were transfected with miR-30b-5p mim-

5701

ics. The gRT-PCR results confirmed that the
miR-30b-5p level was specially increased in
cells transfected with miR-30b-5p mimics
(Figure 4B). In addition, accumulation of miR-
30b-5p obviously enhanced E-cadherin protein
level and inhibited the levels of Vimentin and
Fibronectin compared with NC group in DU145
and PC-3 cells (Figure 4C, 4D). Similarly, addi-
tion of miR-30b-5p significantly decreased
migrated and invasive abilities in DU145 and
PC-3 cells (Figure 4E, 4F). These findings sug-
gested that miR-30b-5p inhibited DU145 and
PC-3 cell EMT, migration, and invasion.

Addition of NUAK1 reversed miR-30b-5p-me-
diated inhibitory effect on EMT, migration, and
invasion in prostate cancer cells

We hypothesized the inhibitory effect of miR-
30b-5p might be attenuated by NUAK1 in pros-
tate cancer cells. The results showed that ab-
undant presence of NUAK1 decreased E-ca-
dherin protein level and increased vimentin and
fibronectin levels in PC-3 cells in comparisons
between NC+NUAK1 and NC+pcDNA3.1 group
(Figure 5A-D). Additionally, addition of NUAK1
increased prostate cancer cell migration and
invasion abilities compared with NC+pcDNA3.1
group, whereas addition of miR-30b played an
opposing role (Figure 5E, 5F). Furthermore,
introduction of NUAK1 attenuated the miR-
30b-5p-mediated inhibitory effect on EMT,
migration, and invasion in prostate cancer cells
(Figure 5). Taken together, these findings
revealed NUAK1 was a key target of miR-30b,
and NUAK1 ablated miR-30b-5p-mediated
inhibitory effect in prostate cancer cells.

Discussion

In the present study, we first showed that defi-
ciency of NUAK1 inhibited EMT, migration, and
invasion by regulation of miR-30b-5p in pros-
tate cancer cells. It was previously suggested
that NUAK1 was up-regulated with poor prog-
nosis in NSCLC and pancreatic cancer, sug-
gesting NUAK1 as a tumorigenic gene [12, 13].
Similarly, NUAK1 expression was abnormally
elevated in prostate cancer tissues and cell
lines, suggesting that NUAK1 played a key role
in prostate cancer progression.

Consistently, this study first investigated the
potential effect of NUAK1 on EMT, migration,
and invasion in prostate cancer cells. We found

Int J Clin Exp Pathol 2018;11(12):5694-5704
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that NUAK1 knockdown blocked the migration
and invasion in prostate cancer cells in accor-
dance with its role in squamous cell carcinoma
and intrahepatic cholangiocarcinoma [20, 21].
Significant insight has been gained that inva-
sion and metastasis of prostate cancer are the
biggest obstacles in the clinic [22]. Such work
showed that NUAK1 is involved in cell migration
and invasion in NSCLC cells and NUAK1 knock-
down decreased lung metastasis in a murine
xenograft model [13]. In gastric cancer, ARKS
(NUAK1) was increased and promoted cell
migration and invasion by EMT [10]. Besides,
epithelial-mesenchymal transition (EMT) also
played a pivotal role in cancer metastasis [6].
The main hallmark of EMT is down-regulation of
epithelial markers like E-cadherin, cytokeratin
and up-regulation of mesenchymal markers
including N-cadherin, fibronectin, and vimentin
[23-25]. Mounting evidence indicates EMT is
involved in prostate cancer formation and
metastasis [26, 27]. Recently, NUAK1 was
reported as an inducer of EMT in nasopharyn-
geal carcinoma [28]. However, there are few
studies on the function of NUAK1 in prostate
cancer. In this study, absence of NUAK1 inhib-
ited EMT in prostate cancer cells. Therefore,
the view was reported that NUAK1 might play a
key role in prostate cancer by affecting EMT,
migration and invasion.

Generally, the expression of mRNA was con-
trolled by miRNAs and in turn led to an impact
on the outcome of cancer progression [15].
Concordantly, NUAK1, as an oncogene, promot-
ed cell proliferation, migration and invasion by
miR-96 targeting in pancreatic cancer [12].
Moreover, NUAK1 was reported as a target of
miR-145 and inhibition of NUAK1 decreased
proliferation, growth and invasion in intrahe-
patic cholangiocarcinoma [21]. Overexpression
of miR-204 inhibited NSCLC cell migration and
invasion via suppressing NUAK1 expression
[16]. Recently, various studies have described
hundreds of miRNAs that were differentially
expressed in prostate cancer samples [29, 30].
MiR-30b-5p, as a member of miR-30 family,
played a crucial regulator role in the progres-
sion of several cancers [31, 32]. Accumulating
studies have suggested that miR-30b-5p
repressed cancer cell migration and invasion
as a tumor suppressor [33, 34]. In view of
above, it is urgent to investigate whether
NUAK1 is a target gene of miR-30-5p. In-
terestingly, luciferase assays suggested that
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NUAK1 might be a direct target gene of
miR-30b-5p.

Since functional NUAK1 that seemed to be reg-
ulated by miR-30b-5p, the related mechanism
of miR-30b-5p was investigated in prostate
cancer cells. miR-30b-5p was suggested to be
required for hepatoma cells, revealed by inhibi-
tory effect on proliferation, EMT, migration as
well as invasion [35]. Moreover, addition of
miR-30b-5p might participate in cell prolifera-
tion and colorectal cancer growth in vivo [36].
Similarly, this study showed that miR-30b-5p
overexpression suppressed EMT, migration,
and invasion in prostate cancer cells. Fur-
thermore, we described that introduction of
NUAK1 counteracted the miR-30b-5p-mediat-
ed role, which also uncovered that the pres-
ence of NUAK1 exacerbated a worse outcome
in prostate cancer cells. This is also consistent
with other targets of miR-30b-5p as described
previously. For instance, all of KRAs, PIK3CD
and BCL2 were suggested as potential targets
of miR-30b-5p, and addition of those mRNAs
attenuated the inhibitory effect of miR-30b-5p
on colorectal cancer cell proliferation [36]. In
addition, investigators have reported that
Cthrcl, regulated by miR-30b-5p, was required
for cell invasion and migration in NSCLC cells
[33]. Likewise in NSCLC, Rab18 was also con-
trolled by miR-30b-5p and contributed to cell
proliferation [37].

In conclusion, NUAK1 is up-regulated in pros-
tate cancer tissues or cells. The interaction
between miR-30b-5p and NUAK1 was validat-
ed in prostate cancer cells. Moreover, NUAK1
facilitated EMT, migration, and invasion in pros-
tate cancer cells, and this effect might be abro-
gated by introduction of miR-30b-5p. It was
expected that NUAKL could be exploited as a
novel therapeutic involved in prostate cancer.
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