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Abstract. A previous study demonstrated that nicotinamide 
N‑methyltransferase (NNMT) is upregulated in the tissues 
of patients with prostate cancer (PCa); however, the specific 
underlying mechanism of this remains unclear. To begin with, 
the expression of NNMT was investigated in the peripheral 
blood of patients with PCa and of healthy control subjects. 
The results indicated that the expression level of NNMT 
was elevated in the peripheral blood and tissues of patients 
with PCa. Furthermore, the overexpression of NNMT 
enhanced PC‑3 cell viability, invasion and migration capacity. 
Additionally, the overexpression of NNMT significantly 
increased the mRNA level of sirtuin 1 (SIRT1) in PC‑3 cells. 
In addition, nicotinamide treatment significantly suppressed 
the expression of SIRT1 even in PC‑3 cells transfected with 
adeno‑associated virus‑NNMT. Furthermore, the PC‑3 cell 
invasion capacity was notably decreased by the nicotinamide 
treatment; however, such effects were largely abolished by the 
overexpression of NNMT in PC‑3 cells. These data indicated 
that NNMT enhanced PC‑3 cell migration and invasion 
mainly by regulating SIRT1 expression. In summary, the 
present study indicated that NNMT is an important regulator 
of SIRT1 expression in PC‑3 cells and may be a potential 
therapeutic target for PCa.

Introduction

Prostate cancer (PCa) is the second most commonly diagnosed 
form of cancer and the sixth leading cause of cancer‑associated 
mortality among males globally (1). It has been reported that 
the 5‑year survival rate is ~100% for patients with localized 
cancer but is only 31% for those with distant metastases (2). 
Therefore, it is of great importance to identify an effective 
treatment method for PCa therapy.

Nicotinamide N‑methyltransferase (NNMT) was identi-
fied as an S‑adenosyl‑L‑methionine‑dependent cytoplasmic 
enzyme (3). Previous studies have indicated its critical role 
in the biotransformation and detoxification of multiple 
drugs and xenobiotic compounds (3,4). Abnormal upregu-
lation of NNMT has been extensively identified in various 
tumor types. For instance, in the progression of PCa, over-
expression of NNMT has been frequently determined (4). 
Furthermore, NNMT has been frequently reported to be a 
non‑invasive biomarker of cancer in body fluids, including 
serum (5), saliva (6) and urine (7). It was originally defined 
as the enzyme responsible for nicotinamide methylation, 
which is an important form of vitamin B3  (8). A current 
study has demonstrated that the role of NNMT is far from 
the clearance of excess vitamin B3 (9). It has demonstrated 
that the global epigenetic histone profiles are regulated by 
NNMT, and it mainly exerts the acetylation modifications 
through regulating the expression of sirtuin 1 (SIRT1) (9). 
Furthermore, enhanced NNMT expression in the liver was 
reported to stabilize SIRT1 protein, thereby maintaining 
hepatic nutrient metabolism (9); however, whether NNMT 
may upregulate SIRT1 in PCa has yet to be elucidated.

Elevated SIRT1 expression has been extensively identified 
in multiple types of human malignancy, including ovarian, 
liver, stomach, ductal and pancreatic cancer (10,11). In addi-
tion, various molecules are indicated to be regulated by 
SIRT1, including p53, forkhead box O1‑4, nuclear factor‑κB 
and E2F1 (12‑14); however, the regulatory control of SIRT1 
remains poorly understood in PCa. In the present study, it was 
demonstrated that increased NNMT expression elevated the 
expression level of SIRT1, thereby prompting the malignant 
progression of PCa. 

Materials and methods

Tissue samples. Patient‑matched PCa and adjacent 
non‑cancerous prostate tissues (15 pairs) were obtained from 
patients (mean age, 68.7±13.7 years; age range 45‑83 years) 
who had undergone radical prostatectomy at the Department 
of Oncology, 202 Hospital of Chinese People's Liberation 
Army (Shenyang, China) between January 2015 to Feb 2016. 
The adjacent non‑cancerous prostate tissues from the patients 
with PCa were used as controls. PCa tissue specimens (n=15) 
were identified as prostatic adenocarcinoma. None of the cases 
had received any previous cancer‑associated treatment or had 
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a history of any other type of cancer. Tumors were staged 
according to the 2010 revised TNM system (15).

The whole blood samples (5 ml) from the aforementioned 
patients with PCa and healthy donors (69.2±14.3) were 
collected in tubes containing EDTA between January 2015 and 
February 2016 at the Department of Oncology, 202 Hospital of 
Chinese People's Liberation Army. Total RNA was extracted 
using RNAzol LS (Vigorous Biotechnology Beijing Co., Ltd., 
Beijing, China, http://www.vigorousbiol.com/), according to 
the manufacturer's protocols. The concentration and purity of 
the RNA samples were determined by OD260/OD280. 

The clinicopathological characteristics are presented in 
Table I. All the samples were snap‑frozen in liquid nitrogen 
immediately and were stored at ‑80˚C following surgery until 
RNA extraction. The study protocols were approved by the 
Local Ethics Committees of 202 Hospital of the Chinese 
People's Liberation Army and written informed consent was 
obtained from all patients and healthy donors prior to tissue or 
blood collection.

Cell culture. The PCa PC‑3 cell line was purchased from the 
Chinese Academy of Sciences Cell Bank and cells were cultured 
in RPMI‑1640/F12 medium (Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), supplemented with 10% 
fetal bovine serum (FBS; Invitrogen; Thermo Fisher Scientific, 
Inc.), streptomycin (100 mg/ml) and penicillin (100 U/ml) at 
37˚C in a humidified atmosphere containing 5% CO2.

Construction of adeno‑associated virus (AAV) vectors. 
AAV‑NNMT or AAV‑NC was constructed by Shanghai 
GeneChem Co., Ltd. (Shanghai, China). The PCa PC‑3 cells 
were seeded at the density of 106 cells/well. At 70% confluency, 
AAV‑NNMT or AAV‑NC was transfected without transfection 
reagent into PC‑3 cells at 30 multiplicity of infection (MOI) 
for 48 h. Following 48 h transfection, the cells were collected 
for subsequent experimentation.

Small interfering RNA (siRNA) transfection. siRNA was 
synthesized based on the human NNMT target sequence 
(3'‑GCTCAAGAGCAGCTACTACAT‑5'; Shanghai Genchem 
Co., Ltd., Shanghai, China). In brief, PC‑3 cells were seeded 
onto a 6‑well plate and were transfected with 20 µM siRNA 
using Lipofectamine® 2000 reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's proto-
cols. Following transfection for 24 h, cells were collected for 
further experiments.

MTT assay. To investigate the effect of NNMT on PC‑3 cell 
viability, PC‑3 cells were seeded in 96‑well tissue culture plates 
at a density of 5x104 cells per well in DMEM medium. When 
the confluence reached 70%, AAV‑NNMT was transfected 
each well at 37˚C for 24, 48 and 72 h. When the confluence 
reached 70%, siRNA targeting NNMT was transfected into 
each well for 24, 48 and 72 h, respectively. Cell viability was 
examined with MTT assay kits (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany). The blue formazan products in the cells 
were dissolved in 150 µl dimethyl sulfoxide (Sigma‑Aldrich; 
Merck KGaA) and spectrophotometrically measured at a 
wavelength of 550 nm. All experiments were performed in 
triplicate.

Scratch assay. PC‑3 cells were seeded onto a 6‑well plate 
at a density of 5x105 cells/well until 90% confluence. Next, 
a scratch was produced in each well using 10‑µl pipette tips. 
Following AAV‑NNMT or AAV‑NC transfection for 48 h at 
37˚C, the cells were washed with phosphate‑buffered saline 
(PBS) three times and the width of the scratch was measured 
under an inverted microscope (IX83, Olympus Corporation, 
Tokyo Japan) (x10 magnification) at different time points 
following transfection. All the experiments were repeated 
three times.

Transwell assay. Migration and invasion assays were 
performed using transwell chambers with membrane pore 
size of 8.0 µm (Corning Incorporated, Corning, NY, USA). 
Membranes were uncoated for the migration assays and 
coated with 25  µg Matrigel (BD Biosciences, Franklin 
Lakes, NJ, USA) for the invasion assays. They were incu-
bated with PBS (migration) or Matrigel during 1 h at 37˚C, 
5% CO2 atmosphere. PC‑3 cells at log‑phase were prepared 
and fasted for 12 h in serum‑free RPMI‑1640/F12 as afore-
mentioned. The cells were collected and rinsed with PBS 
three times. Next, cells were re‑suspended at 6x105 cells/ml. 
Additionally, 0.1 ml cell suspension was added into 24‑well 
Transwell chambers, with the lower chamber containing 
0.5 ml RPMI‑1640/F12 medium, supplemented with FBS. 
Following 24 h of incubation, cells were stained with 0.1% 
crystal violet for 10  min at room temperature and were 
rinsed with PBS, followed by rinsing with 33% acetic acid. 
Subsequently, cells were visualized under an inverted micro-
scope (magnification, x200) to examine the microporous 
membrane lower cell. Subsequently, 10 randomly selected 
fields were used to calculate the average.

Western blot analysis. Total protein was extracted from 
PC‑3 cells or PCa tissues or adjacent non‑cancerous prostate 
tissues using radioimmunoprecipitation assay buffer (Beijing 
Solarbio Science & Technology Co., Ltd., Beijing, China). A 
BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) 
was used to determine the protein concentration. A total of 
20 µg protein in each lane was separated by 12% SDS‑PAGE, 
prior to being transferred onto a polyvinylidene fluoride 
membrane. Following blocking with 5% skimmed milk 
powder for 2 h at room temperature, monoclonal antibodies 
against NNMT (cat. no., ab58743), SIRT1 (cat. no., ab32441) 
and GAPDH (cat. no., ab9485) (all dilution, 1:1,000; Abcam, 
Cambridge, MA, USA) were applied for overnight incuba-
tion at 4˚C. Non‑specific binding was blocked using 8% 
(w/v) milk in Tris‑buffered saline with 1% Tween‑20 (TBST; 
Beijing SolarBio Science & Technology Co., Ltd.) for 2 h 
at room temperature. Following several washes with TBST, 
the membranes were incubated with horseradish‑peroxidase 
(HRP)‑conjugated goat anti‑rabbit or anti‑mouse IgG, or 
HRP‑conjugated mouse anti‑goat IgG (all dilution, 1:5,000; 
OriGene Technologies, Inc., Beijing, China) for 2 h at room 
temperature, prior to being washed with TBST. GAPDH 
was used as the internal control. Signals were detected 
using enhanced chemiluminescence, according to the 
manufacturer's protocols (EMD Millipore, Billerica, MA, 
USA). ImageJ 1.8.0 software (National Institutes of Health, 
Bethesda, MD, USA) was used for densitometry.
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Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from PC‑3 cells or PCa 
tissues or adjacent non‑cancerous prostate tissues using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and was used 
as the template to synthesize cDNA using a reverse transcription 
kit (Takara Bio, Inc., Otsu, Japan) according to the instructions. 
Briefly, 1 µl random primer, 1 µl dNTP mixture and 1 µl RNA 
were mixed at 65˚C for 5 min. Then, 2 µl 5X PrimeScript™ 
Buffer, 1 µl PrimeScript RTase, and 4 µl DEPC H2O were added 
at 30˚C for 10 min, 42˚C for 20 min, and 95˚C for 4 min. Then, 
the cDNA were collected. RT‑qPCR was performed using a fluo-
rescent qPCR kit (Qiagen GmbH, Hilden, Germany) and specific 
primers. Subsequently, PCR amplification was performed. A 
total of 1 µg cDNA was used for qPCR using the SYBR® green 
Master mix (Roche Diagnostics, Basel, Switzerland) and a Roche 
Lightcycler 480 (Roche Diagnostics) at 95˚C for 10 min followed 
by 50 cycles of: 95˚C for 10 sec; 55˚C for 10 sec; 72˚C for 5 sec; 
99˚C for 1 sec; 59˚C for 15 sec; 95˚C for 1 sec; and cooling to 
40˚C. All experiments were performed in triplicate against a 
GAPDH housekeeping gene. Relative expression was normal-
ized against the endogenous control, GAPDH, using the 2‑∆∆Cq 
method (16). The primers for NNMT, SIRT1, and GAPDH were 
listed as follows: NNMT‑forward (f), 5'‑CTG​CCT​AGA​CGG​TGT​
GAA​GG‑3'; NNMT‑reverse (r), 5'‑CTT​GAC​CGC​CTG​TCT​CAA​
CT‑3'; SIRT1‑f, 5'‑CCT​GCC​TGG​ATC​CCC​TTA​GT‑3'; SIRT1‑r, 
5'‑GGC​CTG​TTG​CTC​TCC​TCA​TT‑3'; GAPDH‑f, GAG​AAG​
GCT​GGG​GCT​CAT​TT; GAPDH‑r, AGT​GAT​GGC​ATG​GAC​
TGT​GG.

Nicotinamide treatment. 10  µg/µl Nicotinamide (72340, 
Sigma‑Aldrich; Merck KGaA) was dissolved in ddH2O. 
To evaluate the effects of nicotinamide on the expression 
of SIRT1, nicotinamide was added in the RPMI‑1640/F12 
culture at the final concentration of 20 ng/µl in the presence or 
absence of AAV‑NNMT.

Statistical analysis. SPSS 19.0 software (IBM Corp., Armonk, 
NY, USA) was used to process all of the collected data, 

and those that fit a normal distribution are presented as the 
mean ± standard deviation. Multiple‑group comparisons were 
performed using analysis of variance, followed by the least 
significant difference post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Elevated levels of NNMT in the peripheral blood and tissues 
of patients with PCa. In the present study, the NNMT mRNA 
level in the peripheral blood of healthy donors was used as 
a negative control (NC) when comparing with the NNMT 
mRNA level of NNMT in the peripheral blood of patients 
with PCa. In order to compare the expression of NNMT in 
prostate tissues, the PCa tissues and adjacent non‑cancerous 
prostate tissues were collected from patients with PCa. To 
begin with, the expression of NNMT in the peripheral blood 
and tissues of patients with PCa was evaluated. As depicted 
in Fig. 1A, the mRNA level of NNMT was notably elevated 
in the peripheral blood of patients with PCa, compared with 
that in the NC samples. The expression of NNMT in the 
tissues of patients with PCa was also evaluated and the data 
demonstrated that NNMT expression was notably increased, 
compared with that in the NC adjacent non‑cancerous prostate 
tissues (Fig. 1B). Furthermore, the protein expression level 
of NNMT was determined to be increased in the tissues of 
patients with metastases, compared with that of the patients 
without metastases (Fig. 1C).

NNMT enhances the expression of SIRT1 in PC‑3 cells. Next, 
the possible association between NNMT and SIRT expres-
sion was evaluated. Overexpression of NNMT significantly 
increased the mRNA expression of SIRT1 in PC‑3 cells 
(P<0.05; Fig. 2A). Furthermore, western blot analysis indi-
cated that the protein expression of SIRT1 was elevated in the 
tissues of patients with PCa, compared with that in the tissues 
of NC subjects (Fig. 2B).

NNMT promotes PC‑3 cell viability, migration and colony 
formation. Following this, the effect of NNMT on the malig-
nant phenotype of PC‑3 cells was investigated. An MTT assay 
demonstrated that the overexpression of NNMT increased 
the cell viability by 34.5, 78.6 and 123.2% at 24 (P<0.05), 48 
(P<0.05) and 72 h (P<0.01), respectively (Fig. 3A). By contrast, 
the knockdown of NNMT notably suppressed PC‑3 cell 
viability by 12.3, 22.1 and 34.5% at 24, 48 (P<0.05) and 72 h 
(P<0.05), respectively (Fig. 3B). Furthermore, the upregulation 
of NNMT elevated the cell migration and colony formation 
capacity (Fig. 3C and D). 

NNMT exerts its oncogenic role primarily by upregulating 
SIRT1. Additionally, the underlying mechanism through which 
NNMT promotes the malignancy of PCa was investigated. 
Therefore, an SIRT1 inhibitor, nicotinamide, was selected. 
As depicted in Fig. 4A, treatment with nicotinamide notably 
suppressed the expression of SIRT1 even in cells transfected 
with adeno‑associated virus (AAV)‑NNMT (Fig. 4A). At the 
same time, treatment with nicotinamide suppressed PC‑3 cell 
migration (Fig. 4B). By contrast, the upregulation of NNMT 
notably abolished the nicotinamide‑reduced cell migration 

Table I. Clinicopathological characteristics of patients with 
PCa and healthy controls.

Characteristic	 Healthy control	 PCa	 P‑value

Age, years (range)	 69.2 (46‑85)	 68.7 (48‑86)	
PSA±SD, ng/ml	 2.4±1.6	 124.3±250.6	 <0.001
Gleason score, no. (%)			 
  ≤7		  7 (46.7)	
  ≥8		  8 (53.3)	
Stage, no. (%)			 
  T1‑4N0M0			 
  T1‑4N0M0		  9 (60.0)	
  Metastasis		  6 (40.0)	
  (any T, N>0, M>0)

TNM, tumor‑node‑metastasis; SD, standard deviation; PSA, prostate 
specific antigen; PCa, prostate cancer.

https://www.spandidos-publications.com/10.3892/ol.2018.8474
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capacity (Fig. 4B). These data indicated that NNMT enhanced 
PC‑3 cell malignancy primarily through the upregulation of 
NNMT.

Discussion

PCa is the most common neoplasia among males glob-
ally (17). Therefore, it is of great importance to investigate 

the molecular mechanisms underlying PCa development 
and progression. In the present study, the primary focus was 
on NNMT, a phase II metabolizing enzyme that primarily 
catalyzes the methylation of nicotinamide and other pyri-
dines (9). The data indicated that the level of NNMT was 
elevated in the peripheral blood and tissues of patients with 
PCa, indicating a potential oncogenic role of NNMT in the 
progression of PCa.

Figure 1. Elevated expression of NNMT in the peripheral blood and tissues of patients with PCa. (A) The mRNA expression level of NNMT was notably 
elevated in the peripheral blood of patients with PCa, compared with that in the blood of the healthy donors. (B) Western blot analysis demonstrated that 
NNMT expression was markedly increased in the tissues of patients with PCa, compared with expression in the NC adjacent non‑cancerous prostate tissues. 
(C) The protein expression of NNMT was increased in the tissues of patients with metastases, compared with that in the tissues of patients without metastases. 
*P<0.05, **P<0.01 vs. control. NNMT, nicotinamide N‑methyltransferase; NC, negative control; PCa, prostate cancer.

Figure 2. NNMT enhances the expression of SIRT1 in PC‑3 cells. (A) NNMT significantly increased the mRNA expression level of SIRT1 in PC‑3 cells. 
(B) Western blot analysis indicated that the protein expression of SIRT1 was elevated in the tissues of patients with PCa, compared with that in the adjacent 
non‑cancerous tissues. *P<0.05, ***P<0.001 vs. control. NNMT, nicotinamide N‑methyltransferase; NC, negative control; PCa, prostate cancer; SIRT1, sirtuin 
1; AAV, adeno‑associated virus.
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Previous studies have been focused on the functional 
roles of NNMT in metabolic diseases, including diabetes and 
obesity (9,18). Other studies reported its involvement in the 
development and progression of carcinoma in vivo  (19,20). 
Multiple subsequent data have indicated that the upregulation 
of NNMT in various cancer types is associated with a poor 
prognosis  (19,21). Furthermore, NNMT was also demon-
strated to enhance the proliferative, migratory, invasive and 
differentiation capacities of different types of tumor (20,22). 

For instance, the overexpression of NNMT promoted renal 
carcinoma cell proliferation and invasion mainly by activating 
the phosphoinositide 3‑kinase/Akt pathway in nasopharyngeal 
carcinoma (21). In the present study, NNMT expression was 
demonstrated to be increased in PCa, but the biological func-
tion and underlying mechanisms of this remain unclear. 

The in vitro experiments of the present study revealed that 
the overexpression of NNMT significantly enhanced PC‑3 cell 
viability, cell migration and invasive capacity. These oncogenic 

Figure 3. NNMT promotes PC‑3 cell viability, migration and colony formation. (A) Overexpression of NNMT elevated the viability of PC‑3 cells by 34.5, 78.6 
and 123.2% at 24, 48 and 72 h, respectively. (B) Knockdown of NNMT markedly suppressed PC‑3 cell viability by 12.3, 22.1 and 34.5% at 24, 48 and 72 h, 
respectively. Upregulation of NNMT elevated the cell migration and invasion capacity as analyzed by the (C) scratch assay, and (D) invasion and migration 
assays. *P<0.05, **P<0.01, ***P<0.001 vs. control. NNMT, nicotinamide N‑methyltransferase; NC, negative control; AAV, adeno‑associated virus; si, small 
interfering; OD, optical density.

https://www.spandidos-publications.com/10.3892/ol.2018.8474
https://www.spandidos-publications.com/10.3892/ol.2018.8474
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results prompted additional investigation into the underlying 
mechanism of NNMT in the development of PCa. Recently, 
NNMT was demonstrated to stabilize the mRNA and protein 
expression levels of SIRT1, thereby maintaining lipid homeo-
stasis in the liver  (9); however, whether NNMT functions 
through SIRT1 in PCa has yet to be investigated. Previous 
studies have indicated that SIRT1 serves an important role in 
multiple physiological processes, including aging, metabolism, 
neurogenesis and cell survival, based on its capacity to deacety-
late histone and non‑histone substrates (23,24). For instance, 
SIRT1 was indicated to increase the expression of matrix metal-
loproteinase‑2, thereby enhancing PCa cell invasion (25). In 
order to validate the role of SIRT1 in PCa malignancies in the 
present study, a specific inhibitor, nicotinamide, was selected. It 
was determined that the PC‑3 cell invasion capacity was notably 
decreased by nicotinamide treatment, even in PC‑3 cells trans-
fected with AAV‑NNMT. These data indicated that NNMT 
enhanced PC‑3 cell migration and invasion primarily through 
regulating SIRT1 expression.

In summary, the present study indicated that NNMT is 
an important regulator of SIRT1 expression in PC‑3 cells and 
may be a potential therapeutic target for PCa.
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