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Abstract: Nicotinamide N-methyltransferase (NNMT) catalyzes the N-methylation reaction of nicoti-
namide, using S-adenosyl-L-methionine as the methyl donor. Enzyme overexpression has been
described in many non-neoplastic diseases, as well as in a wide range of solid malignancies. This
review aims to report and discuss evidence available in scientific literature, dealing with NNMT
expression and the potential involvement in main urologic neoplasms, namely, renal, bladder and
prostate cancers. Data illustrated in the cited studies clearly demonstrated NNMT upregulation
(pathological vs. normal tissue) in association with these aforementioned tumors. In addition to this,
enzyme levels were also found to correlate with key prognostic parameters and patient survival.
Interestingly, NNMT overexpression also emerged in peripheral body fluids, such as blood and
urine, thus leading to candidate the enzyme as promising biomarker for the early and non-invasive
detection of these cancers. Examined results undoubtedly showed NNMT as having the capacity to
promote cell proliferation, migration and invasiveness, as well as its potential participation in funda-
mental events highlighting cancer progression, metastasis and resistance to chemo- and radiotherapy.
In the light of this evidence, it is reasonable to attribute to NNMT a promising role as a potential
biomarker for the diagnosis and prognosis of urologic neoplasms, as well as a molecular target for
effective anti-cancer treatment.

Keywords: nicotinamide N-methyltransferase; renal cell carcinoma; bladder cancer; prostate cancer;
tumor biomarker; molecular target

1. Introduction

The enzyme nicotinamide N-methyltransferase (NNMT, EC 2.1.1.1) catalyzes the trans-
fer of the methyl group from the S-adenosyl-L-methionine (SAM) universal donor to nicoti-
namide (NA) to form N1-methylnicotinamide (MNA) and S-adenosyl-L-homocysteine
(SAH) [1-3]. MNA can be further converted into N1-methyl-2-pyridone-5-carboxamide
(2-Py) or N1-methyl-4-pyridone-3-carboxamide (4-Py), through the catalysis exerted by
aldehyde oxidase (AO) [4]. All three catabolites (NA, 2-Py and 4-Py) are subsequently
excreted via urine [5]. Alternatively, NA excess can be also metabolized through oxidation
rather than methylation. Indeed, within the endoplasmic reticulum of hepatocytes, the
CYP2E1 enzyme system is able to oxidize NA to nicotinamide N-oxide (NA N-oxide) that
undergoes further urinary elimination [6] (Figure 1).
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Figure 1. Nicotinamide (NA) catabolism through N-methylation and N-oxidation. NA is methylated
by nicotinamide N-methyltransferase (NNMT), using the universal methyl donor S-adenosyl-L-
methionine (SAM) that is converted to S-adenosyl-L-homocysteine (SAH). The methylated product
N1-methylnicotinamide (MNA) can be further oxidized into N1-methyl-2-pyridone-5-carboxamide
(2-Py), or N1-methyl-4-pyridone-3-carboxamide (4-Py), by aldehyde oxidase (AO). NA can be oxi-
dized to nicotinamide N-oxide (NA N-oxide) by CYP2E1 enzyme. N-methylated and N-oxidized
metabolites are excreted through urine.

NA represents a bioactive form of vitamin B3, and is the precursor of nicotinamide
adenine dinucleotide (NADY), a key molecule participating in fundamental redox pro-
cesses regulating energy metabolism [7], as well as to a wide range of intracellular events,
including transcription regulation, longevity, genome stability, and response to DNA
damage [8]. NNMT catalytic activity significantly contributes to the regulation of NA
intracellular levels, participating to an irreversible step of catabolism of vitamin B3, that
undergoes excretion after N-methylation. Upon hepatic conversion to MNA and further
pyridones, NA is excreted through urine and is no longer available as a precursor for NAD*
biosynthesis [9].

NNMT is mainly expressed in the liver and belongs to phase II metabolizing en-
zymes [1]. Although the enzyme is described to be involved in the biotransformation
and detoxification of many xenobiotics [1-3], porcine liver NNMT was only described
to be active towards pyridine derivatives, such as quinoline, isoquinoline, and 1,2,3,4-
tetrahydroisoquinoline, in addition to structural NA analogs, such as thionicotinamide
and 3-acetylpyridine [10]. The resolution of tridimensional (3D) structures of purified
human recombinant NNMT, together with the detection of the main amino acid residues
involved in the catalysis [11], led to the discovery of the kinetic mechanism of NNMT [12],
the identification of alternate enzyme substrates [13-15], as well as the design and assay of
a great number of inhibitors [16-27].

NNMT upregulation, as well as its involvement, has been described for several non-
neoplastic disorders, such as Parkinson’s disease [28-31], metabolic disfunctions [32-35],
chronic obstructive pulmonary disease [36,37], atherosclerosis [38] and pulmonary arterial
hypertension [39].

However, the bulk of scientific literature on NNMT is greatly focused on speculating
and clarifying the role played by the enzyme in cancer. In fact, NNMT overexpression
has been reported for many solid tumors, including gastrointestinal neoplasms [40-48],
lung [49-52], oral [53-59], esophageal [60,61], nasopharyngeal [62] and thyroid [63-65]
cancers, as well as ameloblastoma [66] and glioblastoma multiforme [67]. Significant
NNMT upregulation was recently found in epithelial neoplasms [68-73] and in association
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with cancer stem cells (CSCs) [74-78]. Regarding women's cancers, enzyme overexpression
was detected in breast [79-81], endometrial [82], cervical [83] and ovarian [84] cancer.
The aim of this review was to give an update on data concerning NNMT expression
levels in urologic malignancies, such as renal, bladder and prostate cancer, as well as to
report evidence showing enzyme contributions in malignant transformations featuring
these neoplasms, and the role played by NNMT in tumor cell metabolism and phenotypes.

2. NNMT and Renal Cancer

Among urological neoplasms, renal cell carcinoma (RCC) was the first to be examined
in regard to potential NNMT involvement, in which enzyme overexpression was described.

In 2013, RCC was reported to rank seventh among all cancers worldwide. It was
diagnosed in more than 350,000 people and was responsible for 140,000 deaths [85]. RCC
represents a heterogenous group of neoplasms, including different histological subtypes.
Conventional clear cell (ccRCC), papillary (pRCC) and chromophobe (chRCC) are the main
tumor forms, accounting for 85-90% of all kidney malignancies [86]. Cancer management
and patient survival are strictly dependent on the disease stage at the time of diagnosis.
Surgery, followed by active surveillance, remains the gold standard curative intervention
for localized tumors, whereas systemic immunotherapy is adopted to treat metastatic
disease [87]. However, the prognosis of patients with metastases is poor, mainly due to
the lack of effective chemotherapy [88]. In the light of these considerations, improvement
in the understanding of RCC biology, focused on identifying new molecular targets for
effective therapy, is of utmost importance.

In the work by Yao et al., microarrays and Real-Time PCR analyses were used to
identify molecular biomarkers for RCC diagnosis, distinguishing between ccRCC, pRCC
and chRCC subtypes, as well as for prognostic purpose. Results obtained revealed that
NNMT upregulation (tumor vs. normal tissue) was markedly higher in ccRCC than in other
non-clear cell RCCs. Interestingly, enzyme levels were significantly higher in small-sized
rather than large-sized tumors [89].

This evidence was further confirmed by our study, which aimed to explore the in-
volvement of phase II drug metabolism enzymes in RCC. Differential gene expression
measurements, performed by Real-Time PCR, Western blot, and catalytic activity assay,
demonstrated that NNMT levels significantly increase in tumors compared with normal
kidney samples of patients affected with ccRCC. On the contrary, enzyme expression in
neoplastic was not so altered with respect to the control specimens of subjects suffering
from chRCC, as well as oncocytoma. Similarly to what was previously reported, NNMT
expression was found to be inversely related to tumor size [90].

Immunohistochemical analyses were performed to deeply explore the potential use of
NNMT level determination for differential diagnosis, as well as the prognosis prediction
of renal cancer. Data reported by the study of Zhang et al. clearly demonstrated higher
enzyme positivity in ccRCC in comparison with the chromophobe subtype. Moreover,
NNMT expression was significantly inversely related to the status of pT parameter. Uni-
variate survival analysis revealed that elevated enzyme levels were associated with a poor
prognosis. Indeed, Kaplan-Meier curve trends displayed a longer survival time for patients
affected with tumors exhibiting low NNMT expression, and vice versa [91].

In the study by Kim et al., two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE) and mass spectrometry (MS) were used to analyze frozen tumor and adjacent normal
tissue samples from patients affected by ccRCC, pRCC and chRCC. Further validation was
carried out on formalin-fixed and paraffin-embedded tissue specimens, as well as on plasma
samples, through immunohistochemistry and ELISA, respectively. Data obtained revealed
that NNMT was upregulated in most of the analyzed samples, representing, therefore,
a powerful potential biological marker for the diagnosis of the main RCC subtypes [92].
Subsequent determination of NNMT, L-plastin (LCP1), and nonmetastatic cells 1 protein
(NM23A) levels, performed in a wide number of plasma samples obtained from healthy
donors and RCC patients, was used to explore the clinical performance of a three-marker
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assay for the early diagnosis of kidney cancer. The resulting area under curve (AUC), as
well as sensitivity and specificity values, obtained from receiver operating characteristic
(ROC) analysis, demonstrated the elevated diagnostic accuracy derived from the composite
three-marker assay for early RCC detection [93,94].

Further proteomic approaches were used to explore the potential suitability of NNMT
expression level determination for a valuable diagnosis of RCC, focusing on conventional
subtypes. Reported data showed that, in addition to a few other genes, NNMT was identi-
fied as a reliable biomarker for ccRCC detection [95], especially for late-stage disease [96].

Although several studies described NNMT upregulation in RCC, the molecular events
leading to enzyme overexpression, as well as the effect induced by such dysregulation in
cancer cell phenotype, remain partly understood. In the last decade, a few studies have
been carried out in order to elucidate these aspects.

We recently reported data from Real-Time PCR analyses, performed on paired ccRCC
and controlled tissue samples, of molecules potentially involved in the modulation of
NNMT expression at the transcriptional level. In particular, we focused on signal transduc-
ers and activators of transcription 3 (STAT3), interleukin 6 (IL-6) and hepatocyte nuclear
factor 1 beta (HNF-13) transcription factors, as well as on transforming growth factor
beta 1 (TGF-1) cytokines. The obtained results clearly demonstrated that, among these
transcriptional regulators, TGF-B1 only displayed a significant upregulation in tumor
compared with normal tissue samples of ccRCC patients [97].

Most of the studies devoted to elucidating NNMT contributions to the malignant
transformation of kidney cells, by promoting proliferation, migration, invasiveness and
resistance to therapy, had been carried out on primary (769-P and 786-O) and metastatic
(Caki-1) ccRCC cell lines, as well as in primary (Caki-2) pRCC cells.

Preliminary results, reported by Kim et al., illustrated that short hairpin RNA (shRNA)-
mediated NNMT silencing was associated with a significant decrease in proliferation of
Caki-1 cells [92]. Treatment with small interfering RNAs (siRNAs) targeting NNMT effi-
ciently suppressed the invasive capacity of 786-O and Caki-1 cells, whereas the induction
of enzyme overexpression led to an opposite effect in both 769-P and human embryonic
kidney cell line HEK293. Due to the discovery of a strong correlation between expression
levels of NNMT and matrix metalloproteinase-2 (MMP-2), that is suggested to play an
important role in cancer cell invasion, further analyses were carried out to disclose the
interplay between both determinants of cellular invasiveness. siRNA-mediated NNMT
knockdown efficiently decreased MPP-2 expression in 786-O and Caki-1 cells. Moreover,
MPP-2 suppression, via a neutralizing antibody or inhibitor, significantly inhibited the in-
vasive capacity of HEK293 cells overexpressing NNMT, suggesting that NNMT-dependent
cellular invasion was exerted through the activation of MMP-2. In particular, MMP-2
transcriptional activity, induced by NNMT upregulation in HEK293, was found to be
strictly regulated by SP1-binding elements within the promoter region. Further analy-
ses, performed on HEK293 and c¢cRCC cell lines, revealed that SP1 binding capacity to
MMP-2 promoter was positively regulated by activation of the PI3K-Akt signaling pathway.
In vivo studies demonstrated that tumor growth and lung metastasis were significantly
reduced in immunodeficient mice subcutaneously and intravenously injected with 786-O
downregulating NNMT [98].

Caki-1 treatment with a sulfonamide analogue of alkaloid cryptopleurine led to a
significant reduction in proliferation and cell cycle progression, as well as to NNMT
downregulation. Interestingly, antiproliferative activity and cell cycle arrest exerted by
this pharmacological treatment were inhibited or abolished upon siRNA-mediated NNMT
silencing. Further analyses demonstrated that NNMT knockdown was associated with
decreased levels of phosphorylated c-Jun, whose accumulation is responsible for G0/G1 cell
cycle arrest. This evidence seems to suggest a potential involvement of NNMT in molecular
events connected with the antiproliferative and cell cycle-regulating effects induced by
Caki-1 cell treatment with a methanesulfonamide analogue of cryptopleurine [99].
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3. NNMT and Bladder Cancer

In the context of studies aiming to disclose the potential involvement of NNMT
in urothelial neoplasms, array analyses were used to profile the expression of tumor
and normal-looking tissue samples obtained from patients affected with bladder cancer
(BC) [100,101].

BC is the fourth most common neoplasm occurring in men in Western countries,
after prostate, lung and colon cancers. It is a heterogeneous disease and 90-95% cases are
represented by urothelial carcinoma or transitional cell carcinoma. BC is three to four times
more frequent in men than in women, and smoking habits, together with occupational
activity, constitute the main environmental risk factors [102,103]. At the time of diagnosis,
60% of BC patients suffer from low-grade, non-muscle invasive forms (NMIBC), whereas
25% are affected by muscle invasive disease (MIBC), displaying high histological grade
and being responsible for the vast majority of cancer-related deaths. After the transurethral
endoscopic resection of a bladder tumor, often followed by chemotherapy or vaccine-based
treatment, most NMIBC patients undergo cancer relapses, 10-20% of which are represented
by high-grade MIBCs. Due to cancer recurrence and/or progression, BC patients are
monitored through periodic cystoscopies and urine cytology examinations. Cystoscopy is
an invasive and expensive procedure, often leading to pain for patients. Urine cytology
displays low sensitivity in detecting low-grade tumors. NMIBC patients harboring high-
grade neoplasms undergo major surgery for bladder removal, through partial or radical
cystectomy. Chemotherapy and radiotherapy are adopted in combination with surgery for
treating patients affected by MIBC, or are used alone to manage metastatic disease [104,105].
Therefore, the identification of sensitive and non-invasive biomarkers for BC detection and
follow-up, as well as molecular targets for effective treatment of cancer progression, are
urgently required.

Among enzymes involved in drug metabolism, NNMT was found to be significantly
overexpressed in BC, evidence that was further confirmed by Real-Time PCR, Western blot
and catalytic activity assay [100]. Subsequent investigation of differentially expressed genes
in relation to the BC stage revealed that NNMT, together with fibronectin 1 (FN1), POSTN
and SMADG6, were markedly upregulated in muscle-invasive tumors compared with non-
muscle-invasive tumors [101]. Results obtained from these distinct studies reasonably
suggest NNMT as a potential biomarker for both BC diagnosis and prognosis.

NNMT levels were also detected in exfoliated cells collected from urine samples
obtained from BC patients and healthy subjects. The data reported showed that enzyme
expression was significantly higher in the urine of patients suffering from BC compared
with that detected in control specimens. Subsequent statistical analyses revealed a signifi-
cant inverse correlation between tumor NNMT levels and histological grade. Moreover,
ROC analysis, as well as AUC evaluation, demonstrated the excellent diagnostic accuracy
of a potential urine-based NNMT test. Such evidence strongly indicates that NNMT level
determination could be used for early and non-invasive BC detection [106].

The pivotal study, that started to elucidate the role of NNMT in bladder cancer cells,
used the cDNA array technique to profile the expression of stress-related and DNA repair
genes in both radioresistant MGH-U1 BC cell line and its radiosensitive subclone S40b.
Among dysregulated genes, the NNMT displayed marked decreased levels in S40b with
respect to those detected in MGH-U1 cells. This result, further confirmed by Real-Time
PCR assay, represented the first evidence suggesting a potential role played by the enzyme
in cell responses to radiation treatment [107].

Wu et al. were the first to report NNMT involvement in BC cell metabolism, focusing
on events featuring cell migration. The goal of this in vitro study was to detect genes
promoting invasion and metastasis. To this aim, numerous human BC cell lines were both
subjected to radial migration assay and then microarray-profiled. NNMT was identified
among genes whose expression was directly correlated with cell migration rate, and
therefore selected for further investigation. Data obtained from analyses carried out in BC
tissue samples revealed that enzyme expression was also positively associated with the
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tumor stage, and was found to be higher in muscle-invasive forms compared with that of
superficial neoplasms. Given these results, further in vitro experiments were performed in
order to speculate the potential mechanistic role of NNMT in cell migration. Interestingly,
siRNA-mediated enzyme downregulation significantly reduced cell proliferation, as well
as chemotaxis and chemokinesis in the 253] human BC cell line [108].

4. NNMT and Prostate Cancer

It is only recently that NNMT was found to be upregulated in prostate cancer (PCa).
PCa represents a major disease that affects men’s health and is the second most common
tumor in men worldwide, being a leading cause of cancer morbidity and mortality in
developed countries [85]. PCa is a complex and heterogeneous neoplasm whose diagnosis
is currently based on digital rectal examination, prostate-specific anti-gene measurement
and transrectal ultrasound. Among prognostic parameters, histological grading assigned
according to Gleason score is the strongest predictive factor of clinical outcome and re-
sponse to treatment [109]. Active surveillance is adopted for low-risk patients, whereas
subjects diagnosed with high-risk disease are treated with radical prostatectomy or radio-
therapy [110]. Since androgens are essential for the development of the prostate gland, but
also stimulate prostate cancer cell growth, patients affected by locally advanced PCa are
treated with androgen-deprivation therapy (ADT), combined with radiotherapy, in order
to prevent tumor progression. However, over a period of 12-36 months, patients develop
castrate-resistant prostate cancer (CRPC), as a result of the activation of the androgen re-
ceptor and its downstream signaling pathway. Chemotherapy is used in combination with
ADT in patients with distant metastasis or administered in subjects affected by metastatic
CRPC [109,110]. Therefore, it is fundamental to identify and validate new tumor-associated
biomarkers, in order to improve the management of PCa patients, in terms of cancer
detection, follow-up and therapy.

In the study of Zhou et al., immunohistochemistry was carried out to explore en-
Zyme expression in benign prostate hyperplasia (BPH), high-grade prostatic intraepithelial
neoplasia (HGPIN) and PCa. The results obtained showed that NNMT levels were sig-
nificantly higher in HGPIN or PCa compared with those of BPH. Subsequent statistical
analyses revealed an inverse correlation between intratumor enzyme expression and Glea-
son score. Moreover, low NNMT levels were found to be associated with both reduced
progression-free survival and overall survival of patients affected by advanced PCa [111].
Enzyme expression was also investigated at mRNA level in peripheral blood samples of
PCa patients and healthy subjects. The reported data clearly demonstrated that NNMT was
upregulated in pathological specimens compared with controls [112]. This evidence led to
hypotheses that NNMT could serve as a promising biomarker for early and non-invasive
diagnosis, as well as the prognosis of prostate cancer [111,112].

In order to speculate the role played by the enzyme in cancer cell phenotype, further
analyses were carried out in the PC-3 prostate adenocarcinoma cell line. The induction
of NNMT upregulation was associated with a significant increase in cell viability and
migration, as well as colony formation capacity. On the contrary, siRNA-mediated enzyme
downregulation led to a reduced proliferation of PC-3 cells. Interestingly, NNMT over-
expression also enhanced sirtuin 1 (SIRT1) levels, suggesting a potential involvement of
this histone deacetylase among mechanisms through which NNMT is able to promote
PCa malignancy. To verify this hypothesis, PC-3 cells were treated with NA, known to
be a strong SIRT1 inhibitor, and subsequent molecular and phenotypic effects were also
evaluated. NA treatment significantly reduced SIRT1 expression and cell migration, both
in PC-3 cells overexpressing NNMT and controls, thus indicating that the enzyme capacity
to promote PC-3 cell malignancy is mediated by SIRT1 [112,113].

5. Conclusions

To the best of our knowledge, this is the first review reporting the concerns regarding
the role played by NNMT in urological tumors, focusing on enzyme expression levels
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in tissues and body fluids, as well as its involvement in molecular and cellular events
promoting malignant transformation.

First classified as an NA clearance enzyme [114], NNMT has gradually acquired
numerous functions as a fundamental molecule able to regulate metabolism and epigenetics,
thus affecting many aspects related to cellular physiology and pathology [115].

For almost twenty years, NNMT has been described to be upregulated in several solid
cancers, participating in crucial mechanisms leading to cancer progression, metastasis and
resistance to chemo- and radiotherapy.

Concerning urologic malignancies, enzyme overexpression emerged in renal, bladder
and prostate cancers. In these neoplasms, NNMT seems to act as an interesting diagnostic
biomarker, whose measurement might even be suitable for non-invasive and early cancer
detection. Moreover, the prognostic potential of NNMT level determination was also
demonstrated, with enzyme intratumor expression significantly correlated with important
parameters, such as tumor stage, size, grade, as well as with patient survival. Subsequent
studies clearly demonstrated NNMT involvement in fundamental events featuring tumori-
genesis, namely, cell proliferation, migration and invasiveness (Figure 2), thus attributing
to the enzyme a promising role as a molecular target for effective treatment of these tumors.
NNMT 3D structure resolution [11], together with the identification of related kinetic
mechanism-of-action [12], have triggered the design, synthesis and validation of a wide
range of molecules that seem to act as potent inhibitors of enzyme activity [16-27], that
could be used as novel anti-cancer therapeutics.

BC
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v Inverse correlation with tumor size
and pT parameter.
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v" Promotion of cell proliferation,
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Figure 2. Nicotinamide N-methyltransferae (NNMT) involvement in urological tumors. Enzyme expres-
sion (tumor vs. control tissue) and its role played in cellular phenotype were explored in main urinary
tract neoplasms, namely renal cell carcinoma (RCC), bladder cancer (BC) and prostate cancer (PCa).

In addition to this, recent studies showed that the enrichment of tumor cell lines with
CSCs was significantly associated with the enhanced expression of NNMT [76,78]. Acquisi-
tion of stem-like phenotype by cancer cells was demonstrated to have detrimental effects
in terms of tumor aggressiveness and its resistance to therapy, thus leading to the relapse
of neoplasm and metastatic spread [116]. In the light of these considerations and based
on data reported in this review, it is conceivable to hypothesize NNMT involvement in
those molecular processes and cellular events featuring poor clinical outcomes of urological
malignancies. Once again, targeting NNMT could represent a powerful molecular strategy
to effectively treat cancer.
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