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Nicotinamide N-methyltransferase: At the
crossroads between cellular metabolism and
epigenetic regulation
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ABSTRACT

Background: The abundance of energy metabolites is intimately interconnected with the activity of chromatin-modifying enzymes in order to
guarantee the finely tuned modulation of gene expression in response to cellular energetic status. Metabolism-induced epigenetic gene regulation
is a key molecular axis for the maintenance of cellular homeostasis, and its deregulation is associated with several pathological conditions.
Nicotinamide N-methyltransferase (NNMT) is a metabolic enzyme that catalyzes the methylation of nicotinamide (NAM) using the universal methyl
donor S-adenosyl methionine (SAM), directly linking one-carbon metabolism with a cell’s methylation balance and nicotinamide adenine
dinucleotide (NADþ) levels. NNMT expression and activity are regulated in a tissue-specific-manner, and the protein can act either physiologically
or pathologically depending on its distribution. While NNMT exerts a beneficial effect by regulating lipid parameters in the liver, its expression in
adipose tissue correlates with obesity and insulin resistance. NNMT upregulation has been observed in a variety of cancers, and increased NNMT
expression has been associated with tumor progression, metastasis and worse clinical outcomes. Accordingly, NNMT represents an appealing
druggable target for metabolic disorders as well as oncological and other diseases in which the protein is improperly activated.
Scope of review: This review examines emerging findings concerning the complex NNMT regulatory network and the role of NNMT in both NAD
metabolism and cell methylation balance. We extensively describe recent findings concerning the physiological and pathological regulation of
NNMT with a specific focus on the function of NNMT in obesity, insulin resistance and other associated metabolic disorders along with its well-
accepted role as a cancer-associated metabolic enzyme. Advances in strategies targeting NNMT pathways are also reported, together with
current limitations of NNMT inhibitor drugs in clinical use.
Major conclusions: NNMT is emerging as a key point of intersection between cellular metabolism and epigenetic gene regulation, and growing
evidence supports its central role in several pathologies. The use of molecules that target NNMT represents a current pharmaceutical challenge
for the treatment of several metabolic-related disease as well as in cancer.
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1. CROSSTALK BETWEEN CELLULAR METABOLISM AND
EPIGENETIC REGULATION

Cells sense nutrient levels by activating complex signaling pathways
that, ultimately, regulate gene expression through dynamic changes in
chromatin status. Indeed, key energy metabolites, including S-ade-
nosyl methionine (SAM), acetyl-coenzymeA (acetyl-CoA), adenosine
triphosphate (ATP), nicotinamide adenine dinucleotide (NAD) and flavin
adenine dinucleotide (FAD), act as essential substrates and/or co-
factors for the regulation of the enzymes involved in chromatin mod-
ifications. The abundance of specific metabolites directly reflects the
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energetic state of the cell, and, as such, they activate a bio-sensing
metabolic mechanism that couples nutrition availability with epige-
netic gene regulation in order to guarantee cellular homeostasis [1].
One of the main epigenetic processes regulated by co-substrates
generated by cellular metabolism is histone post-translational modi-
fications (PTMs), among which, histone acetylation and methylation
have been extensively documented in terms of response to metabolic
changes [2]. By influencing chromatin structure, histone PTMs
modulate the accessibility of genes and their transcriptional status,
thereby providing a link between metabolism and gene regulation.
Histone acetylation is regulated, at least in part, by acetyl-CoA, a
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central metabolite derived from glucose, fatty acid, and amino acid
catabolism, which is considered a key indicator of cell metabolic state.
Acetyl-CoA is an essential acetyl donor for protein acetylation,
particularly histone acetylation carried out by histone acetyl-
transferases (HATs) [3]. Histone acetylation can be dynamically
regulated by endogenous changes in acetyl-CoA, and in fact, it has
been demonstrated that high levels of acetyl-CoA contribute to
increasing histone acetylation during cellular response to growth factor
stimulation and during adipocyte differentiation [4]. In this context,
acetyl-CoA connects metabolism to transcriptional regulation by trig-
gering a more permissive chromatin configuration. Another key
metabolite involved in the modulation of histone acetylation is nico-
tinamide adenine dinucleotide (NAD), an essential cofactor involved in
the regulation of many major cellular events: NAD catalyzes electron
transfer in metabolic redox reactions, including glycolysis, the tricar-
boxylic acid (TCA) cycle, oxidative phosphorylation, and serine
biosynthesis, and the NADþ/NADH redox couple has a central role in
energy generation within the cell [5]. NADþ also serves as a substrate
for various enzymes that consume it, such as sirtuins [6]. Sirtuins
belong to class III histone deacetylases (HDACs), which differ from
other HDACs because they require NADþ for deacetylase activity. The
dependence of sirtuins on NADþ suggests that this family of enzymes
are nutrient-sensing regulators [7] that directly link cell redox state and
metabolism to transcriptional regulation. Indeed, sirtuin-compacted
chromatin is characterized by histone lysine hypoacetylation and
epigenetic silencing [8].
Among the seven characterized mammalian sirtuins (SIRT1e7), SIRT1
and SIRT6 have been proposed to be directly linked to metabolism.
Specifically, through mediating the deacetylation of histones H3K9/14
and H3K9/56, respectively, they modulate the expression of genes
involved in lipogenesis, glycolysis, gluconeogenesis, and other meta-
bolic pathways [1,9e12]. Glucose has been demonstrated to strongly
induce global histone acetylation through a dual mechanism involving
acetyl-CoA and NADþ. Indeed, relatively high NADH/
NADþ characterizes favorable energetic conditions, such as the TCA
cycle. When glucose is abundant, low NADþ levels in cells mediates
the downregulation of sirtuin HDAC activity. Furthermore, by supplying
carbon to the TCA cycle, glucose increases acetyl-CoA, which in turn
induces HAT activity [13]. By affecting histone acetylation and
deacetylation, the abundance of acetyl-coA and NADþ modulate
chromatin dynamics and gene expression at specific loci, thereby
guaranteeing intimate crosstalk between the energetic status of the
cell and the epigenome.
Methylation of both DNA sequences and histone residues represents
another epigenetic level of gene regulation. While cytosine methylation,
catalyzed by DNA methyltransferase enzymes DNMT1, DNMT3a, and
DNMT3b, generates 5-methylcytosine (5mC), a major transcriptional
repressive mark in many eukaryotes [14], gene regulation mediated by
histone methylation is more complex and can be associated with either
transcriptional activation or repression, depending on the type of
residue and the number of methyl groups added [15]. Generally,
methylation of H3K9, H3K27, and H4K20 correlates with a repressed
chromatin state, while methylation sites associated with gene acti-
vation include H3K4, H33K36, H3K48, and H3K79 [16]. Histone
methyltransferases (HMTs) and histone demethylases, respectively,
add and remove methyl groups in a highly specific and interconnected
manner to regulate chromatin dynamics and gene regulation
depending on the biological context [17].
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A central methylation pathway in mammalian cells is the one-carbon
metabolism, which involves the transfer of methyl groups to various
substrates and cofactors within the folate and methionine cycles [18]
(Figure 1). The transfer of methyl groups from 5-methyl tetrahydrofolate
(5-MTHF) to homocysteine (Hcy) to form methionine links the two cy-
cles. Methionine is then converted to SAM, the universal methyl donor
for many biomolecules, including DNA, proteins and small molecule
secondary metabolites. Methyltransferase reactions attack the methyl
group of SAM to generate the methylated product, with the concomitant
formation of S-adenosyl-L-homocysteine (SAH). SAH is further hydro-
lyzed to Hcy, which is then recycled to methionine by using 5-MTHF as a
methyl group donor, thus completing the cycle [19] (Figure1).
Both HMTs and DNA methyltransferases use the SAM cofactor as the
methyl group donor. Methionine metabolism has been shown to be
sufficient to determine levels of histone methylation through the
modulation of SAM and SAH levels. Changes in one-carbon meta-
bolism can modulate gene expression by inducing changes in the
histone methylation of key histone marks, such as H3K4me3 [20,21].
Furthermore, to maintain homeostasis in one-carbon metabolism, a
feedback mechanism regulates the enzymes that are important in
regenerating methionine, whose expression and H3K4me3 signature is
modulated in response to decreases in SAM and SAH levels [20]. In this
way, cells sense the metabolic status of the one-carbon metabolism
through the modulation of the SAM/SAH ratio, which in turn modifies
the kinetics of the enzymes that mediate histone methylation and ul-
timately culminates in gene expression regulation in response to
nutrient availability.
By changing DNMTs kinetics, DNA methylation can also be influenced
by fluctuations in the nutrients that act as the precursors of SAM,
which includes methionine, folate, choline, betaine, and vitamins B2,
B6, and B12 (Figure 1). In support of this, numerous studies have
reported the effect of nutritional supplementation on global or locus
specific alterations in DNA methylation [22]. Theoretically, supple-
mentation of methionine and folate would increase DNA methylation
and downregulate gene expression by increasing the SAM/SAH ratio
[23]. The activity of both histone- and DNA methyltransferases is
inhibited by a high intracellular SAH concentration [24]. As the supply
of SAM and the removal of SAH are necessary for DNMT activity, the
SAM/SAH ratio has been suggested as a ‘methylation index’ whereby a
decrease in this ratio predicts reduced cellular methylation potential.
However, it is difficult to extrapolate the direct role of metabolism on
DNA methylation, because the mechanisms regulating DNA methyl-
ation are very complex and the relationship between methylation
pattern and gene expression is tissue and context-dependent [22].
DNA and histone demethylases can also act as molecular transducers
of metabolic signals to chromatin. In mammals, DNA methylation in the
form of 5-methylcytosine (5mC) can be actively reversed through re-
actions driven by the ten-eleven translocation enzymes TET1, TET2,
and TET3 [25]. The TET enzymes are dioxygenases that use iron
(Fe2þ) as a cofactor and a -ketoglutarate (a -KG), an essential in-
termediate in the TCA cycle, as co-substrate, and the availability of
either can directly affect reaction kinetics.
In line with this, in the liver of mice, increased a-KG levels, resulting
from the administration of glucose, glutamate, or glutamine, correlates
with a rapid increase in 5hmC levels [26]. a-KG cofactor is also
required for demethylation reactions catalyzed by JmjC-family histone
demethylases (JmjCs), while LSD-family histone demethylases (LSD)
require FAD to demethylate histone residues [1].
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Figure 1: Schematic overview of the main cellular pathways regulated by NNMT. Schematic illustration of the reactions catalyzed by NNMT and the chemical transactions
taking place in the methionine cycle and in the NADþ salvage pathway. NNMT directly links the methionine cycle with the cell’s methylation balance and NADþ levels. In adipose
tissue, in cancer cells and in hESCs, NNMT function is principally mediated by its methyltransferase activity (light blue boxes), while NNMT hepatic and endothelial functions are
generally methyltransferase-independent (green boxes). Additionally, especially in those tissues in which NADþ synthesis primarily relies on the salvage pathway. NNMT also
regulates NAD þ metabolism. Red arrows indicate the most representative variations associated with NNMT overexpression. The structural formulas of the major substrates are
shown along with their abbreviated names (in bold). Enzymes catalyzing the reaction steps of the NADþ salvage pathway and the methionine cycle are also indicated, and
abbreviations of the enzymes and substrates not previously mentioned in the text are as follows: AHCY: S-adenosylhomocysteine hydrolase, MS: Methionine synthase, MAT:
methionine adenosyltransferase, NAMPT: nicotinamide phosphoribosyltransferase, NMNAT: nicotinamide mononucleotide adenylyltransferase. PARPs and CD38 are other NADþ-
consuming enzymes that compete with sirtuins for NADþ availability. The major metabolic pathways that feed both the methionine and the NADþ cycles are also illustrated. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
2. DUAL ROLE OF NNMT IN NAD METABOLISM AND
METHYLATION BALANCE: PHYSIOLOGICAL AND PATHOLOGICAL
REGULATION

NNMT is a one-carbon group methyltransferase that catalyzes the
transfer of the methyl group from the universal donor SAM to NAM to
produce SAH and 1-methylnicotinamide (MNAM) [27] (Figure 1).
Human NNMT maps on chromosome 11 at 11q23.1 and encodes a
monomeric cytoplasmic protein of 264 amino acids with a molecular
weight of 29.6 kDa (Data reference 1). The NNMT substrate is NAM, a
form of vitamin B3 and a precursor of NADþ [28], a key molecule
involved in modulating energy metabolism and a co-substrate for
NADþ-dependent sirtuin deacetylases.
Under physiological conditions, NNMT is strongly expressed in the
liver. Medium levels of NNMT are present in female tissues (vagina,
endometrium, breast, cervix, and ovary), adipose tissue, and muscle,
while it is expressed at very low levels in the brain and hematopoietic
cells [29]. In several tissues, such as those of the muscles, pancreas,
kidney and intestinal tract, as well as adipose tissue, NNMT mRNA and
protein levels do not always coincide [30] (Data reference 2), sug-
gesting that NNMT expression could be regulated by complex and
tissue-specific mechanisms.
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The function of NNMT was originally assigned to the biotransformation
and detoxification of multiple drugs and xenobiotic compounds [27]
and particularly to the regulation of intracellular levels of NAM through
the mediation of its excretion after N-methylation, an irreversible step
in the vitamin B3 degradation pathway. In fact, after the methylation of
NAM, MNAM is further oxidized in the liver, meaning that it can no
longer function as an NADþ precursor and is excreted in the urine [31].
Growing evidence is currently revealing the involvement of NNMT in
several metabolic pathways through both the generation of active
metabolites and its influence on the SAM/SAH ratio and cell methyl-
ation balance [29](Figure 1). NNMT exerts an apparently contradictory
role in liver and in adipose tissue, where its levels correlate with
opposing metabolic traits. Specifically, hepatic expression of NNMT
improves lipid parameters, while high adipose expression of NNMT
correlates with adiposity and insulin resistance [32]. In humans and
mice, NNMT expression inversely correlates with total cholesterol, low-
density lipoprotein (LDL) cholesterol, triglyceride levels, and other
metabolic parameters. Hepatic NNMT overexpression induces a
concomitant MNAM change but does not affect either the SAM/SAH
ratio or NADþ content. Its product, MNAM, mediates the beneficial
metabolic effects of NNMT by increasing Sirt1 deacetylase protein
stability (Figure 1). Proof of this is the fact that the acetylation status of
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Figure 2: Signaling pathways regulating NNMT expression. Schematic represen-
tation of known pathways involved in the regulation of NNMT expression. Various
factors influence NNMT regulation in a tissue- and context-dependent manner.
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FoxO1, a well-characterized Sirt1 target, is inversely correlated with
NNMT expression: NNMT-overexpressing- and MNAM-treated hepa-
tocytes increase Sirt1 stability while decreasing FoxO1 acetylation [33].
In addition, Sirt1 activity upregulates gluconeogenesis and suppresses
cholesterol synthesis and lipogenesis [34], and thus, by increasing
Sirt1 protein stability, NNMT mediates the regulation of gluconeo-
genesis and cholesterol synthesis [33]. The products of Sirt1 are
deacetylated protein and the two metabolites NAM and acetylated
ADP-ribose [32] (Figure 1). If not methylated by NNMT, NAM can be
saved and used in the re-synthesis of NADþ (Figure 1). One model
suggests that NAM concomitantly increases Sirt1 activity and stability
through NADþ biosynthesis and NAM methylation, respectively, which
are both catalyzed by NNMT [33].
The fact that NNMT hepatic function is not mediated by a methyl-
transferase activity is consistent with the notion that other methyl-
transferases are responsible for the transmethylation flux in this tissue.
Glycine N-methyltransferase (GNMT) is the most abundant methyl-
transferase in the mammalian liver [35], where it catalyzes the syn-
thesis of N-methylglycine (sarcosine) from glycine using SAM as the
methyl donor. The function of this cycle is to catabolize excess liver
SAM in order to maintain a constant SAM/SAH ratio and avoid aberrant
methylation reactions in the liver [36]. Evidence of this comes from the
fact that GNMT-knockout mice show high SAM content and a large
increase in SAM/SAH ratios [37] and also develop steatosis, fibrosis,
and hepatocellular carcinoma (HCC) [38]. Individuals with inactivating
GNMT mutations have elevated plasma levels of methionine and SAM
but a normal concentration of Hcy. These findings indicate that any
hepatic reduction in total transmethylation flux caused by the absence
of GNMT cannot be compensated for the other methyltransferases that
are abundant in the liver [36].
Unlike in the liver, however, in adipose tissue, NNMT is a major
methyltransferase, and its expression regulates methyl donor balance
and correlates with SAM content and histone methylation [39]. NNMT
expression also positively correlates with fat storage and insulin
resistance [40] (Figure 1). Mice fed a high-fat diet express high amounts
of enzymatically active NNMT, with no parallel change in NNMT activity
in the liver. NNMT expression is upregulated in white adipose tissue
(WAT) in mouse models of obesity and diabetes, where NNMT knock-
down in WAT and liver protects against diet-induced obesity by aug-
menting the cellular energy expenditure of the adipose tissue [41]. In
fact, it has been demonstrated that NNMT inhibition increases the ad-
ipose SAM/SAH ratio and modulates histone H3 lysine 4 methylation,
with the consequent transcriptional activation of genes involved in the
polyamine flux, a major energy metabolic pathway that triggers energy
consumption, and, at least in mice, protects against diet-induced
obesity. In adipose tissue, where NADþ synthesis primarily relies on
the salvage pathway using nicotinamide, for which NNMT is the only
catabolic enzyme, NNMT also regulates NADþ levels. In WAT, but not in
the liver where redundant regulatory pathways for NADþ metabolism
exist, NNMT expression depresses the NADþ level [41].
Moreover, by modulating the availability of SAM in adipose tissue,
NNMT activity can also alter the global DNA methylome and adipocyte
function. It has been recently demonstrated that higher NNMT
expression is associated with lower global DNA methylation in visceral
adipose tissue obtained from morbidly obese patients. Hypomethylated
genes in the high-NNMT samples were associated with adipose tissue
metabolic pathophysiology. Importantly, decreased NNMT expression
following weight loss induced variation in some of the NNMT-related
differentially methylated genes [39].
Given the strong connection between obesity and the increased risk of
developing insulin resistance and type 2 diabetes, it is not surprising
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that NNMT expression also plays an important role in these pathol-
ogies. Indeed, WAT NNMT expression and circulating levels of MNAM
are higher in humans with insulin resistance or type 2 diabetes and
correlate with the degree of insulin resistance. In line with this, in-
terventions that improve insulin sensitivity are associated with a
decrease in adipose NNMT expression [40]. Furthermore, NNMT could
have a central role in hepatic insulin resistance, possibly by regulating
the expression of fructose bisphosphatase 1 (Fbp1), a key regulator of
the gluconeogenic pathway that is increased in animal models of
obesity and insulin resistance [42]. In fact, NNMT knockdown exper-
iments have clearly demonstrated that NNMT is a positive regulator of
hepatic gluconeogenesis and that, in vivo, it regulates the conversion
of pyruvate to glucose and correlates with the expression of Fbp1 [33].
A recent study demonstrated that glucose availability regulates NNMT
expression in adipose tissue and suggested that NNMT might function
as a sensor for a lack of energy [43]. Additionally, it has been shown
that caloric restriction induces an increase in NNMT expression in the
human liver [33] and muscle [44] (Figure 2).
The apparently contradictory role of NNMT in liver and adipose tissue
can be explained by the fact that animals have evolutionarily evolved to
gain weight and to store energy. In such a scenario, NNMT functions as
a ‘fat storage’ molecule in the adipose tissue, while in the liver NNMT
allows the organism to cope with the accumulation of body fat pro-
duced by episodes of over-nutrition [32].
Adding another layer of complexity is the fact that NNMT expression
and activity can be either pathogenic or protective, depending not only
on tissue distribution but also on the downstream effectors of NNMT
activation. In fact, although highly expressed in normal liver, NNMT
upregulation has been associated with several kinds of hepatic dis-
eases. The fact that NNMT is located at the crossroad of the SAM- and
NADþ-dependent pathways suggests that this molecule may be
involved in alcohol-related liver diseases (ALD) as this pathology has
been extensively correlated with both pathways, while supplementa-
tion with exogenous SAM, nicotinamide, or nicotinic acid protects mice
against ALD [45]. In accordance with this, chronic alcohol consumption
upregulates hepatic NNMT expression and activity, while protein in-
hibition, via both NNMT knockdown and chemical inhibition, protects
against alcohol-related fatty liver development in mouse models of ADL
by suppressing the de novo lipogenesis pathway in hepatocytes and
the liver. This seemingly contradictory role of NNMT in de novo lipo-
genesis in hepatic physiology and disease remains to be adequately
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explained. It is possible that in this pathological setting, protein
overexpression induces SAM-regulated methylation reactions that are
not activated in physiological conditions. Strong support for the
pathological role of NNMT in ALD comes from the fact that, in response
to chronic alcohol exposure, ER (endoplasmic reticulum) stress, known
to play a central role in several metabolic disorders, including alcohol-
related fatty liver disease, mainly mediates the upregulation of NNMT
via the PERK-ATF4 (protein kinase RNA-like ER kinase-activating
transcription factor 4) pathway [45] (Figure 2). Additionally,
increased urinary and serum levels of MNAM in patients with cirrhosis
are suggestive of the augmented NNMT activity associated with human
liver cirrhosis [46], and it has recently been demonstrated that
transgenic mice overexpressing NNMT develop fatty liver disease and
fibrosis [47]. In this regard, it has been shown that under NAM-replete
conditions, typical, for example, of a meat-centric diet, NNMT acti-
vation drives the depletion of both NADþ and SAM and contributes to
hepatic steatosis and fibrosis, at least in part, by reducing the
methylation of the connective tissue growth factor (CTGF) gene pro-
moter, leading to its transcriptional activation. A possible explanation
for the fact that in this setting NNMT may work as a methyltransferase
is provided by the observation that, although NNMT is likely not suf-
ficient to change liver methyl donor balance under high-fat diet (HFD),
NNMT overexpression in conjunction with high doses of NAM might
compete for SAM with other methyltransferase reactions and result in
the down regulation of these methyltransferases, meaning that NNMT
may therefore play a crucial role in the regulation of the methionine
cycle [47].
NNMT pathogenic function has also been described in Parkinson’s
disease, where protein overexpression has been correlated with
neurodegeneration [48].
The cytoprotective effect of NNMT, or its metabolic product MNAM, on
the other hand, has been demonstrated in injury and inflammation
[29]. NNMT plays a positive role in the muscle fiber repair process as
its overexpression in myoblasts elicits significant proliferation and
migration activities. Upregulation of NNMT expression in the lungs and
skeletal muscle of patients with chronic obstructive pulmonary disease
(COPD) has been proposed as an adaptive response designed to
improve the regenerative capacities of the muscles in response to
injury and protect against oxidative stress [49]. Moreover, the vaso-
protective, anti-inflammatory, and anti-thrombotic roles of MNAM are
well documented. In inflammatory conditions, such as atherosclerosis,
elevated levels of inflammatory cytokines, such as tumor necrosis
factor (TNF)-alpha, induce the expression of NNMT [29] (Figure 2) and
MNAM, which, through increasing prostacyclin (PGI2) and nitric oxide
(NO), improves endothelial function and thereby causes vasorelaxation
[50] (Figure 1).
NNMT is a highly polymorphic gene, with more than 10,000 single-
nucleotide polymorphisms (SNPs) described across the gene [51]
(Data reference 4). The vast majority of them are located in the non-
coding region of the gene, and only a few SNPs in the NNMT 50-
flanking region have been associated with differences in its catalytic
activity or transcriptional efficiency. Although not associated with
changes in NNMT expression, several SNPs in the NNMT gene have
been specifically related with human diseases such as hyper-
homocysteinemia, congenital heart diseases, abdominal aortic dis-
eases and nonalcoholic steatohepatitis, as well as psychiatric
disorders, such as bipolar disorder, epilepsy, and schizophrenia
[29,52].
Another well-documented function of NNMT as an epigenetic modu-
lator concerns its regulatory role during the transition from naïve to
primed human embryonic stem cells (hESCs) (Figure 1). The switch
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between these states of pluripotency is associated with changes in
gene expression, epigenetics, and metabolic patterns. One well-
documented epigenetic change during naïve to primed state transi-
tion is the upregulation of the H3K27me3 repressive methylation
marker in the promoter of key metabolic genes that regulate this
transition [53]. It has been demonstrated that in naïve hESCs, NNMT
and MNAM are upregulated and are accompanied by concurrent de-
creases in SAM levels and H3K27me3 marks. In this scenario, NNMT
consumes methyl donors and makes SAM unavailable for other
methyltransferases, thereby repressing H3K27me3 marks. NNMT is
involved in the maintenance of the naïve state because, by regulating
SAM availability, it contributes to the low levels of histone methylation
that are typical of the naïve ESC state. During the transition to a primed,
more committed, state, the reduction in NNMT levels correlates with
increased levels of SAM and H3K27me3 histone methylation marks.
Furthermore, it is also known that the resulting repressive chromatin
state then controls the metabolism of primed hESCs though the Wnt
and the hypoxia-inducible factor (HIF) pathways and a general gene
expression shift toward the primed stage [54].
Overall, we can conclude that NNMT is an emblematic protein whose
expression and activity are possibly regulated in a tissue- and context-
specific manner and which apparently has a contradictory, though as
yet not fully understood, role in physiology and disease. The central
role of NNMT as a molecular link between metabolic and epigenetic
pathways encourages further research to better understand the mo-
lecular patterns involved in NNMT regulatory networks.

3. NNMT AS A CANCER-ASSOCIATED METABOLIC ENZYME

Altered metabolism is a hallmark of cancer. Molecular changes
associated with metabolic reprogramming are required to meet the
energy demands of cancer cells and to support tumor growth. Meta-
bolic and epigenetic reprogramming are closely interconnected. In fact,
metabolic reprogramming, driven by the activation of oncogenes, the
inactivation of tumor suppressor genes and alterations in metabolic
enzymes, induces the modulation of histone- and DNA-modification
enzymes, which in turn regulate the expression of metabolism-
associated genes [55]. Several aberrations in metabolic enzymes
have been described as promoting tumorigenesis by affecting histone
and DNA methylation, among them active mutations in isocitrate de-
hydrogenase in glioma and acute myeloid leukemia [56], deletion of
methylthioadenosine phosphorylase (MTAP) in several cancers [57],
and the loss of and increase in glycine N-methyltransferase in, HCC
and prostate cancers, respectively [38,58].
There is also growing evidence to suggest that NNMT is deregulated
in a wide variety of cancers and that it can be considered a new
cancer-associated metabolic enzyme given that it represents a critical
node between metabolism and the epigenetic state of cancer cells.
NNMT is overexpressed in several tumors, including neuroblastoma,
papillary thyroid cancer, bladder, lung, breast, gastric, colorectal, and
pancreatic cancers, as well as in renal, oral squamous cells, and
ovarian carcinomas [59]. Data from transfection experiments show
that NNMT activity promotes the proliferation, migration, and survival
of cancer cells [60,61]. Increased expression, rather than activating
mutations, is responsible for the oncogenic hyperactivation of NNMT,
as supported by the fact that the gene is rarely mutated in different
types of cancers (Data reference 3) [62,63] Although only limited
information exists regarding the molecular mechanisms involved in
the upregulation of NNMT in tumors, it is likely that they act at the
transcriptional level as no amplification of the NNMT gene has been
reported to date [64].
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In colon cancer, enhanced NNMT expression has been correlated with
the activation of Signal Transducer And Activator Of Transcription 3
(SAT3) [65]. Hepatocyte nuclear factor-1b (HNF-1b) and sonic
hedgehog (Shh) ligand have been shown to have a significant role in
modulating NNMT upregulation in papillary thyroid cancer [66] and
pancreatic cancer [67], respectively. In ovarian cancer cells, BRCA1
occupies the NNMT promoter and regulates NNMT expression
(Figure 2). In this context, BRCA1 knockdown is known to increase
NNMT mRNA and protein levels, and NNMT and BRCA1 levels are
inversely correlated in high-grade serous ovarian cancer. Importantly,
it has been demonstrated that the metabolic reprogramming induced
by BRCA1 loss in ovarian cancer cells is mediate by NNMT upregulation
[68]. However, it is unlikely that these factors are at play in all NNMT-
overexpressing tumors; supporting the idea that NNMT regulation
occurs in a cancer-specific manner.
NNMT plausibly exerts its pro-tumorigenic function by controlling the
methylation potential of cancer cells (Figure 1). Ulanovskaya et al. [69]
demonstrated, through untargeted metabolomics, that elevated NNMT
resulted in a reduction in the SAM/SAH ratio and an increase in MNAM
levels, accompanied by a concomitant decrease in histone- (but not
DNA-) methylation, associated with gene expression changes in
several cancer-related genes. Importantly, this work demonstrates that
NNMT affects protein methylation by altering SAM and SAH levels
rather than through the direct action of its product MNAM. In fact, the
authors demonstrated that cancer cells have limited capacity to
recover the methylation units that accumulate in MNAM and that this
metabolite might act as a “sink” for storing methylation units in cancer
cells that overexpress NNMT. Another study highlighted that NNMT-
mediated SAM depletion and reduction in methylation potential is
the key mechanism regulating cancer-associated fibroblast (CAF)
differentiation. Proteomic analysis revealed that NNMT is overex-
pressed in metastasis-associated stroma and knockdown of the gene
reverses cell morphology such that they revert to normal omental fi-
broblasts. NNMT regulates the expression of CAF markers and pro-
tumorigenic cytokines by mediating genome-wide DNA methylation
changes and also through the hypomethylation of repressive chromatin
marks. As such, these results show that NNMT exerts an additional
layer of epigenetic control over histone acetylation by regulating the
level of NADþ and in turn the activity of sirtuin deacetylases [61].
Additionally, the function of NNMT in cellular methylation extends
beyond DNA and histones. The tumor suppressor protein phosphatase
2A (PP2A) is regulated by methylation, and several reports have
demonstrated that NNMT levels control PP2A activity by influencing its
methylation status. By decreasing the methyl donor balance, NNMT-
overexpressing cells show a considerable reduction in methylated
PP2A, with consequent protein inactivation that in turn promotes the
activation of key prosurvival kinases [63,69]. Furthermore, in the liver,
NNMT regulates autophagy under nutrient starvation by regulating the
degree of PP2A methylation [70].
As with the poor prognosis associated with DNA hypomethylation,
NNMT overexpression can be considered a negative prognostic factor
for human glioblastoma patients [64]. In fact, NNMT is preferentially
expressed by mesenchymal glioblastoma stem cells compared to
proneural tumors. Higher NNMT levels have been correlated with a
reduced pool of methyl donors and associated with lower DNMT ac-
tivity, leading to DNA hypomethylation in mesenchymal subtype genes
and to accelerate tumor growth. In this context, the upregulation of
NNMT induces a shift in the methyl donor pool that promotes the
proneuralemesenchymal transition [64].
As with glioblastoma, NNMT may constitute a potential prognostic
factor in other cancers as its expression has also been associated with
6 MOLECULAR METABOLISM 45 (2021) 101165 � 2021 The Authors. Published by Elsevier GmbH. T
increased tumor size, progression and metastasis. NNMT expression
correlates with poor prognosis in a wide range of solid tumors [71]. For
example, in pancreatic [72] and gastric cancers [73], high NNMT levels
are associated with shorter overall survival and correlate with unfa-
vorable clinic pathological features. Proteomic analysis revealed that
NNMT is also highly expressed in ovarian, breast and colon cancer
metastasis-associated stroma [61]. NNMT expression progressively
increases in the stroma of ovarian neoplasms, and protein over-
expression is independently associated with poor prognosis [74].
Moreover, it has been demonstrated that elevated NNMT levels can be
used for early diagnosis in some malignant tumors and as a non-
invasive biomarker of cancer in body fluids, including serum saliva
and urine [75e77].
Drug resistance remains a great challenge for medical oncology, and
one of the many mechanisms by which cancer cells develop chemo/
radioresistance is through apoptosis evasion [78]. It has been
demonstrated that NNMT overexpression significantly inhibits
apoptotic cell death and correlates with sensitivity to chemotherapeutic
drugs [79]. Several studies suggest that NNMT and MNAM have the
potential to increase ATP levels and reduce the production of intra-
cellular reactive oxygen species (ROS), suggesting that they may
regulate apoptosis via the mitochondrial-mediated pathway [80].
NNMT increases the resistance of colorectal cancer cells to 5-
fluorouracil (5-FU). Indeed, high levels of MNAM reduce ROS pro-
duction, which consequently inactivates the ASK1-p38 mitogen-
activated protein kinase (MAPK) pathway and reduces 5-FU-induced
apoptosis [81]. In breast carcinoma, high levels of NNMT correlate with
poor survival and unfavorable therapy response in patients who receive
chemotherapy. Furthermore, NNMT overexpression has been shown to
reduce the sensitivity of breast cancer cells to adriamycin- and
paclitaxel -induced apoptosis by increasing SIRT1 stabilization and
activity, and there is also evidence that targeting NNMT or downstream
SIRT1 could improve the efficacy of breast cancer chemotherapy [82].
NNMT expression has also been associated with radiation resistance in
several cancers. It is known that nicotinamide influences radiation
sensitivity by inhibiting PARP (Poly (ADP-ribose) polymerase), thus
preventing efficient single-strand DNA break repair. In glioblastoma,
inhibition of NNMT increases intracellular levels of nicotinamide,
leading to radiosensitization [63].
One exception to NNMT overexpression in cancer is in HCC, where,
although still abundant, NNMT is significantly downregulated
compared to normal adjacent tissues. A plausible mechanistic expla-
nation to this is provided by a recent finding demonstrating that in liver
cancer cells, NNMT is a negative autophagy regulator and that in this
context its downregulation promotes cancer cell survival [70]. Even so,
within HCC samples, higher levels of NNMT positively correlate with
tumor stage and shorter disease-free survival. Thus, it may be the case
that the liver-specific function of NNMT is lost during progression to
HCC and that it perhaps increases in later stage HCC due to the tumor
de-differentiation that precedes tumor invasion [83]. In line with this
hypothesis, it has been recently demonstrated that NNMT expression is
positively correlated with tumor vascular invasion and distant metas-
tasis and thus may possibly represents a prognostic biomarker and
therapeutic target in advanced HCC [84]. Interestingly, NNMT and
SIRT1 show overlapping roles in hepatic physiology and pathophysi-
ology. In fact, similar to NNMT, SIRT1 plays beneficial roles in the
regulation of hepatic lipid metabolism, controlling hepatic oxidative
stress and mediating hepatic inflammation and so protecting against
the progression of fatty liver diseases [85], whereas in HCC, SIRT1
overexpression promotes cell invasion and migration and enhances the
invasive and metastatic potential of HCC [86]. Since NNMT and SIRT1
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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show similar expression and activation patterns and because in the
liver NNMT regulates SITR1 activity and stability, it might be possible
that the two proteins cooperate during the progression of HCC and that
the function of NNMT might be related with the different roles of SIRT1
in the different stages of the disease. However, further studies are
needed to confirm this hypothesis.

4. NNMT INHIBITORS

Because of its regulatory role in cellular epigenetics and metabolism,
together with its well-accepted involvement in several human dis-
eases, NNMT can be considered as a new potential pharmacological
target in the treatment of a variety of metabolic disorders, cancers, and
other pathologies [87]. Not surprisingly, over the last few years its
growing importance has accelerated the development of potent se-
lective molecules that target NNMT. Although still in the early pre-
clinical phase, several NNMT inhibitors have been reported to date,
among them methylated quinolines, nicotinamide analogs, covalent
inhibitors, and amino-adenosine and alkynyl derived bisubstrate in-
hibitors [88].
The fact that animals treated with an antisense oligonucleotide that
targets NNMT were shown to have reduced weight gain and
improvement in insulin sensitivity encouraged the identification of
small-molecule NNMT inhibitors (NNMTi) to treat obesity and type 2
diabetes. Specifically, two independent studies recently demonstrated
the efficacy of two different NNMTi molecules in treating obesity and
related metabolic disorders in preclinical animal models. Kannt et al.
reported that treatment with a nicotinamide analog inhibitor of NNMT
(JBSNF-00008) caused body weight reduction, improved insulin
sensitivity, and normalized glucose tolerance in mice with HFD-
induced obesity [89]. Similarly, Neelakantan et al. observed that sys-
temic treatment of diet-induced obese mice with a quinolinium-based
NNMTi induced significant loss of body weight and WAT mass, along
with concomitant improvements in plasma lipid profile. As in NNMT
knockdown experiments, NNMT inhibitor reverses obesity through the
modulation of the NADþ salvage- and SAM-mediated pathways.
These observations open up the possibility of using NNMis in combi-
nation with other dietary supplements, for example NADþ precursors,
in order to enhance the latter’s efficacy in treating metabolic disorders
and reducing the adverse effects associated with the high pharma-
cological doses required [90].
Interestingly, it has been demonstrated that in some tissues, NNMT
expression progressively increases with aging. NNMT overexpression
may be responsible for the reduction in NADþ, typical of many age-
associated pathologies, through modulating the levels of nicotin-
amide precursors required for NADþ biosynthesis. One well-
documented example is the increased expression of NNMT with ag-
ing in muscle tissues [49] and its associated reduction in NADþ. Based
on this observation, the NNMT inhibitor 5-amino-1-methylquinolium
has been successfully used to accelerate muscle regeneration in an
aged mouse muscle injury model. It has been demonstrated that by
regulating the NADþ salvage pathway, NNMT inhibitors affect intra-
cellular NADþ concentrations, which in turn regulate protein deace-
tylation by sirtuins, leading to metabolic and transcriptional cell
responses that promote myoblast differentiation [91]. However, the
possible epigenetic modulation exerted by NNMTi in terms of
improving aged skeletal muscles, along with the longitudinal effects of
NNMTi treatment on muscle functional outputs still need to be
addressed.
As it has been demonstrated that NADþ repletion can enhance life
span in mice [92], it is plausible to think that NNMTis might exert a
MOLECULAR METABOLISM 45 (2021) 101165 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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similar function by modulating the NADþ salvage pathway. However,
the mechanistic implications of NNMTi as an anti-aging intervention
still need to be elucidated.
Another line of investigation concerns the therapeutic potential of
NNMTis in the management of obesity-induced cardiovascular dis-
ease. Multiple studies have established an association between
hyperhomocysteinemia and increased risk of ischemic heart disease,
stroke, endothelial dysfunction, and thrombosis [93]. Preliminary re-
sults suggest that Hcy, the atherogenic product of the NNMT-catalyzed
reaction, links NNMT overexpression and cardiovascular diseases. This
assumption is supported by the fact that a genome-wide linkage study
demonstrated that the NNMT gene is a major genetic determinant of
plasma Hcy levels [93], as well as by the observation that in adipose
tissue the increased expression of NNMT contributes to the augmented
release of plasma Hcy [94].
Additionally, NNMT is emerging as a new molecular target in fatty liver
diseases. It has been recently demonstrated that the previously
mentioned nicotinamide analog inhibitor of NNMT (JBSNF-00008)
protects against alcohol-related fatty liver development in mouse
models of ALD by inhibiting hepatic de novo lipogenesis and that
chronic alcohol exposure induces ER stress-mediated NNMT upregu-
lation [45]. The authors of the study indicate that as ER stress plays a
critical role in several metabolic disorders and that NNMT is highly
expressed in metabolic active tissues, ER stress-mediated NNMT
upregulation might represent a central axis in these pathologies and
targeting NNMT might provide a critical point for therapeutic
intervention.
Given its well-documented role in tumor progression, clinical outcome,
and drug-sensitivity, NNMT represents an attractive drug target for
several neoplasms that are characterized by abnormal NNMT activity.
While several studies have demonstrated that NNMT downregulation
(through gene knockdown) could be an attractive target in cancer
treatment, little information is currently available about NNMTis in
cancer management, and future investigations are needed. Recently,
the same NNMTi used to treat HFD-induced obesity [90] has been
tested in an orthotopic intraperitoneal model of ovarian cancer
metastasis and was shown to induce decreased tumor burden, reduce
tumor cell proliferation, and increase stromal H3K27 trimethylation
[61]. The authors demonstrated that NNMT contributes to neoplasms
mainly by regulating the methyl donor balance of cancer cells; thus,
NNMT inhibitors may exert their therapeutic benefit by modulating the
cancer epigenome [69].
A noteworthy exception to this overexpression in cancers, as
mentioned before, is the fact that in the liver, where NNMT is physi-
ologically expressed at high levels, the protein is repressed, at least in
the early stages, in the tumor counterpart. A recent report suggested
that NNMT depletion contributes to liver cancer progression by pro-
moting autophagy under nutrient starvation, and, as a proof of concept,
autophagy inhibitor treatment might represent a possible strategy for
treatment of cancers characterized by NNMT repression [70].
Although an ever-increasing number of investigations into the devel-
opment of strong and specific NNMTi molecules are currently ongoing,
further studies are needed to assess the effectiveness and feasibility of
NNMT targeting strategies in human settings.

5. CONCLUSION

Molecular transducers closely interconnect metabolism and epige-
netics by activating cell-specific transcriptional networks in response
to environmental changes. Among them, NNMT is emerging as a
central molecule situated at the crossroads between cellular
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Review
metabolism and epigenetics, and there is growing evidence to indicate
its crucial role in cellular physiology and pathology. Although several
signal pathways have been reported to regulate NNMT expression, our
understanding of the NNMT regulatory network remains incomplete. It
seems possible that different mechanisms, rather than one ubiquitous
pattern, regulate NNMT in a tissue- and context-specific manner.
Adding further complexity is the fact that both the regulation of NNMT
and its function vary as it can act on either the NAD metabolism, the
SAM-methylation balance, or both, depending on the tissue involved. It
seems clear that NNMT expression is abundant in metabolically active
tissue, such as the liver and adipose tissue, as well as in those
pathological conditions characterized by an increased metabolic de-
mand, as for example cancer, diabetes and fatty liver disease.
Although a growing amount of information is revealing how different
transcription factors might regulate NNMT expression in a tissue-
specific manner, how these modulations translate into concerted
tissue-specific gene regulation is a central question that remains
unanswered. It is known that by modulating the SAM/SAH ratio, NNMT
levels influence the methylation potential of cells and that the enzyme
affects methylation in a site-specific manner rather than impacting all
cellular methylation pathways. One hypothesis suggests that this might
depend on the relative Km and Ki values of individual methyl-
transferase enzymes, including NNMT itself, for SAM and SAH,
respectively. In fact, it has been demonstrated that methylation events,
such as H3K27 and PP2A methylation, controlled by methyl-
transferases EZH1and EZH2 in the former and LCMT1 in the latter, all
of which have higher Km values for SAM (and SAH), tend to be more
sensitive to NNMT as compared with methyltransferases, such as
CARM1 (H3R17me2a) that show lower Km values [69]. This might also
explain how changes in a central metabolic enzyme, like NNMT, which
does not directly produce cofactors for epigenetic enzymes but does
catalyze a reaction that affects the availability of cofactors (SAM and
NADþ) or inhibitors (SAH) of many epigenetic enzymes, may lead to
specific gene regulation events. However, further studies are required
to elucidate how not only NNMT but also other metabolic enzymes can
lead cell type-specific gene expression changes.
As a central metabolic regulator, NNMT is consistently involved in
several cellular differentiation processes as they involve dynamic
changes in energy demand, depending on the needs of the individual
cell types
As an evidence for this, NNMT expression and activity were found to be
associated with adipogenesis and myogenesis as well as with the
hESC differentiation process [54]. Because dedifferentiation is one of
the critical processes in cancer cell transformation and because NNMT
expression has been associated with both epithelial- [61] and neuronal
[64] mesenchymal transition markers, it is possible that increased
levels of NNMT in cancers might shift the cells toward a less differ-
entiated state by decreasing the methylation potential of cancer cells
and, in turn, by modulating the expression of the gene that regulates
the differentiation process.
However, although in recent years, there has been increased interest in
understanding the role of NNMT and its regulation, further investigation
is still required to fully elucidate the physiological and pathological
functions of NNMT. The use of molecules that can inhibit NNMT
function might provide a valid tool to better understand the molecular
mechanisms that control the NNMT regulatory network and possibly
reverse the pathological conditions associated with its deregulation.
Despite several promising NNMTis having been recently developed,
they still face technical limitations, such as low cellular permeability
and moderate activity at uM levels, which limit their application to cell-
based and early preclinical phase studies [87]. Future studies are
8 MOLECULAR METABOLISM 45 (2021) 101165 � 2021 The Authors. Published by Elsevier GmbH. T
needed to elucidate inhibitor mechanism-of-action and to evaluate the
longitudinal effects of NNMTis in clinical settings in addition to
assessing their therapeutic potential.
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