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Abstract

NicotinamideN-methyltransferase (NNMT, E.C. 2.1.1N)methylates nicotinamide to 1-
methylnicotinamide. We have previously shown thBitMNI' is significantly overexpressed in
the brains of patients who have died of Parkinsdisease, and others have shown that
NNMT is significantly overexpressed in a varietydideases ranging from cancer to hepatic
cirrhosis.In vitro overexpression has revealed many cytoprotectieetsfof NNMT, in
particular increased complex | activity and ATPthgsis. Although this appears to be
mediated by an increase in 1-methylnicotinamidelpction, the molecular mechanisms
involved remain unclear. In the present study, aeehinvestigated the role that sirtuins 1, 2
and 3, class Ill DNA deacetylase enzymes, knowedalate mitochondrial energy
production and cell cycle, have in mediating tHeas of NNMT upon complex | activity.
Expression of NNMT in SH-SY5Y human neuroblastoralis¢ which have no endogenous
expression of NNMT, significantly increased the iegsion of all three sirtuins. siRNA-
mediated silencing of sirtuin-3 expression decréasenplex | activity in NNMT-expressing
SH-SY5Y cells to that observed in wild-type SH-SY%nd significantly reduced cellular
ATP content also. These results demonstrate thatrsB is a key mediator of NNMT-
induced Complex | activity and ATP synthesis. Thesailts further reinforce a central role
for NNMT in the regulation of energy homeostasid provide further mechanistic insight

into the consequences of enhanced NNMT expressioaricer.

KEYWORDS: ATP, Bioenergetics, Complex I, Nicotinamidlemethyltransferase,

Parkinson’s disease, Cancer
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INTRODUCTION

NicotinamideN-methyltransferase (NNMT, E.C. 2.1.1N)methylates nicotinamide to 1-
methylnicotinamide (MeN) usin§-adenosylmethionine as cofactor [1]. In the brAINMT

is expressed solely in neurons and demonstratemedyariation in expression levels [2].
The expression of NNMT is significantly elevatedie cerebellum and caudate nucleus of
patients who have died of Parkinson’s disease @@D)pared to non-disease controls [2,3].
NNMT expression is also elevated in a number ofnearodegenerative diseases such as

cirrhosis, chronic obstructive pulmonary disorded aancer [4-8].

Recently, we have shown that the expression of NNiMiuman neuroblastoma cells
increased Complex | (Cxl) activity, the first enzym the mitochondrial respiratory chain of
which a significant (~30%) reduction is a cardifegture of PD [9]. This increase in CxI
activity resulted in a subsequent increase in AJiiRhesis [10] and protection against a range
of mitotoxins [10,11]. The increase in CxI activipserved was mediateth a reduction in
the degradation of the NDUFS3 30kDa subunit of [T&]. As to how this occurs is unclear,
but one such possibility is the increased prodaadbMeN, as incubation of SH-SY5Y with
MeN replicated the effects of NNMT upon CxI actyvénd NDUFS3 degradation [10].
Another such possibility is the induction of sirtSirT) activity, class Il deacetylase
enzymes which regulate many cellular mechanismis as@nergy homeostasis, cell cycle,
and stress resistance, and whose overexpressiemdsxifespan in a variety of lower
organisms and mammals [12]. NNMT, SirT1 and Sirfe&iaduced by calorie restriction in
mice [13,14], and NNMT expression is required fo& pro-longevity effect of the SirT1
homologue Sir-2.1 i€. elegans, as well as having the ability, as is MeN, to ease

longevity independent of Sir-2.1 [15]. The beneli@ffects of SirTs derive in part from their

effects upon cellular energy balance, and are thiotoagact as metabolic sensera their use
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of NAD+ as substrate [16,17]. Of particular inteénesSirT3, a mitochondrial SirT which is
involved in the regulation of ATP productiora the deacetylation of proteins of CxI [18],
and has been implicated in survivorship in eldadynans over the age of 90 [19]. Therefore
we investigated whether NNMT expression reguldteseikpression of SirTs 1, 2, and 3, and

whether SirT3 may mediate the effects of NNMT u@xi activity.

MATERIALS AND METHODS
Unless otherwise stated, all reagents were obtdmed Sigma (Poole, Dorset, UK) and were

of the highest grade available.

Cell culture

SH-SY5Y human neuroblastoma, which do not endogagaxpress NNMT, and
S.NNMT.LP human neuroblastoma, comprising SH-SY&bly expressing NNMT C-
terminally tagged to the V5 epitope (NNMT-V5) armdbguced as part of our ongoing studies
[10,11,20], were cultured as previously descril#dthough SH-SY5Y do not represent a
differentiated neurone-like model, they do exhgah-neuronal characteristics, express many
neuronal markers such as synaptophysin and argyraatenable to genetic manipulation
[10,20]. In addition, differentiation of SH-SY5Y iag retinoic acid-based protocols
significantly increases the rate of oxidative phasplation by increasing mitochondrial
spare respiratory capacity [21,22]. As such, défgiation may mask many of the cellular
effects which we wish to observe. Therefore, fa plrposes of our experiments, we chose
to use SH-SY5Y in their undifferentiated state. &lbexperiments, cells of passage 18 — 21
(for SH-SY5Y) and 9 — 13 (for S.NNMT.LP) were usétie lack of endogenous NNMT
MRNA expression in SH-SY5Y, and the confirmatioN®¥MT-V5 mRNA expression in

S.NNMT.LP, was confirmed using RT-PCR as previowdgcribed [10]. The lack of
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endogenous NNMT protein expression in SH-SY5Y, thiedpresence of NNMT-V5 in
S.NNMT.LP, was confirmed using Western blottingigsmouse-anti-NNMT (1:1000,
Abcam, Cambridge, UK, ab118403) and mouse-antiV8000, Abcam, ab27671) as

previously described [10].

Quantitative Western blotting analysis of protein expression

Proteins were subjected to quantitative Westerttibtpas previously described [10,20]
using either rabbit-anti-SirT1 (1:1000, Cell Sigma Technology, Danvers, Massachusetts,
USA, #2310), rabbit-anti-SirT2 (1:1000, Cell Sigmad Technology, #2313), rabbit-anti-
SirT3 (1:1000, Cell Signalling Technology, #262Mpuse-anti-NDUFAG6 (0.1 pg/mL, Life
Technologies, Paisley, UK, A31856) or anti-acesdaltysine monoclonal antibody (1:1000,
Cell Signalling Technology, #9861), combined wittr$eradish peroxidase-conjugated anti-
rabbit or anti-mouse IgG as appropriate (1:2009n1i). To normalise for protein
concentration, membranes were stripped using RE$tWestern Stripping Reagent (Fisher
Scientific, Loughborough, UK) and re-probed usingpanbination of mouse-anfi~ubulin
(1:2000, Abcam, ab7792) and rabbit-anti-mouse lyiéseradish peroxidase conjugate
(1:5000, Sigma). Images were digitally captureshdbimtensities quantifieda densitometric
analysis (with the exception of anti-acetylatedrg$ using ImagelLab software (BioRad,
Hemel Hempstead, UK) and normalisedffetubulin expression. Results were expressed as
percentage expression compared to that obsen@d-i8Y5Y cells + S.D (n = 4 for SirTs, n

= 3 for NDUFAG).

SIRNA-mediated silencing of SRT3 expression
S RT3 expression was silenced in S.NNMT.LP cells asiptesly described [20] using three

pooledSrT3 siRNA sequences (sc-61555, Santa Cruz Biotechgpldgidelberg, Germany)
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(S.NNMT.LP*P), with a scrambled sequence siRNA (sc-37007, Santa Biotechnology)
serving as a control (S.NNMT.EB). SRT3 silencing was confirmed using RT-PCR [20]
using the following primer pair: forward primer-&TGTACAGCAACCTCCAGCA-3',
reverse primer, 5-GCTCCCCAAAGAACACAATG-3GAPDH loading control was
detected using the following primer pair: forwamrthper, 5’-
AGCCACATCGCTCAGACAC-3, reverse primer, 5-GCCCAATRGACCAAATCC-3..
Reduction in SirT3 protein expression was confirmsthg Western blotting as described
above. As a control to ensure that the transfegronedure had no effect upon SirT3
expression and analysis endpoints, S.NNMT.LP eafie also incubated with transfection

reagent alone for 72 hours (S.NNMT'B.

Complex | activity analysis

Cxl activity in SH-SY5Y, S.NNMT.LP, S.NNMT.L®", and S.NNMT.LB® was assessed as
previously described [10,23]. Experiments wereqrentd in triplicate using 6 samples per
experiment, and were expressed as percentage @clxity observed in the appropriate

experimental control £ S.D.

ATP analysis

Cellular ATP content was assessed in S.NNMF'L.Bnd S.NNMT.LBP using the ATP-

Glo™ Bioluminetric Cell Viability Assay Kit (Camhige Bioscience, Cambridge, UK) as
previously described [20,23]. Experiments wereqrened seven times using 11 samples per
experiment. Results were calculated and expresspdraentage observed in the appropriate

experimental control £ S.D.

Satistical analysis
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All statistical analyses were performed using therP statistical package (GraphPad, La
Jolla, USA). Statistical comparisons were performsithg student’s-test with Welch
correction, with the exception of the effect of NiRsilencing ofSRT3 upon cellular ATP
content, which was performed using 1-way ANOVA withkey’'spost hoc multiple

comparisons tesk values of less than 0.05 were taken as significant.

RESULTS

FIG.1

SNNMT.LP cells expressed recombinant NNMT-V5 and demonstrated increased Complex |
activity

The endogenous and recombinant expression of NN agsessed in SH-SY5Y and
S.NNMT.LP using a combination of RT-PCR and West#atting (Fig. 1A & 1B). Neither
endogenous NNMT mRNA nor protein was detected inRSY3Y, whereas recombinant
NNMT-V5 was expressed in S.NNMT.LP. In accord wotlr previous studies [10], CxI
activity was significantly increased in S.NNMT.LBlls compared to SH-SY5Y (100 +

25.9%vs. 209.3 + 44.4%, n = 3= 0.035) (Fig. 1C).

The stable expression of NNMT-V5 increased SrT protein expression and activity

FIG.2

In order to identify a potential molecular targdtieh mediated the effect of NNMT-V5 upon
Cxl activity, we focussed upon SirTs 1, 2 and 3alhwe compared in SH-SY5Y and
S.NNMT.LP cells using quantitative Western blott{i#gg. 2A & 2B). SirT1 expression,
detected as a protein of approximately 95 kDa [k almost undetectable in SH-SY5Y
cells yet was significantly increased in S.NNMT.¢#lls (100 £ 11.5 % vs. 1760 £ 138.4 %,

n=4,p<0.001). SirT2, detected as a protein of appraxéhy 39 kDa (corresponding to the
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molecular weight of isoform 2) [25], was expressebdoth cell-lines, which was

significantly increased in S.NNMT.LP cells (100 B&s. 246.1 + 71.7 %, n = g,= 0.027).
SirT3, detected as a protein of approximately 3a kEdrresponding to the molecular weight
of post-translationally-processed SirT3) [26], vaimost undetectable in SH-SY5Y, yet was
significantly expressed in S.NNMT.LP cells (100.6% vs. 1835.5 £ 129.8%, n =@<

0.001).

Protein acetylation was widespread in the SH-SYB&tgome (Fig. 2C), with the majority of
acetylated proteins having a MWt below 200 kDatétroacetylation was significantly
reduced in the S.NNMT.LP proteome, with proteinsager than 100 kDa exhibiting little or

no acetylation, demonstrating an increase in Sitivigy in S.NNMT.LP cells.

Slencing SRT3 expression decreased Complex | activity and cellular ATP content

FIG. 3

Having demonstrated that NNMT-V5 expression incedake expression of SirTs 1, 2 and 3,
we focussed upon SirT3, as this SirT is known tulate oxidative phosphorylation by the
direct deacetylation of subunits of the mitochoaldrespiratory chain [27], in particular
NDUFA9 of CxI [18]. Silencinga RT3 expression reducedRT3 mRNA expression in
S.NNMT.LP® (Fig. 3A), with a concomitant reduction in proteixpression (100 + 29% vs.
8.4 +1.2%, n=3p=0.032) (Fig. 3B). Scrambled siRNA had no efigpgpbnS RT3 mRNA

expression (Fig. 3A).

Cxl activity was not significantly altered in S.NNIMLP"" cells compared to S.NNMT.LP,
demonstrating that the siRNA procedure had no eéfpon CxI activity (data not shown). In

contrast, CxI activity was significantly reducedStINNMT.LP® compared to
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S.NNMT.LP"" (100 + 21.2% vs. 62.8 + 2.7%, n =85 0.048) (Fig. 3C), which was not
significantly different to that observed in SH-SY8¥Ills (131.5 £ 5.6%, n = §,= 0.18).
Likewise, cellular ATP content was not significandifferent in S.NNMT.LP" compared to
S.NNMT.LP (88.7% * 8.1% of that observed in S.NNMH, n = 7,p > 0.05), whereas
cellular ATP content was significantly reduced iNSMT.LP*® compared to
S.NNMT.LP" (100 £9.8% vs. 66.3 + 11.6%, n =p/< 0.001) (Fig. 3D). ATP content in
S.NNMT.LP® was significantly higher than that observed in S¥5Y cells (100 + 4.6%

vs. 275.1 + 15.8%, n = B,< 0.001).

Increased Complex | activity and ATP synthesis did not arise froman increasein
mitochondrial number

FIG. 4

It is possible that the NNMT-V5-mediated increas€kl activity, and subsequent ATP
synthesis, was due to an increase in mitochonduaalber. Although the calculation of CxI
activity takes into account mitochondrial numbed ass such demonstrated an increase in
enzyme activity, it does not rule out an increasmitochondrial number being in some part
responsible for the increase in cellular ATP sysitiebserved in S.NNMT.LP cells [10].
Therefore, the expression of the CxI subunit NDURA® respect to the cytosolic
housekeeping proteftrtubulin was used as a surrogate measure of mitatted number
(Fig. 4). NDUFAG was detected as a 15 kDa proteibath cells lines at similar levels in

each (100 + 9.7% vs. 114 + 10.2%, n 94 0.207) (Fig. 4A).

DISCUSSION

NNMT is central to the regulation of energy balancevithin the cell
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Recent studies which provide compelling evidenca adle for NNMT in the regulation of
energy metabolism and cell survivalvitro [10,11,14], in particular NNMT’s ability to
induce Cxl activity, ATP synthesis and synapse fidram [10,20], have transformed NNMT
from merely a Phase Il enzyme into a key mediatonany fundamental processes essential
for the maintenance of cellular health and functibims effect upon Cxl is of particular
interest, as reduced CxI activity is a cardinatdeaof PD [9]. In order to understand more
fully how NNMT is able to regulate CxI activity adl'P synthesis, we have investigated

whether NNMT-V5 influences the expression of SirTs.

We investigated SirTs for a number of reasonsS(f)s 1 & 3 have been shown to regulate
mitochondrial functions such as biogenesis, oxidathosphorylation and ATP synthesis
[18,19,28,29], (2) SirT3 has been shown to reguladeactivity of Cxlvia the deacetylation
of the lysine residues of NDUFA9 [18], and (3) NNN&Tinduced along with SirT1 and
SirT3 during calorie restriction [13,14]. We didtniovestigate the effects of NNMT-V5
expression upon the remaining SirTs, in partic8liafs 4 & 5, because although these two
SirTs are expressed in the mitochondria alongside8Sthey are involved in the regulation
of amino acid metabolism and the urea cycle respdygt with no research to date reporting

either a direct or indirect effect upon oxidativepphorylation [27,30,31].

The demonstration that NNMT-V5 expression inducidl 8xpression and activity
reinforces its pivotal role in regulating energytaimlism and mitochondrial function in the
cell. SirT activation most likely arises from threereased metabolism of nicotinamide, the
physiological inhibitor of SirTs [32]. This is supgped by Schmeisser and colleague€.in
elegans [15] who demonstrated that knock-out of the NNMintologueanmt-1 inhibited the

pro-longevity effects of the SirT1 homologue Sit;2wvith the overexpression ahmt-1
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having the opposite effect. As to how NNMT-V5 inédcSirT expression is unclear. It is
possible that MeN, the metabolic product of NNMImethylation of nicotinamide, may be
responsible, which is supported by our previoudistithat demonstrated that MeN
increased Cxl activity and cellular ATP contenBH-SY5Y cells [10,11]. In accord with
this, Xie et al. [33] reported that increased MealNduction was responsible for the NNMT-
mediated increase in cellular ATP content in humalorectal cancer cells. SirTs are also
thought to act as metabolic sensaestheir use of NAD+ as substrate [16,17], whose
availability is regulated by NNMVia NAD+ synthesis [3,34]. Both NAD+ and NADH
levels are decreased in S.NNMT.LP compared to SBYSdells [10], demonstrating that
pyridine nucleotide synthesis is decreased duedoaed nicotinamide availability, however
the NAD+:NADH ratio was also significantly reducedS.NNMT.LP compared to SH-
SY5Y, indicating increased use of NAD+ presumalbdyincreased SirT activity. Hence, the
ability of NNMT to induce and activate SirT activiplaces it firmly within the regulation of

mitochondrial function and energy regulation.

SirT3 is a key mediator of NNMT’s effect upon Compéx | activity

The decrease in CxI activity in S.NNMT.£® which was comparable to that observed in
SH-SY5Y cells, arising from the silencing of Siré8pression demonstrates that SirT3
mediates the effects of NNMT-V5 upon CxI activitynis is in accord with SirT3’s ability to
activate CxI activitywia the deacetylation of NDUFA9 [18]. What was intéireg was that
cellular ATP content was not reduced to levels plexkin SH-SY5Y cells, indicating that
mechanisms other than SirT3 are also involved. €iicl possibility is an increase in
mitochondrial number, however the relative expassif NDUFAG, whose expression
relative to the cytosolic housekeeping g@rtabulin would be expected to increase if

mitochondrial number were increased also, did hanhge, which is in accord with the lack
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of change in NDUFS9 expression that we have preWyaeported [10]. The induction of
SirT1 expression, which increases mitochondrial AYyRthesisia the induction of other
targets not part of oxidative phosphorylation sasiPPARy and PGCi [28], that we
observed may contribute to the increase in celld&#P content in S.NNMT.LP. What is
clear, however, is that SirT3 mediates the indamctibCxlI activity by NNMT-V5, most

likely due to increased deacetylation.

Induction of NNMT expression in the Parkinsonian brain may be a stress response of
the cell to the underlying disease pathogenesis

The S.NNMT.LP cell-line does not closely mimic th@paminergic neuronal phenotype of
the neurons which degenerate in PD, indeed it wasale original intention to model
NNMT expression using a cell-line which has no egedwus expression of NNMT, to
provide the ability to investigate the biochemietiects of NNMT upon the cell in isolation
[10,11,20]. However, this originated from our raséanto the expression of NNMT in
human PD brain tissue [2,3], thus our studies pi®evidence for what may be occurring
biochemically within the dopaminergic neuron in 82 brain. Accumulating evidence from
these studies suggest that the increased expredfdMidMT that we have observed vivo
induces SirT expression and hence increases Qxitaand ATP synthesis, alongside
increased synapse formation and protection fronré®sant mitotoxins, as part of a
cytoprotective response of the neuron to the PBqggnic process. NNMT is also induced
in a number of cancers, such as breast and neatoivla (from which SH-SY5Y cells are
derived). Such induction has several beneficiabegaences for the tumour cell, namely
reduced radiation sensitivitya the metabolism of the radiosensitizer nicotinanjtd,
promotion of metastasisa the induction of the Akt signalling pathway [36]daprotection

against a range of cytotoxins [10,11]. It is likéyat such induction provides the high energy
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demand, namely increased cellular ATP content,iredipy the tumour cell. In support of

this, SirT3 protein levels are elevated in breasicers [37].
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Pagel3 of 20



REFERENCES

[1] S. Aksoy S, C.L. Szumlanski, R.M. Weinshilbouryman liver nicotinamidél-
methyltransferase. cDNA cloning, expression, amdhemical characterisation, J. Biol.
Chem. 269 (1994) 14835-14840.

[2] R.B. Parsons, M-L Smith, R.H. Waring, et alxpEession of nicotinamidi-
methyltransferase (NNMT, E.C. 2.1.1.1) in the Pasknian brain, J. Neuropathol. Exp.
Neurol. 61 (2002) 111-124.

[3] R.B. Parsons, S.W. Smith, R.H. Waring, etldlgh expression of nicotinamidé-
methyltransferase in patients with idiopathic Paskin’s disease, Neurosci. Lett. 342 (2003)
13-16.

[4] M. Roessler, W. Rollinger, S. Palme, et alerdfication of nicotinamidé\-
methyltransferase as a novel serum tumour markerolorectal cancer, Clin. Cancer. Res.
11 (2005) 6550-6557.

[5] M. Tomida, H. Ohtake, T. Yokota, et al., Stag3-regulates expression of nicotinamidie
methyltransferase in human cancer cells. J. CdResr Clin. Oncol. 134 (2008) 551-559.
[6] M. Sternak, T.I. Khomich, A. Jakubowski, et,&llicotinamideN-methyltransferase
(NNMT) and 1-methylnicotinamide (MNA) in experimahtepatitis induced by
concanavalin A in the mouse, Pharmacol. Rep. 62Qp883-493.

[7] H.C. Kim, M. Mofarrahi, T. Vassilakopoulos, &k, Expression and functional
significance of nicotinamidil-methyltransferase in skeletal muscle of patients ahronic
obstructive pulmonary disease, Am. J. Respir. G4ed. 181 (2010) 797-805.

[8] M. Emanuelli, A. Santarelli, D. Sartini, et @NicotinamideN-methyltransferase
upregulation correlates with tumour differentiatiaroral squamous cell carcinoma, Histol.

Histopathol. 25 (2010) 15-20.

Pagel4 of 20



[9] A.H. Schapira Mitochondrial Complex | deficignm Parkinson’s disease, Adv. Neurol.
60 (1993) 288-291.

[10] R.B. Parsons, S. Aravindan, A. Kadampeswagta)., The expression of nicotinamide
N-methyltransferase increases ATP synthesis ané@s$H-SY5Y neuroblastoma cells
against the toxicity of Complex | inhibitors, Bicaim. J. 436 (2011) 145-155.

[11] Z.B. Milani, D.B. Ramsden, R.B. Parsons, Nguotective effects of nicotinamidé-
methyltransferase and its metabolite 1-methylnm@ohide, J. Biochem. Mol. Toxicol. 27
(2013) 451-456.

[12] M.C. Haigis, L. Guarente, Mammalian sirtuingmerging roles in physiology, aging
and calorie restriction, Genes Dev. 20 (2006) 229231.

[13] T. Shi, F. Wang, E. Stieren, et al., SIRT3niéochondrial sirtuin deacetylase, regulates
mitochondrial function and thermogenesis in browipacytes, J. Biol. Chem. 280 (2005)
13560-13567.

[14] P.W. Estep 8, J.B. Warner, M.L. Bulyk, Short-term calorie réstion in male mice
feminizes gene expression and alters key regulafarsnserved aging regulatory pathways,
PLOS One 4 (2009) e5242.

[15] K. Schmeisser, J. Mansfeld, D. Kuhlow, et Rlole of sirtuins in lifespan regulation is
linked to methylation of nicotinamide, Nat. ChemolB9 (2013) 693-700.

[16] M. Gertz, C. Steegborn, Function and regufatbthe mitochondrial sirtuin isoform
Sirt5 in Mammalia, Biochim. Biophys. Acta 1804 (2)1.658-1665.

[17] S. Michan, D. Sinclair D, Sirtuins in mammalssights into their biological function,
Biochem. J. 404 (2007) 1-13.

[18] B.H Ahn, H.S. Kim, S. Song, et al., A role fie mitochondrial deacetylase Sirt3 in

regulating energy homoestasis, Proc. Natl. Acad.l.88A 105 (2008) 14447-14452.

Pagel5 of 20



[19] D. Bellizzi, P. Cavalcane, G. Covello, et &.novel VNTR enhancer within the SIRT3
gene, a human homologue of SIR2, is associatedsuithival at oldest ages, Genomics 85
(2005) 258-263.

[20] M.G. Thomas, M. Saldanha, R.J. Mistry, et HicotinamideN-methyltransferase
expression in SH-SY5Y neuroblastoma and N27 megéradie neurones induces changes in
cell morphologyia ephrin-B2 and Akt signalling, Cell Death Dis. D{3) e6609.

[21] L. Schneider, S. Giordano, B.R. Zelicksonalkt Differentiation of SH-SY5Y cells to a
neuronal phenotype changed cellular bioenergetidstze response to oxidative stress, Free
Radic. Biol. Med. 51 (2011) 2007-2017.

[22] Z. Xun, D.Y. Lee, J. Lim, et al., Retinoic denduced differentiation increases the rate
of oxygen consumption and enhances the spare agspircapacity of mitochondria in SH-
SY5Y cells, Mech. Ageing Dev. 133 (2012) 176-185.

[23] D.M. Humphrey, R.B. Parsons, Z.N. Ludlow ZN a&, Alternative oxidase rescues
mitochondria-mediated dopaminergic cell los®nosophila, Hum. Mol. Genet. 21 (2012)
2698-2712.

[24] S. Voelter-Mahlknecht, U. Mahlknecht, Clonirayromosomal characterization and
mapping of the NAD-dependent histone deacetylasae girtuin 1, Int. J. Mol. Med. 17
(2006) 59-67.

[25] S. Voelter-Mahlknecht, A.D. Ho, U. MahlkneckiSH-mapping and genomic
organization of the NAD-dependent histone deacs¢ygene, Sirtuin 2 (Sirt2), Int. J. Oncol.
27 (2005) 1187-1196.

[26] M.B. Scher, A. Vaquero, D. Reinberg, SirT&iauclear NAD+-dependent histone
deacetylase that translocates to the mitochongoa gellular stress, Genes Dev. 21 (2007)

920-928.

Pagel6 of 20



[27] P. Parihar, I. Solanki, M.L. Mansuri, et &litochondrial sirtuins: emerging roles in
metabolic regulations, energy homeostasis and skse&xp. Gerontol. 61 (2015) 130-141.
[28] M.C. Haigis, D.A. Sinclair, Mammalian sirtuinisiological insights and disease
relevance, Ann. Rev. Pathol. 5 (2010) 253-295.

[29] Y. Yang, H. Cimen, M.J. Han, et al., NAD+ depent deacetylase SIRT3 regulates
mitochondrial protein synthesis by deacetylatiothefribosomal protein MRPL10, J. Biol.
Chem. 285 (2010) 7417-7429.

[30] M.C. Haigis, R. Mostoslavsky, K.M. SIRT4 inlii¥ glutamate dehydrogenase and
opposes the effects of calorie restriction in paatic beta cells, Cell 126 (2006) 941-954.
[31] J. Yu, S. Sadhukhan, L.G. Noriega, et al., abelic characertization of a SirT5 deficient
mouse model, Sci. Rep. 3 (2013) 2806.

[32] B.D. Sanders, B. Jackson, R. Marmorstein,&tmal basis for sirtuin function: what we
know and what we don’t, Biochim. Biophys. Acta. 48§2010) 1604-1616.

[33] X. Xie, H. Yu, Y. Wang, et al., Nicotinamide-idethyltransferase enhances the capacity
of tumourigenesis associated with the promotiocetifcycle progression in human
colorectal cancer cells, Arch. Biochem. Biophys4 $8014) 52-66.

[34] A.C. Williams, D.B. Ramsden, Autotoxicity, ngfation and a road to the prevention of
Parkinson’s disease, J. Clin. Neurosci. 12 (2005)18.

[35] H.S. Kassem, V. Sangar, R. Cowan, et al., tepal role of heat shock proteins and
nicotinamideN-methyltransferase in predicting response to raiah bladder cancer, Int. J.
Cancer 101 (2002) 454-460.

[36] S.W. Tang, T.C. Yang, W.C. Lin, et al., NigwimideN-methyltransferase induces
cellular invasion through activating matrix metallotease-2 expression in clear renal cell

carcinoma cells, Carcinogenesis 32 (2011) 138-145.

Pagel7 of 20



[37] N. Ashraf, S. Zino, A. Macintyre, et al., At sirtuin expression is associated with

node-positive breast cancer, Br. J. Cancer. 95620056-1061.

Pagel8 of 20



Figure legends

Fig. 1. S.NNMT.LP express NNMT-V5 and demonstratenicreased Complex | activity.
(A) mRNA expression.NNMT and NNMT-V5 mRNA expression was detected udRig
PCR, with equal loading confirmed usiGAPDH. (B) Protein expressionNNMT and
NNMT-V5 protein expression was detected using Wadtéotting, with equal protein
loading confirmed usin@-tubulin. (C) Complex | activity. Complex | activity was assessed
using a colourimetric-based assay. Statisticalysmaivas performed usingest with Welch

correction (n = 3).

Fig. 2. Expression of NNMT-V5 in S.NNMT.LP increasd the expression of SirTs 1, 2
and 3 and decreased protein acetylation. (A) Sirtai protein expression.SirTs 1, 2 and 3
protein expression was detected using Westernrmo{B) Quantitative analysis.Band
intensities were quantified using densitometry gsmageLab, normalised f@tubulin and
expressed as percentage expression compared t&¥' S¥-Statistical analysis compriséd
test with Welch correction (n = 4C) Proteome acetylationSH-SY5Y and S.NNMT.LP
proteome acetylation was assessed using Westdtmglé-or all panels: SirT1: sirtuin-1;

SirT2: sirtuin-2; SirT3: sirtuin-3.

Fig. 3. siRNA silencing ofSIRT3 expression in S.NNMT.LP reversed the effect of
NNMT-V5 expression upon Complex | activity, and rediced cellular ATP content.

S RT3 expression was silenced using transient transfecti S.NNMT.LP with 3 pooled
siRNA (S.NNMT.LF®). As controls, S.NNMT.LP incubated with transfeatimedium

alone (S.NNMT.LP"™) and S.NNMT.LP transfected with scrambled sequeiRBIA
(S.NNMT.LP*™) were used(A) SIRT3 mRNA expression.9 RT3 expression was assessed

using RT-PCR(B) SirT3 protein expression.Sirtuin-3 expression was assessed using
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Western blotting(C) Complex | activity. Complex | activity was analysed using a
colourimetric assay. Statistical analysis compristst with Welch correction (n = 3D)
Cellular ATP content. Cellular ATP content was assessed using the ATP-Glo
bioluminescence assay. Statistical analysis comgrase-way ANOVA with Tukey’ post
hoc comparisons test (n = or all panels: S.NNMT.LF" = S.NNMT.LP cells incubated
with SiRNA transfection reagent only; S.NNMT.¥P= S.NNMT.LP cells incubated with
scrambled siRNA; S.NNMT.L® = S.NNMT.LP cells incubated with 3 pooled siRNA

sequences targetir®RT3.

Fig. 4. Expression of NNMT-V5 in S.NNMT.LP did notalter mitochondrial number. As
a measure of mitochondrial number, the expresditimeoComplex | subunit NDUFAG6 was
measured and compared to the expression of theatdgrotein-tubulin. (A) Western
blotting. NDUFAG6 was detected using Western blotti(®). Quantitative analysis.Bands
were quantified and analysed using densitometmmabsed for3-tubulin expression and
expressed as percentage expression compared t&YSH€ells. Statistical analysis

comprised-test with Welch correction (n = 3).
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NicotinamideN-methyltransferase induced Complex | activity
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Sirtuin-3 mediated effects of nicotinamiblemethyltransferase upon complex 1
NicotinamideN-methyltransferase has a central role in mitoch@htiroenergetics





