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ABSTRACT
Lower plasma nicotinamide phosphoribosyltransferase (NAMPT)
levels are associated with improved response to methotrexate
(MTX) in patients with juvenile idiopathic arthritis. Cell-based
studies confirmed that reduced cellular NAMPT activity potenti-
ates the pharmacologic activity of MTX; however, the mechanism
of this interaction has yet to be defined. Therefore, in this study, we
investigate the mechanism of enhanced pharmacologic activity of
MTX in NAMPT-deficient A549 cells. Small interfering RNA–based
silencing of NAMPT expression resulted in a greater than 3-fold
increase in sensitivity to MTX (P , 0.005) that was completely
reversed by supplementation with folinic acid. Despite a 68%
reduction in cellular NAD levels in NAMPT-deficient cells, no
change in expression or activity of dihydrofolate reductase was
observed and uptake of MTX was not significantly altered. MTX

did not potentiate the depletion of cellular NAD levels, but
NAMPT-deficient cells had significant elevations in levels of
intermediates of de novo purine biosynthesis and were 4-fold
more sensitive to depletion of ATP by MTX (P , 0.005).
Supplementation with hypoxanthine and thymidine completely
reversed the antiproliferative activity of MTX in NAMPT-deficient
cells and corresponded to repletion of the cellular ATP pool
without any effect on NAD levels. Together, these findings
demonstrate that increased MTX activity with decreased NAMPT
expression is dependent on the antifolate activity of MTX and is
driven by enhanced sensitivity to the ATP-depleting effects of
MTX. For the first time, these findings provide mechanistic details
to explain the increase in pharmacological activity of MTX under
conditions of reduced NAMPT activity.

Introduction
In a previous study by our group, lower plasma concentrations

of nicotinamide phosphoribosyltransferase (NAMPT) were asso-
ciated with improved therapeutic response to the disease-
modifying antirheumatic drug methotrexate (MTX) in patients
with juvenile idiopathic arthritis (Funk et al., 2016). Subsequent
cell-based studies using small interfering RNA (siRNA)–based
gene silencing or the chemical inhibitor of NAMPT, known as
FK-866 [2-(E)-N-[4-(1-benzoyl-4-piperidinyl)butyl]-3-(3-pyridinyl)-
2-propenamide hydrochloride] or daporinad, demonstrated that
reductions in cellular NAMPT activity resulted in a marked
increase in sensitivity to the antiproliferative activity of MTX

(Funk et al., 2016). Although these findings demonstrated that
variation in NAMPT activity is associated with variation in MTX
response (both in vivo and in vitro), the mechanism of this
interaction remains poorly understoodand is the focus of thiswork.
MTX is an antifolate and is the cornerstone of disease-

modifying antirheumatic drug therapy in the treatment of
autoimmune arthritis, including juvenile idiopathic arthritis
and rheumatoid arthritis. MTX is a potent inhibitor of dihydro-
folate reductase (DHFR) and is metabolized intracellularly to
form a series of pharmacologically active polyglutamated me-
tabolites that function as direct inhibitors of several folate-
dependent enzymes (Fairbanks et al., 1999; Kremer, 2004).
Through inhibition of the folate-dependent biochemical path-
ways, MTX causes the inhibition of various downstream one-
carbon transfer reactions, including nucleotide and methio-
nine biosynthesis, which are believed to be responsible for its
pharmacological activity in the treatment of autoimmune
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inosine 59-monophosphate; MTX, methotrexate; NAMPT, nicotinamide phosphoribosyltransferase; PARP, poly(ADP-ribose) polymerase; PBMC,
peripheral blood mononuclear cell; PCR, polymerase chain reaction; siRNA, small interfering RNA; THF, tetrahydrofolate; THY, thymidine; ZMP, 5-
aminoimidazole-4-carboxamide ribonucleotide.
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arthritis (Piper et al., 1983; Smole�nska et al., 1999). Therapeutic
response to MTX in the treatment of arthritis continues to be
variable, with approximately one in three patients failing to
adequately respond to therapy, and has resulted in an effort to
understand the mechanistic basis for the observed variation in
drug response (Ravelli et al., 1998; Bulatovi�c et al., 2011).
Therefore, our observation that variation in NAMPT activity is
associated with variation in the pharmacological activity ofMTX
warrants further investigation to understand themechanism for
this interaction.
NAMPT, also known as pre-B cell colony–enhancing factor

or visfatin, functions as the rate-limiting enzyme in the
mammalian salvage pathway for intracellular NAD biosyn-
thesis (Samal et al., 1994; Friebe et al., 2011). However,
NAMPT is also secreted from cells through an undefined
pathway and is found at relatively high concentrations in the
plasma, with one study reporting concentrations of 7.2 6
0.9 ng/ml in normal healthy adults (Liakos et al., 2016).
Although an extracellular receptor for NAMPT is yet to be
definitively identified, it is commonly referred to as an
adipocytokine and when supplied in its exogenous form has
been demonstrated to be important in the regulation of
cellular metabolism, inflammation, and immune function
(Otero et al., 2006; Moschen et al., 2010; Mirfeizi et al., 2014).
NAMPT has been investigated as a plasma biomarker of
inflammation and more recently as a potential drug target in
the treatment of rheumatoid arthritis (Rongvaux et al., 2008;
Evans et al., 2011; Présumey et al., 2013). Inhibition of
NAMPT in the collagen-induced arthritis mouse model has
demonstrated efficacy similar to that of the anti–tumor
necrosis factor a biologic etanercept and has been primarily
attributed to the inhibition of intracellular NAD biosynthesis
in inflammatory cells (Busso et al., 2008; Evans et al., 2011).
Based on our understanding of the biologic function of

NAMPT, it is reasonable to hypothesize that the enhanced
sensitivity to MTX observed after inhibition of NAMPT likely
results from the depletion of the cellular NAD pool. Previous
work investigating the NAMPT inhibitor GMX1777
([4-[[N9-[6-(4-chlorophenoxy)hexyl]-N-cyanocarbamimidoyl]
amino]pyridin-1-ium-1-yl]methyl 2-[2-[2-(2-methoxyethoxy)
ethoxy]ethoxy]ethyl carbonate), also known as teglarinad chlo-
ride, demonstrated that silencing of folate-related genes
enhances the cytotoxicity of GMX1777 (Chan et al., 2014).
Similarly, Chan et al. (2014) found that the antifolate drug
pemetrexed promotes GMX1777 cytotoxicity through the syner-
gistic depletion of cellular NAD resulting from activation of the
NAD-consumingDNA repair enzyme poly(ADP-ribose) polymer-
ase (PARP)-1 by pemetrexed. However, in the case of non-
cytotoxic reduction of cellular NAD through siRNA-based gene
silencing of NAMPT, it remains unclear how reductions in
NAMPT activity promote the antiproliferative activity of MTX.
In this work, we hypothesize that partial depletion of cellular
NAD through reduced expression of NAMPT increases the
antiproliferative effects of MTX mediated through inhibition of
nucleotide biosynthesis and results in the synergistic depletion of
cellular ATP.
Here, we investigate the mechanism of increased pharma-

cological activity of MTX in NAMPT-deficient cells through
targeted silencing of NAMPT. Through measurement and
supplementation of key metabolic pathways, we derive the
biochemical basis throughwhich reduced enzymatic activity of
NAMPT promotes the pharmacologic activity of MTX.

Materials and Methods
Cell Culture. A549 human lung carcinoma cells (catalog no. CCL-

185) were purchased from American Type Culture Collection (Mana-
ssas, VA) and foreskin fibroblasts (AG07095) were provided by Coriell
(Camden, NJ). Cells were grown in Dulbecco’s modified Eagle’s
medium (catalog no. 11995-065) supplemented with 10% fetal bovine
serum (catalog no. 03-600-511), 100 U/ml penicillin, and 100 U/ml
streptomycin (Thermo Fisher Scientific, Waltham, MA). Cells were
maintained at 37°C in a 5% CO2 controlled incubator and were
passaged every 3 to 4 days at approximately 80% confluence.

Peripheral Blood Mononuclear Cells. Peripheral blood mono-
nuclear cells (PBMCs)were isolated using density gradient separation
(Ficoll-Paque Plus; GE Healthcare, Piscataway, NJ). Blood was
diluted with phosphate-buffered saline in equal volume, and 4 ml
diluted blood was carefully layered on the top of 3 ml Ficoll in a
centrifuge tube to minimize mixing. Samples were centrifuged at
20°C for 30 minutes at 400g. PBMCs were carefully extracted from
the centrifuge tube and diluted with phosphate-buffered saline in a
1:3 ratio and centrifuged at 100g for 10 minutes for washing.
Washing was repeated one more time. PBMCs were suspended in
RPMI-1640 media supplemented with 10% fetal bovine serum and
incubated for 24 hours to allow monocytes to attach. The next day,
the lymphocytes remaining in suspension were seeded at the density
of 25 � 103 cells/well in a 96-well plate with or without 2% (v/v)
phytohemagglutinin and treated with dimethylsulfoxide (DMSO) or
10 nM MTX for the first 48 hours and then with 0.1 nM FK-866 for
the next 72 hours. Cell viability was assessed using the resazurin
reduction assay described below.

Cell Viability. For viability studies, cells were seeded at the
density of 5 � 103 cells per well in 96-well clear-bottom black plates
(Corning Inc., Corning, NY). With each well containing 100 ml growth
medium, 20 ml 0.16 mg/ml resazurin was added and incubated for
4 hours at 37°C and 5% CO2. The plate was protected from light and
allowed to cool to room temperature for 10 minutes prior to reading.
The fluorescence signal was measured for each sample using a BioTek
Cytation 3 (BioTek, Winooski, VT) as described previously (Funk
et al., 2016). Protein content was quantified using the Micro BCA
Protein Assay Kit (Thermo Fisher Scientific).

NAMPT Inhibition and Drug Treatment. Transfections were
performed as described previously (Funk et al., 2016). In brief, in each
well of a six-well plate, 250 pmol siRNA and 5 ml Lipofectamine
2000 (Thermo Fisher Scientific) each in 250 ml Opti-MEM reduced
serum media (Thermo Fisher Scientific) were mixed at room temper-
ature for 5 minutes before combining with 1.5 ml antibiotic-free
growth media containing 2.5 � 105 cells. Volumes and densities were
scaled to 5� 103 cells per well for 96-well plate assays. After 24 hours,
the transfection media were replaced with either normal growth
media or normal growth media containing various concentrations of
MTX and were maintained for an additional 96 hours under normal
culture conditions prior to analysis. For rescue experiments, cells were
treated with either MTX alone or MTX with rescue drugs.

Western Blot. Cell lysates were prepared in RIPA buffer (Thermo
Fisher Scientific) supplemented with protease and phosphatase inhibitors
(Thermo Fisher Scientific). Equal amounts of protein were subjected to
SDS-PAGE and then transferred to polyvinylidene membrane (EMD
Millipore, Billerica, MA). The membrane was blocked with 5% nonfat dry
milk in phosphate-buffered saline containing 0.1% Tween 20 at room
temperature for 1 hour and was then incubated at 4°C overnight with
primary antibody. Primary antibodies were rabbit anti-NAMPT (1:4000;
generated inhouse),mouseanti-DHFR(1:750;R&DSystems,Minneapolis,
MN), mouse anti-poly(ADP-ribose) clone 10H (1:1000; Sigma-Aldrich, St.
Louis, MO), PARP (1:1000; Cell Signaling Technology, Danvers, MA), and
glyceraldehyde-3-phosphate dehydrogenase (1:10,000; Santa Cruz Bio-
technology, Dallas, TX). After washing three times for 10 minutes with
phosphate-buffered saline containing 0.1% Tween 20, the membrane
was incubated with horseradish peroxidase–linked goat anti-rabbit or
anti-mouse secondary antibody (Santa Cruz Biotechnology) at room
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temperature for 1 hour. The blots were then visualized with Pierce ECL
Western blot detection reagent (ThermoFisher Scientific). Banddensity on
Western blot images was used as a measure of assayed protein level.

RNA Isolation, Reverse Transcription, and Real-Time Poly-
merase Chain Reaction Analysis. Total RNA was isolated from
A549 cells transfected with either control or NAMPT siRNA as
described in the NAMPT inhibition section with TRIzol reagent
(Invitrogen, Carlsbad, CA). One microgram of RNA was used for
reverse complementation using the iScript cDNA synthesis kit
following the manufacturer’s protocol (Bio-Rad, Hercules, CA). Real-
time polymerase chain reaction (PCR) was performed with the
NAMPT primers sense 59-tccacccaacacaagcaaagt-39 and antisense
59-ttcctctgggaatgacaaagccct-39 using the CFX384TM real-time PCR
system (Bio-Rad) (Chavan et al., 2015).

Cellular Folate, MTX, and Purine Biosynthesis Intermedi-
ate Levels. A549 cells were transfected with either control or NAMPT
siRNA as described in the NAMPT inhibition section. Three days later,
cells were treated with 1000 nMMTX for 24 hours or were left untreated.
Cells were collected by trypsinization and the resulting pellet was flash
frozen in liquid nitrogen or immediately processed and analyzed. Cellular
folate andMTX levels were analyzed by ultra-performance liquid chroma-
tography tandemmass spectrometry as described previously (Funk et al.,
2013, 2014). Cellular levels of 5-aminoimidazole-4-carboxamide ribonucle-
otide (ZMP) and inosine 59-monophosphate (IMP) were measured by an
additional ultra-performance liquid chromatography–UV assay. Analytes
were extracted from cells treated with control or NAMPT siRNA by
resuspending the cell pellet in 100% acetonitrile followed by vortex mixing
for 30 seconds and sonication for 5 minutes. Samples were centrifuged at
21,100g for 5 minutes and 10 ml of the resulting supernatant was injected.
Sample separation was conducted on a Waters BEH Amide HILIC
chromatography column (150 � 3.0 mm packed with 1.7-mm particles;
Waters, Milford, MA) using an isocratic method consisting of 33% 27 mM
potassium dihydrogen phosphate pH 4.5 (mobile phase A) and 77%
acetonitrile (mobile phase B) at a flow rate of 0.9 ml/min. After each run,
the column was washed for 2 minutes with a 50/50 mixture of mobile
phases A and B. The column was re-equilibrated for 3 minutes under the
conditions for isocratic separation prior to thenext injection.UVabsorption
was monitored at 248 and 262 nm and a five-point calibration curve
ranging from1 to100mMwas constructed for eachanalyte.Concentrations
of ZMP and IMP were determined and normalized based on the average
cell count for the samples andwere expressed inpicomoles permillion cells.

NAD and ATP Cellular Levels. Total cellular NAD content was
measured using a colorimetric enzyme-linked microplate assay (cat-
alog no. 600480; Cayman Chemical Company, Ann Arbor, MI) and

total cellular ATP content was measured using firefly luciferase
microplate assays (catalog no. 6016943; PerkinElmer, Waltham,
MA). Assays were conducted in a 96-well plate format following the
manufacturer’s protocol and normalized to total protein.

Drugs and Reagents. Resazurin sodium salt (Thermo Fisher
Scientific) was resuspended in 0.16 mg/ml phosphate-buffered saline,
pH 7.4, and passed through a 0.2-mm syringe filter. High-performance
liquid chromatography purified NAMPT siRNA (sense: 59-CCACC-
CAACACAAGCAAAGUUUAUU-39) and scrambled control siRNA
(sense: 59-CCACAACAACAAACGUUGAUCCAUU-39) were custom
synthesized (Thermo Fisher Scientific). Thymidine (THY) (catalog
no. CAS 50-89-5; Acros Organics, Morris Plains, NJ), hypoxanthine
(HYP) (catalog no. 105451) and folinic acid (catalog no. 191504) (MP
Biomedicals, Solon, OH), and b-NAD (catalog no. N1630; Sigma-
Aldrich) were dissolved in water at 0.1 M concentration. MTX (catalog
no. 13960; CaymanChemical Company) was dissolved in 100%DMSO
(catalog no. BP231-100; Thermo Fisher Scientific) at 0.1 M concen-
tration. Olaparib (catalog no. S1060; Selleck Chemicals, Houston, TX)
was dissolved in 100% DMSO at 10 mg/ml concentration. FK-866
(catalog no. 4808; Tocris Bioscience, Bristol, UK) was dissolved in
water at a concentration of 5 mM. External reference standards for
ZMP (catalog no. A611705; Toronto ResearchChemicals, Toronto, ON,
Canada) and IMP (catalog no. 226260250; Acros Organics) were
dissolved in 100% acetonitrile.

Statistical Analysis. Data are shown as the mean 6 S.D. in all
figures. Associations between continuous variables were assessed by
simple linear regression with log transformation of non-normally
distributed variables. Data were compared by unpaired t test analysis
and significance was determined at P , 0.05.

Results
Effect of NAMPT Inhibition on MTX Activity. Previous

work by our group demonstrated that siRNA-based silencing of
NAMPT and pharmacological inhibition of NAMPT with FK-866
both result in a significant and similar increase in sensitivity to the
growth inhibitory effects of MTX in the A549 human lung
carcinoma cell line (Funk et al., 2016). To demonstrate the
relevance of inhibition of NAMPT on MTX activity in primary
human tissues, we employed primary human fibroblasts and
PBMCs to evaluate the effect of NAMPT inhibition on MTX
response. Utilizing the siRNA-based silencing approach in the

Fig. 1. Inhibition of NAMPT sensitizes primary human tissue to the growth inhibitory effects of MTX. Primary human fibroblasts were transfected with
either control scrambled siRNA or with NAMPT-specific siRNA. (A) Twenty-four hours after transfection, cells were treated with MTX at concentrations
up to 10 mM for 96 hours. (B) Isolated human lymphocytes were left unstimulated or were stimulated with 2% phytohemagglutinin and treated with
either 10 nM MTX alone, 0.1 nM FK-866 alone, or 10 nM MTX in combination with 0.1 nM FK-866. Cell viability was measured by fluorescence
spectroscopy using the resazurin reduction assay. Experiments were conducted in triplicate and the resulting mean 6 S.D. for each experiment is
presented. Statistical testing was conducted using t test analysis. Scr, scrambled.

98 Singh et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


AG07095 human fibroblast cell line, we found that silencing of
NAMPT resulted in a significant increase in sensitivity to the
growth inhibitory effects of MTX (Fig. 1A). Notably, fibroblasts
treatedwith control siRNA failed to demonstrate anymeasureable
level of growth inhibition after a 96-hour treatment with MTX at
concentrations up to 10 mM. In contrast, fibroblasts treated with
NAMPT siRNA demonstrated approximately 25% growth inhibi-
tion with half-maximal response at a mean MTX concentration of
49.1 6 14.7 nM. Similarly, we found that treatment of isolated
PBMCs with 10 nM MTX or 0.1 nM FK-866 individually had no
impact on their response to stimulation after treatment with
phytohemagglutinin (Fig. 1B). However, treatment with MTX in
combination with FK-866 resulted in a synergistic inhibition
of lymphocyte proliferation and further supports a synergistic
relationship whereby variations in NAMPT activity impact re-
sponse to MTX in a diversity of tissues.
MTX Activity in NAMPT-Deficient Cells Is Folate

Dependent. The antiproliferative activity of MTX is primar-
ily mediated through the competitive inhibition of DHFR
resulting in depletion of the intracellular pool of bioactive
folates; however, folate-independent mechanisms of action
have been proposed (Dolezalová et al., 2005; Funk et al., 2013;

Sramek et al., 2017). The antifolate effects of MTX are
reversible through supplementation with the reduced and
methylated form of folate, folinic acid, also referred to as
5-formyl tetrahydrofolate (Shea et al., 2014; Koh et al., 2016).
Therefore, initial studies were performed to confirm that the
antiproliferative activity of MTX in NAMPT-deficient cells
was mediated through the antifolate activity of MTX. Consis-
tent with previous results (Funk et al., 2016), siRNA-based
silencing of NAMPT resulted in reduced expression of NAMPT
in A549 cells, as demonstrated by Western blot analysis
(Fig. 2A). By densitometry, the NAMPT band was normalized
to glyceraldehyde-3-phosphate dehydrogenase and demon-
strated a greater than 95% reduction in cellular NAMPT
protein (Fig. 2B) and was consistent with depletion of NAMPT
mRNA asmeasured by real-time-PCR (Fig. 2C). Similar to our
previous finding, silencing of NAMPT resulted in a greater
than 3-fold reduction in the concentration ofMTX, resulting in
half-maximal inhibition (IC50) of cell growth at 96 hours (mean
66.9 6 12 vs. 18.5 6 0.3 nM, P , 0.005) (Fig. 2D). Supple-
mentation of growth media with 10 mM folinic acid completely
rescued both control cells and NAMPT-deficient cells from the
antiproliferative activity of MTX (Fig. 2D).

Fig. 2. MTX activity in NAMPT-deficient cells is folate dependent. A549 cells were transfected with either control scrambled siRNA or with siRNA
directed toward NAMPT. Twenty-four hours after transfection, cells were treated with different concentrations of MTX alone or in combination with
10 mM folinic acid for 96 hours. (A–C) Knockdown of NAMPT by siRNA was confirmed by Western blot analysis (A), quantified by densitometry analysis
(B), and verified by real-time-PCR (C). Cell viability was measured by fluorescence spectroscopy using the resazurin reduction assay. (D) The effect of
MTX toxicity alone or in combination with 10 mM folinic acid was determined as percent viability based on untreated control cells. Experiments were
conducted in triplicate and the resulting mean 6 S.D. for each experiment is presented. Concentrations of MTX required for half-maximal inhibition of
50% inhibition of cell viability were determined and compared by t test analysis. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MW, molecular
weight; Scr, scrambled.
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NAD Supplementation Reverses MTX Sensitivity in
NAMPT-Deficient Cells. Consistent with our previously
reported findings, siRNA-based silencing of NAMPT resulted
in a marked reduction (approximately 68%) in cellular NAD
levels (Fig. 3A) (Funk et al., 2016). Therefore, to verify the role
of NAD depletion as the basis for enhancedMTX sensitivity in
NAMPT knockdown cells, we measured the effect of NAD
supplementation on MTX response in NAMPT-deficient cells
(Fig. 3B). The addition of 200 mM NAD in cell culture media
caused a 5-fold increase in the IC50 values for growth in-
hibition of MTX in NAMPT-deficient cells (mean 17.926 2.05
vs. 95.6 6 4.50 nM, P 5 0.00001) that were similar to those
observed previously in control cells with normal NAMPT
levels. In contrast, supplementation of NAD in control cells
with normal NAMPT and NAD levels resulted in no signifi-
cant effect on MTX response (data not shown).
NAMPT Deficiency Does Not Disrupt Folate Homeo-

stasis or Increase MTX Uptake. The phosphorylated and
reduced form of NAD (NADPH) is necessary for proper folding
and stability of DHFR and serves as a cofactor in the reduction
of dihydrofolate to tetrahydrofolate (THF) (Ainavarapu et al.,
2005; Hsieh et al., 2013). As a result, decreases in cellular
NADPH would be expected to result in both the reduced
expression of DHFR as well as reduced enzymatic activity.
Recognizing that inhibition of NAMPT activity results in the
depletion of both cellular NAD and NADP(H) pools (Hsieh
et al., 2013), it is reasonable to hypothesize that depletion of
cellular NADPH secondary to reduced NAMPT activity would
increase sensitivity to MTX through a reduction in DHFR
expression and activity. To determine the effect of reductions
in cellular NAMPT levels on the expression of DHFR, both
control and NAMPT-deficient cells were evaluated for DHFR
expression by Western blot analysis (Fig. 4A). Densitometry
analysis confirmed that reductions in NAMPT expression had

no effect on the cellular levels of DHFR (Fig. 4B). DHFR
activity was assessed by measuring cellular levels of THF and
its methylated metabolites 5-methyl-THF and 5,10-methenyl-
THF (Fig. 4C). Cellular folate levels in NAMPT-deficient cells
were not consistent with a reduction in DHFR activity and
actually resulted in an increase in cellular folate levels but
were not statistically significant. Furthermore, to evaluate
whether the increased sensitivity to MTX potentially resulted
from an increase in the cellular uptake of MTX in NAMPT-
deficient cells, concentrations of MTX and its polyglutamated
metabolites were measured in control and NAMPT-deficient
cells (Fig. 4D). NAMPT-deficient cells did not take up more
MTX; in contrast, they appeared to have lower levels of the
drug and its pharmacologically active metabolites compared
with the control cells.
MTX Does Not Cause Synergistic Depletion of

Cellular NAD in NAMPT-Deficient Cells. Although the
increased sensitivity of NAMPT-deficient cells appears to
result from a reduction in the enzymatic function of NAMPT
causing the cellular depletion of NAD, the biochemical basis
for increased MTX activity in NAMPT-deficient cells remains
unclear. As discussed in the Introduction, a previous study
reported that the antifolate agent pemetrexed promotes the
cytotoxicity of a chemical inhibitor of NAMPT through
activation of PARP-1 in response to DNA damage by peme-
trexed, leading to the synergistic depletion of cellular NAD
(Chan et al., 2014). In contrast to this previous work,MTXwas
not found to cause any measurable activation of PARP-1 as
monitored by Western blot analysis for the production of PAR
(Fig. 5A). In agreement with these findings, treatment with
MTX did not cause any significant DNA damage as measured
by DNA gel electrophoresis (Fig. 5B). Finally, although MTX
caused a slight but insignificant reduction in cellular NAD
levels in control cells, MTX failed to cause any further
depletion of NAD levels in the NAMPT-deficient cells
(Fig. 5C).
Furthermore, to rule out involvement of PARP-1 activation

by MTX as the mechanism of increased response to MTX, the
antiproliferative activity of MTX was measured in the pres-
ence of the PARP inhibitor olaparib, which was previously
demonstrated to rescue pemetrexed toxicity in cells treated
with a NAMPT inhibitor (Chan et al., 2014). We did not find
any significant change in the growth inhibition of MTX in
NAMPT-deficient or control cells in the presence of olaparib
(Fig. 6).
Increased MTX Activity Occurs through Synergistic

Depletion of Cellular ATP. As an antifolate, MTX is a
potent inhibitor of folate-dependent enzymes responsible for
de novo purine and pyrimidine biosynthesis (Fairbanks et al.,
1999; Budzik et al., 2000; Kremer, 2004). As a result, MTX
causes the exposure-dependent depletion of the intracellular
nucleotide pool, including the depletion of intracellular ATP
(Budzik et al., 2000; Chan et al., 2014). Pharmacological
inhibition of NAMPT also ultimately causes the depletion of
intracellular ATP, secondary to the depletion of cellular NAD,
and has been directly associated with cytotoxicity (Tan et al.,
2013; Moore et al., 2015). Therefore, we investigated whether
the increased antiproliferative effect of MTX in NAMPT-
deficient cells is associated with synergistic depletion of the
cellular ATP pool. Cellular ATP levels in control and NAMPT-
deficient cells were measured, and interestingly, NAMPT-
deficient cells had significantly higher levels of ATP compared

Fig. 3. NAD supplementation reverses enhanced MTX sensitivity in
NAMPT-deficient cells. (A) A549 cells were transfected with either control
scrambled siRNA or with siRNA directed toward NAMPT and cellular
NAD levels were measured 96 hours after transfection. (B) Cellular
viability was measured in NAMPT-deficient cells and treated with various
concentrations of MTX with or without supplementation of 200 mM NAD.
Experiments were conducted in triplicate and the resulting mean 6 S.D.
for each experiment is presented. NAD levels were compared by t test
analysis. Concentrations of MTX required for half-maximal inhibition of
50% inhibition of cell viability were determined and compared by t test
analysis. Scr, scrambled.
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with control cells (Fig. 7A). Increased cellular ATP content in
response to NAMPT inhibition was previously reported in
cells that solely rely on salvage or the nicotinamide pathway
for NAD synthesis (Tolstikov et al., 2014). Treatment with
MTX over 96 hours resulted in the dose-dependent depletion
of cellular ATP in both control and NAMPT-deficient cells
(Fig. 7B). However, NAMPT-deficient cells were significantly
more sensitive to the ATP-depleting activity of MTX. Similar
to the enhanced antiproliferative effects seen with NAMPT
deficiency, reduced NAMPT expression resulted in a nearly
4-fold reduction in the concentration ofMTX, resulting in half-
maximal depletion of cellular ATP (mean 15.016 3.63 vs. 3.93
6 0.35 nM, P , 0.005).
An analysis of the intermediates of the de novo purine

synthesis pathway was undertaken to evaluate whether
NAMPT deficiency impacts the activity of aminoimidazole
carboxamide ribonucleotide transformylase (AICART), which
is one of the primary intracellular targets of MTX in the
inhibition of de novo purine biosynthesis (Allegra et al., 1985).
To evaluate AICART activity, wemeasured both the substrate
(ZMP) and the product (IMP) of AICART in NAMPT-deficient
and control cells (Fig. 8). Interestingly, intracellular levels of
both ZMP and IMP were significantly elevated in NAMPT-
deficient cells. However, a comparison of the ratio of IMP/ZMP
as a static measure of AICART enzymatic activity revealed no
significant difference between NAMPT-deficient and control
cells.
Supplementation with intermediates of purine and pyrim-

idine biosynthesis can restore cellular nucleotide pools de-
pleted in response to treatment with MTX (Piper et al., 1983;
Chan and Howell, 1990). Therefore, to investigate whether
depletion of nucleotide precursors by MTX is responsible for

the increase in pharmacological activity observed in response
to NAMPT inhibition, we evaluated cell viability, NAD levels,
and ATP levels in control and NAMPT-deficient cells treated
with MTX, with and without supplemental HYP and THY
(Fig. 9). Under the conditions tested, supplementation with
HYP and THY completely rescued the antiproliferative effects
of MTX in both control and NAMPT knockdown cells (Fig. 9A).
The observed increase in cell viability corresponded to a
marked increase in cellular ATP levels in both the control
and NAMPT knockdown cells (Fig. 9B). However, the reversal
in the antiproliferative activity of MTX with HYP-THY supple-
mentation had no effect on NAD levels in the NAMPT-deficient
cells (Fig. 9C).

Discussion
Based on the results of this study, we conclude that

reductions in the enzymatic activity of NAMPT increase the
sensitivity of cells to the inhibition of nucleotide biosynthesis
by MTX and potentiate the MTX-mediated depletion of
cellular ATP. Together, these findings illustrate a novel
mechanism through which disruption of cellular NAD metab-
olism, through reduction in the enzymatic activity of NAMPT,
enhances the pharmacological activity of the antifolate thera-
peutic MTX. These findings suggest that variation in NAMPT
expression and NAD homeostasis, reflecting both potential
genetic and environmental factors, may impact the sensitivity
of patients to the pharmacological effects of MTX, and is
supported by our previous clinical finding that patients with
reduced circulatingNAMPT levels aremore likely to respond to
MTX (Funk et al., 2016).

Fig. 4. Inhibition of NAMPT does not affect DHFR expression or intracellular levels of folate or MTX. (A) A549 cells were transfected with either control
scrambled siRNA or with siRNA directed toward NAMPT and protein levels of DHFR were monitored 96 hours after transfection. (B) For densitometry
analysis, DHFR protein levels were normalized to GAPDH. (C and D) Cellular concentrations of folate (C) and MTX levels (D) were analyzed in control
and NAMPT-deficient cells treated for 24 hours with 1000 nM MTX. Experiments were conducted in triplicate and the resulting mean 6 S.D. for each
experiment is presented and compared by t test analysis. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NS, not significant; Scr, scrambled.
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Our initial experiments sought to demonstrate the interac-
tion of NAMPT and MTX in primary tissues and to determine
whether the enhanced sensitivity to MTX observed with
NAMPT-deficient cells was mediated through the antifolate
activity of MTX. We found that inhibition of NAMPT activity
potentiated the growth inhibitory effects of MTX in both
primary human fibroblasts and isolated lymphocytes (Fig.
1), and we therefore demonstrated that this interaction is
broadly applicable to both transformed and primary tissues.
Although MTX is widely believed to mediate its pharmacolog-
ical activity through inhibition of folate-dependent biochem-
ical pathways, either through the depletion of the intracellular

pool of bioactive folates or through the direct inhibition of the
various folate-dependent enzymes, some investigators have
suggested folate-independent pharmacological effects of MTX
mediated through inhibition of Janus kinase/signal trans-
ducers and activators of transcription signaling, induction of
oxidative stress, and mitochondrial toxicity (Phillips et al.,
2003; Thomas et al., 2015; Zimmerman et al., 2017; Al Maruf
et al., 2018). Therefore, we evaluated whether supplementa-
tion with folinic acid would reverse the increased antiprolifer-
ative effects of MTX in NAMPT-deficient cells (Fig. 2). Our
finding that folinic acid supplementation completely rescues
NAMPT-deficient cells from the antiproliferative effects of

Fig. 5. MTX does not cause synergistic depletion of cellular NAD in NAMPT-deficient cells. (A) A549 cells were transfected with either control
scrambled siRNA or with siRNA directed toward NAMPT; 24 hours after transfection, cells were treated with 1000 nM MTX for 96 hours or 50 mM
etoposide for 24 hours to determine activation of PARP by measuring PAR formation by Western blot analysis. (B) Control and NAMPT-deficient cells
were treated with different concentrations of MTX for 96 hours and total DNAwas separated on 1% agarose gel to evaluate DNA damage. (C) Total NAD
levels were monitored in control and NAMPT-deficient cells treated with different concentrations of MTX for 96 hours. Experiments were conducted in
triplicate and the resulting mean 6 S.D. for each experiment is presented and compared by t test analysis. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; MW, molecular weight; NS, not significant; PAR, poly(ADP-ribose); Scr, scrambled.
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MTX suggests that the enhanced sensitivity of cells with
reduced NAMPT activity is a result of increased sensitivity to
the antifolate effects of MTX and is not mediated through a
secondary folate-independent pharmacological mechanism.
Similarly, recognizing that much debate continues on the
biologic function ofNAMPTbeyond its role as the rate-limiting
enzyme in NAD biosynthesis (Revollo et al., 2004; Rongvaux
et al., 2008; Moore et al., 2015; Chen et al., 2016), we sought to
determine whether the depletion of cellular NAD in NAMPT-
deficient cells was responsible for the observed increase in
sensitivity to the antiproliferative activity of MTX. Therefore,
the effect of NAD supplementation on the antiproliferative
effect of MTXwasmeasured in NAMPT-deficient cells (Fig. 3).
Our finding that NAD supplementation of NAMPT-deficient
cells reversed the observed increase in sensitivity to the
antiproliferative effects of MTX established that reductions
in the enzymatic activity of NAMPT were responsible for the
increased sensitivity towardMTX and that the effect was not a
manifestation of one of the multitude or purported nonenzy-
matic functions of NAMPT. Together, these data established
that reduced cellular concentrations of NAD, resulting from
deficiency in the enzymatic activity of NAMPT, increase the
sensitivity of cells to the antifolate-mediated antiproliferative
effects of MTX. Furthermore, these data support a mechanis-
tic interaction through which regulation of cellular NAD can
impact the sensitivity of cells to the pharmacological activity
of antifolate therapeutics.
Recognizing that a multitude of mechanisms exist through

which cells can display enhanced or diminished sensitivity to
MTX (Cutolo et al., 2001; Kremer, 2004), we sought to
understand the mechanism through which reductions in
cellular NAD increase the sensitivity of cells to the antifolate
effects ofMTX. Among themost obvious potentialmechanisms
would be reductions in DHFR expression or activity, which
were previously demonstrated as an important factor impact-
ing the sensitivity of cells to the pharmacological activity of
MTX (Cutolo et al., 2001; Hsieh et al., 2013). Recognizing
that NADPH is depleted through inhibition of NAMPT and
that NADPH is required for the enzymatic activity and

stabilization of DHFR, we sought to evaluate the effect of
reduced NAMPT activity on DHFR (Hsieh et al., 2013).
However, we failed to find a change in DHFR protein levels
in NAMPT-deficient cells (Fig. 4). We also found no significant
change in the intracellular concentrations of the major
bioactive forms of folate in NAMPT-deficient cells (Fig. 4).
Therefore, neither the expression nor the activity of DHFR
played a role in the observed increase in sensitivity to MTX in
NAMPT-deficient cells.
From a pharmacological standpoint, differences in the

cellular uptake and polyglutamation of MTX are the other
major mechanism that has been commonly associated with
differences in sensitivity to MTX (Tian and Cronstein, 2007;

Fig. 6. Increased MTX activity does not occur through activation of PARP. A549 cells transfected with either control scrambled siRNA or with siRNA
directed toward NAMPT were treated with different concentrations of MTX with or without 10 mM olaparib. (A and B) The effect of inhibition of PARP-1
by olaparib onMTX toxicity in control (A) and NAMPT-deficient (B) cells was determined by normalizing cell growth inhibition withMTX against control
cells. Experiments were conducted in triplicate and the resulting mean 6 S.D. for each experiment is presented. Concentrations of MTX required for
half-maximal inhibition of 50% inhibition of cell viability were determined and compared by t test analysis. Scr, scrambled.

Fig. 7. NAMPT inhibition results in the synergistic depletion of cellular
ATP by MTX. (A and B) A549 cells transfected with either control
scrambled siRNA or with siRNA directed toward NAMPT were treated
with different concentrations of MTX and cellular ATP levels were
measured 96 hours after transfection (A) and in response to treatment
with different concentrations of MTX over 96 hours (B). The effect of MTX
on cellular ATP was determined by normalizing cellular ATP levels to the
untreated control cells. Experiments were conducted in triplicate and the
resulting mean6 S.D. for each experiment is presented and compared by t
test analysis. Scr, scrambled.
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Funk et al., 2013, 2014). As a result, we measured the cellular
levels of MTX and its polyglutamated metabolites in NAMPT-
deficient cells and found no significant difference compared
with control cells (Fig. 4). Therefore, our data suggest that the

increased sensitivity toMTX inNAMPT-deficient cells is not a
product of either a dysregulation of intracellular folates or a
change in the cellular disposition ofMTX. Rather, these findings
suggest that the increased sensitivity of NAMPT-deficient

Fig. 8. NAMPT inhibition does not affect AICART
activity but is associated with an increase in intracel-
lular intermediates of de novo purine biosynthesis. A549
cells were transfected with either control scrambled
siRNA or with NAMPT-specific siRNA. (A–C) After
72 hours under normal culture conditions, cells were
subsequently harvested and intracellular concentra-
tions of ZMP (A) and IMP (B) and the ratio of IMP/
ZMP (C) were determined. Experiments were conducted
in triplicate and the resulting mean 6 S.D. for each
experiment is presented and compared by t test analy-
sis. NS, not significant; Scr, scrambled.

Fig. 9. Supplementation of nucleotide biosynthesis rescues cell viability and ATP levels, but not NAD levels. (A–C) A549 cells transfected with either control
scrambled siRNA or with siRNA directed toward NAMPT were treated with 1000 nMMTX alone or together with a combination of 100 mMhypoxanthine and
100 mM thymidine for 96 hours and measured for cellular viability (A), cellular NAD levels (B), and cellular ATP levels (C). Experiments were conducted in
triplicate and the resulting mean 6 S.D. for each experiment is presented and compared by t test analysis. NS, not significant; Scr, scrambled.
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cells must occur through a mechanism that is downstream
from regulation of MTX disposition and folate homeostasis.
Although depletion of cellular NAD is not a commonly

reported effect of MTX therapy, a previous report that the
antifolate pemetrexed potentiated the cytotoxic effects of
GMX1777 through the synergistic depletion of cellular NAD
led us to evaluate the effect of MTX on NAD levels in our
NAMPT-deficient cells (Chan et al., 2014). In our evaluations,
we found that MTX had no effect on cellular NAD in NAMPT-
deficient cells and had only a modest effect in control cells
(Figs. 5 and 9). To further confirm these findings, we evaluated
NAMPT-deficient cells for evidence of direct DNA damage, the
activation of PARP-1, and the effect of PARP-1 inhibition on
the antiproliferative activity of MTX. We found no evidence of
MTX-mediated DNA damage, PARP-1 activation, or reversal
of MTX activity by inhibition of PARP-1 (Figs. 5 and 6). In
addition, there was no effect on the antiproliferative activity of
MTX when control cells were supplemented with NAD, which
further suggests that MTX does not mediate its antiprolifer-
ative activity through depletion of NAD under normal condi-
tions. These findings suggest that the increased
antiproliferative activity of MTX in NAMPT-deficient cells
does not result from the synergistic depletion of NAD through
activation of PARP-1, as was previously demonstrated for the
interaction between pemetrexed and GMX1777 (Chan et al.,
2014).
The antiproliferative activity ofMTX is primarily associated

with the inhibition of de novo purine and pyrimidine bio-
synthesis mediated through the inhibition of phosphoribosyl-
glycineamide formyltransferase and AICART in the purine
biosynthesis pathway and thymidylate synthase in the py-
rimidine biosynthesis pathway (Allegra et al., 1985; Baram
et al., 1988; Sant et al., 1992). Inhibition of nucleotide
biosynthesis by MTX was shown to result in the depletion of
cellular ATP at physiologic relevant MTX concentrations and
was associated with its antiproliferative activity (Smole�nska
et al., 1999; Chan et al., 2014). Therefore, we sought to
evaluate cellular levels of ATP in response to MTX treatment
in NAMPT-deficient cells and found these cells to be approx-
imately 4-fold more sensitive to the ATP-depleting effects of
MTX compared with control cells (Fig. 7). Interestingly, the
fold variation in ATP-depleting activity and antiproliferative
activity was similar between NAMPT-deficient and control
cells and suggests a relationship between the increased
sensitivity of NAMPT-deficient cells to the depletion of ATP
by MTX and the antiproliferative activity of MTX. To in-
vestigate the possibility that NAMPT-deficient cells had
altered AICART activity, we measured intracellular concen-
trations of ZMP and IMP and calculated the IMP/ZMP ratio
(Fig. 8). We found no difference in AICART activity in
NAMPT-deficient and control cells. However, we found that
NAMPT-deficient cells had higher intracellular concentra-
tions of both ZMP and IMP, which indicated an increase in de
novo purine biosynthesis in NAMPT-deficient cells that could
foreseeably make them more vulnerable to the growth in-
hibitory effects of MTX mediated through the inhibition of
purine biosynthesis. Furthermore, to verify the role of in-
hibition of nucleotide biosynthesis as the mechanism for the
increased antiproliferative activity of MTX, we supplemented
NAMPT-deficient cells with intermediates of the nucleotide
salvage pathway (Fig. 9). Supplementation of HYP-THY com-
pletely prevented the depletion of ATP in NAMPT-deficient

cells and was associated with inhibition of the antiproliferative
effects of MTX. Furthermore, cellular NAD levels were not
affected by supplementation with HYP-THY. Together, these
results demonstrate thatNAMPT-deficient cells appear to have
an increase in demand for de novo purine biosynthesis and are
therefore more sensitive to the inhibition of nucleotide bio-
synthesis by MTX, resulting in enhanced depletion of the
intracellular ATP pool.
In conclusion, our findings establish a new functional link

between antifolate pharmacology and regulation of cellular
NAD by NAMPT and suggest the potential importance of
variation in NAMPT activity in the observed variation in
clinical response to MTX. An understanding of the regulation
of intracellular NADhomeostasis may represent an important
factor impacting the pharmacological activity ofMTX. Further
study is needed to evaluate how this information can be
potentially used to improve response to MTX therapy in the
treatment of autoimmune arthritis.
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