
Abstract. Background/Aim: Nicotinamide phosphoribosyl-
transferase (NAMPT) is a rate-limiting enzyme in the pathway
synthesizing nicotinamide adenine dinucleotide (NAD (+)) from
nicotinamide (NAM). Glioma tissues exhibit up-regulated
NAMPT expression associated with a poor prognosis of
patients. To determine if NAMPT can be a molecular
therapeutic target, we investigated the effects of short hairpin
RNA (shRNA)-mediated NAMPT down-regulation. Materials
and Methods: We designed shRNA to NAMPT and transfected
to T98G cells. The characteristics of these cells were analyzed.
Results: The NAMPT shRNA-transfected cells exhibited
delayed cell growth. However, there was no difference in the
increase of sensitivity to temozolomide (TMZ) or X-ray
irradiation between the NAMPT and scramble shRNA-
transfected cells. The expression of NAMPT in the NAMPT
shRNA-transfected cells increased with cell passage.
Additionally, the shRNA-mediated transfection was associated
with enhanced expression of quinolinic acid phosphoribo-
syltransferase (QPRT). Conclusion: shRNA-mediated NAMPT
down-regulation may not decrease the NADt to a sufficient
level to increase TMZ/radiation sensitivity. 

Patients with glioblastoma (GBM), a highly malignant brain
tumor, have a short life expectancy and a high rate of tumor
recurrence after treatment. Also, GBMs exhibit resistance to
currently-used anti-cancer therapies. The standard therapies
for GBM involve surgical resection of the tumor, radiation

therapy, and chemotherapy using temozolomide (TMZ), a
DNA alkylating agent. However, the mean survival period
and five-year survival rate of patients with GBM are 14.6
months and 9.8%, respectively. Most patients with GBM
exhibit tumor recurrence and most recurrent tumors are
resistant to TMZ treatment. Currently, there is no effective
therapy for TMZ-resistant tumors. Hence, there is an urgent
need to develop a new adjuvant therapy (1).

NAD(+) is an essential coenzyme that mediates the redox
reactions in cells and is a substrate of NAD-dependent enzymes.
Cancer cells require higher NAD(+) levels than healthy cells,
as NAD(+) is rapidly consumed for cancer cell growth and
DNA repair (2). In mammals, NAD(+) is synthesized from four
precursors. One of the major NAD(+) synthetic pathways is the
synthesis of NAD(+) from nicotinamide (NAM) in a two-step
process. Nicotinamide phosphoribosyltransferase (NAMPT)
synthesizes nicotinamide mononucleotide (NMN) by catalyzing
the addition of 5-phosphoribosyl to NAM, which is the first
rate-limiting step in the pathway. NMN adenylyltransferase
(Nmmat) catalyzes the conversion of NMN to NAD(+).
NAMPT catalyzes the rate-limiting step and hence is considered
to be one of the intracellular NAD pool regulators (2).

In addition to NAM, NAD(+) is also synthesized from
nicotinic acid (NA), nicotinamide riboside (NR), and
tryptophan in mammals, which is catalyzed by nicotinic acid
phosphoribosyltransferase (NAPRT), nicotinamide riboside
kinase 1/2 (NRK1/2), and quinolinic acid phosphoribo-
syltransferase (QPRT), respectively (3-6).

NAMPT is the enzyme regulating the intracellular NAD
pool. Hence, cancer cells exhibit a higher sensitivity to
NAMPT inhibitor than healthy cells. (2) Several studies have
reported that the expression of NAMPT is up-regulated in
cancers, such as colon cancer, breast cancer, prostatic
carcinoma, or thyroid carcinoma (7-9). In glioma, by
analyzing multiple public databases, the enhanced NAMPT
expression was associated with advanced tumor grade and
poor overall survival in the Kaplan-Meier curve even among
patients with the same tumor grade (7).
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There are several small-molecule inhibitors (SMIs) for
NAMPT, such as FK866 and GMX1777. Several studies
have reported that FK866 at a low concentration, which does
not exert cytotoxicity, enhances the sensitivity of tumors to
TMZ (8, 10). Additionally, the combination of NAMPT
inhibitor and radiation therapy was reported to decrease the
intracellular NAD(+) level and markedly delay the tumor
progression of the xenografted cancer cell (11-13). In cases
of glioma, however, it is improbable that the systematically
administered NAMPT SMIs would pass the blood-brain
barrier (BBB). In addition, gliomas rarely spread outside of
central nervous system (CNS). Most glioma recurrences
occur due to the remnants of tumor cells at the resection
stump. Thus, a definitive localized treatment at the tumor site
and surrounding areas may improve prognosis (14, 15).

Recent advances in gene transfer technologies have raised the
hope for therapies based on gene expression modulation, such
as gene editing, through direct transfer of nucleic acid to the
target sites. These technologies may enable the direct modulation
of protein or enzyme expression in the tumor. In this study, we
hypothesized that suppressing NAMPT expression can be a
potential adjuvant therapy for invasive glioma. Thus, we
investigated the effect of short hairpin RNA (shRNA)-mediated
NAMPT down-regulation on a glioma cell line.

Materials and Methods
Cell culture. The human T98G glioma cells and human HeLa
cervical carcinoma cells were cultured in Dulbecco’s minimal
essential medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). 

Preparation of retroviral vector containing shRNA targeting NAMPT.
The following shRNA sequences were designed to target the NAMPT
gene: 5’-CCT ACA AGG TTA CTC ACT ATA-3’ (targeting nucleotides
358-378 of the NAMPT mRNA sequence, which corresponds to exon
2), 5’-GCG ATA GCT ATG ACA TTT ATA-3’ (targeting nucleotides
1141-1161 of the NAMPT mRNA sequence, which corresponds to exon
7) (16), 5’-GCA TGA CAT GTG TTT CAA TAG-3’ (targeting
nucleotides 2916-2936 of the NAMPT mRNA sequence, which
corresponds to exon 11), and 5’-GCT GCA ATA GAA GCC AAA TGA-
3’ (targeting nucleotides 3189-3209 of the NAMPT mRNA sequence,
which corresponds to exon 11). These sequences were designed
according to the target indicated in the databases of multiple biomaterial
corporations. These sequences were cloned into the BamH I and Hind
III restriction sites of the pSilencer 5.1-H1 Retro (Ambion® Thermo
Fisher Scientific K.K, Tokyo, Japan) vector. In this vector, the non-
coding shRNA transcription is driven by the H1 promoter. The sequence
of the scramble shRNA was 5’-GTA CTG CTT ACG ATA CGG TCT
CTTG AAC CGT ATC GTA AGC AGT ACT-3’. This is the control
sequence widely applied in the vector of the particular manufacturer.

Transfection of shRNA vectors. The scramble shRNA or NAMPT
shRNA-containing vectors were transfected into the T98G glioma
cells using GENE PULSER II (Bio-Rad, Tokyo, Japan) at 250 V
and 975 μF. The transfected cells were selected in the presence of
1.0 μg/ml puromycin (InvivoGen, Nacalai Tesque, Kyoto, Japan).

Immunoblotting. The transfected or wild-type cells were lysed in
cold Chaps Cell Extract Buffer (50 mM Pipes/HCl (pH 6.5), 2
mM EDTA, 0.1% Chaps, 20 μg/ml leupeptin, 10 μg/ml pepstatin
A, 10 μg/ml aprotinin, 5 mM dithiothreitol (DTT), 1 mM
phenylmethylsulfonyl fluoride; Cell Signaling Technology,
Danvers, MA) by subjecting the cells to 3 freeze-thaw cycles.
The cell lysates were centrifuged and the supernatant was used
for further analysis. The amount of protein in the supernatant
was determined. Equal amounts (5 μg) of proteins were resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The resolved proteins were transferred to a
polyvinylidene fluoride (PVDF) membrane. The membrane was
then probed with the following primary antibodies: purified
rabbit polyclonal anti-NAMPT (center) (1:500; AP9010c,
ABGENT, California, USA), anti-NAPRT (1:500; CL0665,
AMAb90823, Atlas Antibodies), rabbit polyclonal anti-QPRT
(1:250; HPA011887, Atlas Antibodies), rabbit polyclonal anti-
NRK1 (1:1000; NBP1-79662, Novus Biologicals, USA),
monoclonal anti-MGMT (1:500; clone MT3.1, MAB16200,
Chemicon, Millipore, Merck, Tokyo, Japan), mouse monoclonal
anti β-actin (1:500; AC-74, A5316, Sigma-Aldrich), mouse
monoclonal anti β-actin (8H10D10, 1:1,000; 3700S, Cell
Signaling Technology, Danvers, MA), and rabbit polyclonal IgG
anti β-actin (1:250; N-21, sc-130656, Santa Cruz Biotechnology,
TX, USA). The membrane was then probed with the following
secondary antibodies: goat anti-rabbit IgG-horseradish
peroxidase (HRP) (1:1,000; SC-2004, Santa Cruz Biotechnology,
Texas, USA) and ECL™ anti-mouse IgG HRP-linked F(ab')2
fragment (1:1,000; NA9310V, GE Healthcare). The protein bands
were visualized by enhanced chemiluminescence (ECL) (Thermo
Pierce Western Blotting Substrate, Thermo Fisher Scientific,
Tokyo, Japan).

Growth curve. The growth of the cell lines was assessed in 6-cm
culture dishes. The cells were seeded at a density of 1.0×105 cells
per dish. The cell growth was determined by viable cell counts with
the method of trypan-blue dye exclusion.

Drug. Temozolomide (TMZ; T1849, LKT Laboratories, Saint Paul,
MN, USA) was dissolved in the culture medium and the medium
was filter-sterilized using a 0.22-μm filter.

Cytotoxicity assay. The cells were seeded in 96-well sterile plates
at a density of 1.25×103 cells per well. After 24 h, the cells were
incubated with serial dilutions of TMZ for 120 h. To assess the cell
viability, the cells were fixed with 3.3% glutaraldehyde for 15 min
at room temperature and stained with 0.05% methylene blue for 15
min. The cells were washed and the dye was eluted with 0.4 N HCl
for 15 min. The absorbance of the mixture at 595 nm was measured
in a microplate reader (model 680 XR, Bio-Rad, Tokyo, Japan). The
sensitivity to TMZ was evaluated by calculating the half-maximal
inhibitory concentration (IC50) of the drug (17).

Colony formation assay. The wild-type, scramble shRNA-
transfected and NAMPT shRNA-transfected T98G glioma cells
were incubated in triplicates in 25 cm2 flasks. The cells in each
flask were irradiated with 0, 2, and 4 Gy X-ray using the X-ray
radiation device (MBR-1520R-3, Hitachi Engineering & Service
Co., Ltd., Yokohama, Kanagawa, Japan). The cells were trypsinized
and transferred to 6-well plates (IWAKI, Shizuoka, Japan). After 10-
15 days, the colonies were fixed with 3.3% glutaraldehyde and
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stained with 0.05% methylene blue. The number of colonies was
determined after washing. 

Measuring the intracellular NADt, NADH, NAD(+), NADPt,
NADPH, and NADP(+) levels. The intracellular NAD(+) and
NADP(+) levels were measured using the NAD/NADH
Quantification Colorimetric Kit (BioVision, CA, USA) and
NADP/NADPH Assay Kit-WST (Dojindo Laboratories, Kumamoto,
Japan), respectively, following the manufacturer’s instructions. The
NADt or NADH level was calculated using the following equation:

NADt or NADH level per well=[(ODsample)/((ODsample + Spike) –
(ODsample)) × NADH Spike (pmol)], where ODsample + spike is the OD
of the sample to which a known amount of NADH was added and
ODsample is the OD of the sample to which NADH was not added. 

The amount of NADt and NADH was divided by the cell number
and expressed in pmol/106 cells. The NAD(+) concentrations were
calculated by subtracting the NADH content from the NADt
content. The NAD/NADH ratio is calculated as follows: (NADt –
NADH)/NADH. The NADPt or NADPH amount was calculated
from the standard curve. The NADP(+) amount and NADP/NADPH
ratio were calculated using the same method used for calculating
the NAD(+) amount.

Quantification of RNA transcripts. Total RNA was extracted from the
T98G and HeLa cells using the acid guanidium-phenol-chloroform
(AGPC) method (TRIZOL® Reagent, Invitrogen, Thermo Fisher
Scientific). The isolated RNA sample was treated with a recombinant
RNase inhibitor (Takara Bio Inc., Shiga, Japan) and recombinant
RNase-free recombinant DNase I (Takara Bio Inc.). The resulting
DNA-free RNAs were reverse transcribed to cDNA using the Takara
PrimeScript RT Master Mix (Takara Bio Inc., Shiga, Japan). The
mRNAs of NAMPT, NAPRT, NRK, and QPRT were subjected to
semi-quantitative polymerase chain reaction using SYBR® Premix Ex
TaqTM II (Takara Bio Inc.) in LightCycler® 96 (Roche Diagnostics).
The PCR conditions were as follows: 95˚C for 30 s, followed by 50
cycles of 95˚C for 5 s and 60˚C for 20 s. The primer pairs used for the
analysis were as follows: For NAMPT, 5’-TCAAGAAGTACA
CAGGCACCA-3’ (Forward) and 5’-GTGGCAGCAACTTGTAA
CCC-3’ (Reverse); For NAPRT1, 5’-CATTGGCACCAGTGTGG
TCA-3’ (Forward) and 5’-TCCTCGGTCAGCTTCATTCG-3’
(Reverse); For NRK1, 5’-CACCTCCCAAATTGCAGTGTC-3’
(Forward) and 5’-TCCAGCAGGAAATGGCTGAC-3’ (Reverse); For
QPRT, 5’-GTCCTGCTGGACAACTTCAAGC-3’ (Forward) and 
5’-TGGGTCAGCATCCCCATGGAG-3’ (Reverse) (18); For 
GAPDH, 5’-AGGAGTAAGACCCCTGGACC-3’ (Forward) and 
5’-ACATGGCAACTGTGAGGAGG-3’ (Reverse). The specificities of
the reaction were confirmed by generating the melting curve under the
following conditions: 95˚C for 1 s, 65˚C for 15 s, 95˚C, 5 readings/˚C
following the PCR reaction.

Statistical analysis. Data were analyzed by the Student’s t-test.
Significance was determined by p-value under 0.05.

Results

Preparation of the NAMPT shRNA-transfected cells and
determination of MGMT expression. We comparatively
evaluated the expression levels of NAMPT in the T98G cells

after transfection with 4 different NAMPT shRNAs. For further
experiments, we used a stable cell line, which was transfected
with shRNA targeting the nucleotides 3189-3209 of the NAMPT
mRNA sequence, exhibiting low expression levels of NAMPT.
The immunoblotting analysis revealed that the scramble shRNA-
transfected cells exhibited 88% of the NAMPT protein
expression, whereas the NAMPT shRNA-transfected cells
exhibited 8% of the NAMPT protein expression observed in the
wildtype cells (Figure 1, upper panel). 

The expression of methylguanine-DNA-methyltransferase
(MGMT), a DNA repair enzyme, determines the sensitivity
to TMZ in glioma treatment. Several studies have reported
that TMZ sensitivity increases by suppressing NAMPT
expression (8, 10). Therefore, we investigated the protein
expression level of MGMT in the NAMPT shRNA-
transfected cells by immunoblotting in the same samples
used for investigating NAMPT expression (Figure 1, lower
panel). The NAMPT shRNA-transfected cells exhibited
similar MGMT expression levels as the scramble shRNA-
transfected cells.

Growth of NAMPT shRNA-transfected cells. The doubling
time of the wildtype, scramble shRNA-transfected, and
NAMPT shRNA-transfected cells was measured to confirm
that the NAMPT shRNA-transfected cells exhibited delayed
cell growth when compared to the wildtype and scramble
shRNA-transfected cells. The doubling times of wildtype,
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Figure 1. Western blot analysis of nicotinamide phosphoribo-
syltransferase (NAMPT) and O6-methylguanine–DNA methyltransferase
(MGMT) expression in the wildtype, scramble short hairpin RNA
(shRNA)-transfected, and NAMPT shRNA-transfected T98G cells. The
MGMT expression level in the NAMPT shRNA-transfected cells was
found similar to that of the scramble shRNA-transfected cells. β-Actin
was used as a loading control.



scramble shRNA-transfected, and NAMPT shRNA-
transfected cells were 20.8, 23.8, and 28.6 h, respectively.

Effect of TMZ treatment and X-ray irradiation on NAMPT
shRNA-transfected cells. The DNA is damaged upon
administration of TMZ or exposure to radiation. During the
DNA damage repair, NAD(+) is consumed with the
activation of poly (ADP-ribose) polymerase 1 (PARP-1).
Therefore, treatment with NAD(+) synthesis inhibitor may
enhance the sensitivity of tumor cells toward TMZ or
radiation (13). We investigated the sensitivity to TMZ of
NAMPT shRNA-transfected cells using cytotoxicity tests. As
a result, the sensitivity to TMZ of the NAMPT shRNA-
transfected cells was not found to be significantly different
from that of the wildtype or scramble shRNA-transfected
cells. The IC50 values of TMZ against the wildtype, scramble
shRNA-transfected, and NAMPT shRNA-transfected cells
were 454, 600, and 546 μM, respectively. 

Additionally, we investigated the effect of X-ray radiation
on the cell self-renewal ability of the NAMPT shRNA-
transfected cells by colony formation assay. The sensitivity
to 2 Gy X-ray radiation of the NAMPT shRNA-transfected
cells was not significantly different from that of the scramble
shRNA-transfected cells. However, the sensitivity to 4 Gy
X-ray radiation of the NAMPT shRNA-transfected cells was

significantly lower (p<0.001) than that of the scramble
shRNA-transfected cells (Figure 2).

Effect of cell passaging on shRNA-mediated NAMPT down-
regulation. During the experiments, we observed that the
shRNA-mediated down-regulation of NAMPT expression
was rapidly restored over time. Therefore, we investigated the
expression of NAMPT in the NAMPT shRNA-transfected
cells at different cell passage levels. The expression level of
NAMPT increased with the cell passage number (Figure 3).

Quantification of NADt, NADH, NAD(+), NADPt, NADPH,
and NADP(+) levels in the NAMPT shRNA-transfected cells.
We quantified the levels of NADt [NAD(+) and NADH],
NADH, and NAD(+) in the NAMPT shRNA-transfected
cells exhibiting the lowest expression level of NAMPT
(exhibiting 12% of the NAMPT expression level observed in
the wildtype cells). The NAMPT shRNA-transfected cells
exhibited significantly decreased levels of NADt and
NAD(+) (p<0.001 and p<0.01) when compared to the
scramble shRNA-transfected cells. However the levels of
NADt and NAD(+) in the NAMPT shRNA-transfected cells
were similar to those of wildtype cells. The NAMPT
shRNA-transfected cells exhibited significantly down-
regulated NADH levels when compared to the wildtype
(p<0.0001) and scramble shRNA-transfected cells
(p<0.0001). Additionally, the NAMPT shRNA-transfected
cells exhibited a significantly increased NAD/NADH ratio
compared to the wildtype (p<0.001) or scramble shRNA-
transfected cells. (p<0.001) (Figure 4).
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Figure 2. Effect of irradiation on colony forming capacity of the wild
type, scramble short hairpin RNA (shRNA)-transfected, and
nicotinamide phosphoribosyltransferase (NAMPT) shRNA-transfected
T98G cells. The effect of radiation was examined by evaluating the
colony forming capacity. The wildtype, scramble shRNA-transfected,
and NAMPT shRNA-transfected T98G cells were irradiated with 0, 2,
or 4 Gy of X-ray and seeded in 6-well sterile plates in triplicates.  

Figure 3. Nicotinamide phosphoribosyltransferase (NAMPT) expression
levels increased in the NAMPT short hairpin (shRNA)-transfected cells
depending on the cell passage level. The western blotting analysis of
NAMPT expression at different passage levels of the wildtype, scramble
shRNA-transfected, and NAMPT shRNA-transfected T98G cells is
shown. The NAMPT expression level markedly increased with the
increase in cell passage number. #passage number.



The NAMPT shRNA-transfected cells exhibited decreased
levels of NADPt when compared to the wildtype or scramble
shRNA-transfected cells. Additionally the NADPH levels in
the NAMPT shRNA-transfected cells were significantly

lower than those in the wildtype (p<0.01) and scramble
shRNA-transfected (p<0.005) cells. The NADP levels were
not significantly different between the wildtype, NAMPT
shRNA-transfected, and scramble shRNA-transfected cells.
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Figure 4. Quantification of the intracellular NADt [NADH and NAD(+)], NADH, and NAD(+) levels in wildtype, scramble short hairpin RNA
(shRNA)-transfected, and nicotinamide phosphoribosyltransferase (NAMPT) shRNA-transfected T98G cells. The intracellular NADt, NADH, NAD(+)
levels were determined using the NAD/NADH Quantification Colorimetric Kit. We used the NAMPT shRNA-transfected cells exhibiting 12% of the
NAMPT expression level observed in the wildtype cells for analysis.



However, the NAMPT shRNA-transfected cells exhibited a
significantly higher NADP/NADPH ratio than the scramble
shRNA-transfected (p<0.005) and wildtype (p<0.01) cells
(Figure 5).

Investigation of activation of different NAD(+) synthesis
pathways. In mammals, NAD(+) is synthesized from NAM,
NA, NR, and tryptophan. The rate-limiting step in the
pathways involving NA and NR are NAPRT and NRK,
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Figure 5. Quantification of intracellular NADPt [NADPH and NADP(+)], NADPH, and NADP(+) levels in wildtype, scramble short hairpin RNA
(shRNA)-transfected, and nicotinamide phosphoribosyltransferase (NAMPT) shRNA-transfected T98G cells. The intracellular NADPt, NADPH,
NADP(+) levels were measured using the NADP/NADPH Assay Kit-WST. We used the NAMPT shRNA-transfected cells exhibiting 12% of the
NAMPT expression level observed in the wildtype cells for analysis.



respectively. The key enzyme of the pathway from
tryptophan is QPRT (3, 4).

We investigated the possibility that the effect of NAMPT
down-regulation on the TMZ/radiation sensitivity was not
evident, as NAD(+) is produced via these pathways except
for NAMPT-mediated pathway. The immunoblotting analysis
was used to determine the expression levels of key enzymes

involved in each pathway to infer the presence or absence of
NAD(+) production by different pathways (Figure 6).  

Immunoblotting analysis revealed that wildtype T98G cells
exhibited a mild expression of QPRT and almost no NAPRT
and NRK. Additionally, expression of NAPRT or NRK was
not detected in the NAMPT shRNA-transfected cells
exhibiting 16% of the NAMPT expression level observed in
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Figure 6. Western blot analysis of the expression levels of nicotinic acid phosphoribosyltransferase (NAPRT), nicotinamide riboside kinase (NRK),
and quinolinic acid phosphoribosyltransferase (QPRT) in wildtype, scramble short hairpin (shRNA)-transfected, and nicotinamide
phosphoribosyltransferase (NAMPT) shRNA-transfected T98G cells. The expression of NAPRT and NRK was not detected in the NAMPT shRNA-
transfected cells that exhibit 16% of the NAMPT expression observed in the wildtype cells. The QPRT expression level in the NAMPT shRNA-
transfected cells that exhibit 8% of the NAMPT expression level observed in the wildtype cells was 8-fold higher than that in the wildtype cells.
The expression level of QPRT was similar between the NAMPT shRNA-transfected cells and scramble shRNA-transfected cells.



the wildtype cells. The NAMPT shRNA-transfected cells,
which exhibit 8% of the NAMPT expression level observed
in wildtype cells, exhibited 8-fold higher QPRT expression
than the wildtype cells and similar QPRT expression level as
the scramble shRNA-transfected cells.

The mRNA levels of NAMPT, NAPRT, NRK, and QPRT in
the T98G and HeLa cells were comparatively evaluated to infer
the production of NAD(+) via alternative pathways (other than
NAMPT-mediated NAD(+) synthesis pathway) in the T98G
glioma cells. The mRNA levels of NAMPT were approximately
100-fold higher than those of NAPRT or NRK and
approximately 14-fold higher than those of QPRT (Figure 7). 

Discussion

We generated a NAMPT down-regulated glioma cell line to
evaluate the potential of shRNA-mediated NAMPT down-
regulation as adjuvant therapy for treating invasive glioma. The
NAMPT shRNA-transfected cells exhibited down-regulated
NAMPT expression and decreased cell growth. However, the
TMZ sensitivity of the NAMPT shRNA-transfected cells was
similar to that of the scramble shRNA-transfected cells.
Additionally, irradiating the NAMPT shRNA-transfected cells
with X-ray did not affect their colony formation capability.

The intracellular NADt levels in the NAMPT shRNA-
transfected cells exhibiting 12% of the NAMPT expression

level observed in wildtype cells were lower than those in the
scramble shRNA-transfected cells. However, there was no
significant difference in the NADt levels between the NAMPT
shRNA-transfected and wildtype cells. This indicated that
suppressing NAMPT expression in approximately 10% of the
wildtype T98G glioma cells, is insufficient to reduce the NADt
level, or NAD(+) was produced via alternative pathways.

Several studies indicated that these alternative NAD(+)
biosynthetic pathways must be targeted for NAMPT-based
anti-cancer therapy. Some studies have reported that QPRT
up-regulation is associated with conferring the tumor cells
with resistance against NAMPT SMIs (3, 19). NAMPT
inhibitors have minimal clinical effects against cancer cells
in which NAD(+) is synthesized by NAPRT (6, 9, 20-22) or
NAMPT and NRK play the primary role in extracellular
NAD(+) or NMN utilization (4) (5).

In this study, we investigated the expression of key
enzymes, other than NAMPT, that are involved in the
NAD(+) synthetic pathways in T98G glioma cells. The T98G
glioma cells exhibited QPRT expression, but not NRK
expression. Several splice variants of NAPRT proteins with
an estimated molecular weight of 57.6, 56.1, and 52.2 kDa
were not confirmed in the study. Therefore, the expression
level of NAPRT should be minimal if any in the T98G
glioma cells that is consistent to RT-PCR results. We also
investigated the induction of expression of NAPRT, NRK
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Figure 7. mRNA expression levels of NAMPT, nicotinic acid phosphoribosyltransferase (NAPRT), nicotinamide riboside kinase 1 (NRK 1), and quinolinic
acid phosphoribosyltransferase (QPRT) in the T98G and HeLa cell lines. The mRNA levels were determined by semi-quantitative PCR. In the T98G cells,
the mRNA levels of NAMPT were approximately 100-fold higher than those of NAPRT or NRK and approximately 14-fold higher than those of QPRT.



and QPRT in the NAMPT shRNA-transfected cells. The
expression of NAPRT or NRK was not detected in the
NAMPT shRNA-transfected cells exhibiting 12% of the
NAMPT expression level observed in the wildtype cells.

The expression level of QPRT in the NAMPT shRNA-
transfected cells, that exhibited 8% of the NAMPT expression
compared to wildtype cells, was about 8 times that in the
wildtype cells. This increase might suggest NAD(+) production
from tryptophan. This may be the reason for the NAMPT
shRNA-transfected cells exhibiting similar NADt level and
TMZ/radiation sensitivity as wildtype cells. However, the
expression levels of QPRT were similar between the scramble
shRNA-transfected and NAMPT shRNA-transfected cells. This
suggested that down-regulation of NAMPT did not induce
enhanced QPRT protein expression. The agents that induce
oxidative stress, such as TMZ or radiation exposure are known
to up-regulate QPRT expression in the glioma cells (23), which
suggests that the stimuli of retrovirus vector transfection can
promote QPRT expression. 

Similar to NAMPT expression, QPRT expression is
dependent on tumor grade. One study reported that enhanced
QPRT expression can increase the resistance against
chemotherapy-mediated oxidative stress and that the high
QPRT expression observed in the recurrent glioblastoma after
chemotherapy is correlated with a poor prognosis (23). This
study suggested that similar to the NAMPT-catalyzed
NAD(+) production, QPRT-catalyzed NAD(+) production can
contribute to the malignant phenotype of glioma cells. The
mRNA expression analysis indicated that the contribution of
NAMPT toward NAD(+) synthesis is higher than that of
QPRT in the T98G glioma cells. However, the QPRT-
catalyzed synthesis of NAD(+) in the NAMPT shRNA-
transfected cells may contribute to resistance against TMZ or
radiation exposure, particularly when NAMPT expression
level is low. 

Since both NAMPT and QPRT have an effect on
malignant phenotype through NAD(+) production, the effect
might be similar on the biology of the glioma cells, however,
Sahm et al. demonstrated that QPRT produces NAD(+) by
utilizing quinolinic acid derived from microglia which
infiltrate to glioblastoma in vivo (23). Therefore, QPRT may
have an effect on malignancy depends on availability of
quinolinic acid as a substrate. 

Both NAD(+) and NMN are present in plasma. The
function of NRK, which phosphorylates the absorbed NR
into NMN, is essential for the utilization of the extracellular
NAD(+) precursor (4, 5). NRK expression was rarely
detected in the NAMPT shRNA-transfected cells, which
indicated that the extracellular NAD(+) precursor derived
NR may not be used for NAD(+) synthesis in the NAMPT
shRNA-transfected cells.

The levels of NADH or NADPH in the NAMPT shRNA-
transfected cells were significantly lower than those of the

wildtype and scramble shRNA-transfected cells. The
NAMPT shRNA-transfected cells exhibited higher
NAD/NADH and NADP/NADPH ratios than the wildtype
and scramble shRNA-transfected cells. Cerna et al. reported
that inhibiting NAD(+) synthesis in the tumor cells by
NAMPT inhibitor treatment increases the reactive oxygen
species (ROS) level, which subsequently induces apoptosis,
by decreasing the levels of NADH, NADP(+), and NADPH.
These substances function as reducing agents (20). In
addition Feng et al. indicated that low doses of NAMPT
inhibitors alone did not exhibit cytotoxicity, yet increased
sensitivity to TMZ by both increasing ROS and activating
JNK signal pathways (8). Wang et al. reported that NAMPT
knockdown significantly decreases the mRNA levels of
catalase (CAT) and manganese superoxide dismutase (SOD)
in prostatic carcinoma cells and that NAMPT inhibitors and
NAMPT knockdown significantly decreases the expression
of ROXO3a, which is the direct transcriptional activator of
the CAT and SOD promoter (24).

In this study, the NAMPT shRNA-transfected cells did not
decrease NADt or NADPt expression. However, the increase
in the NAD/NADH ratio and NADP/NADPH ratio may be
caused due to reduced NADH and NADPH consumption to
protect the cells against ROS-induced damages.

Wang and Guo reported that lentiviral shNAMPT-
transfected cells inhibited cell growth, colony formation,
migration, apoptosis, and invasive capacity, as well as
decreased in vivo growth of xenografted cancer cells (24, 25). 

In this experiment, the NAMPT shRNA-transfected cells
did not exhibit enhanced TMZ/radiation sensitivity,
although the growth of shRNA-transfected cells was
delayed. This may be because of the insufficient decrease
of NADt caused due to QPRT-catalyzed NAD(+) synthesis
or due to the selection mechanism that selects the cells
exhibiting enhanced NAMPT expression. Wang et al.
reported that the intracellular NAD level in the shNAMPT-
transfected cells decreased by approximately 20% within
five days after transduction. They investigated the changes
in cell phenotypes immediately after transduction. Some
of these phenotypes were evaluated by concentrating the
lentiviral shNAMPT vector-transfected cells by sorting.
Moreover Guo et al. also generated cell lines by infecting
the NAMPT shRNA-expressing lentiviral vector to
investigate the changes in cell phenotype. Their NAMPT
shRNA-transfected cells exhibited more than 90%
infection efficiency after 72 h of infection. The
discrepancy in the results of their study and ours may be
attributed to the differences in cell lines used or the
puromycin selection. The most important finding in this
study was that the protein expression levels of NAMPT in
the NAMPT shRNA-transfected cells, which exhibit 8% of
the NAMPT expression level observed in the wildtype
cells, increased with the increase in the cell passage levels.
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Several studies have reported that the enhanced NAMPT
protein expression is the mechanism underlying resistance
against NAMPT SMIs, such as GMX1778 or APO866 (3,
26, 27). The IC50 values of various cells against NAMPT
inhibitors are reported to be correlated with the mRNA
levels of NAMPT (22).

NAMPT shRNA-transfected cells, which exhibit 18% of
NAMPT expression level observed in the wildtype cells,
exhibited delayed cell growth. Additionally, the NAMPT
expression level increases rapidly with the increase in the
cell passage numbers. The fast-growing cells may be
selected during the propagation of the sub-cultured cells.
This indicated that the effect of shRNA-mediated NAMPT
inhibition decreased over time. Therefore, alternative
methods of NAMPT suppression or exploration of more
applicable molecular targets might be important.  

Conclusion

We demonstrated that shRNA-mediated NAMPT down-
regulation inhibit the cell growth. However, as passage of
cells increased, the effect of inhibition of NAMPT decreased.
In addition, the method did not decrease the NADt to a
sufficient level to increase TMZ/radiation sensitivity.
Alternative methods of NAMPT suppression or exploration
of more applicable molecular targets need to be explored. 
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