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Abstract
NAD+ is a substrate for many enzymes, including poly(ADP-ribose) polymerases and sirtuins, which
are involved in fundamental cellular processes including DNA repair, stress responses, signaling,
transcription, apoptosis, metabolism, differentiation, chromatin structure, and life span. Because
these molecular processes are important early in cancer development, we developed a model to
identify critical NAD-dependent pathways potentially important in early skin carcinogenesis.
Removal of niacin from the cell culture medium allowed control of intracellular NAD. Unlike many
non-immortalized human cells, HaCaT keratinocytes, which are immortalized and have a mutant
p53 and aberrant NF-kB activity, become severely NAD depleted but divide indefinitely under these
conditions. Niacin deficient HaCaTs develop a decreased growth rate due to an increase in apoptotic
cells and an arrest in the G2/M phase of the cell cycle. Long- term survival mechanisms in niacin
deficient HaCats involve accumulation of reactive oxygen species and increased DNA damage. These
alterations result, at least in part, from increased expression and activity of NADPH oxidase, whose
downstream effects can be reversed by nicotinamide or NADPH oxidase inhibitors. Our data support
the hypothesis that glutamine is a likely alternative energy source during niacin deficiency and we
suggest a model for NADPH generation important in ROS production.
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Introduction
Niacin (Vitamin B3) is a water-soluble vitamin that occurs in two forms: nicotinic acid and
nicotinamide. Both nicotinic acid and nicotinamide are dietary precursors for the synthesis of
nicotinamide adenine dinucleotide, NAD(H), and related coenzymes, NADP(H). In addition
to its role as a co-factor in redox reactions and as a regulator of the redox state (NAD+/NADH),
NAD+ functions as substrate for numerous classes of ADP-ribosyl transferases involved in
cellular processes including transcription, calcium homeostasis, DNA repair, cell death,
neoplastic transformation, etc [1,2]. Considerable evidence now indicates that the relative
NAD+ content of cells can influence cellular responses to genomic damage by multiple
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mechanisms. For example, NAD+ is a substrate for the nuclear enzymes poly(ADP-ribose)
polymerases (PARPs), which are important in DNA damage responses, including repair,
maintenance of genomic stability, signaling following stress responses that influences
apoptosis, telomere function, transcription regulation, and numerous other cellular functions
[3-6]. Interestingly, PARP-1 functions both as a structural component of chromatin and a
modulator of chromatin structure through its intrinsic enzymatic activity, promoting the
formation of compact, transcriptionally repressed chromatin structures [7]. Furthermore,
NAD+ is a substrate for NAD+-dependent protein deacetylases (sirtuins), which have been
reported to function in stress responses, apoptosis, transcriptional regulation, metabolism,
differentiation, and aging [8-11]. As a specific example, the action of sirtuins in histone
deacetylation leads to a more compact chromatin structure and gene silencing. These enzymes
also appear to protect sensitive areas of chromatin, such as telomeres, against translocation
events and to play a role in extended life span associated with caloric restriction [12].

In vitro as well as animal studies indicate that modulation of NAD+ by nutritional control
results in altered cellular processes and sensitivity to DNA damage. In human cells, niacin
deficiency has been shown to alter the expression of p53, induce inherent genomic instability,
and reduce survival following exposure to solar simulated light [13,14]. Conversely, increased
NAD+ or more active NAD biosynthesis allows cells to recover more efficiently after DNA
damage [13]. In animal studies, niacin deficiency has been shown to cause changes in NAD+

and poly(ADP-ribose) metabolism altering p53 expression, increasing genomic instability,
impairing cellular responses to DNA damage, and increasing cancer incidence [15-19]. In
human subjects, NAD content has been inversely correlated with malignant phenotype [13,
20]. Preliminary data also suggest that niacin may have protective effects against DNA
damaging agents [21,22]. Thus, niacin may limit skin damage and consequently skin cancer
by targeting multiple mechanisms including reduction of DNA damage and optimizing
responses to DNA damage.

The turnover of NAD as a substrate by numerous classes of enzymes suggests that the flux of
niacin through cellular pyridine nucleotides may be much greater than previously thought and
may influence cellular regulation in a highly complex manner. Since the maintenance and
regulation of cellular NAD(P)(H) content and its influence on cell functions are poorly
understood, we have developed a cell culture model that allows assessment of pathways
regulated by NAD(P) content. In this study, we utilize nicotinamide restriction in cultured
HaCaT keratinocytes to identify NAD dependent signaling events that may be critical in early
skin carcinogenesis. This cell line is derived from normal human skin and has been shown to
exhibit a differentiation profile comparable with normal human keratinocytes [23]. Despite the
altered and unlimited growth potential, these cells have been reported to form an orderly
structured and differentiated epidermal tissue after transplantation on to athymic nude mice
[23]. However, HaCaT cells exhibit UV-B type-specific mutations on the p53 tumor suppressor
gene [24], and aberrant NF-kB signaling and altered responses to UVB [25], thus they represent
an early stage of precancerous skin cells. We have used this model to test the hypothesis that
restricted nicotinamide and NAD+ status, under conditions where cells continue to proliferate
indefinitely, allow identification of NAD dependent signaling pathways involved in the early
responses to DNA damage and early events in skin carcinogenesis.

Materials and Methods
Cell Culture and Growth Measurements

The established cell line of human epidermal keratinocytes (HaCaT cells), a gift from Dr.
Norbert Fusenig (German Cancer Research Center, Heidelberg, Germany), was routinely
cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum
and kept in a humidified atmosphere containing 5% CO2 at 37°C. For NAD(P) modulation,
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cells were grown in DMEM (Gibco BRL), 10% dialyzed fetal bovine serum (Gibco BRL) and
with addition of 33 μM nicotinamide (33 μM Nam) or without added nicotinamide (0 μM
Nam). Cell number was measured by counting in a Z1 Coulter Counter (Beckman Coulter).
Sensitivity to glutamate dehydrogenase (GDH) inhibition was performed using 0.1 μM 6-
diazo-5-oxo-L-norleucine (DON) on cells grown in 33 μM Nam or 0 μM Nam for 7 days. Cell
number was measured by counting in a Z1 Coulter Counter (Beckman Coulter).

Extraction and Assay of NAD(H) and NADP(H)
NAD+, NADP+, NADH and NADPH were extracted from cultured cells by homogenization
in 1.0 M NaOH. For total NAD and NADP determination, half of the samples were immediately
neutralized with 2.0 M H3PO4. The reduced pyridine nucleotides were then oxidized by adding
a 1/10 volume of 2.0 mM phenazine ethosulfate (Sigma Biochemical Co.). The sample was
then brought to 1.0 M HClO4, incubated 10 min on ice, and the extract was centrifuged at 850
g for 10 min. The pellet was reserved for DNA quantification. The supernatant was neutralized
with 1.0 M KOH, and the insoluble KclO4 was removed by centrifugation. The resulting
supernatant was assayed for NAD+ and NADP+ as described previously [26,27]. NADH and
NADPH were extracted using the other half of each cell extract, which was heated to 60°C for
10 min to destroy oxidized pyridine nucleotides. The extract was neutralized with 2.0 M
H3PO4, chilled and processed as described above for total NAD and NADP extraction and
assay. NAD+ and NADP+ were calculated as the difference between total and reduced pyridine
nucleotides. The pellet precipitated by HClO4 was dissolved in 0.5 M NaOH, and the DNA
concentration was determined using the Quant-iT OliGreen Assay (Invitrogen). NAD(P)(H)
values were normalized to DNA in each sample extracted.

Cell cycle analysis
Cell cycle analysis was performed using the method described by Krishan [28]. Cells were
harvested, washed and resuspended in phosphate buffer saline (PBS) at a final concentration
of 1-2·106 cells/ml. Cells were permeabilized and fixed using 3 volumes of cold absolute
ethanol and incubated for 1 h at 4°C. Cells were washed twice with PBS and stained with
propidium iodide at a final concentration of 50 μg/ml. Rnase A was added to a final
concentration of 500 ng/ml and incubated for 1 h at 4°C. Samples were kept at 4°C until flow
cytometry analysis.

Cell death analysis
Cell death was determined by Annexin-V-fluorescein isothiocyanate/propidium iodide dual
staining of cells followed by flow cytometric analysis, as first described by Vermes et al [29].
HaCaT keratinocytes (100,000) were seeded on 35 mm dishes and 24 h later the medium was
changed. Cells were harvested 24 h later, and cell staining was performed using an apoptosis
detection kit according to the manufacturer's specifications (APO-AF; Sigma-Aldrich). In the
figures shown, lower left quadrant (AnnexinV−, PI−) represents viable cells, lower right
(AnnexinV+, PI−) is early apoptosis and upper right (AnnexinV+, PI+) is late apoptosis and
necrosis.

Detection of intracellular oxidative stress by flow cytometry analysis
Intracellular reactive oxygen species (ROS) were analyzed by flow cytometry using
dichlorofluorescein diacetate (DCF-DA; Sigma) as a specific dye probe which fluoresces upon
oxidation by ROS. HaCaT keratinocytes were seeded at 1·105 cells per 35 mm dish. Cells
loaded with DCF-DA (50 μg/ml) with light exclusion for 60 min were washed three times with
PBS. Intracellular accumulation of fluorescent DCF-DA was measured (10,000 cells each)
using a FACScan flow cytometer (Becton-Dickinson, San Jose, California). Histograms were
analyzed with the software program Cell Quest (Becton-Dickinson).
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Comet assay
HaCaT keratinocytes were seeded at 1·105 per dish on 35 mm culture dishes (Sarstedt, Newton,
NC) and left overnight to attach. Cells were removed by trypsinization and analyzed by alkaline
single cell gel electrophoresis (comet assay) based on the method of Singh et al. [30]. Briefly,
100 μL of cells (100,000 cells/ml) suspended in PBS were mixed with 100 μL of 0.5% low
melting point agarose (Sigma) and layered on CometSlides (Trevigen, Gaithersburg, MD). The
mixture was allowed to solidify at 4°C for 15 min on a metal plate. Cells were then exposed
for 1 h at 4°C to freshly prepared lysis buffer (2.5 M NaCl, 100 mM EDTA, 1% Triton, and
10 mM Tris, adjusted to pH 10 with NaOH). Following cell lysis, the slides were incubated
with freshly prepared alkali buffer at room temperature for 40 min to allow DNA denaturation
and unwinding. Then, the slides were placed in a horizontal electrophoresis box and filled with
chilled, freshly prepared alkali buffer (300 mM NaOH, 1 mM EDTA, pH >13) at 4°C and
electrophoresis was carried out by a constant electric current of 300 mA for 23 min. After
electrophoresis, the slides were neutralized with three 5 min washes in 0.4 mol/L Tris-HCl (pH
7.4). Finally, the slides were fixed in 100% ethanol for 5 min and stored in the dark at room
temperature.

Quantification of DNA Damage
Immediately prior to imaging, comet slides were hydrated and stained by exposure to 1 mg/
mL ethidium bromide for 15 min. Comets were analyzed using fluorescence based digital
imaging system. Tail moments were calculated using Comet Assay Software Project (Casp)
imaging software.

Measurement of reduced and oxidized glutathione
Reduced (GSH) and oxidized (GSSG) glutathione was measured using the Bioxytech GSH/
GSSG-412 Assay Kit (OxisResearch, Portland, OR). 3·106 cells were detached using trypsin
and centrifuged at 1300 g for 10 min at 4°C. The cells were resuspended in 300 μL PBS. From
this point the samples were treated and assayed following the manufacturer's protocol for whole
blood assay.

RNA preparation and CodeLink microarray analyses
Total RNA was prepared from cultured HaCaT keratinocytes using the Rneasy purification
system (Qiagen) according to the manufacturer's instructions. The RNA concentration was
determined using an Eppendorf BioPhotometer (Eppendorf North America, Westbury, NY,
USA). To test the quality of the RNA, 1 μL (25-500 ng/μl) of the sample was analyzed on the
Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) following the RNA
6000 Nano Chip Series II Assay protocol. For the CodeLink Bioarray system, 2 μg of total
RNA were processed according to the protocol established by the CodeLink Gene Expression
System manual. Total RNA was processed through first-strand and second-strand cDNA
synthesis followed by purification using the QIAquick PCR Purification Kit (Qiagen, Inc.,
Valencia, CA, USA). The cDNA was used for an In Vitro Transcription and biotin labeling
and the resulting cRNA was cleaned using the Rneasy Mini Kit (Qiagen, Inc., Valencia, CA,
USA). The cRNA was quantified using the Eppendorf BioPhotometer and Agilent 2100
Bioanalyzer and then 10 μg were fragmented and subsequently hybridized on CodeLink
Bioarray: UniSet Human 20K I slides overnight for 18-24 h at 37°C with agitation (300 rpm).
The bioarray was removed and the subsequent staining and washing was performed according
to the CodeLink Gene Expression System: Single-Assay Bioarray Hybridization and Detection
protocol (GE Healthcare Bio-Sciences, Piscataway, NJ, USA). Fluorescence images were
acquired using the GenePix 4000B Microarray Scanner (Axon Instruments, Foster City, CA,
USA) along with the GenePix Pro 5.1 Software. The scans were performed following the
specifications established by GE for their CodeLink bioarrays. Briefly, the GenePix software
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settings were as follows, 635 nm wavelength, with a PMT voltage of 600 V and a laser power
set at 100%. The pixel size was set at 10 μm, and the focus position at 0 μm. The tiff images
created were then imported into the CodeLink Expression Analysis v4.0 Software (GE
Healthcare Bio-Sciences, Piscataway, NJ, USA) where Bioarray QC readings were establish
to test for hybridization efficiency and success. We used Loess normalization of the data using
all the housekeeping genes present in the CodeLink bioarray as reference.

Real time RT-PCR
Total RNA was prepared from cultured HaCaT keratinocytes using the Rneasy purification
system (Qiagen) according to the manufacturer's instructions. cDNA synthesis was performed
with the TaqMan Reverse Transcription kit (Applied Biosystems) according to manufacturer's
instructions using random hexamers and 1 μg of total RNA. For TaqMan-based real-time RT-
PCR (qPCR) expression profiling, 25 ng of each cDNA were added to the TaqMan Universal
PCR Master Mix along with the TaqMan MGB probes according to the manufacturer's
instructions (Applied Biosystems). qPCR was performed essentially as described [32]. Primers
and probes designed to specifically detect the human NOX5 (TaqMan Gene Expression Assay
Hs00225846_m1) and NCF-2 (TaqMan Gene Expression Assay Hs00166416_m1) transcripts
were purchased from Applied Biosystems. Real-time fluorescence monitoring was performed
with the ABI Prism 7900 (Applied Biosystems). Relative expression levels of the various
transcripts were determined by comparison against the housekeeping genes GAPDH and 18S
rRNA. GAPDH expression was verified to be unaltered upon niacin deficiency by comparison
against 18S rRNA. All expression measurements were performed in triplicate using three
independently generated cDNA samples.

Results
NAD-modulation in HaCaT keratinocytes

To study the role of NAD-dependent pathways in skin and ultimately identify their role(s) in
responses to DNA damage and skin carcinogenesis, we have developed an in vitro model in
which intracellular NAD can be modulated by availability of precursors in the medium [27].
Nicotinamide is commonly the form of vitamin B3 found in cell culture media. For our model
we omitted nicotinamide and used exhaustively dialyzed fetal bovine serum in the culture
medium. HaCaT keratinocytes grown in this medium develop significantly reduced cellular
NAD(H) concentrations as shown in Table I. Nicotinamide restriction reduced total
intracellular NAD by >90% after 7 days and >99% after 14 days. The NADH/total NAD ratio
(% NADH) increased at 7 days of restriction, but could not be measured at day 14 due to the
fact that NADH fell below limits of detection. Thus, in this cell line, NAD can be nutritionally
modulated over a large concentration range by controlling nicotinamide concentration in the
culture medium and it appears that the NAD pool may become more reduced, at least early in
the restriction phase. When we measured NADP(H) in control and nicotinamide-restricted cells
at 14 days, we found that the total NADP pools are relatively preserved compared to NAD,
decreasing to about 35% of controls, as shown in Table I. Interestingly, the percentage of
reduced NADPH relative to the total NADP pool was maintained or slightly increased (60.4
± 8.9 versus 65.7 ± 7.6) in restricted cells. These alterations in pyridine nucleotides were
sustained indefinitely as long as cells were grown in medium with no added nicotinamide. The
depletion in all pyridine nucleotide pools is reversed by addition of nicotinamide to the culture
medium but usually requires approximately 48 h (data not shown).

Nicotinamide-restricted HaCaTs divide indefinitely after establishing an altered growth rate
Under nicotinamide-restricted conditions, which lead to NAD depletion, HaCaT keratinocytes
proliferate at the same rate as controls for approximately 7 days then develop a slower
population doubling rate (77 h versus 48.8 h for control cells) that is constant and sustained
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indefinitely as shown in Figure 1A. Addition of nicotinamide at any time during the study in
Figure 1A restored the original doubling rate (data not shown). Thus, growth rate was not
affected until after NAD content was less than 10% of control cells and, surprisingly, growth
was sustained indefinitely even though NAD was < 1% of that in control cells.

Nicotinamide-restriction decreases cell viability and alters the cell cycle distribution in
HaCaT keratinocytes

To study the mechanism(s) by which cells with reduced NAD establish an altered population
doubling time, we hypothesized that cell death rates increase in restricted cells and/or that cell
cycle check points are altered affecting cell cycle progression. Thus, cell death rates and cell
cycle distribution were assessed after 7 days, the time at which no change in population
doubling rate is yet detectable, and after 14 days of restriction, when the slower proliferation
rate is established. As can be seen in Figure 1B, the viability of the control cell population is
91-94% at 7 and 14 days as assessed by Annexin V/PI staining and flow cytometry; however,
cell death rates increased when cells were restricted for 14 days, dropping to approximately
85% viability (p < 0.0001). Addition of nicotinamide (repletion, Figure 1B) completely
reversed this effect. In order to account for the observed changes in population doubling times
by loss of cell viability alone, a decrease in viability of approximately 15% would be required,
assuming no change in cell cycle progression. In averaging five repeated experiments, we
observed an average reduction in viability of 8.9 ± 4.2%. These data suggest that NAD
depletion may affect cell proliferation by an additional mechanism other than increased cell
death. We examined the possibility that cell cycle progression may be altered by measuring
cell cycle distribution in restricted cells. The results are shown in Figure 1C. We observe a
small but significant increase, from 11.7 ± 1.6 to 17.4 ± 2.1 percent (p = 0.0004) of cells in
G2/M-phase at day 7, despite the fact that no change in population doubling is observable yet
at this time. An equivalent decrease in the percentage of cells in S-phase accompanied the
G2/M alteration. The observed alterations in cell cycle distribution at day 7 may be an early
indication of changes in keratinocytes undergoing nicotinamide restriction. After 14 days of
depletion, the increase in percentage of cells in G2/M is elevated to 20.3 ± 1.1 (p < 0.0001),
and is associated with a significant decrease of cells in both G1 and S phases. Thus both a delay
at G2/M and a decrease in viability contribute to the increased doubling time observed in
nicotinamide-restricted cells.

DNA damage is increased in NAD-depleted HaCaT keratinocytes
Since PARP-1 is known to play an important role in response to DNA damage and has a
relatively high Km for NAD, we investigated whether NAD depletion plays a role in DNA
damage that may contribute to altered cell cycle progression. We examined HaCaT
keratinocytes for DNA single strand breaks and alkali labile sites using the alkaline comet
assay [30]. As seen in Figure 1D, no detectable differences in comet tail moments were apparent
between control and NAD-depleted cells prior to the observed changes in proliferation and cell
viability rates (day 7); however, by day 14, we observed a significant increase of tail moment
in NAD-depleted cells from 10.5 ± 0.9 to 27.1 ± 1.9 (p < 0.0001). Addition of nicotinamide
reversed the DNA damage as measured by comet tail moments (11.9 ± 1.1). This increase in
DNA damage likely contributes to the increased population doubling time that involves both
increased cell death rates and G2/M arrest described above.

NAD-depletion increases ROS in HaCaT keratinocytes
In an attempt to identify possible causes of DNA damage in NAD-restricted cells, we quantified
ROS in this model using the oxidation sensitive dye, DCF-DA, detected by flow cytometry as
shown in Figure 2A. ROS increased 4-fold in NAD-depleted cells by day 14, from 37 ± 24 to
182 ± 70 relative fluorescence units (p < 0.0001). Restoring NAD by addition of nicotinamide
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(repletion) completely reversed the ROS accumulation. Thus, nicotinamide restriction and the
subsequent NAD depletion resulted in ROS formation that is coincident with increased DNA
damage, decreased viability and an increased accumulation of cells in G2/M.

ROS accumulation and redox status in NAD-depleted HaCaT keratinocytes
Since NADPH is the ultimate source of reducing equivalents for cellular redox control and
NADP(H) are synthesized from NAD, one possible explanation for the accumulation of ROS
shown above may be that NAD restriction results in NADPH content that is limiting for redox
control. In order to assess if the levels of NADPH remaining in NAD-restricted cells are
sufficient to maintain the redox state of the cell, we measured GSH levels. As seen in Figure
2B, we found that control cells contain 146 ± 26 μM of reduced GSH, 0.9 ± 0.32 μM GSSG,
with a GSH/GSSG ratio of 155 ± 59 and restricted cells contain 172 ± 14 μM of reduced GSH,
1.2 ± 0.01 μM GSSG, with a GSH/GSSG ratio of 141 ± 11 at day 14. These data show that the
increased levels of ROS observed are not a result of insufficient reducing equivalents in the
cell. Furthermore, in comparing the effects of nicotinamide restriction on the NAD and NADP
nucleotide pools, the data show that NADP is preferentially maintained over NAD since the
NAD pool is decreased to <1% while the NADP pool is maintained at 34% of control values
(Table I).

NAD-depleted HaCaT keratinocytes have increased NOX activity
We hypothesized that the increased ROS levels observed in restricted cells are at least in part
responsible for the DNA damage and decreased cell viability observed and; therefore,
controlling the ROS production could decrease these effects. However, treatment with
antioxidants including N-acetyl cysteine did not affect ROS accumulation in nicotinamide
restricted cells (data not shown). DNA microarray analyses revealed (Table II) a 2-fold increase
in the gene expression of NOX5 and a 4-fold increase for the NOX regulator p67phox in NAD-
depleted cells, which was assessed also by qPCR, confirming increased expression at 8.7 ±
5.2-fold for the NOX5 gene and 4.4 ± 2.4-fold increase for the p67phox gene (Table II). Since
NOX activity is a major source of ROS production in cells, we examined whether inhibiting
NOX activity could block the ROS increase by treating NAD-depleted cells with the NOX
inhibitor, apocynin. As shown in Figure 2C, treatment with apocynin significantly reduced
ROS from 179 ± 45 to 52 ± 4 (p = 0.008) relative fluorescence units, while in control cells
ROS values were essentially unaffected (21 ± 8 vs. 11 ± 1, p = 0.043). Furthermore, treatment
with apocynin significantly reversed the decrease in cell viability as shown in Figure 2D. These
data show that increased expression and activity of NOX is a significant contributor to the ROS
accumulation in nicotinamide-restricted HaCaT keratinocytes, which in turn increases DNA
damage and cell death.

NAD-depleted HaCaT keratinocytes have increased sensitivity to GDH inhibition
Since the levels of NAD in niacin deficient cells are greatly reduced, it is likely that NAD-
depleted cells are incapable to sustain their energy requirements solely by glycolysis.
Therefore, niacin deficient cells would require an additional carbon source. One such source
available from the cell culture media is glutamine. We hypothesized that if glutamine is a
crucial carbon source for NAD-depleted cells, these cells would be far more sensitive than
control cells if it was removed from the media. Completely eliminating glutamine from the
media lead to cell death both in control and depleted cells (data not shown), showing that
glutamine is an essential nutrient for HaCaT keratinocytes. In the cell, glutamine is converted
to glutamate and this is further converted to α-ketoglutarate to be used as a source of energy
(Figure 4). We, therefore, decided to inhibit GDH, the enzyme responsible for converting
glutamate to α-ketoglutarate. As seen in Figure 3, NAD-depleted cells are more sensitive to
low levels of the GDH inhibitor, DON, than control cells.
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Discussion
In this study, we developed a model to identify NAD-dependent pathways potentially important
in early skin carcinogenesis. We show that nicotinamide restriction, and consequent NAD
depletion, reversibly alters NAD(P)(H) pools, cell viability, cell cycle progression, and DNA
stability. These alterations are affected at least in part by increased expression and activity of
NOX leading to an accumulation of ROS which may provide a survival mechanism as has been
shown in other cancer cells [33,34]. Similar studies of nicotinamide restriction using a variety
of normal human diploid cells (i.e. primary mammary epithelial cells, skin, lung and breast
fibroblasts) that have not been immortalized showed that cells can grow in restricted
nicotinamide, but do not undergo the alteration in growth rate as shown here for HaCat cells
(data not shown).

When cultured in medium containing no added nicotinamide, HaCaT keratinocytes become
depleted of NAD. NAD levels were maximally reduced after 4-5 population doublings (14
days). HaCaTs exhibit a slower growth following 7 days in medium with no added
nicotinamide; however, they are able to grow indefinitely at a constant rate. These results
confirm that human keratinocytes require the preformed vitamin, nicotinamide, in this case, to
synthesize NAD utilizing the salvage pathway, as the synthesis of NAD from tryptophan
through the de novo pathway seems to be absent. The data also show that when niacin is
limiting, NADP pools are preferentially maintained as would be needed for biosynthetic
precursors in perpetually dividing cells. We hypothesize that the minimal NAD content
maintained in the HaCaT keratinocytes during restriction may derive from pyridine nucleotides
that are tightly bound to serum proteins and are not removed by exhaustive dialysis, and can
be scavenged and utilized by the salvage pathways for NAD biosynthesis.

The slower population doubling rate observed in the nicotinamide depleted cells results from
both a G2/M delay (Figure 1C) and decreased cell viability (Figure 2B). Accumulation of cells
in the G2/M-phase of cell cycle (Figure 1C) in the nicotinamide restricted HaCaTs is consistent
with the increase in DNA damage seen in these cells, as shown by the alkaline comet assay
(Figure 1D). These observations are in line with previous studies showing that inhibition of
PARP-1, whose substrate is NAD+, results in G2/M arrest in a p53-independent manner
[35-38]. Of particular interest is the observation that nicotinamide-restricted cells are able to
proliferate indefinitely despite increased production of ROS and significant DNA damage.
These conditions are known to cause instability in the genome, which may result in genetic
alterations ultimately leading to progression of carcinogenesis.

Overproduction or insufficient scavenging of ROS can result in enhanced oxidative stress and
DNA damage, which have been implicated in cancer initiation and promotion [39]. ROS
formation is a particularly important down stream effector of UV damage [39,40]. Studies have
documented significant generation of ROS in a variety of cells, including cancer cells, which
is usually the consequence of mitochondrial respiration and NADPH-oxidase (NOX) activity
[41-43]. The reduction–oxidation (redox) status of a cell can directly alter cell growth and
development, proliferation and survival by modulation of signal transduction pathways [44,
45]. In excess, ROS also can oxidatively damage DNA and other cellular macromolecules and
lead to generation of a vicious cycle of stress through induction of reactive carbonyl species
(RCS) [46]. ROS can induce membrane lipid peroxidation which leads to formation of RCS-
type lipid breakdown products. RCS can then induce the formation of advance glycation
endproducts sensitizer epitopes on skin proteins which can form more ROS upon light
activation [46].

Since our data show that nicotinamide restriction maintains or increases the NADPH/total
NADP ratio (Table I), we hypothesized and demonstrated that the accumulation of ROS
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measured in restricted cells (Figure 2D) is a result of increased NOX activity (Table II) and
that ROS accumulation and subsequent effects on cell survival and DNA damage could be
reversed with the NOX inhibitor apocynin (Figure 2D). Specifically, we identified NOX5 as
a NOX family member expressed in HaCaT keratinocytes and showed that its expression and
that of the regulator of other NOX family members, p67phox, are altered by NAD depletion
(Table II).

Nicotinamide-restricted HaCaTs divide indefinitely under conditions where NAD content of
the cells is less than 1% of control cells (Table I). The small amounts of residual NAD are
likely to be compartmentalized in the mitochondria in order to maintain fundamental functions
such as energy metabolism and electron transport chain activity. The low NAD impacts energy
metabolism and utilization. Since NADH falls to undetectable levels, it is likely that utilization
of glucose by glycolysis is greatly reduced and; therefore, these cells use an additional carbon
source for energy. As discussed below, glutamine is likely an important carbon source for
nicotinamide-restricted cells. We have shown that while control cells can proliferate in the
presence of a glutaminase inhibitor, DON, nicotinamide-restricted cells cannot do so,
demonstrating an increased dependence on glutamine for restricted cells (Figure 3). Figure 4
describes a potential altered metabolic pathway for nicotinamide-restricted cells and suggests
a possible role of NAD in limiting these ROS generating pathways in control cells. We observe
that NADPH accumulates preferentially above all other pyridine nucleotides. Thus, glutamine
in the culture medium is likely the major carbon source for nicotinamide-restricted cells as it
can be converted to glutamate by phosphate-activated glutaminase (PAG), whose expression
in nicotinamide-restricted HaCaTs increased 2-fold (Table II). Glutamate dehydrogenase
(GDH) can convert glutamate to the TCA cycle intermediate, α-ketoglutarate with generation
of NADPH. This is one likely source for the observed NADPH generation under nicotinamide-
restricted conditions. It is also interesting that recent reports suggest that SIRT3 and SIRT4,
mitochondrial enzymes that use NAD+ as a substrate, modulate energy metabolism by
regulating the activity of acetyl-CoA synthetase and GDH, respectively [47,48]. SIRT4 has
been reported to downregulate GDH activity by ADP-ribosylation [48]. A decrease in available
substrate (NAD) for SIRT4 in nicotinamide-restricted cells may lead to upregulation of GDH,
promoting utilization of glutamate as a source of energy, with the production of NADPH
(Figure 4). The preferential generation of NADPH observed in nicotinamide-restricted cells
may allow increased consumption by NOX leading to elevated ROS production and recycling
of NADP+ to be further reduced by GDH. Sustained production of NADPH could also be
derived from NADP+-specific isocitrate dehydrogenase (IDH2, Figure 4) whose expression is
increased by 3-fold in nicotinamide-restricted cells (Table II). Preferential generation of
NADPH via the pentose phosphate pathway is unlikely since microarray data show that the
expression levels of glucose-6-phosphate dehydrogenase are extremely low (data not shown).
The effect of nicotinamide restriction on ROS production is particularly relevant as it is thought
that excessive oxidative damage to cellular macromolecules may play an important role in the
initiation and promotion of carcinogenesis [49-52]. Glutamine utilization has been reported to
be accompanied by ROS formation in immune cells [53] and implicated in cancer cell
proliferation [54]. There are interesting analogies between HaCat cells exposed to the stress
of nicotinamide restriction and those undergoing deficient autophagy. Autophagy requires a
functional p53 and utilizes protein turnover for energy generation during metabolic stress
[55]. Defective autophagy compromises the ability of cells to adapt to stress, resulting in
insufficient ATP generation, damaged mitochondria and ROS accumulation [56]. Low ATP
and elevated ROS/DNA damage may cause replication stress and DNA damage response
activation that normally triggers cell cycle arrest or apoptosis and therefore act as a barrier to
early carcinogenesis [57]. However, inactivation of p53 can result in defective p53-mediated
check point activation and cell cycle arrest or apoptosis following DNA damage. In this case,
concurrent inactivation of autophagy and apoptosis results in accumulated DNA damage during
metabolic stress, enabling gene amplification and a permissive environment for genomic
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instability and cancer progression [57]. While further experimentation is needed to determine
which of these scenarios is functional in nicotinamide restricted HaCaT cells, the data presented
here suggest that NAD dependent pathways are involved in limiting ROS dependent signaling
and DNA damage accumulation during early skin carcinogenesis by modulation of NOX
activity. Thus, niacin status (NAD+ content) is a critical resistance factor for early skin
carcinogenesis. Further, this model can be used to help identify NAD-dependent signaling
pathways and to determine how these pathways are altered in common environmental causes
of skin cancer (i.e. UV).
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Fig. 1.
Effects of nicotinamide restriction on HaCaT keratinocytes. (A) Growth rates of HaCaT cells
grown under control (33 μM Nam, squares), or restricted (0 μM Nam, triangles) conditions.
Inset shows details of growth for days 0 to 21. Values correspond to duplicate samples (Mean
± SEM). (B) Cell viability was assessed for 33 μM Nam, 0 μM Nam and repleted cells using
Annexin V/PI flow cytometry. Values represent percentage of viable cells from triplicate
samples (Mean ± SEM). (C) Cell cycle analysis was assessed for 33 μM Nam (black) and 0
μM Nam (white). Bars represent the mean of triplicate analyses (± SEM) by PI fluorescence
and flow cytometry. (D) DNA damage was analyzed by alkaline comet assay. Dots represent
single cells (n=50 for day 7; n=100 for day 14); mean tail moment is shown by the lines. * p
< 0.01, ** p < 0.001, *** p < 0.0001 versus control (Student's t-test).
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Fig. 2.
ROS accumulation in NAD-depleted HaCaT keratinocytes. (A) Determination of intracellular
ROS (A) after 7 and 14 days. (B) reduced GSH (left), GSSG (middle), and GSH/GSSG ratio
quantification 14 days of growth. (C) ROS after treatment with 0.3 mM apocynin. (D) Cell
viability after treatment with 0.3 mM apocynin. 33 μM Nam (black), 0 μM Nam (white), or
repleted (gray). All values represent the mean of triplicate samples (± SEM).* p < 0.01, ** p
< 0.001, *** p < 0.0001 versus control (Student's t-test).
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Fig. 3.
Effect of GDH inhibition on niacin deficient HaCaT keratinocytes. Growth rates of HaCaT
cells grown under control (33 μM Nam, squares), or restricted (0 μM Nam, triangles) conditions
in the presence (dotted line) or absence (continuous line) of DON. Values represent triplicate
samples (Mean ± SEM).
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Fig. 4.
Model of NOX activation in nicotinamide-restricted HaCaT keratinocytes. Under NAD-
depleted conditions, the ability of the cell to use glycolysis as a source of energy is greatly
reduced. Cells can utilize glutamate, synthesized from glutamine in the culture medium as an
energy source. Glutamate dehydrogenase (GDH) coverts glutamate to α-ketoglutarate, with
reduction of NADP+ to NADPH. The activity of GDH may be regulated by SIRT4, which is
dependent on NAD+; therefore, under NAD-depleted conditions, GDH activity may be
upregulated providing α-ketoglutarate as a carbon source for TCA cycle intermediates and
energy production. Additional NADPH may be generated by IDH2. NADPH accumulation
from these reactions could support NOX dependent ROS formation and recycling of
NADP+. In pre-cancerous cells, this ROS dependent signaling may lead to progression in
carcinogenesis.
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Table I
NAD(H), NADP(H) quantification and redox ratio in HaCaT cells growth with or without added nicotinamide

Day 7 Day 14

33 μM Nam
(fmol/ng DNA)

0 μM Nam
(fmol/ng DNA)

33 μM Nam
(fmol/ng DNA)

0 μM Nam
(fmol/ng DNA)

Total NAD 3968 ± 385 337 ± 77*** 3657 ± 322 7 ± 3***
NADH 97 ± 19 45 ± 15* 88 ± 23 ND
NAD+ 3871 ± 385 295 ± 83*** 3567 ± 307 7 ± 3***
% reduced
NADH/Total NAD 2.5 ± 0.5 13.2 ± 5.1* 2.4 ± 0.6 ND
Total NADP 199 ± 12 80 ± 12*** 320 ± 25 109 ± 14***
NADPH 113 ± 14 50 ± 10** 181 ± 18 63 ± 4**
NADP+ 86 ± 18 30 ± 16* 141 ± 10 46 ± 15**
% reduced
NADPH/Total NADP 61.5 ± 10.1 55.8 ± 10.9 60.4 ± 8.9 65.7 ± 7.6

Shown are the mean ± SEM of 6 replicates from 2 independent experiments. ND, not detectable.

p values were calculated comparing 0 μM Nam to the respective 33 μM Nam condition.

*
p < 0.05

**
p < 0.005

***
p < 0.0001.
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Table II
Microarray and real-time RT-PCR results for gene expression following 14 days of nicotinamide restriction.

Gene Genbank Array RT-PCR

NOX5 NM_024505 1.77 8.7 ± 5.18
p67phox NM_000433 3.64 4.4 ± 2.39
PAG NM_014905 2.35 n.a.
IDH2 NM_002168 2.76 n.a.
GDH NM_005271 1.71 n.a.

CodeLink Microarray and qPCR results reported as fold change values relative to controls (33 μM Nam). Shown are mean ± SD of 3 replicates from 3
independent experiments. n.a., not assayed.
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