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Abstract

Malignant cells display increased demands for energy production and DNA repair. Nicotinamide adenine dinucleotide (NAD) is
required for both processes and is also continuously degraded by cellular enzymes. Nicotinamide phosphoribosyltransferase (Nampt)
is a crucial factor in the resynthesis of NAD, and thus in cancer cell survival. Here, we establish the cytotoxic mechanism of action
of the small molecule inhibitor CHS-828 to result from impaired synthesis of NAD. Initially, we detected cross-resistance in cells between
CHS-828 and a known inhibitor of Nampt, FK866, a compound of a structurally different class. We then showed that nicotinamide pro-
tects against CHS-828-mediated cytotoxicity. Finally, we observed that treatment with CHS-828 depletes cellular NAD levels in sensitive
cancer cells. In conclusion, these results strongly suggest that, like FK866, CHS-828 Kkills cancer cells by depleting NAD.

© 2008 Elsevier Inc. All rights reserved.
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NAD is a crucial cofactor of the oxidative respiratory
chain, as well as a degradable substrate for several impor-
tant enzymes including poly(ADP-ribose) polymerases
(PARPs) and sirtuins [1], that are involved in genomic sta-
bility, apoptosis, aging, stress resistance, and metabolism
[2-5]. In the absence of NAD resynthesis, these processes
lead to NAD depletion and cell death through apoptosis
or necrosis [6-8]. The main pathway for NAD resynthesis
in mammals (the salvage pathway) uses nicotinamide as a
substrate. The first, rate-limiting step is catalyzed by nico-
tinamide phosphoribosyltransferase (Nampt), also known
as pre-B cell colony-enhancing factor 1 (PBEF) or visfatin
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[9]. Blocking this enzyme will, as a consequence of the
NAD turnover, lead to a gradual reduction of the amount
of cofactor available.

Since most cancer cells have continuous PARP activation
through DNA damage and genomic instability [6,10-12]and
have higher energy consumption demands relative to non-
transformed cells [13], they are expected to be more vulnera-
ble to the inhibition of NAD synthesis than non-transformed
cells [14]. This hypothesis has lead to the development of an
NAD synthesis inhibitor for the clinical treatment of cancer.
FK866, a specific inhibitor of Nampt [14], has recently suc-
cessfully completed a phase I study [15] and is currently in
several phase I/II and 11 trials for the treatment of various
cancers. It is believed to compete with nicotinamide [16]
and thereby disrupt the synthesis of NAD, and it is so far
the only published small molecule inhibitor demonstrated
to interfere with Nampt function.

CHS-828 is a pyridyl cyanoguanidine compound origi-
nally identified in a screen for antihypertensive compounds
[17]. It was shown to be a potent inhibitor of cell growth in
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a broad range of tumor cell lines, allowing the progression
of CHS-828 into a phase I study in oncology [18]. The
mechanism of action of this small molecule inhibitor has
since its initial publication in 1999 remained unsolved but
recently it has been hypothesized to involve the inhibition
of NF-kB [19,20].

In this paper, we show a number of mechanistic similar-
ities between the structurally different compounds FK866
and CHS-828. Together, our results strongly indicate that
CHS-828 exerts its cytotoxic effect through inhibition of
NAD synthesis.

Materials and methods

Cell lines and cell culture. Cell culture media and reagents were pur-
chased from Invitrogen unless otherwise stated. Human small cell lung
carcinoma OC-NYH (NYH) cells have been described (as GLC-2) [21].
All cells were maintained in RPMI 1640 with GlutaMax supplemented
with 10% FBS (Perbio, Thermo Fischer Scientific) and 100 U/ml penicil-
lin—streptomycin. Resistance towards CHS-828 was reached by culturing
NYH cells with stepwise increasing concentrations of drug over a pro-
longed period of time until a satisfying level of resistance was obtained as
previously described for other chemotherapeutics [22]. This resulted in the
cell line NYH/CHS. The cells retained full resistance after 30 passages
without CHS-828.

Drugs and reagents. All chemical reagents were purchased from Sigma—
Aldrich, as were PS-1145, BMS-345541, and MG132. QNZ was obtained
from Calbiochem (Merck). Our laboratory synthesized CHS-828 as
described previously [23]. FK866 was supplied by TopoTarget A/S
(Copenhagen, Denmark).

Cell culture assays. Cells were plated in 96-well plates (5000 cells/well
for 48/72 h treatment, 1000 cells/well for 6 days treatment) 24 h before use
and then incubated with drug for the time indicated. NYH/CHS was
passaged without drug before use in these assays. The CyQuant assay
(Invitrogen) was performed according to the manufacturer’s recommen-
dations except that due to the low adherence of NYH cells the plates were
centrifuged for 5 min at 300g before the medium was removed. An incu-
bation period of 45 min was used for the CyQuant reagent and fluores-
cence was measured at 535nm. Data were analysed with Prism
(GraphPad). For ATP/proliferation measurements, the CellTiterGlo assay
(Promega) was performed according to the manufacturer’s instructions.
To determine the ATP levels, the results were correlated to cell number by
normalizing to CyQuant data, and analysis was performed using Prism.
Clonogenic assay was carried out using an assay with three week contin-
uous drug exposure as previously described [24]. Counting of colonies was
carried out in triplicate. Analysis was performed using Prism.

Western blot analysis. Cells were lysed in a buffer containing 20 mM
NacCl, 25 mM MOPS, 2 mM EDTA, 2 mM Sodium Orthovanadate, 0,1%
NP-40, 10% glycerol and 1% Ettan™ protease inhibitor mix (Amersham)
using sonication. Protein concentrations were determined by Bio-Rad
Protein Assay (Bio-Rad) according to the manufacturer’s instructions.
Proteins were separated by SDS-PAGE and blotted to a nitrocellulose
membrane using the NuPAGE® Novex BisTris (XCell SureLock™) system
(Invitrogen). Nampt/PBEF antibodies were obtained from Abcam and
used at a dilution of 1:500 followed by anti-rabbit HRP-conjugated
antibody (Amersham) at a dilution of 1:5000. HRP-conjugated GAPDH
goat-antibody was purchased from SantaCruz, and used at a dilution of
1:2000. Detection of HRP-conjugated antibodies was performed with ECL
Plus Blotting Reagent (Amersham) using a ChemiDoc XRS/Quantity One
documentation system (Bio-Rad).

Quantification of NAD*INADH synthesis. Logarithmically growing
cells in @ 6-cm culture dishes were treated with/without 10 nM CHS-828
or 1 nM FK866 for 24 h. After harvesting, 10° cells were washed with cold
PBS. EnzyChrom™ NAD'/NADH assay kit (BioAssay Systems, Califor-
nia) was used to determine the levels of NAD" and NADH using the

manufacturer’s guidelines with all steps performed at 4 °C, except for the
final enzymatic process, which was performed at room temperature.
Fluorescence data obtained was based on A(650 nm/550 nm). A standard
curve was made in accordance with the kit, and the data was fitted using
Microsoft Excel. Protein concentrations in lysates were determined as
described above, and NAD' and NADH levels were normalized. Final
data preparation and presentation was performed using Prism.

Results

The NYHICHS cell line displays cross-resistance towards
FKS866

To investigate the potential of using FK866 to treat
drug resistant cancers, FK866 cytotoxicity has been inves-
tigated in a number drug resistant cell lines including a
number of common multi drug resistant cell lines, none
of which showed any significant cross-resistance to
FK866 (our unpublished data). Following up on this we
examined the activity of FK866 in the CHS-828 resistant
small cell lung carcinoma cell line NYH/CHS. To our sur-
prise, in a clonogenic assay, which examines long-term sur-
vival of cells, NYH/CHS was resistant to a comparable
degree to both CHS-828 and FK866 as shown in Fig. 1A
(178- and 115-fold, respectively). This cross-resistance
was also seen in a short-term cell proliferation assay
(CyQuant) based on quantification of DNA (data not
shown). The cross-resistance was unexpected given the
structural differences between CHS-828 and FK866
(Fig. 1B). In comparison, a screen of NYH/CHS sensitivity
to other putative anti-cancer drugs revealed no cross-resis-
tance to several inhibitors of NF-xB (PS-1145, BMS-
345541, and QNZ) or to an inhibitor of the proteasome
(MG132) as shown in Fig. 1C. Similar lack of cross-resis-
tance was observed for doxorubicin, camptothecin, vincris-
tine, staurosporine, taxol, fluorouracil, 5-azacytidine, and
belinostat (data not shown). We conclude that the NYH/
CHS cell line is selectively cross-resistant to FK866, sug-
gesting that CHS-828 may function by a mechanism related
to the modulation of NAD synthesis similarly to FK866.

Early ATP loss is correlated with cell death for both CHS-
828 and FK866

A distinct feature of FK866-induced cell death is that it
is preceded by a drop in cellular ATP concentrations occur-
ring between 24 and 48 h of treatment. The lowered ATP
level is due to the depletion of NAD interfering with the
oxidative energy production. Likewise, a drop in cellular
ATP levels after 24 h of treatment has been reported after
treatment with CHS-828, with cytotoxicity occurring much
later (75% at 72 h) [25]. We examined whether this ATP
loss occurs similarly following treatment with both drugs
and whether it correlates with their ICs, values for cell
death in NYH cells. The ICsq values obtained for reduction
of ATP after 48 h correlated well with the induction of cell
death after 6 days for both CHS-828 and FK866 in NYH
cells (Figs. 2 and 3). No such decrease in cellular ATP con-
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Fig. 1. (A) Cell survival for NYH and NYH/CHS cells measured by clonogenic assay. (B) Chemical structures of CHS-828 and FK866. (C) A screen for
cross-resistance with NYH and NYH/CHS for the indicated inhibitors of NF-kB measured by CellTiterGlo cell proliferation assay for a standard 3 days

treatment. (Error bars indicate SEM, x-axes are logarithmic).

centrations was seen for other compounds tested, including
doxorubicin and taxol (data not shown).

High concentrations of nicotinamide protect NYH cells from
CHS-828

Although FK866 inhibits Nampt directly, it is possible
to negate this inhibition by supplying high concentrations
of nicotinamide [14]. It is believed that the high amount
of substrate competes directly with FK866 for binding
to Nampt, leading to sufficient NAD production through
the NAD salvage pathway (Fig. 3C) for the cells to sur-
vive. To test whether CHS-828 could have a mechanism
of action similar to FK866, we investigated the protective
effect of nicotinamide when treating cells with CHS-828.
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Fig. 2. ATP levels after 48 h treatment with FK866 and CHS-828 (with/
without 10 mM nicotinamide) normalized to cell density. (Error bars
indicate SEM, the x-axis is logarithmic).

As can be seen from Fig. 3A, a slight protective effect
was seen at 0.1 and 1 mM nicotinamide and this effect
increased to more than 1000-fold at 10 mM for CHS-
828. This correlated well with what we found (Fig. 3B)
and what has previously been documented for FK866
[14] where protection is partial at 1 mM nicotinamide
and is complete at 10 mM. Nicotinic acid did not rescue
NYH or NYH/CHS cells from cell death upon treatment
with CHS-828 or FK866 (data not presented). This is pre-
sumably a consequence of the nicotinic acid synthesis
pathway (Fig. 3C) being inactive in NYH cells similar
to what has been found for HEPG2 cells [14], where nic-
otinamide but not nicotinic acid protects from cell death
from FK866. Also, nicotinamide protected the cells
against the early drop in ATP caused by CHS-828
(Fig. 2). The protective effect of nicotinamide strongly
indicates a crucial involvement of NAD synthesis in the
cytotoxic effect of CHS-828.

CHS-828 reduces NAD' and NADH levels in cells

To further characterize CHS-828 and the mechanism of
CHS-828 resistance in NYH/CHS cells we investigated the
NAD levels of untreated and CHS-828-treated NYH and
NYH/CHS cells. As can be observed in Fig. 4A, treatment
of NYH cells with 10 nM CHS-828 for 24 h lead to a dra-
matic drop in NAD levels. This is consistent with the NAD
reduction in cells treated with FK866 (Fig. 4A). In compar-
ison, CHS-828 and FK866 induced little or no reduction of
NAD/NADH levels in NYH/CHS cells at concentrations
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Western blot analysis of Nampt and GAPDH protein expression.

sufficient to kill NYH cells. We examined whether this
resistance seen for NYH/CHS was due to an increased
expression of the Nampt gene but as Fig. 4B shows, the
protein level of Nampt was similar for both cell lines.
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Discussion

Originally thought as an investigation of the efficacy of
the metabolic cell death pathway induced by FK866 in cell
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lines resistant to other chemotherapeutics, this study lead
to novel indications of the mechanism of action for the
structurally distinct CHS-828 (Fig. 1B). CHS-828 has pre-
viously been hypothesized to function through NF-kB inhi-
bition [20], but the exact mechanism remained unclear. We
originally found no common resistance mechanism for
NYH/CHS cells, and so far increased resistance compared
to NYH has not been observed for any type of compound
including several substances known to inhibit NF-xB
directly or indirectly. This indicates a specific resistance
mechanism for CHS-828. For FK866, we observe cross-
resistance comparable to CHS-828 in NYH/CHS cells.
This gives a strong indication that CHS-828 might be mod-
ulating the NAD metabolism. This corresponds well with
CHS-828 inducing an early increase in glycolytic flux,
decrease of ATP and shutdown of DNA and protein syn-
thesis [25-28]. We have found that the drop in ATP levels
after 48 h is similar for both FK866 and CHS-828, and that
it occurs at drug concentrations able to kill NYH cells
upon prolonged drug exposure.

A strong indication of CHS-828 having a mechanism of
action closely related to the function of Nampt and thus
the cellular NAD levels is the fact that high concentrations
of nicotinamide are able to completely block the cytotoxic
action of CHS-828. The levels of nicotinamide needed cor-
respond well with the published data for FK866 [14]. Since
nicotinamide can act as an antidote the hypothesis that
CHS-828 exerts its effect through the synthesis of NAD is
strengthened. Furthermore, the impact of treatment on
the cellular NAD'/NADH levels is of similar magnitude
for both CHS-828 and FK866 in NYH cells, whereas
NAD"/NADH levels remain unchanged in NYH/CHS
cells at the same drug concentrations.

Very recently, additional support for CHS-828 function-
ing by NAD depletion has been presented by Roulston
et al. [29]. These authors have performed an extensive met-
abolic screen on CHS-828 where they found NAD™ to be
significantly downregulated. They have established mark-
edly decreased NAD™ levels as early as 6 h after initiation
of treatment. They found nicotinic acid to protect HelLa
cells from the toxic effect of CHS-828 but due to the con-
tent of nicotinic acid in their preparations of nicotinamide
they could not discern a separate protective effect of high
concentrations of nicotinamide. Most interestingly, they
have performed in vitro studies of the inhibitory effect of
CHS-828 on Nampt and found that the enzyme is inhibited
by CHS-828 with an apparent Ki of 2.6 nM. Although
resulting from a different initial approach, the results from
Roulston et al. support our own hypothesis that CHS-828
acts as an inhibitor of Nampt.

Previously published results on CHS-828 are in accor-
dance with inhibition of NAD synthesis as its primary
mechanism of action. Thus, CHS-828 only induces death
in cancer cells after prolonged periods of treatment, and
this effect is preceded by a sharp drop in cellular ATP levels
[25,28]. CHS-828 has been described as inducing an atypi-
cal form of cell death [30], sometimes mimicking apoptosis

and sometimes resembling necrosis [31-33]. One study also
points out that pretreatment with CHS-828 inhibits induc-
tion of apoptosis by etoposide and instead leads to slow
necrotic cell death [31]. This protection against apoptosis
and the differing results on cell death could be explained
by the fact that varying cell lines have been examined
and differing basal levels of NAD and depletion rates could
be crucial in determining whether enough ATP is present to
execute apoptosis, or whether the cells will succumb to
necrosis. Taken together, those results are consistent with
CHS-828 controlling the cell death pathway depending
on the level of ATP available.

We have previously found no significant difference
between NYH and NYH/CHS cell lines with regard to
plating efficiency, growth rate, drug uptake, and expression
of major drug transporters (unpublished results). Similarly,
examination of other CHS-828 resistant cell lines yielded
no clue to the origin of the resistance [34]. NYH/CHS
clearly displays resistance against reduction in NAD levels
by FK866 and CHS-828, and we determined that this dif-
ference was not simply due to a changed expression of
Nampt. The resistance could be due to metabolic adapta-
tion or a mutation of Nampt in NYH/CHS but further
research is required to fully delineate the mechanism of
resistance in NYH/CHS cells.

In conclusion, our findings indicate that CHS-828 acts
as an inhibitor of NAD synthesis, likely by direct inhibition
of Nampt. Although this mechanism of CHS-828 needs
closer inspection, it would seem that we have discovered
a new chemical class of Nampt inhibitors.
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