
Abstract. Background: The survival rate of patients with head
and neck squamous cell carcinoma (HNSCC) stands at
approximately 50% and this has not improved in decades. This
study developed a novel sirtuin-3 (SIRT3) inhibitor (LC-0296)
and examined its role in altering HNSCC tumorigenesis.
Materials and Methods: The effect of the SIRT3 inhibitor, LC-
0296, on cell survival, proliferation, and apoptosis, and reactive
oxygen species levels in HNSCC cells were studied. Results:
LC-0296 reduces cell proliferation and promotes apoptosis of
HNSCC cells but not of normal human oral keratinocytes. This
inhibitory effect is mediated, in part, via modulation of reactive
oxygen species levels. Additionally, LC-0296 works
synergistically to increase the sensitivity of HNSCC cells to
radiation and cisplatin treatment. Conclusion: Development of
novel SIRT3 inhibitors, such as LC-0296, might enable the
development of new targeted therapies to treat and improve the
survival rate of patients with head and neck cancer. 

Head and neck squamous cell carcinoma (HNSCC)
originates from the oral and nasal cavities, sinuses, lips,
salivary glands, throat, or larynx. Oral squamous cell
carcinoma (OSCC) represents the majority of HNSCCs and
it is the ninth most common cancer worldwide (1). In certain

countries, including India and other south-central Asian
countries, oral cancer is among the most commonly
occurring cancer. Although other types of cancer, such as
breast, prostate and colone, are more prevalent than oral
cancer, the 5-year survival rate of patients with this disease is
poor, averaging in 50% (2), despite the advancements in
therapeutic approaches to treating this devastating disease
(3). This underscores the urgent need to explore new areas
of research and develop new therapeutic drugs and
approaches that can help improve the survival rate of patients
with head and neck cancer. 

Sirtuins (SIRT1-7) have emerged as important
modulators of tumorigenic processes. Sirtuins control
cancer cell proliferation and survival, cell-cycle
progression, apoptosis, angiogenesis, and metabolism (4-9).
Therefore, sirtuins have been implicated as novel potential
therapeutic targets to treat cancer (10-12). However, the
role of several sirtuins, specifically SIRT1 and SIRT3, in
cancer tumorigenesis is controversial (13-18). Thus,
expanding the study of sirtuins in this new area of research
will help advance the field and help us better understand
the mechanisms by which sirtuins can regulate different
cancer processes. 

We were the first to demonstrate a novel role for SIRT3
in oral cancer tumorigenesis both in vitro and in vivo (19).
We reported that out of all seven of the sirtuin family
members, SIRT3 is overexpressed in OSCC compared to
normal oral tissues, and SIRT3 down-regulation inhibits
OSCC cell growth and proliferation in vitro, and reduces
tumor burden in vivo (19). Furthermore, SIRT3 down-
regulation enhances the sensitivity of radio- and
chemoresistant OSCC cells to both radiation and
chemotherapeutic drugs. Thus, targeting SIRT3 to induce
cytotoxicity to HNSCC cells in patients with high SIRT3-
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expressing tumors or radio- or chemoresistant tumors may
be advantageous, since lower doses of conventional treatment
may be required. In this case, SIRT3 would serve as an
adjuvant target. In additional studies, we found that SIRT3
and receptor-interacting protein (RIP), a pro-apoptotic
protein, are oppositely expressed in human OSCC
specimens. Those studies further found that OSCC cells
escape anoikis, apoptotic cell death triggered by loss of

extracellular matrix contacts, by forming multicellular
aggregates or oraspheres to maintain their survival (20).
Thus, OSCC oraspheres become anoikis-resistant, a
condition defined by a higher SIRT3 and low RIP
expression. These anoikis-resistant OSCC cells also induce
an increased tumor burden and incidence in mice unlike their
adherent OSCC cell counterparts. Furthermore, stable
suppression of SIRT3 inhibits anoikis resistance and reduces
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Figure 1. A: Schematic chemical synthesis of the sirtuin-3 (SIRT3) inhibitor (LC-0296). Commercially available 4-nitro-1H-indole (1) was alkylated
to give compound 3, whose nitro group was reduced to the corresponding amine in compound 4 in excellent yields. The methyl ester group in
compound 4 was converted into a primary amide with methanolic ammonia. The resulting compound 5 was coupled with L-glutamate derived Z-Glu-
OMe in the presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 1-hydroxybenzotriazole (HOBt) to yield LC-0296
(6) in good yields. Reaction conditions were: (a) NaH, DMF, yield 68%; (b) NiCl2·6H2O, NaBH4, MeOH, yield 89%; (c) methanolic NH3, CaCl2,
70˚C, yield 85%; (d) Z-Glu-OMe, EDC, HOBt, NMM, CH2Cl2, yield 60%. B: Effect of the sirtuin-3 (SIRT3) inhibitor, LC-0296 on sirtuin-1 (SIRT1),
sirtuin-2 (SIRT2) and sirtuin-3 (SIRT3) in an in vitro enzymatic assay.



tumor incidence (20). Lastly, since Sirt3–/– mice are
surprisingly healthy (21), targeting SIRT3 in oral cancer may
help avoid the toxic side-effects of other treatment
approaches. Indeed, our data support this premise, since
normal oral keratinocytes exhibit low levels of SIRT3
expression, however, adherent HNSCC cells exhibit higher
levels of SIRT3, and anoikis-resistant HNSCC oraspheres in
suspension exhibit the highest levels of SIRT3 expression
(20). These findings support the concept that SIRT3
promotes anoikis resistance in vivo and enhances
tumorigenesis, thus SIRT3 represents a promising therapeutic
target for HNSCC. 

In this regard, we believe that discovering new drugs that
specifically target SIRT3 could enhance the treatment of

HNSCC and potentially improve the survival rate of patients.
In the present study, we developed a novel sirtuin-3 (SIRT3)
inhibitor (LC-0296) and examined its role in altering
HNSCC tumorigenesis.
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Figure 2. The effect of the sirtuin-3 (SIRT3) inhibitor, LC-0296, on head and neck squamous cell carcinoma cells and keratinocytes using low
doses. Normal human oral keratinocytes (A), UM-SCC-1 (B), and UM-SCC-17B (C) cells were seeded in 96-well plates at 5×103 cells/well, then
treated with dimethyl sulfoxide (control) or LC-0296, as indicated for 24, 48, and 72 h. Cell viability was then determined by the QUANT Cell
Proliferation Assay Kit. The graphs illustrate the percentage of viable cells following treatment. 

Table I. Sirtuins 1-3 (SIRT1-3) inhibition in vitro by LC-0296.

IC50 (μM)

Inhibitor MW SIRT1 SIRT2 SIRT3

LC-0296 542.58 67 33 3.6

Inhibitory concentration 50% (IC50).



Materials and Methods
Chemical synthesis of SIRT3 inhibitor, LC-0296. The synthesis of
compound LC-0296 was straightforward and is depicted in Figure
1A. Commercially available 4-nitro-1H-indole (compound 1) was
alkylated to give compound 3, whose nitro group was reduced to
the corresponding amine in compound 4 in excellent yields. The
methyl ester group in compound 4 was converted into a primary
amide with methanolic ammonia. The resulting compound 5 was
coupled with L-glutamate derived N-carbobenzyloxy-L-glutamic
acid 1-methyl ester (Z-Glu-OMe) in the presence of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 1-
hydroxybenzotriazole (HOBt) to produce LC-0296 (compound 6) in
good yields (Figure 1A). More detailed information about the
chemical synthesis is described below.

All commercial reagents (Sigma-Aldrich, St. Louis, MO, USA)
were used as provided unless otherwise indicated. An anhydrous
solvent dispensing system (J. C. Meyer) using two packed columns
of neutral alumina was used for drying tetrahydrofuran (THF), Et2O,
and CH2Cl2, while two packed columns of molecular sieves were
used to dry dimethylformamide (DMF). Solvents were dispensed
under argon. Flash chromatography was performed with Ultra Pure
silica gel (Silicycle, Quebec city, Quebec, Canada) with the
indicated solvent system. Nuclear magnetic resonance spectra were
recorded on a Varian 600 MHz (Varian Inc., Lexington, MA, USA)
with Me4Si or signals from residual solvent as the internal standard
for 1H. Chemical shifts are reported in ppm, and signals are
described as singlet (s), doublet (d), triplet (t), quartet (q), multiplet
(m), broad singlet (bs), and double doublet (dd). Values given for
coupling constants are first order. High-resolution mass spectra were
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Figure 3. Sirtuin-3 (SIRT3) inhibitor, LC-0296, inhibits head and neck squamous cell carcinoma (HNSCC) cell survival without affecting normal
human oral keratinocytes. A: The chemical structure of the SIRT3 inhibitor LC-0296 is shown. B: HNSCC cells (UM-SCC-1 and UM-SCC-17B)
and normal human oral keratinocytes (K) were seeded in 96-well plates at 5×103 cells/well then treated with LC-0296 as indicated for 24 h. Cell
viability was determined by the QUANT Cell Proliferation Assay Kit (Invitrogen). C: Phase-contrast images show the morphology of HNSCC cells
(UM-SCC-1 and UM-SCC-17B) and normal human oral keratinocytes after treatment with vehicle dimethyl sulfoxide (control) or LC-0296 (75 μM)
for 24 h. ***p≤0.001 for LC-0296 vs. control. 



recorded on an Agilent TOF II time-of-flight mass spectrometry
instrument equipped with either an electrospray ionization or
atmospheric pressure chemical ionization interface.

Methyl 3-((4-nitro-1H-indol-1-yl)methyl)benzoate (3): To a
solution of 4-nitro-1H-indole (1, 2.43 g, 15.0 mmol) in dry DMF
(50 ml) was added NaH (60% dispersion, 0.72 g, 18 mmol) in
several portions. The reaction mixture turned dark red. After 40 min,
a solution of methyl 3-(bromomethyl)benzoate (2; 3.72 g, 15.8
mmol) in dry DMF (10 ml) was added via a syringe. After the
reaction mixture was stirred at room temperature for 12 h, it was
concentrated and the residue was treated with ethyl acetate (200 ml)
and saturated NH4Cl solution (150 ml). The organic phase was
washed with brine, dried with Na2SO4 and concentrated. The
desired product was isolated by chromatography on silica gel using
ethyl acetate/hexanes (1:5 to 1:1) as eluent to give compound 3 as a
yellow solid (3.71 g, 68%). 1H nuclear magnetic resonance (NMR)
(DMSO-d6, 600 MHz) δ 8.08 (d, J=8.4 Hz, 1H), 8.03 (d, J=7.2 Hz,
1H), 7.98 (d, J=2.4 Hz, 1H), 7.88-7.83 (pseudo s, 2H), 7.49-7.62
(m, 2H), 7.34 (dd, J=8.4, 8.4 Hz, 1H), 7.12 (d, J=2.4 Hz, 1H), 5.68
(s, 2H), 3.81 (s, 3H). HRMS (ESI+) calcd for C17H15N2O4 (M+H)+

311.1032, found 311.1027.
Methyl 3-((4-amino-1H-indol-1-yl)methyl)benzoate (4):

NiCl2·6H2O (943 mg, 4.00 mmol) was added to a solution of
compound 3 (620 mg, 2.00 mmol) in anhydrous methanol (150 ml),
and the mixture was submerged into an ice bath. NaBH4 (302 mg, 8.00
mmol) was added in several portions with lots of gas formed and the
reaction mixture turned black. After 1 h, the reaction was quenched
with saturated NH4Cl solution and methanol was removed in vacuo.
The residue was treated with ethyl acetate (150 ml) and water (100
ml). The organic phase was washed with brine, dried with Na2SO4 and
concentrated. The desired product was isolated by chromatography on
silica gel using ethyl acetate/hexane (1:5 to 1:1) as eluent to give
compound 4 (500 mg, 89%). 1H NMR (DMSO-d6, 600 MHz) δ 7.82
(d, J=7.8 Hz, 1H), 7.76 (s, 1H), 7.47-7.40 (m, 2H), 7.25 (d, J=2.4 Hz,
1H), 6.77 (dd, J=7.8, 7.8 Hz, 1H), 6.60-6.55 (m, 2H), 6.16 (d, J=7.8
Hz, 1H), 5.38 (s, 2H), 5.22 (s, 2H), 3.81 (s, 3H). HRMS (ESI+) calcd
for C17H17N2O2 (M+H)+ 281.1290, found 281.1281.

3-((4-Amino-1H-indol-1-yl)methyl)benzamide (5): To a reaction
vessel equipped with a magnetic stir bar was added compound 4 (500
mg, 1.79 mmol), CaCl2 (198 mg, 1.79 mmol), and 7 N NH3 in MeOH
(5 ml, about 35 mmol). The reaction vessel was sealed and heated at
70˚C for 24 h. The reaction mixture was concentrated and purified by
chromatography on silica gel using MeOH/CH2Cl2 (0% to 10%) as
eluent to give compound 4 (404 mg, 85%). 1H NMR (DMSO-d6, 600
MHz) δ 7.93 (s, 1H), 7.75 (s, 1H), 7.73 (d, J=7.8 Hz, 1H), 7.37-7.32
(m, 2H), 7.26-7.22 (m, 2H), 6.77 (dd, J=8.1, 8.1 Hz, 1H), 6.60-6.55
(m, 2H), 6.15 (d, J=7.8 Hz, 1H), 5.32 (s, 2H), 5.19 (s, 2H). HRMS
(ESI+) calcd for C16H16N3O (M+H)+ 266.1293, found 266.1283.

(S)-Methyl 2-(((benzyloxy)carbonyl)amino)-5-((1-(3-carbamo-
ylbenzyl)-1H-indol-4-yl)amino)-5-oxopentanoate (6; LC-0296): A
solution of Z-Glu-OMe (58 mg, 0.20 mmol) in CH2Cl2 was cooled
with an ice bath, and EDC (38 mg, 0.20 mmol), HOBt (27 mg, 0.20
mmol), N-methylmorpholine (57 mg, 0.57 mmol) and compound 5
(50 mg, 0.20 mmol) were added. The mixture was stirred at room
temperature overnight and the organic solvent was evaporated. The
resulting crude product was purified by chromatography to give
product compound 6, SIRT3 inhibitor LC-0296 (61 mg, 60%) as a
pale solid. 1H NMR (DMSO-d6, 600 MHz) δ 9.59 (s, 1H), 7.94 (s,
1H), 7.80 (d, J=7.2 Hz, 1H), 7.78 (s, 1H), 7.74 (d, J=7.8 Hz, 1H),
7.61 (d, J=7.2 Hz, 1H), 7.45 (d, J=3.0 Hz, 1H), 7.40-7.29 (m, 7H),

7.26 (d, J=8.4 Hz, 1H), 7.17 (d, J=8.4 Hz, 1H), 7.01 (dd, J=7.8, 7.8
Hz, 1H), 6.78 (s, 1H), 5.43 (s, 2H), 5.04 (s, 2H), 4.14 (dd, J=13.2,
8.4 Hz, 1H), 3.66 (s, 3H), 2.55 (t, J=7.8 Hz, 2H), 2.14-2.08 (m, 1H),
1.92-1.84 (m, 1H). HRMS (ESI+) calcd for C30H29N4O6 541.2087
(M-H)–, found 541.2087.

Biochemical in vitro assays to determine the specificity of LC-0296
SIRT3 inhibitor. The biochemical assays for human SIRT1-3 were
performed by the Reaction Biology Incorporation (RBC) (Malvern, PA,
USA, http://www.reactionbiology.com) as described previously (22). 

Cell lines and culture. Human HNSCC cell lines, UM-SCC-1 and
UM-SCC-17B, originated from the floor of the mouth and larynx,
respectively, and were provided by Tom Carey (University of
Michigan) (23). HNSCC cells were maintained in Dulbecco's
modified Eagle’s medium (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum, 1% penicillin/
streptomycin. Primary normal human oral keratinocytes (Cat# 2610;
ScienCell, Carlsbad, CA, USA) were maintained in human oral
keratinocyte medium (#2611; ScienCell). 

Cell viability and colony-formation assays. To determine the effect
of the SIRT3 inhibitor LC-0296 on cell viability we used the
QUANT Cell Proliferation Assay Kit according to the
manufacturer’s instructions (Invitrogen). In order to determine the
synergistic effect of LC-0296, cells were either treated with LC-
0296 alone or combined with ionizing radiation or cisplatin. For
colony-formation assays, HNSCC cells and normal human oral
keratinocytes were treated with and without the inhibitor and
cultured for one week. Colonies were fixed with methanol then
stained with 0.5% crystal violet. Colonies containing more than 50
cells were counted. 

Apoptosis staining and cell death detection assay-enzyme-linked
immunosorbent assay (ELISA). To measure apoptosis in vitro, cells
were stained with 4',6-diamidino-2-phenylindole (DAPI) and a DNA
fragmentation enzyme-linked immunosorbent assay (ELISA) was
used according to manufacturer’s instructions (Roche Diagnostics,
Indianapolis, IN, USA).

Combination index (CI). To determine synergistic or additive effects
of the drug combinations (LC-0296 plus ionizing radiation or
cisplatin), a CI was used following the procedure developed by
Fischel et al. (24), with the equation adapted from the method
developed previously by Chou and Talalay (25).

Survival (LC-0296 + ionizing radiation or cisplatin)
R =

Survival (LC-0296 alone) × 
(ionizing radiation or cisplatin alone)

According to Fischel et al. (24), if: R<0.8, then the association is
considered to be synergistic; 0.8<R<1.2, then the association is
considered to be additive; and if R>1.2, then the association is
considered to be antagonistic. 

Determination of SIRT3 de-acetylation activity in HNSCC cells. To
determine the effect of LC-0296 on SIRT3 deacetylation activity
within a cellular context, HNSCC cells were treated with LC-0296
(50 μM) or control (DMSO) for 24 h. Corresponding lysates were
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then immunoprecipitated with specific antibodies to the SIRT3
deacetylation target, NADH dehydrogenase 1 alpha sub-complex
subunit 9 (NDUFA9; mouse monoclonal antibody #Sc-58392; Santa
Cruz Biotechnology, St. Louis, MO, USA) and glutamate
dehydrogenase (GDH; goat polyclonal #Sc-160383; from Santa
Cruz Biotechnology), and immunoblotted with an antibody
detecting acetylated lysine residues (#944 1;Cell Signaling, Danvers,
MA, USA).

Mitochondrial isolation. Mitochondria were isolated from HNSCC
cells using a mitochondrial/cytosol fractionation kit (Cat no:
MIT1000; Millipore) according to the manufacturer’s instructions.
Briefly, cells were resuspended in an isotonic mitochondrial buffer
containing a protease inhibitor cocktail and homogenized with a
Dounce homogenizer (50 strokes) on ice. The lysate was centrifuged
at 600 × g for 10 min at 4˚C to remove the nuclei and unbroken
cells. The supernatant was centrifuged at 10000 × g for 30 min at
4˚C. The resulting pellet was collected as the enriched
mitochondrial fraction and resuspended in mitochondrial lysis buffer
containing a protease inhibitor cocktail. Mitochondrial purity was
evaluated by immunoblotting for the mitochondrial and cytosolic
protein markers VDAC and GAPDH, respectively. 

Immunoblot analysis. Western blotting was performed as previously
described (19) using antibodies against SIRT3 (#2627) and
acetylated-lysine (AC-K) (#9441) from Cell Signaling; voltage-
dependent anion channel (VDAC) (SC-32063) from Santa Cruz
Biotechnology; and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (MAB374) Millipore, Billerica, MA, USA. The NDUFA9
mouse monoclonal antibody (#ab55521) was from Abcam,
Cambridge, MA, USA. To demonstrate equal protein loading,
membranes were stripped and reprobed with an anti-β-actin
antibody (sc-1615; Santa Cruz Biotechnology). 

Reactive oxygen species (ROS) detection assay. To measure the
intracellular ROS levels, the fluorogenic marker for ROS, carboxy-
2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) and N-
acetyl-cysteine (NAC), a scavenger for ROS were used according to
the manufacturer’s instructions (Invitrogen). 

Statistical analysis. Values are expressed as means±SD.
Comparisons between groups were determined by one-way analysis
of variance (ANOVA) followed by Tukey-HSD multiple-comparison
test. Statistical significance was defined as p≤0.05. All experiments
were repeated three times and at least in triplicates when applicable. 
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Figure 4. Sirtuin-3 (SIRT3) inhibitor LC-0296 inhibits cell growth and proliferation and promotes apoptosis of head and neck squamous cell
carcinoma cells. A and B: The histograms show the quantification of the colony-forming assays for HNSCC cells (UM-SCC-1 and UM-SCC-17B)
and normal human oral keratinocytes treated with LC-0296 or the vehicle dimethyl sulfoxide (control). The number of colonies are presented as the
percentage of colonies obtained relative to controls. C and D: Representative images showing HNSCC cells (UM-SCC-1 and UM-SCC-17B) and
normal human oral keratinocytes stained with 4',6-diamidino-2-phenylindole after treatment with LC-0296 or the vehicle DMSO (control) for 24 h.
Culture media were collected and centrifuged to collect floating cells, which were added back to their respective wells prior to assessment. E and
F: The graphs show the fold change in DNA fragmentation for HNSCC cells and normal human oral keratinocytes after treatment with LC-0296 or
vehicle DMSO (control) for 24 h. ***p≤0.001for LC-0296 vs. control. 



Results

Defining the chemical structure and enzymatic selectivity of
the SIRT3 inhibitor (LC-0296) in vitro. The schematic
diagram for the chemical synthesis of LC-0296 and the
chemical structure are shown in Figure 1A. The SIRT3
inhibitor, LC-0296, possesses a selective inhibitory effect,
about ~20- and 10-fold greater inhibition of SIRT3
enzymatic activity compared to SIRT1 and SIRT2 (Figure
1B, Table I). 

LC-0296 inhibits HNSCC cell survival without affecting
normal human oral keratinocytes. To assess the effect of the
SIRT3 inhibitor LC-0296 on HNSCC cell survival, we first
performed dose- and time-dependent experiments using a
wide range of doses (0.001, 0.01, 0.1, 1, and 10 μM, at 24,

48, and 72 h), and compared these data to those for normal
human oral keratinocytes (Figure 2). Since we did not find
significant inhibitory effects on HNSCC cell survival under
these doses, we tested higher doses of LC-0296. At doses in
the micromolar range, LC-0296 had significant inhibitory
and dose-dependent effects on HNSCC cell viability, without
affecting normal human oral keratinocytes (Figure 3B). A
representative image of HNSCC cells and normal human oral
keratinocytes treated with LC-0296 (75 μM) is presented in
Figure 3C. Figure 3C further demonstrates the absence of
morphological changes in normal human oral keratinocytes
compared to HNSCC cells treated with LC-0296 (75 μM). 

LC-0296 inhibits cell growth and proliferation and promotes
apoptosis of HNSCC cells. To further evaluate the effect of
the SIRT3 inhibitor LC-0296 on HNSCC cell growth and
proliferation, colony-formation assays were performed using
different doses of LC-0296. These data demonstrate that in
addition to inhibiting cell viability, LC-0296 also blocked
HNSCC cell colony formation in a dose-dependent manner
(Figure 4A). Notably, the 75 μM dose had an even greater
effect on colony formation ability than on cell viability as
shown in Figure 3B. This may be explained by the fact that
single-cell colony growth assays are devoid of growth signals
from neighboring cells and cell–cell contact, thereby
promoting a less robust survival environment. In addition,
LC-0296 also induced apoptosis of HNSCC cells in a dose-
dependent manner (Figure 4C and E). Importantly, LC-0296,
did not exert significant effects on cell growth and
proliferation or apoptosis of normal human oral keratinocytes
at any of the inhibitor doses (Figure 4B, D and F). 

SIRT3 inhibitor, LC-0296, enhances the sensitivity of HNSCC
cells to both radiation and chemotherapeutic drugs. Thus far,
our data indicate that LC-0296 can be used as a single agent
to inhibit HNSCC cell growth and survival, and promote
apoptosis-mediated cell death. However, we further asked
whether LC-0296 could function as an effective adjuvant
treatment for cases that do not respond well to either
radiation or chemotherapeutic approaches. Both UM-SCC-1
and UM-SCC-17B cells are very aggressive HNSCC cell
lines, which are highly resistant to radiation (26, 27), and the
former is also resistant to cisplatin (data not shown).
Interestingly, LC-0296 worked synergistically to enhance the
sensitivity of HNSCC cell lines to both treatments compared
to untreated controls or cells treated with radiation or
cisplatin alone (Figure 5A and B). The synergistic effect was
assessed using the CI. 

LC-0296 inhibits de-acetylation by SIRT3 and increases
mitochondrial protein acetylation in HNSCC cells.
Previously, we showed that down-regulation of SIRT3
significantly limited OSCC cell survival and tumorigenesis
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Figure 5. Sirtuin-3 (SIRT3) inhibitor LC-0296 enhances the sensitivity of
head and neck squamous cell carcinoma cells to both radiation and
chemotherapeutic drug. The graphs shows the percentage of viable
HNSCC cells after treatment with LC-0296 (50 μM), with or without
ionizing radiation (IR; 2.5 Gy) (A) or cisplatin (CDDP; 20 μM) (B) for
24 h, and assessment of cytotoxicity using the QUANT Cell Proliferation
Assay Kit. The control was treated with dimethyl sulfoxide diluting agent,
for 24 h. ***p≤0.001 for LC-0296 vs. control, or comparison indicated. 



both in vitro and in vivo (19). Although our novel SIRT3
chemical inhibitor selectively inhibits enzymatic activity of
SIRT3 in vitro (Figure 1B, Table I), it was not known
whether LC-0296 functions by inhibiting de-acetylation by
SIRT3 in a cellular context. Therefore, we assayed de-
acetylation by SIRT3 in cell lysates from HNSCC cell lines
treated with 50 μM LC-0296 or vehicle control (DMSO). To
demonstrate that LC-0296 specifically targets de-acetylation
by SIRT3 in the mitochondria, mitochondrial fractions were
assessed for global mitochondrial protein acetylation. Our
data show that LC-0296 blocks de-acetylation by SIRT3
within the mitochondria compared to vehicle control
(DMSO) (Figure 6A and B). Furthermore, LC-0296
specifically inhibited de-acetylation by SIRT3, thus
preventing deacetylation of SIRT3 target proteins, such as
NDUFA9 and GDH in the mitochondria (Figure 6C). In
addition, we performed western blot analyses to assess the
effect of LC-0296 on SIRT3 protein levels in HNSCC cells.
Interestingly, our results showed that LC-0296 inhibits the
de-acetylation function of SIRT3 in cells without affecting
SIRT3 protein levels (Figure 6D). 

LC-0296 inhibits cell survival and enhances apoptosis via
modulating ROS levels in HNSCC cells. Several studies have
found that normal cells have lower ROS levels compared to
cancer cells (28, 29), and it is well known that SIRT3 plays
a key regulatory role in controlling ROS levels in

mitochondria (5, 30). Therefore, we hypothesized that the
SIRT3 inhibitor LC-0296 blocks de-acetylation by SIRT3,
which affects ROS levels in these cells, and thereby
negatively affects their survival and promotes their
apoptosis. Furthermore, since ROS levels are higher in
cancer cells compared to normal cells, this may explain why
LC-0296 was more effective on HNSCC cells compared to
normal human oral keratinocytes. To test this hypothesis, we
evaluated ROS levels in HNSCC cells compared to normal
human oral keratinocytes. In agreement with previous
studies in other cancer cells (28, 29), ROS levels in HNSCC
cells were significantly higher than those in normal human
oral keratinocytes (Figure 7A). Next, we measured ROS
levels in HNSCC cells following LC-0296 treatment.
Interestingly, we found a significant increase in ROS levels
in LC-0296-treated HNSCC cells compared to untreated
vehicle controls (Figure 7B), indicating that SIRT3 works
by suppressing ROS levels in HNSCC cells. In addition, to
further confirm that LC-0296 works in HNSCC cells by
modulating ROS levels, we next used NAC, a scavenger for
ROS in this context. Indeed, addition of NAC abrogated the
effect of LC-0296 on HNSCC cells, thus reducing ROS
levels, increasing cell viability and reducing apoptosis
(Figure 7C and D). These data show that the SIRT3 inhibitor
LC-0296 has a specific inhibitory effect on HNSCC cell
viability, and enhances apoptosis, at least in part, by
modulating ROS levels. 
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Figure 6. Sirtuin-3 (SIRT3) inhibitor LC-0296 inhibits deacetylation by SIRT3 and increases global mitochondrial protein acetylation in head and
neck squamous cell carcinoma cells. A: Immunoblots reveal the voltage-dependent anion channel and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) protein levels present within mitochondrial (mito) and cytoplasmic (cyto) fractions isolated from HNSCC cells (UM-SCC-17B) treated with
control dimethyl sulfoxide (DMSO) or LC-0296 (50 μM) for 24 h. B: Immunoblots reveal mitochondrial protein acetylation in UMSCC-17B cells after
treatment with DMSO (vehicle; control) or LC-0296 (50 μM) for 24 h. VDAC served as a mitochondrial loading control. C: Immunoblots show the
levels of acetylated mitochondrial protein NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9 (NDUFA9) and glutamate
dehydrogenase (GDH) after treatment of HNSCC cells (UM-SCC-17B) with DMSO (control) or LC-0296 (50 μM) for 24 h, then lysates were
immunoprecipitated with NDUFA9 or GDH antibodies and immunoblotted with an acetylated-lysine (Ac-K) antibody. D: Immunoblots show SIRT3
expression levels in HNSCC cells after treatment with vehicle DMSO (control) or LC-0296 (50 μM). β-Actin served as the loading control. IP:
immunoprecipitation; IB: immunoblotting. 



Discussion
The poor survival rates for patients with head and neck
cancer urgently requires for development of new areas of
research that might identify new strategies and approaches
for drug development or the discovery of new targets or
markers that could aid in the early diagnosis and treatment
of such patients. 

The study of sirtuins is an exciting area that seems to hold
great promise toward enhancing our understanding of and
aiding in the development of treatments for age-related

diseases such as diabetes, neurodegenerative disorders, heart
disease, and cancer (6, 31). However, although this field has
been extensively studied for over a decade, there is still a
great deal to be learned on sirtuin biology. One such area is
the controversy over the role of several sirtuins in cancer
biology. SIRT1 and SIRT3 are at the center of this
controversy (13-18). In agreement with our aforementioned
studies, others also found that SIRT3 is overexpressed in
esophageal squamous cell carcinoma and colonic cancer, and
its high expression is correlated with a poor overall survival
and prognosis (32-35). 
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Figure 7. Sirtuin-3 (SIRT3) inhibitor LC-0296 inhibits cell survival and enhances apoptosis via modulating reactive oxygen species (ROS) levels in
head and neck squamous cell carcinoma (HNSCC) cells. A: Normal human oral keratinocytes (K), and HNSCC cells (UM-SCC-1 and UM-SCC17B)
were seeded in 96 well-plates at 5×103 cells/well, then ROS levels were measured after 24 h using the fluorogenic marker carboxy-2',7'-
dichlorodihydrofluorescein diacetate (H2DCFDA). The graph shows the levels of ROS in these HNSCC cells normalized to the levels of ROS in the
keratinocytes. B: HNSCC cells were pre-treated with N-acetyl-cysteine (NAC, 20 mM), a scavenger for ROS, or dimethyl sulfoxide (DMSO) (control)
for 2 h, then the pre-treatments were removed, and cells were subsequently treated with either DMSO (control) or LC-0296 (50 μM) for 10 h, and
finally stained with carboxy-H2DCFDA for ROS assays. The graph shows the levels of ROS in these HNSCC cells, that were normalized to the levels
of ROS in control cells. C: HNSCC cells were treated as described for panel B for 12 h, and then cell viability was determined by the QUANT Cell
Proliferation Assay. The graph shows the percentage of viable treated HNSCC cells normalized to control cells. D: HNSCC cells were treated as
described for panel B for 12 h, and then apoptosis was determined using DNA fragmentation enzyme-linked immunosorbent assay. The graph shows
the fold change in DNA fragmentation for treated HNSCC cells normalized to that of control cells. *p≤0.05, **p≤0.01 and ***p≤0.001 vs. control,
or comparison indicated.



In the present study, we report that a novel SIRT3
inhibitor, LC-0296, has enhanced selectivity toward
inhibition of de-acetylation by SIRT3. Importantly, LC-0296
shows specificity toward retarding HNSCC cell survival and
enhancing apoptosis, without affecting normal human oral
keratinocytes. Furthermore, this inhibitor functioned both as
a single agent and in combination with either radiation or
cisplatin treatment to reduce HNSCC cell viability,
especially in cell lines that were derived from patients with
resistance to these treatments. These attributes favor the
development of this type of SIRT3 inhibitor as a potential
future HNSCC therapeutic.

The role of ROS in carcinogenesis/tumorigenesis is well-
documented (36,37). ROS are responsible for normal cell
transformation, thereby promoting tumorigenesis (36, 37).
However, it is important to keep in mind that normal cells still
need low levels of ROS for physiological functions. ROS can
modulate both cell survival and apoptotic pathways (38, 39).
Thus, the balance between ROS production and anti-oxidants
seems to be a key factor in controlling normal cellular
processes and abnormal cellular transformation (40, 41).
SIRT3 is a key regulatory protein in mitochondria, maintaining
mitochondrial integrity and protecting them from increased
ROS levels. Thus, SIRT3 may respond to ROS-mediated cell
transformation to cancer via deacetylation and activation of
mitochondrial antioxidants, such as manganese superoxide
dismutase (MnSOD) and SOD2 (42-44). However, ROS levels
are lower in normal cells in general compared to cancer cells
(28, 29). Thus, it seems that following cellular transformation,
cancer cells adapt to increased ROS levels as part of their
abnormal genomic dysregulation. Interestingly, ROS levels
seem to be a sensor for cellular survival and proliferation, and
responsible for the increased aggressive phenotype and
resistance to conventional cancer treatments (37, 40, 41, 45).
Therefore, because SIRT3 is overexpressed in HNSCC cells
(19), for a reason that is yet unknown, and as part of the
abnormal genomic dysregulation in these cells, we believe that
SIRT3 may, in part, be responsible for controlling the balance
of ROS levels in these cells. SIRT3 may maintain ROS levels
at a threshold that promotes cancer cell survival, thereby
promoting a more aggressive phenotype that resists
conventional cancer treatments. Given these ideas, we
investigated whether LC-0296 works by modulating ROS
levels in HNSCC cells. Interestingly, because ROS levels are
higher in HNSCC cells compared to normal keratinocytes,
LC-0296 seems to alter the balance of ROS in cancer cells
toward compromising cell survival and enhancing apoptosis.
This may also explain, at least in part, the increased sensitivity
of radiation- and cisplatin-resistant HNSCC cells to this
compound, especially, when used in combination treatments.
Taking advantage of increased ROS levels in cancer cells is
one strategy for achieving more potent and selective effects of
chemotherapeutic drugs. There exist several ROS-based

chemical inhibitors that have been developed and tested in
clinical trials with promising results (46, 47). 

Because of the growing importance of sirtuins in cancer
tumorigenesis, numerous studies have developed activators
and inhibitors for this family of proteins (11, 12, 48).
Unfortunately, lack of selectivity of these compounds is still
one of the major drawbacks hindering the advancement of
these compounds into clinical trials. Most of these inhibitors
possess greater specificity toward SIRT1 and SIRT2 (49). The
lack of specific SIRT3 inhibitors, and the important roles of
SIRT3 in controlling the hallmarks of cancer (9), underscores
the importance of developing such compounds (50-53). One
SIRT3 inhibitor that has been introduced is compound 2, a
bioisosteric analog of nicotinamide. The inhibitory
concentration by 50% (IC50) of this compound was reported
to be 38±5 μM. Its selectivity for SIRT3 over SIRT1 and
SIRT2 was reported to be approximately 6-fold greater. At a
dose of 100 μM, compound 2 reduced ATP levels and
increased superoxide production in human melanoma cells
compared to controls (54). In addition, treatment of HeLa
cells with 1 mM of compound 2 led to increased acetylation
of mitochondrial proteins. In comparison to compound 2, LC-
0296 has an IC50 of 3.6 μM and its selectivity for SIRT3 over
SIRT1 and SIRT2 is 18.6- and 9.2-fold greater, respectively.
When tested for biological efficacy here, LC-0296 inhibited
cell proliferation and colony formation and increased DNA
fragmentation dose-dependently in HNSCC cells. Effective
biological doses started at 25 μM. Furthermore, LC-0296
sensitized HNSCC cells to cisplatin and radiation treatment
when tested at a 50 μM dose. Lastly, LC-0296 treatment
promoted global acetylation of mitochondrial proteins when
tested at a 50 μM dose. These processes were mediated, in
part, by regulation of ROS levels. Thus, LC-0296 appears to
be a more potent inhibitor with greater selectivity than
compound 2, and the biological efficacy of LC-0296 supports
its use against HNSCC tumorigenesis. Further in vivo testing
of these two compounds to compare their activity and
selectivity is warranted.

In addition, new SIRT3 inhibitors were generated via a
virtual screening approach (55). The 2,4-dichloro substitution
pattern (compound 9) showed the highest inhibitory effect
(71%) compared to others within in vitro settings. However,
the biological effects of compound 9 need to be tested in
cancer cell lines (55). Similarly, other SIRT3 inhibitors have
recently been reported, however, their biological activity on
cancer cell lines or in vivo has yet to be tested, or they lack
selectivity for SIRT3 (50-53). 

To our knowledge, there are no published reports on clinical
trials using class III histone deacetylase inhibitors of sirtuins to
treat cancer. In agreement with the few and recently published
reports (54, 55), our current study also represents a proof-of-
principle wherein treatment with SIRT3 inhibitors may be
advantageous for overcoming HNSCC aggressiveness and
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drug-resistant phenotypes. Our novel SIRT3 inhibitor, LC-
0296, is the first generation of this type of inhibitor. Our group
is currently working on developing more potent and suitable
versions of this compound, for use at the nanomolar range,
which may be more applicable for testing within an in vivo
setting and for potential future clinical trials. 

In summary, development of novel SIRT3 inhibitors, such
as LC-0296, may open new avenues for the discovery and
development of targeted therapies for HNSCC by taking
advantage of increased ROS levels in HNSCC cells. This
may result in better treatment outcomes with fewer side-
effects, a better quality of life, and improved survival rates
for patients with head and neck cancer. 
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