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A B S T R A C T

Nitrosourea represents one of the most active classes of chemotherapeutic alkylating agents for metastatic
melanoma. Treatment with nitrosoureas caused severe systemic side e�ects which hamper its clinical use. Here,
we provide pharmacological evidence that reactive oxygen species (ROS) induction and IKK� inhibition
cooperatively enhance nitrosourea-induced cytotoxicity in melanoma cells. We identi�ed SC-514 as a ROS-
inducing IKK� inhibitor which enhanced the function of nitrosoureas. Elevated ROS level results in increased
DNA crosslink e�ciency triggered by nitrosoureas and IKK� inhibition enhances DNA damage signals and
sensitizes nitrosourea-induced cell death. Using xenograft mouse model, we con�rm that ROS-inducing IKK�
inhibitor cooperates with nitrosourea to reduce tumor size and malignancy in vivo. Taken together, our results
illustrate a new direction in nitrosourea treatment, and reveal that the combination of ROS-inducing IKK�
inhibitors with nitrosoureas can be potentially exploited for melanoma therapy.

1. Introduction

Malignant melanoma is a highly aggressive and treatment-resistant
cancer, with increasing incidence and high mortality rates world-wide.
The long term survival rate for patients with metastatic melanoma is
only 5% [1]. Several therapeutic regimens such as vemurafenib/
dabrafenib (targeting the BRAF V600E mutation), trametinib (target-
ing MEK), ipilimumab (targeting CTLA-4), and pembrolizumab and
nivolumab (antibodies targeting programmed cell death 1) have
resulted in an improved overall survival [2,3]. However, the above
mentioned regimens are not suitable for the whole patient group due to
the toxicity, lack of the V600E mutation and development of resistance,
low response rate and other treatment strategies are therefore still
required [2,3].

Alkylating agents are a class of anti-cancer chemotherapy drugs
that bind to DNA and prevent proper DNA replication [4]. The
monofunctional alkylating agents dacarbazine (DTIC) and temozolo-
mide (TMZ) are approved in USA and frequently used for the treatment
of melanoma for �rst-line therapy, but for most patients DTIC and
TMZ treatment fails [5,6]. Due to the inherent drug-resistant char-

acteristic of this disease, chemotherapy by TMZ is an ine�ective mean
of treating malignant melanoma. The reasons for the chemoresistant
phenotype in human melanoma are not well understood and are
probably multifactorial [5].

Fotemustine is a nitrosourea alkylating agent approved in Europe,
particularly in France and Italy, for use in the treatment of metastatic
melanoma and gliomas [5,7]. The mechanism of action of fotemustine
involves the induction of DNA interstrand cross-linking, which then
leads to improper DNA replication and cell death [8,9]. Fotemustine is
active in the treatment of melanoma brain metastases because it is able
to cross the blood�brain barrier [10,11]. Fotemustine provides a better
survival rate compared with DTIC for melanoma patients [12].
Nitrosourea alkylating agents are toxic to both cancer and normal
cells, leading to damage in frequently dividing cells, as those in the
gastrointestinal tract, bone marrow, testicles and ovaries, which can
cause loss of fertility [8]. Nitrosourea alkylating agents also induce side
e�ects consisted of headache, nuchal sti�ness, vomiting, motor weak-
ness, cranial nerve palsy, abnormal respiration and arrhythmia [13].
Moreover, there are serious side e�ects associated with fotemustine
including myelosuppression, leucopenia, thrombocytopenia and toxic
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encephalopathy [7,14]. One approach to overcome these problems is to
introduce a second chemical that enhances the cytotoxic e�ects of
alkylating agents and allows the use of the inducers at lower and non-
toxic doses.

The I�B kinase (IKK) enzyme complex is responsible for I�B
phosphorylation which is essential for NF-�B signaling. Upon stimula-
tion, the so-called canonical or classical pathway is activated, leading to
the activation of IKK complex. Activated IKK� and/or IKK� phosphor-
ylate I�B� at S-32 and S-36. This causes I�B� ubiquitination and
degradation by the 26 S proteasome, thereby, allowing NF-�B to
translocate into the nucleus to regulate NF-�B target genes [15]. A
growing body of evidence suggests that IKK� may be a cancer
treatment target in enhancing the cytotoxic e�ects by anti-cancer
drugs, because several novel NF�B-independent functions of IKK�
have been identi�ed recently, including promotion of DNA double
strand break repair to promote cell survival and increase tumor cell
resistance to ionizing radiation and chemotherapy [16�18]. However,
no systemic study has been performed to review the potential
synergistic action of IKK� inhibitors on anti-cancer alkylating agents.

Reactive oxygen species (ROS) are chemically reactive molecules
containing oxygen. High ROS production has been associated with
signi�cant decrease in antioxidant defense mechanisms leading to
protein, lipid and DNA damage and subsequent disruption of cellular
functions, leading to fatal lesions in cell that contribute to carcinogen-
esis [19]. On the other hand, ROS-inducing agents have been found to
enhance the therapeutic e�ects of some anti-cancer agents. Previous
study showed that tumor cell death induced by nitrosourea can be
altered by the increase of ROS production [20], raising the possibility
of using ROS-inducing compound as sensitizing agents for anti-cancer
alkylating drugs.

Here, we investigate the potential therapeutic strategy for sensitiz-
ing the anti-tumor e�ect of nitrosourea alkylating agent using ROS-
inducing IKK� inhibitor.

2. Materials and methods

2.1. Reagents and antibodies

Antibodies against IKK�, catalase, SOD1, p21, p27, p-Chk1(S345),
Chk1, p-Chk2(T68), Chk2, p-H2AX(S139), H2AX, p-ATM(S1981),
ATM, MGMT, PARP, Caspase-3, p-p53(S15), p53, survivin, XIAP,
cIAP-1, cIAP-2, Mre11, Rad50, p95/NBS1, were purchased from Cell
Signaling (Beverly, MA). Antibodies against Bak, Bcl-2, Bcl-xL,
GAPDH, and actinin were purchased from Santa Cruz Biotechnology,
Inc. Fotemustine and antibody against Flag (M2) was purchased from
Sigma. 8-OHdG ELISA kit, mirin and SC-514 for in vivo experiment
were purchased from Abcam. SC-514 for in vitro experiment, carmus-
tine and lomustine were purchased from Enzo Life Sciences. PLX4032,
BMS-345541, TPCA-1, LY-2409881, AZD3264, IKK-16 and PS-1145
were purchased form Selleckchem ML 120B dihydrochloride and
PF184 were purchased from Tocris Bioscience. Crystal violet, propi-
dium iodide (PI), N-acetyl-L-cysteine (NAC), temozolomide, 3-Amino-
1,2,4-triazole (ATZ), hydrogen peroxide solution and 3-(4,5-Dimethyl-
2-thiazolyl)�2,5-diphenyl-2H-tetrazolium bromide (MTT) were pur-
chased from Sigma. 6-Carboxy-2�,7�-dichloro�uorescein diacetate
(DCF) was purchased from Thermo Scienti�c.

2.2. Cell cultures

IGR-1 cells were obtained from CLS Cell Lines Service GmbH. All
the other melanoma cell lines were obtained from American Type
Culture Collection. All cell lines were cultured in DMEM supplemented
with 5% fetal calf serum, 100 units/ml penicillin, and 100 mg/ml
streptomycin. Human dermal �broblasts adult (HDFa) cells were
obtained from Thermo Fisher Scienti�c and cultured with Medium
106 supplemented with Low Serum Growth Supplement Kit. All cell

lines were authenticated by genotyping, found to be mycoplasma free
and typically used within 20 passages. BRAF inhibitor resistant clones
cells were cultured in increasing concentrations of PLX4032 (0.1�
1 �M) and the resistant clones were maintained in 1 �M PLX4032
thereafter.

2.3. Modi�ed alkaline comet assay

The alkaline comet assay was used to detect fotemustine-induced
DNA crosslinks in melanoma cells. Brie�y, at 4 h after drug exposure,
cells were harvested in ice cold PBS by scraping and the pellet was
resuspended in ice-cold PBS. Cells were incubated with 50 �M hydro-
gen peroxide to induce strand breaks for 10 min at 4 °C, centrifuged at
2000g for 5 min at 4 °C and resuspended in PBS. The comet assay was
performed as then. Brie�y, cell samples were added to an equal volume
of 1% low melting point agarose and embedded on comet assay slide
(Cell Biolabs, Inc). The slides were then incubated in lysis solution
(2.5 N NaCl, 10 mM Tris, 100 mM EDTA, pH 10.5, 1% v/v Triton X-
100) overnight at 4 °C in the dark. Slides were equilibrated in fresh
electrophoresis bu�er (50 mM NaOH, 1 mM EDTA, pH 12.5) and
electrophoresed for 30 min at 0.6 V/cm in the dark. Following electro-
phoresis, slides were washed twice in neutralizing bu�er (500 mM Tris,
pH 7.5) and 5 min in distilled water and dried overnight. Next day,
they were rehydrated 30 min with distilled water and stained 30 min
with Vista Green DNA Dye (Cell Biolabs, Inc) at a 1:10000 dilution.
The slides were �nally illuminated with green light under �uorescence
microscope (Leica), linked to a CCD camera. DNA migration was
analyzed using the CaspLab software (http://www.casp.of.pl), by
measuring 50 cells per slides and the data was expressed as percent
of DNA in the comet tail (Tail DNA%).

2.4. In vitro DNA crosslink assay

The in vitro DNA cross-linking was measured using a modi�ed
DNA renaturation. Brie�y, calf-thymus DNA (250 �g/ml) was exposed
to alkylating agents and/or H2O2 in bu�er (10 mM Tris-HCl, 1 mM
EDTA, pH8.0), and incubated at 37 °C for 16 h. The mixture was
removed and 0.1 �g/ml Hoechst 33258 was added as the �uorescent
probe, which binds selectively to double stranded DNA and generates
intense �uorescence. Then each sample was unheated or heated at
98 °C for 5 min, and plunged into ice water for 5 min, and followed by
incubation at room temperature for 5 min. The �uorescence was
measured using a �uorescence microplate reader (EnVision®,
PerkinElmer). The cross-linked fraction (CF) was described as
CF=(Ea/Eb�Ca/Cb)/(1�Ca/Cb). Ea is the �uorescence of the experi-
mental sample after heat/chill, Eb is the �uorescence of the experi-
mental sample before heat/chill, Ca is the �uorescence of the control
sample after heat/chill, and Cb is the control of the experimental
sample before heat/chill.

2.5. Immuno�uorescence

Melanoma cells were grown on 4-well chambered slides (SPL Life
Sciences), �xed with 4% paraformaldehyde for 10 min, and permeabi-
lized with 0.1% Triton X-100 for 5 min. After permeabilization, slides
blocked in PBS/1% BSA for 1 h at 37 °C, and incubated overnight at
4 °C with the following primary antibodies: rabbit monoclonal �H2AX
(Ser-139), 1:1000 (Cell Signaling Technology). Secondary antibodies
labeled with Alexa 488 (Abcam) were added at 1:1000, and slides were
incubated at 37 °C for 1 h. Slides were mounted with Fluoroshield
Mounting Medium With DAPI (Abcam). Images were acquired at room
temperature with a Leica DMI3000 B microscope.
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2.6. Construction of plasmids, transient transfection and luciferase
activity assay

The NF-�B luciferase reporter (pNF-�B-Luc) was obtained from
Clontech. MGMT full length expression constructs were synthesized by
PCR using A375 total mRNA and subcloned into the pcDNA3-Flag
tagged vector. The cDNA of IKK�-WT and IKK�-SS/EE, encoding wide
type or constitutively active IKKs were generously supplied by Dr.
Richard B. Gaynor (Department of Medicine, University of Texas
Southwestern Medical Center, USA [21], and subcloned into the
pcDNA3-Flag tagged vector. The pcDNA3-catalase-Flag tagged vector
was constructed as described [22]. The plasmid transfection and
luciferase assay were the same as described previously [23]. Fire�y
and renilla luciferase activities were assayed according to the manufac-
turer's protocol (Promega). Fire�y luciferase activity was normalized to
renilla luciferase activity in cell lysate and expressed as an average of
three independent experiments.

2.7. Cytotoxicity assay and crystal violet staining

For crystal violet staining assay, cells (1×104) were seeded in
60 mm dishes, and then untreated or pretreated with SC-514 and/or
fotemustine. Then, cells were formalin-�xed and stained with crystal
violet. Cell numbers were measured as the optical density at 595 nm
(OD595) of solubilized crystal violet from formalin-�xed cells.
Cytotoxicity were also determined by the MTT reduction assay [24].

2.8. Western blot analysis

Whole-cell protein was prepared and analyzed by Western blotting
as described previously [25].

2.9. Small interfering RNA (siRNA) treatment

Silencing of Catalase or SOD1 was achieved by transfecting siRNAs
(Thermo Scienti�c) using Lipofectamine 2000 (Invitrogen) according
to the manufacturer's recommendations. Gene silencing e�ect was
evaluated by Western blot analysis.

2.10. Measurement of reactive oxygen species

Cells were plated in black 96-well plates and allowed to attach for
24 h. Then cells were loaded with �uorescent dyes, 6-Carboxy-2�,7�-
dichloro�uorescein diacetate (DCF-DA), and further stimulated with
SC-514 and/or fotemustine. Fluorescence was measured using a
�uorescence microplate reader (EnVision® Multilabel Reader,
PerkinElmer) at indicated time point at 37 °C. For DCF �uorescence
microscopy, G361 cells were seeded in 4-well cell culture slide chamber
(SPL Life Sciences) and treated with 50 µM SC-514 and/or NAC for
4 h. 10 µM of DCF-DA were then loaded to cells, afterwards, the
samples were rinsed twice with saline, �xed with 4% paraformalde-
hyde, and counter-stained with DAPI. Images were acquired at room
temperature with a Leica DMI3000 B microscope.

2.11. Cell cycle analysis

For cell cycle analysis, cells were collected, washed, resuspended in
cold PBS, �xed in 75% ethanol at �20 °C overnight, washed and
resuspended in PBS with RNAase. Cellular DNA was stained with PI
and cell samples were analyzed on a Becton Dickson �ow cytometer
(BD Biosciences, USA) using CELL Quest software (Verity Software
House Inc., Topsham, ME).

2.12. Annexin V/PI assay

The indicator of cell death and apoptosis was detected by using

annexin V/PI binding kit (Abcam).. Brie�y, A375 and G361 cells were
treated with SC-514 and/or fotemustine for 48 h. Then, cells were
trypsinized, stained with annexin V/PI and then analyzed with �ow
cytometer.

2.13. In vivo xenograft melanoma model

Male nu/nu BALB/c mice (6 weeks old) were obtained from
BioLASCO Taiwan (Taipei, Taiwan). The nude mice were maintained
in individual ventilated cages in a speci�c animal handling room of
Hong Kong Baptist University. All care and handling of animals were
performed with the approval of the Government of The Hong Kong
Special Administrative Region Department of Health. A375 or G361
(5×106) cells were resuspended in 0.1 ml PBS and inoculated sub-
cutaneously into the backs of nude mice and allowed to grow for 7 days.
After that, mice were randomly assigned to 4 groups (n=6 for each
group) and treated by intraperitoneal injection with 200 µl 30% PEG/
5% Tween-80 solution as the vehicle control and 25 mg/kg SC-514
and/or 25 mg/kg fotemustine daily for 13�15 consecutive days. Body
weight and tumor volume were measured every 3 days. Tumor volumes
were determined by a caliper and calculated according to the following
formula: (width2×length)/2. At the end of the experiment, mice were
sacri�ced and tumor xenografts were collected. Tumor tissues were
stored at �80 °C for Western blot analysis.

2.14. Statistical analysis

Statistical analysis was performed using Origin 6.0 (Origin soft-
ware). All data are expressed as mean ± SD of 3 independent experi-
ments. Statistical signi�cance was determined using unpaired Student's
t-test and a P value of less than 0.05 was considered statistically
signi�cant.

3. Results

3.1. Dual targeting of IKK� and antioxidant enzyme sensitizes
nitrosourea-induced melanoma cell death

Recently reports indicate that inhibition of IKK� or induction of
ROS could enhance cancer cell death induced by nitrosoureas [16,20].
However, the dual e�ect of IKK� inhibition and ROS induction on
nitrosourea-induced cell death is not known. To determine the dual
e�ect of IKK� inhibition and ROS induction, we treated human
melanoma cell lines with IKK� and/or antioxidant enzyme catalase
siRNA together with fotemustine. A375 and G361 melanoma cell lines
showed low sensitivity to fotemustine alone (Fig. 1, A and B).
Individual knockdown of IKK� or catalase led no or only slight
enhancement in fotemustine-induced cytotoxicity. Interestingly, simul-
taneous treatment with IKK� and catalase siRNA resulted in synergis-
tic increases in growth inhibition induced by fotemustine in both A375
and G361 cells (Fig. 1, A and B). We also observed that simultaneous
treatment with IKK� and superoxide dismutase 1 (SOD1) siRNA
resulted in increase in growth inhibition induced by fotemustine
(Supplementary Fig. S1). These results indicate that IKK� inhibition
and ROS induction together, but not alone, could augment nitrosourea-
induced melanoma cell death.

3.2. SC-514 is a ROS-inducing IKK� inhibitor

On the basis of the �ndings above, we next explored the ROS-
inducing properties of current speci�c IKK� inhibitors. Nine speci�c
IKK� inhibitors (Fig. 2A) were screened for their capacity to alter ROS
levels in cultured cells. All selected IKK� inhibitors were able to show
di�erential inhibitory e�ects on the intrinsic NF-�B activity, as
evidenced by NF-�B luciferase assay (Fig. 2B). Next, we investigated
whether these IKK� inhibitors could alter ROS levels in melanoma
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cells. We found that among all compounds being tested, only SC-514
produced an increase in the endogenous ROS levels in G361 melanoma
cells (Fig. 2C), and the increase in ROS levels was inhibited by anti-
oxidant NAC co-treatment (Fig. 2D). We also observed that SC-514
induced ROS production in a consistent manner during 3 h treatment
period (Fig. 2E). Moreover, SC-514 was able to induce ROS in all other
melanoma cells being tested including A375, COLO829, Malme-3 M,
Sk-MEL-5 and SK-MEL-28 cells (Supplementary Fig. S2), indicating
that the ROS-inducing property of SC-514 was not cell-type speci�c.

3.3. SC-514 synergizes with nitrosoureas to kill melanoma cells

To evaluate whether the ROS-inducing IKK� inhibitor increases the
sensitivity of melanoma cells to nitrosourea, we �rst assessed the
responses of melanoma cells to SC-514/fotemustine co-treatment.

Melanoma cell lines were treated with 50 µM of SC-514 and fotemus-
tine alone and in combination for 48 h and growth inhibition was
assessed. As shown in Fig. 3A, co-treatment with SC-514 signi�cantly
enhanced fotemustine-induced cytotoxicity in all melanoma cell lines
tested, suggesting that the enhancement e�ect of SC-514/fotemustine
is not cell-type speci�c. Interestingly, no enhancement e�ect was
observed in normal human adult dermal �broblast cells (HDFa)
(Fig. 3A).

To determine the long term growth inhibitory e�ects, we treated
various melanoma cells with vehicle or SC-514 and /or fotemustine for
7 days. Under these conditions, cells treated with vehicle, SC-514
alone, or fotemustine alone remained viable and continued to grow
(Fig. 3B). In contrast, the combination of SC-514 and fotemustine led
to the elimination of viable cells, indicating that the fotemustine-
sensitizing action of SC-514 signi�cantly reduced long term cell
survival.

Besides fotemustine, several other cytotoxic alkylating agents
containing the lipophilic chloroethyl-nitrosourea group, such as car-
mustine and lomustine, were also used to treat melanoma [26]. To test
whether SC-514 synergizes with other nitrosoureas, we tested the cell
viability of SC-514 in combination with carmustine and lomustine. The
addition of SC-514 to carmustine and lomustine exerted higher
cytotoxicity compared with carmustine alone and lomustine alone
(Fig. 3C), suggesting that the augmentation e�ect of SC-514 to
nitrosoureas was not limited to fotemustine. On the other hand, SC-
514 was not able to enhance the cytotoxic e�ect of the monofunctional
alkylating temozolomide (Fig. 3C).

Activating V600E mutation in the BRAF oncogene was found in
over half of the patients with advanced melanoma [27]. Inhibition of
the oncogenic BRAF protein with the small molecule inhibitor
PLX4032 (vemurafenib) has shown impressive initial responses in
patients with BRAF mutant melanoma [28]. However, BRAF therapies
for advanced melanoma are rarely curative, due to the rapid develop-
ment of resistance, relapse and side e�ects [29]. To determine whether
fotemustine-induced cell growth inhibition can be enhanced by SC-514
in BRAF inhibitor resistant cells, we generated BRAF mutant A375-R
and G361-R melanoma cell clones that were less sensitive to the BRAF
inhibitor PLX4032 than their respective parental cells. As presented in
Fig. 3D, SC-514 was able to augment fotemustine-induced cytotoxicity
in A375-R and G361-R cells. These data clearly demonstrate the
enhancement ability of SC-514 on fotemustine in BRAF inhibitor
resistant cells.

As described in Fig. 2C, SC-514 was the only IKK� inhibitor that
could induce ROS. We also investigated the possible enhancing e�ect
from the combination of non-ROS-inducing IKK� inhibitor and
fotemustine together with knockdown or inhibition of antioxidant
enzyme. We found that either knockdown of catalase or inhibition of
catalase activity by catalase inhibitor aminotriazole (ATZ) was able to
boost the enhancing ability of non-ROS-inducing IKK� inhibitors BMS-
345541 and PS-1145 to fotemustine-induced cell death (Fig. 3, E and
F). This indicates that the induction of ROS by other ways or sources
could also contribute to the enhancing e�ects.

3.4. SC-514/fotemustine combination induces concomitant DNA
damage, cell cycle arrest and apoptosis in human melanoma cells

Fotemustine was found to induce either S or G2-M phase arrest in
the cell cycle in melanoma cells [30]. To evaluate whether SC-514/
fotemustine inhibits cell proliferation via the regulation of cell-cycle,
cell-cycle analysis was carried out by �ow cytometry. When melanoma
cells exposed to SC-514/fotemustine for 24 h, increase of cells in G2-M
phase was observed in A375 cells, while accumulation of S phase cells
was observed in G361 cells (Fig. 4A). SC-514/fotemustine-mediated
cell cycle arrest was associated with increase in cell cycle regulatory
proteins p21, p27, p53 (Fig. 4B). SC-514/fotemustine combination
remarkably induced phosphorylation of Chk1 at Ser345 in both A375

Fig. 1. Combining Catalase and IKK� Inhibition Sensitizes Melanoma Cells to
Nitrosourea Treatment. (A) After transfection with control, catalase and/or IKK�
siRNAs for 24 h, A375 cells were treated with vehicle or 50 µM of fotemustine for an
additional 48 h. Cell viability was then assessed. *, p < 0.05. Western blot analysis of
catalase and IKK� after same treatment is also shown. (B) After transfection with catalase
and/or IKK� siRNAs for 24 h, G361 cells were treated with vehicle or 50 µM of
fotemustine for an additional 48 h. Cell viability was assessed by the MTT assay. *, p
< 0.05. Western blot analysis of catalase and IKK� after same treatment is also shown.
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Fig. 2. SC-514 is a ROS-inducing IKK� Inhibitor. (A) Chemical structure of nine IKK� inhibitors. (B) Luciferase activity of G361 cells transfected with pNF-kB-Luc and treated with
vehicle or indicated IKK� inhibitors for 24 h. At least two independent experiments with triplicates revealed comparable results. (C) G361 cells were loaded with DCF (ROS probe) and
further stimulated with vehicle or indicated IKK� inhibitors for 3 h. Fluorescence was measured using a �uorescence microplate reader. *, p < 0.05 versus control. (D) Fluorescence
microscopy images of DAPI and DCF stained G361 cells treated with 50 µM SC-514 and/or 5 mM NAC for 4 h. (E) DCF �uorescence was measured in A375 and G361 melanoma cells
treated with vehicle or 50 µM of SC-514 at indicated time intervals.
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Fig. 3. SC-514 Sensitizes Nitrosourea-induced Melanoma Cell Death. (A) Indicated melanoma cell lines and normal human dermal �broblasts adult (HDFa) were treated with vehicle or
50 µM SC-514 and/or 50 µM fotemustine for 2 days to determine the e�ect on proliferation. *, p < 0.05 versus control, SC-514 alone, and fotemustine alone. (B) Clonogenic survival
assay of indicated melanoma cells treated with vehicle or 50 µM of SC-514 and/or 50 µM of fotemustine for 7 days. (C) Left, Chemical structure of four alkylating agents. Right, cell
viability assay of G361 cells treated with vehicle or 50 µM of SC-514 and/or fotemustine (50 µM), carmustine (50 µM), lomustine (50 µM), temozolomide (100 µM) for 2 days. *, p < 0.05
versus control, SC-514 alone, and nitrosoureas alone. (D) Left, cell viability assay of parental and PLX4032-resistant A375 and G361 cells treated with 1 µM of PLX4032 for 2 days.
Right, cell viability assay of PLX4032-resistant A375-R and G361-R cells treated with vehicle or 50 µM of SC-514 and/or 50 µM fotemustine for 2 days. *, p < 0.05 versus control, SC-
514 alone, and fotemustine alone. (E) After transfection with control or catalase siRNAs for 24 h, A375 and G361 cells were treated with vehicle or 2.5 µM BMS-345541, 20 µM PS-1145
and/or 50 µM of fotemustine for an additional 48 h. Cell viability was then assessed. *, p < 0.05. (F) A375 and G361 cells were treated with vehicle or 2.5 µM BMS-345541, 20 µM PS-
1145 and/or 50 µM of fotemustine, in the presence or absence of catalase inhibitor 3-Amino-1,2,4-triazole (ATZ, 50 µM) for 48 h. Cell viability was then assessed. *, p < 0.05.
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and G361 cells, while increase in phosphorylation of Chk2 at Thr68 was
only observed in A375 cells, but not in G361 cells, under SC-514/
fotemustine treatment (Fig. 4B).

To examine the capacity of SC-514 and/or fotemustine treatment to
induce apoptosis in A375 and G361 melanoma cells, PARP/Caspase-3
cleavage analysis and �ow cytometry assessment of Annexin V and
propidium iodide staining were performed. We observed that the
combination of SC-514/fotemustine induced reliable detection of
apoptosis (Fig. 4C and Supplementary Fig. S3A). We also examined
whether SC514/fotemustine would modulate the cell survival and
apoptosis-related proteins. We found that SC514/fotemustine combi-
nation down-regulated the expression of survivin but had no apparent
e�ect on the expression of other anti-apoptotic and cell survival
proteins (Supplementary Fig. S3B).

Melanoma cells apoptosis induced by fotemustine was shown to be
accompanied by DNA double-strand break formation [31]. Therefore,
we investigated whether the combination SC-514 and fotemustine
might result in increased H2AX phosphorylation (S139) levels, which
acts as indicator of DNA damage and double-strand breaks. We found
that SC-514 or fotemustine alone showed no or little induction of p-
H2AX levels but the SC-514/fotemustine combination exerted dra-
matic increase in p-H2AX levels, and the e�ects was in a time�
dependent manner (Fig. 4D). We also detected the formation of p-
H2AX foci in A375 and G361 cells under SC-514/fotemustine treat-
ment (Fig. 4E). Taken together, these data indicate that SC-514

potentiates the fotemustine-induced DNA damage and DNA double
strand break in human melanoma cells.

3.5. ROS induction is essential in SC-514/fotemustine-induced
melanoma cell death

It has been reported that tumor cell death induced by nitrosourea
can be altered by the increase of ROS production [20]. We have shown
above that SC-514 is a ROS-inducing IKK� inhibitor that can enhance
nitrosourea-induced melanoma cell death. To further investigate the
role and signi�cance of the changes in ROS in SC-514/fotemustine-
induced cell death, we �rstly measured the e�ect of SC-514/fotemus-
tine combination on the overall oxidation state of human melanoma
cells. We showed that as expected, treatment of SC-514 alone increased
ROS production, while fotemustine treatment alone did not induce
ROS production in A375 and G361 cells (Fig. 5A). SC-514/fotemustine
combination only slightly enhanced ROS production compared to SC-
514 alone (Fig. 5A). We also found that SC514/fotemustine combina-
tion had no apparent e�ect on the expression of catalase, SOD1 and
IKK� protein levels (Supplementary Fig. S4A). In addition to this, we
observed that SC-514/fotemustine combination did not increase the
oxidative DNA damage byproducts (Supplementary Fig. S4B), 8-
OHdG, which is a ubiquitous maker of oxidative stress.

Next, we determined whether SC-514-induced ROS was essential in
the sensitization of fotemustine-induced cell death. To address this

Fig. 3. (continued)
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