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Abstract: Withaferin A (WFA), a Withania somnifera-derived triterpenoid, is an anticancer natural
product. The anticancer effect of nonionizing radiation such as ultraviolet-C (UVC) as well as the
combined treatment of UVC and WFA is rarely investigated. Low dose UVC and/or WFA treatments
(12 J/m2 and/or 1 µM) were chosen to evaluate antioral cancer cell line effects by examining cytotoxicity,
cell cycle disruption, apoptosis induction, and DNA damage. For two cancer cell lines (Ca9-22 and
HSC-3), single treatment (UVC or WFA) showed about 80% viability, while a combined treatment of
UVC/WFA showed about 40% viability. In contrast, there was noncytotoxicity to normal oral cell lines
(HGF-1). Compared to single treatment and control, low dose UVC/WFA shows high inductions of
apoptosis in terms of flow cytometric detections for subG1, annexin V, pancaspase changes as well as
Western blotting for detecting cleaved poly (ADP-ribose) polymerase (c-PARP) and caspase 3 (c-Cas 3)
and luciferase assay for detecting Cas 3/7 activity. Low dose UVC/WFA also showed high inductions
of oxidative stress and DNA damage in terms of flow cytometric detections of reactive oxygen
species (ROS), mitochondrial superoxide (MitoSOX) generation, and membrane potential (MitoMP)
destruction, γH2AX and 8-oxo-2’deoxyguanosine (8-oxodG) types of DNA damages. For comparison,
low dose UVC/WFA show rare inductions of annexin V, Cas 3/7 activity, ROS, MitoSOX, and MitoMP
changes to normal oral HGF-1 cells. Therefore, low dose UVC/WFA provides a novel selectively killing
mechanism to oral cancer cells, suggesting that WFA is a UVC sensitizer to inhibit the proliferation of
oral cancer cells.
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1. Introduction

Radiotherapy and chemotherapy are commonly used for curing oral cancer [1]. However, they
also raise the problems of radio- and chemo-resistance [2]. Recently, a novel strategy was developed to
reduce chemoresistance by using low dose treatment. For example, in the clinical drug doxorubicin,
its low dose treatment improved survival by suppressing the patient-derived chemoresistant leukemia
stem cells in an animal model study [3]. Accordingly, low dose drug treatments have a potential for
reducing chemoresistance in oral cancer therapy.

Similarly, high dose radiation is commonly associated with radioresistance to cancer such as
prostate cancer cells [4]. Low dose radiation treatments have a potential for reducing radioresistance
in cancer therapy. In addition to dose adjustments of radiation, a combined treatment provides an
alternative strategy to overcome radioresistance in cancer therapy. For example, DNA-dependent
protein kinase (DNA-PK) inhibitors KU57788 and IC87361 [5] and multikinase inhibitors sorafenib and
sunitinib [6] displayed radiosensitization to head and neck cancer cells.

In addition to X-ray radiotherapy for oral cancer, several types of nonionizing radiation were
developed for dental curing, including light-emitting diodes (LED), quartz-tungsten-halogen (QTH),
argon lasers, and plasma arc curing (PAC) [7]. Except for dental curing, another nonionizing radiation
such as ultraviolet-C (UVC) is commonly used for its germicidal properties on dental instruments [8].
Based on Google scholar and PubMed searching (retrieval on 7 September 2020), the hits for “X-ray
resistance” studies were higher than “UVC resistance”. Therefore, the combined treatment of UVC
and drugs may have potential to improve the anticancer therapy. Moreover, UVC is also reported to
have an anticancer effect against pancreatic [9] and colon [10] cancer cells. However, high cytotoxic
doses were chosen in the above studies and may have some side effects. Accordingly, low doses of
UVC may reduce the side effects to normal tissues.

Withaferin A (WFA), a triterpenoid isolated from Withania somnifera, shows antioxidant
properties [11,12]. In addition to antioxidant effect, WFA also exhibits anticancer effects by showing
cytotoxicity and inducing apoptosis to oral [13,14] and other types of cancer cells [15–18]. However,
the observed cytotoxic effects of WFA in anticancer studies were based on high doses. Recently,
combined treatments of WFA with other drugs have been reported. For example, the combined
treatment of WFA and oxaliplatin showed synergistic antitumor activity in pancreatic cancer cells [16].
WFA was also combined with caffeic acid phenethyl ester (CAPE) for selective toxicity for ovarian
and cervical cancer cells [19]. However, the combined treatment of WFA with UVC irradiation is
rarely investigated.

We hypothesized that low dose WFA had an UVC radiosensitizing effect to oral cancer cells.
To address this hypothesis, a low dose combined treatment (UVC/WFA) and individual treatments of
oral cancer cells were compared for their changes of cytotoxicity, cell cycle, apoptosis, oxidative stress,
and DNA damage.

2. Materials and Methods

2.1. Cell Cultures and Chemical

Two human oral cancer cell lines (Ca9-22 and HSC-3) and normal oral cell lines (HGF-1) were
commercially obtained from the Japanese Collection of Research Bioresources (JCRB) Cell Bank
(National Institute of Biomedical Innovation, Osaka, Japan) and the American Type Culture Collection
(ATCC; Manassas, VA, USA). Ca9-22 cells were derived from gingival squamous carcinoma. HSC-3
cells were derived from tongue squamous carcinoma with high metastatic potential. HGF-1 cells were
derived from gingival fibroblasts. The relative proliferation rate for Ca9-22, HSC-3, and HGF-1 cells
was 1.9:1.6:1.0, respectively [20]. Their routinely cultured methods were described as indicated in [21].
WFA was obtained from Sigma-Aldrich (St. Louis, MO, USA). Cisplatin (Selleckchem; Houston, TX,
USA) and H2O2 (Sigma-Aldrich; St. Louis, MO, USA) were used as a positive control treatment.
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2.2. Cytotoxicity, ATP Content Determination, and Cell Morphology

Cytotoxicity was evaluated by tetrazolium-based 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) kit (Promega Corporation,
Madison, WI, USA) as described previously [22]. The cell viability in terms of cellular ATP content
was evaluated by an ATP-lite assay kit (PerkinElmer Life Sciences, Boston, MA, USA) [23]. The drug
interaction for the UVC/WFA combined treatment was analyzed as previously described [24]. In brief,
the formula for determining the synergy (α), i.e., additive, synergistic, or antagonistic for α = 1, >1,
and <1, respectively, was listed as follows: α = survival fraction (SF) for UVC alone treatment × SF
for WFA alone treatment/SF for UVC/WFA combined treatment. Cells were photographed at 100×
magnification for morphology analysis.

2.3. UVC and/or WFA Treatments

After removing medium, cells were treated with a germicidal UVC lamp (254 nm) in a laminar
flow chamber at a rate of 2 J/m2/sec [25] for 6 sec to archive the designed dose 12 J/m2. Subsequently,
medium containing WFA was added for post-treatment. The control contained DMSO only without
UVC and WFA treatments. All experiments including DMSO only, UVC and/or WFA treatments had
the same concentration of 0.01% DMSO.

2.4. Cell Cycle

DNA was stained with 7-Aminoactinmycin D (7AAD) (Biotium, Inc., Hayward, CA, USA)
(1 µg/mL, 37 ◦C, 30 min) for a cell cycle assay [26]. Flow cytometer (Guava easyCyte; Luminex, TX,
USA) and FlowJo software (Becton-Dickinson; Franklin Lakes, NJ, USA) were applied. Both subG1
and >4 N populations were individually counted. G1, S, and G2/M populations were totally adjusted
to 100%.

2.5. Apoptosis

A flow cytometer (Guava easyCyte) applying FlowJo software (Becton-Dickinson) was used to
measure apoptosis in terms of annexin V (Strong Biotect Corporation, Taipei, Taiwan)/7AAD [27] and
a pancaspase activity assay kit (Abcam, Cambridge, UK) [23] assays. Apoptosis was also detected by
Western blotting applying primary antibodies for the cleaved forms of poly (ADP-ribose) polymerase
(c-PARP) and caspase 3 (c-Cas 3) (Cell Signalling Technology Inc., Danvers, MA, USA) (diluted 1:1000)
and internal control mAb-β actin (Sigma-Aldrich, St. Louis, MO, USA) as described previously [14].
Cas 3/7 activity was determined by a Caspase-Glo® 3/7 Assay (Promega; Madison, WI, USA) based on
luminescent detection as described previously [28].

2.6. Reactive Oxygen Species (ROS)

Reactive species-detecting probe 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) (10 µM,
37 ◦C, 30 min) was interacting with ROS to generate fluorescence, which was determined by a flow
cytometer (Guava easyCyte) applying FlowJo software (Becton-Dickinson) [29].

2.7. Mitochondrial Superoxide (MitoSOX)

Reactive species-detecting probe MitoSOX Red (Molecular Probes, Invitrogen, Eugene, OR, USA)
(50 nM, 37 ◦C, 30 min) was interacting with MitoSOX to generate fluorescence, which was determined
by a flow cytometer (Guava easyCyte) applying FlowJo software (Becton-Dickinson) [30].

2.8. Mitochondrial Membrane Potential (MitoMP)

MitoMP-sensitive probe DiOC2(3) (Invitrogen, Eugene, OR, USA) (5 nM, 37 ◦C, 30 min) was
used to determine MitoMP by a flow cytometer (Guava easyCyte) applying FlowJo software
(Becton-Dickinson) [31].
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2.9. γH2AX

After cell harvesting and fixation,γH2AX primary antibody (Santa Cruz Biotechnology; Santa Cruz,
CA, USA) (1:500 dilution), secondary antibody conjugated Alexa Fluor®488 (Cell Signaling Technology)
(1:10000 dilution), and 7AAD (5 µg/mL) were chosen for flow cytometry reaction [32] and analyzed by
a flow cytometer (Guava easyCyte) applying FlowJo software (Becton-Dickinson). By Western blotting,
γH2AX was also probed using primary antibodies for γH2AX (Santa Cruz Biotechnology; Santa Cruz,
CA, USA) (diluted 1:1000).

2.10. 8-Oxo-2’-Deoxyguanosine (8-OxodG)

After cell harvesting and fixation, fluorescein isothiocyanate (FITC) conjugated 8-oxodG antibody
(1:10,000 dilution) (Santa Cruz Biotechnology) were chosen for flow cytometry reaction at 4 ◦C for 1 h
and analyzed by a flow cytometer (Guava easyCyte) applying FlowJo software (Becton-Dickinson).

2.11. Statistics

The significance for multiple comparisons were tested by One-way ANOVA with the Tukey
Honestly Significant Difference (HSD) post hoc test using JMP12 software (SAS Institute, Cary, NC,
USA). Groups showing no overlapping letters indicate significant differences.

3. Results

3.1. WFA Shows UVC Sensitizing Effects on Cytotoxicity of Oral Cancer Cells

Based on the 24-h MTS assay, low cytotoxic UVC and WFA (12 J/m2 and 1 µM) around 80% viability
were used to evaluate the cytotoxic effect of a combined treatment (UVC/WFA) of oral cancer Ca9-22
and HSC-3 cells and normal oral HGF-1 cells (Figure 1). As shown in Figure 1A, UVC/WFA-treated
Ca9-22 cells show a lower viability of 42.2% than UVC or WFA alone (73.7% or 83.4%) in a 24-h MTS
assay. As shown in Figure 1B, UVC/WFA-treated HSC-3 cells show lower viability for 40.6% than UVC
or WFA alone (82.7% or 79.4%) in a 24-h MTS assay. In contrast, UVC/WFA shows no cytotoxicity
towards normal oral HGF-1 cells (Figure 1C).
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Figure 1. MTS and ATP assays for Withaferin A (WFA) and/or UV treatments. Human oral cancer Ca9-22
and HSC-3 cells and normal oral HGF-1 cells were treated with control (0.01% DMSO), WFA (1 µM),
ultraviolet-C (UVC) (12 J/m2), and a combined treatment (UVC/WFA) or cisplatin for 24 h. (A–C) MTS
assay for WFA treatment. (D) MTS assay for a positive cisplatin control. (E–G) ATP assay for WFA
treatment. Groups showing no overlapping letters (a–e) indicate significant differences (p < 0.05~0.0001).
Data are the mean ± SD (n = 3 independent experiments, each experiment was performed with three
replications). (H) Cell morphology. Cell images were photographed at 100×magnification.
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The interaction effects of UVC and WFA for Figure 1A,B (MTS assay (α values were 1.46 ± 0.14
and 1.11 ± 0.03 for Ca9-22 and HSC-3 cells, respectively)) and for Figure 1E,F (ATP assay (α values
were 1.28 ± 0.09 and 1.39 ± 0.15 for Ca9-22 and HSC-3 cells, respectively)) show synergistic behavior.
For comparison, cisplatin shows cytotoxicity towards oral cancer cells with less drug sensitivity
than UVC/WFA (Figure 1D). Similarly, UVC/WFA-treated oral cancer Ca9-22 and HSC-3 cells show
lower viability than UVC or WFA alone in a 24-h ATP assay (Figure 1E,F). Similarly to the MTS
assay, UVC/WFA shows no cytotoxicity to normal oral HGF-1 cells in terms of ATP assay (Figure 1G).
Furthermore, the UVC and/or WFA treatments show the apoptosis-like morphology such as cell
shrinkages for oral cancer cells but not for oral normal cells (Figure 1H).

3.2. WFA Shows UVC Sensitizing Effect on Cell Cycle Disturbance of Oral Cancer Cells

Figure 2A shows the cell cycle assays of oral cancer Ca9-22 and HSC-3 cells following 24-h
treatments with control, WFA (1 µM), UVC (12 J/m2), or UVC/WFA. For Ca9-22 cells (Figure 2B), 24-h
UVC/WFA treatment induces higher sub-G1, G2/M, and > 4N populations (%) than UVC, WFA, and the
control. For HSC-3 cells, 24-h UVC/WFA treatment induces higher sub-G1 and S populations (%) than
UVC, WFA, and the control. In contrast, G1 populations (%) of UVC/WFA for oral cancer Ca9-22 and
HSC-3 cells are lower than UVC, WFA, and the control. For comparison, H2O2 shows G2/M arrest in
oral cancer cells as a positive control (Figure 2C,D).
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Figure 2. Cell cycle assay for WFA and/or UV treatments. Human oral cancer Ca9-22 and HSC-3 cells
were treated with control (0.01% DMSO), WFA (1 µM), UVC (12 J/m2), and a combined treatment
(UVC/WFA) for 24 h. (A,B) Typical cell cycle patterns and statistics. Groups showing no overlapping
letters (a–d) indicate significant differences (p < 0.05~0.0001). Data are the mean ± SD (n = 3
independent experiments, each experiment collected with 5000 gated cell counts). (C,D) Cell cycle
patterns for a positive control of G2/M arrest. Cells were treated with H2O2 for 0 and 200 µM for 24 h.
*** p < 0.05~0.0001. Data are the mean ± SD (n = 3 independent experiments, each experiment collected
with 5000 gated cell counts).
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3.3. WFA Shows UVC Sensitizing Effect on Annexin V Expression and Caspase Activation of Oral Cancer Cells

The apoptosis-like status for increasing subG1 (Figure 2) was further examined by other apoptosis
analyses as follows. According to an annexin V/7AAD assay (Figure 3A), 24-h UVC/WFA treatment
induces higher annexin V (+) (%) populations in oral cancer Ca9-22 and HSC-3 cells than UVC, WFA,
and control treatments (Figure 3B). In contrast, UVC and/or WFA treatments to normal oral HGF-1
cells show little annexin V (+) (%) populations.
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Figure 3. Annexin V and pancaspase assays of WFA and/or UV treatments. Human oral cancer
Ca9-22 and HSC-3 cells and normal oral HGF-1 cells were treated with control (0.01% DMSO), WFA
(1 µM), UVC (12 J/m2), and a combined treatment (UVC/WFA) for 24 h. (A,B) Typical annexin V/7AAD
patterns and statistics. Apoptosis (%) is the percentage of annexin V-positive population. (C,D) Typical
pancaspase pattern and statistics. (+) is the percentage for pancaspase-positive populations. Groups
showing no overlapping letters (a–d) indicate significant differences (p < 0.05~0.0001). Data are the
mean ± SD (n = 3 independent experiments, each experiment collected with 5000 gated cell counts).

According to a pancaspase assay (Figure 3C), UVC/WFA induces higher pancaspase (+) (%)
populations in oral cancer Ca9-22 and HSC-3 cells than UVC, WFA, and the control (Figure 3D). Based
on Cas 3/7 activity, UVC/WFA also induces higher Cas 3/7 activity in oral cancer and normal oral
cells than UVC, WFA, and the control (Figure 4A–C). It is noted that UVC/WFA shows higher Cas 3/7
activity in oral cancer Ca9-22 and HSC-3 cells than normal oral HGF-1 cells.
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Figure 4. Caspase and PARP activations of WFA and/or UV treatments. Human oral cancer Ca9-22
and HSC-3 cells and normal oral HGF-1 cells were treated with control (0.01% DMSO), WFA (1 µM),
UVC (12 J/m2), and a combined treatment (UVC/WFA) for 24 h. (A–C) Caspase 3/7 activity for Ca9-22,
HSC-3, and HGF-1 cells. Groups showing no overlapping letters (a–d) indicate significant differences
(p < 0.05~0.0001). Data are the mean ± SD (n = 3 independent experiments, each experiment was
performed with three replications). (D) Western blotting for apoptotic protein c-PARP and c-Cas
3 expressions of oral cancer (Ca9-22 and HSC-3) cells.

According to Western blotting (Figure 4D), UVC/WFA induces higher expressions for the apoptotic
protein such as the cleaved form of c-PARP and c-Cas 3 in oral cancer Ca9-22 and HSC-3 cells than
UVC, WFA, and control.

3.4. WFA Shows UVC Sensitizing Effect on ROS Generation of Oral Cancer Cells

Many factors such as oxidative stresses may induce apoptosis [33]. Because ROS generation
following UVC [34], WFA [14], or UVC/natural product [35] treatments are fast, the ROS detection
time of WFA/UVC was chosen as 12 h. Using DCFH-DA staining, the ROS generation was detected
as oxidative stress by flow cytometry. According to an ROS assay for oral cancer Ca9-22 and HSC-3
cells (top and middle, Figure 5A), 12-h UVC/WFA treatment induces higher ROS (+) (%) populations
than UVC, WFA, and control treatments (Figure 5B). In contrast, a ROS assay for normal oral HGF-1
cells (bottom, Figure 5A) shows no significant difference between UVC/WFA and single treatment,
indicating that ROS is unable to be induced in WFA and/or UVC-treated normal oral HGF-1 cells.

3.5. WFA Shows UVC Sensitizing Effect on MitoSOX Generation of Oral Cancer Cells

Using MitoSOX red staining, the MitoSOX generation was detected as oxidative stress by flow
cytometry. According to a MitoSOX assay for oral cancer Ca9-22 and HSC-3 cells (top and medium,
Figure 6A), 24-h UVC/WFA treatment induces higher MitoSOX (+) (%) populations than UVC, WFA,
and control treatments (Figure 6B). In contrast, a MitoSOX assay for normal oral HGF-1 cells (bottom,
Figure 6A) show no significant difference between UVC/WFA and single treatment. Moreover,
WFA/UVC induces higher MitoSOX in oral cancer Ca9-22 and HSC-3 cells than in normal oral
HGF-1 cells.
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Figure 5. Reactive oxygen species (ROS) assays of WFA and/or UV treatments. Human oral cancer
Ca9-22 and HSC-3 and normal oral HGF-1 cells were treated with control (0.01% DMSO), WFA (1 µM),
UVC (12 J/m2), and a combined treatment (UVC/WFA) for 12 h. (A,B) Typical ROS patterns and
statistics. (+) is the percentage for ROS-positive populations. Groups showing no overlapping letters
(a–d) indicate significant differences (p < 0.05~0.0001). Data are the mean ± SD (n = 3 independent
experiments, each experiment collected with 5000 gated cell counts).
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Figure 6. Mitochondrial superoxide (MitoSOX) assays of WFA and/or UV treatments. Human oral
cancer Ca9-22 and HSC-3 cells and normal oral HGF-1 cells were treated with control (0.01% DMSO),
WFA (1 µM), UVC (12 J/m2), and a combined treatment (UVC/WFA) for 24 h. (A,B) Typical MitoSOX
patterns and statistics. (+) is the percentage for MitoSOX-positive populations. Groups showing no
overlapping letters (a–d) indicate significant differences (p < 0.01~0.0001). Data are the mean ± SD
(n = 3 independent experiments, each experiment collected with 5000 gated cell counts).

3.6. WFA Shows UVC Sensitizing Effect on MitoMP Destruction of Oral Cancer Cells

Using DiOC2(3) staining, the MitoMP depletion was detected as oxidative stress by flow cytometry.
According to a MitoMP assay for oral cancer Ca9-22 and HSC-3 cells (top and medium, Figure 7A),
24-h UVC/WFA treatment induces higher MitoMP (-) (%) populations than UVC, WFA, and control
treatments (Figure 7B). In contrast, a MitoMP assay for normal oral HGF-1 cells (bottom, Figure 7A)
shows no significant difference between UVC/WFA and single treatment. Moreover, WFA/UVC
induces higher MitoMP (-) (%) populations in oral cancer Ca9-22 and HSC-3 cells than in normal oral
HGF-1 cells.
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Figure 7. Membrane potential (MitoMP) assays of WFA and/or UV treatments. Human oral cancer
Ca9-22 and HSC-3 cells and normal oral HGF-1 cells were treated with control (0.01% DMSO), WFA
(1 µM), UVC (12 J/m2), and a combined treatment (UVC/WFA) for 24 h. (A,B) Typical MitoMP patterns
and statistics. (-) is the percentage for MitoMP-negative populations. Groups showing no overlapping
letters (a–d) indicate significant differences (p < 0.05~0.0001). Data are the mean± SD (n = 3 independent
experiments, each experiment collected with 5000 gated cell counts).

3.7. WFA Shows UVC Sensitizing Effect on γH2AX and 8-oxodG Expressions of Oral Cancer Cells

Since oxidative stress is prone to induce DNA damage [33], the changes of DNA damage following
UVC and/or WFA treatment were detected by flow cytometry and Western blotting. According to a
γH2AX assay (Figure 8A), 24-h UVC/WFA treatment induces higher γH2AX (+) (%) populations in
oral cancer Ca9-22 and HSC-3 cells than UVC, WFA, and control treatments (Figure 8B). According to
Western blotting (Figure 8C), UVC/WFA induces higher expressions for γH2AX in oral cancer Ca9-22
and HSC-3 cells than UVC, WFA, and the control. According to an 8-oxodG assay (Figure 9A), 24-h
UVC/WFA treatment induces higher 8-oxodG (+) (%) populations in oral cancer Ca9-22 and HSC-3
cells than UVC, WFA, and the control (Figure 9B).
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Figure 8. γH2AX assays of WFA and/or UV treatments. Human oral cancer Ca9-22 and HSC-3 cells
were treated with control (0.01% DMSO), WFA (1 µM), UVC (12 J/m2), and a combined treatment
(UVC/WFA) for 24 h. (A,B) Typical γH2AX patterns and statistics. Box indicates the percentage
for γH2AX-positive populations. Groups showing no overlapping letters (a–c) indicate significant
differences (p < 0.01~0.0001). Data are the mean ± SD (n = 3 independent experiments, each experiment
collected with 5000 gated cell counts). (C) Western blotting for γH2AX expression.
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Figure 9. 8-oxo-2’deoxyguanosine (8-oxodG) assays of WFA and/or UV treatments. Human oral cancer
Ca9-22 and HSC-3 cells. Cells were treated with control (0.01% DMSO), WFA (1 µM), UVC (12 J/m2),
and a combined treatment (UVC/WFA) for 24 h. (A,B) Typical 8-oxodG patterns and statistics. (+) is the
percentage for 8-oxodG-positive populations. Groups showing no overlapping letters (a–d) indicate
significant differences (p < 0.0001). Data are the mean ± SD (n = 3 independent experiments, each
experiment collected with 5000 gated cell counts).

4. Discussion

WFA demonstrated X-ray radiosensitizing ability in many cancer cells [36–38] but its UVC
sensitizing effect is rarely reported. UVC generation is more easy to handle with a user-friendly device
than X-ray. Therefore, the present study focused on exploring the possible UVC sensitizing effect of
WFA with cell line models. To avoid the potential resistance of high dose WFA and UVC, this study
was evaluating low dose combined effects of UVC/WFA to oral cancer cells.

4.1. Combined Treatment UVC/WFA Effectively Kills Oral Cancer Cells without Side Effect to Normal
Oral Cells

Low dose ionizing radiation and low dose drug treatment are novel strategies to reduce
radioresistance and chemoresistance [3,4]. A combined treatment of radiation with drugs would also
provide a strategy to overcome radioresistance and would improve cancer therapy [5,6].

Recently, the radiosensitizing studies using low dose clinical drugs and UVC were reported.
For example, low dose cisplatin (10 µM) and UVC (10 J/m2) jointed to induce antiproliferation of
colon cancer SW480 and DLD-1 cells [39]. Combined treatment with low dose methanolic extracts
of Cryptocarya concinna (10 µg/mL; 80.4% viability) and UVC (14 J/m2; 83.2% viability) improve
antiproliferation against oral cancer cells compared to single treatment [25].

WFA was previously shown to have no cytotoxicity towards normal oral HGF-1 cells at a low
dose below 3 µM [14], while it showed cytotoxicity to oral cancer Ca9-22 and CAL 27 cells below 3 µM.
Therefore, oral cancer therapy would benefit by the selective killing effect of WFA. Alternatively, in the
present study this low dose treatment was combined with nonionizing radiation, i.e., UVC. Combining
these strategies, we demonstrated that a low dose combined treatment of UVC/WFA dramatically
decreased cell viability (~40%) of two oral cancer cell lines (Ca9-22 and HSC-3) without cytotoxic
effects on normal oral cells in a 24-h MTS assay (Figure 1).

Consistently, UVC/WFA shows substantially decreased ATP content in oral cancer cells but does
not decrease in oral normal cells. Moreover, the half maximal inhibitory concentration (IC50) values of
cisplatin to oral cancer Ca9-22 and HSC-3 cells in a 24-h MTS assay are 7.9 and 9.6 µM, respectively.
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At a low dose, UVC (12 J/m2) and WFA (1 µM) were used in the present study to demonstrate a higher
antiproliferation ability to oral cancer Ca9-22 and HSC-3 cells (42.2% and 40.6% viability, respectively)
than cisplatin alone. It is noted that the oral cancer Ca9-22 cell line is recently described for being
problematic in terms of showing contamination with the cell line MSK922 (according to the Cellosaurus
database [40]). It warrants detailed investigation by applying other oral cancer cell lines to support
the UVC radiosensitizing effect of WFA in the future. Moreover, the HGF-1 cell line is derived from
fibroblasts rather than from normal epithelial cells. The human oral keratinocytes would be a better
control to show that the suppression of cell viability and induction of apoptosis after UVC/WFA
treatment is cancer cell specific.

WFA shows antioxidant properties such as 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical
scavenging ability in vitro [12]. WFA also showed in vivo antioxidant properties with activation
of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) in the frontal
cortex of the rat brain [11]. Antioxidants are commonly reported to prevent oxidative stress-related
damage [41]. In addition to WFA, the roots of Withania somnifera also contain several WFA analogues
such as 1-oxo-5beta and 6beta-epoxy-witha-2-enolide, which prevent the UVB-induced skin carcinoma
in rat [42,43]. In contrast, WFA inhibited proliferation of oral [14] and lung [17] cancer cells as well
as leukemia cells [44] through oxidative stress induction. Similarly, our finding shows that WFA in
combination with UVC can inhibit more cell proliferation than its single treatment. This controversy
can be partly explained by the concept that antioxidants are bifunctional to regulate oxidative stress,
i.e., low concentration inhibits oxidative stress but high concentration induces oxidative stress [32,45].

4.2. Oxidative Stresses Are Higher in a Combined UVC/WFA Than in Single Treatment

ROS modulating is one of the strategies for antiproliferation of cancer cells [33]. Both high
dose UVC (200 J/m2) [46] and WFA [14,18] trigger ROS in cancer cells. For low dose treatment,
UVC (14 J/m2 [25] and 12 J/m2 (Figure 1); ~80% viability) induces ROS generation of oral cancer
Ca9-22 and HSC-3 cells. For low dose treatment, WFA (0.5 µM [47] for 100% viability and 1 µM
(Figure 1) for ~80% viability) also triggers ROS generation of oral cancer Ca-22 and HSC-3 cells.
At a low dose combined treatment, UVC/WFA triggers more ROS generation than single treatment.
Similarly, UVC/WFA triggers more MitoSOX generation and MitoMP destruction than single treatment
(Figures 5–7). These results suggest that UVC/WFA cooperatively triggers oxidative stress in oral
cancer cells compared to single treatment. Moreover, UVC/WFA triggers more ROS and MitoSOX
generation as well as MitoMP destruction in oral cancer cells than in normal oral HGF-1 cells. Although
some of these oxidative stress changes for UVC/WFA were only slightly higher than at single treatment,
the combined differential oxidative stresses (ROS/MitoSOX generations and MitoMP depletion) may
cooperatively contribute to the cancer cell specific effects of a UVC/WFA combined treatment.

4.3. DNA Damages and Apoptosis Are Higher in UVC/WFA than Single Treatment

Cellular oxidative stress enhances DNA damages [33]. High dose UVC causes γH2AX-detecting
DNA double strand break damage [48] and 8-oxodG-detecting oxidative DNA damage [49]. High
dose WFA causes γH2AX DNA damage [14]. In the present study, low dose UVC/WFA triggers more
DNA damages (γH2AX and 8-oxodG) in oral cancer Ca9-22 and HSC-3 cells than single treatment
(Figures 8 and 9). These results suggest that UVC/WFA cooperatively trigger DNA damage in oral
cancer cells compared to single treatment. In addition to DNA damage induction, γH2AX also functions
for senescence induction [50]. Our present flow cytometry approach could not discriminate between
these two effects. A promising alternative would be a detailed investigation by immunofluorescence
microscopy analyzing DNA damage foci formation in the future.

High dose UVC [25,51] or WFA [14,18] causes apoptosis in cancer cells. Similarly, low dose
UVC/WFA triggers more apoptosis than single treatment as evidenced by flow cytometry or luminescent
detection indicating an increasing subG1 population, annexin V expression, pancaspase activation,
and Cas 3/7 activation as well as by Western blotting indicating c-PARP and c-Cas 3 overexpression in
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oral cancer cells (Figures 2–4). Moreover, UVC/WFA triggers more Cas 3/7 activation in oral cancer cells
than in HGF-1 cells (Figure 4). Additionally, the loss of the mitochondrial membrane potential is often
associated with early stages of apoptosis [52]. Similarly, a combination of low dose UVC/WFA triggers
more mitochondrial membrane depolarization in oral cancer cells than single treatment (Figure 7),
supporting also that low dose UVC/WFA triggers more apoptosis than single treatment.

Furthermore, the DNA repair system may be inhibited for drug radiosensitization. For example,
withanolide D is helpful in radiosensitization of ovarian cancer SKOV3 cells by suppressing DNA
repair such as non-homologous end joining (NHEJ). This warrants a detailed examination of the role
of DNA repair in UVC/WFA synergistic effects to oral cancer cells in the future.

4.4. Cell Cycle Changes at UVC and/or WFA Treatment

UVC/WFA accumulated a larger subG1 population than single treatment in both oral cancer
Ca9-22 and HSC-3 cells. However, UVC/WFA induced more G2/M arrest in Ca9-22 cells than upon
single treatment but no G2/M arrest appeared in HSC-3 cells. Because Ca9-22 and HSC-3 cells are
gingiva and tongue squamous cell carcinoma cell lines [53], it is possible that UVC/WFA-induced cell
cycle G2/M arrest is tissue-dependent response.

5. Conclusions

The present study examined the combined effect of low dose UVC/WFA on regulating cell
proliferation of oral cancer cells. Single treatment at low dose UVC or WFA showed low cytotoxicity
to oral cancer Ca9-22 and HSC-3 cells. Combined treatment of low dose UVC/WFA highly induces
oxidative stress and resulted in apoptosis and DNA damage of oral cancer cells. Moreover, low
dose UVC/WFA showed highly cytotoxic, oxidative stress, and apoptosis induction in oral cancer
cells without effects on normal oral cells. Therefore, low dose UVC/WFA shows a selective killing
potential and effectively inhibits oral cancer cell proliferation with no cytotoxic side effects to normal
oral cells. In the future, detailed investigations in vivo, such as those using mouse models, should be
conducted to further validate the promising effects of a low dose UVC/WFA combined treatment in
oral cancer therapy.
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