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ABSTRACT: Surgical resection and radiotherapy are an
effective treatment in many head and neck squamous cell
carcinomas (HNSCC), but in others, the development of
radiotherapy resistance limits treatment efficacy and permits
disease progression. We developed a novel multiwell radiation
dosing method to increase the throughput of our investigation
of the activity of a novel podophyllotoxin SU093 in acting as a
radiosensitizer in the HNSCC models FaDu and SCC-25.
These in vitro studies showed that combining SU093 with 5
Grays ionizing radiation acted synergistically to increase
HNSCC apoptosis and decrease its proliferation via inhibition
of Nuclear factor, erythroid 2 like 2 (Nrf2), a key effector of
the DNA damage response induced by ionizing radiation.
Combined treatment reduced in vitro migration in a simulated wounding model while also promoting cell cycle arrest at the
G2/M phase. These findings validate the potential of SU093 as a synergistic radiosensitizing agent for use in combination with
localized radiotherapy in treatment resistant HNSCC.
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Head and neck squamous cell carcinoma (HNSCC) may
afflict the nasal cavity, oral mucosa, tongue, salivary

glands, larynx, pharynx, or hypopharynx, often with regional
spread, nodal involvement, and compromised tissue function.
HNSCC is the third most common type of cancer worldwide,
representing 8% of all new cases and 10% of all cancer deaths per
year.1 Multimodal strategies that combine resection, extirpation
of involved nodes, and reconstructive surgeries with localized
radiotherapy or combination chemoradiotherapy achieve
disease control and 5 year survival rates in >70% of early cases
where advanced disease at diagnosis and relapse drive the
majority of HNSCC-associated mortality.2−5 Radiotherapies are
administered locally at doses up to 70 Grays (Gy), which may
compromise organ function and is too often insufficient to
control radioresistant HNSCC. While incorporation of chemo-
radiotherapies with cisplatin or taxanes have improved this, their
combined use often produces debilitating side effects and does
not prevent the emergence of chemo- or radio-resistance.6,7 The
development of effective radiosensitizing agents will be
necessary to realize further improvement in the treatment of
HNSCC to boost the duration and potency of radio-treatment
and potentially even help realize greater treatment effects from
lower doses.
Previous work with derivatives of the natural compound

podophyllotoxin has resulted in the development of potent
anticancer drugs such as etoposide,8 which is commonly used

effectively in refractory Hodgkin’s lymphoma and other
refractory hematological cancers, albeit with common severe
side effects and limitations in other types of cancer that have
motivated the search for more potent and less toxic etoposide
derivatives.9 Structure based-modeling and medicinal chemistry
approaches have subsequently revealed that etoposide’s C4-
sugar moiety is not essential for its role in the inhibition of
topoisomerase II.10,11 Incorporation of a nitrogen heteroatom
group at the C-4 position of nonsugar etoposide derivatives was
then used to create a 4-azapodophyllotoxin compound library
that is under ongoing investigation for improved anticancer
properties.12−17

In previous work, we reported the synthesis and functional
screening of novel etoposide derivatives in the National Cancer
Institute’s 60 human tumor cell line panel (NCI-60).18 Using
single-step, one-pot, multicomponent synthesis reactions, we
explored the activity of etoposide analogs concomitantly
modified at the A, C, and/or E rings (Figure 1A), which led
to the identification of SU093 as a uniquely active compound in
a wide variety of cancer types. The SU093 analog is structurally
similar to the podophyllotoxin ring structure but differs
significantly at the A-ring, which we have replaced with a
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methoxy group and an alkyl alcohol group that act to increase
the analog’s polar character and to permit further modification,
respectively. Herein, we report the activity of the 4-
azapodophyllotoxin analog SU093 in the human HNSCC cell
lines FaDu and SCC-25 alone and in combination with ionizing
radiation (IR) to test SU093’s potential as a radiosensitizing
agent. In this work, we also developed a novel method to
increase the throughput of in vitro investigation of how small
molecule cotreatment alters IR efficacy and restores radio-
sensitivity.
Results and Discussion. SU093 Sensitizes HNSCC Cells to

Ionizing Radiation. Studies of radiosensitization in vitro have
previously been limited by the necessity of using a different plate
for each dose of ionizing radiation (IR) tested, which is labor-
intensive and slow. To investigate the effect of SU093 on the
radiation sensitivity of FaDu and SCC-25 HNSCC cell lines, we
developed a new approach using partial coverage of each 96-well
plate with a lead shield to perform IR dose curves within a single
96-well plate (Figure 1A). Twenty-four hours after plating,
HNSCC cells were treated with various doses of SU093 (Figure
1B) and incubated for 1 h. Then the lead shield was used for
partial irradiation of the plate at IR doses of either 2.5 or 5 Gy in
an irradiation chamber. Assays were then performed 24 h after
treatment.
In FaDu cells, SU093 treatment resulted in a 20% decrease in

viability, whereas no decrease in viability was observed at 2.5 Gy
IR treatment (Figure 2A,B left). However, combined SU093 and
2.5 Gy IR treatment resulted in an additive 30% decrease in
viability that increased to 48% with SU093 and 5 Gy IR
treatments (Figure 2A,B left). In SCC-25 cells, 2.5 Gy IR and
SU093 treatment exerted only a modest effect on cell viability
when used individually but demonstrated a combined additive
effect that was most extreme at 5 Gy IR and SU093 treatment
where a 65% decrease in cell viability was observed (Figure 2A,B
right). A similar trend was observed using the clonogenic assay
to quantify HNSCC cell line capacity to proliferate after
treatment in which both SU093 and IR showed dose-dependent
and synergistic effects (Figure 2C,D) in both FaDu and SCC-25
models. In cotreatment, IR improved the inhibitory concen-
tration (IC-50) by 13- and 2-fold for FaDu and SCC-25 cell
lines, respectively, where 5 Gy IR with 0.496 μM SU093
inhibited FaDu colony formation to the same degree as 6.5 μM
SU093 treatment alone.

To quantify the degree of synergism, we used the Chou−
Talalay method of combined median effect calculation to obtain
a combination index (CI) in which CI < 1 shows synergistic
effects (mutual enhancement of treatment effects), CI = 1 shows
additive effects (independent, cumulative treatment effects),
and CI > 1 shows antagonistic effects (treatments interfering).19

Combined SU093 and IR treatment showed an average
synergistic CI = 0.686 in FaDu cells and an additive CI = 0.919 in
SCC-25 (Table 1). This pattern of synergism in FaDu cells and
additive effects in SCC-25 scaled with dose for both SU093 and
IR, where 5 μMSU093 and 5Gy IR showedCI = 0.314 for FaDu
cells and CI = 1.017 for SCC-25 cells. These results show that
SU093 and IR act in a complementary manner to increase the
cytotoxic activity of one another, showing that SU093 acts as a
potent radiosensitizer in HNSCC.

Combined SU093 and Ionizing Radiation Promotes G2/M
Phase Arrest and Induces Apoptosis. To probe the mechanism
of synergism between SU093 and IR in HNSCC, we examined
how treatment changed cell cycle distribution via flow cytometry
and propidium iodide staining. SU093 treatment alone
produced no significant shift in cell cycle distribution, whereas
5 Gy or IR alone caused a small increase of cells in S-phase,
indicative of response to DNA damage. Combination treatment
did not show any significant effect in cell cycle distribution at 6 h
after treatment but did show an effect at 24 h with a significant
decrease of FaDu and SCC-25 cells in G0/G1 or S phase and a
concomitant 2-fold increase in cells in the G2/M phase (22%, p
< 0.05, Figure 3A,B). This time-dependent synergism in SU093
and IR cotreatment was also seen in a 3- and 7-fold increase in
apoptotic FaDu and SCC-25 cells, respectively, at 48 h post-
treatment, showing that cotreatment not only decreases
clonogenic proliferation via increased cell cycle arrest but also
induces greater apoptosis than either treatment alone.

Combined Treatment Inhibitions of HNSCC Migration. To
quantify how cotreatment affected HNSCC motility and
migration, we used the scratch migration assay and microscopic
imaging of “wound” closure at 6, 12, and 24 h. We employed a
standard protocol with mitomycin C for migration assay,20 to
arrest cell proliferation and observe their migration property.
Briefly, 105 cells were seeded in a 12-well plate and allowed to
grow to full confluency, after which cells were treated with
SU093 for 24 h and/or 5 Gy IR (Figure 4A,B). Each well was
scratched with a pipet tip to induce a “wound” and washed in 1×
PBS to remove detached cells and cultured in fresh media and

Figure 1.Overview of multiwell concomitant treatment of HNSCC cells with SU093 and ionizing radiation. (A) Workflow for sequence of events for
conducting themultiwell treatments of combined SU093 and ionizing radiation doses. (B) Chemical structures of the natural product podophyllotoxin
and its derivatized 4-azapdophyllotoxin SU093.
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imaged over the next 24 h to measure the decrease in “wound”
thickness and infer migratory activity. Compared to untreated
control, individual SU093 and IR treatments modestly restricted
migration at 12 h with full recovery of the “wound” at 24 h.
However, the combination of SU093 and IR showed a
significant decrease in postwounding migration at 12 h in
which only 65% and 36% FaDu and SCC-25 cell migration was
observed, respectively. These results show that combination
treatment acts to decrease HNSCC migration in addition to its
effects on cell viability, proliferation, and apoptosis.
Immunoblot Analysis of Combined SU093 and Ionizing

Radiation Treatment. To further probe the treatment effects
observed above, we used immunoblots and immunofluor-
escence microscopy to quantify the activity of several proteins of
interest. In the treatment conditions above, this showed that
individual treatment of either IR or SU093 modestly decreased
Cyclin B1 and CDK1, indicative of cell cycle arrest, as well as
Bcl-2, indicative of increased apoptotic sensitivity (Figure 5A),

and that combination treatment exerted further synergistic
reduction in each (Figure 5A). Conversely, levels of Bax, a
marker of apoptotic activity, were increased in the same pattern
with a synergistic cotreatment effect.
The combinatorial synergism of SU093 and IR treatment on

apoptosis was confirmed by luminescent caspase activity assay, a
marker of active apoptosis, which was significantly increased in
both FaDu and SCC-25 cells (Figure 5B). Finally, we also
examined the change in the levels of nuclear factor, erythroid 2
like 2 (Nrf2), a short-lived Phase-II cell stress response element
involved in cell survival of oxidative DNA damage and
implicated in radioresistance in HNSCC,21,22 via immunofluor-
escence microscopy, showing that both SU093 and IR
treatments individually decreased Nrf2 activity while combina-
tion treatment exhibited synergistic increased Nrf2 inhibition
(Figure 5C). Collectively, these results show that combination
SU093 and IR treatment modulates HNSCC cell cycle,
apoptosis, and DNA damage response, rendering HNSCC

Figure 2. (A) Left and right panel, cell viability of FaDu or SCC-25 with log doses (−9.3 to−4.3) of SU093 in the absence or presence IR. (B) Left and
right panels, cell viability assay of HSNCC FaDu and SCC-25, respectively, cells were treated with different doses of radiation (2.5 or 5 Gy) with or
without SU093 (1 μM). On day 7 of post-treatment, viable cells were quantified using the MTT reagent, and absorbance was read at 570 nm. Cell
viability was calculated by normalizing the response of each condition to the control (absence of radiation and SU093). (C,D) Colony formation assay
of FaDu and SCC-25 with SU093 with or without 5 Gy of ionizing radiation. Control group received vehicle only. (E) Colony formation quantification
of FaDu and SCC-25with SU093 or combined (5Gy) treatment. Asterisks indicate t test comparison between each treatment and control, where ***P
< 0.001, **P < 0.01, *P < 0.05.
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cells less viable, less proliferative, less migratory, and more
apoptotic in a potent and synergistic manner.
Conclusions. The cellular response to the DNA double-

strand breaks and reactive oxygen species generated by ionizing
radiation (IR) exposure is evolutionarily conserved and
mobilizes DNA damage repair, cell stress, antioxidant, and
Phase-II detoxifying metabolic enzymes to mediate cell cycle
arrest in G1 or S phase where repair systems are maximally
effective outside of the telomere fusion and epigenetic
restriction inherent to G2 and M phases.23 These pathways
operate in both normal and cancerous cells, where, in the latter,
use of IR as a treatment potently activates various endogenous
damage response pathways that interact with oncogenic
signaling in the development of treatment resistance and
subsequent ability of a given clonal population to survive
treatment. The emergence of treatment resistance in head and
neck squamous cell carcinoma (HNSCC) and other cancers
mediates disease progression, relapse, and mortality in an arms
race, underscoring the urgent unmet need for treatments that
restore treatment sensitivity and/or increase the cytotoxic effect
of radio- and chemo-therapies in refractory disease. We have
demonstrated the potency of a novel etoposide derivative,
SU093, in modulating HNSCC sensitivity to radiotherapy,
demonstrating a synergistic increase in the apoptotic, anti-
proliferative effect of radiotherapy in both FaDu and SCC-25
models of human HNSCC. Both ionizing radiation and SU093
each exerted modest antiproliferative effects in HNSCC, but this
effect was magnified when used in combination, showing a
synergistic combination index (CI) for FaDu cells and an
additive CI for SCC-25 cells, showing potent dose- and time-
dependent radiosensitization with the potential to advance the
clinical treatment of refractory HNSCC. This is borne out in our
findings that combination treatment significantly increased G2/
M cell cycle arrest, thus rendering cells less able to induce DNA
damage and antioxidant responses, inhibition of Bcl-2, an
antiapoptotic factor, and decreased Nrf2, a short-lived effector
crucial for survival of radiotherapy and implicated in radio-
resistance in HNSCC.24 SU093 treatment alone showed a
modest decrease in Nrf2 levels, showing basal inhibition thereof,
whereas combination treatment demonstrated a significant

decrease of Nrf2 activation, which implies a decreased capacity
for HNSCC cells to overcome and adapt to the effects of IR
treatment. This was confirmed via significantly increased
caspase activation, which signifies increased apoptotic activity,
and Bax, a marker of apoptotic signaling, in both FaDu and SCC-
25 cells with a concomitant significant reduction in cell viability
and clonogenic proliferation. These profound alterations of
HNSCC cell phenotype were also accompanied by decreased
migratory capacity in SU093 and IR treated cells in a scratch
“wound” assay, implying that cotreatment may even decrease
HNSCC invasion and progression. In sum, the results shown
here demonstrate the capacity of SU093 to act as a potent
radiosensitizer that acts synergistically and/or additively with
ionizing radiation treatment against HNSCC proliferation,
viability, and treatment resistance via a Nrf2-mediated pathway.
Further study of SU093 in vivo and with other treatments
commonly used for HNSCC, such as cisplatin, will yield further
insight into its mechanism of action, degree of cotreatment
synergy, and clinical potential for the reversal of treatment
resistance in HNSCC and other cancers.

■ EXPERIMENTAL PROCEDURES
Synthesis of Radiosensitizer 4-Azapodophyllotoxin SU093.

SU093 was synthesized through a multicomponent reaction according
to a previously published procedure and used with purity up to 98%
(see Supporting Information for additional details).

Cell lines and Reagents.Head and neck cancer cell line FaDu and
SCC-25 were obtained from American Type Culture Collection
(Manassas, VA, USA). Both cell lines were cultured in and maintained
in Dubelcco’s Modified Eagle’s Medium (DMEM) supplemented with
10% Fetal Bovine Serum (FBS, v/v%) and 1% penicillin−
streptomycin−amphotericin B at 37 °C with 5% CO2. Once 80%
confluence was reached, cells were harvested, counted, and plated for
each assay. SU093 stock solutions were prepared freshly on the day of
the assay experiment in filtered DMSO and diluted in complete media.

Multiwell Combination Treatment of SU093 and Ionizing
Radiation. Cells were seeded at 1000 cells per well (100 μL) in a 96-
well plate (Corning #3598). After incubation for 24 h, cells received
either 100 μL of SU093 in fresh medium containing different
concentrations (0.1, 0.5, and 1 μM final concentration in a well) as 2-
fold or media only containing vehicle (control wells) and subsequently
were treated with IR (2.5, 5, or 10 Gy) after a short incubation period of
1 h. Radiation doses were administered in three sequences using an X-
Rad SmART (Precision X-ray Inc., North Branford, CT), and a Cu-
filter source was used to irradiate cells in multiwell plates through an
additive fashion. Using a 5 mm thick lead shield, three columns were
exposed to 5Gy, then the lead shield wasmoved to expose the following
six columns, and 2.5 Gy was provided. Finally, nine columns were
exposed by moving the lead shield, and 2.5 Gy was administered. The
remaining three columns are covered the entire time and protected
from radiation, and represent the control or SU093 only treated cells (0
Gy) (see Figure 1A or Figure SX for detailed workflow of treatments).
After radiation treatment is complete, the first three columns received a
total of 10 Gy, followed by 5 Gy for the next three columns and 2.5 Gy
for the next set of three. Plates were allowed to incubate for 6 days, and
viable cells were quantified using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reagent (Acros Organics,
Thermo Fisher Scientific, Massachusetts, USA). After the incubation
period, 50 μL of MTT (0.5 mg/mL, in 1× PBS) was added to each well
and allowed to incubate for 45min. After incubation, themedia solution
was removed, and 100 μL of DMSO was added to each well and
incubated for 5 min before the absorbance was read at 570 nm using a
Synergy H1 multimode microplate reader (BioTecK, USA).

Combination Index Analysis. Combined IR and SU093 treat-
ments were conducted with the Chou−Talalay method using
CompuSyn software that is freely available for download. Data from
viability assay was used for the combination index (CI) calculations

Table 1. Combination Index (CI) of Various Doses of SU093
Combined with Three Doses of Ionizing Radiationa

FaDu
cells fractional inhibition combination index (CI)

SU093
(μM)

IR:
0Gy 2.5 5 10 2.5 Gy 5 Gy 10 Gy

0 - 0.131 0.097 0.388 - - -
0.005 0.145 0.236 0.136 0.346 0.406 1.822 0.856
0.05 0.186 0.383 0.239 0.452 0.234 1.180 0.572
0.5 0.264 0.443 0.425 0.613 0.377 0.603 0.319
5 0.437 0.501 0.633 0.681 1.225 0.324 0.314
SCC-
25 cells fractional inhibition combination index (CI)

SU093
(μM)

IR:
0Gy 2.5 5 10 2.5 Gy 5 Gy 10 Gy

0 - 0.011 0.133 0.347 - - -
0.005 0.009 0.015 0.157 0.388 1.216 0.801 1.021
0.05 0.005 0.74 0.050 0.379 0.835 1.753 1.056
0.5 0.361 0.452 0.658 0.713 0.386 0.395 0.663
5 0.744 0.531 0.728 0.710 1.244 0.652 1.017

aFractional inhibition = 1 − fraction of surviving cells.
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using the values of CI < 1, CI = 1, and CI > 1 indicated synergistic,
additive, or antagonistic effects.
Colony Formation Assay. See Supporting Information.
Cell Cycle Analysis. See Supporting Information.
Annexin V Apoptosis Assay. See Supporting Information.
Scratch Migration Assay. See Supporting Information.
Immunoblotting. See Supporting Information.
Immunofluorescence. See Supporting Information.
Statistics. See Supporting Information.
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Figure 3. (A) Representative cell cycle distribution of FaDu cells for each condition from left to right; control, 5 Gy, SU093, and combined 0.5 μM
SU093 and 5 Gy of ionizing radiation. (B) Cell cycle distribution of FaDu and SCC-25, respectively, for each condition. Asterisks indicate t test
comparison between combined treatment and control for G2/M distribution, where P < 0.001 or P < 0.01. (C) Percentage of apoptotic cells post 48 h
treatments of FaDu and SCC-25 in each conditions control, 5 Gy of IR, 0.5 μM SU093, and combined treatment. Asterisks indicate t test comparison
between each treatment and control, where ***P < 0.001 or **P < 0.01.
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