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Abstract

The functional relationship between apoptosis and autophagy in anticancer drug treatment is extremely complex, and the molecular
machinery is obscure. This study aims to investigate the efficacy of CYT997, a novel microtubule-disrupting agent, in head and
neck squamous cell carcinomas (HNSCCs) and complete the autophagy-apoptosis puzzle involved in drug action. We report here
that CYT997 exhibits anticancer activity by triggering oxidative stress-associated apoptosis in HNSCC cells. Interestingly, upreg-
ulation of autophagy by mTOR-dependent pathways appears to have a cytoprotective role in preventing apoptosis by inhibiting
CYT997-induced excessively high levels of reactive oxygen species (ROS). Blockade of autophagy by ATG7 depletion or addition
of autophagy inhibitor hydroxychloroquine (HCQ) sensitizes HNSCC cells to CYT997 as evidenced by enhanced ROS-associated
apoptosis. Moreover, HCQ exhibits a good synergism with CYT997 on induction of apoptosis in HNSCC xenografts without
cytotoxicity, suggesting combined treatment of CYT997 with autophagy inhibitors would increase the anticancer efficacy of
CYT997. These findings unveil the importance of ROS in crosstalk between autophagy and apoptosis in CYT997 treatment, raising
concerns that genetic or pharmacologic blockade of autophagy should be considered in the design of new therapeutics for HNSCC.

Key messages

* CYT997 exhibits anticancer activity by induction of ROS-associated apoptosis.

» mTOR-dependent cytoprotective autophagy prevents CYT997-induced apoptosis.

* Blockade of autophagy augments CYT997 efficacy by enhanced ROS-associated apoptosis.
» Combination of autophagy inhibitors with CYT997 is more effective against HNSCC.
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Paclitaxel has long been recognized as a microtubule-
stabilizing drug, leading to cell death in a subset of the arrested
population. Disappointingly, recent evidence demonstrates
that intratumoral concentrations of paclitaxel are too low to
cause mitotic arrest and result in multipolar cell division in-
stead [8]. CYT997, a novel microtubule-disrupting agent
screened from Cytopia’s small molecule library, has addressed
the shortcomings of the classic agents such as the need for
intravenous administration [9]. Besides its anti-angiogenic ac-
tivity, CYT997 has recently been shown to possess varying
degrees of activity against cancers [10]. By inhibiting tubulin
polymerization and disrupting cellular microtubules, CYT997
effectively kills acute myeloid leukemia cells [11]. In addition,
this drug has potent cytotoxic activity in vitro and oral activity
in prostate cancer xenograft models [12]. The efficacy and
safety of CYT997 in patients with solid malignant tumors
have been investigated in Phase I trials, and it is now in
Phase II clinical trials for the treatment of selected cancers [9].

Head and neck squamous cell carcinoma (HNSCC) is a
devastating disease with limited treatment options [13—15].
In this study, we present evidence for the first time that
CYT997 effectively inhibits growth and viability of HNSCC
cells and induces reactive oxygen species (ROS)-associated
apoptosis. We also show that CYT997 triggers autophagy
through inhibiting mTOR-dependent signaling, which attenu-
ates drug-induced apoptotic death. Autophagy blockade sen-
sitizes the HNSCC cells to CYT997, resulting in ROS-
induced apoptosis. These findings provide a rational basis
for CYT997 in the treatment of HNSCC and strongly suggest
that inhibition of autophagy may enhance the therapeutic ef-
ficacy of CYT997.

Materials and methods

An expanded “Materials and methods” section is available in
the online-only Data Supplement.

HNSCC xenograft, drug administration, and immunohisto-
chemistry Six-week-old female NSG (NOD.Cg-Prkdc*™
112rg"™"™"™7!/S7J) mice were purchased from the Jackson
Laboratory (Bar Harbor, ME) and housed in a specific
pathogen-free animal facility. The tumor-bearing NSG mouse
model was used as described previously [16, 17]. In brief,
mice were injected subcutaneously with 1 x 10® HN12 cells,
then randomized for different treatment when the established
xenografts reach a size of 100 mm’. The mice were treated
with vehicle, HCQ (60 mg/kg once every other day by oral
gavage), CYT997 (15 mg/kg twice daily by oral gavage), or in
combination of HCQ and CYT997, respectively. Tumor
growth was measured externally every 3 to 5 days using ver-
nier calipers as length x width? x 0.52. The mice were
sacrificed on treatment day 16, and the xenografts were
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removed and processed for immunohistochemistry (IHC) with
antibodies against c-PARP and CD31 as described previously
[17, 18]. All animal experiments were reviewed and approved
by the Institutional Animal Care and Use Committee
(IACUC) of Augusta University.

Results

CYT997 effectively inhibits cell viability and induces
apoptosis in HNSCC cells

To determine the effective dose range of CYT997 in HNSCC
cells, three cell lines, HN4, HN12, and HN30, were treated
with CYT997 concentrations ranging from 20 to 200 nM for
48 h. CYT997 exhibited strongly proliferative inhibitory ef-
fects with IC50 of 100 nM, and these effects were dose-
dependent (Fig. 1a). Cell growth assays confirmed these ob-
servations and indicated that HN4 cells were more sensitive to
CYT997 at 100 nM during the first 48 h compared with HN12
and HN30 (Fig. 1b). We next determined cell viability at dif-
ferent time points using 100 nM of CYT997. Cell death was
increased within the CYT997 treatment period (0-72 h) (Fig.
Ic). To study the possible mechanisms that may underlie
CYT997-induced cell death, we determined apoptosis in the
presence or absence of CYT997. A significantly increased
apoptotic rate was found following CYT997 exposure (Fig.
1d), which was accompanied by increased levels of cleaved
PARP and caspase 3 (Fig. le).

CYT997-induced apoptosis is associated with elevated
oxidative stress in HNSCC cells

Oxidative stress refers to elevated intracellular levels of ROS
that often leads to cell death [19]. To examine the effect of
oxidative stress on CYT997-induced cell apoptosis, the
DCFH-DA fluorescent reagent was used to evaluate ROS
production, which showed a significant increase of fluores-
cence in the cells following exposure to CYT997 (Fig. 2a).
These observations suggest that CYT997 induces HNSCC
cell death, at least in part, by enhancing oxidative stress. We
then monitored O, release using electrochemical biosensors
[20, 21]. The maximal amount of O," generation was in-
creased more than 20% in HN4 and HN30 cells and 12% in
HNI12 cells after CYT997 treatment, as compared with un-
treated control cells, respectively (Fig. 2b). HN4 and HN12
cells reached a maximum O," level at 8 h after CYT997
treatment and then decreased (Fig. 2b), whereas O,™ in
HN30 cells peaked at 4 h after CYT997 treatment (Fig. 2b),
suggesting the CYT997-induced O, release is cell line de-
pendent. These data indicate that elevated intracellular O,
and ROS levels in HNSCC cells contribute to CYT997-
induced oxidative stress. NAC is an antioxidant that has the
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Fig. 1 CYT997 inhibits cell viability and induces apoptosis in HNSCC
cells. a HNSCC cells were treated with the indicated concentrations of
CYT997 for 48 h, and cell viability was determined by MTS assays. b
HNSCC cells were seeded into six-well plates and treated with 100 nM
CYT997 for 24 h, and the number of attached cells was determined by
crystal violet staining. Representative images were shown in the left panel
and quantitative data are shown in the right panel. ¢ HNSCC cells were

ability to minimize oxidative stress and the associated down-
stream negative effects [22]. To test the possibility that sup-
pression of an increase in the amount of ROS could block
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treated with 100 nM CYT997 for the indicated times, and cell viability
was determined by MTS assays. d, e HNSCC cells were treated with the
indicated concentrations of CYT997 for 24 h, and apoptosis was deter-
mined by flow cytometry with Annexin V-FITC staining (d) and Western
blot with the antibodies against cleaved PARP and caspase3 (e). *p <
0.05; **p <0.01

CYT997 in the presence or absence of NAC. NAC signifi-
cantly attenuated the induction of ROS by CYT997 (Fig. 2¢),
which also alleviated PARP cleavage following CYT997
treatment (Fig. 2d).
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CYT997 triggers mTOR-dependent autophagy
in HNSCC cells

Autophagy is regulated by numerous stresses such as hypoxia,
oxidative stress, and chemical drugs [23, 24]. The observation
of intracellular ROS levels in CYT997-treated HNSCC cells
prompted us to investigate the autophagic changes following
treatment with CYT997. Interestingly, CYT997-treated cells
had the prominent morphological features with the appearance
of numerous cytoplasmic vesicles and vacuoles (Fig. 3a). We
then explored autophagy activation by staining with
dansylcadaverine, an autofluorescent compound used for the
labeling of autophagic vacuoles. Compared with the control
group, dot-like structures in the cytoplasmic and perinuclear
regions of the drug-treated cells were detected (Fig. 3a),

Fig. 3 CYT997 induces mTOR- a
dependent autophagy in HNSCC
cells. a, b HN12 cells were treated
with 100 nM CYT997 for 24 h,
and autophagy was determined by
dansylcadaverine staining (a) and
TEM (b). In b, phagophores (a),
autophagosomes (b), lysosomes
(c), and autolysosomes (d) were
indicated. ¢ HNSCC cells were
treated with 100 nM CYT997 for
24 h, and cell lysates were col-
lected for Western blot
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suggesting that CYT997 can induce autophagosome forma-
tion. Electron microscopy further revealed numerous double-
membraned vacuoles in CYT997-treated cells that contained
fragments of the endoplasmic reticulum and other cytoplasmic
components (Fig. 3b). Consistent with these observations, re-
duced protein levels of p62 (Fig. 3c), an effective marker to
estimate autophagic flux [25], was observed following expo-
sure to CYT997 in all three HNSCC cell lines examined.
LC3B-II levels correlate with the steady-state levels of
autophagosomes [26]. Increased accumulation of LC3B-II
was also found in CYT997-treated cells (Fig. 3c), suggesting
that CYT997 is a potent inducer of autophagy.

Several signaling cascades can regulate autophagy in mam-
malian cells, including the mammalian target of rapamycin
(mTOR)-dependent and independent pathways [27, 28]. We
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thus determined the activation of mTOR signaling in the pres-
ence or absence of CYT997. mTOR is a major negative regu-
lator of autophagy, and p70 ribosomal S6 kinase (p70S6K) is
an in vitro substrate for mTOR that subsequently phosphory-
lates the S6 ribosomal protein [29, 30]. The phosphorylation of
mTOR, p70S6K, and S6 was significantly inhibited by
CYT997 in all cell lines examined in this study (Fig. 3c and
Supplementary Fig. S1), indicating that CYT997 induces au-
tophagy, at least in part, through the mTOR-p70S6K signaling.

Knockdown of ATG7 enhances CYT997-induced
apoptosis in HNSCC cells

Autophagy-related (ATG) proteins are engaged in
autophagosome formation. We then assessed the expression
of ATG proteins in CYT997 treatment. The level of ATG7
was markedly increased following CYT997 exposure in all
three cell lines examined (Fig. 4a). The levels of ATG3 and
ATGS were only increased in HN4 and HN12 cells, but not in
HN30 cells (Fig. 4a), suggesting that ATG7 functions as an
essential enzyme for CYT997-induced autophagy. To deter-
mine whether ATG7 is a critical player between autophagy
and apoptosis triggered by CYT997, we inhibited its expres-
sion in HN12 cells using shRNA (Fig. 4b). With CYT997
treatment, higher levels of cleaved PARP (Fig. 4c) and in-
creased apoptotic rate (Fig. 4d) were observed in cells with
ATG7 loss compared with control cells, suggesting ATG7-

Fig. 4 Inhibition of ATG7

dependent autophagy attenuates CYT997-induced apoptosis
in HNSCC cells.

Blockade of autophagy by HCQ promotes
CYT997-induced apoptosis through enhancing ROS
in HNSCC cells

Autophagy inhibitors (e.g., HCQ and 3-MA) are often used in
combination with chemotherapeutic drugs to inhibit autopha-
gic survival and exert their anticancer action [31]. As autoph-
agy was induced more efficiently by CYT997 in HN12 cells
compared with HN4 and HN30 cells (Fig. 3c), we first eval-
uated the role of HCQ in CYT997 treatment using this cell
line. As expected, HCQ can inhibit autophagosome formation
induced by CYT997 (Fig. 5a, b). Although there were no
discernible differences in cell growth and viability in the pres-
ence or absence of HCQ), a significant decrease in cell growth
and viability (Fig. 5d, e) and an increase in apoptosis (Fig. 51,
g) were observed for the addition of HCQ to CYT997. The
similar tendency was seen from HN4 and HN30 cells when
co-treated with HCQ and CYT997 (Supplementary Fig. S2),
suggesting that inhibition of autophagy is broadly applicable
for enhancing CYT997-induced apoptosis in HNSCC cells.
To study whether the crosstalk between autophagy and apo-
ptosis by CYT997 depends on its microtubule inhibition, we
treated HN12 cells with the other microtubule depolymerizer
colchicine [32]. Similar to CYT997, colchicine trigged both
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autophagy and apoptosis as evidenced by increased accumu-
lation of LC3B-II and c-PARP (Supplementary Fig. S3A).
Most importantly, the combined treatment with HCQ and
colchicine also increased apoptotic response in HN12 cells
than colchicine given alone (Supplementary Fig. S3B and
S3C). These observations suggest that autophagy blockade
can augment apoptosis induced by microtubule depolymer-
ization. 3-MA mainly suppresses the mTOR-independent
induction of autophagy by inhibiting the activity of class
IIT PI3K complexes; however, high concentrations of 3-
MA can modulate autophagy via inhibition on both class
I and III PI3K [33]. To determine the role of 3-MA in
HNSCC cells, 25 uM 3-MA was used to treat HN12 cells
(Supplementary Fig. S4). Surprisingly, 3-MA downregu-
lated mTOR signaling, which was confirmed by its sup-
pressive effect on S6 protein phosphorylation (data not
shown), a surrogate marker for mTOR activity. We next
determined the efficacy of CYT997 in combination with
3-MA. Unlike HCQ, 3-MA did not have a notable effect on
CYT997-induced apoptotic death and repression of cell
survival (Supplementary Fig. S4), which may be attributed

to incapability of 3-MA in inhibiting autophagosome mat-
uration and autolysosome formation [34].

To investigate the mechanism underpinning CYT997-
induced interplay between autophagy and apoptosis, we de-
termined the status of oxidative stress in single or combination
treatment. Although either HCQ or CYT997 had the capacity
to promote ROS generation and O,™ release in HN12 cells,
their combination induced much higher levels of oxidative
stress than the single agents alone (Fig. 5h, 1). Taken together,
these data illustrate that the mTOR-dependent autophagy trig-
gered by CYT997 suppresses drug-induced apoptosis through
inhibiting excessively high ROS (Fig. 5j).

HCQ augments anticancer activity of CYT997
in a xenograft mouse model of HNSCC

We next evaluated the synergistic effects of CYT997 and
HCQ on tumorigenic potential. HN12 cells were implanted
into the right flank of NSG mice and measurement of tumor
volume was commenced 5 days following implantation. The
tumor-bearing animals were randomly assigned to treatment
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Fig. 5 Addition of HCQ sensitizes HNSCC cells to CYT997-induced
apoptotic death through enhancing ROS. a—g HN12 cells were treated
with 100 nM CYT997 for 24 h in the presence or absence 0of 20 uM HCQ.
Autophagy was determined by dansylcadaverine staining (a) and TEM
(b; arrow indicates autophagic vacuoles and quantitative data were shown
in the right panel; n =20). The number of survival cells was determined
by crystal violet staining (c), cell viability was determined by MTS assays
(d) and flow cytometry with an amine-reactive fluorescent dye Zombie
Aqua™ that is non-permeant to live cells but permeant to cells with
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compromised membranes (e), and apoptosis was determined by flow
cytometry with Annexin V-FITC staining (f) and Western blot with an
antibody against cleaved PARP (g). h, i ROS generation was determined
and quantitated by DCFH-DA staining (h; representative images and
quantitative data are shown in the left and right panel, respectively), and
O, generation was determined by electrochemical biosensor (i). j
Schematic representation of CYT997-induced interplay between autoph-
agy and apoptosis in HNSCC cells. *p < 0.05; **p < 0.01
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(drug alone or in combination) or control groups. Treatment
with CYT997 significantly reduced the size and weight of
HN12-derived xenografts (Fig. 6a, b). HCQ did not exert
any effect on tumor growth and body weight, but it augmented
the anticancer effects of CYT997 in the subcutaneous xeno-
graft model (Fig. 6a—c). As a microtubule binding agent,
CYT997 exhibits some degree of vascular disrupting activity
[10]. Thus, we assessed the in vivo antivascular ability of

CYT997. IHC staining with a CD31 antibody revealed that
microvessel density (MVD) of tumor tissue from CYT997-
treated mice was much lower than that from vehicle-treated
mice (Fig. 6d, f). Addition of HCQ in CYT997 treatment did
not show a significant alteration in MVD compared with the
group treated with drug alone (Fig. 6d, f). In contrast, [HC
with an antibody against cleaved PARP showed that HCQ
improved the anticancer effect of CYT997 by enhancing
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Fig.6 Combination of HCQ and CYT997 inhibits HNSCC growth more
efficiently than CYT997 treatment alone in a xenograft mouse model. a—¢
The effect of combination therapy with CYT997 and HCQ on tumor
growth. When HN12-derived xenografts have been established, NSG
mice were randomly divided into four groups for treatment with vehicle,
CYT997, HCQ, or the combination of CYT997 and HCQ (n = 5/group).
Tumor growth was measured by tumor volume (a), tumor burden at the

end of the experiment was calculated as tumor weight (b), and mouse
bodies (minus tumor) were also weighed (¢). d—g The xenografts re-
moved from the drug-treated tumor-bearing mice were processed for
IHC with the antibodies against CD31 (d) and cleaved PARP (e).
Representative images of IHC and quantitative data are shown in d, e
and f, g, respectively. n.s., non-significant; *p <0.05; **p <0.01
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apoptotic rate in tumor cells (Fig. 6e, g). These data suggest
that the combination of HCQ and CYT997 has a superior
inhibitory activity on HNSCC tumor survival compared to
monotherapy.

Discussion

The oral activity of CYT997 is a key advantage over most
other microtubule-targeting agents, which are administered
intravenously, thereby markedly improving its clinical value
[9—-12]. Successful practical use of CYT997 will benefit from
understanding its efficacy and its underlying mechanisms,
alone or in combination with other anticancer agents. This
study reports the anticancer activity of CYT997 in HNSCC
cells and demonstrates that autophagy triggered by CYT997
attenuates drug-induced apoptosis through suppression of ex-
cessively high ROS. We present data indicating that CYT997
together with autophagy inhibitors such as HCQ exhibits po-
tent oncolytic effects on HNSCC cells, suggesting that this
polytherapy may be an effective regimen for subsets of
HNSCC lesions.

Oxidative stress resulting from elevated intracellular levels
of ROS leads to damage to lipids, proteins, and DNA and is
suspected to be linked to cellular microtubule dynamics and
apoptosis [19, 35]. In this study, we found that disruption of
microtubules by CYT997 enhanced ROS in HNSCC cells,
which is also evident with increased cellular O, release.
We also identified that apoptosis accompanied CYT997-
mediated ROS accumulation and that NAC, a specific ROS
scavenger, can block CYT997-induced apoptosis. These find-
ings indicate that CYT997 exerts pro-apoptotic activity on
HNSCC cells, at least partially through ROS generation. In
addition, our study indicates that autophagy plays a
cytoprotective role following CYT997 treatment, which limits
the production of ROS to suppress pro-apoptotic signaling in
HNSCC cells.

Autophagy, a self-protective response of living cells or or-
ganisms to various stress conditions, is increasingly recog-
nized as an important factor in the initiation and progression
of cancer and interventions in cancer therapy [36]. Autophagy
promotes cell survival during starvation; however, it can
switch from death inhibition to death promotion under
different contexts. An evidence from Sentelle and his col-
leagues shows that the direct interaction between C18-
ceramide and LC3B-II on mitochondrial membranes can
induce lethal autophagy via selective targeting of mito-
chondria by LC3B-II-containing autophagolysosomes
[37]. Melatonin, a potent free radical scavenger, can be
added into rapamycin treatment for HNSCC as it repressed
the negative feedback loop from the specific downstream
effector of mTOR activation S6K1 to Akt signaling [38].
Interestingly, this combined treatment can simultaneously
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increase apoptosis and autophagy in HNSCC cells [38],
suggesting that autophagy plays a critical role in favor of
apoptosis. Therefore, understanding the stimulus- and cell
type-specific differences in the autophagy machinery is
needed if we consider using this pathway for therapeutic
benefit in the future.

Autophagy modulators have two distinct mechanisms of
action, acting through mTOR-dependent or mTOR-
independent pathways [36, 39]. CYT997 appears to trigger
autophagy in HNSCC cells through inhibition of mTOR ac-
tivity. In this study, we tested two widely used autophagy
inhibitors, 3-MA, and HCQ. HCQ blocks autophagic flux that
is increased by allosteric inhibition of mTOR, and high con-
centrations of 3-MA can also inhibit mTOR activity in cancer
cells [34, 36]. However, compared with HCQ, 3-MA en-
hances autophagic flux not due to suppression of maturation
of autophagosomes or lysosomal function [34, 40]. To our
surprise, HCQ, but not 3-MA, significantly enhanced the cy-
totoxic effects of CYT997 and increased the rate of apoptosis
in HNSCC cells, suggesting that inhibiting autophagosome
maturation and autolysosome formation is required to aug-
ment CYT997-induced apoptosis. Our study also implicates
that selection of suitable autophagy inhibitors as an adjunct to
chemotherapy is critical for achieving better therapeutic effec-
tiveness in cancer treatment.

Previous studies have shown that autophagy can inhibit
chemotherapy-induced apoptosis in cancer treatment, and in-
terference with the autophagic response may be a good thera-
peutic strategy in such cases [41, 42]. Consistent with this
concept, blockade of autophagic signaling sensitizes HNSCC
cells to CYT997, which implies that judicious targeting of
autophagy pathways may present an opportunity to improve
the effects of microtubule-targeting drugs in the treatment of
HNSCC. Based on the rationale that the current study has
provided for this combination therapy. Further exploration of
autophagy inhibitors such as HCQ combined with CYT997 in
HNSCC is warranted.
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