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Abstract

Clear cell ovarian carcinoma (CCOC) is an aggressive form of epithelial ovarian cancer that 

exhibits low response rates to systemic therapy and poor patient outcomes. Multiple studies in 

CCOC have revealed expression profiles consistent with increased hypoxia, and our previous data 

suggest that hypoxia is correlated with increased autophagy in CCOC. Hypoxia-induced 
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autophagy is a key factor promoting tumor cell survival and resistance to therapy. Recent clinical 

trials with the molecular-targeted receptor tyrosine kinase (RTK) inhibitor sunitinib have 

demonstrated limited activity. Here, it was evaluated whether the hypoxia–autophagy axis could be 

modulated to overcome resistance to sunitinib. Importantly, a significant increase in autophagic 

activity was found with a concomitant loss in cell viability in CCOC cells treated with sunitinib. 

Pharmacologic inhibition of autophagy with the lysosomotropic analog Lys05 inhibited autophagy 

and enhanced sunitinib-mediated suppression of cell viability. These results were confirmed by 

siRNA targeting the autophagy-related gene Atg5. In CCOC tumor xenografts, Lys05 potentiated 

the antitumor activity of sunitinib compared with either treatment alone. These data reveal that 

CCOC tumors have an autophagic dependency and are an ideal tumor histotype for autophagy 

inhibition as a strategy to overcome resistance to RTK inhibitors like sunitinib.

Implications—This study shows that autophagy inhibition enhances sunitinib-mediated cell 

death in a preclinical model of CCOC.

Introduction

Tumor hypoxia resulting from an inadequate oxygen supply is a well-recognized mechanism 

driving resistance to chemotherapy and radiotherapy. Hypoxia can also activate autophagy, a 

pathway whereby tumors degrade intracellular contents to generate nutrients and metabolites 

for maintaining bioenergetics and survival (1). Pharmacologic inhibition of late-stage 

autophagy using lysosomotropic agents, such as chloroquine (CQ) or its derivative 

hydroxychloroquine (HCQ), has been shown to enhance the efficacy of antitumor agents (1). 

As such, phase I and II clinical trials investigating HCQ in combination with chemotherapies 

or targeted therapies are ongoing. Early reports have indicated that HCQ may have modest 

clinical activity (2–6). However, in the absence of a specific autophagy inhibitor, targeting 

other events upstream or downstream of autophagy may improve clinical responses. More 

recently a new agent, Lys05, was identified as a more potent inhibitor of autophagy (7). 

Preclinical studies have shown that mice treated with Lys05 phenocopy the deletion of 

essential autophagy genes, suggesting that it may have more specificity than other 

lysosomotropic drugs (7). Despite these developments, a yet unresolved and crucial issue is 

the identification of tumor types that are susceptible to autophagy inhibition.

Clear cell ovarian carcinoma (CCOC) is a distinct histotype of epithelial ovarian cancer that 

is characterized by poor response rates to platinum-based chemotherapies, especially in the 

advanced setting (8, 9). There is compelling genetic and molecular evidence that CCOCs 

activate pathways involved in hypoxia and angiogenesis (10, 11). We previously found that 

the presence of the autophagy marker LC3A-SLS (microtubule-associated protein 1 light 

chain 3A-stone like structures) in CCOC is associated with a significant reduction in 

survival (12). Moreover, we observed a positive correlation between LC3A-SLS and the 

proangiogenic proteins hypoxia-inducible factor 1-alpha (HIF-1α) and carbonic anhydrase 

IX (CA-IX). Taken together, these studies suggest that CCOC patient tumors are associated 

with activation of hypoxia-induced autophagy, and we hypothesize that CCOC may 

represent a unique tumor type that has inherent susceptibility to autophagy inhibition.
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Sunitinib (Sutent) is a pan–receptor tyrosine kinase (RTK) inhibitor approved for the 

treatment of renal cell carcinoma (RCC), pancreatic neuroendocrine tumors (PNET), and 

imatinib-resistant gastrointestinal tumors (GIST). Sunitinib blocks the VEGF, PDGF, FLT3, 

and c-Kit signaling pathways and therefore has both antiangiogenic and antitumor 

properties. Although antiangiogenic drugs, including sunitinib, block the growth of blood 

vessels, it has been demonstrated that sunitinib can induce vascular normalization, 

increasing tumor oxygenation and suppressing cycling hypoxia (13). Because of the 

similarities between RCC and CCOC, it was proposed that sunitinib may also have a 

therapeutic role in CCOC (10, 14). Indeed, there have been case reports of sustained clinical 

and functional imaging responses in three chemotherapy-resistant CCOC patients treated 

with sunitinib (10, 15). However, the results of two phase II clinical trials indicate that 

although there were some durable responses in CCOC, the overall activity of sunitinib was 

low (16, 17).

The association between hypoxia, autophagy and treatment resistance, and the modest 

response to sunitinib observed in CCOC provided the rationale to investigate the synergy 

between sunitinib and autophagy inhibition as a potential therapeutic strategy for treating 

CCOCs. Our data show that autophagy inhibition enhances sunitinib efficacy under 

normoxia and hypoxia and that targeting the autophagy pathway may represent an 

efficacious strategy to enhance the benefits of sunitinib.

Materials and Methods

Cell culture and hypoxia conditions

Cells were maintained in a humidified incubator at 37°C with 5% CO2 and were used within 

20 passages. OVTOKO and OVMANA cells were obtained from the JCRB cell bank (gift 

from J. Brenton, University of Cambridge, Li Ka Shing Centre, Cambridge, United 

Kingdom) and were cultured in RPMI supplemented with 10% FBS, 2.05 mmol/L L-

glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin (all from Fisher Scientific). 

TOV21G were obtained from ATCC and cultured in the above media with the addition of 

HEPES. Cells were authenticated using short tandem repeat profiling (AmpFlSTR 

Identifiler, Applied Biosystems) and were thawed and used within 6 months of receipt. For 

hypoxia experiments, cells were placed in a humidified hypoxia chamber (Coy Laboratories) 

at 37°C, 1% O2 with 5% CO2 and cultured as indicated.

Cell viability assays and combination index analysis

For viability analyses at 48 hours, 7.5 × 103 cells were plated into each well of a 96-well 

plate in duplicate. For 72-hour analyses, 2 × 103 (TOV21G and OVTOKO) and 3 × 103 

(OVMANA) cells were plated. The following day, cells were treated with sunitinib (LC 

Laboratories), HCQ (Acros Organics Source), or Lys05 as indicated (7). MTT (5 mg/mL) 

was added to each well and was incubated for 4 hours at 37°C. MTT was then solubilized in 

100 μL of DMSO (Sigma-Aldrich), and absorbance was measured at 560 and 670 nm on a 

VersaMAX microplate reader. IC50 values were calculated using GraphPad Prism 6. The 

combination index (CI) was determined using the median effect principle by Chou and 

Talalay (18). The fraction affected (Fa) was calculated by subtracting the relative viability 
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from 1, where Fa =1 indicates 0% viability and Fa = 0 indicates 100% viability. The CI 

values were determined using CompuSyn software, where a CI < 1 indicates synergistic, CI 

=1 indicates additive, and CI > 1 indicates antagonistic interactions.

Crystal violet cell recovery assays

A total of 500 cells/well in 24-well plates were treated with Lys05 and sunitinib for 48 

hours. Media were removed and replaced with fresh media, and cells were incubated for an 

additional 11 days. Cells were then fixed in 10% neutral buffered formalin (Sigma-Aldrich) 

and stained with 0.1% (w/v) crystal violet (Sigma-Aldrich). Crystal violet was solubilized in 

10% acetic acid, and absorbance was measured at 590 nm on a VersaMAX microplate 

reader.

siRNA

Cells were plated at 2 × 105 cells/well in 6-well plates in antibiotic-free medium. The 

following day, cells were transfected with scramble-siRNA, or a pool of two specific 

siRNAs targeting Atg5 using DharmaFECT Transfection Reagent (Dharmacon) according to 

the manufacturer’s instructions. Forty-eight hours after transfection, cells were collected for 

Western blot analyses. For siRNA treatments combined with sunitinib, 5 × 103 cells were 

plated in duplicate in antibiotic-free media in a 96-well plate. The following day, cells were 

transfected with scramble or Atg5 siRNA as described above. Twenty-four hours after 

transfection, media were replaced with fresh media in the presence or absence of sunitinib, 

and cells were incubated for an additional 48 hours. For crystal violet recovery assays, 

siRNA-treated cells were collected 24 hours after transfection and were plated at 500 cells/

well and treated as indicated above.

Caspase-Glo 3/7 assay

Cells (7.5 × 103) were plated in duplicate in a 96-well plate. The following day, cells were 

treated with Lys05, sunitinib, or the combination of the two agents for 48 hours. Etoposide 

(100 μmol/L) was used as a positive control. Caspase-3/7 activity was determined according 

to the manufacturer’s instructions (Promega). Luminescence was measured on a Wallac 

EnVision multilabel reader.

Western blots

Western blots were performed as described previously (19). Primary antibodies used were 

anti-LC3B and GAPDH (Novus Biologicals), p62 and actin (Sigma-Aldrich), PARP, p-

mTOR Ser2448, mTOR, p-S6 Ser235/236 and S6 (Cell Signaling Technology). 

Densitometry was performed using ImageJ software.

Xenograft studies

All animal procedures were approved by the University of Victoria Animal Care Committee 

and were performed in accordance with the Canadian Council on Animal Care. Female 

NOD/Scid mice were purchased from the BC Cancer Research Facility and housed under 

aseptic conditions in microisolater cages. Approximately 8-week-old NOD/Scid mice were 

implanted with 2 × 106 TOV21G or OVTOKO cells subcutaneously into the right flank. 
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Once tumors reached approximately 100 mm3, mice were treated with PBS (daily, 

intraperitoneally), 20 mg/kg sunitinib (daily, oral gavage), 20 mg/kg Lys05 (daily, 

intraperitoneally), or the combination of the two agents for 18 (TOV21G) or 13 (OVTOKO) 

days. Tumor volume was measured daily with digital calipers and was calculated according 

to the formula mm3 = 0.5 × length × width2.

IHC and TOV21G tumor xenograft scoring

Formalin-fixed tissue was embedded in paraffin blocks. Tissue sections (4 μm) were 

subjected to antigen retrieval as described previously (20). Slides were washed and 

antibodies to pimonidazole (Hypoxyprobe), cleaved caspase-3 (Cell Signaling Technology), 

or Ki-67 (Abcam) were incubated for 30 minutes at room temperature. Following washing, 

rabbit horseradish peroxidase secondary antibody (Biocare) was applied, and secondary 

antibodies were detected using 3,3′-diaminobenzidine chromogen (DAB; Biocare). Slides 

were washed and allowed to air dry before mounting with EcoMount (Biocare).

Scoring of tumor tissues was performed by taking 4 to 5 high power fields at ×20 

magnification using Nuance Multispectral Imaging Software in combination with an 

Olympus BX53 microscope. Pimonidazole and cleaved caspase-3 were scored using signal 

thresholding, and Ki-67–positive cells were enumerated using InForm Software Analysis.

Statistical analyses

Unless otherwise indicated, statistical analyses were determined using Student t test. All 

statistical calculations were used using GraphPad 6.0 software, and P values <0.05 were 

considered significant.

Results

CCOC cells are sensitive to sunitinib in vitro

We investigated the effects of sunitinib on three CCOC cell lines with respect to cell 

viability under normoxic (21% O2) and hypoxic (1% O2) conditions. Under normoxia, 

TOV21G, OVTOKO, and OVMANA CCOC cells showed a dose-dependent decrease in cell 

viability following sunitinib treatment, with an IC50 calculated to be 17.3, 21.1, and 18.6 

μmol/L, respectively (Fig. 1A–C). At 72 hours, the IC50 was similar to those observed in 

reported studies (Supplementary Fig. S1; ref. 21). CCOC cells cultured under hypoxia for 48 

hours were also sensitive to sunitinib but showed cell line–dependent differences. TOV21G 

cells cultured under hypoxia were the most resistant to sunitinib, with a small but 

reproducible 0.2-fold increased IC50 under hypoxia compared with normoxia. In contrast, 

OVTOKO and OVMANA cells were more sensitive to sunitinib under hypoxia, with IC50 

values 0.2- and 0.7-fold less under hypoxia compared with normoxia, respectively (Fig. 1A–

C).

Modulation of autophagy by sunitinib in CCOC cell lines

We previously showed that hypoxia induces autophagy in CCOC cell lines (12). Sunitinib 

however has been shown to induce or block autophagy depending on the cell type (22–26). 

To determine the effect of sunitinib on autophagy in CCOC cells, we first examined LC3-II 
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and the autophagy-dependent degradation of p62 following sunitinib treatment. The free 

cytoplasmic form of LC3 (LC3-I) becomes conjugated to phosphatidylethanolamine (LC3-

II) and is recruited to autophagosomal membranes (27). Although an increase in LC3-II can 

reflect an increase in autophagy, an accumulation of autophagosomes may be the result of 

increased autophagosome biogenesis or impairment of autophagosome trafficking to 

lysosomes (20). We found that all three CCOC cell lines treated with increasing 

concentrations of sunitinib showed a significant increase in LC3-II (Fig. 2A). In addition, a 

significant reduction in p62 was observed for TOV21G and OVTOKO cells, whereas 

OVMANA cells had a modest reduction of p62 (Fig. 2A). To confirm the role of sunitinib on 

autophagy, autophagic flux assays were performed under both normoxia and hypoxia by 

treating cells with sunitinib in the presence or absence of saturating concentrations of the 

autophagy inhibitor Lys05 (Supplementary Fig. S2). Under normoxia, TOV21G and 

OVTOKO cells treated with sunitinib and Lys05 resulted in a further accumulation of LC3-

II compared with single-agent sunitinib or Lys05, indicating that sunitinib induces 

autophagic flux in these cells (Fig. 2B). When cells were cultured under hypoxic conditions, 

sunitinib treatment blocked autophagic flux in TOV21G cells, while it induced flux in 

OVTOKO cells (Fig. 2C). In OVMANA cells cultured under normoxic or hypoxic 

conditions, we observed a significant increase in LC3-II in the sunitinib plus Lys05 

treatment group compared with Lys05 alone, but not compared with sunitinib alone. This 

indicates that sunitinib induces the synthesis of autophagy-related membranes but may not 

induce flux in these cells (Fig. 2B and C; ref. 28). It is possible that higher concentrations of 

sunitinib are required to induce flux under normoxia or hypoxia in this cell line. Similar to 

other reports, CCOC cells treated with sunitinib led to a reduction in both phospho-mTOR 

and phospho-S6, indicating that sunitinib-induced autophagy involves suppression of the 

mTOR signaling pathway (Fig. 2D; ref. 29).

Autophagy inhibition potentiates the antitumor activity of sunitinib in vitro

Given the above results, it is possible that the induction as well as the magnitude of 

autophagy in CCOC may contribute to treatment resistance and poor outcomes. We 

hypothesized that targeting the autophagy pathway may sensitize CCOC to sunitinib. Lys05 

is a dimeric derivative of CQ that possesses greater potency to inhibit autophagy and block 

tumor growth compared with HCQ (7). In agreement with this, CCOC cells treated with 

Lys05 accumulated more LC3-II compared with cells treated with HCQ (Supplementary 

Fig. S3A). Further cell viability assays showed that Lys05 was more cytotoxic than HCQ in 

all cell lines tested (Supplementary Fig. S3B). On the basis of this comparative potency 

analysis, we used Lys05 for all subsequent experiments.

To determine whether targeting the autophagy pathway could enhance sunitinib cytotoxicity, 

CCOC cells were treated with sunitinib and Lys05, and cell viability assays were performed. 

CCOC cells treated with sunitinib in combination with Lys05 resulted in a significant 

inhibition of cell viability under normoxia and hypoxia compared with sunitinib treatment 

alone (Fig. 3A and B). Under both normoxia and hypoxia, clonogenic survival assays 

demonstrated that the addition of Lys05 to sunitinib resulted in a greater degree of 

cytotoxicity compared with single-agent sunitinib in TOV21G and OVTOKO cells (Fig. 3C 

and D). OVMANA cells displayed the greatest sensitivity to single-agent therapies under 

DeVorkin et al. Page 6

Mol Cancer Res. Author manuscript; available in PMC 2017 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



normoxia and hypoxia (Fig. 3C and D). To determine whether the effects of Lys05 were 

autophagy related, siRNA was used to knock down the essential autophagy gene Atg5 in the 

presence or absence of sunitinib. Western blot analysis confirmed the reduction of Atg5 

protein in TOV21G cells (Fig. 3E). We found that Atg5-siRNA in combination with 

sunitinib caused a significant impairment in cell viability compared with single-agent 

sunitinib (Fig. 3F). Under hypoxia, Atg5-siRNA also resulted in a significant reduction in 

cell viability when combined with sunitinib (Fig. 3G). Clonogenic cell survival assays 

showed that under normoxia, knockdown of Atg5 did not reduce survival of TOV21G cells 

nor did it sensitize cells to sunitinib, indicating that at least in this assay, cells do not rely on 

autophagy for survival under normoxic conditions (Fig. 3H and I). In contrast, cells treated 

with both Atg5-siRNA and sunitinib under hypoxia had a significant reduction in cell 

survival compared with single-agent sunitinib (Fig. 3H and I). Altogether, these results 

demonstrate that pharmacologic or genetic inhibition of autophagy under normoxia or 

hypoxia enhances the cytotoxicity of sunitinib in CCOC cells.

The above data suggest that the addition of Lys05 potentiates the anticancer activity of 

sunitinib in vitro. To evaluate whether the combination of sunitinib and Lys05 has 

synergistic activity in CCOC cells, the CI was calculated using the Chou and Talalay median 

effect principle (18). We found that sunitinib plus Lys05 resulted in a CI <1.0 for a number 

of different concentrations tested, indicating that sunitinib and Lys05 act synergistically in 

CCOC cells (Fig. 3J; Supplementary Fig. S4).

Sunitinib in combination with Lys05 induces apoptotic cell death

We next investigated whether the reduction in clonogenic survival and loss in cell viability 

following exposure to sunitinib and Lys05 was associated with increased apoptosis. As 

shown in Fig. 4A, caspase-3/7 activity was greater in the combination treatment compared 

with sunitinib treatment alone. OVMANA cells treated with Lys05 alone also showed a 

significant induction in caspase activity (Fig. 4A). Further western blot analyses revealed 

that the combination of sunitinib and Lys05 increased the levels of cleaved PARP, a substrate 

of caspase-3, confirming that the combination treatment induces apoptotic cell death (Fig. 

4B).

Autophagy inhibition enhances sunitinib activity and blocks CCOC tumor growth in vivo

TOV21G cells displayed the least sensitivity to sunitinib under hypoxia compared with 

OVTOKO and OVMANA cells (Fig. 1B). On the basis of this result, we elected to first 

investigate whether the addition of Lys05 could potentiate the activity of sunitinib in the 

most resistant cell line that we tested under hypoxia. TOV21G cells were implanted 

subcutaneously into the flank of NOD/Scid mice. When tumor volume reached 

approximately 100 mm3, mice were treated with saline, 20 mg/kg sunitinib, 20 mg/kg 

Lys05, or the combination of the two agents. Compared with the saline-treated group, mice 

treated with single-agent Lys05 or sunitinib, or the combination of the two agents resulted in 

a significant decrease in tumor volume (Fig. 5A and B). Importantly, mice in the cotreatment 

group displayed a 45% (P<0.01) and 54% (P<0.0001) reduction in tumor growth compared 

with mice treated with single-agent sunitinib or Lys05, respectively (Fig. 5A and B). To 

confirm these results, we also investigated whether the combination treatment was more 
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efficacious than single agents in the OVTOKO tumor model. Indeed, a significant reduction 

in relative tumor growth in the cotreatment group was observed compared with single-agent 

sunitinib or Lys05 (Fig. 5C).

To understand the mechanism by which the combination of sunitinib and Lys05 promotes 

tumor growth inhibition, we first examined autophagy levels in TOV21G tumor tissues. 

Tumors from sunitinib-treated mice showed decreased p62, whereas tumors from Lys05-

treated mice showed increased p62, indicating that sunitinib and Lys05 can induce and block 

autophagy, respectively, in vivo (Fig. 5D). We next performed IHC analyses on TOV21G 

tumor sections using pimonidazole as a marker of hypoxia. Saline-treated mice displayed 

pimonidazole-positive regions, indicating that TOV21G tumors are hypoxic in vivo (Fig. 

5E). Sunitinib treatment alone significantly reduced hypoxia-positive tumor regions 

compared with saline-treated mice, and addition of Lys05 did not further alter hypoxia 

within tumors (Fig. 5E). TOV21G tumor sections were further examined for cleaved 

caspase-3 and Ki-67 to determine whether alterations in apoptosis or proliferation could 

promote the reduction in tumor growth in the cotreatment group. Administration of sunitinib 

or Lys05 alone had little effect on cleaved caspase-3 staining; however, cleaved caspase-3 

was significantly increased in the cotreatment group compared with sunitinib treatment 

alone (Fig. 5F). No significant difference in Ki-67 positivity was observed between any of 

the treatment groups, indicating that the mechanism of tumor regulation in the cotreatment 

group is mediated by apoptosis (Fig. 5G and F). Altogether, our data show that the addition 

of the autophagy inhibitor Lys05 potentiates the activity of sunitinib and impairs TOV21G 

and OVTOKO tumor growth in vivo.

Discussion

Several groups have demonstrated that CCOCs exhibit a marked upregulation of VEGF in 

addition to alterations in hypoxia response genes (10, 11, 30). Furthermore, upregulation of 

the PI3K/Akt/mTOR signaling pathway, specifically through mutations in PIK3CA and 

inactivating mutations in PTEN, is involved in the progression of CCOC (31). Although the 

multi-targeted profile of sunitinib has been shown to be efficacious for the treatment of 

RCC, PNET, and GIST, and case reports have indicated a potential benefit for sunitinib in 

CCOC, the response rates of CCOC in phase II trials has been low (16, 17). This suggests 

that inherent resistance mechanisms in CCOC may ultimately reduce the efficacy of 

sunitinib.

There have been conflicting reports of the effect of sunitinib on autophagy, highlighting that 

sensitivity to sunitinib-induced autophagy as well as autophagy inhibition varies depending 

on the tumor type (22–26). In our study, and consistent with these other reports, we found 

that sunitinib had different effects on autophagy depending on the CCOC cell line tested and 

on the presence or absence of oxygen. By Western blot analysis of endogenous LC3B-II 

levels, sunitinib induced autophagic flux in two of three cell lines tested under normoxia. 

Under hypoxia, however, sunitinib induced autophagic flux in OVTOKO cells only. The 

modest decrease in p62 levels observed in OVMANA cells following sunitinib treatment is 

consistent with the finding that at the concentrations tested, sunitinib may induce the 

formation of autophagosomal membranes but not flux through the system (28). Some of the 
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variation in sensitivity of CCOC cell lines observed under hypoxia may be due to cell line–

dependent alterations in mitochondrial function, genetic background, or differential effects 

of combined hypoxia and sunitinib treatment, important factors that warrant further 

investigation (32). Despite the differences in autophagic flux, pharmacologic inhibition of 

autophagy using Lys05 or knockdown of Atg5 sensitized CCOC cells to sunitinib in vitro 
under normoxia and hypoxia, highlighting that autophagy inhibition sensitizes CCOC cells 

to sunitinib. In addition, although we did observe some variability between the MTT and 

clonogenic survival assays, particularly in the siRNA-treated cells, this may reflect inherent 

differences in these assays. Despite these differences, our data show that even under low 

oxygen, autophagy inhibition sensitizes CCOC cells to sunitinib.

The TOV21G cell line displayed the least sensitivity to sunitinib under hypoxia. We 

therefore chose this cell line for further in vivo studies with the rationale that TOV21G may 

mimic CCOC tumors and therefore may have the highest resistance to sunitinib 

monotherapy (16, 17). Similar to our in vitro findings, tumor growth was significantly 

decreased in mice treated with Lys05 in combination with sunitinib, indicating that these 

drugs may work together in a cytotoxic manner. We were unable to compare tumor volume 

at later time points due to the size and aggressiveness of the untreated tumors that reached 

unacceptable clinical endpoints necessitating euthanasia. It is possible that alternate dosing 

and sequencing of sunitinib and Lys05 may also result in greater tumor cytotoxicity in vivo. 

However, we showed that daily administration of sunitinib and Lys05 resulted in significant 

decreases in tumor growth. Furthermore, immunohistochemical analyses revealed that the 

combination group had a greater amount of cleaved caspase-3, although no obvious 

differences in proliferation were observed. This indicates that the changes observed in tumor 

growth in the combination group are due to increased apoptosis rather than decreased 

proliferation. We also observed similar phenotypic features when sunitinib and Lys05 were 

coadministered in OVTOKO xenografts. It is important to point out that, to the best of our 

knowledge, there are no studies reporting the use of OVTOKO cells for in vivo tumor 

experiments. Within the first 5 days of implantation, OVTOKO tumor cells grew to 100 

mm3, but beyond this, the rate of growth spontaneously declined and tumors regressed, 

albeit incomplete. Despite the caveat of the OVTOKO model, the combination of sunitinib 

and Lys05 resulted in decreased relative tumor cell growth compared with either treatment 

alone. The growth properties of OVTOKO cells resulted in small tumors at the endpoint of 

the study and precluded further immunohistochemical analysis.

Short-term treatment of squamous cell carcinoma xenografts with sunitinib improved tumor 

oxygenation, decreased MVD, and prevented tumor hypoxia. In contrast, sunitinib treatment 

for up 2 weeks led to hypovascularity and a severe induction of hypoxia (13). We found that 

in the control saline group, TOV21G tumor xenografts displayed regions of hypoxia and that 

treatment with 20 mg/kg of sunitinib resulted in a significant decrease in hypoxia, which 

was not altered upon the addition of Lys05. In contrast, another study found a significant 

induction of hypoxia in A-07 and R-18 melanoma xenografts treated with 40 mg/kg of 

sunitinib (33). Thus, the induction of hypoxia following sunitinib treatment is likely cell 

line-, dose-, and duration dependent, and in some contexts may actually promote vascular 

normalization rather than attenuation. Further studies are needed to clarify these possibilities 

in CCOC.
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Although HCQ demonstrated promising results in recent phase I/II clinical trials, the 

development of more potent autophagy inhibitors that display greater in vivo activity is 

urgently needed (2–6). Indeed, a recent report investigating sunitinib in combination with 

HCQ demonstrated that the MTD of HCQ, albeit through unknown mechanisms, 

inconsistently inhibited autophagy, thereby warranting the development of more potent and 

specific autophagy inhibitors (34). Here, we found that Lys05 was a more potent inhibitor of 

autophagy and was significantly more cytotoxic in vitro compared with HCQ, suggesting 

that Lys05 may have greater in vivo therapeutic efficacy (7). We cannot rule out the 

possibility that Lys05 may have other cytotoxic effects independent of autophagy. However, 

Atg5 knockdown led to a similar increase in sensitivity to sunitinib when compared with 

Lys05.

In conclusion, the limited efficacy of sunitinib in clinical trials of CCOC may be due to 

inherent resistance mechanisms of CCOC, including hypoxia and autophagy. Nonetheless, 

our collective data show that sunitinib induces autophagy in CCOC and that genetic or 

pharmacologic inhibition of autophagy under normoxia or hypoxia potentiates the antitumor 

activity of sunitinib in vitro and in vivo, highlighting a potential new treatment combination 

for CCOC. Even within the CCOC histotype, we found that the sensitivity to sunitinib-

induced autophagy as well as autophagy inhibition can vary depending on the cell line 

tested. Although the reason for these differences is not known, the molecular basis could 

involve multiple factors, including changes in metabolism, effects on the vasculature, and 

contribution of other cell types in the tumor environment, including immune cells.
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Figure 1. 
CCOC cells are sensitive to sunitinib in vitro. A–C, TOV21G (A), OVTOKO (B), and 

OVMANA cells (C) were treated with sunitinib for 48 hours under normoxia (21% O2) or 

hypoxia (1% O2), and cell viability was measured by an MTT assay. Graph, average ± SEM 

(n = 3).
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Figure 2. 
Sunitinib induces autophagic flux in CCOC cells. A, CCOC cells were treated with sunitinib 

for 48 hours, and p62 and LC3 protein levels were assessed. Actin served as a loading 

control. Bar graphs show the average ± SD (n = 3; one-way ANOVA plus a Dunnet posttest). 
B and C, CCOC cells were cultured under normoxia (B) or hypoxia (C) and treated with 2.5 

or 5 μmol/L sunitinib for 48 hours in the presence or absence of saturating concentrations of 

Lys05. n.s., not significant. Actin or GAPDH served as a loading control. Bar graphs, 

average ± SD (n = 3–5; one-way ANOVA plus a Dunnet posttest). D, CCOC cells were 

serum starved for 24 hours, followed by the addition of serum in the presence or absence of 

the indicated concentrations of sunitinib for 1 hour. The phosphorylation status of mTOR 

and S6 ribosomal protein is shown (n = 3). GAPDH served as a loading control.*, P<0.05; 

**, P<0.01; ***, P<0.001; ****, P<0.0001. Sut, Sutent.
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Figure 3. 
Sunitinib and Lys05 synergistically impair viability in CCOC cell lines. A and B, CCOC 

cells were treated with 10 μmol/L sunitinib, 10 μmol/L Lys05, or the combination for 48 

hours under 21% O2 (A) or 1% O2 (B). Cell viability was measured by an MTT assay. 

Graphs, average ± SEM (n = 3, Student t test). C, CCOC cells were treated with 10 μmol/L 

sunitinib, 10 μmol/L Lys05, or the combination for 48 hours under normoxia or hypoxia. 

Following treatment, media were replaced with fresh media, and cells were placed at 21% 

O2 for 11 days. D, Cells were then stained with crystal violet and retained crystal violet was 

measured at 590 nm. Graphs, average ± SD (n = 3, Student t test). n.s., not significant. E, 
Representative Western blot showing Atg5 expression following scrambled (ScR) or Atg5 

siRNA transfection into TOV21G cells. GAPDH served as a loading control. F and G, 
TOV21G cells were treated with siRNA targeting Atg5, or a ScR control in the presence or 

absence of 10 μmol/L sunitinib for 48 hours under normoxia (F) or hypoxia (G). Graphs, 

average ± SEM (n = 3, Student t test). H, ScR or si-Atg5 TOV21G cells were treated with 10 

μmol/L sunitinib for 48 hours under normoxia or hypoxia. Media were replaced with fresh 

media, and cells were allowed to recover under normoxia for 11 days. I, Cells were stained 

with crystal violet and retained crystal violet was quantified. Graph shows average ± SD (n = 

3, Student t test). J, Cells were treated with sunitinib and Lys05 in a 2:1 ratio for 48 hours, 

and cell viability was measured. CI values for various fractions affected are shown. CI<1, 

synergistic interaction; CI > 1, antagonistic interaction; CI = 1 additive (dotted line). *, 

P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. Sut, Sutent.
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Figure 4. 
Sunitinib and Lys05 induce apoptosis in CCOC. A, Caspase-3/7 activity was determined by 

treating CCOC cells with 10 μmol/L sunitinib, 10 μmol/L Lys05, or the combination for 48 

hours. Etoposide served as a positive control. Graphs, average ± SEM (combined n = 2 of 3 

independent experiments, Student t test; *, P<0.05). B, PARP cleavage was assessed 

following 10 μmol/L sunitinib, 10 μmol/L Lys05, or the combination of the two agents for 

48 hours. Etoposide served as a positive control. GAPDH served as a loading control (n = 3). 

Sut, Sutent.
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Figure 5. 
Antitumor activity of sunitinib combined with Lys05 in TOV21G tumor xenografts. A and 

B, TOV21G cells (2 × 106) were implanted subcutaneously into the right flank of NOD/Scid 

mice. When tumor volume reached approximately 100 mm3, mice were treated with saline, 

sunitinib (20 mg/kg), Lys05 (20 mg/kg), or the combination of the two agents for 18 days. 

Data are representative of 9 mice per treatment group ± SEM. Statistical significance was 

calculated using a two-way ANOVA with a Tukey multiple comparison posttest. C, Relative 

tumor volume of OVTOKO tumors 13 days post-saline, sunitinib (20 mg/kg), Lys05 (20 mg/

kg), or combination treatment. Data are representative of 3 to 7 mice per treatment group ± 

SEM. Statistical analysis was calculated using a one-way ANOVA. D, TOV21G tumor 

lysates were pooled and analyzed for LC3-II and p62. GAPDH served as a loading control. 

E and F, Representative images of TOV21G tumor xenografts stained with pimonidazole (E) 

or cleaved caspase-3 (F). Graphs represent average pimonidazole or cleaved caspase-3 

staining [optical density (OD)] from 3 to 5 high-power fields (HPF, 20×) representing 4 to 5 

mice per treatment group ± SEM (one way ANOVA plus Sidak multiple comparison test, or 

Student t test). G, Representative images of TOV21G tumor xenografts stained with Ki-67. 

Graph represents average number of Ki-67+ cells per 3 to 5 HPFs per treatment group (n = 

4–5 mice per group) ± SEM. *, P<0.05; **, P<0.01; ****, P<0.0001.
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