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ARTICLE INFO ABSTRACT
Article history: Valosin-containing protein (VCP) or p97, a member of AAA-ATPase protein family, has been
Received 17 August 2016 associated with various cellular functions including endoplasmic reticulum-associated
Received in revised form degradation (ERAD), Golgi membrane reassembly, autophagy, DNA repair, and cell division.
16 September 2016 Recent studies identified VCP and ubiquitin proteasome system (UPS) as synthetic lethal tar-
Accepted 20 September 2016 gets in ovarian cancer. Here, we describe the preclinical activity of VCP inhibitors in ovarian
Available online 28 September 2016 cancer. Results from our studies suggest that quinazoline-based VCP inhibitors initiate G1 cell
cycle arrest, attenuate cap-dependent translation and induce programmed cell death via the
Keywords: intrinsic and the extrinsic modes of apoptosis. Mechanistic studies point to the unresolved
Ovarian cancer unfolded protein response (UPR) as a mechanism by which VCP inhibitors contribute to cyto-
DBeQ toxicity. These results support an emerging concept that UPR and endoplasmic reticulum (ER)
ML240 stress pathways may be targeted in ovarian cancer as a source of vulnerability. Since pro-
Salubrinal longed ER stress may result in CHOP-mediated cell death, we tested the hypothesis that
ER stress VCP inhibitors act synergistically with compounds that enhance CHOP expression. Here,
Unfolded protein response we show that VCP inhibitors act synergistically with Salubrinal, an inhibitor of elF2o dephos-
CB-5083 phorylation, by enhancing CHOP expression in ovarian cancer cell lines. Our results provide a
Synergy proof-of-concept that VCP inhibitors can be used as a single agent and can be synergized with

compounds that enhance CHOP expression to induce cell death in ovarian cancer cells.
© 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

Abbreviations: AAA-ATPase, ATPase associated with diverse cellular activities; BRCA1/2, breast cancer 1/2; PARP1, poly ADP-ribose po-
lymerase-1; DBeQ, N,N*-dibenzylquinazoline-2,4-diamine; PBS, phosphate buffered saline; EGF, epidermal growth factor; TBS, tris-buff-
ered saline; PERK, protein kinase R-like endoplasmic reticulum kinase; TCGA, the Cancer Genome Atlas; PVDF, polyvinylidene difluoride;
IRE1le, inositol-requiring enzyme 1 alpha; CHOP, CCAAT/enhancer-binding protein homologous protein; ATF4, activating transcription
factor 4; elF2q, eukaryotic initiation factor 2 alpha; BiP, binding immunoglobulin protein; Grp78, glucose regulated protein 78;
GADD34, growth arrest And DNA-damage-inducible 34.
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1. Introduction

Ovarian cancer affected 239,000 women worldwide in 2012
(Ferlay et al., 2013), and it is the leading cause of death from
gynecologic cancer in the United States. Current standard-
of-care for advanced-stage ovarian cancer includes debulking
surgery followed by adjuvant combination chemotherapy
consisting of a platinum agent and a taxane agent (Chien
et al., 2013). Although the combination therapy is effective
and the initial response rate is over 70%, the majority of pa-
tients with advanced disease experience recurrence (Chien
et al.,, 2013). With subsequent re-challenge with platinum-
based chemotherapy, most will acquire resistance to chemo-
therapy and succumb to the disease.

Therefore, it is imperative that novel therapeutic agents be
developed to treat ovarian cancer and to extend the effective-
ness of platinum-based chemotherapy. Recent advances in
cancer therapeutics indicate that genetic defects in cancer
can be exploited by synthetic lethality with chemical inhibi-
tors. Synthetic lethality is a concept first reported in
Drosophila genetics to describe the lethality to the fly arising
from a combination of mutations in two or more genes
(Nijman, 2011). This concept was extended as an approach
to target cancer-specific mutations to cause lethality in cancer
cells and not in normal cells. For example, mutations in
BRCA1 and BRCA2 homology recombination (HR) repair genes
are common in ovarian and breast carcinomas, and cancer
cells harboring these mutations are extremely sensitive to
PARP1 inhibition as a result of synthetic lethality (Bryant
et al., 2005; Farmer et al., 2005). Accordingly, cancer cells
harboring mutations in HR repair genes can be selectively
killed by PARP1 inhibitors which cause reduced toxicity to
normal cells (Underhill et al., 2011).

This concept was further extended to suggest that muta-
tions in cancer cells create new vulnerabilities that can be
exploited for therapeutic benefits (Nijjhawan et al.,, 2012). In
support of this concept, several genome-scale genetic screens
with short hairpin RNAs (shRNAs) identified components of
the endoplasmic reticulum (ER) stress pathway as targets of
vulnerability in ovarian cancer (Cheung et al., 2011; Marcotte
et al.,, 2012; Nijhawan et al.,, 2012). In particular, Valosin-
containing protein (VCP), also known as p97 AAA-ATPase,
was identified as one of the essential genes in 25 ovarian can-
cer cell lines compared to 75 non-ovarian cancer cell lines
(Cheung et al., 2011). Moreover, VCP was also identified as an
essential gene in cyclin El-overexpressed cisplatin-resistant
ovarian cancer cells (Etemadmoghadam et al., 2013). With a
barrel-shaped homohexameric configuration, VCP comprises
of two AAA-ATPase domains (D1 and D2) and N-terminal
domain (Mountassif et al., 2015). Both D1 and D2 domains
bind to ATP. However, the D2 domain has been shown to be
primarily involved in the VCP ATPase activity. Furthermore,
N-terminal domain acts as a primary region for substrate
and cofactor binding (Banerjee et al., 2016).

Several studies have associated VCP with various cellular
functions including endoplasmic reticulum-associated degra-
dation (ERAD), Golgi membrane reassembly, autophagy and
cell division (Deshaies, 2014; Meyer et al., 2002; Seguin et al.,
2014). VCP is involved in the extraction of unfolded proteins

from the endoplasmic reticulum. Upon extraction, these pro-
teins undergo proteasome-mediated degradation. Cancer
cells harbor a plethora of mutations which result in increased
load of unfolded proteins required for degradation. Accord-
ingly, VCP and components of the proteasomal degradation
pathway are essential for cancer cell survival and in turn pre-
sent a target of vulnerability in the cancer cell that could be
exploited for cancer therapy.

Several groups have recently developed specific inhibitors
against VCP (Alverez et al., 2015, 2016; Bursavich et al., 2010;
Chou et al.,, 2010, 2011, 2013, 2014; Fang et al., 2015; Gui
et al, 2016; Magnaghi et al., 2013; Polucci et al, 2013;
Wijeratne et al., 2016), these efforts were reviewed and sum-
marized elsewhere (Chapman et al.,, 2015). Among these spe-
cific inhibitors, DBeQ was initially developed as a reversible
inhibitor of VCP/p97 that compromises protein homeostasis
through impairment of both ubiquitin proteasome system
(UPS) and autophagic protein clearance. DBeQ targets both
D1 and D2-ATPase domains of VCP (Fang et al.,, 2015). In
contrast, ML240, which was derived from the scaffold of
DBeQ, targets the D2-ATPase domain (Fang et al., 2015).
Another VCP inhibitor NMS-873 is a potent noncovalent,
non-ATP-competitive, allosteric inhibitor of VCP and activates
unfolded protein response, inhibits autophagy and induces
cell death (Magnaghi et al., 2013). Finally, a derivative of
ML240 was further developed by Cleave Biosciences to pro-
duce orally bioavailable active compound CB-5083 that shows
promising preclinical activities (Anderson et al., 2015). Conse-
quently, CB-5083 is currently in two Phase I clinical trials
(NCT02243917 and NCT02223598) sponsored by Cleave
Biosciences.

Since VCP is identified as an essential gene in ovarian can-
cer cell lineages and also in Cyclin E1-overexpressed cisplatin-
resistant ovarian cancer cell lines, we tested the potential
cytotoxic activities of quinazoline-based VCP inhibitors,
DBeQ, ML240, and its clinical lead CB-5083 in ovarian cancer
cell lines. Moreover, we also determine the potential synergis-
tic drug interactions between VCP inhibitors and Salubrinal,
an agent that enhances the expression of CHOP (also known
as DDIT3, DNA Damage-Inducible Transcript 3).

2. Materials and methods
2.1. Reagents

DBeQ and ML240 were provided by Dr. Frank Schoenen at the
University of Kansas (Chou et al., 2013). Salubrinal (CML0951)
and tunicamycin (11089-65-9) were purchased Sigma-
—Aldrich. CB-5083 (S8101) was purchased from Selleckchem.
DBeQ, ML240, and CB-5083 were dissolved in dimethyl sulf-
oxide (DMSO) at the concentration of 50 mM. Salubrinal was
dissolved at the concentration of 20 mM in DMSO, and tunica-
mycin was dissolved at the concentration of 10 mM in DMSO.
Dissolved compounds were aliquoted and stored at —80 °C.
Stocks were thawed at room temperature and dissolved in
appropriate media at selected concentrations immediately
before use.
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2.2. Cell lines and cell culture

Cancer cell lines OVCAR10, SKOV3, OVCARS5, and RMG1 were
cultured in MCDB 105 (Sigma—Aldrich, M6395), medium 199
(Sigma—Aldrich, M5017), 5% fetal bovine serum (Sigma-
—Aldrich, F0926) and 1% streptomycin/penicillin (Sigma-
—Aldrich, P0781). OVCAR8 and OVSAHO cells were
maintained in RPMI (Sigma—Aldrich, R8758), 10% FBS and 1%
streptomycin/penicillin. All cell lines were kept in humidified
incubator at 37 °C with 5% CO,. All cell lines were subjected to
cell line identity confirmation.

2.3.  Sulforhodamine B (SRB) assays and drug synergy
studies

SRB assays were performed as previously described (Vichai
and Kirtikara, 2006) with the following modifications. Briefly,
3000 and 5000 cells in 200 pl/well were plated in 96-well plate
format and cultured in appropriate growth media overnight.
Next day, the cells were treated with different concentrations
of DBeQ, ML240, Salubrinal and in combination for 72 h unless
otherwise specified. After 72 h, cells were fixed with 10% tri-
chloroacetic acid (Sigma—Aldrich, T6399) at 4 °C overnight.
Fixed cells were then washed with running water and stained
with Sulforhodamine B dye (Sigma—Aldrich-230162) at room
temperature for 45 min. Excess stain was discarded, and cells
were washed with 1% acetic acid solution (Sigma—Aldrich,
BP2401). Stained cells were dissolved in 10 mM TBS pH 10
and fluorescence measurements were taken at Ex 488 nm
and Em 585 nm using a plate reader. Dose response curves
were fitted and Gls, values were determined using GraphPad
Prism four parameters. All dose—response curves were con-
strained with 100% on top and greater than 0% on bottom.
Synergy was determined by calculating the combination in-
dexes (CIs) obtained from the fluorescence measurements.
Combination indexes were calculated based on dividing the
expected effect by the observed effect. N represents the total
number of CIs determined from 16 different drug combina-
tions in duplicates that produced 20—80% effect from three in-
dependent experiments.

2.4. Clonogenic assay

500 cells/well were plated in 6-well plates using the appro-
priate media. Cells were allowed to incubate overnight. Next
day, the culture media was replaced with media containing
appropriate compounds, and the cells were further incubated
for 48 h. Following the compound treatment for 48 h, media
was gently aspirated, the wells were gently washed twice
with PBS pH 7.0, and the media was replaced with regular
growth media. Cells were then allowed to grow in the incu-
bator for 8—10 additional days while replacing media every
48 h. Once the colonies were optimal, media was aspirated,
and 1 ml of crystal violet solution (0.5% crystal violet dye,
50% methanol, and 50% deionized distilled H,0) was added
to each well. The cells were stained with crystal violet solution
for 30 min and then washed with water. The plates were then
air-dried, and pictures were taken using the Bio-Rad Imager
System. Colonies were counted using BioRad Quantity One
version 4.6.9 software.

2.5. Puromycin incorporation assay

Puromycin incorporation was performed as previously
described (Schmidt et al., 2009), with the following modifica-
tion. 0.5 x 10° cells in 2 ml/well were plated in 6-well plates
and cultured in appropriate growth media overnight. Next
day, growth media were substituted with media containing
different concentrations of DBeQ, ML240, Salubrinal or appro-
priate combinations. The plates were placed in humidified
incubator at 37 °C with 5% CO, for 5.5 h, after which 2 pl of
1 mM Puromycin Stock (Goldbio, P-600) was added to each
well and incubated for additional 30 min. Cells were collected,
and equal proteins were subjected to the Western blot anal-
ysis according to the established protocol. Blots were incu-
bated with antibodies against puromycin and B-actin.

2.6. Cellular Thermal Shift Assay (CETSA)

CETSA was performed as previously described (Jafari et al.,
2014), with the following modifications. Briefly, cells were
plated in cell culture dish using appropriate growth media
and allowed to incubate overnight. Next day, regular growth
media was replaced with culture media containing variable
concentrations of DBeQ and ML240, for 2 h. Cells were trypsi-
nized, and cell pellets were collected following centrifugation.
Cell pellets were dissolved in PBS pH 7.0 and subjected to heat
treatment at 57 °C. Following heat treatment, protein was
precipitated using freeze-thaw in liquid nitrogen. Cells were
then subjected to centrifugation at 20,000x g, and soluble frac-
tions were analyzed using Western blot. Blots were incubated
with antibodies against VCP and B-actin.

2.7. Transient siRNA knockdown

0.5 x 10° cells/well were plated in a 6-well plate using appro-
priate growth media without antibiotics and allowed to incu-
bate overnight. Next day, siRNAs were transfected using
Oligofectamine reagent (Life Technologies, 12252-011) accord-
ing to the manufacturer’s protocol. VCP siRNAs were pur-
chased from IDT. GADD34 siRNA were purchased from Santa
Cruz Biotechnology (sc-37414). Cells were collected 48 h after
transfection and equal proteins were subjected to Western
blot analysis to check for transfection efficiency.

2.8. Caspase 3 activity assay

0.5 x 10° cells/well were plated in a 6-well plate using the
appropriate culture media and allowed to incubate overnight.
Next day, cells were treated with culture media containing
appropriate compounds. Cells were collected at different
time points following the treatment using a cell scraper. Cells
were lysed in caspase buffer: 20 mM PIPES, 100 mM NacCl,
1 mM EDTA, 0.1% (w/v) CHAPS, 10% sucrose, 10 mM DTT pH
7.2. Protein concentration was determined using BCA Assay.
20 pg protein was combined with 2 pl of 2 mM DEVD-Afc
(kindly provided by Dr. Wen-Xing Ding’s laboratory at the Uni-
versity of Kansas Medical Center) in 96-well flat-bottom
plates. 200 ul/well caspase buffer was added. The plate was
covered and incubated at 37 °C. After 2 h, fluorescence mea-
surements were taken using a plate reader at Excitation
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400 nm and Emission 510 nm. Measurements were analyzed
using GraphPad Prism.

2.9. Violin plot

For the violin plot, RNA sequencing datasets (RNAseqV2
level3) from high-grade serous ovarian cancer were down-
loaded from the TCGA Research Network Data Portal (http://
tcga_data.nci.nih.gov/tcga). The clinical data associated with
these samples was downloaded from cBioPortal (http:/
www.cbioportal.org/data_sets.jsp). The sensitive samples (55
samples) were defined as being disease-free for over 24
months while the resistant samples (95 samples) were defined
as being disease-free for less than 12 months. From the data,
normalized expression was extracted for the gene VCP and
plotted in R with the R package ‘caroline’ using the plot func-
tion ‘volins’ (version 0.7.6. https://CRAN.R-project.org/packag-
e.org/package=caroline). A bin-width of h = 1650 for the
kernel density estimation was used for the plots. Welch’s
two sample t-test was used to calculate the p-value.

2.10. Cell cycle analysis

1 x 10° cells were plated in a 10-cm cell culture dishes with the
appropriate culture media and were incubated overnight.
Next day, cells were incubated with culture media containing
the appropriate compounds for 18 h. Cells were then trypsi-
nized, and cell pellets were collected in a 15 ml centrifuge
tube. Pellets were washed with ice-cold PBS pH 7.0 twice. Cells
were then fixed using equal volumes of ice-cold PBS and 95%
ice-cold ethanol for 1 h. Fixed cells were washed with cold
PBS twice. Finally, the pellets were resuspended in 0.1% so-
dium citrate solution containing RNase A and PI for 30 min
at 37 °C. Cell cycle profile for each treatment condition was
then analyzed using flow cytometer based on previously
established protocols.

2.11. Annexin V apoptotic assay

0.3 x 10° cells/well were plated in a 6-well plate using the
appropriate culture media and were allowed to incubate over-
night. Cells were then incubated with culture media contain-
ing DBeQ or ML240 for 6 h. After 6 h, cells were trypsinized and
centrifuged at 1500 rpm for 5 min. Cell pellets were resus-
pended in Annexin V Binding Buffer (BioLegend, 640914). Sus-
pended cells underwent the assay according to the
manufacturer’s protocol.

2.12. Western blot and antibodies

Cells were collected at the end of treatments for Western blot
analysis using a cell scraper. Proteins were extracted in 2x
Laemmli Buffer (Bio-Rad, 161-0737) containing protease inhib-
itor (Roche, 05892970001) and phosphatase inhibitor (Fisher,
78440). Equal volumes of samples were loaded in SDS-PAGE
and electroblotted onto PVDF membranes. Electroblotted
membranes were incubated in 5% nonfat dry milk in TBS-
Tween for 1 h at room temperature and were incubated with
appropriate primary antibodies prepared in 3% Bovine Serum
Albumin in TBS-Tween overnight at 4 °C. Membranes were

then washed with TBS-Tween and incubated with appropriate
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies for 1 h at room temperature followed by the visualiza-
tion of bands using the Super Signal West Femto (Pierce,
34096).

Primary antibodies used for the Western blot analysis
included IREle (cst-3294S), phospho-IREla (Novus, nb100-
2323), CHOP (cst-5554S), ATF4 (cst-11815S), phospho-elF2a
(Abcam, ab32157), VCP (sc-20799), PARP (cst-9542), Caspase 3
(cst-9665P), Cleaved Caspase 3 (cst-9661S), Caspase 9 (cst-
9508P), Caspase 8 (sc-81656), puromycin (EMD Millipore,
MABE343), B-actin (Sigma—Aldrich, A1978), GADD34 (sc-
8327), Bip/Grp78 (cst-3177S), p21 (sc-397), p27 (cst-3686S),
Cyclin D1 (sc-20044), and Cyclin E (sc-247). Secondary anti-
bodies included HPR-linked anti-rabbit IgG (cst-7074) and
HPR-linked anti-mouse IgG (cst-7076). Densitometry analyses
were performed using Image], and graphs were plotted using
GraphPad Prism.

2.13. Kaplan—Meier plots

KMplot was used to analyze the clinical association between
VCP expression and outcome of patients with ovarian cancer
(Gyorffy et al., 2012). The Affymetrix ID 208648_at correspond-
ing to VCP was used in the analysis. The latest version of data-
set (2015 version) was used in the analysis for both
progression-free survival (PFS) and overall survival (OS). For
the PFS, a total of 1306 was included in the analysis. The me-
dian cutoff value is 778 (range 9—4128). For the OS, a total of
1582 was included in the analysis. The median cutoff value
is 823 (range 9—6440). The data set includes 1144 serous and
36 endometrioid subtypes of epithelial ovarian cancer. The
remaining cases are not annotated.

3. Results

3.1. DBeQ and ML240 are effective in reducing cell
viability in ovarian cancer cells

We used Sulforhodamine B (SRB) assay to determine the
extent of cytotoxicity induced by DBeQ and ML240 in four
ovarian cancer cell lines; namely OVCAR10, OVCARS8, SKOV3,
and OVCARS. Our results indicate that the GIso for DBeQ
ranges from 2.5 &+ 0.62 uM to 4.5 + 1.3 pM; while for ML240 it
ranges from 0.97 + 0.27 pM to 2.03 + 0.53 uM (Figures 1A—C
and S1A-D) in ovarian cancer cell lines. These results suggest
that VCP inhibitors are cytotoxic to ovarian cancer cells.
ML240 displays higher levels of cytotoxicity compared to
DBeQ in all the tested cell lines.

3.2.  VCP inhibitors effectively interact and inhibit
cellular VCP

We next compared the mean Gls, from several ovarian cancer
cell lines with relative VCP protein expression. A moderate
positive correlation was observed between the mean Glsg
and relative protein expression with both DBeQ (r = 0.59)
and ML240 (r = 0.45) (Figure S2A, S2C and S2D). These data
are consistent with previous report indicating a positive
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Figure 1 — DBeQ and ML240 show increased cytotoxicity towards ovarian cancer cells. (A and B) OVCAR10, SKOV3, OVCARS8 and OVCARS cells
were treated with vehicle (DMSO) as well as different concentrations of DBeQ_and ML240 ranging up to 25 pM for 72 h in 96-well plates. Dose
response curves were generated using GraphPad Prism using four parameters nonlinear regression (curve fit). Curves were constrained on top

(100%) and bottom (> 0%). (C) The GIs, for DBeQ_and ML240 were calculated as Mean + SEM from 3 individual experiments for all ovarian

cancer cells. Each experiment was run in triplicate for all cell lines.

correlation between VCP expression and Glso for CB-5083
(Anderson et al., 2015). Since VCP protein expression corre-
lated with Glso for VCP inhibitors in ovarian cancer cell lines,
we tested the extent to which VCP knockdown enhances the
effect of VCP inhibitors. Our results indicate 50% (siVCP-1),
80% (siVCP-2), and 85% (siVCP-1 + 2) knockdown efficiency
in three independent transient transfections (Figures 2A and
S2B). Following the transient knockdown, cells were plated
for cell viability studies. Our results show a significant reduc-
tion in Glso for DBeQ and ML240 following VCP knockdown
(Figure 2B—D). Moreover, VCP inhibitors display greater reduc-
tion of Glso with siVCP-2 and siVCP-1 + 2, consistent with
higher VCP knockdown efficiencies (Figure 2A—C). These re-
sults suggest that VCP is a target of DBeQ and ML240. Further-
more, we examined cell growth following transient
knockdown of VCP. Our results show a significant reduction
in cell growth with siVCP-2 and siVCP-1 + 2 (Figure 2E). These
results provided the first functional validation of the previous
studies identifying VCP as an essential gene in ovarian cancer
survival (Cheung et al., 2011; Etemadmoghadam et al., 2013).
Cellular Thermal Shift Assay (CETSA) has been used as an
effective tool to assess the binding of compounds to intended

cellular targets. The assay analyzes the changes in the in vitro
thermal stability of candidate cellular proteins by compounds
of interest (Jafari et al., 2014). Initially, we used different tem-
peratures following the incubation of DBeQ and ML240 for
heat treatment and determined that 57 °C destabilized VCP
(data not shown). Next, we evaluated the thermal stability of
VCP with different concentrations of DBeQ and ML240 at
57 °C. Here, we show a shift in the thermal stability of VCP
at 57 °C following 2-hours incubation of cells with DBeQ and
ML240 at concentrations ranging between 0.1 pM and 5 uM,
indicating the target engagement (Figure 2F and G).

3.3. VCP inhibitors cause G1 cell cycle arrest

Given the well-established role of VCP in cell cycle (Cao et al.,,
2003; Zhang et al., 1999), we performed cell cycle analysis to
observe any changes in cell cycle distribution following the
treatment with VCP inhibitors. We observed an increase in
G1 and a decrease in S and G2/M phases with 5 uM DBeQ as
well as an increase sub GO phase with 10 pM DBeQ
(Figure 3A). Similarly, we saw areduction in S phase and an in-
crease in sub GO phase with ML240 treatment (Figure 3B).
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Figure 2 — DBeQ and ML240 bind to cellular VCP/p97. (A) SKOV3 cells were transfected with two different siRNAs targeting VCP (siVCP-1 and
siVCP-2), and one non-targeting scrambled small interfering RNA. Whole cell lysates following transient transfection were used to visualize the
knockdown efficiencies by Western blot analysis. Densitometry analysis was performed using Image] to observe the relative VCP expression
following three independent siRNA transfections. SKOV3 cells transfected with scramble or VCP siRNAs were treated with different
concentrations of (B) DBeQ_and (C) ML240 up to 25 pM for 6 h in 96-well format and were allowed to recover under normal media for 6
additional days. Cell viability was measured using SRB Assay. Dose response curves were generated using GraphPad Prism using four parameters
nonlinear regression (curve fit). Curves were constrained on top (100%) and bottom (> 0%). (D) Values represent Mean + SEM Gl
measurements following VCP inhibition based on three individual experiments. p-Values were calculated based on the student’s #-test. (E) Values
represent Percent growth + SEM from three independent experiments following transient knockdown of VCP followed by 6 additional days of
recovery in normal media. (F) SKOV3 cells were treated with DBeQ_or ML240 at concentrations between 0.1 and 5 pM for 2 h. Cells were
subjected to heat-shock treatment at 57 °C. Soluble fractions were then subjected to Western blot analysis. (G) Values represent the relative
thermal stability of VCP at 57 °C at different concentrations of DBeQ_or ML240 in three replicates.

Furthermore, CB-5083 treatment increased G1 and reduced S Our results show a significant increase in Annexin V and DAPI
phase (Figure 3C). These results suggest that VCP inhibitors positive cells following DBeQ and ML240 treatment
cause G1 cell cycle arrest followed by cell death. Next, we (Figure 4A). Activation of procaspases is one the hallmarks
analyzed the expression of several cell cycle regulators that of caspase-mediated apoptotic cell death. Here, we used
are substrates of the ubiquitin proteasome system (UPS) immunoblotting to determine PARP cleavage and activation
following the treatment with VCP inhibitors. We observed var- of initiator caspases as well as effector caspases. Our results
iable accumulation of p21, p27, Cyclin D1, and Cyclin E with indicate the PARP cleavage at 6-hour time point with DBeQ
DBeQ, ML240, and CB-5083 treatments (Figure 3D). Overall, [10 uM] and ML240 [5 uM] treatment, which is consistent

our results indicate that inhibition of VCP results in increased with the Annexin V-DAPI staining (Figure 4B). We also
accumulation of cell cycle regulators that are substrates of observed the cleavage of Caspase 9 and Caspase 8 following

UPS. the treatment with VCP inhibitors. Caspase 9 activation was

observed at a much earlier time point (6 h) while Caspase 8

3.4.  VCP inhibitors induce cell death via the apoptotic activation was observed only at 24 h following DBeQ and
pathway ML240 treatment (Figure 4B).

The activity of Caspase 3 was determined by the Caspase 3

Previous studies have shown that VCP inhibitors induce the activity assay. Our result indicates a significant increase in

activation of caspases and apoptosis in non-ovarian cancer Caspase 3 activity with DBeQ [10 uM] and ML240 [5 pM] at 6-
cell lines (Anderson et al., 2015; Chou et al.,, 2011, 2013; hour time point (Figure 4C). We observed a 2.5-fold increase
Magnaghi et al., 2013; Parzych et al,, 2015). We, therefore, in Caspase 3 activity at 24 h with DBeQ and a 10-fold increase
analyzed the extent of apoptosis following the treatment with ML240 (Figure 4C). Overall, our data is consistent with
with DBeQ or ML240 in ovarian cancer cells using Annexin V previous studies indicating caspase-mediated apoptosis by
staining. We incubated SKOV3 cells with DBeQ [10 pM] or various VCP inhibitors (Anderson et al., 2015; Chou et al,
ML240 [5 pM] for 6 h followed by Annexin V and DAPI staining. 2011, 2013; Magnaghi et al., 2013). Furthermore, we show


http://dx.doi.org/10.1016/j.molonc.2016.09.005
http://dx.doi.org/10.1016/j.molonc.2016.09.005
http://dx.doi.org/10.1016/j.molonc.2016.09.005

MOLECULAR ONCOLOGY 10 (2016) 1559-1574

1565

SKOV3 SKOV3 SKOV3 H SKOV3
£
] ) Untreated 00 Untreated | —— Untreated S DMSO DBeQ ML240 CB-5083
I\ = = 5uM-DBeQ = = 5uM-DBeQ :I — — 5uM-DBeQ g
- topMDBe@  § M 10uN-DBeQ - 10uM-DBeQ 10 18 1018 10 18 10 18 Hours
. ! e e — |
o
3 [~ 3" ==+ - | cylnot
o - . — .- - Cyclin E
L - - o o o o o | P-Actin
PI-A
100
80

Untreated  DBeQ-5uM  DBeQ-10uM Untreated ML240-1.25uM ML240-2.5pM

100 7.8 8.8
17.7
80
. Lse ]
20
0

Untreated

BG0/G1

CB-5083-1.25uM CB-5083-2.5uM

0OS ®@G2/M OSub-GO

Figure 3 — Treatment with VCP inbibitors causes G1 arrest. (A—C) PI staining was performed on SKOV3 cells treated with DBeQ_[5 pM and
10 pM], ML240 [1.25 pM and 2.5 pM] and CB-5083 [1.25 uM and 2.5 pM] for 18 h. Bar graphs represent cells in each stage of the cell cycle
following VCP inhibitor treatment for 18 h (D) SKOV3 cells were incubated with DMSO (vehicle), 5 pM DBeQ, 1.25 pM ML240 or 1.25 pM
CB-5083 for 10 or 18 h. Whole cell lysates were analyzed using Western blot.

that ML240 treatment results in a similar mode of cell death
with higher Caspase 3 activity compared to DBeQ.

3.5.  VCP inhibitors trigger the unfolded protein response

(UPR)

Inhibition of VCP can impede the extraction of unfolded pro-
teins from the ER and contribute to the unfolded protein
response (UPR) (Sano and Reed, 2013). UPR is executed via
changes in three transmembrane ER proteins: IREla, PERK,
and ATF6a (Oslowski and Urano, 2011). Previous studies
have shown activation of the PERK arm with DBeQ treatment
(Auner et al., 2013; Chou et al., 2011). Recently, CB-5083 treat-
ment has been shown to activate all three arms of UPR
(Anderson et al., 2015). Similarly, other VCP inhibitors, such
as NMS-873, also induce UPR in various cancer cell lines
(Magnaghi et al., 2013). We decided to perform a detailed anal-
ysis comparing the effects of VCP inhibitors in the UPR
pathway in ovarian cancer cells. SKOV3 cells were treated
with DBeQ [10 uM], ML240 [5 uM] and CB-5083 [2.5 uM] up to
48 h. Tunicamycin [2 pM], an inhibitor of N-acetylglucosamine
transferase, was used as a positive control to observe the acti-
vation of UPR. Our results indicate an increase in phospho-
IREla by 3 h with VCP inhibitors marking the activation of
IREla branch (Figure 5A—C). We also observed an increase in
the expression of CHOP and ATF4 between 3 and 12 h marking
the activation of PERK arm (Figure 5A and C). We were unable
to determine the status of the ATF6a. This lack of immunore-
activity may be due to low basal expression of ATF6a in SKOV3

cells. Tunicamycin treatment showed a similar increase in the
expression of phospho-IREla, CHOP, and ATF4 (Figure 5D).
Phosphorylation of PERK upon ER stress results in the phos-
phorylation of elF2a at serine 51, which has been shown to
decrease cap-dependent protein translation (Harding et al.,
1999). Decrease in cap-dependent protein translation reduces
the protein load and allow cells to resolve ER stress (Rutkowski
and Kaufman, 2004). To observe changes in cap-dependent
protein translation, we treated SKOV3 cells with different con-
centrations of DBeQ and ML240 up to 10 uM for 5.5 h and
pulsed the cells with 1 uM puromycin for 30 min. Incorporated
puromycin was visualized using monoclonal puromycin anti-
body. Results show a marked decrease in puromycin incorpo-
ration following the treatment with VCP inhibitors (Figure 5E).
Collectively, these results suggest that VCP inhibitors trigger
the unfolded protein response through IRE1la and PERK. Simi-
larly, increased PERK phosphorylation and polyubiquitination
of proteins following CB-5083 treatment have been reported
(Anderson et al., 2015). In line with CB-5083, treatment with
DBeQ and ML240 showed enhanced accumulation of poly-
ubiquitinated proteins (Figure S3).

3.6.  VCP inhibitors synergize with Salubrinal

ER stress response is an adaptive, pro-survival mechanism.
However, prolonged ER stress activates pro-apoptotic genes
that contribute to cell death. ER stress induces CHOP expres-
sion through PERK-mediated pathway (Harding et al., 2000),
and CHOP induces the expression of pro-apoptotic gene
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Figure 4 — Incubation with DBeQ and ML240 induces casp diated apoptosis. (A) Annexin-V/DAPI staining was performed following 6 h of

DMSO (vehicle), 10 pM DBeQ_or 5 pM ML240 treatment using SKOV3 cells. (B) OVCAR10 cells were treated with 10 pM DBeQ_or 5 pyM
ML240 for 0, 6, 10 and 24 h. Whole cell lysates were analyzed using Western blot. (C) OVCAR10 cells were treated with 10 pM DBeQ_or 5 pM
ML240 for 0, 6, 10 and 24 h. The values indicate fluorescence taken from three separate samples. The caspase activity is represented as fold change

of untreated group and calculated as Mean + SEM. p-Values were calculated based on the student’s #-test.

(PUMA and DR5) and decreases the expression of anti-
apoptotic gene (BCL2) (Cazanave et al., 2010; Ghosh et al,
2012; McCullough et al., 2001; Yamaguchi and Wang, 2004).
Therefore, we reasoned that VCP inhibitors might act syner-
gistically with compounds that induce CHOP expression. Salu-
brinal, a selective inhibitor of elF2a dephosphorylation, was
first identified as a compound that reduced ER stress-
induced apoptosis (Boyce et al., 2005). Since then, subsequent
studies have shown that Salubrinal enhances cell death via
the induction of CHOP expression (Koizumi et al., 2012; Teng
et al., 2014). To assess the potential synergistic effect between
VCP inhibitors and Salubrinal, we investigated four high-
grade serous ovarian cancer cell types namely; OVCAR10,
OVCAR5, OVCAR8 and OVSAHO and two clear cell serous
ovarian cancer cell types namely; RMG1 and SKOV3. These
cells were treated with different concentrations of VCP inhib-
itors (DBeQ, ML240 and CB-5083) and Salubrinal for 72 h. In
this study, we used varying concentrations below the Glso
for DBeQ, ML240 and Salubrinal. For CB-5083, we used
different concentrations all below the pharmacologically
achievable dose (Anderson et al., 2015). Our results show syn-
ergistic effect between DBeQ and Salubrinal as well as CB-5083
and Salubrinal in all the tested ovarian cancer cell lines
(Figures 6A and B, S4). Similar effects were observed with

ML240 and Salubrinal combinations performed on OVSAHO
and OVCARS cell lines (Figure S5A).

Next, we analyzed the short-term effect of VCP inhibitors
in combination with Salubrinal. We treated OVSAHO cells
with vehicle (DMSO), DBeQ, CB-5083 as well as combinations
DBeQ + Salubrinal and CB-5083 + Salubrinal. After treat-
ments, cell death was analyzed using Annexin V/PI assay.
With 8 h of treatment, we observed a mean cell death of
45.56% with DBeQ and 55.23% with DBeQ + Salubrinal
(Figure 6C). At the same time point, we only observed a modest
increase in cell death with CB-5083 treatment. Hence, we
decided to evaluate cell death with 8 h of treatment followed
by 16 h in regular media. At 8 + 16 h, our results indicate
only a slight increase in cell death following Salubrinal treat-
ment alone, while DBeQ, CB-5083 as well as their combina-
tions with Salubrinal all resulted in a significant increase in
cell death (Figure 6D). Together, our results indicate increased
cytotoxicity with long-term (72 h) as well as short-term (8 h
and 8 + 16 h) treatment following the combination of VCP in-
hibitors and Salubrinal.

To further validate the results from the synergistic and cell
death studies, we performed clonogenic assays in two high-
grade serous ovarian cancer cell lines: OVCAR10 and OVSAHO.
Clonogenic assays show a significant reduction in colony
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Figure 5 — Incubation with VCP inhibitors results in activation of Unfolded Protein Response (UPR). SKOV3 cells were incubated with (A) 10 pM
DBeQ, (B) 5 pM ML240, (C) 2.5 pM CB-5083 and (D) 2 pM Tunicamycin (positive control) for 0, 1, 3, 6, 12, 24 and 48 h. Whole cell lysates were
subjected to Western blot analysis and probed for UPR-related proteins. (E) SKOV3 cells were treated with different concentrations of DBeQ_or
ML240 for 6 h and pulsed with puromycin for 30 min. Whole cell lysates were analyzed for incorporated puromycin by Western blot. The results
for both DBeQ_and ML240 were obtained from the same blot that was later spliced together to remove the molecular weight marker. DMSO

(0 pM) sample served as the control for both drugs.

formation with the combination of DBeQ and Salubrinal as
well as CB-5083 and Salubrinal further strengthening the
combinational effect achieved with VCP inhibitors and Salu-
brinal. Furthermore, siRNA-mediated knockdown of GADD34
in OVSAHO cells resulted in enhanced Caspase 3 activation.
We observed a significant increase in Caspase 3 activity only
in GADD34 knockdown cells following DBeQ treatment
(Figure S5B and S5C). Overall, our results provide an in vitro
proof-of-principle that inhibiting GADD34 in ovarian cancer
could be one of the therapeutic strategies when developing
combination therapies for VCP inhibitors.

3.7. VCP inhibitors and Salubrinal combination result in
enhanced integrated stress response (ISR)

To further dissect the mechanism behind the synergistic ef-
fect observed with DBeQ and Salubrinal, we treated OVCAR10
cells with sub-lethal dose of DBeQ [3 uM], sub-lethal dose of
Salubrinal [20 uM] and the combination of DBeQ and Salubri-
nal up to 48 h. Increased expression of ATF4 and CHOP was
observed within 3—6 h in all three treatment conditions
(Figure 6A—C). We observed decreased Grp78 expression by
24 h with DBeQ and Salubrinal alone which indicate a
decrease in integrated stress response (ISR) (Figure 7A and
B). However, an enhanced expression of Grp78 was observed

with the combination at 24 h indicating an increase in ISR
(Figure 7C). Puromycin labeling which is indicative of nascent
protein translation showed a decrease in overall protein
translation with DBeQ and Salubrinal combination compared
to DBeQ and Salubrinal alone, further confirming
enhanced IRS with the combination (Figure S6A). We also
observed activation of Caspase 3 (cleaved form) at 48 h with
DBeQ and Salubrinal combination suggesting that increased
ISR signal triggered apoptosis (Figure 7C). Similar results
were observed in OVSAHO cells (data not shown). Similarly,
when lysates from different treatment conditions were
analyzed, we saw enhanced CHOP expression with DBeQ
and Salubrinal combination (Figure S6B). Taken together,
these data suggest that GADD34 inhibition enhances the inte-
grated stress response (ISR) induced by VCP inhibitors result-
ing in enhanced CHOP expression that triggers apoptosis in
ovarian cancer cells.

3.8. Lower VCP expression in ovarian cancer is
associated with poor outcome in patients with ovarian
cancer

Since elevated expression of VCP is associated with poor prog-
nosis in various cancer types (Tsujimoto et al, 2004;
Yamamoto et al., 2003a, 2004, 2003b), we determined the
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association between VCP expression and clinical outcome in of VCP is associated with shorter progression-free survival

patients with ovarian cancer. Surprisingly, Kaplan—Meier an- (PFS) and overall survival (OS) in ovarian cancer (Figure 8A
alyses of 1648 ovarian tumor samples, provided by the online and B). To further understand this puzzling clinical outcome
KM plotter (Gyorffy et al., 2012), indicate that lower expression association, we analyzed the ovarian carcinoma RNA
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Figure 7 — Enbanced ISR following DBeQ and Salubrinal combination results in caspase-mediated apoptosis. OVCAR10 cells were incubated with (A)
sub-lethal dose of DBeQ [3 pM], (B) sub-lethal dose of Salubrinal [20 pM], (C) combination of DBeQ_[3 nM] and Salubrinal [20 pM] for 1, 3, 6,
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Figure 8 — Association between VCP expression and clinical outcome. (A)
Lower expression of VCP in ovarian carcinomas is associated with

sequencing datasets from the Cancer Genome Atlas (Cancer
Genome Atlas Research Network, 2011). We compared VCP
gene expression in tumor samples collected from high-grade
serous ovarian cancer patients that were either sensitive or
resistant to the platinum-based chemotherapy. Our results
show a significant reduction of VCP expression in tumor sam-
ples that were collected from patients with resistance to
chemotherapy (p-value = 0.01532) (Figure 8C). Taken together,
these results indicate that ovarian carcinomas with lower
expression of VCP are associated with poor response to
platinum-based chemotherapy, poor progression-free sur-
vival, and poor overall survival. Although these results are in
contrast to previously reported studies in other cancer types,
the result is highly relevant to ovarian cancer because our re-
sults point to the clinical potential of using VCP inhibitors in
the setting of platinum resistance given that these tumors
have lower levels of VCP expression and are likely more sensi-
tive to VCP inhibitors.

4. Discussion

In this study, we provided evidence that ovarian cancer cells
are sensitive to VCP inhibitors. In particular, cells with lower
levels of cellular VCP are more sensitive to the inhibitors.
These results are consistent with prior studies indicating a
strong inverse correlation between VCP expression and sensi-
tivity to VCP inhibitors (Anderson et al.,, 2015). In addition, we
provided evidence that VCP inhibitors interact with VCP and
confer thermal stability to VCP. Collectively, these results
demonstrate drug—target interactions and further support
the view that lower levels of cellular VCP require a lower
amount of compounds to inhibit the activity, and that on-
target inhibition of VCP by these agents contributes to cyto-
toxicity. These results are potentially significant given that
VCP expression is significantly lower in high-grade serous car-
cinomas collected from patients with chemotherapy-resistant
ovarian cancer.

To define the molecular mechanisms associated with cyto-
toxicity induced by VCP inhibitors, we determined the propor-
tion of cells in different phases of cell cycle following drug
treatment. We observed that VCP inhibitors induced G1 arrest,
as evident by a decrease in S phase proportion following 18 h
of drug treatment. Subsequent to G1 arrest, we observed an in-
crease in sub-G1 population and a concomitant decrease in G1
population, suggesting that these compounds induce cell death
in the G1 population. Similar results were reported by Magnaghi
et al. with VCP inhibitor NMS-873 (Magnaghi et al., 2013). VCP/
p97 has been shown to be involved in ubiquitin-mediated
degradation of cell cycle regulator Cyclin E (Dai and Li, 2001).

early disease recurrence (progression-free survival). (B) Lower
expression of VCP in ovarian carcinomas is associated with poor
overall survival. (C) RNA sequencing dataset representing high-grade
serous ovarian cancer patient samples that are sensitive (n = 55) and
resistant (n = 95) to established chemotherapy was downloaded from
the TCGA Research Network Data Portal. VCP gene expression
between the two datasets was compared using violin plot. p-

Value = 0.01532, Welch’s two sample #-test.
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We showed that treatment with VCP inhibitors resulted in the
accumulation of Cyclin E, Cyclin D1, p21, and p27. Since we
used a p53 null cell line, the accumulation of p21 was indepen-
dent of p53. We observed activation of Caspase 8 and Caspase 9,
and increased the activity of Caspase 3, indicating that both
extrinsic and intrinsic apoptotic pathways are activated by
VCP inhibitors. Similar results were reported by various groups
using the same or structurally different VCP inhibitors
(Anderson et al., 2015; Chou et al.,, 2011; Magnaghi et al., 2013).
These results are also consistent with a recent report indicating
that VCP inhibitor, CB-5083, induces cell death via DR5-and
CHOP-dependent pathway (Anderson et al., 2015).

ML240 has been shown to bind selectively to the D2 domain
and inhibit the D2-ATPase activity of VCP; while DBeQ inhibits
the activity in both D1 and D2 domains (Chou et al., 2014).
Similarly, CB-5083 which was derived from the scaffold of
ML240 is a specific inhibitor of D2 domain of VCP (Zhou
et al, 2015). Our results indicate that inhibition of D2-
ATPase is sufficient to cause the cytotoxic effect in ovarian
cancer cells. In addition, specific inhibition of D2-ATPase
domain of VCP with ML240 may be attributed to the lower
Glsg values across all the tested cell lines.

In addition, we provided evidence that VCP inhibitors can
be combined with agents that modify ER stress to enhance
cytotoxic activities of VCP inhibitors (Figure 9). Our results
indicate that VCP inhibitors activate ER stress pathway and
that cytotoxicity of VCP inhibitors can be enhanced by Salubri-
nal, a GADD34 inhibitor that prolongs the phosphorylation of
elF2a. Although the transient phosphorylation of elF2a is a
critical adaptive response to ER stress, resulting in a decrease
in cap-dependent translation to lower protein load, sustained
phosphorylation of elF2a, in the presence of upstream ER
stress, could induce CHOP and CHOP-dependent apoptosis
(Marciniak et al., 2004). Consistent with this hypothesis, we
observed drug synergies between VCP inhibitors and Salubri-
nal. It is important to note that recent studies by Parzych
et al. reported that Guanabenz, a GADD34 inhibitor, decreases
cell death induced by DBeQ (Parzych et al., 2015). Parzych et al.
suggested that inadequate regulation of protein translation
contributes to cell death by DBeQ and NMS-873. This conclu-
sion is based on the fact that Guanabenz and cycloheximide
attenuated protein synthesis and cell death induced by VCP
inhibitors. These authors also pointed out that cycloheximide
reduces the expression of CHOP. Therefore, it is possible that
inhibition of CHOP expression rather than attenuation of
global protein translation by cycloheximide contributes to
the attenuation of cell death by VCP inhibitors. Our assertion
is supported by Anderson et al. who reported that knockdown
of CHOP was sufficient to blunt cell death induced by VCP in-
hibitor CB-5083 (Anderson et al., 2015). Furthermore, caution
must be exercised not to extrapolate transient cytoprotection
conferred by agents that inhibit protein synthesis to the long-
term cytoprotection by these agents against VCP inhibitors.
This caution is prompted by our observation that GADD34 in-
hibitor Salubrinal enhances cell death induced by VCP inhibi-
tors in long-term cell viability assays. Furthermore,
supplementary data provided by Magnaghi et al. indicates
that actinomycin D, which attenuates protein synthesis
through transcriptional inhibition, enhances the cytotoxic ef-
fect of VCP knockdown by two different siRNAs (Magnaghi
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Figure 9 — A proposed mechanism of action by the combination of VCP
inbibitors and ER stress-prolonging agent Salubrinal. VCP facilitates
the removal of unfolded proteins. When VCP is inhibited by DBeQ,
ML240, and CB-5083, increased accumulation of unfolded proteins
induces ER stress and activates PERK pathway. PERK
phosphorylates elF2o and attenuates cap-dependent translation,
which lower protein load to restore protein homeostasis. ER stress
also activates the sequential induction of ATF4 and CHOP
transcription factors which together transactivate GADD34 and
increase protein synthesis. The presence of sustained ER stress (either
by continuous exposure to ER stress activating agents) or unresolved
ER stress (due to inhibition of GADD34 by Salubrinal) can enhance
or prolong the expression of CHOP and contribute to caspase-
mediated apoptosis. ER stress and unfolded protein response induced

by VCP inhibitors are shown in orange color.

et al., 2013). Therefore, a complete block on protein synthesis
may not confer the long-term cytoprotection against VCP
inhibition.

It is likely that GADD34 inhibitors will contribute to stron-
ger attenuation of cap-dependent translation by maintaining
the phosphorylation of elF2q, given that without these inhib-
itors the downstream transcription factors ATF4 and CHOP
will transactivate GADD34 to enhance dephosphorylation of
elF20. and to restart protein translation (Han et al., 2013).
Therefore, the transient effect of GADD34 inhibitors is a stron-
ger attenuation of cap-dependent translation. However, CHOP
expression is induced under these conditions, and CHOP has
been shown to contribute to cell death induced by VCP inhib-
itor CB-5083 (Anderson et al., 2015). Therefore, although stron-
ger attenuation of protein translation produced by GADD34
inhibitors might afford transient cytoprotection by reducing
the protein load, unabated CHOP expression induced by
GADD34 inhibitors may enhance cell death by VCP inhibitors
under the prolonged exposure.

In our studies, we found that Salubrinal, another GADD34
inhibitor, enhances the effect of DBeQ and CB-5083 in several
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ovarian cancer cell lines. Unlike Parzych et al. studies which
determined the cytotoxic effect at 8 h of treatment with one
combined dose, our studies determined both the short-term
and the long-term effect of the several combined doses for
VCP inhibitors and Salubrinal. We observed synergistic activ-
ities of the combined drugs across several concentrations in
both short-term and long-term assays in several ovarian can-
cer cell lines. Therefore, the differences in the outcome of
these two studies may be attributable to the differences in
cell models, the exposure time, and the differences in off-
target effects of Salubrinal and guanabenz.

Prolonged ER stress and subsequent cell death is an impor-
tant mechanism of action of drugs that target the ubiquitin pro-
teasome system (UPS). Bortezomib was the first compound
successful in targeting the UPS in clinical settings; however, it
has not been very effective against solid tumors (Huang et al.,
2014). The failure to elicit similar effect has been attributed to
the lack of prolonged suppression of proteasome in vivo in solid
tumor (Deshaies, 2014). VCP inhibitors provide an exciting
avenue for the development of novel chemotherapy in all tu-
mors with enhanced unfolded protein load. In addition, identi-
fying compounds that prolong the ER stress and enhance the
cytotoxic effect of VCP inhibitors may be useful as a combina-
tion treatment strategy in solid tumors. Our results provide a
proof-of-principle that VCP inhibitors and the ER stress path-
ways could be targeted in combination with the ER stress-
prolonging agent Salubrinal for enhanced cytotoxicity. More-
over, transient knockdown of GADD34 by RNAi also enhances
the Caspase 3 activity induced by VCP inhibitor DBeQ
(Figure S5C). Collectively, these results support the role of tar-
geting GADD34 to enhance the cytotoxic effect of VCP inhibitors.

Recently, several groups have identified the pathway
involved in protein homeostasis as a target of vulnerability
in ovarian cancer. For example, Cheung et al. used 102 cancer
cell lines and performed genome-scale synthetic lethal
screen with short hairpin RNAs (shRNAs) (Cheung et al.,
2011). In this study, VCP was identified as one of the 22
putative essential genes in ovarian cancer cells. In addition,
in their follow-up studies, Hahn and Bowtell groups
identified VCP as one of the essential genes in Cyclin E1-
overexpressing, cisplatin-resistant ovarian cancer cells
(Etemadmoghadam et al., 2013). Finally, Marcotte and Brown
et al. identified several components of protein homeostasis,
such as SNRPD-1, PSMD1, PSMA1, PSMB2, RPS17, and EIF3B,
as essential genes in several cancer cell lines (Marcotte
et al.,, 2012). Therefore, results from our study indicating
that VCP/p97, a component of protein homeostasis, can be
targeted by DBeQ, ML240, and CB-5083 and that these agents
induce ER stress and apoptosis in ovarian cancer cells are
highly relevant for advancing VCP inhibitors as potential
therapeutics for ovarian cancer.

Given that pharmacodynamics and pharmacokinetics of CB-
5083, which is orally bioavailable, are already demonstrated,
and that CB-5083 is well-tolerated in mice, it would be impor-
tant to further develop this agent for additional preclinical
and clinical studies. In addition, since VCP inhibitors induce
ER stress, attenuate protein translation, increase ubiquitylation
of proteins, it would be important to determine the similarity
and differences in the mechanism of cell death induced by
these agents compared to proteasome inhibitors, such as

bortezomib. In particular, bortezomib and Hsp90 inhibitors
also cause proteotoxic stress, and their mechanisms of action
include lowering BRCA1 expression and enhancing sensitivity
to PARP inhibitors and cisplatin (Johnson et al., 2013; Neri
etal., 2011; Stecklein et al., 2012). Therefore, it would be impor-
tant to determine the extent to which VCP inhibitors enhances
sensitivity to conventional and emerging chemotherapeutics.
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