Received: 5 July 2019 | Revised: 22 August 2019

Accepted: 24 August 2019

DOI: 10.1111/cas.14184

ORIGINAL ARTICLE

Cancer Science Ri4ina%

Targeting valosin-containing protein enhances the efficacy of
radiation therapy in esophageal squamous cell carcinoma

Hui Luo® | HengliSong® | RonghuMao® | Qiang Gao' | Zhuo Feng! | Nan Wang! |
Shuai Song? | RuidiJiao®! | Peizan Ni®> | Hong Ge!

!Department of Radiation Oncology, The
Affiliated Cancer Hospital of Zhengzhou
University, Zhengzhou, China

2The School of Basic Medical
Sciences, Zhengzhou University, Zhengzhou,
China

Correspondence

Hong Ge, Department of Radiation
Oncology, The Affiliated Cancer Hospital of
Zhengzhou University, Zhengzhou, China.
Email: gehong616@126.com

Funding information

The Open Cooperation of Science and
Technology of Henan, Grant/Award
Number: 182106000062; The National
Natural Science Foundation of China, Grant/
Award Number: 81372436 and 81773230

Abstract

Overcoming resistance to radiation is a great challenge in cancer therapy. Here, we
highlight that targeting valosin-containing protein (VCP) improves radiation sensitiv-
ity in esophageal squamous cell carcinoma (ESCC) cell lines and show the potential
of using VCP as a prognosis marker in locally advanced ESCC treated with radia-
tion therapy. Esophageal squamous cell carcinoma cell lines with high VCP expres-
sion were treated with VCP inhibitor combined with radiotherapy. Cell proliferation,
colony formation, cell death, and endoplasmic reticulum (ER) stress signaling were
evaluated. Moreover, patients with newly diagnosed locally advanced ESCC who
were treated with radiotherapy were analyzed. Immunohistochemistry was used to
detect the expression of VCP. The correlation between overall survival and VCP was
investigated. Esophageal squamous cell carcinoma cells treated with VCP inhibitor
and radiotherapy showed attenuated cell proliferation and colony formation and en-
hanced apoptosis. Further investigation showed this combined strategy activated the
ER stress signaling involved in unfolded protein response, and inhibited the ER-as-
sociated degradation (ERAD) pathway. Clinical analysis revealed a significant survival
benefit in the low VCP expression group. Targeting VCP resulted in antitumor activity
and enhanced the efficacy of radiation therapy in ESCC cells in vitro. Valosin-contain-
ing protein is a promising and novel target. In patients with locally advanced ESCC
who received radiotherapy, VCP can be considered as a useful prognostic indicator
of overall survival. Valosin-containing protein inhibitors could be developed for use

as effective cancer therapies, in combination with radiation therapy.
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1 | INTRODUCTION

Esophageal cancer is a major global health concern.! According
to histological classification, squamous cell carcinoma and adeno-
carcinoma are the 2 main types of esophageal cancer.? In the past
few decades, adenocarcinoma has been the most common type of
esophageal cancer in developed countries; however, esophageal
squamous cell carcinoma (ESCC) still accounts for nearly 70% of
cases of esophageal cancer around the world, especially in Asia.>*
Radiotherapy, in combination with chemotherapy, is widely used in
the management of locally advanced ESCC.? Despite incredible im-
provements in cancer treatment, radiation resistance leads to treat-
ment failure and results in poor outcomes.®” Therefore, it is crucial
to select biomarkers indicative of eligible patients who could benefit
from this treatment protocol.

Valosin-containing protein (VCP), also known as p97 in mammals
or cdc48 in yeast, is a hexameric ATPase of the AAA family.® Valosin-
containing protein is described as a crucial chaperone for regulating
folding or unfolding substrate proteins in the endoplasmic reticulum
(ER)-associated degradation (ERAD) pathway.”*® With respect to the
high protein synthesis burden and possible aneuploidy in many kinds
of tumor cells, the ERAD pathway has a central role in regulating
cancer cell proliferation.!! Over the past few years, high expres-
sion of VCP has been described and found to correlate with disease
outcomes in various cancer patients who received surgical resec-
tion.*?” Recently, several VCP inhibitors have been developed.*®2°
Among these specific inhibitors, NMS-873 was initially developed
as an allosteric, non-ATP-competitive, and potent noncovalent VCP
inhibitor that impairs the ERAD pathway, activates the unfolded
protein response (UPR), and induces apoptosis.2° In addition, other
findings have revealed VCP as a potential target and inhibiting VCP
has been associated with improved antitumor activity in vitro and in
vivo.2b22 To date, the role of VCP in enhancing tumor radiation sen-
sitivity has not been characterized in ESCC cell lines. Moreover, the
significance of VCP expression in locally advanced ESCC patients
who had undergone radiotherapy was of little concern.

Finding a valuable biomarker for treatment stratification and
prognostic prediction is a challenge in cancer therapy. The objec-
tives of this study were to investigate the value of VCP inhibitor in
improving radiation resistance. We went further, by attempting to
identify the feasibility of using VCP as a prognostic marker for pa-
tients with locally advanced ESCC who have received radiotherapy.

2 | MATERIALS AND METHODS

2.1 | Reagents

NMS-873 (purity >98%) was purchased from Dalian Meilun
Biotechnology (CAS: 1418013-75-8), the compound was dissolved
in DMSO and stored at 4°C. Primary Abs used for the western blot
analysis included inositol-requiring enzyme 1a (IRE1la) (14C10; Cell
Signaling Technology), X-box binding protein 1 (XBP-1(s)) (D2C1F;
Cell Signaling Technology), phospho-protein kinase RNA-like ER
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kinase (p-PERK) (DF7576; Affinity Biotechnology), phospho-eu-
karyotic initiation factor 2a (p-elF2a) (119A11, Cell Signaling
Technology), activating transcription factor 6 (ATF6) (D4Z8V; Santa
Cruz Biotechnology), binding immunoglobulin protein (BiP) (C50B12;
Cell Signaling Technology), and C/EBP homologous protein (CHOP)
(D46F1; Cell Signaling Technology). Antibody to detect VCP was
purchased from Abcam (ab11433), the GAPDH (KM9002T) and -
actin (KM9001T) were obtained from Sungene Biotech. Secondary
Ab included goat anti-mouse IgG-HRP (sc-2005) and goat anti-rabbit
1gG-HRP (sc-2004) were from Santa Cruz Biotechnology.

2.2 | Celllines and cell culture

Cancer cell lines including KYSE30, KYSE70, KYSE140, KYSE150,
KYSE410, KYSE450, and KYSE510 were purchased from the Type
Culture Collection of the Chinese Academy of Sciences. KYSE30 cells
were cultured in a 1:1 mixture of RPMI-1640 (R8758; Sigma-Aldrich)
and Ham's F12 medium, 2% FBS (Biological Industries), and 1% strep-
tomycin/penicillin. KYSE70, KYSE140, KYSE150, KYSE410, KYSE450,
and KYSE510 cells were maintained in RPMI-1640, 10% FBS, and 1%
streptomycin/penicillin. The human immortalized normal esopha-
geal epithelial cell line, N1217, was donated by Dr. Enmin Li from the
Laboratory of Tumor Pathology (Shantou University Medical College).
All cells were cultured in a humidified atmosphere at 37°C with 5%

CO,,. All cells were subjected to cytogenetic testing and confirmed.

2.3 | Cell viability assay

In general, cancer cells were plated in a 96-well plate format at 3000
cells per well in 0.2 mL medium and incubated overnight. Next day,
the cells were treated with different amounts of NMS-873. After
incubation for 24, 48, or 72 hours, cancer cell viability was meas-
ured by the MTT assay. The optical absorbance was determined at
490 nm using a microplate reader (Thermo Fisher Scientific). Dose
response curves were fitted and inhibitory concentration values
were calculated for each cell line.

2.4 | RNA interference experiments

Specific and nontargeting siRNA were purchased from SunYa
Biotechnology. KYSE70 and KYSE140 cells were seeded in 6-well
plates and grown to 40%-50% confluency in serum-containing medium
(without penicillin/streptomycin). Tumor cells were transfected with
the VCP targeting siRNAs using Lipofectamine RNAIMAX (13778150;
Thermo Fisher Scientific) following the manufacturer's instructions.

The knockdown efficiency was analyzed by western blot experiments.

2.5 | Colony formation assays

Cells were seeded (400 cells/well for KYSE140; 200 cells/well for
KYSE70) in 6-well plates in 2 mL medium and incubated for 24 hours
at 37°Cina 5% CO, incubator. Then the culture media were replaced
with media containing appropriate amounts of NMS-873. Next day,
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the cells were irradiated with a TrueBeam SN1403 accelerator
(Varian Medical Systems). Doses included O, 2, 4, 6, 8, 10, and/or
12 Gy. These cells were further incubated for 7-14 additional days
until the colonies were optimal. After aspirating the media and being
fixed with methanol, 0.5% crystal violet was used to stain the colo-
nies for 10 minutes, then they were washed with water. Each well
was air-dried and colonies were visualized under a microscope; colo-
nies containing 50 cells or more were counted using the Image-Pro
Plus software (version 6.0) program (Media Cybernetics). The classic
multitarget single hit model was applied to plot the dose survival

curves. Survival fraction (SF) = 1 - (1 - e™™/P°

)N, where the mean
lethal dose (DO) represents the dose needed to decrease the fraction
of surviving cells to 37% of its previous value, N is the extrapolation
number, and the quasithreshold dose (Dq) indicates repair capacity
of tumor cells after radiation therapy. Radiation sensitivity parame-
tersincluded survival fraction at 2 Gy (SF2), DO, Dq, and the sensitiv-
ity enhancement ratio was calculated. The sensitivity enhancement
ratio was calculated by dividing DO in the control group by DO in the
treatment group.?>?* Three independent experiments were carried

out for each cell line, with each treatment undertaken in triplicate.

2.6 | Annexin V apoptosis assay

Cancer cells (8 x 10° cells for KYSE140; 4 x 10° cells for KYSE70)
were seeded in 6-well plates using appropriate culture media and
incubated overnight. Cells were treated with NMS-873 and/or irra-
diated with 6 Gy and allowed to incubate for 48 hours. After cells
were collected and stained with annexin V-FITC and propidium io-
dide (PIl), apoptosis assay was carried out by flow cytometry using a
BD FACSCalibur Flow Cytometer (BD Biosciences).

2.7 | Western immunoblot analysis

Cells were seeded and incubated overnight. The next day, cells
were treated with NMS-873 and/or irradiated with 6 Gy and incu-
bated for 24 hours. Cells were collected using a cell scraper and in-
cubated on ice for 20 minutes in NP-40 cell lysis buffer (50 mmol/L
Tris [pH 8.0], 150 mmol/L NaCl, 0.5%-1% NP-40, protease in-
hibitor cocktail, dephosphorylate inhibitor tablets, and 1 mmol/L
PMSF). Protein concentration was determined by using the BCA
Quantification Kit (Solarbio). Protein extracts were loaded in SDS-
PAGE and transferred to PVDF membranes. After blocking with 5%
nonfat dry milk in TBS-Tween 20 (TBST) for 1 hour, electroblotted
membranes were incubated with appropriate primary Abs prepared
in 3% BSA in TBST at 4°C. The next day, membranes were washed
with TBST 3 times and incubated with appropriate HRP-conjugated
IgG for 1 hour at room temperature. Finally, the bands were visual-
ized using the ECL detection reagent (GE Healthcare Life Science).

2.8 | Immunohistochemical staining

Medical data of newly diagnosed locally advanced ESCC patients
treated with 3-D conformal radiotherapy or intensity-modulated

radiotherapy were retrospectively analyzed. This study was ap-
proved by the institutional review board of the Affiliated Cancer
Hospital of Zhengzhou University (no. 182106000062). Archival
formalin-fixed and paraffin-embedded tissue of the eligible ESCC
patients who received radiotherapy were sectioned at 4-5 pm, and
prepared for analysis. After antigen exposure, 5% goat serum was
used for 1 hour and the sectioned tissues were then incubated with
1:800 mouse monoclonal antigen-VCP Ab (Abcam) at 4°C over-
night. Samples were then incubated with biotinylated secondary
Ab. 3,3'-Diaminobenzidine staining was applied to detect the tar-
geted protein according to the manufacturer's instructions. After
counterstaining with hematoxylin, samples were dehydrated with
a graded series of alcohol in xylene and cover slips were placed.
The staining intensity and percentage of positive cells stained were
evaluated to assess the IHC staining. Scoring was undertaken by 2
pathologists, independently. Discrepancies were dealt with through
discussion among senior pathologists until a final consensus was
achieved. The cytoplasmic VCP staining score was calculated as fol-
lows: 0, absence of staining; 1, weak staining; 2, moderate staining;
and 3, strong staining. The percentage of VCP-positive tumor cells
was analyzed and classified as: level O, less than 10% positive tumor
cells; level 1, 10%-25% positive tumor cells; level 2, 25%-50% posi-
tive tumor cells; level 3, 50%-75% positive tumor cells; and level 4,
more than 75% positive tumor cells. Expression of VCP in tumor
sections was scored by multiplying the intensity by the percentage
of positive cells. In this analysis, the included patients were divided
into 2 groups based on their final calculated scores: the low VCP
expression group (scores of 0-7) and the high VCP expression group
(scores of 8-12).

2.9 | Statistical analysis

Statistical analyses were carried out using SPSS version 20.0 (IBM
Software Group) and Prism 7 (GraphPad Software). Student's t test
and/or one-way or two-way ANOVA was used for statistical analy-
ses. The Bonferroni multiple comparisons test was applied where
necessary. Overall survival (OS) was estimated using the Kaplan-
Meier methodology; the log-rank test was used to detect potential
differences amongst the various variables. Univariate and multi-
variate Cox proportional hazard regression models were analyzed to
identify potential prognostic factors of OS. A 2-tailed P < .05 was
considered to be significant for all of the statistical analyses.

3 | RESULTS

3.1 | Treatment with VCP inhibitor attenuates
tumor cell proliferation

To measure intracellular protein expression, whole cell lysates
were generated from 7 different ESCC cells and 1 normal esopha-
geal epithelial cell. Expression of VCP was significantly lower in
normal cells compared with tumor cells. Among the 7 different
ESCC cells, KYSE140 is associated with the highest expression of
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FIGURE 1 Valosin-containing protein (VCP) protein expression in different esophageal squamous cell carcinoma (ESCC) cell lines

and NMS-873 inhibits the growth of ESCC cells. A, Expression of VCP in ESCC cells and normal esophageal epithelial cells (N1217). B,
Quantification of VCP expression from (A). C, Dose-survival curves of NMS-873 on KYSE70 cells were estimated by MTT assay at 24 h.
D, Dose-survival curves of NMS-873 on KYSE140 cells were estimated by MTT assay at 24 h. E, Correlation of IC,, and VCP expression. r,
Pearson correlation coefficient. Data are mean + SD (n = 3). ***P < .0001. n.s., not significant, P > .05

VCP (Figure 1A,B). Therefore, proliferation assay was carried out
to determine the effect of VCP inhibitor on cancer cells (KYSE70
and KYSE140). Our results showed that NMS-873 reduced cell pro-
liferation in a dose-dependent manner (Figure 1C,D). We also ob-
served that the IC,, values are different for KYSE70 and KYSE140
(120 nmol/L and 90 nmol/L, respectively). These findings suggest
that VCP inhibitor is cytotoxic to tumor cells. In addition, we tested
the effect of VCP inhibitor in the remaining tumor cell lines and 1
normal esophageal epithelial cell line. The final analysis revealed that
the sensitivity of VCP inhibitor was correlated with relative VCP ex-
pression (Figure 1E).

3.2 | Inhibition of VCP enhances the
efficacy of radiation

Drugs that can enhance radiation sensitivity are essential in can-
cer treatment. To evaluate the efficacy of VCP inhibitor in com-
bination with radiation therapy, colony formation assays were
undertaken in ESCC cells (KYSE70 and KYSE140). For subsequent
investigations, both KYSE70 cells and KYSE140 cells were treated
with NMS-873 at the concentrations listed above. The results in-
dicated that there were no visible signs of toxicity for tumor cells.
Radiation therapy combined with NMS-873 showed a significant
decrease in the surviving fraction in both KYSE70 and KYSE140

cells when compared with radiation therapy alone (Figure 2A,B).

These outcomes showed an increased sensitivity to radiation ther-
apy when combined with VCP inhibitor.

Additionally, to confirm the radiation sensitization effect of VCP
inhibition, we undertook siRNA inference experiments. Knockdown
of VCP resulted in increased sensitivity to radiation therapy
(Figure 2C-F). Together, these data suggested that inhibition of VCP

sensitizes ESCC cells to radiation therapy.

3.3 | Treatment with VCP inhibitor induces cell
death through the apoptotic pathway

On the basis of the above data, radiation therapy combined with
VCP inhibitor was effective in ESCC cells. To determine whether
this combined strategy induces cell death by apoptosis, we un-
dertook annexin V/PI staining assays. As shown in Figure 3A-C, a
significant increase in the percentages of cancer cells undergoing
early apoptosis (annexin V*/PI7) and late apoptosis (annexin V/PI")
was observed in both the radiation therapy group and the com-
bined group. In addition, the combined strategy resulted in a higher
apoptosis rate than radiation therapy alone. We also found that
VCP inhibitor alone had limited effects on apoptosis in cancer cells.

Furthermore, we evaluated the toxicity of VCP inhibitor in nor-
mal esophageal epithelial cells. The results indicated that VCP inhib-
itor is slightly toxic in normal cells, and VCP inhibitor combined with

radiation therapy is insignificant in inducing apoptosis (Figure 3D).
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Collectively, these data suggested that VCP inhibition enhanced
radiation-mediated apoptosis and this enhancement was tumor
cell-specific.

3.4 | Valosin-containing protein inhibitor and
radiation therapy combined result in enhanced UPR

An accumulation of unfolded proteins and misfolded proteins
resulted in ER stress response in tumor cells.?> The ER stress re-
sponse is an adaptive mechanism that contributes to cell survival;
however, increased ER stress is associated with CHOP overexpres-
sion, and would predispose the cells to ER stress-mediated apop-
tosis.2®?” Previous studies described radiation-induced ER stress
in cancer cells.?”?? Valosin-containing protein inhibitors have
been reported to trigger the misfolded protein accumulation and
activate the UPR in various cancer cell lines.%® Therefore, we pre-
sumed that inhibiting a key component of the ER stress response
might result in an elevated level of protein burden in the ER of
tumor cells.

Consistent with previous analyses, we observed NMS-873 in-
duced amplification of ER stress markers including IRE1a, XBP-1(s),

0 2 4
Dose (Gy)

6 8 10

p-PERK, p-elF2a, and BiP. These findings suggest the UPR was ac-
tivated in ESCC cells through both the IRE1a pathway and the PERK
pathway (Figure 4A-C). Similarly, we evaluated the effect of radiation
therapy on ER stress response, and UPR pathway activation was ob-
served. Next, we analyzed the synergistic effect of radiation therapy
and NMS-873 on ER stress response, and we detected an enhanced
UPR, especially a significant amplification of the PERK-elF2a-CHOP
pathway. These data suggested that radiation therapy combined
with VCP inhibitor was able to activate UPR, thus causing enhanced
and prolonged ER stress, and resulted in CHOP-mediated apoptosis
(Figure 4D-E). In addition, there was no difference in ATF6 expression
among different types of treatment. This lack of immunoreactivity
might be due to low basal expression of ATF6 in ESCC cells.

Taken together, VCP inhibitor alone was able to activate the UPR
pathway; however, it causes only weak ER stress and has limited ef-
ficacy in inducing apoptosis. In contrast to VCP inhibition, radiation
therapy alone was able to induce the UPR pathway and cause mild
ER stress; nevertheless, this was insufficient to trigger apoptosis.
When radiation therapy and VCP inhibitor were used in combina-
tion, both prolonged ER stress and CHOP-mediated apoptosis were
observed.
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3.5 | High VCP expression in ESCC is associated
with poor survival

Next, we analyzed the association between VCP expression
and survival in patients of locally advanced ESCC treated with
radiotherapy. In general, VCP expression was significantly in-
creased in the cytoplasm of tumor cells by immunohistochemis-

try (Figure 5A-E). All the samples were evaluated carefully. High
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expression of VCP was detected in 46 patients, whereas low VCP
expression was found in 39 patients (Table 1). A homogenous
staining pattern throughout the entire specimen was observed
in most of the ESCC samples. Undetectable expression of VCP
is rarely seen in cancer cells. Patients with low VCP expression
had better survival than those in the high VCP expression group.
The median OS was 26.5 months (95% Cl, 15.9-37.2 months) in
the low VCP expression group compared with 14.2 months (95%
Cl, 8.9-19.5 months) in the high VCP expression group (P = .031).
The 1- and 3-year OS were 82.1% and 37.8%, respectively, in the
low VCP expression group, and 60.9% and 19.7% in the high VCP
expression group (Figure 5F).

Based on univariate analyses, high expression of VCP (P = .005,
HR = 0.457 [95% Cl, 0.265-0.789]) and lymph node metastases
(P =.001, HR = 0.255 [95% Cl, 0.123-0.527]) were statistically signif-
icant predictors for poor survival. Other clinicopathological features,
age, sex, tumor stage, tumor length, Karnofsky performance status
(KPS) score, radiation dose, chemotherapy, comorbidities, and weight
loss, were insignificant prognostic factors. In order to determine the
independent prognostic factors for OS, variables such as tumor stage,
lymph node status, KPS score, comorbidities, and VCP expression were
included in the multivariate analysis. The results showed both low VCP
expression (P =.015, HR = 2.042 [95% Cl, 1.151-3.621]) and no lymph
node metastasis (P = .008, HR = 0.238 [95% Cl, 0.083-0.682]) were

independent prognostic factors for better survival (Table 2).

4 | DISCUSSION

The current study shows that ESCC cell lines are associated with
varying levels of VCP. In line with previous reports, our analysis also
showed cancer cells with high VCP expression are sensitive to VCP
inhibitor. We also observed that VCP inhibitor acts as a sensitizer
when combined with radiation therapy; the potential molecular
mechanisms are combined strategies that result in enhanced and
prolonged ER stress, which can trigger UPR, especially the PERK-
elF2a-CHOP pathway, thereby inducing cell death. In addition, com-
pared with the high VCP expression group, ESCC patients with low
expression of VCP treated by radiotherapy were associated with
favorable survival. Further analysis suggested that VCP is an inde-
pendent prognostic factor. Consequently, our results indicated that
VCP is a biomarker for predicting radiation resistance and targeting
VCP enhances the efficacy of radiation therapy.

Valosin-containing protein is essential for misfolded protein dis-
aggregation and degradation and it is also involved in genome integ-
rity.25 It is well known that cancer cells are always exposed to various
factors that alter protein homeostasis, and misfolded proteins ac-
cumulate inside the ER; therefore, invoking ER stress.®! In order to
restore ER proteostasis, tumor cells evoke various kinds of adaptive
mechanisms including the UPR and ERAD. With the help of VCP,
one key component of the proteasome, misfolded proteins were
transported from the ER to the cytosol for further degradation.25
Elevated levels of VCP appear to be cytoprotective for tumor cells,
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B, Quantification of inositol-requiring
enzyme la (IRE1a), X-box binding protein
1 (XBP-1(s)), and binding immunoglobulin
protein (BiP) from (A). C, Quantification
of phospho-protein kinase RNA-like
endoplasmic reticulum kinase (p-PERK),
phospho-eukaryotic initiation factor 2a
(p-elF2a), and activating transcription
factor 6 (ATF6) from (A). D, KYSE70 cells
= were treated with vehicle, NMS-873
ATFG (120 nmol/L), RT (6 Gy), or RT/NMS-873,
and C/EBP homologous protein (CHOP)
was detected by western blot analysis. E,
— Quantification of CHOP from (D). Data
* - NMS-873 are mean = SD (n = 3). *P < .05; **P < .001.
n.s., not significant, P > .05
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inhibitors in ovarian cancer cells, and final outcomes showed that
VCP inhibitors were able to induce ER stress, cause cell cycle ar-
rest, and trigger caspase-mediated cell death. Thus, VCP inhibitor
can be used as a single agent or combined with other antitumor
compounds.22

The existence of radiation resistance in cells remains one of
the most critical obstacles in anticancer therapy.?® Mice xeno-
grafted glioma models treated with hypofractionated radiother-
apy were analyzed using reverse-phase protein array; the results
revealed VCP levels were correlated with radiation resistance.’”
Our analysis also gives evidence that VCP could act as a potential
radiation resistance biomarker. In addition, we observed that ra-
diation therapy activated the UPR signaling pathway and induced
ER stress. Similar results were also reported in normal cells and
tumor cells.?®8 This is mainly because radiation therapy causes
misfolded protein accumulation and activates the UPR pathway.39
Nevertheless, the role of VCP in radiation resistance was not well
investigated. Detailed analyses are needed to fully understand the
potential mechanisms.

The UPR consists of the IRE1-XBP-1(s) signaling pathway, the
PERK-elF2a pathway, and the ATF6 pathway.?? Previous analyses
described that both radiation therapy and VCP inhibitors were able
to induce the UPR through activating the IRE1-XBP-1(s) signaling
pathway and the PERK-elF2a pathway, without triggering the
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FIGURE 5 Valosin-containing protein
(VCP) expression in the nucleus and
cytoplasm of esophageal squamous

cell carcinoma (ESCC) cells and the
association between VCP expression and
survival. A,B, High expression of VCP.
C,D, Low expression of VCP. E, Statistical
analysis of immunohistochemical staining
intensity of low expression group (n = 39)
and high expression group (n = 46). F,
Low VCP expression (n = 39) in ESCC
patients treated with radiation therapy is
associated with favorable overall survival.
Data are mean + SD. ***P < .0001. n.s., not
significant, P > .05
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ATF6 pathway.®>? Similarly, our results also showed the expres-
sion of ATF6 showed no difference when treated with radiation
therapy and/or NMS-873. Furthermore, our analysis indicated VCP
inhibitor has a synergistic effect with radiation therapy. Misfolded
proteins induced by radiation therapy accumulate in cancer cells,
and can be transported out of the ER through the ERAD pathway.
NMS-873 was effective in inhibiting the ERAD pathway and re-
sulted in a large quantity of misfolded proteins accumulated in the
ER. Immediately, both the activated UPR pathway and the accumu-
lated misfolded protein caused enhanced and prolonged ER stress
in tumor cells. When ER stress becomes insurmountable, cell apop-
tosis ensues (Figure 6).

Valosin-containing protein has been investigated for a long time.
In previous studies, the prognostic potential of VCP expression was
evaluated in different types of solid cancers and hematological tu-

mors. Yamamoto et al*>*¢

reported that high expression of VCP was
associated with increased incidence of cancer progression in gastric
carcinoma and esophageal cancer patients who received surgical
resection. In human papillomavirus (HPV)-negative oropharyngeal
squamous cell carcinoma patients treated with surgery, VCP ex-
pression evaluated by immunohistochemistry indicated that this

protein could be used as a prognostic marker, and VCP intensity

Time (mo)

was apparently uncorrelated with HPV status.!? Zhu et al recently
investigated the correlation between VCP expression and primary
orbital mucosa-associated lymphoid tissue in lymphoma patients
treated by curative resection; the results showed that high expres-
sion of VCP was significantly correlated with recurrence, enlarged
tumor size, and reduced survival.'” The novelty of our analysis is that
elevated expression of VCP was indicative of unfavorable survival
in ESCC patients who received radiotherapy. We also showed that
VCP can serve as an independent prognostic factor for this patient
cohort. Additionally, positive lymph node was associated with tumor
invasion and poor survival in esophageal cancer.*®* The present
study also found negative lymph node was an independent favor-
able prognostic marker in locally advanced ESCC patients treated
with radiotherapy.

There were several limitations in the present study. Our results
indicated ESCC cell lines have higher VCP expression compared with
normal cells, thus implying that VCP is an attractive target for anti-
tumor therapy. However, potential causes of elevated VCP in ESCC
cells should be further investigated. Given the anticancer activity
of VCP inhibitor in ESCC cells, additional preclinical and clinical
studies are necessary. In addition, the evaluation of VCP expres-

sion was based on intensity of immunohistochemistry, and potential
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TABLE 1 General characteristics of

VCP i . .
e patients with esophageal squamous cell

Characteristics High (N = 46) Low (N = 39) Total (N = 85) P value carcinoma
Gender
Male 30 (35.3%) 26 (30.6%) 56 (65.9%) .650
Female 16 (18.8%) 13 (15.3%) 29 (34.1%)
Age (years)
<65 20 (23.5%) 19 (22.4%) 39 (45.9%) .557
>65 26 (30.6%) 20 (23.5%) 46 (54.1%)
KPS score
>80 27 (31.7%) 24 (28.2%) 51 (60.0%) .674
<80 19 (22.4%) 15 (17.6%) 34 (40.0%)
Smoke status
Current 9 (10.6%) 8 (9.4%) 17 (20.0%) .987
Former 29 (34.1%) 24 (28.2%) 53 (62.4%)
Never 8 (9.4%) 7 (8.2%) 15 (17.6%)
Alcohol consumption
Yes 29 (34.1%) 25(29.4%) 54 (63.5%) .908
No 17 (20.0%) 14 (16.5%) 31 (36.5%)
Tumor location
Cervical 7 (8.2%) 4 (4.7%) 11 (12.9%) 153
Upper thoracic 22 (25.9%) 15 (17.6%) 37 (43.5%)
Middle thoracic 11 (12.9%) 17 (20.0%) 28 (32.9%)
Lower thoracic 6(7.1%) 3(3.5%) 9 (10.6%)
Tumor stage
T1-2 15 (17.6%) 19 (22.4%) 34 (40.0%) .507
T3-4 31 (36.5%) 20 (23.5%) 51 (60.0%)
LN status
NO 7 (8.2%) 6 (7.1%) 13 (15.3%) .391
N+ 39 (45.9%) 33(38.8%) 71 (83.5%)
Tumor length (cm)
<5 13 (15.3%) 9 (10.6%) 22(25.9%) .280
>5 33(38.8%) 30 (35.3%) 63 (74.1%)
Radiation dose (Gy)
<50.4 21 (24.7%) 17 (20.0%) 38 (44.7%) .708
>50.4 25(29.4%) 22 (25.9%) 47 (55.3%)
Chemotherapy
PTX + DDP 18 (21.2%) 14 (16.5%) 32 (37.6%) 728
DDP + 5-FU 28 (32.9%) 25 (29.4%) 53 (62.4%)
Comorbidities
Negative 27 (31.8%) 24 (28.2%) 51 (60.0%) .628
1 9 (10.6%) 5(5.9%) 14 (16.5%)
22 10 (11.8%) 10 (11.8%) 20 (23.5%)
Weight loss (over 3 mo)
<5% 32 (37.6%) 27 (31.8%) 59 (69.4%) .970
>5% 14 (16.5%) 12 (14.1%) 26 (30.6%)

Abbreviations: 5-FU, 5-fluorouracil; DDP, cisplatin; KPS, Karnofsky performance status; LN, lymph
node; PTX, paclitaxel; VCP, valosin-containing protein.
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TABLE 2 Cox proportional hazards

. . . Univariate analysis Multivariate analysis
regression for overall survival in patients
with esophageal squamous cell carcinoma Variable HR (95% Cl) P value HR (95% Cl) P value

Age (>65 vs <65) 1.191 (0.851-1.668) .309 - -

Sex (male vs 0.705 (0.386-1.287) .255 - -
female)

Tumor stage (T1-2 0.557 (0.249-1.248) 155 - -
vs T3-4)

LN status (NO vs 0.255(0.123-0.527) .001 0.238 (0.083-0.682) .008
N+)

Tumor length (>5 1.576 (0.528-4.702) 415 - -
vs <5)

KPS score (>80 vs 0.960 (0.917-1.006) .085 - =
<80)

Radiation dose 1.056 (0.381-2.925) 917 - -
(<50.4 Gy vs
>50.4 Gy)

Chemotherapy (PF 0.767 (0.410-1.435) 407 - -
vs PP)

Comorbidities (21 1.634 (0.849-3.145) 141 - -
vs 0)

Weight loss, % 0.656 (0.336-1.283) .218 - -
(>5% vs <5%)

VCP expression 0.457 (0.265-0.789) .005 2.042 (1.151-3.621) .015
(high vs low)

Abbreviations: -, not included; Cl, confidence interval; HR, hazard ratio; KPS, Karnofsky perfor-
mance status; LN, lymph node; PF, cisplatin + 5-fluorouracil; PP, cisplatin + paclitaxel; VCP, valosin-
containing protein.
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FIGURE 6 Mechanisms of targeting valosin-containing protein (VCP) enhance the efficacy of radiation therapy (RT) in human esophageal
squamous cell carcinoma cell lines. ATF, activating transcription factor; CHOP, C/EBP homologous protein; elF2a, eukaryotic initiation factor
2a; ER, endoplasmic reticulum; ERAD, endoplasmic reticulum-associated degradation IRE1, inositol-requiring enzyme 1; PERK, protein
kinase RNA-like endoplasmic reticulum kinase; UPR, unfolded protein response; XBP-1s, X-box binding protein 1
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bias could exist. Valosin-containing protein as a radiation resistance
biomarker was not well characterized from a clinical perspective.
Therefore, our analysis should be interpreted with caution and addi-
tional studies are needed to support the results.

In conclusion, the findings of this study suggest that VCP plays a
vital role in regulating the cell viability of ESCC cells. Targeting VCP
offers a new strategy in enhancing radiation sensitivity. In addition,
an elevated expression of VCP is associated with unfavorable sur-
vival in locally advanced ESCC patients treated with radiotherapy.
Valosin-containing protein expression has the potential to be used

as an independent prognostic factor.
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