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Abstract

Lung cancer is the most common malignancy and exhibits significant morbidity and mortality worldwide. Among all lung cancer
subtypes, non-small-cell lung cancer (NSCLC) accounts for the majority of all lung cancer cases. Although there have been
intensive investigations on the underlying mechanism of NSCLC development and progression, the exact molecular basis is
not well understood. Further insights on important molecular regulators of lung cancer are needed for development of novel
therapeutics. The heat shock protein (HSP) family is a group of molecular chaperones that assist in protein folding, modification,
and transportation. Different HSPs are essential for tumor cell survival by binding diverse client proteins and regulating homeo-
stasis. In the current study, we sought to characterize HSP70 and HSP90 as potent regulators of NSCLC growth. Our results
indicate that differential expression of HSP70 is associated with the malignant phenotype of NSCLC cell lines and plays an
important regulatory role in NSCLC cell proliferation. Moreover, a specific inhibitor of HSP70, VER-155008 significantly inhibits
NSCLC proliferation and cell cycle progression. We showed that this effect is largely abolished by HSP70 overexpression,
indicating that the inhibitory effect of VER-155008 on cell growth is specifically through HSP70 inhibition. In addition, 17-AAD,
an inhibitor of HSP90, exerts a potent synergistic effect on NSCLC proliferation with VER-155008. We also observed that inhibition
of HSP70 by VER-155008 can sensitize A549 cells to ionizing radiation. These data provide proof-of-principle that VER-155008

can be a good candidate for NSCLC treatment and HSP machinery is a good target for developing NSCLC therapeutics.
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Introduction

Lung cancer is the most commonly diagnosed cancer (1.61
million, 12.7% of the total) and leading cause of cancer-
related deaths (1.38 million, 18.2% of the total) worldwide.'
About 80% of total lung cancer cases are classified as non-
small-cell lung carcinoma (NSCLC). The prognosis of
NSCLC is very poor, having an overall five-year survival
rate as low as 15% and without a notable decrease in mor-
tality during the last three decades.>” This is primarily due
to the limited therapeutic effects of adjuvant postoperative
chemotherapy in NSCLC patients. Less than half of NSCLC
patients respond to chemotherapy initially, and there is fre-
quent development of drug resistance in patients who do
respond. Recent studies emphasize the importance of tar-
geting multiple pathways to increase tumor cell sensitivity
and to postpone the emergence of drug resistance.
Therefore, novel drug targets involved in new pathways
essential for NSCLC development are avidly needed for
NSCLC patients.
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The heat shock protein (HSP) family is a group of molecu-
lar chaperones that assist in protein folding, modification,
and transportation. In conditions of cell stress, including
elevated temperatures, nutrient deprivation, heavy metal
exposure, oxidative stress, and exposure to cytotoxic
agents, HSPs aid in cell survival. HSP70 is a basic member
of HSPs and is important in cancer research and drug dis-
covery. HSP70 overexpression is correlated with a wide
range of tumors®™® and seems to be necessary for the sur-
vival of tumor cells. Additionally, expression levels of
HSP70 in lung cancers are significantly higher than in peri-
tumoral normal tissues.” Serum levels of HSP70 are also sig-
nificantly elevated in patients with NSCLC compared with
healthy individuals.®, Furthermore, recent studies demon-
strate that selective depletion of HSP70 induces cell death
in lung cancer cells’ but not in normal lung cells.'’

More interestingly, a few researches have demonstrated
that HSP70 proteins can be induced by ionizing radiation
(IR) in cells,"'? and elevated protein levels of HSP70 are
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involved in radioresistance of cells."*'® The protective
effects of HSP70 proteins might be due to their abilities
that help DNA-damage repair.'>'” All these information
suggests that inhibition of HSP70 could improve radiosen-
sitivity of cancer cells and may finally achieve a better clin-
ical outcome.

So far, only a few compounds that specifically target
HSP70 have been identified.'®. However, their inhibitory
activity on tumor growth seems attractive to cancer biolo-
gists.'” Here in this study, we used a newly invented HSP70
inhibitor, VER-155008 which targets the ATPase binding
domain of HSP70.%° Previous reports indicate this com-
pound induces apoptosis in myeloma cells*" and HCT116
colon carcinoma cells** while having minimal effects on
normal cells. So far, there is no study showing the effect
of VER-155008 on growth of NSCLC cell lines. Therefore,
in the present study, we tested the ability of VER-155008 to
inhibit growth of NSCLC cell lines and explored the under-
lying molecular mechanisms of this effect. In addition, we
tested the anti-cancer effects of VER-155008 in synergy with
17-AAD, an inhibitor of HSP90. Finally, we also tested the
effect of VER-155008 in sensitizing NSCLC cells to IR.

Materials and methods
Reagents

Anti-HSP70 antibody (AB2787) and anti-GAPDH (AB8245)
antibody were purchased from Abcam. Anti-Cyclin A anti-
body (SC751) and anti-CDK2 (SC6248) antibody were pur-
chased from Santa Cruz Biotechnology, Inc. Antibodies to
total Akt (4685), total ERK (4696), phosphorylated Akt
(4058), and phosphorylated ERK (4376) were obtained
from Cell Signaling. ViraPower Lentiviral Expression Kit
was purchased from Invitrogen. 5-Bromo-2’-deoxyuridine
(BrdU) and (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) (MTT) were purchased from Sigma-
Aldrich, Shanghai, China.

Cell culture

Human NSCLC cell lines, A549, and H1975 were obtained
from American Type Culture Collection (ATCC) and cul-
tured in F-12K and RPMI-1640 medium, respectively.
Human lung fibroblasts, WI38 cells, were also obtained
from ATCC and cultured in DMEM medium. Medium
was supplemented with 10% final concentration of fetal
bovine serum, 1 U/mL of penicillin, and 1pg/mL of
streptomycin. For drug treatment, 25uM of VER-155008
was applied on cells for two days if without specific
indication.

Plasmids and transduction

Short hairpin RNA (shRNA) targeting HSP70 (NM_005345)
was synthesized and cloned into pLKO.1 vector. The sense
strand sequence for lentivirus-encoded HSP70 shRNA was
[22948392]: 5'-GGACGAGTTTGAGCACAAG-3'. Lentiviral
particles were produced from 293 FT cells using ViraPower
Lentiviral Expression Kit according to manufacturer’s
protocol. Transduced cells were selected by treatment
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with puromycin (0.5 ug/mL) for at least three days before
they were used in following experiments.

The coding DNA sequence of HSP70 (HSPA1A) was
amplified from another plasmid (Addgene 15215) by PCR,
and the fragment was inserted into pPBABE-Puro vector. The
empty vector or the plasmid encoding HSP70 was trans-
fected into Phoenix Retroviral Expression System. Virus
was applied onto target cells according to the standard
protocol. The cells were subjected to drug selection for
two days (1pg/mL of puromycin) before they were used
in the experiments.

Western blot

Thirty micrograms of protein for each sample were resolved
on 8% or 12.5% SDS-PAGE gels. After transfer, membranes
were incubated with primary antibodies at 4°C overnight.
The dilution of antibodies used for all immunoblot assays in
this study is 1:1000 except for GAPDH antibody (1:10000).
Membranes were then washed with TBS-T three times and
incubated with appropriate HRP-conjugated secondary
antibodies at room temperature for 1h. Membranes were
subsequently washed with TBS-T four times and incubated
with ECL Western Blotting Substrate (Promega, W1001).
Films were exposed to the membranes in a dark room
and then developed and fixed.

Cell viability assay

Cells were seeded at a density of 10,000 cells per well. After
different drug treatments, 10 uL. of MTT stock solution was
added into each well and cells were incubated for 4h at
37°C. SDS-HCI solution (100 uL) was added to each well
and mixed thoroughly. Plates were then incubated at 37°C
in the dark for 2h with gentle shaking. Absorbance was
read at 570 nm on a Microplate Reader.

BrdU staining

The cells are seeded on coverslips overnight. BrdU was
added into culture medium to 10 uM and the cells were
incubated for 1h at 37°C. Then the cells were washed
with PBS and fixed in 4% paraformaldehyde for 10 min.
The cell were permeabilized with 0.2% Triton X-100 for
5min and washed with PBS. The cells were treated with
Dnasel (Invitrogen) for 30 min and then washed with PBS.
The slides were incubated in anti-BrdU FITC for 30 min in
the dark and then washed with PBS. The cells were stained
with DAPI solution (1 pg/mL) for 5min and washed with
PBS and mounted on coverslips.

FACS

Non-adherent cells were collected into a conical tube.
Adherent cells were trypsinized, combined with non-
adherent cells, and centrifuged at 1000rpm for 10min.
Cells were washed in cold PBS, centrifuged at 1000 rpm
for 10 min at 4°C, fixed and permeabilized with ice-cold
70% ethanol, and incubated on ice for 6 h. Cells were then
centrifuged for 10 min at 800 g, washed with PBS once, and
resuspended in 0.5 mL of PI/Triton X-100 staining solution.
Cells were incubated in the dark at 37°C for 30 min before
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Figure 1 HSP70 knockdown inhibits proliferation of A549 and H1975 cells. (a) The expression levels of HSP70 in WI38, A549, and H1975 cells. GAPDH was used as
loading control. (b) The expression levels of HSP70 in A549 and H1975 cells with and without HSP70 knockdown. (c) The percentages of BrdU-positive cells in A549 and
H1975 cells with and without HSP70 knockdown. Results were presented as Mean + SD, n=3. (d) Relative cell viabilities of A549 and H1975 cells with and without
HSP70 knockdown measured by MTT assay
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Figure 2 HSP70 inhibitor, VER-155008, inhibits proliferation of A549 and H1975 cells. (a) The percentages of BrdU-positive cells in A549 and H1975 cells treated with
or without VER-155008. Results presented as Mean & SD, n = 3. (b) Relative cell viabilities of A549 and H1975 cells treated with or without VER-155008. (c) The
expression levels of HSP70 in A549 and H1975 cells treated with or without VER-155008. (d) The protein levels of HSP70 and GAPDH in A549 cells with indicated
treatments. (e) Relative cell viabilities of above treated cells
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Figure 3 VER-155008 inhibits cell cycle progression of A549 cells. (a and b) Representative figures of FACS plots on A549 cells treated with or without VER-155008.
(c) Quantification of FACS analysis, Mean + SD, n = 3. (d) The protein expression levels of Cyclin A, CDK2, phosphorylated Akt, Akt, phosphorylated ERK, ERK in A549
cells treated with or without VER-155008. (A color version of this figure is available in the online journal.)

acquiring data on flow cytometer (BD FACSCalibur, BD
Biosciences).

lonization radiation

Cells (2 x 10%) plated in dishes were treated with or without
VER-155008 (5 M) for two days, and then the cells were
irradiated by using an X-ray irradiator (MBR-1505R2,
Hitachi Medico, Japan) for indicated dosages. One percent
of the cells were re-plated in a new dish. After seven days,
the numbers of the focuses formed in dishes were counted.
The surviving fraction (focus number of an irradiated
group/that of the non-irradiated group) was calculated.
In addition, the cells treated by 2Gy radiation were ana-
lyzed by Guava Nexin assay performed following

manufactory protocol (Millipore). The data were analyzed
by using the software provided by the company.

Statistics

Experimental results are shown as the mean=SD.
Statistical analyses were performed by unpaired Students
t-test or analysis of variance assuming unequal variance
unless otherwise indicated using SigmaPlot 11.0 (San Jose,
CA, USA). Significance was defined as *P < 0.05, **P < 0.01,
***P <0.001.

Results

Recent studies have demonstrated that HSP70 plays an
important role in regulating NSCLC growth. However, a
comprehensive search on PubMed revealed that there is
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Figure 4 VER-155008 is more potent when combined with 17-AAG. (a) The
dose-response curve of A549 cells to VER-155008, cells were simultaneously
treated with or without 17-AAG (100 nM), Mean + SD, n = 3. (b) Similar to (a), but
with H1975 cells

alack of data demonstrating proof-of-concept of HSP70 as a
promising molecular target for NSCLC treatment. We first
sought to test whether HSP70 protein is differentially
expressed in NSCLC cell lines compared to normal coun-
terparts. Results indicated that malignant NSCLC cell lines
(A549 and H1975) exhibited higher HSP70 protein expres-
sion compared to a normal counterpart cell line (WI38)
(Figure 1a). To further characterize the role of HSP70 in
NSCLC tumor growth, we utilized shRNA-mediated
knockdown of HSP70 in the above-mentioned NSCLC cell
lines (Figure 1b). As expected, we found that HSP70 knock-
down significantly inhibited cell proliferation as manifested
by a reduction in percent of BrdU positive cells in both
NSCLC cell lines (Figure 1c). Consistent with this observa-
tion, we also found that cell viability was significantly
decreased after HSP70 knockdown in NSCLC cells
(Figure 1d).

Next, we sought to understand/investigate whether
small molecule inhibitors targeting HSP70 could reduce
NSCLC cell growth. Results showed that VER-155008, a
novel inhibitor of HSP70 that inhibits growth of myeloma
and colon cancer cells, also inhibits cell proliferation and
cell viability in both NSCLC cell lines tested (Figure 2a
and b). Western blots indicated that HSP70 protein expres-
sion was unchanged after VER-155008 treatment, consistent
with VER-155008 specifically interacting with the ATPase

binding domain of HSP70, and inhibiting its activity
(Figure 2c). In addition, we successfully overexpressed
HSP70 in A549 cells (Figure 2d), and we observed that over-
expression of HSP70 can largely, if not completely, rescue
cells from inhibition by VER-155008. But interestingly,
HSP70 overexpression itself cannot increase cell viability
(Figure 2e).

We next sought to determine the mechanism by which
VER-155008 inhibits NSCLC cell proliferation. Toward this
goal, we preformed cell cycle analysis on cells treated with
VER-155008 and observed a dramatic inhibition on cell
cycle progression with treatment. Treatment with VER-
155008 induced a significant increase of percentage of
NSCLC cells in Gy/G; and dramatically decreases percent-
age of cells in S phase (Figure 3a-c). Notably, we did not
find a significant change in percentage of cells in G,/M
phase (Figure 3c). Consistent with this observation, western
blots for cell cycle progression markers such as cyclin A,
CDK?2, phosphorylated Akt, and ERK were also dramatic-
ally decreased following VER-155008 treatment (Figure 3d).

In addition, we tested whether there is any synergistic
effect between 17-AAD, a well-known inhibitor for HSP90,
and VER-155008 on NSCLC growth. MTT-based cell viabil-
ity assays revealed that low concentration of 17-AAD
(100nM) dramatically increased VER-155008-mediated
cell growth inhibition in both NSCLC cell lines (Figure 4a
and b). This suggests that both HSP90 and HSP70 are
involved in NSCLC cell growth.

Because several previous studies showed that HSP70
might have a protective role in cell subjected to IR, we
hypothesized that inhibition of HSP70 would sensitize
cancer cells to IR treatment. Indeed, when pretreated with
5 uM of VER-155008, A549 cells were much more vulnerable
to IR (Figure 5a). Results also showed that IR induces cell
death through apoptosis, and HSP70 inhibition can dramat-
ically exaggerate pro-apoptotic effect of IR (Figure 5b-d).

Discussion

HSPs family members are among the most highly expressed
cellular proteins.” HSPs were first identified from dena-
tured cellular proteins that function to protect cells from
heat damage. They account for 1-2% of total protein in
unstressed cells, which increases to 4-6% of total protein
under heat stress.**

Over the past decade, there has been a growing interest
in roles of HSPs in cancer. The HSP70 subfamily of HSPs
consists of molecular chaperones that are approximately
70kDa in size and serve as critical regulators of homeosta-
sis. These ATPases unfold misfolded or denatured proteins,
protect nascently translating proteins, facilitate protein
transportation, and reduce toxic protein aggregates.
Generally, the HSP70 subfamily serves as a pivotal buffer-
ing system for a wide spectrum of extrinsic or intrinsic
stimuli that are critical for cancer cell survival, and abnor-
mal hyper-expression of HSP70 proteins is a marker for
poor prognosis in cancers.” Similarly, HSP90 plays a simi-
lar role in protein folding, interacting with a different spec-
trum of client proteins. HSP90 docking proteins have been
well characterized for their pivotal roles in cancer cell
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Figure 5 VER-155008 treatment sensitizes A549 cells to IR. (a) The surviving fractions of the cells with (5 M) or without VER-155008 pretreatment after IR. (b) The
representative picture of Guava Nexin assay on cells treated by 2 Gy IR. (c) The representative picture of Guava Nexin assay on cells treated by 2 Gy IR and 5 uM of
VER-155008. (d) Quantification of Guava Nexin assay on cells (with or without VER-155008 pretreatment) treated by 2 Gy IR, Mean & SD, n = 3. (A color version of this

figure is available in the online journal.)

proliferation and tumor progression. Examples include
growth factor receptors such as EGFR,?° PI3K, and Akt
mutant proteins such as v-src, fusion oncogene Bcr/Abl,
and mutant forms of p53.%

In the current study, we were interested in under-
standing whether HSP70 inhibitors exert strong anti-
tumor activity in NSCLC given the abundant literatures
indicating that HSP70 inhibitors can be used for the
management of other solid tumors. In addition, we
explored whether HSP70 inhibition combined with
HSP90 inhibition exerts a potent synergistic effect on
inhibition of NSCLC cell growth given the distinct dock-
ing partner protein spectrum of HSP70 and HSP90

family members despite the fact that HSP70 and HSP90
often coexist in the same complex regulating protein
homeostasis. As expected, our results revealed that
VER-155008, an HSP70-specific inhibitor, potently inhibits
NSCLC cell growth and «cell cycle progression.
Interestingly, we also found that 17-AAG, an HSP90
inhibitor, and radiation exert potent synergistic effects
with VER-155008 in NSCLC cell lines.

Consistent with our observations, other studies have
shown a role for HSP70 and HSP90 in other malignancies.
Fredly et al* showed that serum HSP70 and HSP90 level is
associated with all-trans retinoid acid and valproic acid
treatment in acute myeloid leukemia patients. In addition,
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expression of HSP70 and HSP90 are also associated with
mammary gland neoplasm® and colorectal cancer.>® We
also found that there appears to be cross talk between
HSP70 and HSP90 signaling machinery. As such, there is
evidence showing that HSP90-dependent cancer cell sur-
vival is at least partially regulated by HSP70-dependent
signaling,”® and co-inhibition of HSP70 and HSP90 syner-
gistically sensitizes nasopharyngeal carcinoma cells to ther-
motherapy.”® However, there is lack of such data in lung
cancer pathophysiology and our results provide novel
insight and proof-of-principle showing the feasibility of
managing NSCLC by targeting both HSP70/HSP90 signal-
ing machinery. When combined with radiotherapy, we
would expect robust synergistic effect, which is also
observed in the previous mentioned data.

As for the future directions, it seems to be intriguing
to identify the common downstream signaling pathways
for HSP70 and HSP90 as the underlying mechanism for
the above-mentioned observations. In various conditions,
HSP70 and HSP90 seem to associate with each other in
one complex via a common docking protein Hop or
ST1P1.>* Although there has been relatively lack of infor-
mation on the role of Hop in tumor biology, previous
results showed that elevated Hop protein expression
is associated with human colon cancer,” hepatocellular
carcinoma,>® and pancreatic cancer.”” Of note, there are
a significant number of pro-oncogenic proteins which
associate with HSP70/HSP90 complex and exert their
positive regulatory effect on tumor biology.*® Examples
include, but not limited to, BAG1, BAG3, Ahal, p23,
Cdc37, FKBP1, FKBP2, etc.’® Although it is hard to pin-
point which docking protein is involved in the current
scenario of VER-155008-induced NSCLC cell growth
inhibition, it is reasonable to hypothesize that VER-
155008 inhibits pro-oncogenic protein and/or facilitates
tumor suppressor protein binding to this complex and
this may partially explain the above-mentioned
observations.

In conclusion, we identified that HSP70 governs
NSCLC cell growth and cell cycle progression.
Furthermore, VER-155008, a specific HSP70 inhibitor,
exerts a potent inhibitory effect on NSCLC cell growth
and robustly facilitates radiation-induced cancer cell
death. Importantly, we also found that an HSP90 inhibi-
tor exerts a potent synergistic effect on NSCLC cell
growth when combined with HSP70 inhibitors, which
is in line with previous findings on HSP70 and HSP90
in other malignancies. Future studies will be directed to
experiments showing whether HSP70 and HSP90 inhibi-
tors synergistically inhibit NSCLC growth in vivo. These
data suggest that HSP70 and HSP90 inhibitors may
be novel, promising candidates for the management
of NSCLC.
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