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Background: Therapeutic approach by treatment with epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) like gefitinib
or erlotinib to non-small cell lung cancer (NSCLC) patients has been limited due to emergence of acquired drug resistance. Our study
was aimed to investigate whether the inhibition of ubiquitin-specific peptidase 8 (USP8) could be an alternative strategy capable of
overcoming acquired resistance to EGFR-TKIs for treatment of NSCLGs.

Methods: The anticancer effect of USP8 inhibitor was determined by testing anchorage-dependent or independent growth of
gefitinib-sensitive or resistant NSCLCs. The immunoprecipitation and western blotting were conducted to check molecular interaction

and signaling pathway followed by USP8 inhibition.

Results: Inhibition of USP8 induced overall degradation of oncogenic receptor tyrosine kinases including EGFR and Met, leading to a
suppression of anchorage-dependent or independent cell growth of gefitinib-sensitive or resistant NSCLCs. Also, treatment with the USP8
inhibitor markedly induced apoptosis in HCC827GR cells. Notably, treatment with the USP8 inhibitor was more effective in suppressing
cell growth and inducing apoptosis in gefitinib-resistant HCC827GR cells than that of gefitinib-sensitive HCC827 cells.

Conclusions: Inhibition of USP8 could be an effective strategy for overcoming gefitinib resistance in NSCLGCs.

(J Cancer Prev 2015;20:57-63)
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INTRODUCTION

The epidermal growth factor receptor (EGFR) has been
regarded as a relevant target in cancer treatment because aberrant
overexpression of EGFR was detected and correlated with tumor
growth and poor prognosis of various human cancers.'”
Non-small cell lung cancers (NSCLCs) which account for 85% of all
lung cancers are characterized by multiple mutations in the gene
encoding EGFR. Notably, it has been reported that somatic
mutations including deletion in exon 19 and the L&58R mutation
in exon 1 of the EGFR gene confer sensitivity to the EGFR-TKIs in
a subset of NSCLC patients.”” EGFR tyrosine kinase inhibitors
(EGFR-TKIs) such as gefitinib or erlotinib, both of which compete
with ATP for binding to the tyrosine kinase pocket of the EGFR,

have been developed for patients with NSCLCs or other human
cancers.*®® Despite initial responses of EGFR-TKIs, however,
drug resistance emerges from the acquisition of a secondary
mutation (T790M) in exon 20 of EGFR in >50% of NSCLC
patients.”'? Furthermore, the amplification of the gene for the
Met, a prominent receptor tyrosine kinase (RTK), has been known
to confer a gefitinib-resistance in >20% of NSCLC patients.” In
this regard, several drugs which including irreversible EGFR-TKIs
and mutant EGFR-selective EGFR-TKIs have been investigated to
overcome the acquired resistance in NSCLCs."* Moreover, combi-
natorial inhibition using dual EGFR-Met-TKIs has been investi-
gated to overcome resistance induced by Met."” However, it is still
crucial to find the alternative treatment strategies and drugs
capable of overcoming acquired resistance to EGFR-TKIs for
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treatment of NSCLCs.

Most wellknown deubiquitinating enzymes (DUBs) are
cysteine proteases that serve to reverse protein ubiquitination.
Ubigitin-specific proteases (USPs) comprise the largest class of
DUBs which remove ubiquitin from specific protein substrates
and allow protein salvage from proteasomal degradation,
regulation of protein localization or activation.'® Due to a key role
for deubiquitination in degradation of a variety of proteins which
involve in human malignancies, USPs have been considered as
good targets for cancer treatment.'” Ubiquitin-specific peptidases
(USP8) was originally identified to enhance cell growth as its
expression increases upon serum stimulation in cancer cells.™ It
has been reported that USP8 interacts with a number of clinically
relevant cancer targets including Cdc25,"® ERBB2,% Nrdp1,”' and
EGFR.”? In agreement with this, previous animal study clearly
showed that the decreased protein level of several RTKs including
EGFR, c-Met, and ErbB3 was observed in USP8 conditional
knockout mice,** implying crucial role of USP8 in cancers.
Moreover, our colleges recently reported that inhibition of USP8
overcomes gefitinib-resistance in human NSCLCs through
down-regulating the levels of RTKs,” suggesting that USP8 might
play a role in NSCLCs by stabilization of several oncogenic RTKs
including EGFR, ERBB2, and Met.

In this present study, we investigated the anticancer efficacy of
USP8 inhibitor in several human NSCLCs. We demonstrate that
treatment of USP8 inhibitor suppresses the anchorage-dependent
and independent growth of NSCLCs and induces apoptosis by
caspase-dependent manners. Moreover, our data reveals that
USP8 inhibitor is potent in gefitinib-resistant HCC827GR har-
boring Met amplification, suggesting that USP8 inhibitor could be
a new therapeutic candidate to overcome resistance to EGFR-TKIs
in NSCLCs.

MATERIALS AND METHODS

1. Materials

Antibodies for Met, Akt, phospho-Akt (Ser473), cleaved
Caspase-3, cleaved poly adenosine diphosphate ribose polymerase
(PARP), and PB-actin were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA). Antibody specific for EGFR was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
SU 11274 and USP8 antibody were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Gefitinib was purchased from LC Labora-
tories (Woburn, MA, USA). Fetal bovine serum (FBS), streptomycin,
and penicillin were obtained from Thermo Scientific (South
Logan, UT, USA). Halt™ Protease and Phosphatase Inhibitor

Cocktail and EDTA were purchased from Thermo Fisher Scientific
(Rockford, IL, USA).

2. Cell culture

The human NSCLC cell lines H1299, H1650, and HCC827 were
maintained in RPMI-1640 with L-glutamine containing 10% FBS
and 1% penicillin/streptomycin. Gefitinib-resistant HCC827GR
cells were cultured in RPMI-1640 with L-glutamine supplemented
with 10 % FBS, penicillin/streptomycin, and 1 uM gefitinib. The
cells were cultured as monolayer at 37°C with an atmosphere of
5% COs.

3. Cell proliferation assay

®
®

Cell proliferation was determined using the CellTiter96
Aqueous One Solution Reagent (Promega, Madison, WI, USA).
HCC827 and HCC827GR cells were plated in 96-well flat-
bottomed plate at an appropriate cell number and incubated
overnight before treatment. After being incubated with USP8
inhibitor, 20 UL of reagent was added to the wells, and the plate
was incubated at 37°C for an additional 1 hour. Absorbance at 492
nm was then read on Tecan Infinite F200 Pro plate reader
(Promega), and values were expressed as percent of absorbance
from cells incubated in dimethyl sulfoxide alone.

4. Soft agar colony formation assay

For anchorage-independent growth assay, H1299, H1650,
HCC827, and HCC827GR cells (8 x 10° cells/well) were suspended
in Basal Medium Eagle (BME) (1 mL with 10% FBS, 0.33% agar) and
plated over a layer of solidified bottom agar mixture (BME with
10% FBS, 0.5% agar) with indicated concentrations of USP8
inhibitor. The cultures were maintained at 37°C in a 5% CO,
incubator for 6 to 7 days, and the colonies were counted under
light microscope.

5. Immunoprecipitation and Western blot analyses

Immunoprecipitation and Western blot analysis were
performed using ice-cold lysis buffer (50 mM Tris-HCl pH 8.0, 150
mM NaCl, 1% NP40) and 20 to 30 g of lysate per lane was
separated by SDS-PAGE and followed by transferring to a PVDF
membrane (Bio-Rad, Hercules, NJ, USA). The membrane was
blocked with 5% skim milk in Tris-buffered saline and tween 20
(TBS-T), and then incubated with the corresponding antibodies.
After binding of an species-specific secondary antibody coupled to
horseradish peroxidase, proteins were visualized by SuperSigna1®
West Dura Extended Duration Substrate (Thermo Scientific,
Waltham, MA, USA) and developed with LAS-3000 (Fuji, Tokyo,



Japan) according to the instructions of the manufacturer.
6. Apoptosis assay

Cell apoptosis was measured using the FITC Annexin V
Apoptosis detection kit I (BD Biosciences Pharmingen, San Jose,
CA, USA) according to the manufacturer's instructions. After
exposure to indicated compounds for 24 hours, cells were
detached and then washed twice with cold PBS, suspended in 1 X
binding buffer at a concentration of 5 X 10° cells/mL. And then
FITC Annexin V and propidium iodide were added. After
incubating for 15 minutes at RT in the dark, 400 uL of 1 X binding
buffer were added to each tube. The cells were analyzed with a BD
FACSVerse flow cytometer (BD Biosciences Pharmingen) and BD
FACSuite Software (BD Biosciences Pharmingen). The fraction of
cell population in different quadrants was analyzed using
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7. Statistical analysis

Quantitative data are presented as mean value = SD unless
indicated otherwise. The statistical significant of compared
measurements was measured using the Student's #-test.

RESULTS

1. Inhibition of ubiquitin-specific peptidase 8 sup-
presses the anchorage-independent growth of
non-small cell lung cancers by downregulating
oncogenic receptor tyrosine kinases

To investigate that the targeting USP8 with its specific inhibitor
might exhibit anti-cancer effect in NSCLCs, we first examined the
effect of USP8 inhibitor on protein levels of RTKs including EGFR,

quadrant statistics. Met and downstream signaling molecules in H1299 and H1650
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Figure 1. Ubiquitin-specific peptidase (USP8) inhibitor suppresses anchorage-independent growth of H1299 and H1650 cells by down-
regulation of oncogenic receptor tyrosine kinases. (A) Chemical structure of USP8 inhibitor. (B) Effect of USP8 inhibitor on non-small cell
lung cancers (NSCLCs) signaling. H1299 and H1650 cells were treated with the indicated concentrations of USP8 inhibitor for 24 hours to
analyze molecular responsiveness. (C) Interaction of epidermal growth factor receptor (EGFR) and USP8 in NSCLCs. Cell lysates from H1299
and H1650 cells were subjected to immunoprecipitation (IP) and western blotting (WB) using the control immunoglobulin G (IgG), EGFR, and
USP8 antibodies. (D, E) Colony formation of H1299 and H1650 cells after exposure to the increasing concentration of USP8 inhibitor or
gefitinib for 7 days. Random areas were scanned (five areas per well, three wells per set) in colonies grown in soft agar. Error bars represent
the mean * SD. Statistical significance was determined by the Student's ¢-test (*P < 0.01).
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USP8 inhibitor, 9-ehtyloxyimino9H-indenol[1,2-blpyrazine-2,3-
dicarbonitrile (Fig. 1A) 5% 0ur data revealed that treatment with
0.25 to 0.5 uM USP8 inhibitor effectively downregulated the
expression levels of EGFR, Met, Akt in gefitinib-sensitive H1650
cells, whereas did not affect in gefitinib-resistant H1299 cells
(Fig. 1B). However, treatment with the higher concentration of
USP8 inhibitor (5 to 10 uM) showed a robust downregulation of
total levels of EGFR, Met, and Akt proteins in H1299 cells (data
not shown), suggesting the differential potency of USP8 inhibitor
in two cells. Because USP8 has been reported to regulate a number

of cancer targets including EGFR,”*%

we first explored whether
USP8 might interact with EGFR in NSCLCs, H1299 and H1650
cells. By conducting an Immunoprecipitation assay, we found an

interaction between endogenous USP8 and EGFR in both cell
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lines, confirming that EGFR is a USP8's client protein (Fig, 1C).
Next, we investigate the anticancer effect of USP8 inhibitor in
NSCLCs by performing the anchorage-independent colony
formation assay. Expectedly, our data revealed that treatment
with the USP8 inhibitor in H1299 cells resulted in no effect in
colony number up to 1 uM, whereas significant decrease in colony
number was observed at a concentration of 5 to 10 uM USP8
inhibitor (Fig. 1D). Also, treatment with the USP8 inhibitor in
H1650 cells markedly decreased the soft-agar formation in a
dose-dependent manner (Fig. 1E). Moreover, a more potent
growth inhibitory effect was observed in USP8 inhibitor treated
cells compared to gefitinib-treated cells, implying that USP8
inhibitor might have a potential therapeutic efficacy.
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Figure 2. Ubiquitin-specific peptidase (USP8) inhibitor suppresses anchorage-independent and dependent growth of gefitinib-sensitive
HCC827 and gefitinib-resistant HCC827GR cells. (A) Whole cell lysates were assayed by western blot analysis using antibodies against epi-
dermal growth factor receptor (EGFR), Met, and USP8. B-Actin was used as a loading control. (B) Colony formation of HCC827 and HCC&27GR
cells after exposure to the increasing concentration of USP8 inhibitor for 7 days. Random areas were scanned (five areas per well, three
wells per set) in colonies grown in soft agar. Error bars represent the mean + SD. Statistical significance was determined by the Student’s
t-test (*P < 0.01). (C) Gefitinib-sensitive HCC827 or resistant HCC827GR cells were treated with various concentrations of indicated drugs
for 3 days and cell proliferation was determined using the MTS assay. Error bars represent the mean + SD. Statistical significance was

determined by the Student's ¢-test (*P < 0.01).



2. Ubiquitin-specific peptidase 8 inhibitor overcomes
gefitinib-resistant non-small cell lung cancer growth

Gefitinib-resistant HCC827GR cells were generated by con-
tinuously exposing the HCC827 cells to increasing concentrations
of gefitinib as reported.”>*” Our western blot analysis confirmed
that gefitinib-resistant HCC827GR cells showed an increased
expression level of Met and USP8 protein compared with
gefitinib-sensitive HCC827 cells (Fig. 2A). Based on this observa-
tion, we next tested the anticancer effect of USP8 inhibitor on
gefitinib-sensitive or resistant NSCLCs. The colony formation
assay revealed that treatment with the USP8 inhibitor substan-
tially suppressed the anchorage-independent growth of HCC827
and HCC827GR cells in a dose-dependent manner (Fig. 2B).
Notably, treatment with the USP8 inhibitor ata 1 to 5 UM concen-
tration showed a more significant decrease in colony number in
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gefitinib-resistant HCC827GR than HCC827 cells (Fig. 2B). Anti-
proliferative effects of USP8 inhibitor, gefitinib, and a Met
inhibitor, SU11274, were assessed in these NSCLC cell lines. As a
result, treatment with the USPS8 inhibitor significantly decreased
the proliferation of HCC827 and HCC827GR cells in a dose-
dependent manner, whereas an expected marginal effect was
observed in gefitinib- or SU11274-treated groups (Fig. 2C).
Moreover, anti-proliferative effect of USP8 inhibitor was evidently
observed in gefitinib-resistant HCC827GR cells as well, sugges-
ting that USP8 inhibitor has efficacy to overcome acquired
resistance to gefitinib in NSCLCs.

3. Ubiquitin-specific peptidase 8 inhibitor potently
induces apoptosis in gefitinib-resistant HCC827GR
cells

To determine whether anti-proliferative activity of USP8
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Figure 3. Ubiquitin-specific peptidase (USP8) inhibitor overcomes geftinib-resistance in HCC827GR cells by inducing apoptosis. (A) Flow
cytometric analysis with Annexin V staining was performed in USP8 inhibitor or gefitinib-treated HCC827 and HCC827GR cells. Flow cyto-
metric analysis was performed using a BD FACSVersa flow cytometer and BD FACSuite software. (B) Whole cell lysates were assayed by
western blot analysis after exposure to the indicated drugs (I uM) in HCC827 and HCC827GR cells. Ge, gefitinib; Su, SU11274; USP8&i, USP8
inhibitor. (C) Flow cytometric analysis with Annexin V staining was performed in drug treated HCC827 and HCC827GR cells. Error bars
represent the mean *+ SD. Statistical significance was determined by the Student's ¢-test (*2 < 0.01). Ge, gefitinib; Su, SU11274; USP&i,
USP8 inhibitor. DMSO, dimethyl sulfoxide; PARP, poly adenosine diphosphate ribose polymerase.
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inhibitor is resulted from the induction of apoptosis, flow-
cytometry analysis with annexin V was performed. A flow
cytometric analysis with Annexin V showed that treatment with
the USP8 inhibitor induced early apoptosis both in gefitinib-
sensitive HCC827 cells and gefitinib-resistant HCC827GR cells
(Fig. 3A). Interestingly, dose-dependent treatment with 1 to 2.5
UM USP8 inhibitor in HCC827GR cells markedly induced early
apoptosis at a level of 29.7% and 40.8%, respectively, but not in
cells treated with 1 uM gefitinib. In HCC827 cells, however,
gefitinib treatment induced early apoptosis at a level of 33%,
whereas a marginal induction level was observed in USP8
inhibitor-treated cells (Fig. 3A). We next compared the total
apoptosis level induced by several cancer therapeutic drugs
including gefitinib, SU11274, and USP8 inhibitor in these two cell
lines. Our fluorescence activated cell sorter (FACS) data revealed
that the induction level of total apoptosis was evidently observed
in USP8 inhibitor-treated HCC827GR cells (Fig. 3B). Its apoptotic
effect was accompanied by the induction of activated caspase-3
and cleaved PARP level (Fig. 3C). Therefore, these findings clearly
suggest that treatment with the USP8 inhibitor is sufficient for
inducing apoptosis in gefitinib-resistant HCC827GR cells.

DISCUSSION

Acquired resistance to EGFR-TKIs inevitably develops in many
NSCLC patients by two representative mechanisms - a secondary
T790M mutation in EGFR gene and the amplification of Met.”'"
To overcome these acquired resistance, treatment with the
irreversible EGFR-TKIs targeting T790M-EGFR'***
treatment of EGFR-TKIs and Met-TKIs have been proposed.”

However, these therapeutic approaches may result in renewed

or combined

drug resistance because of complexities of cancer cell signaling
which activating alternative survival pathways. Therefore,
development of new drugs which inhibit diverse oncogenic
pathways simultaneously might be more effective. Consistent
with this, we recently reported that targeting heat shock protein
00 (HSP90) by WK88-1, a novel geldanamycin derivative, is an
alternative treatment strategy overcoming resistance to EGFR-
TKls in NSCLC with Met amplification or T790M mutation in
EGFR.”* Moreover, we also reported that SB365 might be a good
natural compound for use in the treatment of Met-amplified
NSCLCs.”

Protein (de)ubiquitination is crucial to the cell cycle regulation
and cancer progression. DUBs can reverse protein ubiquitination
and are thought to function to promote protein stability. Recent
studies have revealed that DUBs emerge as novel anticancer

targets because they regulate various oncogenic products and
tumor suppressors.”’ > Notably, USP8 has been reported to
regulate oncogenic RTKs including EGFR and ERBB2 by deubiqui-
tination,*? suggesting the hypothesis that its targeted inhibi-
tion could enhance cancer therapies. Consistently, we and our
colleges recently proved this hypothesis to show that inhibition
of USP8 overcomes gefitinib-resistance in human NSCLCs.”

In this study, we show that USP8 inhibitor has an inhibitory
effect on the anchorage-dependent and independent growth of
NSCLCs including gefitinib-sensitive and resistant cells. More-
over, inhibition of USP8 by its inhibitor is sufficient for inducing
apoptosis in gefitinib-resistant HCC827GR cells, thereby over-
comes gefitinib resistance which is a key obstacle to treat NSCLCs.
Inhibition of USP8 results in a dramatic decrease of the total
protein levels of RTKs including EGFR and Met, and subsequently
inhibits downstream signaling, Interestingly, treatment with the
USP8 inhibitor was more effective in suppressing cell growth and
inducing apoptosis in gefitinib-resistant HCC827GR cells than
that of gefitinib-sensitive HCC827 cells. Because the HCC827GR
cells has been reported to exhibit a high dependency toward Met
and EGFR, it might be reasonable that the more dependent a cell
becomes to USP8 target proteins, the higher the sensitivity could
become toward USPS inhibition as reported.” Collectively, our
findings suggest that USP8 could be a new therapeutic target for
overcoming resistance to EGFR-TKIs in NSCLCs.
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