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Abstract

Purpose We evaluated the expression of proteasome subunits to assess whether the proteasome could be a therapeutic target
in cisplatin-resistant lung cancer cells.

Methods Cisplatin-resistant (CR) variants were established from three non-small cell lung cancer (NSCLC) cell lines (A549,
H1299, and H1975) and two small cell lung cancer (SCLC) cell lines (SBC3 and SBCS5). The expression of proteasome
subunits, the sensitivity to immunoproteasome inhibitors, and 20S proteasomal proteolytic activity were examined in the
CR variants of the lung cancer cell lines.

Results All five CR cell lines highly expressed one or both of the immunoproteasome subunit genes, PSMBS8 and PSMB9,
while no clear trend was observed in the expression of constitutive proteasome subunits. The CR cells expressed significantly
higher levels of PSMBS8 and PSMB9 proteins, as well. The CR variants of the H1299 and SBC3 cell lines were more sensitive
to immunoproteasome inhibitors, and had significantly more proteasomal proteolytic activity than their parental counterparts.
Conclusions The immunoproteasome may be an effective therapeutic target in a subset of CR lung cancers. Proteasomal
proteolytic activity may be a predictive marker for the efficacy of immunoproteasome inhibitors in cisplatin-resistant SCLC
and NSCLC.

Keywords Lung cancer - Cisplatin resistance - Immunoproteasome - Immunoproteasome inhibitor - Cell cycle arrest -
Apoptosis

Introduction

This article has been presented in part at World Conference on . .
Lung Cancer 2019, Barcelona, Spain, September 7-10, 2019. The Lung cancer is one of the most commonly diagnosed can-
abstract appeared in Journal of Thoracic Oncology, Volume 14, cers and remains the most common cause of cancer-related
Issue 10, Supplement, October 2019, Page S705. deaths worldwide [1, 2]. Lung cancer is divided into two

. . . . ] histological classes, non-small cell lung cancer (NSCLC) (~
Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00280-020-04061-9) contains 85% of all lung cancers) and small cell lung cancer (SCLC)
supplementary material, which is available to authorized users. (~ 15%) [3]. Because recently developed molecular-targeted

drugs and immune checkpoint inhibitors are effective for
only a limited subset of lung cancer patients [4, 5], cytotoxic
chemotherapeutic agents are still widely used. Cisplatin has
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that cisplatin impairs cellular homeostasis in several ways,
including oxidative stress and endoplasmic reticulum (ER)
stress [8, 9]. Cisplatin-induced oxidative stress inhibits cal-
cium uptake of the mitochondria and reduces mitochondrial
membrane potential, resulting in the induction of apoptosis
[10]. Cisplatin-resistant (CR) cancer cells are less addicted
to glycolytic pathway, and more dependent on oxidative
metabolism, leading to reactive oxygen species (ROS) accu-
mulation [11]. Cisplatin also causes the accumulation of
ubiquitinated proteins and ER stress, which activate nucleus-
independent apoptotic signaling [12—14].

The proteasome is a large multi-subunit complex that
degrades ubiquitinated protein and reduces ER stress in
eukaryotic cells [15, 16]. There are two types of proteas-
omes, the constitutive proteasome and the immunoprotea-
some. The constitutive proteasome has three proteolytically
active subunits, PSMBS5 (also known as 5), PSMB6 (1),
and PSMB7 (B2), which possess chymotrypsin-like, caspase-
like, and trypsin-like activities, respectively. Upon exposure
to inflammatory cytokines, such as IFN-y and TNF-«, and
oxidative stress, the constitutive subunits are exchanged for
immunoproteasome subunits PSMB8 (p51), PSMBO (B1i),
and PSMB10 (p2i) [17-20]. While subunits PSMB8 and
PSMB 10 have chymotrypsin-like and trypsin-like activities,
respectively, subunit PSMB9 displays chymotrypsin-like
activity rather than PSMB6-associated caspase-like activ-
ity [15]. The immunoproteasome is dominantly expressed
in cells of hematologic origin and its primary function is
to improve MHC class I antigen presentation [21]. The
immunoproteasome has also been reported to contribute to
intracellular homeostasis in concert with the constitutive
proteasome [22].

Reportedly, proteasome inhibitors and immunoprotea-
some inhibitors (IPIs) have anti-cancer effect through ER
stress-induced cell death and G2/M cell cycle arrest [23,
24]. Proteasome inhibitors and IPIs have prolonged survival
of patients with relapsed or refractory multiple myeloma
[25-27]. In addition, several clinical trials have shown that
PIs are clinically effective in a small but distinct subset of
lung cancers [28-31]. Drilon et al. reported that 1 out of
16 patients with KRAS G12D-mutant lung adenocarcinoma,
who was pretreated with carboplatin and pemetrexed and
subsequent gemcitabine, showed remarkable tumor shrink-
age after bortezomib treatment in a phase 2 trial [28]. Lara
et al. reported that 1 out of 28 patients with platinum-
refractory SCLC had a confirmed partial response after
bortezomib therapy in a phase 2 trial, while none of the
28 patients with platinum-sensitive SCLC showed a clinical
response [30]. Thus, platinum resistance may affect sensi-
tivity to proteasome inhibitors in a subset of lung cancers.

Here, we examined the impact of cisplatin resistance on
the expression of proteasome subunits and the cytotoxic
effects of the IPIs, carfilzomib (CFZ) and PR957, in CR lung
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cancer cell lines. We demonstrate that two of five lung can-
cer cell lines obtain the sensitivity to IPI as well as acquiring
cisplatin resistance, and identified that the chymotrypsin-like
activity of cell extract as a predictive marker for responders
to IPI.

Materials and methods
Reagents

Cisplatin solution (Randa® Inj., 25 mg of cisplatin/50 mL
of injection solution) was purchased from Nippon Kayaku,
Tokyo, Japan. CFZ and PR957 (AdooQ BioScience, Irvine,
CA, USA) were dissolved in dimethyl sulfoxide (DMSO)
to make stock solutions of 20 mmol/L. Glutathione (GSH)
and N-acetylcysteine (NAC) (Sigma-Aldrich, St. Louis, MO,
USA) were dissolved in distilled water at concentrations of
50 mg/mL and 25 mg/mL, respectively.

Cell culture and establishment of CR lung cancer cell
lines

Three human NSCLC cell lines, A549, H1299, and H1975,
were maintained in RPMI-1640 medium supplemented
with 10% fetal bovine serum (FBS) and 100 U/mL penicil-
lin—streptomycin in a humidified atmosphere at 37 °C with
5% CO,. Two human SCLC cell lines, SBC3 and SBCS,
were maintained in minimum essential media supplemented
with 10% FBS and 100 U/mL penicillin—streptomycin in
a humidified atmosphere at 37 °C with 5% CO,. The CR
lung cancer cell lines, A549ddpR, H1299ddpR, H1975ddpR,
SBC3ddpR, and SBC5ddpR, were established from the
parental cell lines, A549, H1299, H1975, SBC3, and SBCS5,
respectively. The parental cells were treated with slowly
increasing concentrations of cisplatin (maximum 2 umol/L).
Subsequently, they were cultured in medium containing
2 umol/L cisplatin for 3 months.

Cell proliferation assay

The cytotoxic activities of cisplatin and IPIs were assessed
by MTT cell proliferation assay, according to the manufac-
turer’s instructions (Promega Corporation, Madison, WI,
USA). Cells were seeded in 96-well plates at a density of
1 x 10°-3 x 10? cells per well and cultured for 24 h prior
to drug treatment. The treatment concentrations ranged
from 0.001 to 50 mmol/L. 0.25% (v/v) DMSO was used
as a vehicle control for IPIs, and toxicity was not observed.
After treatment for 72 h, cell viability was measured using
Varioskan Flash (Thermo Fisher Scientific, Waltham, MA,
USA). Half maximal inhibitory concentration (IC50) was
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calculated using GraphPad Prism v7.0 (GraphPad Software,
San Diego, CA, USA).

Treatment dose of CFZ

In the analysis of cell cycle distribution, apoptosis, mitotic
catastrophe, and ER stress, cells were treated with the higher
of IC50 doses in the parental and the CR variant cell lines
(100 nmol/L for A549 and A549ddpR, 30 nmol/L for H1299
and H1299ddpR, 40 nmol/L for SBC3 and SBC3ddpR, and
6 nmol/L for SBC5 and SBC5ddpR).

Intracellular reactive oxygen species assay

Intracellular ROS level was analyzed using DCFDA Cel-
lular ROS Detection Assay Kit (Abcam, Cambridge, UK).
Briefly, cells were seeded in clear bottom, dark sided 96-well
microplates at a density of 1x 10* cells per well. Cells were
cultured overnight to adhere. Next day, cells were washed
with PBS and stained with 100 puL. of DCFDA (30 umol/L)
for 45 min at 37 °C in the dark. After incubation, cells were
washed and subjected to fluorescence measurement using
Varioskan Flash (Thermo Fisher Scientific).

Quantitative reverse transcription-PCR

mRNA expression was determined with quantitative reverse
transcription-PCR (qRT-PCR) using SYBR Green PCR
Master Mix and a StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). Each sample
was amplified in triplicate for quantification of the specified
transcript level. Reactions were performed using 1 pg total
RNA. ACTB was amplified as an internal control. mRNA
levels are expressed as arbitrary units, defined as the n-fold
difference relative to the control gene ACTB (AACt method).
The primers used are listed in Supplementary Table S1.

Western blotting and antibodies

Whole-cell lysates were subjected to western blotting to ana-
lyze the expression of various proteins using the specific
antibodies that follow. Antibodies for PSMA1 (ab3325),
PSMBS5 (ab3330), PSMBS (ab3329), PSMB9 (ab3328),
ubiquitinated protein (ab140601), p21 (ab109199), cyclin
D (ab134175), CDK1 (phospho Y15) (ab47594), and IRE1
(phospho S724) (ab48187) were purchased from Abcam.
Anti-actin antibody (#A2066) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Antibodies for cyclin A (sc-
271682) and cyclin B1 (sc-166210) were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies
for cleaved caspase-3 (#9661), PARP (#9532), phospho-his-
tone H3 (Ser10) (#3377), CHOP (#2895), LC3 (#12,741),

and phospho-elF2a (S51) (#9721) were purchased from Cell
Signaling Technology (Danvers, MA, USA).

20S proteasome activity assay

The 20S proteasome chymotrypsin-like activity was ana-
lyzed using Proteasome Assay kit (Cayman Chemicals, Ann
Arbor, MI, USA). Briefly, cells were seeded in 96-well cell
culture plates at a density of 3 x 10* cells per well. Plates
were centrifuged at 500Xg for 5 min and culture media was
aspirated. The cells were then washed with assay buffer
(Tris-buffered saline pH 8.0 with 5 mM EDTA) and lysed
with 100 pL of lysis buffer. The plates were centrifuged at
1000xg for 10 min and 90 pL of the supernatant from each
well was transferred to black 96-well plates. After adding
10 puL of Suc-LLVY-AMC fluorescent substrate solution, a
20S-specific chymotrypsin-like activity substrate, and incu-
bation for 60 min at 37 °C in the dark, fluorescence inten-
sity was measured using Varioskan Flash (Thermo Fisher
Scientific).

Cell cycle and apoptosis assays

Cell cycle and apoptosis assays were performed using a BD
FACSVerse flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA). Cell cycle was analyzed using propidium
iodide (PI)/RNase Staining Buffer (Becton Dickinson) and
Alexa Fluor 647 Rat anti-Histone H3 (pS28) (Becton Dick-
inson), as per the manufacturer’s instructions. Apoptosis was
analyzed using Annexin V and PI using an Annexin V-FITC
Apoptosis Detection Kit (Merck Millipore, Burlington, MA,
USA), as per the manufacturer’s instructions. Annexin V
positive—PI negative populations represent cells in early
apoptosis. Annexin V positive—PI positive populations
indicate cells in late apoptosis [32].

Immunofluorescence staining

Analysis of mitotic catastrophe was performed as previously
reported [33-35]. For immunofluorescence staining, cells
were treated with CFZ or vehicle for 24 h. Cells were fixed
using 4% paraformaldehyde for 20 min at 4 °C and permea-
bilized with PBS containing 0.5% Triton X-100 for 10 min
at 4 °C. Cells were incubated with Blocking One Histo
(Nacalai Tesque, Kyoto, Japan) for 10 min at room tempera-
ture to block nonspecific antibody-binding sites. Next, cells
were incubated with primary antibody for f-tubulin (#2128)
(Cell Signaling Technology) at 4 °C overnight. They were
next incubated with Alexa Flour 488 Goat anti-Rabbit IgG
(Thermo Fisher Scientific) for 90 min, followed by DAPI
staining. Coverslips were mounted with ProLong Diamond
Antifade Mountant reagent (Thermo Fisher Scientific).
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Fluorescent microscopic analysis was performed using Bior-
evo BZ-9000 (Keyence, Osaka, Japan).

Small interfering RNA transfection

The CR variants of 549 and H1299 were subjected to simul-
taneous knockdown of PSMBS5, PSMBS8, and PSMB9. Small
interfering RNA (siRNA) against the following genes were
purchased from Horizon Discovery (Cambridge, UK):
PSMBS (E-004522-00-0005), PSMBS (L-006022-00-0005),
PSMBY (L-006023-00-0005), and nontargeting control
(D-001810-10-20). Cells were seeded in 6-well plates at a
density of 2x 10* cells per well for western blot analysis
and the 20S proteasome activity assay, and in 96-well plates
at a density of 5x 103 cells per well for MTT cell prolif-
eration assay. Cells were transfected with 300 pmol siRNA
(100 pmol of each gene) or 300 pmol nontarget control in
6-well plates and 12 pmol siRNA (4 pmol of each gene) or
12 pmol nontarget control in 96-well plates in Opti-MEM
medium (Invitrogen, Waltham, MA, USA) using Lipo-
fectamine RNAiMAX (Invitrogen). Protein for western
blot analysis was collected 24, 48, and 72 h after transfec-
tion. The 20S proteasome activity was measured 24 h after

transfection. Cells were treated with cisplatin or CFZ 24 h
after transfection for MTT cell proliferation assay.

Statistical analysis

All data were derived from at least three independent
experiments and are shown as mean + SD, unless otherwise
indicated. Differences between groups were statistically
analyzed using the Welch ¢ test. P <0.05 was considered
statistically significant.

Results

CR variants from three NSCLC and two SCLC cell lines
were established

We developed the CR variants from three NSCLC cell lines
(A549, H1299, and H1975) and two SCLC cell lines (SBC3
and SBC5) by treating the parental cells with an increasing
concentration of cisplatin (0-2 pmol/L) over 3 months. The
MTT assay showed that all five CR cell lines had a sig-
nificantly decreased sensitivity to cisplatin (Fig. la—e). The
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Fig. 1 Cisplatin-resistant (CR) lung cancer cell lines are less sensitive
to cisplatin a A549 and the CR variant, A549ddpR b H1299 and the
CR variant, H1299ddpR ¢ H1975 and the CR variant, H1975ddpR d
SBC3 and the CR variant, SBC3ddpR e SBCS5 and the CR variant,
SBC5ddpR. All cell lines were treated with cisplatin for 72 h, then

@ Springer

A549 H1299 H1975 SBC3 SBC5

Cisplatin (umoL/L)

proliferation was assessed with an MTT assay. f Intracellular reactive
oxygen species (ROS) levels were analyzed in the parental and CR
variant lung cancer cell lines using DCFDA. *P <0.05, **P<0.01,
*#%P <(0.001, Welch ¢ test
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CR variants displayed 2.4- to 5.6-fold cisplatin resistance
compared with the parental cells (Table 1). The established
CR variants had higher ROS levels than their parental coun-
terparts (Fig. 1f).

CR variants of NSCLC and SCLC cell lines overexpress
immunoproteasome subunits

First, we measured the gene expression of the 20S protea-
some subunits in the parental and CR variant lung cancer
cell lines using qRT-PCR. The immunoproteasome subu-
nit PSMB8 was highly expressed in all five CR cell lines,
and PSMB9 was also largely increased in the CR variants
of all but SBC3 compared with the parental cells (Fig. 2a,
Supplementary Fig. S1). On the other hand, no clear trend
was observed in the expression of constitutive proteasome
subunits in the CR cells. Western blot analysis revealed that
the expression of the PSMBS8 and PSMB9 proteins also sig-
nificantly increased in the CR variants of all but SBC5 com-
pared with the parental cells (Fig. 2b—e). Collectively, the
CR variants of the lung cancer cell lines tended to express
elevated levels of the immunoproteasome subunits.

Two of five CR variant lung cancer cell lines display
increased sensitivity to immunoproteasome
inhibitors

To investigate whether the CR lung cancer cell lines depend
on the immunoproteasome for proliferation, we conducted
an MTT cell assay using two IPIs, CFZ and PR957. Three of
the five cell lines developed resistance to the IPIs when they
acquired cisplatin resistance. H1299ddpR and SBC3ddpR,
however, displayed significantly increased sensitivity to both
CFZ and PR957 compared with their parental counterparts
(Fig. 3a—e, Supplementary Fig. S2). In fact, H1299ddpR
and SBC3ddpR were 2.6- to 15.9-fold more sensitive to
the IPIs compared with their parental cell lines (Table 1).
We defined cells whose sensitivity to IPIs increased, while
they acquired cisplatin resistance as “IPI responders,” and
defined the others as “IPI non-responders.” IPI responders

included H1299ddpR and SBC3ddpR, and IPI non-respond-
ers included A549ddpR, H1975ddpR, and SBC5ddpR.

IPI responders increase 20S proteasome activity
more than IPI non-responders

Next, we evaluated 20S proteasome activity using Suc-
LLVY-AMC fluorescent substrate. The results revealed that
all CR variants examined tended to increase chymotrypsin-
like activity compared with their parental counterparts
(Fig. 3f). The increase in chymotrypsin-like activity was
most pronounced in the CR variant IPI responders compared
with the parental cell lines. IPI responders, H1299ddpR and
SBC3ddpR, displayed 2.9- to 3.5-fold more chymotrypsin-
like activity compared with the H1299 and SBC3 cell lines.
On the other hand, IPI non-responders displayed, at most,
a 1.4-fold increase in chymotrypsin-like activity compared
with the parental lines.

Carfilzomib induces accumulation of ubiquitinated
protein in IPl responders

To investigate whether the cytotoxicity of IPIs was medi-
ated by inhibition of proteasomal protein degradation in IPI
responders, we assessed the accumulation of ubiquitinated
proteins after CFZ treatment by western blot analysis. In
IPI responders, CFZ-induced accumulation of ubiquitinated
proteins in the CR variant cells was comparable to that of the
parental cells. On the other hand, the CR variant cells of IPI
non-responders reduced the ubiquitinated proteins after CFZ
exposure compared to the parental cells (Supplementary Fig.
S3). These results suggest that CFZ displays cytotoxicity
through inhibition of proteasomal protein degradation.

Knockdown of proteasome subunits
with chymotrypsin-like activity increase sensitivity
to carfilzomib in IPI responder

We reasoned that the chymotrypsin-like proteasomal activ-
ity contributes to increased sensitivity to IPIs. Therefore,

Table 1 IC50 values of

. . ; IC50 values of cisplatin
cisplatin, carfilzomib, and

1C50 values of carfilzomib IC50 values of PR957 (umol/L)

PROS7 (umol/L) (nmol/L)
Parental CR variant P Parental CR variant P Parental CR variant P
A549 38+02 14.1+2.1 <0.05 129+59 97.5+42.0 <0.05 091+0.11 7.03+4.22 0.13
HI1299 3.6+22 88+22 <0.05 289+1.6 32+12 <001 148+0.17 0.26+0.07 <0.01
H1975 3.1+0.1 93+04 <001 24+19 33.8+204 0.12 0.14+0.06 0.84+0.44 0.11
SBC3 13+04 7.0+04 <0.01 428+20 163+6.1 <0.05 12.7+6.1 0.80+0.28 <0.05
SBC5 2.7+0.8 15.0+2.0 <0.01 39405 57+038 0.08 0.40+0.04 0.41+0.08 0.88

Data represent the mean + SD of three independent experiments

IC50 half maximal inhibitory concentration, CR cisplatin-resistant
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Fig.2 Immunoproteasome subunits tend to be highly expressed in
cisplatin-resistant (CR) cell lines. a Relative expression of constitu-
tive and immunoproteasome subunits determined by quantitative
reverse transcription-PCR (qRT-PCR) analysis of the CR variant
cell lines derived from A549, H1299, H1975, SBC3, and SBC5, and
normalized to expression in their parental counterparts. Western blot

we examined the effect of silencing proteasome subunits
with chymotrypsin-like activity, PSMB5, PSMB8, and
PSMB9 on sensitivity to CFZ or cisplatin by siRNA in
the CR variants of A549 and H1299. Efficient simulta-
neous knockdown of PSMBS5, PSMBS&, and PSMB9 was
confirmed through western blot analysis (Supplementary
Fig. S4a). Accumulation of ubiquitinated protein and sup-
pression of 20S proteasomal chymotrypsin-like activity
were also observed without impairing cell viability after
the triple knockdown (Supplementary Fig. 4a—c). In IPI
responder H1299ddpR, the triple knockdown remarkably
increased sensitivity to CFZ. On the other hand, IPI non-
responder A549ddpR did not alter the CFZ sensitivity by
the knockdown (Supplementary Fig. S4d, Supplementary
Table S2). The triple knockdown also led to a small, partial
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of western blot analysis shown in b and normalized to actin. e Quan-
tification of western blot analysis shown in ¢ and normalized to actin.
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restoration of the cisplatin resistance in H1299ddpR, and
no apparent change was observed in A549ddpR (Supple-
mentary Fig. S4e, Supplementary Table S2).

Antioxidant agents do not affect sensitivity
to carfilzomib

We evaluated how intracellular ROS affected sensitivity to
IPIs in CR cells using antioxidant agents, GSH and NAC.
1000 pmol/L of GSH or 100 umol/L of NAC significantly
reduced intracellular ROS levels in the CR cells. However,
the antioxidant agents failed to show any obvious effects
on sensitivity to CFZ (Supplementary Fig. S5a—c).
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on cisplatin-resistant (CR) variants derived from a A549, b H1299,
¢ H1975, d SBC3, and e SBC5 lung cancer cell lines by MTT assay.
f 20S proteasome chymotrypsin-like activity was analyzed in CR

Carfilzomib induces apoptosis in IPl responders

We asked whether the cytotoxic effects of IPI treatment
induced apoptosis in the IPI responders. Flow cytometry
analysis revealed that CFZ induced a sizable portion of IPI
responder cells to apoptosis (Fig. 4a). Western blot analysis
showed the accumulation of cleaved caspase-3 and cleaved
PARP (Fig. 4b), confirming that CFZ induced apoptotic cell
death in the IPI responders.

Carfilzomib induces G2/M cell cycle arrest
and mitotic catastrophe in IPl responders

To clarify the characteristics of IPI-induced anti-tumor
effects on IPI responders, we examined the effect of CFZ
on the cell cycle by flow cytometry analysis. The CR vari-
ants of IPI responders increased or retained the CFZ-induced
G2/M arrest, while IPI non-responders decreased the CFZ-
induced G2/M accumulation compared to the parental cells
after acquiring cisplatin resistance (Fig. 5a).
Immunofluorescent staining showed aberrant nuclei
(such as micronuclei, multi-lobular nuclei, or fragmented

IPl responder [Pl non-responder

lung cancer cell line variants and their parental cell lines. 20S protea-
some activity increased more in IPI responder variants than IPI non-
responder variants. ¥P <0.05, ¥**P <0.01, Welch ¢ test

nuclei) in the H1299ddpR cells after incubating with
CFZ for 24 h (Fig. 5b). These signs of mitotic catastro-
phe increased significantly in the H1299ddpR cells (IPI
responders), but not in the A549ddpR cells (IPI non-
responders) (Fig. 5c¢). Furthermore, abnormal mitosis with
misaligned, dispersed chromosomes, and disorganized
multipolar spindles were also observed in the H1299ddpR
cells after CFZ treatment (Fig. 5d). Collectively, these data
suggest that CFZ (an IPI) induces G2/M cell cycle arrest
and subsequent mitotic catastrophe in IPI responder cells.

To explore the molecular mechanism that triggers CFZ-
induced G2/M cell cycle arrest, we examined the expres-
sion of proteins involved in controlling G2/M cell cycle
progression and ER stress by western blot analysis. CFZ
treatment tended to increase p21 expression in both IPI
responders and non-responders. There were no proteins
whose CFZ-induced changes in expression distinguished
between IPI responders and IPI non-responders (Supple-
mentary Fig. S6). Accumulation of ER stress proteins,
such as CHOP, phospho-elF2a, and phospho-IRE1, was
also observed in the cells after CFZ treatment; however,
there was no difference in the expression levels of these
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Fig.4 a CFZ-induced apoptosis is elevated in IPI responder cell
lines. Apoptotic cells were analyzed using flow cytometry and
Annexin V/propidium iodide (PI) staining. b Western blots showing

proteins between IPI responders and IPI non-responders
(Supplementary Fig. S7).

Discussion

We developed CR cell lines from three NSCLC and two
SCLC cell lines. Two of the five cell lines acquired increased
sensitivity to IPI compared with their parental counterparts
while developing resistance to cisplatin. This result may be
consistent with the results of several clinical trials which
have shown that proteasome inhibitors are clinically effec-
tive in a small but distinct subset of lung cancers, especially
platinum-pretreated patients with lung cancers [28-31].
Our results show that CR lung cancer cells tend to
increase the expression of the immunoproteasome subu-
nits PSMBS8 and PSMB9. The immunoproteasome can be
upregulated by inflammatory cytokines, such as IFNy, and
contribute to peptide production for MHC class I antigen
presentation [17]. Rouette et al. reported that upregulation
of immunoproteasome expression in acute myeloid leuke-
mia was IFN-independent and correlated with the methyla-
tion status of immunoproteasome genes. They concluded
that immunoproteasome genes in human cancers were
regulated by cancer cell-extrinsic (IFN-y) and cell-intrinsic

@ Springer

that CFZ treatment resulted in elevated levels of cleaved caspase-3
and cleaved PARP in IPI responder cell lines

(cell stress) factors [36]. The CR cell lines which we estab-
lished had higher ROS levels as previously reported [11]. We
examined the expression of IFNy and IFNy receptor mRNAs
in the parental and CR variant lung cancer cell lines by qRT-
PCR, but IFNy was not detected at all, and there was no
significant difference in IFNy receptor mRNA expression
(data not shown). Based on these data, we hypothesize that
the CR lung cancer cells increased expression of the immu-
noproteasome to resist cisplatin-induced cell stress, includ-
ing ROS-mediated oxidative stress.

CR cell lines whose sensitivity to IPI increased while
acquiring cisplatin resistance also displayed a significant
increase in chymotrypsin-like activity compared with the
parental cell lines. In addition, knockdown of proteasome
subunits that have chymotrypsin-like activity remarkably
increased sensitivity to CFZ in IPI responders. These IPI
responder cells may be unduly dependent on proteasomal
activity to survive while developing resistance to cisplatin.
Previous studies have reported that higher immunoprotea-
some expression may serve as a predictive marker for protea-
some and immunoproteasome inhibitor sensitivity in hema-
tological malignancies [37, 38]. IFNy-induced upregulation
of the immunoproteasome and chymotrypsin-like activity
can also sensitize cancer cells to these inhibitors in hema-
tological and solid tumors [39, 40]. Our data suggest that
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or retained the CFZ (carfilzomib)-induced G2/M arrest, while IPI
non-responders decreased the CFZ-induced G2/M accumulation com-
pared to the parental cells after acquiring cisplatin resistance. Cell
cycle phase distributions were determined by flow cytometry with
propidium iodide (PI) and anti-phospho-histone H3 antibody. b Rep-
resentative images of CR variants from H1299 cells possessing fea-

chymotrypsin-like activity (but not upregulation of immu-
noproteasome proteins) may be a predictive marker for sen-
sitivity to IPIs in CR lung cancer cells. Catalytic activity
can reflect biological function more directly than protein
expression and may be a more precise predictive marker for
treatment response.

The simultaneous knockdown of proteasome subunits that
have chymotrypsin-like activity also led to a small, partial
restoration of the cisplatin resistance in H1299ddpR. This
might indicate that many factors contribute to the cisplatin
resistance other than immunoproteasome dependency. We
also evaluated the effect of antioxidant agents on sensitiv-
ity to CFZ, and found that reduction of intracellular ROS
levels by GSH or NAC did not affect the sensitivity to CFZ.
The immunoproteasome dependence might be irreversible
through long-term cisplatin-induced cell stress such as oxi-
dative stress.

ER stress promotes apoptotic cell death induced by
proteasome inhibitors and IPIs [16]. Cellular protein

IPI non-responder

Normal Micronuclei . .
nuclei nuclei
— 10 um
-+
D
B-Tubulin DAPI Merge
o - -

CFZ-

— 10 um

tures of mitotic catastrophe, such as micronuclei, fragmented nuclei,
and multi-lobular nuclei. ¢ Bar chart showing percentages of CR vari-
ants from A549 and H1299 cells undergoing mitotic catastrophe. d
Representative images of abnormal mitoses in CR variants derived
from H1299 cells after treatment with CFZ. Scale bars represent
10 um. **P <0.01, Welch ¢ test

homeostasis is maintained by two major degradation path-
ways, the ubiquitin—proteasome system (UPS) and the
autophagy—-lysosome system. The autophagy-lysosome
system can compensate for proteasome inhibition [41, 42].
Our data show that the expression of ER stress proteins was
elevated after CFZ treatment in both IPI responders and non-
responders. IPI non-responders may rely on UPS-independ-
ent proteolysis.

CFZ induced G2/M cell cycle arrest and subsequent
mitotic catastrophe in the IPI responder cells. Prior stud-
ies found that upregulation of p21 is involved in G2/M cell
cycle arrest induced by proteasomal inhibitors and IPIs [43,
441, and p21 is a negative regulator of G1/S cell cycle pro-
gression [45]; however, we found that p21 expression was
elevated in both IPI responders and non-responders. These
data suggest that p21 may not be the factor responsible for
IPI-induced cytotoxicity in the CR lung cancer cell lines. We
could not identify an element that might explain the effect of
IPIs in the IPI responder cells. However, we would presume
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that factors involved in G2/M cell cycle progression might
be the target of IPIs.

In conclusion, the immunoproteasome may be a thera-
peutic target in a subset of CR lung cancers, and proteaso-
mal proteolytic activity may be a predictive marker for the
efficacy of IPIs in CR lung cancer. Our preclinical results
suggest IPIs as potential treatment alternatives for cisplatin-
resistant SCLC and NSCLC.
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