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Abstract 23 

Purpose: We evaluated the expression of proteasome subunits to assess whether the 24 

proteasome could be a therapeutic target in cisplatin-resistant lung cancer cells. 25 

Methods: Cisplatin-resistant (CR) variants were established from three non-small cell 26 

lung cancer (NSCLC) cell lines (A549, H1299, and H1975) and two small cell lung 27 

cancer (SCLC) cell lines (SBC3 and SBC5). The expression of proteasome subunits, the 28 

sensitivity to immunoproteasome inhibitors, and 20S proteasomal proteolytic activity 29 

were examined in the CR variants of the lung cancer cell lines. 30 

Results: All five CR cell lines highly expressed one or both of the immunoproteasome 31 

subunit genes, PSMB8 and PSMB9, while no clear trend was observed in the expression 32 

of constitutive proteasome subunits. The CR cells expressed significantly higher levels 33 

of PSMB8 and PSMB9 proteins as well. The CR variants of the H1299 and SBC3 cell 34 

lines were more sensitive to immunoproteasome inhibitors and had significantly more 35 

proteasomal proteolytic activity than their parental counterparts. 36 

Conclusions: The immunoproteasome may be an effective therapeutic target in a subset 37 

of CR lung cancers. Proteasomal proteolytic activity may be a predictive marker for the 38 

efficacy of immunoproteasome inhibitors in cisplatin-resistant SCLC and NSCLC. 39 

  40 
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Introduction 45 

Lung cancer is one of the most commonly diagnosed cancers and remains the most 46 

common cause of cancer-related deaths worldwide [1,2]. Lung cancer is divided into 47 

two histological classes, non-small cell lung cancer (NSCLC) (~85% of all lung cancers) 48 

and small cell lung cancer (SCLC) (~15%) [3]. Because recently developed molecular-49 

targeted drugs and immune checkpoint inhibitors are effective for only a limited subset 50 

of lung cancer patients [4,5], cytotoxic chemotherapeutic agents are still widely used. 51 

Cisplatin has been used as a key drug in the treatment of patients with NSCLC and 52 

SCLC; however, the efficacy is still limited due to acquired resistance after a several 53 

months of treatment [6]. Thus, overcoming cisplatin resistance is currently an urgent 54 

issue to be addressed in NSCLC and SCLC treatment. 55 

Cisplatin induces apoptosis by damaging DNA and inhibiting DNA synthesis 56 

[7]. Recent findings have revealed that cisplatin impairs cellular homeostasis in several 57 

ways, including oxidative stress and endoplasmic reticulum (ER) stress [8,9]. Cisplatin-58 

induced oxidative stress inhibits calcium uptake of the mitochondria and reduces 59 

mitochondrial membrane potential, resulting in the induction of apoptosis [10]. 60 

Cisplatin-resistant (CR) cancer cells are less addicted to glycolytic pathway, and more 61 

dependent on oxidative metabolism, leading to reactive oxygen species (ROS) 62 

accumulation [11]. Cisplatin also causes the accumulation of ubiquitinated proteins and 63 

ER stress, which activate nucleus-independent apoptotic signaling [12-14].  64 

The proteasome is a large multi-subunit complex that degrades ubiquitinated 65 

protein and reduces ER stress in eukaryotic cells [15,16]. There are two types of 66 

proteasomes, the constitutive proteasome and the immunoproteasome. The constitutive 67 

proteasome has three proteolytically active subunits, PSMB5 (also known as β5), 68 
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PSMB6 (β1), and PSMB7 (β2), which possess chymotrypsin-like, caspase-like, and 69 

trypsin-like activities, respectively. Upon exposure to inflammatory cytokines, such as 70 

IFN-γ and TNF-α, and oxidative stress, the constitutive subunits are exchanged for 71 

immunoproteasome subunits PSMB8 (β5i), PSMB9 (β1i), and PSMB10 (β2i) [17-20]. 72 

While subunits PSMB8 and PSMB10 have chymotrypsin-like and trypsin-like 73 

activities, respectively, subunit PSMB9 displays chymotrypsin-like activity rather than 74 

PSMB6-associated caspase-like activity [15]. The immunoproteasome is dominantly 75 

expressed in cells of hematologic origin and its primary function is to improve MHC 76 

class I antigen presentation [21]. The immunoproteasome has also been reported to 77 

contribute to intracellular homeostasis in concert with the constitutive proteasome [22]. 78 

Reportedly, proteasome inhibitors and immunoproteasome inhibitors (IPIs) 79 

have anti-cancer effect through ER stress-induced cell death and G2/M cell cycle arrest 80 

[23,24]. Proteasome inhibitors and IPIs have prolonged survival of patients with 81 

relapsed or refractory multiple myeloma [25-27]. In addition, several clinical trials have 82 

shown that PIs are clinically effective in a small but distinct subset of lung cancers [28-83 

31]. Drilon et al. reported that 1 out of 16 patients with KRAS G12D-mutant lung 84 

adenocarcinoma, who was pretreated with carboplatin and pemetrexed and subsequent 85 

gemcitabine, showed remarkable tumor shrinkage after bortezomib treatment in a phase 86 

2 trial [28]. Lara et al. reported that 1 out of 28 patients with platinum-refractory SCLC 87 

had a confirmed partial response after bortezomib therapy in a phase 2 trial, while none 88 

of the 28 patients with platinum-sensitive SCLC showed a clinical response [30]. Thus, 89 

platinum resistance may affect sensitivity to proteasome inhibitors in a subset of lung 90 

cancers. 91 



Shoji et al. 
 

6 
 

Here, we examined the impact of cisplatin resistance on the expression of 92 

proteasome subunits and the cytotoxic effects of the IPIs, carfilzomib (CFZ) and PR957, 93 

in CR lung cancer cell lines. We demonstrate that two of five lung cancer cell lines 94 

obtain the sensitivity to IPI as well as acquiring cisplatin resistance and identified that 95 

the chymotrypsin-like activity of cell extract as a predictive marker for responders to 96 

IPI. 97 

 98 

Materials and methods 99 

Reagents 100 

Cisplatin solution (Randa® Inj., 25 mg of cisplatin/50 mL of injection solution) was 101 

purchased from Nippon Kayaku, Tokyo, Japan. CFZ and PR957 (AdooQ BioScience, 102 

Irvine, CA, USA) were dissolved in dimethyl sulfoxide (DMSO) to make stock 103 

solutions of 20 mmol/L. Glutathione (GSH) and N-acetylcysteine (NAC) (Sigma-104 

Aldrich, St. Louis, MO, USA) were dissolved in distilled water at concentrations of 50 105 

mg/mL and 25 mg/mL, respectively. 106 

 107 

Cell culture and establishment of CR lung cancer cell lines 108 

Three human NSCLC cell lines, A549, H1299, and H1975, were maintained in RPMI-109 

1640 medium supplemented with 10% fetal bovine serum (FBS) and 100 U/mL 110 

penicillin-streptomycin in a humidified atmosphere at 37°C with 5% CO2. Two human 111 

SCLC cell lines, SBC3 and SBC5, were maintained in minimum essential media 112 

supplemented with 10% FBS and 100 U/mL penicillin-streptomycin in a humidified 113 

atmosphere at 37°C with 5% CO2. The CR lung cancer cell lines, A549ddpR, 114 
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H1299ddpR, H1975ddpR, SBC3ddpR, and SBC5ddpR, were established from the 115 

parental cell lines, A549, H1299, H1975, SBC3, and SBC5, respectively. The parental 116 

cells were treated with slowly increasing concentrations of cisplatin (maximum 2 117 

µmol/L). Subsequently, they were cultured in medium containing 2 µmol/L cisplatin for 118 

3 months. 119 

 120 

Cell proliferation assay 121 

The cytotoxic activities of cisplatin and IPIs were assessed by MTT cell proliferation 122 

assay, according to the manufacturer’s instructions (Promega Corporation, Madison, 123 

WI, USA). Cells were seeded in 96-well plates at a density of 1×103–3×103 cells per 124 

well and cultured for 24 hours prior to drug treatment. The treatment concentrations 125 

ranged from 0.001 to 50 mmol/L. 0.25% [v/v] DMSO was used as a vehicle control for 126 

IPIs, and toxicity was not observed. After treatment for 72 hours, cell viability was 127 

measured using Varioskan Flash (Thermo Fisher Scientific, Waltham, MA, USA). Half 128 

maximal inhibitory concentration (IC50) was calculated using GraphPad Prism v7.0 129 

(GraphPad Software, San Diego, CA, USA). 130 

 131 

Treatment dose of CFZ 132 

In the analysis of cell cycle distribution, apoptosis, mitotic catastrophe, and ER stress, 133 

cells were treated with the higher of IC50 doses in the parental and the CR variant cell 134 

lines (100 nmol/L for A549 and A549ddpR, 30 nmol/L for H1299 and H1299ddpR, 40 135 

nmol/L for SBC3 and SBC3ddpR, and 6 nmol/L for SBC5 and SBC5ddpR). 136 

 137 

Intracellular reactive oxygen species assay 138 
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Intracellular ROS level was analyzed using DCFDA Cellular ROS Detection Assay Kit 139 

(Abcam, Cambridge, UK). Briefly, cells were seeded in clear bottom, dark sided 96-140 

well microplates at a density of 1×104 cells per well. Cells were cultured overnight to 141 

adhere. Next day, cells were washed with PBS and stained with 100 µL of DCFDA 142 

(30 µmol/L) for 45 min at 37°C in the dark. After incubation, cells were washed and 143 

subjected to fluorescence measurement using Varioskan Flash (Thermo Fisher 144 

Scientific).  145 

 146 

Quantitative reverse transcription-PCR 147 

mRNA expression was determined with quantitative reverse transcription-PCR (qRT-148 

PCR) using SYBR Green PCR Master Mix and a StepOnePlus Real-Time PCR System 149 

(Applied Biosystems, Foster City, CA, USA). Each sample was amplified in triplicate 150 

for quantification of the specified transcript level. Reactions were performed using 1 µg 151 

total RNA. ACTB was amplified as an internal control. mRNA levels are expressed as 152 

arbitrary units, defined as the n-fold difference relative to the control gene ACTB (ΔΔCt 153 

method). The primers used are listed in Supplementary Table S1. 154 

 155 

Western blotting and antibodies 156 

Whole-cell lysates were subjected to western blotting to analyze the expression of 157 

various proteins using the specific antibodies that follow. Antibodies for PSMA1 158 

(ab3325), PSMB5 (ab3330), PSMB8 (ab3329), PSMB9 (ab3328), ubiquitinated protein 159 

(ab140601), p21 (ab109199), cyclin D (ab134175), CDK1 (phospho Y15) (ab47594), 160 

and IRE1 (phospho S724) (ab48187) were purchased from Abcam. Anti-actin antibody 161 

(#A2066) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies for 162 
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cyclin A (sc-271682) and cyclin B1 (sc-166210) were purchased from Santa Cruz 163 

Biotechnology (Dallas, TX, USA). Antibodies for cleaved caspase 3 (#9661), PARP 164 

(#9532), phospho-histone H3 (Ser10) (#3377), CHOP (#2895), LC3 (#12741), and 165 

phospho-eIF2α (S51) (#9721) were purchased from Cell Signaling Technology 166 

(Danvers, MA, USA). 167 

 168 

20S proteasome activity assay 169 

The 20S proteasome chymotrypsin-like activity was analyzed using Proteasome Assay 170 

kit (Cayman Chemicals, Ann Arbor, MI, USA). Briefly, cells were seeded in 96-well 171 

cell culture plates at a density of 3×104 cells per well. Plates were centrifuged at 500 × g 172 

for 5 min and culture media was aspirated. The cells were then washed with assay 173 

buffer (Tris-buffered saline pH 8.0 with 5 mM EDTA) and lysed with 100 µL of lysis 174 

buffer. The plates were centrifuged at 1000 × g for 10 min and 90 µL of the supernatant 175 

from each well was transferred to black 96-well plates. After adding 10µL of Suc-176 

LLVY-AMC fluorescent substrate solution, a 20S-specific chymotrypsin-like activity 177 

substrate, and incubation for 60 min at 37°C in the dark, fluorescence intensity was 178 

measured using Varioskan Flash (Thermo Fisher Scientific). 179 

 180 

Cell cycle and apoptosis assays 181 

Cell cycle and apoptosis assays were performed using a BD FACSVerse flow cytometer 182 

(Becton Dickinson, Franklin Lakes, NJ, USA). Cell cycle was analyzed using 183 

propidium iodide (PI)/RNase Staining Buffer (Becton Dickinson) and Alexa Fluor 647 184 

Rat anti-Histone H3 (pS28) (Becton Dickinson), as per the manufacturer’s instructions. 185 

Apoptosis was analyzed using Annexin V and PI using an Annexin V-FITC Apoptosis 186 
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Detection Kit (Merck Millipore, Burlington, MA, USA), as per the manufacturer’s 187 

instructions. Annexin V positive - PI negative populations represent cells in early 188 

apoptosis. Annexin V poisitive - PI positive populations indicate cells in late apoptosis 189 

[32]. 190 

 191 

Immunofluorescence staining 192 

Analysis of mitotic catastrophe was performed as previously reported [33-35]. For 193 

immunofluorescence staining, cells were treated with CFZ or vehicle for 24 hours. Cells 194 

were fixed using 4% paraformaldehyde for 20 min at 4°C and permeabilized with PBS 195 

containing 0.5% Triton X-100 for 10 min at 4°C. Cells were incubated with Blocking 196 

One Histo (Nacalai Tesque, Kyoto, Japan) for 10 min at room temperature to block 197 

nonspecific antibody binding sites. Next, cells were incubated with primary antibody for 198 

β-tubulin (#2128) (Cell Signaling Technology) at 4°C overnight. They were next 199 

incubated with Alexa Flour 488 Goat anti-Rabbit IgG (Thermo Fisher Scientific) for 90 200 

min, followed by DAPI staining. Coverslips were mounted with ProLong Diamond 201 

Antifade Mountant reagent (Thermo Fisher Scientific). Fluorescent microscopic 202 

analysis was performed using Biorevo BZ-9000 (Keyence, Osaka, Japan). 203 

 204 

Small interfering RNA transfection 205 

The CR variants of 549 and H1299 were subjected to simultaneous knockdown of 206 

PSMB5, PSMB8, and PSMB9. Small interfering RNA (siRNA) against the following 207 

genes were purchased from Horizon Discovery (Cambridge, UK): PSMB5 (E-004522-208 

00-0005), PSMB8 (L-006022-00-0005), PSMB9 (L-006023-00-0005), and nontargeting 209 

control (D-001810-10-20). Cells were seeded in 6-well plates at a density of 2×104 cells 210 
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per well for western blot analysis and the 20S proteasome activity assay, and in 96-well 211 

plates at a density of 5×103 cells per well for MTT cell proliferation assay. Cells were 212 

transfected with 300 pmol siRNA (100 pmol of each gene) or 300 pmol nontarget 213 

control in 6-well plates and 12 pmol siRNA (4 pmol of each gene) or 12 pmol nontarget 214 

control in 96-well plates in Opti-MEM medium (Invitrogen, Waltham, MA, USA) using 215 

Lipofectamine RNAiMAX (Invitrogen). Protein for western blot analysis was collected 216 

24, 48, and 72 hours after transfection. The 20S proteasome activity was measured 24 217 

hours after transfection. Cells were treated with cisplatin or CFZ 24 hours after 218 

transfection for MTT cell proliferation assay. 219 

 220 

Statistical analysis 221 

All data were derived from at least three independent experiments and are shown as 222 

mean ± SD, unless otherwise indicated. Differences between groups were statistically 223 

analyzed using the Welch t test. P<0.05 was considered statistically significant. 224 

 225 

Results 226 

CR variants from three NSCLC and two SCLC cell lines were established 227 

We developed the CR variants from three NSCLC cell lines (A549, H1299, and H1975) 228 

and two SCLC cell lines (SBC3 and SBC5) by treating the parental cells with an 229 

increasing concentration of cisplatin (0–2 µmol/L) over 3 months. The MTT assay 230 

showed that all five CR cell lines had a significantly decreased sensitivity to cisplatin 231 

(Fig. 1a-1e). The CR variants displayed 2.4- to 5.6-fold cisplatin resistance compared 232 

with the parental cells (Table 1). The established CR variants had higher ROS levels 233 

than their parental counterparts (Fig. 1f). 234 
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 235 

CR variants of NSCLC and SCLC cell lines overexpress immunoproteasome 236 

subunits 237 

First, we measured the gene expression of the 20S proteasome subunits in the parental 238 

and CR variant lung cancer cell lines using qRT-PCR. The immunoproteasome subunit 239 

PSMB8 was highly expressed in all five CR cell lines, and PSMB9 was also largely 240 

increased in the CR variants of all but SBC3 compared with the parental cells (Fig. 2a, 241 

Supplementary Fig. S1). On the other hand, no clear trend was observed in the 242 

expression of constitutive proteasome subunits in the CR cells. Western blot analysis 243 

revealed that the expression of the PSMB8 and PSMB9 proteins also significantly 244 

increased in the CR variants of all but SBC5 compared with the parental cells (Fig. 2b–245 

2e). Collectively, the CR variants of the lung cancer cell lines tended to express elevated 246 

levels of the immunoproteasome subunits. 247 

 248 

Two of five CR variant lung cancer cell lines display increased sensitivity to 249 

immunoproteasome inhibitors 250 

To investigate whether the CR lung cancer cell lines depend on the immunoproteasome 251 

for proliferation, we conducted an MTT cell assay using two IPIs, CFZ and PR957. 252 

Three of the five cell lines developed resistance to the IPIs when they acquired cisplatin 253 

resistance. H1299ddpR and SBC3ddpR; however, displayed significantly increased 254 

sensitivity to both CFZ and PR957 compared with their parental counterparts (Fig. 3a–255 

e, Supplementary Fig. S2). In fact, H1299ddpR and SBC3ddpR were 2.6–15.9 fold 256 

more sensitive to the IPIs compared with their parental cell lines (Table 1). We defined 257 

cells whose sensitivity to IPIs increased while they acquired cisplatin resistance as “IPI 258 
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responders,” and defined the others as “IPI non-responders.” IPI responders included 259 

H1299ddpR and SBC3ddpR, and IPI non-responders included A549ddpR, H1975ddpR, 260 

and SBC5ddpR. 261 

 262 

IPI responders increase 20S proteasome activity more than IPI non-responders 263 

Next, we evaluated 20S proteasome activity using Suc-LLVY-AMC fluorescent 264 

substrate. The results revealed that all CR variants examined tended to increase 265 

chymotrypsin-like activity compared with their parental counterparts (Fig. 3f). The 266 

increase in chymotrypsin-like activity was most pronounced in the CR variant IPI 267 

responders compared with the parental cell lines. IPI responders, H1299ddpR and 268 

SBC3ddpR, displayed 2.9- to 3.5-fold more chymotrypsin-like activity compared with 269 

the H1299 and SBC3 cell lines. On the other hand, IPI non-responders displayed, at 270 

most, a 1.4-fold increase in chymotrypsin-like activity compared with the parental lines. 271 

 272 

Carfilzomib induces accumulation of ubiquitinated protein in IPI responders 273 

To investigate whether the cytotoxicity of IPIs was mediated by inhibition of 274 

proteasomal protein degradation in IPI responders, we assessed the accumulation of 275 

ubiquitinated proteins after CFZ treatment by western blot analysis. In IPI responders, 276 

CFZ-induced accumulation of ubiquitinated proteins in the CR variant cells was 277 

comparable to that of the parental cells. On the other hand, the CR variant cells of IPI 278 

non-responders reduced the ubiquitinated proteins after CFZ exposure compared to the 279 

parental cells (Supplementary fig. S3). These results suggest that CFZ displays 280 

cytotoxicity through inhibition of proteasomal protein degradation. 281 

 282 
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Knockdown of proteasome subunits with chymotrypsin-like activity increase 283 

sensitivity to carfilzomib in IPI responder 284 

We reasoned that the chymotrypsin-like proteasomal activity contributes to increased 285 

sensitivity to IPIs. Therefore, we examined the effect of silencing proteasome subunits 286 

with chymotrypsin-like activity, PSMB5, PSMB8, and PSMB9 on sensitivity to CFZ or 287 

cisplatin by siRNA in the CR variants of A549 and H1299. Efficient simultaneous 288 

knockdown of PSMB5, PSMB8, and PSMB9 was confirmed through western blot 289 

analysis (Supplementary fig. S4a). Accumulation of ubiquitinated protein and 290 

suppression of 20S proteasomal chymotrypsin-like activity were also observed without 291 

impairing cell viability after the triple knockdown (Supplementary fig. 4a–c). In IPI 292 

responder H1299ddpR, the triple knockdown remarkably increased sensitivity to CFZ. 293 

On the other hand, IPI non-responder A549ddpR did not alter the CFZ sensitivity by the 294 

knockdown (Supplementary fig. S4d, Supplementary table S2). The triple knockdown 295 

also led to a small, partial restoration of the cisplatin resistance in H1299ddpR, and no 296 

apparent change was observed in A549ddpR (Supplementary fig. S4e, Supplementary 297 

table S2).  298 

 299 

Antioxidant agents does not affect sensitivity to carfilzomib 300 

We evaluated how intracellular ROS affected sensitivity to IPIs in CR cells using 301 

antioxidant agents, GSH and NAC. 1000 µmol/L of GSH or 100 µmol/L of NAC 302 

significantly reduced intracellular ROS levels in the CR cells. However, the antioxidant 303 

agents failed to show any obvious effects on sensitivity to CFZ (Supplementary fig. 304 

S5a–c).  305 

 306 
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Carfilzomib induces apoptosis in IPI responders 307 

We asked whether the cytotoxic effects of IPI treatment induced apoptosis in the IPI 308 

responders. Flow cytometry analysis revealed that CFZ induced a sizable portion of IPI 309 

responder cells to apoptosis (Fig. 4a). Western blot analysis showed the accumulation of 310 

cleaved caspase-3 and cleaved PARP (Fig. 4b), confirming that CFZ induced apoptotic 311 

cell death in the IPI responders. 312 

 313 

Carfilzomib induces G2/M cell cycle arrest and mitotic catastrophe in IPI 314 

responders 315 

To clarify the characteristics of IPI-induced anti-tumor effects on IPI responders, we 316 

examined the effect of CFZ on the cell cycle by flow cytometry analysis. The CR 317 

variants of IPI responders increased or retained the CFZ-induced G2/M arrest, while IPI 318 

non-responders decreased the CFZ-induced G2/M accumulation compared to the 319 

parental cells after acquiring cisplatin resistance (Fig. 5a).  320 

 Immunofluorescent staining showed aberrant nuclei (such as micronuclei, 321 

multi-lobular nuclei, or fragmented nuclei) in the H1299ddpR cells after incubating 322 

with CFZ for 24 hours (Fig. 5b). These signs of mitotic catastrophe increased 323 

significantly in the H1299ddpR cells (IPI responders), but not in the A549ddpR cells 324 

(IPI non-responders) (Fig. 5c). Furthermore, abnormal mitosis with misaligned, 325 

dispersed chromosomes and disorganized multipolar spindles were also observed in the 326 

H1299ddpR cells after CFZ treatment (Fig. 5d). Collectively, these data suggest that 327 

CFZ (an IPI) induces G2/M cell cycle arrest and subsequent mitotic catastrophe in IPI 328 

responder cells. 329 
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To explore the molecular mechanism that triggers CFZ-induced G2/M cell 330 

cycle arrest, we examined the expression of proteins involved in controlling G2/M cell 331 

cycle progression and ER stress by western blot analysis. CFZ treatment tended to 332 

increase p21 expression in both IPI responders and non-responders. There were no 333 

proteins whose CFZ-induced changes in expression distinguished between IPI 334 

responders and IPI non-responders (Supplementary fig. S6). Accumulation of ER stress 335 

proteins such as CHOP, phospho-elF2α, and phospho-IRE1, was also observed in the 336 

cells after CFZ treatment; however, there was no difference in the expression levels of 337 

these proteins between IPI responders and IPI non-responders (Supplementary fig. S7). 338 

 339 

Discussion 340 

We developed CR cell lines from three NSCLC and two SCLC cell lines. Two of the 341 

five cell lines acquired increased sensitivity to IPI compared with their parental 342 

counterparts while developing resistance to cisplatin. This result may be consistent with 343 

the results of several clinical trials that have shown that proteasome inhibitors are 344 

clinically effective in a small but distinct subset of lung cancers, especially platinum-345 

pretreated patients with lung cancers [28-31]. 346 

Our results show that CR lung cancer cells tend to increase the expression of 347 

the immunoproteasome subunits PSMB8 and PSMB9. The immunoproteasome can be 348 

upregulated by inflammatory cytokines, such as IFNγ, and contribute to peptide 349 

production for MHC class I antigen presentation [17]. Rouette et al. reported that 350 

upregulation of immunoproteasome expression in acute myeloid leukemia was IFN-351 

independent and correlated with the methylation status of immunoproteasome genes. 352 

They concluded that immunoproteasome genes in human cancers were regulated by 353 
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cancer cell-extrinsic (IFN-γ) and -intrinsic (cell stress) factors [36]. The CR cell lines 354 

we established had higher ROS levels as previously reported [11]. We examined the 355 

expression of IFNγ and IFNγ receptor mRNAs in the parental and CR variant lung 356 

cancer cell lines by qRT-PCR, but IFNγ was not detected at all, and there was no 357 

significant difference in IFNγ receptor mRNA expression (data not shown). Based on 358 

these data, we hypothesize that the CR lung cancer cells increased expression of the 359 

immunoproteasome to resist cisplatin-induced cell stress, including ROS-mediated 360 

oxidative stress.  361 

CR cell lines whose sensitivity to IPI increased while acquiring cisplatin 362 

resistance also displayed a significant increase in chymotrypsin-like activity compared 363 

with the parental cell lines. In addition, knockdown of proteasome subunits that have 364 

chymotrypsin-like activity remarkably increased sensitivity to CFZ in IPI responders. 365 

These IPI responder cells may be unduly dependent on proteasomal activity to survive 366 

while developing resistance to cisplatin. Previous studies have reported that higher 367 

immunoproteasome expression may serve as a predictive marker for proteasome and 368 

immunoproteasome inhibitor sensitivity in hematological malignancies [37,38]. IFNγ-369 

induced upregulation of the immunoproteasome and chymotrypsin-like activity can also 370 

sensitize cancer cells to these inhibitors in hematological and solid tumors [39,40]. Our 371 

data suggest that chymotrypsin-like activity (but not upregulation of 372 

immunoproteasome proteins) may be a predictive marker for sensitivity to IPIs in CR 373 

lung cancer cells. Catalystic activity can reflect biological function more directly than 374 

protein expression and may be a more precise predictive marker for treatment response. 375 

The simultaneous knockdown of proteasome subunits that have 376 

chymotrypsin-like activity also led to a small, partial restoration of the cisplatin 377 
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resistance in H1299ddpR. This might indicate that many factors contribute to the 378 

cisplatin resistance other than immunoproteasome dependency. We also evaluated the 379 

effect of antioxidant agents on sensitivity to CFZ and found that reduction of 380 

intracellular ROS levels by GSH or NAC did not affect the sensitivity to CFZ. The 381 

immunoproteasome dependency might be irreversible through long-term cisplatin-382 

induced cell stress such as oxidative stress. 383 

ER stress promotes apoptotic cell death induced by proteasome inhibitors and 384 

IPIs [16]. Cellular protein homeostasis is maintained by two major degradation 385 

pathways, the ubiquitin-proteasome system (UPS) and the autophagy-lysosome system. 386 

The autophagy-lysosome system can compensate for proteasome inhibition [41,42]. Our 387 

data show that the expression of ER stress proteins was elevated after CFZ treatment in 388 

both IPI responders and non-responders. IPI non-responders may rely on UPS-389 

independent proteolysis. 390 

CFZ induced G2/M cell cycle arrest and subsequent mitotic catastrophe in the 391 

IPI responder cells. Prior studies found that upregulation of p21 is involved in G2/M 392 

cell cycle arrest induced by proteasomal inhibitors and IPIs [43,44], and p21 is a 393 

negative regulator of G1/S cell cycle progression [45]; however, we found that p21 394 

expression was elevated in both IPI responders and non-responders. These data suggest 395 

that p21 may not be the factor responsible for IPI-induced cytotoxicity in the CR lung 396 

cancer cell lines. We could not identify an element that might explain the effect of IPIs 397 

in the IPI responder cells. However, we would presume that factors involved in G2/M 398 

cell cycle progression might be the target of IPIs. 399 

In conclusion, the immunoproteasome may be a therapeutic target in a subset 400 

of CR lung cancers, and proteasomal proteolytic activity may be a predictive marker for 401 
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the efficacy of IPIs in CR lung cancer. Our preclinical results suggest IPIs as potential 402 

treatment alternatives for cisplatin-resistant SCLC and NSCLC. 403 
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Table 1 IC50 values of cisplatin, carfilzomib, and PR957. Data represent the mean ± 590 

SD of 3 independent experiments. IC50, half maximal inhibitory concentration; CR, 591 

cisplatin-resistant. 592 

 IC50 values of cisplatin 

(µmol/L) 

IC50 values of carfilzomib 

(nmol/L) 

IC50 values of PR957 

(µmol/L) 

 Parental CR variant P Parental CR variant P Parental CR variant P 

A549 3.8±0.2 14.1±2.1 <0.05 12.9±5.9 97.5±42.0 <0.05 0.91±0.11 7.03±4.22 0.13 

H1299 3.6±2.2 8.8±2.2 <0.05 28.9±1.6 3.2±1.2 <0.01 1.48±0.17 0.26±0.07 <0.01 

H1975 3.1±0.1 9.3±0.4 <0.01 2.4±1.9 33.8±20.4 0.12 0.14±0.06 0.84±0.44 0.11 

SBC3 1.3±0.4 7.0±0.4 <0.01 42.8±2.0 16.3±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 3.9±0.5 5.7±0.8 0.08 0.40±0.04 0.41±0.08 0.88 

 593 

  594 
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Figure legends 595 

Fig. 1 Cisplatin-resistant (CR) lung cancer cell lines are less sensitive to cisplatin (a) 596 

A549 and the CR variant, A549ddpR (b) H1299 and the CR variant, H1299ddpR (c) 597 

H1975 and the CR variant, H1975ddpR (d) SBC3 and the CR variant, SBC3ddpR (e) 598 

SBC5 and the CR variant, SBC5ddpR. All cell lines were treated with cisplatin for 72 599 

hours, then proliferation was assessed with an MTT assay. (f) Intracellular reactive 600 

oxygen species (ROS) levels were analyzed in the parental and CR variant lung cancer 601 

cell lines using DCFDA. *P<0.05, **P<0.01, ***P<0.001, Welch t test. 602 

 603 

Fig. 2 Immunoproteasome subunits tend to be highly expressed in cisplatin-resistant 604 

(CR) cell lines (a) Relative expression of constitutive and immunoproteasome subunits 605 

determined by quantitative reverse transcription PCR (qRT-PCR) analysis of the CR 606 

variant cell lines derived from A549, H1299, H1975, SBC3, and SBC5, and normalized 607 

to expression in their parental counterparts. (b, c) Western blot analysis showing that 608 

PSMB8 and PSMB9 tend to be highly expressed in the CR variants derived from (b) 609 

three non-small cell lung cancer cell lines and (c) two small cell lung cancer cell lines. 610 

(d) Quantification of western blot analysis shown in (b) and normalized to actin. (e) 611 

Quantification of western blot analysis shown in (c) and normalized to actin. *P<0.05, 612 

**P<0.01, ***P<0.001, Welch t test. 613 

 614 

Fig. 3 The effect of the immunoproteasome inhibitor (IPI), carfilzomib, on cisplatin-615 

resistant (CR) variants derived from (a) A549, (b) H1299, (c) H1975, (d) SBC3, and (e) 616 

SBC5 lung cancer cell lines by MTT assay. (f) 20S proteasome chymotrypsin-like 617 

activity was analyzed in CR lung cancer cell line variants and their parental cell lines. 618 
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20S proteasome activity increased more in IPI responder variants than IPI non-619 

responder variants. *P<0.05, **P<0.01, Welch t test. 620 

 621 

Fig. 4 (a) CFZ-induced apoptosis is elevated in IPI responder cell lines. Apoptotic cells 622 

were analyzed using flow cytometry and Annexin V/propidium iodide (PI) staining. (b) 623 

Western blots showing that CFZ treatment resulted in elevated levels of cleaved 624 

caspase-3 and cleaved PARP in IPI responder cell lines. 625 

 626 

Fig. 5 (a) The cisplatin-resistant (CR) variants of IPI responders increased or retained 627 

the CFZ (carfilzomib)-induced G2/M arrest, while IPI non-responders decreased the 628 

CFZ-induced G2/M accumulation compared to the parental cells after acquiring 629 

cisplatin resistance. Cell cycle phase distributions were determined by flow cytometry 630 

with propidium iodide (PI) and anti-phospho-histone H3 antibody. (b) Representative 631 

images of CR variants from H1299 cells possessing features of mitotic catastrophe, such 632 

as micronuclei, fragmented nuclei, and multi-lobular nuclei. (c) Bar chart showing 633 

percentages of CR variants from A549 and H1299 cells undergoing mitotic catastrophe. 634 

(d) Representative images of abnormal mitoses in CR variants derived from H1299 635 

cells after treatment with CFZ. Scale bars represent 10 µm. **P<0.01, Welch t test. 636 
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