
1 
 

Clin Cancer Res, revised version 1 

Histone deacetylase 3 inhibition overcomes BIM deletion 2 

polymorphism-mediated osimertinib-resistance in EGFR-mutant lung 3 

cancer 4 

 5 

 6 

Azusa Tanimoto 1, Shinji Takeuchi 1, Sachiko Arai 1, Koji Fukuda 1, Tadaaki Yamada 1, 7 

Xavier Roca 2, S. Tiong Ong 3, 4, 5, 6, Seiji Yano 1 8 

 9 

1 Divisions of Medical Oncology, Cancer Research Institute, Kanazawa University, 10 

Kanazawa, Japan 11 

2 School of Biological Sciences, Nanyang Technological University, Singapore 12 

3 Cancer & Stem Cell Biology Signature Research Programme, Duke-NUS Medical 13 

School, Singapore 14 

4 Department of Medical Oncology, National Cancer Centre Singapore, Singapore 15 

5 Department of Haematology, Singapore General Hospital, Singapore 16 

6 Department of Medicine, Duke University Medical Center, Durham NC, USA 17 

 18 

Running title: HDAC3 inhibition and EGFR-TKI resistance by BIM polymorphism 19 

 20 

Keywords: EGFR mutation, osimertinib, BIM polymorphism, HDAC3, apoptosis 21 

 22 

Financial support: This work was supported by JSPS KAKENHI Grant Number 23 

JP16H05308 (to SY), the Project for Cancer Research And Therapeutic Evolution 24 

(P-CREATE) Grant Number 16cm0106513h0001 (to SY), and grants from the Japan 25 

Agency for Medical Research and Development, AMED, Grant Number 26 

15Aak0101016h0003  15Ack0106113h0002 and (to SY). XR and STO were supported 27 

by the Singapore Ministry of Health’s National Medical Research Council under its 28 

Clinician Scientists Individual Research Grant (NMRC/CIRG/1330/2012), and STO by 29 

the Clinician Scientist Award (NMRC/CSA/0051/2013), administered by the Singapore 30 



2 
 

Ministry of Health’s National Medical Research Council. 31 

 32 

Corresponding Author: Seiji Yano, MD, PhD. Division of Medical Oncology Cancer 33 

Research Institute, Kanazawa University 13-1, Takaramachi, Kanazawa, Ishikawa, 34 

920-0934, Japan 35 

Phone: +81- 76-265-2794, Fax: +81- 76-244-2454  E-mail: 36 

syano@staff.kanazawa-u.ac.jp 37 

 38 

Conflict of Interest Disclosure: Seiji Yano obtained research grants from AstraZeneca, 39 

Chugai Pharma, and Boehringer-Ingelheim, and honoraria from Chugai Pharma and 40 

Boehringer-Ingelheim. The other authors have no conflict of interest. 41 

 42 

  43 



3 
 

Abstract 44 

Purpose：The BIM deletion polymorphism is associated with apoptosis resistance to 45 

epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs), such as 46 

gefitinib and erlotinib, in non-small cell lung cancer (NSCLC) harboring EGFR 47 

mutations. Here, we investigated whether the BIM deletion polymorphism contributes 48 

to resistance against osimertinib, a third-generation EGFR-TKI. In addition, we 49 

determined the efficacy of a histone deacetylase (HDAC) inhibitor, vorinostat, against 50 

this form of resistance and elucidated the underlying mechanism. 51 

Experimental Design：We used EGFR-mutated NSCLC cell lines which were either 52 

heterozygous or homozygous for the BIM deletion polymorphism to evaluate the effect 53 

of osimertinib in vitro and in vivo. Protein expression was examined by western blotting. 54 

Alternative splicing of BIM mRNA was analyzed by RT-PCR. 55 

Results：EGFR-mutated NSCLC cell lines with the BIM deletion polymorphism 56 

exhibited apoptosis resistance to osimertinib in a polymorphism dosage-dependent 57 

manner, and this resistance was overcome by combined use with vorinostat. 58 

Experiments with homozygous BIM deletion-positive cells revealed that vorinostat 59 

affected the alternative splicing of BIM mRNA in the deletion allele, increased the 60 

expression of active BIM protein, and thereby induced apoptosis in osimertinib-treated 61 

cells. These effects were mediated predominantly by HDAC3 inhibition. In xenograft 62 

models, combined use of vorinostat with osimertinib could regress tumors in 63 

EGFR-mutated NSCLC cells homozygous for the BIM deletion polymorphism. Moreover, 64 

this combination could induce apoptosis even when tumor cells acquired EGFR-T790M 65 

mutations. 66 

Conclusions：These findings indicate the importance of developing HDAC3-selective 67 

inhibitors, and their combined use with osimertinib, for treating EGFR-mutated lung 68 

cancers carrying the BIM deletion polymorphism. 69 

 70 

  71 
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Translational Relevance 72 

Patients with EGFR-mutated NSCLC who also harbor the BIM deletion polymorphism, 73 

experience shorter progression-free survival when treated with first-generation 74 

EGFR-TKIs, gefitinib and erlotinib. While we recently reported that the HDAC 75 

inhibitor, vorinostat, could overcome EGFR-TKI resistance mediated by the BIM 76 

deletion polymorphism in EGFR-mutated NSCLC cells, the specific target of vorinostat 77 

was unknown. In the present study, we confirm that the BIM deletion polymorphism is 78 

sufficient to confer resistance to first–generation EGFR-TKIs as well the 79 

third-generation TKI, osimertinib. We further identified HDAC3 as an important 80 

regulator of BIM pre-mRNA splicing, and that the activity of vorinostat is likely to 81 

require inhibition of HDAC3. Our findings illustrate the importance of developing 82 

selective HDAC3 inhibitors, and provide the rationale for combined use of HDAC3 83 

inhibitors with osimertinib in patients with EGFR-mutated NSCLC who carry the BIM 84 

deletion polymorphism. 85 

  86 
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Introduction 87 

The majority of patients with non-small cell lung cancer (NSCLC) with epidermal 88 

growth factor receptor (EGFR) activating mutations, such as exon 19 deletion and 89 

L858R point mutation, show marked responses to the first-generation reversible EGFR 90 

tyrosine kinase inhibitors (EGFR-TKIs), gefitinib and erlotinib (1, 2). However, the 91 

acquisition of TKI resistance is almost inevitable, and is commonly associated with the 92 

so-called EGFR-T790M gatekeeper mutation, which substitutes a threonine with a 93 

methionine at the amino acid position 790 of exon 20. Accordingly, the T790M mutation 94 

is detected in 50–60% of patients who develop clinical resistance to the first generation 95 

EGFR-TKIs, gefitinib or erlotinib (3, 4).  96 

Osimertinib, a mono-anilino-pyrimidine compound, is a third-generation irreversible 97 

EGFR-TKI, which has activity against EGFR with sensitizing mutations, such as the 98 

exon 19 deletion, L858R mutation, and T790M resistance mutation, but spares 99 

wild-type EGFR (5). While the second-generation irreversible EGFR-TKI, afatinib, can 100 

inhibit the T790M mutation in vitro, it also has high activity against wild type EGFR 101 

and has failed to demonstrate an objective response rate (ORR; less than 10%) in 102 

NSCLC patients with the EGFR-T790M mutation (6). In contrast, osimertinib exhibited 103 

a prominent anticancer effect (confirmed ORR, 61%) among an equivalent cohort of 104 

patients (7), and was thus approved for the treatment of patients harboring the T790M 105 

mutation in Europe, the United States, and Japan.  106 

BIM, also called Bcl-2-like protein 11, is a pro-apoptotic molecule that belongs to the 107 

Bcl-2 family. BIM upregulation is essential for the induction of apoptosis in lung cancer 108 

cells with EGFR mutations treated with first-generation EGFR-TKIs, and low BIM 109 

protein level is associated with resistance to EGFR-TKIs (8, 9). In East Asians but not 110 

Caucasians or Africans, a 2,903 kb deletion polymorphism in the BIM gene was found to 111 

be present at incidences of around 13% and 0.5% for heterozygous and homozygous 112 

carriers respectively (10). Another study has recently reported that 15.7% of hispanic 113 

patients with NSCLC carried the deletion allele (11). Importantly, the BIM deletion 114 

polymorphism results in the preferential splicing of exon 3 over the BH3-encoding exon 115 

4 in the BIM pre-mRNA, and leads to the production of inactive BIM isoforms lacking 116 

the BH3 domain. This in turn reduces expression of pro-apoptotic BIM protein isoforms 117 

in EGFR-mutated lung cancer cell lines following TKI exposure, and is sufficient to 118 

confer TKI resistance (10). The polymorphic fragment includes multiple and redundant 119 

splicing silencers that repress exon 3 inclusion (12). Since its initial discovery, several 120 

meta-analyses have reported the association between BIM deletion polymorphism and 121 

shorter progression-free survival (PFS) of patients with NSCLC harboring EGFR 122 
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mutations, who received gefitinib or erlotinib treatment (13). However, it is unknown if 123 

the BIM deletion polymorphism affects the anti-tumor efficacy of third generation 124 

EGFR-TKIs including osimertinib.  125 

We previously reported that the combined use of gefitinib and the histone 126 

deacetylase (HDAC) inhibitor, vorinostat, was able to preferentially upregulate the 127 

expression of pro-apoptotic BIM isoforms in EGFR-mutated NSCLC cell lines 128 

heterozygous for the BIM deletion, and overcome EGFR-TKI resistance in vitro and in 129 

vivo (14). However, it remained unclear how vorinostat corrected the splicing defect 130 

conferred by the BIM deletion, and if vorinostat could overcome resistance in the setting 131 

of cells with homozygous BIM deletions. 132 

In the present study, we examined the ability of osimertinib, in comparison to 133 

afatinib and gefitinib, to induce apoptosis in EGFR-mutated lung cancer cell lines with 134 

either heterozygous or homozygous configurations of the BIM deletion polymorphism. 135 

We also determined the effect of vorinostat on BIM deletion polymorphism-mediated 136 

resistance to osimertinib both in vitro and in vivo. We further identified the target 137 

HDAC molecule whose inhibition can overcome EGFR-TKI-resistance in 138 

EGFR-mutated lung cancer cells bearing the BIM deletion polymorphism. 139 

  140 
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Materials and Methods 141 

Cell lines and reagents 142 

NSCLC cell lines PC-9 and PC-3, which have an exon 19 deletion in the EGFR, were 143 

obtained from Immuno-Biological Laboratories Co., ltd. (Gumma, Japan) in May 2015, 144 

and Human Science Research Resource Bank (Osaka, Japan) in March 2013, 145 

respectively (14). PC-9 cells with a homozygous BIM deletion polymorphism 146 

(PC-9BIMi2-/-), were established by editing with zinc finger nuclease, as reported 147 

previously (10). All three cell lines were subcultured in RPMI-1640 medium 148 

supplemented with 10% FBS and antibiotics within 3 months of thawing the frozen 149 

stock. Mycoplasma infection in the cells was regularly checked using a MycoAlert 150 

Mycoplasma Detection Kit (Lonza, Basel, Switzerland). The cell line authentication was 151 

performed by short tandem repeat analysis at the laboratory of the National Institute of 152 

Biomedical Innovation (Osaka, Japan) in May 2015. Gefitinib, afatinib, osimertinib, 153 

vorinostat, belinostat, droxinostat, and RGFP966 were obtained from Selleck Chemicals 154 

(Houston, TX). All drugs were dissolved in DMSO and preserved at 30 °C. 155 

 156 

Genotyping of BIM deletion polymorphism 157 

Cellular DNAs were extracted from the cells using a DNeasy Blood and Tissue Kit 158 

(Qiagen, Velno, the Netherlands). To recognize the presence of the wild-type and 159 

deletion alleles, we conducted PCR reactions using the discriminating primers for the 160 

wild-type alleles (forward: 5 ′ -CCACCAATGGAAAAGGTTCA-3 ′ ; reverse: 5 ′161 

-CTGTCATTTCTCCCCACCAC-3 ′ ) and deletion alleles (forward: 5 ′162 

-CCACCAATGGAAAAGGTTCA-3′; reverse: 5′-GGCACAGCCTCTATGGAGAA-3′). 163 

The genomic DNAs were amplified using a Veriti Thermal Cycler (Applied Biosystems, 164 

Waltham, MA) with GoTaq Hot Start Polymerase (Promega, Fitchburg, WI). The PCR 165 

amplicons for the wild-type (362 bp) and the deletion (284 bp) alleles were separated by 166 

agarose gel electrophoresis. 167 

 168 

Cell apoptosis assay 169 

Cellular apoptosis induced by the drugs was determined through the use of a 170 

FACSCalibur flow cytometer (BD Biosciences, San Diego, CA) with a PE Annexin V 171 

Apoptosis Detection Kit I (BD Biosciences), which detects and quantifies apoptotic cells 172 

with phycoerythrin (PE) Annexin V and 7-amino-actinomycin (7-AAD) staining. 173 

 174 

Western blotting 175 

The proteins harvested were separated via sodium dodecyl sulfate polyacrylamide gel 176 
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electrophoresis (SDS-PAGE). The proteins were transferred onto polyvinylidene 177 

fluoride membranes (Bio-Rad, Hercules, CA), which were immersed in StartingBlock 178 

T20 (TBS) Blocking Buffer (Thermo Fisher Scientific, Waltham, MA) for 1 hour at about 179 

20 °C, followed by incubation above 8 hours at 4 °C with antibodies against 180 

phospho-EGFR (Tyr1068), Akt, phospho-Akt (Ser473), cleaved PARP, cleaved caspase-3, 181 

histone H3, acetylated histone H3 (Lys27), BIM, and β -actin (Cell Signaling 182 

Technology, MA); and against phospho-Erk1/2 (Thr202/Tyr204), Erk1/2, and EGFR 183 

(R&D Systems, Minneapolis, MN). After washing three times in the tris buffered saline 184 

with the polyoxyethylene sorbitan monolaurate (TBST), the membranes were incubated 185 

for 1 hour at room temperature with horseradish peroxidase-conjugated secondary 186 

antibodies. The proteins labeled with secondary antibodies were visualized using 187 

SuperSignal West Dura Extended Duration Substrate Enhanced Chemiluminescent 188 

Substrate (Thermo Fisher Scientific). Each experiment was independently carried out 189 

at least three times. 190 

 191 

RNA interference  192 

 The cells (1×105) cultured in medium containing 10% FBS (antibiotic free) for 24 hours 193 

were treated with Stealth RNAi siRNA against BIM and HDAC 1, 2, 3, 6, and Stealth 194 

RNAi siRNA Negative Control Lo GC (Invitrogen, Carlsbad, CA) using Lipofectamine 195 

RNAiMAX (Invitrogen) for 48 hours. 196 

 197 

Real-time quantitative reverse transcription PCR  198 

Total cellular RNAs were extracted from the cells using RNeasy PLUS Mini kit 199 

(Qiagen). Reverse transcription of the collected RNAs was performed using SuperScript 200 

VILO cDNA synthesis Kit and Master Mix (Invitrogen). Expression of BIM mRNA was 201 

quantitatively measured by ViiA 7 Real-Time PCR System (Applied Biosystems, 202 

Framingham, MA) using the following primers: BIM exon 2A (forward: 5 ′203 

-ATGGCAAAGCAACCTTCTGATG-3 ′ ; reverse: 5 ′204 

-GGCTCTGTCTGTAGGGAGGT-3 ′ ), BIM exon 3 (forward: 5 ′205 

-CAATGGTAGTCATCCTAGAGG-3 ′ ; reverse: 5 ′206 

-GACAAAATGCTCAAGGAAGAGG-3 ′ ), BIM exon 4 (forward: 5 ′207 

-TTCCATGAGGCAGGCTGAAC-3′; reverse: 5′-CCTCCTTGCATAGTAAGCGTT-3′) 208 

and β -actin (forward: 5 ′ -GGACTTCGAGCAAGAGATGG-3 ′ ; reverse: 5 ′209 

-AGCACTGTGTTGGCGTACAG-3′). 210 

 211 

Xenograft studies  212 
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 Male 5- to 6-week-old BALB/c-nu/nu mice were injected subcutaneously into both 213 

flanks with cultured tumor cells (5 × 106 cells/0.1 mL/mouse). After tumor volumes 214 

reached 80 to 100 mm3, the mice were randomized and treated once daily by oral gavage 215 

with osimertinib and/or vorinostat. Each tumor was monitored using an electronic 216 

caliper. Tumor volume was measured in two dimensions, and calculated using the 217 

following formula: tumor volume (mm3) = 1/2 × length (mm) × width (mm)2. After mice 218 

were treated for 4 days, 2 tumors in each control and treatment group were excised, 219 

lysed, and subjected to western blot analysis. All animal experiments were complied 220 

with the Guidelines for the Institute for Experimental Animals, Kanazawa University 221 

Advanced Science Research Center (approval No. AP-081088).  222 

 223 

Statistical analysis 224 

Differences between groups were analyzed by one-way ANOVA. All statistical analyses 225 

were conducted using Graph-Pad Prism Ver. 6.05 (GraphPad Software Inc, San Diego, 226 

CA). The threshold for significance was P < 0.05. 227 

  228 
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Results 229 

BIM deletion polymorphism-positive NSCLC cells with EGFR mutations are resistant 230 

to third-generation EGFR-TKIs  231 

We first carried out PCR to confirm the presence of the BIM deletion polymorphism in 232 

EGFR-mutated NSCLC cell lines. PC-9 cells did not harbor the BIM deletion, but as 233 

expected, PC-3 and PC-9BIMi2-/- cells were heterozygous and homozygous for the 234 

deletion, respectively (Fig. 1A) (10, 14). Next, we assessed the degree of apoptosis 235 

induction by second- and third-generation EGFR-TKIs in these cell lines.  Using a 236 

FACS-based assay, we found that both afatinib and osimertinib induced significant 237 

apoptosis in PC-9 cells, but not in PC-3 or PC-9BIMi2-/- cells (Fig. 1B). Western blot 238 

analyses for cleaved PARP and caspase-3 confirmed low apoptosis induction in PC-3 239 

and PC-9BIMi2-/- cells, in contrast to PC-9 cells, when treated with gefitinib, afatinib, 240 

and osimertinib. All three EGFR-TKIs inhibited EGFR phosphorylation, as well as its 241 

downstream kinases AKT and ERK, in PC-9, PC-3, and PC-9BIMi2-/- cells. While the 242 

EGFR-TKIs induced active BIM (BIMEL) protein in PC-9 cells, the level of BIMEL 243 

protein in EGFR-TKI-treated PC-3 and PC-9BIMi2-/- cells was much lower (Fig. 1C). 244 

Moreover, knockdown of BIM protein by BIM-specific siRNA resulted in the abrogation 245 

of apoptosis, as shown by the absence of cleaved PARP and cleaved caspase-3 in 246 

EGFR-TKI-treated PC-9 cells (Fig. 1D). These results clearly indicate that the presence 247 

of the BIM deletion polymorphism, in one or both alleles, is sufficient to mediate 248 

resistance to all three generations of EGFR-TKIs in EGFR-mutated NSCLC cells. 249 

 250 

Combined use of second- or third-generation EGFR-TKIs and an HDAC inhibitor 251 

enhances BIM expression and induces apoptosis  252 

We previously reported that the combined use of an HDAC inhibitor, vorinostat, with 253 

gefitinib induces apoptosis in EGFR-mutated NSCLC cells harboring a single allele of 254 

the BIM deletion polymorphism. We therefore investigated the effect of vorinostat 255 

combined with second- or third-generation EGFR-TKIs on apoptosis induction in PC-3 256 

and PC-9BIMi2-/- cells. Consistent with the results shown in Fig. 1C, afatinib or 257 

osimertinib alone induced very low levels of BIMEL, cleaved PARP, and cleaved 258 

caspase-3 in PC-3 and PC-9BIMi2-/- cells, while at the same time, completely inhibited 259 

EGFR phosphorylation and its downstream targets, AKT and ERK (Fig. 2A). 260 

Meanwhile, combined use of vorinostat with either afatinib or osimertinib markedly 261 

up-regulated BIMEL expression, and thus induced cleaved PARP and cleaved caspase-3 262 

(Fig. 2A). Moreover, knockdown of the BIM protein by BIM-specific siRNA resulted in 263 

the inhibition of apoptosis induced by vorinostat, combined with afatinib or osimertinib, 264 



11 
 

in PC-9BIMi2-/- cells (Fig. 2B). These results indicate that vorinostat overcame apoptosis 265 

resistance to second- and third-generation EGFR-TKIs by inducing active BIM protein 266 

(BIMEL) expression in EGFR-mutated NSCLC cells with are either heterozygous or 267 

homozygous for the BIM deletion polymorphism. 268 

 269 

HDAC3 inhibition leads to the upregulation of active BIM protein 270 

Vorinostat is a non-specific HDAC inhibitor, and targets both class I HDACs (HDAC 1, 271 

2, 3, and 8) and class II HDACs (HDAC 6 and 10) (15). Considering the various side 272 

effects of vorinostat (16), a selective HDAC inhibitor may bring about less toxicity in 273 

combination with osimertinib. To elucidate which HDAC plays a role in the induction of 274 

active BIM protein expression and cell death, we treated PC-9BIMi2-/- cells with specific 275 

siRNA for HDAC 1, 2, 3, or 6. Interestingly, HDAC3 knockdown induced up-regulation 276 

of BIM exon 4-containing transcripts that encode pro-apoptotic BH3-containing (active) 277 

BIM isoforms (Fig. 3A, 3B and Supplementary Fig. S1). Moreover, knockdown of 278 

HDAC3 restored active BIM protein expression and induced apoptosis by osimertinib in 279 

PC-3 and PC-9BIMi2-/- cells (Fig. 3C). These results strongly suggest that HDAC3 280 

inhibition is important for the transcription of BIM exon 4-containing isoforms, and is 281 

sufficient for the induction of active BIM protein isoforms, including BIMEL. This was 282 

further supported by the results of other HDAC inhibitors with different HDAC 283 

inhibitory profiles. Droxinostat, an HDAC inhibitor under development, has much 284 

weaker inhibitory activity against HDAC3 compared to vorinostat (IC50 values of 285 

HDAC3 inhibition by droxinostat and vorinostat are 16.9 ± 5.0 µM and 20 nM, 286 

respectively) (17, 18). At equivalent concentrations, droxinostat, in contrast to 287 

vorinostat, failed to significantly upregulate active BIM protein, and was unable to 288 

induce apoptosis in PC-9BIMi2-/- cells even in combination with osimertinib (Fig. 3D). 289 

We also tested belinostat, a pan-HDAC inhibitor (IC50 value of HDAC3 inhibition is 27 290 

nM) whose inhibitory profile is similar to that of vorinostat (19), and which is approved 291 

for the treatment of relapsed or refractory peripheral T-cell lymphoma (PTCL) by the 292 

Food and Drug Administration (FDA). As is the case with vorinostat, combined use of 293 

belinostat and EGFR-TKIs (gefitinib, afatinib, and osimertinib) enhanced the 294 

expression of active BIM, and induced apoptosis in PC-3 and PC-9BIMi2-/- cells 295 

(Supplementary Fig. S2A). Furthermore, a selective HDAC3 inhibitor, RGFP966 (IC50 296 

value of HDAC3 inhibition is 80nM) (20), clearly induced apoptosis in combination with 297 

osimertinib together with up-regulating active BIM in PC-9BIMi2-/- cells 298 

(Supplementary Fig. S2B). These findings implicate HDAC3 inhibition as an important 299 

target in the ability of vorinostat to induce apopotosis in EGFR-mutated NSCLC cells 300 
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with the BIM deletion polymorphism. 301 

Vorinostat affects splicing in the deletion allele of BIM predominantly via HDAC3 302 

inhibition 303 

In our previous study which employed heterozygous BIM deletion-positive NSCLC 304 

(PC-3) cells with EGFR mutations, vorinostat preferentially induced the expression of 305 

the exon 4-containing isoform (encoding BH3-domain containing BIM), although its 306 

exact mechanisms of action remain unclear.  There are two possibilities to explain this 307 

observation: 1) vorinostat up-regulated the transcription of the exon 4-containing 308 

isoform from either or both BIM alleles, or 2) vorinostat affected BIM splicing, resulting 309 

in the production of exon 4 rather than exon 3-containing transcripts from the deletion 310 

polymorphism allele. To elucidate the mechanism, we evaluated the ratio of exon 3 to 311 

exon 4 transcripts in PC-9BIMi2-/- cells (homozygous BIM deletion), compared to those in 312 

PC-3 (heterozygous BIM deletion) and PC-9 (with only full-length BIM alleles) cells. As 313 

reported previously, the ratio of exon 3 to exon 4 transcripts in PC-3 cells was higher 314 

than that in PC-9 cells. As expected, the ratio of exon 3 to exon 4 transcripts in 315 

PC-9BIMi2-/- cells was also higher than in PC-3 cells (Supplementary Fig. S3A). In 316 

PC-9BIMi2-/-cells, vorinostat up-regulated the transcription of the exon 4-containing 317 

isoform (Fig. 4A), which was further enhanced in combination with the EGFR-TKI 318 

gefitinib or osimertinib (Fig. 4A and Supplementary Fig. S3B). Vorinostat markedly 319 

decreased the ratio of exon 3 to exon 4 transcripts compared to the control (Fig. 4B). 320 

These results indicate that vorinostat affected the splicing process in the BIM deletion 321 

allele, rather than the full-length allele.  322 

   We next sought to elucidate whether HDAC3 inhibition prominently affects the 323 

alternative splicing of BIM pre-mRNA. Knockdown of HDAC3 elevated the mRNA 324 

expression of exon 2A and exon 4, and thus strongly decreased the ratio of exon 3 to 325 

exon 4 transcripts (Fig. 4C). While droxinostat (which weakly inhibits HDAC3) did not 326 

significantly decrease the ratio of exon 3 to exon 4 transcripts, RGFP966 with selective 327 

inhibitory activity to HDAC3 did decrease it (Supplementary Fig. S4A and S4B). These 328 

findings suggest that HDAC3 inhibition contributes to the alternative splicing of BIM 329 

by promoting exon 4 inclusion. 330 

 331 

Vorinostat combined with osimertinib regresses tumors with homozygous BIM deletion 332 

polymorphism in EGFR-mutated NSCLC cells in vivo 333 

We next examined the effect of combination therapy with osimertinib and vorinostat on 334 

EGFR-mutated NSCLC cells homozygous for the BIM deletion polymorphism in vivo. 335 

PC-9BIMi2-/-tumor-bearing mice were treated with osimertinib, vorinostat, or a 336 
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combination of both. In contrast to PC-9 xenograft tumors which decreased in volume 337 

following osimertinib treatment, PC-9BIMi2-/- xenograft tumors continued to grow, 338 

albeit more slowly (Fig. 5A and Supplementary Fig. S5). However, the combination of 339 

osimertinib with vorinostat led to a significant reduction in the size of PC-9BIMi2-/- 340 

xenograft tumors, without causing weight loss in treated mice (data not shown). In 341 

PC-9BIMi2-/- tumors, western blot analysis revealed that combined treatment with 342 

osimertinib and vorinostat markedly induced active BIM protein expression, and 343 

induced apoptosis as represented by increased cleaved caspase-3 (Fig. 5B). 344 

 345 

Combined use of osimertinib and vorinostat induces apoptosis in EGFR-T790M 346 

mutation-positive NSCLC cells with the BIM deletion polymorphism 347 

Studies have demonstrated that most patients with EGFR-mutated NSCLC and the 348 

BIM deletion polymorphism showed shorter PFS compared with those without the BIM 349 

deletion polymorphism (13). Since the BIM deletion polymorphism induces apoptosis 350 

resistance, but not growth impairment, to EGFR-TKI exposure, tumors with the BIM 351 

deletion polymorphism may be permissive for the acquisition of additional resistance 352 

mechanisms, as recently demonstrated in chronic myeloid leukemia (CML) (21). To 353 

assess this question, we established gefitinib-resistant cells from PC-9BIMi2-/- cells by 354 

continuous exposure to increasing concentrations of gefitinib and cloning by limiting 355 

dilution in vitro, which was designated as PC-9BIMi2-/-GR. Interestingly, 356 

PC-9BIMi2-/-GR cells acquired the EGFR-T790M mutation over time. While 357 

PC-9BIMi2-/-GR cells were highly resistant to gefitinib in terms of cell viability, they had 358 

the same sensitivity to osimertinib compared with PC-9BIMi2-/- cells (Fig. 6A). Notably, 359 

while neither gefitinib, osimertinib nor vorinostat alone markedly induced apoptosis in 360 

PC-9BIMi2-/- and PC-9BIMi2-/-GR cells, combined use of osimertinib and vorinostat 361 

markedly induced cell apoptosis in both PC-9BIMi2-/- and PC-9BIMi2-/-GR cells (Fig. 6B). 362 

Western blotting demonstrated that while gefitinib did not reduce the expression of 363 

phosphorylated EGFR in PC-9BIMi2-/-GR cells, osimertinib suppressed the 364 

phosphorylation of EGFR and its downstream kinases, AKT and ERK (Fig. 6C). 365 

Moreover, the combination of osimertinib and vorinostat upregulated both PARP and 366 

caspase-3 cleavage in PC-9BIMi2-/-GR cells, indicating that apoptosis was induced in 367 

these tumor cells. 368 

  369 
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Discussion 370 

The BIM deletion polymorphism is found in a significant proportion (~20%) of normal 371 

individuals of East Asian ethnicity (10), with the majority carrying one allele of the 372 

deletion polymorphism and only a minority who are homozygous (~0.5%) (10). 373 

Accordingly, native EGFR-mutated NSCLC cell lines that are homozygous for the BIM 374 

deletion polymorphism have yet to be described. In this study, we utilized the 375 

genetically-edited PC-9BIMi2-/- cells as a homozygous BIM deletion 376 

polymorphism-positive EGFR-mutant NSCLC cell line with which to explore the 377 

mechanism of HDAC activity (10). In PC-9BIMi2-/- cells, vorinostat decreased the ratio of 378 

exon 3 to exon 4 transcripts, increased active BIM protein expression, and resensitized 379 

cells to EGFR-TKI-induced apoptosis. These findings clearly indicate that vorinostat 380 

predominantly affects the deletion allele of BIM to overcome EGFR-TKI resistance, and 381 

also provides a rationale of combined treatment with vorinostat and EGFR-TKIs for 382 

patients with EGFR-mutated NSCLC who are homozygous for the BIM deletion 383 

polymorphism. In addition to the BIM deletion polymorphism in intron 2, several single 384 

nucleotide polymorphisms (SNPs) within the BIM locus were recently discovered (22, 385 

23). A silent SNP (the T allele in the c465C>T) in exon 4 of BIM is reported to exist in 386 

~30% of French individuals, and is associated with a delay in major molecular responses 387 

to imatinib in CML (22). Moreover, the BIM C29201T variant, located within the 388 

BH3-domain coding region, is reported to be associated with lower overall survival in 389 

children with acute lymphoblastic leukemia (23). Thus, further investigations are 390 

warranted to examine the effect of HDAC inhibitors on the target drug sensitivity of 391 

tumors with BIM SNPs.  392 

  HDACs can affect alternative mRNA splicing (24-26). For instance, the Hu proteins 393 

are thought to regulate pre-mRNA splicing through HDAC2 inhibition, which in turn 394 

modulates chromatin structures to alter splicing of NF1 in HeLa cells (27). The 395 

inhibition of HDAC1 but not HDAC2 is also important for the alternative splicing of 396 

fibronectin in HeLa cells (28). A recent study revealed that HDAC1 and HDAC2 397 

co-purified with the U2 small nuclear ribonucleoprotein splicing factor, and that 398 

knockdown of these two deacetylases but not that of HDAC3 modified the splicing 399 

patterns of CD44 (29). These reports suggest that the different HDACs differentially 400 

regulate alternative splicing of specific pre-mRNAs. We here report that HDAC3 401 

inhibition plays pivotal role on the alternative splicing of BIM caused by vorinostat. 402 

This is consistent with the results of Hnilicova et al. (28), who showed that HDAC 403 

inhibition by NaB did not change the splicing pattern in BIM, and which we reason is 404 

because NaB has much weaker HDAC3 inhibitory activity than vorinostat (30). While 405 
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HDAC3 is reported to have multiple functions in stem cell differentiation, embryonic 406 

cardiovascular development, and endothelial cell differentiation and integrity 407 

maintenance (31), the role of HDAC3 in alternative splicing is virtually unknown, as 408 

opposed to HDAC1 or HDAC2. Previous reports have documented that HDACs play a 409 

role in the expression of micro RNAs (miR) (32-34), and that micro RNAs regulate 410 

alternative splicing (35-37), suggesting that the influence of HDAC3 in splicing might 411 

be indirect. Specifically, Chen et al. reported that knockdown of HDAC3 up-regulated 412 

the expression of miR-15a and miR-16-1, which are important suppressors that 413 

modulate BCL-2 and other molecules (38). While we have established HDAC3 inhibition 414 

as important in the alternative splicing of BIM in deletion-positive EGFR-mutated 415 

NSCLC, the precise mechanism by which it does so needs to be further elucidated. 416 

   We observed that tumors of BIM deletion polymorphism-positive EGFR-mutated 417 

NSCLC cells were stable in size during EGFR-TKI treatment, indicating that the 418 

acquisition of additional resistance mechanisms is necessary for tumor enlargement 419 

during EGFR-TKI treatment. EGFR-T790M is the most frequent resistance mechanism 420 

detected in patients with EGFR-mutated NSCLC who are refractory to reversible 421 

EGFR-TKI treatment (4). In PC-9BIMi2-/-GR cells, we detected the EGFR-T790M 422 

mutation which allows tumor cell growth even in the presence of gefitinib in vitro. 423 

Therefore, we speculate that T790M may be detected in a certain population of patients 424 

with BIM deletion-positive NSCLC harboring EGFR mutations who fail to respond to 425 

reversible EGFR-TKI therapy. EGFR-T790M-positive resistant tumors can occur either 426 

by selection of pre-existing EGFR-T790M-positive clones or via genetic evolution of 427 

initially EGFR-T790M-negative drug-tolerant cells (39, 40). In the latter case, 428 

drug-tolerant cells become a base for de novo evolution of the EGFR-T790M mutation 429 

(40). Since the cells with BIM deletion polymorphism are resistant to 430 

EGFR-TKI-induced apoptosis, these cells may become a base for de novo evolution of 431 

the EGFR-T790M mutation. Therefore, therapeutic strategies with vorinostat and 432 

EGFR-TKI to eradicate BIM deletion polymorphism-positive apoptosis-resistant cells 433 

may be useful for preventing the acquisition of the EGFR-T790M mutation in NSCLC. 434 

We are now conducting a phase I trial (NCT02296125) to assess the feasibility of 435 

combined treatment with vorinostat and gefitinib in BIM deletion 436 

polymorphism-positive EGFR-mutated NSCLC. 437 

   Third-generation EGFR-TKIs, including osimertinib, show high activity against 438 

T790M-positive EGFR-mutated NSCLC, but most patients subsequently develop 439 

resistance to this class of inhibitors (7, 41). Recent studies demonstrated that the C797S 440 

mutation in EGFR exon 20 is acquired in ~20% of osimertinib resistant cases (42). In 441 
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nearly half of cases who acquired resistance to third-generation EGFR-TKIs, tumors 442 

lose the T790M mutation and acquired other resistance mechanisms (42), including 443 

bypass track activation by MET amplification (43, 44) or HER2 amplification (43), and 444 

small cell transformation (45). We here report that BIM deletion polymorphism is one of 445 

the mechanisms that cause apoptosis resistance to osimertinib in EGFR-mutated 446 

NSCLC cells with or without T790M. Since the BIM deletion polymorphism is 447 

associated with shorter PFS in patients with EGFR-mutated NSCLC who were treated 448 

with first-generation EGFR-TKIs, it may also be associated with worse outcomes for 449 

osimertinib-treated EGFR-T790M-positive patients. On the other hand, Lee et al. 450 

reported that the BIM polymorphism was not a predictive biomarker of EGFR-TKI 451 

resistance (46). Prospective studies with a larger number of cases will be necessary in 452 

the future. An ongoing phase III trial is currently comparing osimertinib and gefitinib 453 

as the first line treatment for EGFR-mutated NSCLC (NCT02296125). The results of 454 

this trial may indicate that osimertinib might be used as a first-line treatment for 455 

EGFR-mutated NSCLC in the future. If it is the case, elucidation of the resistance 456 

mechanisms to first-line osimertinib treatment in T790M-negative EGFR-mutated 457 

NSCLC would become more clinically important. 458 

  In summary, the present study demonstrated that the combination of vorinostat and 459 

osimertinib can be used to overcome osimertinib-resistance in EGFR-mutated NSCLC, 460 

which are either heterozygous or homozygous for the BIM deletion polymorphism, both 461 

in vitro and in vivo. Notably, HDAC3 inhibition by vorinostat plays a crucial role in 462 

apoptosis induction via promoting transcription and modulating alternative splicing to 463 

up-regulate active BIM protein in BIM deletion polymorphism-positive EGFR-mutated 464 

NSCLC cells. Furthermore, acquisition of the EGFR-T790M mutation allows BIM 465 

deletion polymorphism-positive EGFR-mutated NSCLC cells to grow in the presence of 466 

gefitinib, and combined use of vorinostat with osimertinib could induce apoptosis even 467 

when BIM deletion polymorphism-positive EGFR-mutated NSCLC cells acquire the 468 

T790M mutation. These findings illustrate the importance of developing 469 

HDAC3-selective inhibitors, and provide a rationale for their combined use with 470 

osimertinib to treat lung cancer with EGFR mutations and the BIM deletion 471 

polymorphism. 472 

 473 

 474 

Legends for figures 475 

Figure 1. NSCLC cell lines with EGFR mutations and BIM deletion polymorphism show 476 

apoptosis resistance to the second- and third-generation EGFR-TKIs. A, Gel 477 
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electrophoresis of PCR products from the three EGFR-mutated NSCLC cell lines. PCR 478 

product sizes for wild type (w) and deletion (d) alleles are 362 bp and 284 bp, 479 

respectively. B, Apoptosis determined by flow cytometry with PE Annexin V staining in 480 

PC-9 cells, PC-3 cells, and PC-9BIMi2-/- cells treated with gefitinib (1 µmol/L), afatinib (1 481 

µmol/L), and osimertinib (1 µmol/L) for 24 hours. *, P < 0.05 PC-3 or PC-9BIMi2-/- versus 482 

PC-9 cells. All graph bars show mean values ± SD. C, Protein expression detected by 483 

western blotting in PC-9 cells (left), PC-3 cells (middle), and PC-9BIMi2-/- cells (right), 484 

incubated with gefitinib (1 µmol/L), afatinib (1 µmol/L), or osimertinib (1 µmol/L), for 24 485 

hours. D, Protein expression in PC-9 cells transfected by siRNA control (scramble) or 486 

BIM siRNA (siBIM) which were treated with each compound (1 µmol/L) for 24 hours.  487 

The data shown are representative of at least three experiments with similar results. 488 

 489 

Figure 2. Vorinostat overcomes apoptosis resistance to second- and third-generation 490 

EGFR-TKIs via active BIM protein expression. A, Protein expression by western 491 

blotting in PC-3 cells and PC-9BIMi2-/- cells treated with gefitinib (1 µmol/L), afatinib (1 492 

µmol/L), and osimertinib (1 µmol/L) and/or vorinostat (3 µmol/L) for 24 hours. B, 493 

Apoptosis determined by flow cytometry with PE Annexin V staining in PC-9BIMi2-/- 494 

cells transfected with control (scramble) or BIM specific siRNA (siBIM) and then 495 

treated for 12 hours with EGFR-TKIs (1 µmol/L) and vorinostat (3 µmol/L).  496 

The data shown are representative of at least three experiments with similar results. 497 

 498 

Figure 3. HDAC3 plays a crucial role in the promotion of active BIM transcription. A, 499 

Western blotting of PC-9BIMi2-/- cells treated with siRNA targeting HDAC 1, 2, 3, and 6 500 

for 48 hours. B, Amounts of transcripts containing BIM exon 4 after each HDACs siRNA 501 

transfection determined by RT-PCR. *, P < 0.05 siRNA control (scramble) or HDAC2 502 

siRNA (siHDAC2) versus HDAC3 siRNA (siHDAC3). C, Western blotting of 503 

PC-9BIMi2-/-cells and PC-3 cells with/without HDAC3 knockdown were treated with 504 

osimertinib (1 µmol/L) for 24 hours. D, Expression of BIM and apoptosis-related 505 

proteins in PC-9BIMi2-/- cells treated by osimertinib (1 µmol/L) with/without vorinostat 506 

(3 µmol/L) or droxinostat (3 µmol/L). 507 

The data shown are representative of at least three experiments with similar results. 508 

 509 

Figure 4. HDAC3 inhibition modulates alternative splicing of BIM in EGFR-mutated 510 

NSCLC cells which are homozygous for the BIM deletion polymorphism. A, Expression 511 

of BIM mRNA variants containing exon 2A, 3, or 4 in PC-9BIMi2-/- cells treated by 512 

vorinostat (3 µmol/L) for 12 hours. B, Ratio of exon 3-containing transcripts to exon 513 
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4-containing transcripts in PC-9BIMi2-/- cells. The mRNA expression were measured by 514 

RT-PCR and normalized to actin. *, P < 0.05 versus control. C, Ratio of exon 3 to exon 4 515 

transcripts in PC-9BIMi2-/- cells transfected with siRNA for each HDAC. *, P < 0.05 516 

siRNA control (scramble) or HDAC1 siRNA (siHDAC1) versus HDAC3 siRNA 517 

(siHDAC3).  518 

Data are expressed as the mean ± SD from three independent experiments. 519 

 520 

Figure 5. Combined treatment with osimertinib and vorinostat regresses tumors which 521 

are homozygous for the BIM deletion polymorphism. A, Percentage change in tumor 522 

volume after 14 days of treatment in PC-9 (red and blue bar) and PC-9BIMi2-/- (red, 523 

green, blue and yellow bar) xenografts. Nude mice bearing the xenografts were treated 524 

with 5 mg/kg of osimertinib and/or 40 mg/kg of vorinostat once daily. B, Protein 525 

expression of PC-9BIMi2-/- tumor xenografts determined by western blotting. The 526 

xenografts were resected from mice treated with each drug for 4 days. 527 

 528 

Figure 6. Combined use of osimertinib and vorinostat induces apoptosis in 529 

EGFR-T790M mutation-positive NSCLC cells with BIM deletion polymorphism. A, 530 

PC-9BIMi2-/- or PC-9BIMi2-/- GR cells were treated with gefitinib or osimertinib, and cell 531 

viability was determined after 72 hours by MTT assay. Data shown are representative 532 

of at least three independent experiments. The data shown are the mean ± SD of 533 

triplicate cultures. B, PC-9 cells, PC-9BIMi2-/- cells, and PC-9BIMi2-/- GR cells were 534 

treated with gefitinib (1 µmol/L), osimertinib (1 µmol/L), vorinostat (3 µmol/L), or a 535 

combination of osimertinib and vorinostat for 24 hours. Cell apoptosis was detected by 536 

Annexin V and 7-AAD staining. *, P < 0.05 for osimertinib versus 537 

osimertinib+vorinostat in PC-9BIMi2-/- cells or PC-9BIMi2-/- GR cells. All graph bars 538 

show mean values ± SD. C, Western blotting of PC-9BIMi2-/- GR cells treated with 539 

gefitinib (1 µmol/L), osimertinib (1 µmol/L), and/or vorinostat (3 µmol/L) for 24 hours. 540 

 541 

  542 
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