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Abstract

Purpose : The BIM deletion polymorphism is associated with apoptosis resistance to
epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs), such as
gefitinib and erlotinib, in non-small cell lung cancer (NSCLC) harboring KGFR
mutations. Here, we investigated whether the BIM deletion polymorphism contributes
to resistance against osimertinib, a third-generation EGFR-TKI. In addition, we
determined the efficacy of a histone deacetylase (HDAC) inhibitor, vorinostat, against
this form of resistance and elucidated the underlying mechanism.

Experimental Design : We used EGFR-mutated NSCLC cell lines which were either
heterozygous or homozygous for the BIM deletion polymorphism to evaluate the effect
of osimertinib in vitro and in vivo. Protein expression was examined by western blotting.
Alternative splicing of B/M mRNA was analyzed by RT-PCR.

Results : FGFR-mutated NSCLC cell lines with the BIM deletion polymorphism
exhibited apoptosis resistance to osimertinib in a polymorphism dosage-dependent
manner, and this resistance was overcome by combined use with vorinostat.
Experiments with homozygous BIM deletion-positive cells revealed that vorinostat
affected the alternative splicing of BIM mRNA in the deletion allele, increased the
expression of active BIM protein, and thereby induced apoptosis in osimertinib-treated
cells. These effects were mediated predominantly by HDAC3 inhibition. In xenograft
models, combined use of vorinostat with osimertinib could regress tumors in
EGFR-mutated NSCLC cells homozygous for the BIM deletion polymorphism. Moreover,
this combination could induce apoptosis even when tumor cells acquired EGFE-T790M
mutations.

Conclusions : These findings indicate the importance of developing HDAC3-selective
inhibitors, and their combined use with osimertinib, for treating FGFR-mutated lung

cancers carrying the BIM deletion polymorphism.
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Translational Relevance

Patients with FGFR-mutated NSCLC who also harbor the BIM deletion polymorphism,
experience shorter progression-free survival when treated with first-generation
EGFR-TKIs, gefitinib and erlotinib. While we recently reported that the HDAC
inhibitor, vorinostat, could overcome EGFR-TKI resistance mediated by the BIM
deletion polymorphism in FGFR-mutated NSCLC cells, the specific target of vorinostat
was unknown. In the present study, we confirm that the BIM deletion polymorphism is
sufficient to confer resistance to first—generation EGFR-TKIs as well the
third-generation TKI, osimertinib. We further identified HDAC3 as an important
regulator of BIM pre-mRNA splicing, and that the activity of vorinostat is likely to
require inhibition of HDAC3. Our findings illustrate the importance of developing
selective HDAC3 inhibitors, and provide the rationale for combined use of HDAC3
inhibitors with osimertinib in patients with ZGFR-mutated NSCLC who carry the BIM

deletion polymorphism.
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Introduction

The majority of patients with non-small cell lung cancer (NSCLC) with epidermal
growth factor receptor (EGFR) activating mutations, such as exon 19 deletion and
L858R point mutation, show marked responses to the first-generation reversible EGFR
tyrosine kinase inhibitors (EGFR-TKIs), gefitinib and erlotinib (1, 2). However, the
acquisition of TKI resistance is almost inevitable, and is commonly associated with the
so-called EGFR-T790M gatekeeper mutation, which substitutes a threonine with a
methionine at the amino acid position 790 of exon 20. Accordingly, the T790M mutation
is detected in 50—60% of patients who develop clinical resistance to the first generation
EGFR-TKIs, gefitinib or erlotinib (3, 4).

Osimertinib, a mono-anilino-pyrimidine compound, is a third-generation irreversible
EGFR-TKI, which has activity against EGFR with sensitizing mutations, such as the
exon 19 deletion, L858R mutation, and T790M resistance mutation, but spares
wild-type EGFR (5). While the second-generation irreversible EGFR-TKI, afatinib, can
inhibit the T790M mutation in vitro, it also has high activity against wild type EGFR
and has failed to demonstrate an objective response rate (ORR; less than 10%) in
NSCLC patients with the FGFR-T790M mutation (6). In contrast, osimertinib exhibited
a prominent anticancer effect (confirmed ORR, 61%) among an equivalent cohort of
patients (7), and was thus approved for the treatment of patients harboring the T790M
mutation in Europe, the United States, and Japan.

BIM, also called Bcl-2-like protein 11, is a pro-apoptotic molecule that belongs to the
Bcl-2 family. BIM upregulation is essential for the induction of apoptosis in lung cancer
cells with FGFR mutations treated with first-generation EGFR-TKIs, and low BIM
protein level is associated with resistance to EGFR-TKIs (8, 9). In East Asians but not
Caucasians or Africans, a 2,903 kb deletion polymorphism in the BIM gene was found to
be present at incidences of around 13% and 0.5% for heterozygous and homozygous
carriers respectively (10). Another study has recently reported that 15.7% of hispanic
patients with NSCLC carried the deletion allele (11). Importantly, the BIM deletion
polymorphism results in the preferential splicing of exon 3 over the BH3-encoding exon
4 in the BIM pre-mRNA, and leads to the production of inactive BIM isoforms lacking
the BH3 domain. This in turn reduces expression of pro-apoptotic BIM protein isoforms
in EGFR-mutated lung cancer cell lines following TKI exposure, and is sufficient to
confer TKI resistance (10). The polymorphic fragment includes multiple and redundant
splicing silencers that repress exon 3 inclusion (12). Since its initial discovery, several
meta-analyses have reported the association between BIM deletion polymorphism and

shorter progression-free survival (PFS) of patients with NSCLC harboring KGFR
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mutations, who received gefitinib or erlotinib treatment (13). However, it is unknown if
the BIM deletion polymorphism affects the anti-tumor efficacy of third generation
EGFR-TKIs including osimertinib.

We previously reported that the combined use of gefitinib and the histone
deacetylase (HDAC) inhibitor, vorinostat, was able to preferentially upregulate the
expression of pro-apoptotic BIM isoforms in FEGFR-mutated NSCLC cell lines
heterozygous for the BIM deletion, and overcome EGFR-TKI resistance in vitro and in
vivo (14). However, it remained unclear how vorinostat corrected the splicing defect
conferred by the BIM deletion, and if vorinostat could overcome resistance in the setting
of cells with homozygous BIM deletions.

In the present study, we examined the ability of osimertinib, in comparison to
afatinib and gefitinib, to induce apoptosis in ZGFR-mutated lung cancer cell lines with
either heterozygous or homozygous configurations of the BIM deletion polymorphism.
We also determined the effect of vorinostat on BIM deletion polymorphism-mediated
resistance to osimertinib both in vitro and in vivo. We further identified the target
HDAC molecule whose inhibition can overcome EGFR-TKI-resistance in

EGFR-mutated lung cancer cells bearing the BIM deletion polymorphism.
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Materials and Methods

Cell lines and reagents

NSCLC cell lines PC-9 and PC-3, which have an exon 19 deletion in the EFGFR, were
obtained from Immuno-Biological Laboratories Co., Itd. (Gumma, Japan) in May 2015,
and Human Science Research Resource Bank (Osaka, Japan) in March 2013,
respectively (14). PC-9 cells with a homozygous BIM deletion polymorphism
(PC-9BIM=2"), were established by editing with zinc finger nuclease, as reported
previously (10). All three cell lines were subcultured in RPMI-1640 medium
supplemented with 10% FBS and antibiotics within 3 months of thawing the frozen
stock. Mycoplasma infection in the cells was regularly checked using a MycoAlert
Mycoplasma Detection Kit (Lonza, Basel, Switzerland). The cell line authentication was
performed by short tandem repeat analysis at the laboratory of the National Institute of
Biomedical Innovation (Osaka, Japan) in May 2015. Gefitinib, afatinib, osimertinib,
vorinostat, belinostat, droxinostat, and RGFP966 were obtained from Selleck Chemicals

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

Genotyping of BIM deletion polymorphism

Cellular DNAs were extracted from the cells using a DNeasy Blood and Tissue Kit
(Qiagen, Velno, the Netherlands). To recognize the presence of the wild-type and
deletion alleles, we conducted PCR reactions using the discriminating primers for the
wild-type alleles (forward: 5° -CCACCAATGGAAAAGGTTCA-3’ ; reverse: 5’
-CTGTCATTTCTCCCCACCAC-3 ~ ) and deletion alleles (forward: 5 '
-CCACCAATGGAAAAGGTTCA-3" ; reverse: 5° -GGCACAGCCTCTATGGAGAA-3" ).
The genomic DNAs were amplified using a Veriti Thermal Cycler (Applied Biosystems,
Waltham, MA) with GoTaq Hot Start Polymerase (Promega, Fitchburg, WI). The PCR
amplicons for the wild-type (362 bp) and the deletion (284 bp) alleles were separated by

agarose gel electrophoresis.

Cell apoptosis assay

Cellular apoptosis induced by the drugs was determined through the use of a
FACSCalibur flow cytometer (BD Biosciences, San Diego, CA) with a PE Annexin V
Apoptosis Detection Kit I (BD Biosciences), which detects and quantifies apoptotic cells
with phycoerythrin (PE) Annexin V and 7-amino-actinomycin (7-AAD) staining.

Western blotting

The proteins harvested were separated via sodium dodecyl sulfate polyacrylamide gel
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electrophoresis (SDS-PAGE). The proteins were transferred onto polyvinylidene
fluoride membranes (Bio-Rad, Hercules, CA), which were immersed in StartingBlock
T20 (TBS) Blocking Buffer (Thermo Fisher Scientific, Waltham, MA) for 1 hour at about
20 °C, followed by incubation above 8 hours at 4 °C with antibodies against
phospho-EGFR (Tyr1068), Akt, phospho-Akt (Ser473), cleaved PARP, cleaved caspase-3,
histone H3, acetylated histone H3 (Lys27), BIM, and B -actin (Cell Signaling
Technology, MA); and against phospho-Erk1/2 (Thr202/Tyr204), Erk1/2, and EGFR
(R&D Systems, Minneapolis, MN). After washing three times in the tris buffered saline
with the polyoxyethylene sorbitan monolaurate (TBST), the membranes were incubated
for 1 hour at room temperature with horseradish peroxidase-conjugated secondary
antibodies. The proteins labeled with secondary antibodies were visualized using
SuperSignal West Dura Extended Duration Substrate Enhanced Chemiluminescent
Substrate (Thermo Fisher Scientific). Each experiment was independently carried out

at least three times.

RNA interference

The cells (1x105) cultured in medium containing 10% FBS (antibiotic free) for 24 hours
were treated with Stealth RNAi siRNA against BIM and HDAC'1, 2, 3, 6, and Stealth
RNAIi siRNA Negative Control Lo GC (Invitrogen, Carlsbad, CA) using Lipofectamine
RNAIMAX (Invitrogen) for 48 hours.

Real-time quantitative reverse transcription PCR

Total cellular RNAs were extracted from the cells using RNeasy PLUS Mini kit
(Qiagen). Reverse transcription of the collected RNAs was performed using SuperScript
VILO c¢DNA synthesis Kit and Master Mix (Invitrogen). Expression of BIM mRNA was
quantitatively measured by ViiA 7 Real-Time PCR System (Applied Biosystems,
Framingham, MA) using the following primers: BIM exon 2A (forward: 5’

-ATGGCAAAGCAACCTTCTGATG-3 ! ; reverse: 5 !
-GGCTCTGTCTGTAGGGAGGT-3 ’ ), BIM  exon 3 (forward: 5 7
-CAATGGTAGTCATCCTAGAGG-3 ! ; reverse: 5 !

-GACAAAATGCTCAAGGAAGAGG-3 * ), BIM exon 4 (forward: 5 '
“TTCCATGAGGCAGGCTGAAC-3’ ; reverse: 5° -CCTCCTTGCATAGTAAGCGTT-3" )
and B -actin (forward: 5’ -GGACTTCGAGCAAGAGATGG-3 " ; reverse: 5 '
-AGCACTGTGTTGGCGTACAG-3" ).

Xenograft studies
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Male 5- to 6-week-old BALB/c-nu/nu mice were injected subcutaneously into both
flanks with cultured tumor cells (5 x 106 cells/0.1 mL/mouse). After tumor volumes
reached 80 to 100 mma3, the mice were randomized and treated once daily by oral gavage
with osimertinib and/or vorinostat. Each tumor was monitored using an electronic
caliper. Tumor volume was measured in two dimensions, and calculated using the
following formula: tumor volume (mms3) = 1/2 x length (mm) x width (mm)2. After mice
were treated for 4 days, 2 tumors in each control and treatment group were excised,
lysed, and subjected to western blot analysis. All animal experiments were complied
with the Guidelines for the Institute for Experimental Animals, Kanazawa University

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

Statistical analysis

Differences between groups were analyzed by one-way ANOVA. All statistical analyses
were conducted using Graph-Pad Prism Ver. 6.05 (GraphPad Software Inc, San Diego,
CA). The threshold for significance was P < 0.05.
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Results

BIM deletion polymorphism-positive NSCLC cells with £GFR mutations are resistant
to third-generation EGFR-TKIs

We first carried out PCR to confirm the presence of the BIM deletion polymorphism in
EGFR-mutated NSCLC cell lines. PC-9 cells did not harbor the BIM deletion, but as
expected, PC-3 and PC-9BIM?2/" cells were heterozygous and homozygous for the
deletion, respectively (Fig. 1A) (10, 14). Next, we assessed the degree of apoptosis
induction by second- and third-generation EGFR-TKIs in these cell lines. Using a
FACS-based assay, we found that both afatinib and osimertinib induced significant
apoptosis in PC-9 cells, but not in PC-3 or PC-9BIM?2" cells (Fig. 1B). Western blot
analyses for cleaved PARP and caspase-3 confirmed low apoptosis induction in PC-3
and PC-9BIM?"' cells, in contrast to PC-9 cells, when treated with gefitinib, afatinib,
and osimertinib. All three EGFR-TKIs inhibited EGFR phosphorylation, as well as its
downstream kinases AKT and ERK, in PC-9, PC-3, and PC-9BIM:2/ cells. While the
EGFR-TKIs induced active BIM (BIMEgL) protein in PC-9 cells, the level of BIMEL
protein in EGFR-TKI-treated PC-3 and PC-9BIM?2 " cells was much lower (Fig. 1C).
Moreover, knockdown of BIM protein by BIM-specific siRNA resulted in the abrogation
of apoptosis, as shown by the absence of cleaved PARP and cleaved caspase-3 in
EGFR-TKI-treated PC-9 cells (Fig. 1D). These results clearly indicate that the presence
of the BIM deletion polymorphism, in one or both alleles, is sufficient to mediate

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

Combined use of second- or third-generation EGFR-TKIs and an HDAC inhibitor
enhances BIM expression and induces apoptosis

We previously reported that the combined use of an HDAC inhibitor, vorinostat, with
gefitinib induces apoptosis in FGFE-mutated NSCLC cells harboring a single allele of
the BIM deletion polymorphism. We therefore investigated the effect of vorinostat
combined with second- or third-generation EGFR-TKIs on apoptosis induction in PC-3
and PC-9BIM?2I cells. Consistent with the results shown in Fig. 1C, afatinib or
osimertinib alone induced very low levels of BIMEgL, cleaved PARP, and cleaved
caspase-3 in PC-3 and PC-9BIM2/ cells, while at the same time, completely inhibited
EGFR phosphorylation and its downstream targets, AKT and ERK (Fig. 2A).
Meanwhile, combined use of vorinostat with either afatinib or osimertinib markedly
up-regulated BIMEL expression, and thus induced cleaved PARP and cleaved caspase-3
(Fig. 2A). Moreover, knockdown of the BIM protein by BIM-specific siRNA resulted in

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

10
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in PC-9BIM?2" cells (Fig. 2B). These results indicate that vorinostat overcame apoptosis
resistance to second- and third-generation EGFR-TKIs by inducing active BIM protein
(BIMEgL) expression in FGFR-mutated NSCLC cells with are either heterozygous or
homozygous for the BIM deletion polymorphism.

HDACS3 inhibition leads to the upregulation of active BIM protein

Vorinostat is a non-specific HDAC inhibitor, and targets both class I HDACs (HDAC 1,
2, 3, and 8) and class II HDACs (HDAC 6 and 10) (15). Considering the various side
effects of vorinostat (16), a selective HDAC inhibitor may bring about less toxicity in
combination with osimertinib. To elucidate which HDAC plays a role in the induction of
active BIM protein expression and cell death, we treated PC-9 BIM2 /- cells with specific
siRNA for HDAC 1, 2, 3, or 6. Interestingly, HDAC3 knockdown induced up-regulation
of BIM exon 4-containing transcripts that encode pro-apoptotic BH3-containing (active)
BIM isoforms (Fig. 3A, 3B and Supplementary Fig. S1). Moreover, knockdown of
HDACS3 restored active BIM protein expression and induced apoptosis by osimertinib in
PC-3 and PC-9BIM?2/’ cells (Fig. 3C). These results strongly suggest that HDAC3
inhibition is important for the transcription of BIM exon 4-containing isoforms, and is
sufficient for the induction of active BIM protein isoforms, including BIMgL. This was
further supported by the results of other HDAC inhibitors with different HDAC
inhibitory profiles. Droxinostat, an HDAC inhibitor under development, has much
weaker inhibitory activity against HDAC3 compared to vorinostat (ICso values of
HDAC3 inhibition by droxinostat and vorinostat are 16.9 + 5.0 pM and 20 nM,
respectively) (17, 18). At equivalent concentrations, droxinostat, in contrast to
vorinostat, failed to significantly upregulate active BIM protein, and was unable to
induce apoptosis in PC-9BIM?2" cells even in combination with osimertinib (Fig. 3D).
We also tested belinostat, a pan-HDAC inhibitor (ICso value of HDAC3 inhibition is 27
nM) whose inhibitory profile is similar to that of vorinostat (19), and which is approved
for the treatment of relapsed or refractory peripheral T-cell lymphoma (PTCL) by the
Food and Drug Administration (FDA). As is the case with vorinostat, combined use of
belinostat and EGFR-TKIs (gefitinib, afatinib, and osimertinib) enhanced the
expression of active BIM, and induced apoptosis in PC-3 and PC-9BIMZ2/ cells
(Supplementary Fig. S2A). Furthermore, a selective HDAC3 inhibitor, RGFP966 (ICso
value of HDAC3 inhibition is 80nM) (20), clearly induced apoptosis in combination with
osimertinib together with up-regulating active BIM in PC-9BIMZ2/ cells
(Supplementary Fig. S2B). These findings implicate HDAC3 inhibition as an important
target in the ability of vorinostat to induce apopotosis in FGFR-mutated NSCLC cells

11
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with the BIM deletion polymorphism.

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

In our previous study which employed heterozygous BIM deletion-positive NSCLC
(PC-3) cells with EGFR mutations, vorinostat preferentially induced the expression of
the exon 4-containing isoform (encoding BH3-domain containing BIM), although its
exact mechanisms of action remain unclear. There are two possibilities to explain this
observation: 1) vorinostat up-regulated the transcription of the exon 4-containing
isoform from either or both BIM alleles, or 2) vorinostat affected BIM splicing, resulting
in the production of exon 4 rather than exon 3-containing transcripts from the deletion
polymorphism allele. To elucidate the mechanism, we evaluated the ratio of exon 3 to
exon 4 transcripts in PC-9 BIM?2' cells (homozygous BIM deletion), compared to those in
PC-3 (heterozygous BIM deletion) and PC-9 (with only full-length BIM alleles) cells. As
reported previously, the ratio of exon 3 to exon 4 transcripts in PC-3 cells was higher
than that in PC-9 cells. As expected, the ratio of exon 3 to exon 4 transcripts in
PC-9BIM2" cells was also higher than in PC-3 cells (Supplementary Fig. S3A). In
PC-9BIM?"'cells, vorinostat up-regulated the transcription of the exon 4-containing
isoform (Fig. 4A), which was further enhanced in combination with the EGFR-TKI
gefitinib or osimertinib (Fig. 4A and Supplementary Fig. S3B). Vorinostat markedly
decreased the ratio of exon 3 to exon 4 transcripts compared to the control (Fig. 4B).
These results indicate that vorinostat affected the splicing process in the BIM deletion
allele, rather than the full-length allele.

We next sought to elucidate whether HDACS3 inhibition prominently affects the
alternative splicing of BIM pre-mRNA. Knockdown of HDAC3 elevated the mRNA
expression of exon 2A and exon 4, and thus strongly decreased the ratio of exon 3 to
exon 4 transcripts (Fig. 4C). While droxinostat (which weakly inhibits HDAC3) did not
significantly decrease the ratio of exon 3 to exon 4 transcripts, RGFP966 with selective
inhibitory activity to HDAC3 did decrease it (Supplementary Fig. S4A and S4B). These
findings suggest that HDAC3 inhibition contributes to the alternative splicing of BIM

by promoting exon 4 inclusion.

Vorinostat combined with osimertinib regresses tumors with homozygous BIM deletion
polymorphism in EGFR-mutated NSCLC cells in vivo

We next examined the effect of combination therapy with osimertinib and vorinostat on
EGFR-mutated NSCLC cells homozygous for the BIM deletion polymorphism in vivo.

PC-9BIM:2tumor-bearing mice were treated with osimertinib, vorinostat, or a

12
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combination of both. In contrast to PC-9 xenograft tumors which decreased in volume
following osimertinib treatment, PC-9BIM:27 xenograft tumors continued to grow,
albeit more slowly (Fig. 5A and Supplementary Fig. S5). However, the combination of
osimertinib with vorinostat led to a significant reduction in the size of PC-9BIM2/"
xenograft tumors, without causing weight loss in treated mice (data not shown). In
PC-9BIM?27" tumors, western blot analysis revealed that combined treatment with
osimertinib and vorinostat markedly induced active BIM protein expression, and

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

Combined use of osimertinib and vorinostat induces apoptosis in EFGFR-T790M
mutation-positive NSCLC cells with the BIM deletion polymorphism

Studies have demonstrated that most patients with EFGFR-mutated NSCLC and the
BIM deletion polymorphism showed shorter PFS compared with those without the BIM
deletion polymorphism (13). Since the BIM deletion polymorphism induces apoptosis
resistance, but not growth impairment, to EGFR-TKI exposure, tumors with the BIM
deletion polymorphism may be permissive for the acquisition of additional resistance
mechanisms, as recently demonstrated in chronic myeloid leukemia (CML) (21). To
assess this question, we established gefitinib-resistant cells from PC-9BIM=Z7 cells by
continuous exposure to increasing concentrations of gefitinib and cloning by limiting
dilution in vwvitro, which was designated as PC-9BIM27GR. Interestingly,
PC-9BIM2"GR cells acquired the FEGFR-T790M mutation over time. While
PC-9BIM2"GR cells were highly resistant to gefitinib in terms of cell viability, they had
the same sensitivity to osimertinib compared with PC-9BIM:2' cells (Fig. 6A). Notably,
while neither gefitinib, osimertinib nor vorinostat alone markedly induced apoptosis in
PC-9BIM:2" and PC-9BIM?2"-GR cells, combined use of osimertinib and vorinostat
markedly induced cell apoptosis in both PC-9 BIM2 /- and PC-9 BIM2/-GR cells (Fig. 6B).
Western blotting demonstrated that while gefitinib did not reduce the expression of
phosphorylated EGFR in PC-9BIM?2/GR cells, osimertinib suppressed the
phosphorylation of EGFR and its downstream kinases, AKT and ERK (Fig. 6C).
Moreover, the combination of osimertinib and vorinostat upregulated both PARP and
caspase-3 cleavage in PC-9BIM=2/GR cells, indicating that apoptosis was induced in

these tumor cells.

13
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Discussion

The BIM deletion polymorphism is found in a significant proportion (~20%) of normal
individuals of East Asian ethnicity (10), with the majority carrying one allele of the
deletion polymorphism and only a minority who are homozygous (~0.5%) (10).
Accordingly, native FGFR-mutated NSCLC cell lines that are homozygous for the BIM
deletion polymorphism have yet to be described. In this study, we utilized the
genetically-edited  PC-9BIMi2”- cells as a  homozygous BIM  deletion
polymorphism-positive FGFE-mutant NSCLC cell line with which to explore the
mechanism of HDAC activity (10). In PC-9BIMi2” cells, vorinostat decreased the ratio of
exon 3 to exon 4 transcripts, increased active BIM protein expression, and resensitized
cells to EGFR-TKI-induced apoptosis. These findings clearly indicate that vorinostat
predominantly affects the deletion allele of BIM to overcome EGFR-TKI resistance, and
also provides a rationale of combined treatment with vorinostat and EGFR-TKIs for
patients with EGFR-mutated NSCLC who are homozygous for the BIM deletion
polymorphism. In addition to the BIM deletion polymorphism in intron 2, several single
nucleotide polymorphisms (SNPs) within the BIM locus were recently discovered (22,
23). A silent SNP (the T allele in the c465C>T) in exon 4 of BIM is reported to exist in
~30% of French individuals, and is associated with a delay in major molecular responses
to imatinib in CML (22). Moreover, the BIM C29201T variant, located within the
BH3-domain coding region, is reported to be associated with lower overall survival in
children with acute lymphoblastic leukemia (23). Thus, further investigations are
warranted to examine the effect of HDAC inhibitors on the target drug sensitivity of
tumors with BIM SNPs.

HDAC S can affect alternative mRNA splicing (24-26). For instance, the Hu proteins
are thought to regulate pre-mRNA splicing through HDAC2 inhibition, which in turn
modulates chromatin structures to alter splicing of NF1 in HeLa cells (27). The
inhibition of HDAC1 but not HDAC2 is also important for the alternative splicing of
fibronectin in HeLa cells (28). A recent study revealed that HDAC1 and HDAC2
co-purified with the U2 small nuclear ribonucleoprotein splicing factor, and that
knockdown of these two deacetylases but not that of HDAC3 modified the splicing
patterns of CD44 (29). These reports suggest that the different HDACs differentially
regulate alternative splicing of specific pre-mRNAs. We here report that HDAC3
inhibition plays pivotal role on the alternative splicing of BIM caused by vorinostat.
This is consistent with the results of Hnilicova et al. (28), who showed that HDAC
inhibition by NaB did not change the splicing pattern in BIM, and which we reason is
because NaB has much weaker HDAC3 inhibitory activity than vorinostat (30). While
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HDACS3 is reported to have multiple functions in stem cell differentiation, embryonic
cardiovascular development, and endothelial cell differentiation and integrity
maintenance (31), the role of HDAC3 in alternative splicing is virtually unknown, as
opposed to HDAC1 or HDACZ2. Previous reports have documented that HDACs play a
role in the expression of micro RNAs (miR) (32-34), and that micro RNAs regulate
alternative splicing (35-37), suggesting that the influence of HDAC3 in splicing might
be indirect. Specifically, Chen et al. reported that knockdown of HDAC3 up-regulated
the expression of miR-15a and miR-16-1, which are important suppressors that
modulate BCL-2 and other molecules (38). While we have established HDAC3 inhibition
as important in the alternative splicing of BIM in deletion-positive EFGFR-mutated
NSCLC, the precise mechanism by which it does so needs to be further elucidated.

We observed that tumors of BIM deletion polymorphism-positive EGFR-mutated
NSCLC cells were stable in size during EGFR-TKI treatment, indicating that the
acquisition of additional resistance mechanisms is necessary for tumor enlargement
during EGFR-TKI treatment. EGFR-T790M is the most frequent resistance mechanism
detected in patients with EGFR-mutated NSCLC who are refractory to reversible
EGFR-TKI treatment (4). In PC-9BIM2/GR cells, we detected the EGFR-T790M
mutation which allows tumor cell growth even in the presence of gefitinib in vitro.
Therefore, we speculate that T790M may be detected in a certain population of patients
with BIM deletion-positive NSCLC harboring EGFE mutations who fail to respond to
reversible EGFR-TKI therapy. EGFR-T790M-positive resistant tumors can occur either
by selection of pre-existing EGFR-T790M-positive clones or via genetic evolution of
initially EGFR-T790M-negative drug-tolerant cells (39, 40). In the latter case,
drug-tolerant cells become a base for de novo evolution of the FGFR-T790M mutation
(40). Since the cells with BIM deletion polymorphism are resistant to
EGFR-TKI-induced apoptosis, these cells may become a base for de novo evolution of
the EGFR-T790M mutation. Therefore, therapeutic strategies with vorinostat and
EGFR-TKI to eradicate BIM deletion polymorphism-positive apoptosis-resistant cells
may be useful for preventing the acquisition of the FGFR-T790M mutation in NSCLC.
We are now conducting a phase I trial (NCT02296125) to assess the feasibility of
combined treatment with vorinostat and gefitinib in BIM  deletion
polymorphism-positive FGFR-mutated NSCLC.

Third-generation EGFR-TKIs, including osimertinib, show high activity against
T790M-positive EGFR-mutated NSCLC, but most patients subsequently develop
resistance to this class of inhibitors (7, 41). Recent studies demonstrated that the C797S

mutation in £GFR exon 20 is acquired in ~20% of osimertinib resistant cases (42). In
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nearly half of cases who acquired resistance to third-generation EGFR-TKIs, tumors
lose the T790M mutation and acquired other resistance mechanisms (42), including
bypass track activation by MET amplification (43, 44) or HER2 amplification (43), and
small cell transformation (45). We here report that BIM deletion polymorphism is one of
the mechanisms that cause apoptosis resistance to osimertinib in FGFR-mutated
NSCLC cells with or without T790M. Since the BIM deletion polymorphism is
associated with shorter PFS in patients with FGFR-mutated NSCLC who were treated
with first-generation EGFR-TKIs, it may also be associated with worse outcomes for
osimertinib-treated EGFR-T790M-positive patients. On the other hand, Lee et al.
reported that the BIM polymorphism was not a predictive biomarker of EGFR-TKI
resistance (46). Prospective studies with a larger number of cases will be necessary in
the future. An ongoing phase III trial is currently comparing osimertinib and gefitinib
as the first line treatment for FGFR-mutated NSCLC (NCT02296125). The results of
this trial may indicate that osimertinib might be used as a first-line treatment for
EGFR-mutated NSCLC in the future. If it is the case, elucidation of the resistance
mechanisms to first-line osimertinib treatment in T790M-negative FGFR-mutated
NSCLC would become more clinically important.

In summary, the present study demonstrated that the combination of vorinostat and
osimertinib can be used to overcome osimertinib-resistance in FGFR-mutated NSCLC,
which are either heterozygous or homozygous for the BIM deletion polymorphism, both
in vitro and in vivo. Notably, HDAC3 inhibition by vorinostat plays a crucial role in
apoptosis induction via promoting transcription and modulating alternative splicing to
up-regulate active BIM protein in BIM deletion polymorphism-positive EGFE-mutated
NSCLC cells. Furthermore, acquisition of the EGFR-T790M mutation allows BIM
deletion polymorphism-positive FGFR-mutated NSCLC cells to grow in the presence of
gefitinib, and combined use of vorinostat with osimertinib could induce apoptosis even
when BIM deletion polymorphism-positive EGFR-mutated NSCLC cells acquire the
T790M mutation. These findings illustrate the importance of developing
HDAC3-selective inhibitors, and provide a rationale for their combined use with
osimertinib to treat lung cancer with FGFE mutations and the BIM deletion

polymorphism.

Legends for figures
Figure 1. NSCLC cell lines with ZGFR mutations and BIM deletion polymorphism show
apoptosis resistance to the second- and third-generation EGFR-TKIs. A, Gel
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electrophoresis of PCR products from the three ZGFR-mutated NSCLC cell lines. PCR
product sizes for wild type (w) and deletion (d) alleles are 362 bp and 284 bp,
respectively. B, Apoptosis determined by flow cytometry with PE Annexin V staining in
PC-9 cells, PC-3 cells, and PC-9 BIM:2" cells treated with gefitinib (1 pmol/L), afatinib (1
pumol/L), and osimertinib (1 pmol/L) for 24 hours. *, P< 0.05 PC-3 or PC-9 BIM2/ versus
PC-9 cells. All graph bars show mean values + SD. C, Protein expression detected by
western blotting in PC-9 cells (eft), PC-3 cells (middle), and PC-9BIM?2/ cells (right),
incubated with gefitinib (1 pmol/L), afatinib (1 umol/L), or osimertinib (1 pmol/L), for 24
hours. D, Protein expression in PC-9 cells transfected by siRNA control (scramble) or
BIM siRNA (siBIM) which were treated with each compound (1 pmol/L) for 24 hours.

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

Figure 2. Vorinostat overcomes apoptosis resistance to second- and third-generation
EGFR-TKIs via active BIM protein expression. A, Protein expression by western
blotting in PC-3 cells and PC-9BIM2' cells treated with gefitinib (1 pmol/L), afatinib (1
pmol/L), and osimertinib (1 umol/L) and/or vorinostat (3 pmol/L) for 24 hours. B,
Apoptosis determined by flow cytometry with PE Annexin V staining in PC-9BIM2 /)
cells transfected with control (scramble) or BIM specific siRNA (siBIM) and then
treated for 12 hours with EGFR-TKIs (1 umol/L) and vorinostat (3 umol/L).

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

Figure 3. HDAC3 plays a crucial role in the promotion of active BIM transcription. A,
Western blotting of PC-9BINM2/ cells treated with siRNA targeting HDAC1, 2, 3, and 6
for 48 hours. B, Amounts of transcripts containing BIM exon 4 after each HDACs siRNA
transfection determined by RT-PCR. *, P < 0.05 siRNA control (scramble) or HDAC2
siRNA (siHDAC?2) versus HDAC3 siRNA (siHDAC3). C, Western blotting of
PC-9BIM='cells and PC-3 cells with/without HDAC3 knockdown were treated with
osimertinib (1 pmol/L) for 24 hours. D, Expression of BIM and apoptosis-related
proteins in PC-9BIM:2" cells treated by osimertinib (1 pmol/L) with/without vorinostat
(3 umol/L) or droxinostat (3 pmol/L).

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

Figure 4. HDAC3 inhibition modulates alternative splicing of BIM in EGFR-mutated
NSCLC cells which are homozygous for the BIM deletion polymorphism. A, Expression
of BIM mRNA variants containing exon 2A, 3, or 4 in PC-9BIM?2 /- cells treated by

vorinostat (3 pmol/L) for 12 hours. B, Ratio of exon 3-containing transcripts to exon
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4-containing transcripts in PC-9 BIMiz/ cells. The mRNA expression were measured by
RT-PCR and normalized to actin. *, < 0.05 versus control. C, Ratio of exon 3 to exon 4
transcripts in PC-9BIM:2 ' cells transfected with siRNA for each HDAC. *, P < 0.05
siRNA control (scramble) or HDAC1 siRNA (siHDAC1) versus HDAC3 siRNA
(siHDACY).

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

Figure 5. Combined treatment with osimertinib and vorinostat regresses tumors which
are homozygous for the BIM deletion polymorphism. A, Percentage change in tumor
volume after 14 days of treatment in PC-9 (red and blue bar) and PC-9BIM2" (red,
green, blue and yellow bar) xenografts. Nude mice bearing the xenografts were treated
with 5 mg/kg of osimertinib and/or 40 mg/kg of vorinostat once daily. B, Protein
expression of PC-9BIM2/" tumor xenografts determined by western blotting. The

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

Figure 6. Combined use of osimertinib and vorinostat induces apoptosis in
EGFR-T790M mutation-positive NSCLC cells with BIM deletion polymorphism. A,
PC-9BIM?2 " or PC-9BIM2" GR cells were treated with gefitinib or osimertinib, and cell
viability was determined after 72 hours by MTT assay. Data shown are representative
of at least three independent experiments. The data shown are the mean + SD of
triplicate cultures. B, PC-9 cells, PC-9BIM?"/ cells, and PC-9BIM?2" GR cells were
treated with gefitinib (1 pmol/L), osimertinib (1 pmol/L), vorinostat (3 umol/L), or a
combination of osimertinib and vorinostat for 24 hours. Cell apoptosis was detected by
Annexin V and 7-AAD staining. *, P < 0.05 for osimertinib versus
osimertinib+vorinostat in PC-9BIMz2/ cells or PC-9BIM2" GR cells. All graph bars
show mean values + SD. C, Western blotting of PC-9BIM?2/ GR cells treated with
gefitinib (1 pmol/L), osimertinib (1 pmol/L), and/or vorinostat (3 pmol/L) for 24 hours.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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