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ARTICLE INFO ABSTRACT
Keywords: Patient mortality rates have remained stubbornly high for the past decades in small cell lung cancer (SCLC) because of
Small cell lung cancer having no standard targeted therapies with confirmed advantages at present. Poly [ADP-ribose] polymerase (PARP)
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inhibitors have shown promise in preclinical models but have had unsatisfactory clinical results in SCLC. By RNA-seq
and isobaric tags for relative and absolute quantification (ITRAQ), we revealed that PARP1 inhibition led to the
relocalization of forkhead box-O3a (FOXO3a) from nuclear to cytoplasm. By performing co-Immunoprecipitation (co-
IP) and CRISPR-Cas9-mediated knockout plasmid we showed that FOXO3a was subject to exportin 1 (XPO1)-
dependent nuclear export. We demonstrated the effects of the PARP inhibitor BMIN673 on apoptosis and DNA damage
were markedly enhanced by simultaneous inhibition of XPO1 in vitro. The combination of BMN673 and the XPO1
inhibitor selinexor inhibited primary SCLC cell proliferation in mini-patient-derived xenotransplants (miniPDXs) and
markedly inhibited tumor growth without significant toxicity in xenograft models. The efficacy was enhanced for more
than 2.5 times, compared to the single agent. Based on these findings, we further designed a novel dual PARP-XPO1
inhibitor and showed its effectiveness in SCLC. In this work, we illustrated that combining a PARP inhibitor with an
XPO1 inhibitor is associated with significantly improved efficacy and tolerability. Dual PARP-XPO1 inhibition restored
the FOX03a balance and activity in SCLC. Collectively, targeting PARP1 and XPO1 opens new avenues for therapeutic
intervention against SCLC, warranting further investigation in potential clinical trials.

Abbreviations: Akt, Protein kinase B; CCLE, Cancer Cell Line Encyclopedia; ChIP, Chromatin immunoprecipitation; CI, combination index; Co-IP, co- Immuno-
precipitation; DDR, DNA damage repair; FOXO3a, forkhead box-O3a; GO, Gene Ontology; HE, Hematoxylin-eosin; HR, hazard rate; HR, homologous recombination;
IHC, Immunohistochemistry; IKKs, IkB kinases; ITRAQ, isobaric tags for relative and absolute quantification; KOG, eukaryotic orthologous groups; mini-PDX, mini
patient-derived xenotransplant; MMR, mismatch repair; OS, overall survival; PARP, poly [ADP-ribose] polymerase; PFS, progress free survival; qPCR, Quantitative
real-time PCR; SCLC, small cell lung cancer; SSB, single-strand break; XPO1, exportin 1.
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1. Introduction

Small cell lung cancer (SCLC) is an extremely aggressive form of lung
cancer, with key features including strongest proliferative capacity and
the worst prognosis among lung cancers. Currently, platinum-based
combination chemotherapy has remained the standard of care for the
first-line treatment of SCLC, with the option of concomitant radiation
therapy. However, the standard treatment can only achieves a poor 5-
year survival rate of 6% [1]. Different from non-small cell lung can-
cers (NSCLC), SCLC has no standard targeted therapies with confirmed
advantages at present. Therefore, the development of more precise and
effective solution in the direction of targeted therapy for SCLC repre-
sents an urgent need.

While targetable genomic aberrations are very rare in SCLC, this
tumor almost universally harbors inactivation of TP53 and Rb1 genes
[2]. The defects of TP53 and RB1, as well as the abnormal activation of
the oncogene MYC [3] and deletion of tumor suppressor gene MAX [4],
make SCLC proliferate rapidly and therefore cause replication pressure.
In this context, the survival of SCLC cells depends on the complete DNA
damage repair (DDR) pathway [5]. Poly [ADP-ribose] polymerases
(PARPs) are a family of nuclear protein enzymes involved in DDR.
Targeting PARP activity can supplement the molecular defects of DDR
and potentially target the most critical genetic characteristic, especially
in SCLC [6-10]. Present early stage clinical trials have tried to combine
PARP inhibitors with chemotherapies in SCLC [11-14]. But none of
these regimens obtained positive results in the medium overall survival
(0S). An important consequence of this is the generation of DNA
double-strand breaks (DSB) that would normally be repaired by the
homologous recombination repair (HRR) pathway. Although de-
ficiencies in BRCA1 and BRCA2 are the most investigated examples that
lead to increased PARP inhibitor activity, mutations of BRCA only occurs
in 3% of SCLC patients [2]. Therefore, identifying resistance mecha-
nisms and reasonable solutions to improve efficacy is critical.

It has been reported that PARP inhibition leads to multiple kinases
activation [15-19], including PI3K/Akt, mTOR, ERK and AXL. The
forkhead box-O3a (FOXO3a) is phosphorylated by activation of Akt,
ERK [20] or IkB kinases (IKKs) [21], resulting in tumor progression [22].
It has been reported that the dual PARP and PI3K inhibition is accom-
panied by ERK activation [23], resulting in phosphorylation of tran-
scription factors in the nucleus. Therefore, inhibition of one pathway
does not prevent phosphorylation of FOXO3a by other pathways
[24-26]. Phosphorylation of FOXO3a leading to relocalization to cyto-
plasm and loss of regulation in apoptosis and DNA repair as a tran-
scription factor. This suggests that PARP inhibitors combined with
FOXO3a upstream pathway inhibitors may not be a good strategy.

In this study, we revealed by isobaric tags for relative and absolute
quantification (ITRAQ) that under PARP inhibitor treatment in SCLC,
there was a selective relocalization of FOXO3a from the nucleus to the
cytoplasm. We showed that this relocalization depends on exportin 1
(XPO1), which was a dependent vehicle of FOXO3a. When shuttling
from the nucleus to the cytoplasm, the transcription factor FOXO3a lost
its function in the regulation of apoptosis, DNA damage and autophagy.
Finally, we showed that pharmacological inhibition of XPO1 (selinexor,
approved by the FDA) enhances PARP inhibition in cell lines and patient
xenotransplant models of SCLC. We further designed a novel compound
with dual inhibition activities targeting both PARP and XPO1 and pre-
sented result of its efficacy. The results provide a strong rationale for the
clinical investigation of this dual target inhibition treatment in SCLC
patients.

2. Materials and methods
2.1. Cell lines, drug and antibodies

Human SCLC cell lines H69 were purchased from Cell Resource
Center, Institute of Basic Medical Science CAMS/PUMC. Cell lines H69,
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H82, DMS114, SW1271, SHP-77, H196, H1688 were provided by
American Type Culture Collection (ATCC). All cells were grown in
suggested medium supplemented with fetal bovine serum and peni-
cillin/streptomycin. All cell lines were authenticated by STR profiling.

For FOXO3a-related cell lines, SCLC cell lines were transfected with
pcDNA3.1 HA-FOX03a (TM/WT) plasmid which was carried out using
Lipofectamine 3000 (Invitrogen). TM wa a triple mutant form of
FOXO3a in which all three Akt phosphorylation sites were mutated to
alanine (FOX03a-TM, T32A/S253A/S315A). After 48 h, positive cells
were selected with ampicillin and collected for use in experiments
afterwards.

Talazoparib (BMN673) was obtained from MCE company (HY-
16106), and selinexor was purchased from Selleck (S7252). Anti-PARP1
and XPO1 antibodies were purchased from Santa Cruz Biotechnology
(sc-74470, sc-74454) for the Western blotting and from Sigma-Aldrich
(HPA045168, HPA042933) for immunohistochemistry. Antibodies for
p53 (sc-126) and Rad51(sc-53428) were purchased from Santa Cruz
Biotechnology. All other antibodies were purchased from Cell Signaling
Technology and abcam: FOXO3a (#12829), FOXO1 (#2880), Akt
(#4691), phospho-FOXO01 (Thr24)/FOX03a (Thr32) (#9464), phospho-
Akt(#4060), (histone H3 (#4499), phosphor-histone H2A.X (#9718),
HA-tag (#3724), Ki-67 (#9449), cleaved-caspase-3 (#9661), MLH1
(ab92312), MSH2(ab227941), MSH6(ab92471), PMS2(ab110638).

2.2. Immunohistochemistry

In total, 98 SCLC patients seen between 2008 and 2017 were
included in the study, and all these patients received surgery as a first-
line treatment. The study was approved by the Tianjin Medical Uni-
versity Cancer Hospital and Institution Ethical Committee. Briefly,
paraffin sections were first deparaffinized with 100% xylene, and
rehydrated with concentration gradient ethanol. To inactivate endoge-
nous peroxidase, sliders were incubated with 3% hydrogen peroxide
(H205) in the dark for 20 min. Antigen retrieval was performed by
decloaking chamber heating in corresponding antigen repair buffer,
followed by overnight incubation with primary antibodies. Slides were
washed and treated with antibody signal enhancer and secondary anti-
body for 30 min and then conjugated with HRP and Cardassian DAB
Chromogen. Two independent observers determined the percentage of
cells being stained and interpreted the results in a blinded fashion.
Analysis of IHC results was determined by 2 independent observers in a
blinded fashion.

2.3. Western blotting analysis and subcellular fractionation

Proteins were prepared using Cell Lysis Reagent (Sigma, C2978) with
protease and phosphatase inhibitors cocktail (Sigma, P8340). The nu-
clear and cytoplasmic fractions were extracted by the NE-PER Nuclear
and Cytoplasmic Extraction Reagents (#78833, Thermo Scientific) ac-
cording to manufacturer’s protocol. The protein concentration was
quantified using BCA assay (Solarbio, PC0020). Equal amounts of pro-
teins were subjected to 10%-15% gels and transferred onto PVDF
membranes. Membranes were blocked with blocking buffer [5% poly-
vinyl pyrrolidone PVP and 5% calf serum] for over 2 h, followed with
primary antibody in 4 °C overnight. After washing, the membrane was
treated with the secondary antibody for 1 h at room temperature. The
proteins were detected by chemiluminescence using the Immobilon
Western HRP Kit (Millipore, WBKLS0500).

2.4. ITRAQ

After extracted from nucleus and cytoplasm, the samples were then
reduced, alkylated, trypsin-digested, and labeled following the manu-
facturer’s instructions for the iTRAQ Reagents 8-plex kit. After the 8
labeled samples were combined, the iTRAQ-labeled peptides were
fractionated by Thermo Gemini C18 columns and Thermo UltiMate
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3000 UHPLC. The samples were separated on a Thermo Scientific™
EASY-Spray™ PepMap™ C18 column with a Thermo Scientific™ EASY-
nLC™ 1000 HPLC system (San Jose, CA) and analyzed using a high-
resolution Orbitrap Fusion mass spectrometer (Thermo Fisher Scienti-
fic, Waltham, MA).

Mass spectrometry data in RAW format were acquired by mass
spectrometer. The RAW file was converted into mascot generic format
(MGF) file. The MGF file and protein retrieval library were inputted into
the Mascot for protein retrieval. Quality control analysis is carried to
judge whether the data is qualified. Then iTRAQ quantitative analysis
was carried out to screen out the significant difference proteins. The
mass spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE [27] partner repository with the
dataset identifier PXD019321.

2.5. Immunofluorescence

Approximately 3 x 10* adherent cells were plated onto coverslips in
12-well plate. Cells on the coverslips were fixed with 4% para-
formaldehyde for 15min, washed with PBS, and then permeabilized
using PBS containing 0.5% Triton X-100 (PBST) for 20 min. The cells
were blocked in 5% goat serum for 30 min, followed by primary anti-
body for 1 h at room temperature. After washed 3 times, the cells were
incubated with 1:100 of the secondary antibody for 1 h. The cells were
treated with 1:1000 1 mg/mL DAPI for 5 min and then mounted by
Antifading mounting medium.

2.6. CRISPR activation

Briefly, sgRNA sequences (see Supplementary Table 2) targeting
promoters of XPO1 were obtained from the sgRNA design tool (http
://sam.genome-engineering.org/database/, Cas9-Activators with SAM,
accessed 12/2015) and cloned into lentiCRISPRv2. Lentiviral particles.
Target cells were transfected with lentiviral particles followed by Pu-
romycin selection (1 pg/mL).

2.7. Apoptosis assay

Cells were treated with single or combined drugs for 36 h. Apoptotic
cells were staining with annexin V-FITC/PI (BD Pharmingen™ 556547)
and analyzed by flow cytometry. The results represented the mean + SD
of triplicates measurements.

2.8. Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was performed by
using the SimpleChIP Kit (CST) according to manufacturer’s protocol.
Briefly, approximately 5 x 10° SCLC cells, transfected with FOXO3a-HA-
WT plasmid for 48 h, were exposed to single or combined drugs for 24 h
in the plate and then fixed with formaldehyde. The cross-linked DNA
complexes were sheared to 200-1000 base pair fragments and immu-
noprecipitated with anti-HA, anti-histone H3 or IgG control antibody as
positive and negative control. The immunoprecipitated DNA was then
purified and amplified by qPCR using SYBR green. Primers sequences
are listed in Supplementary table 2.

2.9. RNA isolation qRT-PCR

Total RNA was isolated using the Trizol reagent according to the
manufacturer’s instructions. Quantitative real-time PCR (qPCR) was
performed using Real-Time PCR System (Bio-Rad CFX96) and the SYBR
Green PCR Mix (Takara RR820). Primers used to analyze mRNA levels
were listed in Supplementary Table 2. Data were normalized to GAPDH
levels and were presented as mean + SEM and significance was calcu-
lated by unpaired Student’s t tests.
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2.10. Immunoprecipitation

Proteins were extracted using Cell Lysis Reagent (Sigma, C2978)
with protease and phosphatase inhibitors cocktail (Sigma, P8340). The
cell lysates were collected by centrifugation at 13 000 g for 15 min at
4 °C. Then, the immunoprecipitation was performed according to the
protocol of the Dynabeads Protein A immunoprecipitation kit (Invi-
trogen, 10006D). Briefly, antibodies were added to the Dynabeads
Protein A, and allowed to bind to the magnetics beads via their Fc-region
during a short incubation. The tube was placed on a magnet, and the
beads adhered to the side of the tube facing the magnet, allowing easy
removal of the supernatant. The bead-bound Ab was then used for
immunoprecipitation of the target antigen (Ag). The samples containing
the antigen were added, and the sample was gently pipetted to resus-
pend the magnetic bead-Ab complex. After incubating and washing, the
bead-Ab-Ag complex was eluted with elution buffer. The precipitant
complexes were dissolved with 4 x SDS loading buffer and analyzed by
Western blotting assay.

2.11. Xenograft study

H196 SCLC cells (1 x 107/mouse in 0.1 mL with 25% Matrigel and
75% saline) were subcutaneously injected into the groins of 6-week-old
female BALB/c nude mice. Tumor volume was measured once every
other day: Volume = 1/2 (Length x Width?). Sample size was selected
according to previously observed statistical variance encountered. Mice
which bear tumor (average size>100 mm?®) were randomly separated
into four groups (7 mice/group) and treated with either vehicle control
or talazoparib alone (0.3 mg/kg, i.p., everyday), selinexor alone (15 mg/
kg, i.p., once a week, on days 15,22, 28), or their combination. After 21-
day treatment, tumor tissues and organs were harvested for further
analysis. The animal experiment was conducted under an approved from
the Animal Care and Use Committee of Tianjin Cancer Institute &
Hospital of Tianjin Medical University.

2.12. Generation of a mini-PDX animal model

Human SCLC tissue samples were collected from patients diagnosed
as SCLC pathologically. Patient biospecimens and information were
collected under the ethical approval made by Tianjin Medical University
Cancer Hospital and Institution Ethical Committee. Primary SCLC cells
were extracted from tumor tissues after morselized and digested. After
centrifuged and washed, cells were filled into OncoVee® capsules (LIDE
Biotech Inc.), which were implanted subcutaneously via a small skin
incision with 3 capsules per mouse (5-week-old BALB/c nude mouse)
[28,29]. The special capsule could let in the small molecular drugs and
cytokines from the microenvironment but could not let the tumor cells
out. Mice were treated with the indicated drugs or vehicle, respectively
for 7 days. Thereafter, the implanted capsules were removed, and tumor
cell proliferation was evaluated using ATP luminescent cell viability
(G7571, Promega, Madison, WI, US). Tumor cell growth inhibition
(TCGI) (%) was calculated using the formula:

TCGI(%) = 100%x
{1 — [(Treatment RLU day7 — day0)/(Vehicle RLU day7 — day0)] }

The animal experiment was conducted under an approved from the
Animal Care and Use Committee of Tianjin Cancer Institute & Hospital
of Tianjin Medical University.

2.13. Statistical analysis

Survival data were calculated by Kaplan-Meier and log-rank test
methods (SPSS and GraphPad Prism). The statistical significance was
analyzed using the Student’s t tests. In all instances, P < 0.05 was
considered significant. All in vitro experiments were run in biological
triplicates, except where specified otherwise.
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3. Results

3.1. PARP expression and PARP inhibition promote the PI3K/Akt
pathway in SCLC

To determine the relevance of PARP1 inhibition in SCLCs, we
examined PARP mRNA and protein expression in SCLC. Above all, we
estimated mRNA expression levels among over 1000 cancer cell lines
from the Cancer Cell Line Encyclopedia (CCLE) [30], and found that
SCLC cell lines had the highest PARP expression among all solid tumor
types (Fig. 1A). In addition, we assessed PARP1 protein expression by
IHC in 98 SCLC tissue samples (Fig. 1B). All of the patients have not
received any treatment before surgery. Analysis of PARP1 staining
included both the percentage of positive cells and intensity of the
staining. We stratified samples according to the score as follows: 1 to 6 as
PARP1-low; 7 to 12 as PARP1-high. Based on this cutoff, we found the
majority of the SCLC samples expressed high level of PARP1(over 80%)
(Table 1). Although there was no significant association between higher
PARP1 and poorer overall survival (OS) or progress free survival (PFS)
(Fig. 1C), hazard rate (HR) were both greater than 1. It suggested that
high PARP1 expression was not a prognosis indicator but a risk factor in
SCLC.

To figure out compensatory pathways induced by PARP inhibition,
we performed RNA sequencing which measured changes in pathways
including PI3K/Akt, Wnt, Hippo signaling pathways in 2 varied types of
SCLC cell lines, H69 and H82, treated with either vehicle or the most
effective PARP inhibitor BMN673 for 24 h. Analysis of RNA expression
showed that expression of RNAs in the PI3K/Akt pathway was increased
in drug-treated cell lines (Fig. 1D).

3.2. ITRAQ-based quantitative analysis of the proteome of nuclear and
cytoplasmic fractions under BMN673 treatment

We further performed proteomic analyses by ITRAQ to observe the
protein distribution in the nucleus and cytoplasm before/after BMN673
treatment. Subcellular fractions of nucleus and cytoplasm extracted
from H196 SCLC cell line were subjected to proteomics with the Nuclear
and Cytoplasmic Extraction Reagents. In total, 6765 proteins were
identified in the nucleus and cytoplasm. With fold-change cutoff of 1.5,
the expression of 89 proteins was decreased and 73 proteins increased in
the nucleus, whereas the expression of 55 proteins decreased and 80
proteins increased in the cytoplasm upon BMN673 treatment (Fig. 2A).
The volcano plots indicated the regulated proteins in the nucleus and
cytoplasm with a minimum of 1.5-fold change combined with a P < 0.05
(Fig. 2B). Intriguingly, enrichment analyses by Gene Ontology (GO), 79
quantified transcription factors of BMN673 over DMSO treatment
showed specific clusters whose abundance significantly shuttled the
localization between the nucleus and cytoplasm (Fig. 2C). Among these
transcription factors, FOXO3a, the downstream target of PI3K/Akt,
exhibited a significant increase in cytoplasm and decrease in nucleus,
suggesting potential importance upon BMN673 inhibition (Fig. 2D), as
well as the FOXO pathway by enrichment analysis (Fig. 2E). It is worth
mentioning that Gene set enrichment analysis identified several signif-
icantly enriched pathways including, mTOR, AMPK, NF-kB and MAPK
(Fig. 2E), suggesting that Akt is not the only cause of FOXO3a relocation
and phosphorylation. Therefore, the inhibition of PI3K/Akt might not be
the best choice to maximize the PARP inhibition efficacy.

3.3. FOXO3a is relocalized in SCLC cell lines following PARP inhibition

For further confirmation, we performed Western blotting and
showed that the phosphorylation (activation) of Akt proteins was
increased in BMN673 treated cells compared to control cells. In addi-
tion, we further found that FOXO3a, affected by Akt phosphorylation,
showed increased phosphorylation in protein level (Fig. 3A). To extend
our observation on the relocalization of FOXO3a in PARP inhibitor-
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treated SCLC cells, we examined the subcellular localization of
FOXO3a in four different SCLC cell lines (H196, H1688, DMS114 and
SHP-77). Western blotting and IF analyses showed that FOXO3a was
predominantly transferred from the nucleus to the cytoplasm in all of
these cell types after BMN673 treatment for 24 h (Fig. 3B and C). The
dose and time dependence studies of BMN673 for 36/48 h also showed
the relocation function upon BMN673 treatment (Fig. S1A).

3.4. FOXO3a is an XPO1 cargo protein

After phosphorylation, FOXO3a, with a leucine-rich nuclear export
signal (NES), can be identified by XPO1, form a stable complex, and
transferred into cytoplasm [31,32]. The effect of XPO1 inhibition on
FOXO3a transcriptional programs and functional networks/pathways
likely contributes to the antitumor activity [33]. To determine XPO1
binding activity if FOXO3a remained in the nucleus nonphosphorylated,
we established SCLC cell lines bearing different constructs: hemagglu-
tinin (HA)-tagged FOXO3a-triple mutant (TM) or HA-tagged FOX-
03a-WT. TM is a triple mutant form of FOXO3a in which all three Akt
phosphorylation sites are mutated to alanine (FOXO3a-TM,
T32A/S253A/S315A) [34]. With these mutations, FOXO3a cannot be
phosphorylated by Akt, so it has transcriptional activity in nucleus.
Upon treatment with BMN673, which improved phosphorylation of Akt
and FOXO03a, TM of FOXO3a significantly impaired XPO1-FOXO3a
interaction by co- Immunoprecipitation (co-IP), suggesting a signifi-
cant role of FOXO3a phosphorylation in mediating nuclear-cytoplasm
shuttling (Fig. 4A).

To determine whether the effects of relocalization on FOXO3a was
XPO1 specific, we performed CRISPR-Cas9-mediated knockout of XPO1.
We found by Western blotting and IF that, after knocking out of XPO1,
FOXO3a expression in the nucleus was restored regardless of BMN673
treatment (Fig. 4B and C). We further demonstrated the XPO1 binding
function on FOXO3a phosphorylation by co-transfection of XPO1-
knockdown/WT and FOXO3a TM/WT plasmid into SCLC cell lines.
The result by Western blotting and IF showed that after knocking out of
XPO1, the majority of FOXO3a stayed in the nucleus, especially with
FOXO03a-TM (Fig. 4D and E).

We then elucidated the effect of XPO1 selective inhibition following
PARP inhibition on the nuclear—cytoplasmic transporting of FOXO3a
protein. We treated four SCLC cell lines with BMN673 and an XPO1
inhibitor, selinexor (KPT-330), for 24 h and examined the subcellular
distribution of FOXO3a by Western blotting and immunofluorescence.
Intriguingly, selinexor treatment, combined with BMN673 for 24 h,
resulted in a significant relocalization of FOXO3a, FOXO1 proteins in the
nucleus and cytoplasm, leading to nuclear accumulation (Fig. 4F and G).
The dose and time dependence studies of the combination at 12/36 h
also showed the relocalization function (Fig. S1b).

To confirm whether the synergistic function of the BMN673 com-
bined with selinexor is greater than present PARP + PI3K/Akt inhibitor
regimens, we performed MTT assays with 3 varieties of PI3K inhibitor
buparlisib, alpelisib and copanlisib, and Akt inhibitor capivasertib. We
observed that our regimen had the greatest efficiency (Fig. S1c). The
levels of synergism and combination index (CI) were calculated using
CompuSyn software (Fig. S1d). We stratified synergistic effect according
to the CI values as follows: <0.1 as very strong synergism; 0.1-0.3 as
strong synergism; 0.3-0.85 as synergism; 1.45 to 3.33 as antagonism
[35]. Based on this cutoff, we found both cell lines (H196 and SBC-2)
expressed very strong synergism (0.09 and 0.07) by treating with
BMN673 and selinexor. Moreover, to prove the drug toxicity of the
combination on normal cells, we performed CCK8 assays on Peripheral
blood mononuclear cell (PBMC) separated from human peripheral
blood. The results indicated that our regimen PARP + XPO1 inhibition
expressed the least toxicity (Fig. Sle).
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Fig. 1. PARP expression and PARP inhibition promotes the PI3K/Akt pathway in SCLC. (A) SCLC Ranked the top of PARP1 mRNA expression in all kinds of solid
tumors in the CCLE. (B) Representative images of PARP1 IHC staining at different levels of expression in SCLC. (C) Patient survival curves plotted according to the
PARP1 expression levels (PARP1-high versus PARP1-low) in SCLC at all stages. (D) Hierarchical clustering of all the quantified genes based on the ratios of drug
treatment. Columns represent different samples. Rows represent quantified genes. Bubbles plots showing up/downregulated pathways by drug treatment.
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Table 1
Clinical characteristics and PARP1 expression of 98 SCLC patients.
Characteristics Patients Population PARP1 High Class (N P Value
(N =98) =98)
NO. %Total NO.  %Sub-class
Ages(years)
<60 40 40.82% 35 87.5% 0.853
>60 58 59.18% 50 86.21%
Gender
Male 16 16.33% 14 87.5% 0.921
Female 82 83.67% 71 86.59
Smoking History
Yes 13 13.27% 12 92.31% 0.525
No 85 86.73% 73 85.88%
VALSG Stage
Limited 82 83.67% 74 90.24% 0.993
Extensive 16 16.33% 11 68.75%
AJCC 7th Stage
I-II 55 56.12% 48 87.27% 0.823
-1V 43 43.88% 37 86.05%
Type
Pure (PSCLC) 6 6.12% 5 83.33% 0.135
Combined (CSCLC) 92 93.88% 80 86.96%
PARP1 Status
Low 13 13.27%
High 85 86.73%

3.5. Combination of selinexor and PARP inhibitors results in the induction
of apoptosis in SCLC cells in vitro

To examine the synergistic effect of selinexor and PARP inhibitors on
cell apoptosis, 5 SCLC cell lines were treated with indicated drugs for 36
h. Induction of apoptosis was calculated by annexin V-FITC and PI of 5
cell lines showing increased apoptosis in the combinational treatment
versus either drug alone (Fig. 5A and B). Sensitive cell lines exposed to
the combination of BMN673 and selinexor, except SW1271 cell line,
showed a significantly increase in the proportion of apoptotic cells
compared to that in the control cells (Fig. 5C).

To further evaluate the effect on cell apoptosis of the combination,
we investigated the possible mechanisms by which selinexor and
BMNG673 may regulate Bim, FasL and Trail [36-38]. A significant in-
duction of proapoptotic Bim, FasL and Trail, which are transcriptionally
regulated by XPO1 cargoes, FOX0O3a [39,40], was also observed in H196
and H1688 cell lines using ChIP assay (Fig. 5D). Furthermore, similar
increase of Bim, FasL and Trail mRNA level was observed in other 2
SCLC cell lines using real-time PCR (Fig. 5E). Thus, we reasoned that the
combination may upregulate Bim, Fasil and Trail by targeting FOXO3a.
In consistence with annexin V assay, we detected a clear cleavage of
PARP1(C-PARP-1) in the combination treatment, but not in every single
drug treatment in the SCLC cell lines (Fig. 5F).

3.6. Combination of selinexor and PARP inhibitors reduces expression of
DNA damage repair genes

In addition to PARP inhibition-induced cytoplasm restoration, we
hypothesized that other mechanisms may explain the combinatorial
effect of selinexor and BMN673. High-throughput sequencing studies on
protein expression in tumor cells revealed that several DDR proteins
were downregulated affected by selinexor treatment [41,42]. This
conclusion was verified by the observation that the indicated treatment
of 4 SCLC cell lines resulted in significantly reduction in DNA damage
repair protein levels. These included the DNA damage response protein
Chk1l [43,44] and DNA damage repair protein Rad51 [45-47]. The
mismatch repair (MMR) enzymes, MSH2, MLH1, PMS1 and MSHS6,
correct DNA mismatches and small insertions/deletions during DNA
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replication and homologous recombination (HR) [48]. The combination
of selinexor and BMN673 synergistically reduced the expression of DNA
damage repair genes MSH2, MLH1, MSH6 and PMS2 at the protein level
(Fig. 6A) and inhibited the mRNA levels of these genes (Fig. 6B) after 24
h.

Of note, the exhaustion of DNA damage repair proteins in
combination-treated cells significantly increased Ser 139-phosphory-
lated H2AX histone (yH2AX), a marker of DNA damage, as indicated
by Western blotting and IF. In addition, the expression of Rad51, a
marker of DDR, decreased more potently for 5-20 times with the com-
bination than with any of the single agent (Fig. 6C).

3.7. XPOl inhibition increases BMN673 sensitivity and survival in SCLC
tumor-bearing mice

To explore the in vivo effect of the BMN673 and selinexor combi-
nation, xenotransplant mouse models were established using H196 SCLC
cells. Based on our findings, mice treated with the combination were
significantly smaller at the tumor size after 21-day treatment than those
treated with DMSO or each single drug (P < 0.05; Fig. 7A-C). Impor-
tantly, combination treatment was well tolerated with a weight loss in
10% compared with single-agent treatment and the control group
(Fig. 7D). Hematoxylin-eosin (HE) staining further revealed no evidence
of toxicity in liver and kidney (Fig. 7E). Moreover, the BMN673 +
selinexor combination significantly eliminated the expression of the
proliferation marker Ki-67 and increased the expression of the apoptosis
marker cleaved caspase-3 (P < 0.05; Fig. 7F).

Because both of the drugs are not yet approved for SCLC, we per-
formed in vivo examination in 6 miniPDX samples derived from 6 SCLC
patients as described in method (Table S1). The tumor cell proliferation
was evaluated using ATP luminescent cell viability. Compared with
normal PDX model, miniPDX model can yield results faster (in 7 days)
and have a positive predictive value of 92%, which is gradually used in
drug development research. We generated sufficient primary tumor cell-
bearing mice to examine the effect of the selinexor + BMN673 combi-
nation for 7 days. After that, tumor cell proliferation was analyzed as
previously described. As expected, it showed that the compared with
each single agent or control, the combination of BMN673 and selinexor
significantly reduced the relative proliferation rate of tumor cells (T/C
%) in 5 patients (Fig. 7G). Furthermore, the combination was even more
effective than the standard chemotherapy regimens in SCLC in 3 s-line
patients (Fig. S1F).

Based on the above promising results, we further developed a novel
dual compound DIR-639 targeting PARP and XPO1 (Fig. S2a). The
detailed synthesis process is explained in the supplementary materials
and methods. We examined its effects by MTT and got preliminary re-
sults of its efficiency (Fig. S2b) across all the cell lines, including the
insensitive cell line SW1271. Moreover, we performed a cellular PARP
assay to and determined that PARP enzymatic activity was affected at
approximately 40 nM (Fig. S2c). The DIR-639 treatment led to a sig-
nificant restoration of FOX0O3a, FOXO1 and p53 in the nucleus (Fig. S2d,
e). This suggests that the new drug DIR-639 has promising clinical value
in patients, which needs further investigation. Therefore, we raised the
model that PARP inhibition induced relocation of FOXO3a in cytoplasm
and depending on XPO1 activity (Fig. 8). Combination of PARP inhibitor
and XPO1 inhibitor is a promising regimen for treating of SCLC.

4. Discussion

PARP inhibition is a novel and potential therapy in SCLC. PARP
protein levels are upregulated in SCLC compared to other lung cancers
[8]. We confirmed that PARP1 is overexpressed at both the mRNA and
protein levels in SCLC samples and cell lines, which is consistent with
previous studies. Although high expression of PARP1 is not a prognosis
marker according to our study, hazard ratio (HR) indicated that high
PARP1 expression is an essential risk factor. The results of previous
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Fig. 2. ITRAQ-based quantitative proteomics of nuclear and cytoplasmic fractions in SCLC cells affected by BMN673. (A) Number of proteins identified from nuclear
and cytoplasmic subcellular fractionation of NCI-H196 cells and the number of proteins with a 1.5-fold change upon BMN673 treatment. (B) Volcano plot repre-
senting the difference of protein changes in expression in the nucleus or cytoplasm between DMSO and BMN673 treatment. Log, ratios of the fold changes are plotted
versus log o of the P values derived from a t-test. Proteins with a minimum of 1.5-fold change and a P value smaller than 0.05 were considered significant. Blue dots,
downregulated proteins; red dots, upregulated proteins. (C) Gene Ontology (GO) enrichment analysis of different expressed proteins upon BMN673 treatment. (D)
Hierarchical clustering of all the genes based on the ratios of drug treatment. Columns represent different subcellular fractions. Rows represent quantified genes. (E)
Bubbles plots showing enriched protein-protein interaction pathways analyzed by KEGG.

studies showed that SCLC cell lines are sensitive to PARP inhibitors and
provided preclinical confirmation that PARP inhibition enhances the
anticancer activity of chemotherapy by downregulating key DDR
mechanisms. Clinical trials of a number of PARP inhibitors, in a variety
of combinations, are ongoing in patients with SCLC. However, patients
did not get obvious benefits in median PFS (6.1 m vs. 5.5 m) and median
0OS (10.3 m vs 8.9 m) [11,13]. The mechanism of PARP inhibitors in
SCLC appears to be different, while in ovarian and breast cancer,
sensitivity is in large part driven by BRCA mutations or other mutations
in genes regulating HR [6,49]. In SCLC, however, where BRCA muta-
tions are rare occurred (3-4%) [2,8], the great majority of patients do

not get benefit from them. Most of the PARP inhibitors combinations
attempted recently involve DNA damaging chemotherapies, some of
which might have overlapping mechanisms of actions (MoA) with PARP
inhibitors. Therefore, the efficacy may be limited by shared mechanisms
of resistance [50].

It has been reported in a previous study that resistance to PARP in-
hibition is correlated with the upregulation of PI3K/Akt pathway [15,
16]. PI3K pathway activation leads to the stimulation of cell growth,
motility, survival, and metabolism, and also sensing of DDR [51]. We
assessed this point in SCLC cell lines but got smaller CI index by MTT,
compared to the combination of BMN673 and selinexor. RNA-seq was
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Fig. 4. FOX03a is an XPO1 cargo protein. (A) Immunoprecipitation (IP) followed by Western blotting analysis for associated nuclear export receptor XPO1 in
FOX03a-HA-TM or FOXO3a-HA-WT SCLC cells treated as indicated. FOXO3a and XPO1 levels were also detected by Western blot in whole cell extracts (IgG).
Western blotting (B) and IF (C) show the distribution of FOXO3a after XPO1 knockout and upon BMN673 treatment. Western blotting (D) and IF (E) showing the
distribution of FOXO3a after co-transfection of XPO1-knockout/WT and FOXO3a-TM/WT plasmids. (F) Lysates under PARP and XPO1 inhibition from 4 SCLC cell
lines results in increased distribution of FOXO3a as determined by western blotting. (G) IF analysis showing the intracellular and cytoplasmic localization of FOXO3a

in proliferating H196 and H1688 cells. Images are representative of at least three replicates.
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0.001 (E) Expression levels of Bim, FasL and Trail measured by quantitative PCR extracted from DMS114 and SHP-77 cell lines 24 h after drug treatment. An
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Fig. 8. Model of nuclear relocation of FOXO3a phosphorylation induced by PARP inhibition and mediated by XPO1 PARP inhibition drives PI3K/Akt, AMPK-ERK
and IKKp activation, followed by phosphorylation of FOXO3a. XPO1 recognizes phosphorylated FOXO3a with NES domain and exports FOXO3a from nuclear into
cytoplasm. Therefore, FOXO3a loses the function of promoting the process of apoptosis and DNA damage, resulting in tumor progression.

performed after treatment with PARP inhibitor and the results
confirmed those of the previous study, suggesting that SCLC may evade
PARP inhibition by activation of the PI3K/Akt pathway. Clinical trials
combining PARP inhibitor and PI3K/Akt inhibitors are ongoing in pa-
tients with breast and ovarian cancer [52]. The positive effect mainly
occurred in patients with BRCA mutations, so other drug combinations
need further exploration in SCLC. There is a common view that PARP
inhibitors cause cancer cell death by eliciting an extreme level of
genomic instability. Therefore, SCLC could be treated with a combina-
tion of PARP inhibitors and a targeted method that could promote
programmed cell death [36].

Here, our data presented a model that PARP inhibition induced
relocation of FOXO3a in cytoplasm and depending on XPO1 activity
(Fig. 8). We observed by protein quantification that transcriptional
function was affected under the treatment of BMN673. Among the
affected factors, FOXO3a exhibited a significant increase in cytoplasmic
expression and a decrease in the nucleus expression, suggesting its po-
tential importance upon BMN673 inhibition. It has been reported that
ERK phosphorylation is induced by dual PARP and PI3K inhibition [23].
The abnormal activation of PI3K/Akt and MAPK/ERK pathways can lead
to the phosphorylation of FOX0O3a and the suppression of transcriptional
activity in cancer [25,26,53]. In addition, IKK, the upstream signal of
NF-xB, can phosphorylate FOXO3a independent of Akt pathway [24,
25]. In our study, we found that MAPK, NF-kB and AMPK activation and
IKKa expression increase in the nucleus upon the BMN673 treatment, as
detected by ITRAQ. Therefore, only PI3K inhibitor combined with
BMNG673 could not prevent the activation of the important transcrip-
tional factor, FOXO3a.

Members of the mammalian FOXO family of forkhead transcription
factors are critical positive regulators of longevity in species as diverse
as worms and flies [54,55]. Under normal circumstance, the survival
kinase AKT is inactive, and FOXO3a is expressed in the nucleus where
act on p27 and other unidentified downstream targets to induce
apoptosis [56]. It is obvious that transcriptional regulation of multiple
downstream targets plays crucial roles in the proapoptotic or anti-
apoptotic function of FOXO. The nuclear-cytoplasmic transport of pro-
teins is important in preserving normal cellular capacities. The nuclear
export of proteins relies on the activity of transport vehicles, exportins.
Exportin-1 (XPO1), also known as chromosomal region maintenance 1
(CRM1), mediates the transport of approximately 220 proteins [57-59].

209

XPO1 is the nuclear exporter of several tumor suppressor (TSP), growth
regulatory (GRP) proteins, including FOXO family. Under physiological
conditions, the export of these proteins prevents them from overacting
in the absence of DNA injury or other oncogenic activities [60,61]. In
cancer cells, however, this export of proteins prevents their tumor
suppressor activity and boosts tumorigenesis [61,62]. Hence, targeting
XPO1 inhibition could be a promising treatment method. With XPO1
knockout, FOXO3a stays in the nucleus regardless of BMN673 treat-
ment. In addition, XPO1 knockout can restore the FOXO3a in the nu-
cleus regardless of phosphorylation. Thus, we have generated a direct
link between FOXO3a relocalization and PARP inhibitor resistance. The
use of an XPO1 inhibitor can restore FOXO3a nuclear localization. Based
on the data, we observed that a combination of XPO1 inhibition and
PARP inhibition can alter the PARP inhibitor resistance.

Our results show selinexor combined with BMN673 induces
apoptosis of SCLC cells, an important process of the antitumor activity
resulting from the combination. The combination-induced apoptosis can
be explained in part by the significant induction of the proapoptotic
proteins Bim, FasL and Trail, which are not directly regulated by XPO1
but are transcriptionally controlled by XPO1 cargoes such as FOXO3a
proteins [32,40].

In addition, preclinical studies have shown that a series of targeted
drugs such as PI3 kinase signaling pathway inhibitors can cause or
strengthen HR defects in tumor cells, making tumor cells more sensitive
to PARP inhibitors. Another strategy is to combine PARP inhibitors with
drugs that disrupt the ability of tumor cells to arrest the cell cycle.
Because tumor cells need to arrest the cell cycle for DNA repair, drugs
that disrupt this function may make tumor cells more sensitive to PARP
inhibitors [63]. The majority of combined therapies enhance the effect
of PARP inhibitors by increasing DNA damage or inhibiting DNA repair
mechanisms. We observed that the combination leads to significant in-
hibition of the DNA damage repair genes, including Rad51 and Chkl,
and consequent reduction of HR repair. This could be another mecha-
nism to explain the combinational effect of selinexor and BMN673.
Inhibiting DNA repair mechanisms in cancerous cells is currently being
explored in cancers with the purpose of increasing drug sensitivity.

We further performed in vivo experiments not only in common xe-
notransplant mouse models using SCLC cell line, but also in miniPDX
samples of SCLC. MiniPDX is a novel method generally extended to the
preclinical models to rapidly obtained results for particular drugs
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combination [64]. Compared with normal PDX models, miniPDX models
can yield results faster (in 7 days) and have a positive predictive value of
92% [28,29]. At present, the project leaded by Shukui Qin, Establish-
ment and Application of Large Data Platform for Individualized and
Accurate Treatment, is based on PDX and mini-PDX model. The ongoing
project including thousands of samples was reported on 2018 Chinese
Society of Clinical Oncology (CSCO). It suggests that the mini-PDX assay
is of high predictive power in preclinical studies. We have already per-
formed studies on mini-PDX models of 6 SCLC patients and obtained
positive results.

Based on our promising findings, we further developed a novel
compound with dual inhibition activities targeting both PARP and XPO1
and demonstrated preliminary efficiency in SCLC. It is worth mentioning
that the insensitive cell line SW1271 exhibited high susceptibility to the
new agent DIR-639 with an IC50 value of approximately 2 uM in 24 h,
making it much more sensitive than other cell lines. The new drug needs
further exploration and verification, but the effect of the compound
suggests the combination of targeting both PARP and XPOl is a prom-
ising clinical method in SCLC. Not only the combination of two specific
agents, BMN673 and selinexor, had a synergistic effect, but targeting of
both PARP and XPO1 has potential interaction mechanisms, no matter
the drug structure. With novel dual inhibitors, SCLC patients could
experience greater efficacy, specificity, tolerability and less toxicity.

A limitation of the present study is that the molecular basis for the
relocalization remains unknown. Other XPO1 cargo such as p53 reloc-
alization has also been observed. It has been reported that there are
some structural and functional similarities between p53 and FOXO3a
[65]. P53 and FOXO3a can control cell cycle progression and DNA
damage repair, and both can be post-translationally modified by acet-
ylation and phosphorylation. Therefore, there is a functional crosstalk
between the two transcription factors. Extending this, it is likely that
XPO1 inhibitors may alter the export of multiple cargo proteins because
they globally inhibit XPO1. Although this could be seen as a limitation of
the drug, it is clear from the present study that the relocalization of
FOXO3a alone can maximum PARP1 inhibition efficacy. Moreover,
although the preclinical data are strongly supportive of both efficacy
and acceptable toxicity, we have not yet demonstrated the activity and
tolerability of the combination in human patients. Finally, the novel
compound we designed needs further investigation. After optimizing
structure, comparing effect, testing in vivo effect and toxicity, we still
have a long way to go for clinical use.

5. Conclusions

In summary, we demonstrated the synergistic activity of the PARP
inhibitor, BMN673, with XPO1 inhibitor, selinexor, in SCLC cells, in
mini-PDX models and in SCLC xenograft models. To our knowledge, it is
the first time of the preclinical researches combining selinexor and
BMN673 in SCLC treatment. The research not only provides promising
strategies for the clinical applications but also opens new avenues for the
treatment of drug development.
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