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Combinations of proteasome inhibitors with obatoclax
are effective for small cell lung cancer
Yan-ping Yin1,2,3, Wen-hao Shi4, Ke Deng1,2,3, Xiao-li Liu1,2,3, Hong Li1,3, Xiao-tong Lv1,2,3, Vivian Wai Yan Lui5, Chen Ding6,7,8,
Bo Hong1,3 and Wen-chu Lin1,3

Proteasome inhibitors, bortezomib (BTZ), and carfilzomib (CFZ) are approved drugs for hematological malignancies, but lack
anticancer activities against most solid tumors. Small cell lung cancer (SCLC) is a very aggressive neuroendocrine carcinoma of the
lungs demanding effective therapy. In this study we investigated whether BTZ or CFZ combined with obatoclax (OBX), an
antagonist for MCL-1 and a pan-BCL family inhibitor, could cause synergistic growth inhibition of SCLC cells. We showed that
combined application of BTZ or CFZ with OBX caused synergistic growth inhibition of human SCLC cell lines (H82, H526, DMS79,
H196, H1963, and H69) than single agent alone. Both BTZ–OBX and CFZ–OBX combinations displayed marked synergism on
inducing apoptosis (~50% increase vs BTZ or CFZ alone). A comprehensive proteomics analysis revealed that BTZ preferentially
induced the expression of MCL-1, an antiapoptotic protein, in SCLC cells. Thus, proteasome inhibitor–OBX combinations could
specifically induce massive growth inhibition and apoptosis in SCLC cells. Subsequent proteome-wide profiling analysis of activated
transcription factors suggested that BTZ- or CFZ-induced MCL-1 upregulation was transcriptionally driven by FOXM1. In nude mice
bearing in SCLC H82 xenografts, both BTZ–OBX, and CFZ–OBX combinations exhibited remarkable antitumor activities against SCLC
tumors evidenced by significant reduction of tumor size and the proliferation marker Ki-67 signals in tumor tissues as compared
with single agent alone. Thus, proteasome inhibitor–OBX combinations are worth immediate assessments for SCLC in clinical
settings.
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INTRODUCTION
Cancer cells are known to exert heavy demands on proteasome
function to support their increased rate of protein production and
turnover due to their rapid rates of cell division. Such a high level of
proteasomal dependency can be potentially targeted by protea-
some inhibitors to curb the growth of cancer cells [1, 2]. Bortezomib
(BTZ) and carfilzomib (CFZ) are two FDA-approved proteasome
inhibitors for the treatment of hematological malignancies.
However, their clinical activities have been shown to be moderate
or limited in many other solid tumors [3–5]. BTZ is reversible, while
CFZ is an irreversible proteasome inhibitor. CFZ shows superior
clinical efficacy and fewer adverse effects than BTZ [6, 7].
Small cell lung cancer (SCLC), a very aggressive lung cancer of

neuroendocrine origin, represents ~15% of all lung cancer cases
[8]. Platinum-based chemotherapy (cisplatin and carboplatin)
combined with the topoisomerase inhibitor etoposide is a
standard SCLC treatment regimen. Despite good initial responses
to chemotherapy, recurrence, and resistance inevitably occur in
almost all SCLC patients [9]. Currently, SCLC patients have a dismal

median progression-free survival of less than 5 months [10]. Thus,
there is an urgent demand to develop more effective therapeutic
strategies for SCLC.
BTZ and CFZ have been clinically investigated in SCLC patients

in the past, as well as recently [11–13]. In a BTZ clinical trial on 56
relapsed or refractory SCLC patients, limited clinical activity was
observed for most patients, except for one patient with platinum-
refractory SCLC, who demonstrated a partial response [11].
Similarly, in a phase I clinical trial of the CFZ–irinotecan
combination, the treatment was well tolerated by SCLC patients.
However, only one patient (out of 13 total) demonstrated a partial
response [12]. Though proteasome inhibitors seem to be well
tolerated in SCLC patients, these single agents are definitely
suboptimal in inhibiting SCLC growth or progression.
The reasons underlying the limited antitumor activities of BTZ

or CFZ in SCLC are likely complex. Here, by a comprehensive
proteomics analysis, we first indicated that MCL-1, an antiapopto-
tic protein, was preferentially induced by BTZ (vs CFZ) in SCLC
cells, and such MCL-1 upregulation may potentially limit the
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clinical efficacies of BTZ and CFZ in SCLC. Most strikingly, either
BTZ or CFZ, when combined with obatoclax (OBX), an antagonist
for MCL-1, could cause the synergistic growth inhibition and
apoptosis of SCLC cells compared with single agents alone, and
the combinations resulted in the concomitant reduction of MCL-1
expression. Subsequent proteome-wide profiling analysis of
activated transcription factors (TFs) suggested that BTZ- or CFZ-
induced MCL-1 upregulation was transcriptionally driven by
FOXM1. Strikingly, in vivo investigations first demonstrated novel
and remarkable antitumor activities of both the BTZ–OBX and
CFZ–OBX combinations against SCLC tumors.

MATERIALS AND METHODS
Materials
BTZ and CFZ were purchased from Selleck Chemical (Shanghai,
China). OBX and cycloheximide (CHX) were purchased from MCE
(Concord, CA, USA). Antibodies against PARP, cleaved-caspase 3,
MCL-1, FOXM1, and HIF-1α were purchased from Cell Signaling
Technology (Danvers, MA, USA). β-Actin antibody was purchased
from TransBionovo (Beijing, China).

Cell line maintenance
The human SCLC cell lines H82, H526, DMS79, H196, H1963, and
H69 were maintained in RPMI-1640 media supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin (Gibco,
Life Technologies, Carlsbad, CA, USA) in an incubator at 37 °C with
5% CO2.

Protein extraction and trypsin digestion
H82 cells were treated with DMSO vehicle control or 10 nM BTZ or
CFZ for 24 h in triplicate. The treated cells were collected
and washed with cold 1x PBS. The cell pellets were then lysed
in lysis buffer containing 1% sodium deoxycholate, 10 mM Tris
(2-carboxyethyl) phosphine, 40mM 2-chloroacetamide, and
100mM Tris (pH 8.5). After vortexing and heating at 95 °C for
5 min, the cell lysates were ultrasonicated by a handheld
ultrasound device for 5 min. The lysates were then centrifuged
at 16,000 × g for 10 min, and the supernatants were collected for
protein quantification. A total of 50 μg of protein was treated with
trypsin at a ratio of 50:1 (protein:trypsin). Digestion in solution was
performed at 37 °C for 4 h. Formic acid was then added to a final
concentration of 1% to precipitate the proteins, followed by
centrifugation at 16,000 × g for 10min. The supernatant was
desalted by a homemade C18 tip.

The enrichment of TFs with transcription factor response elements
(TFREs)
The nuclear extracts of the treated cells were extracted according
to the manufacturer’s instructions (Thermo Fisher Scientific,
Catalog number: 78835), and 100 μg of nuclear extract was used
for TF enrichment. Twenty microliters of Dynabeads
M280 streptavidin (Invitrogen, Catalog number: 00324960) with
0.5 pmol TFRE DNA was used for TF enrichment for each sample.
The protein–DNA complexes were digested with trypsin and
analyzed with mass spectrometry. The detailed procedure was
described previously [14, 15].

Liquid chromatography–tandem mass spectrometry (LC–MS/MS)
analysis
Dried peptide samples were dissolved in solvent A (0.1% formic
acid in water). For whole proteomic profiling, LC–MS/MS analysis
was performed with an Orbitrap Fusion mass spectrometer
(Thermo Fisher Scientific, USA) equipped with the online Easy-
nLC 1000 nano-HPLC system (Thermo Fisher Scientific, USA). The
injected peptides were separated on a reverse-phase nano-HPLC
C18 column (precolumn, 3 μm, 120 Å, 2 cm × 100 μm i.d.;
analytical column, 1.9 μm, 120 Å, 30 cm × 150 μm i.d.) with a

150-min gradient of 5%–40% solvent B (0.1% formic acid in
acetonitrile).
For TF activity samples, a Q Exactive HF mass spectrometer

equipped with the online Easy-nLC 1200 nano-HPLC system
(Thermo Fisher Scientific, USA) was used. The injected peptides
were separated on a reverse-phase nano-HPLC C18 column
(precolumn, 3 μm, 120 Å, 2 cm × 100 μm i.d.; analytical column,
1.9 μm, 120 Å, 12 cm × 150 μm i.d.) with a 75-min gradient of
6%–42% solvent B (0.1% formic acid in 80% acetonitrile).

Data processing
The acquired MS/MS spectra were searched by Mascot 2.3 (Matrix
Science Inc.) implemented on Firmiana [16] against the human
National Center for Biotechnology Information RefSeq protein
databases (updated on April 7, 2013, 32 015 protein entries). The
parameter settings were as follows: mass tolerances of 20 ppm for
precursor ions and 0.5 Da (Orbitrap Fusion) or 0.05 Da (Q Exactive
HF) for product ions; database searches were performed with
trypsin (K/R) specificity, and two missed cleavage sites were
allowed. Label-free quantification was used. For the whole
proteomic profiling data, dynamic modifications included acetyl
(protein N-term) and oxidation (M), and the fixed modification was
carbamidomethyl (C). Dynamic modifications for TF activity data
were phospho (Y), phospho (ST), acetyl (protein N-term), and
oxidation (M). A false discovery rate of 1% was applied for protein
inference.
FOT data were used to select protein changes. Proteins with a

unique strict peptide number greater than 0 in at least one sample
and detected more than two times in three biological repeat
samples in at least one treatment group were selected. A 3-fold
change in average was selected as the judgement standard of
significantly changed proteins. The TF activity change was based
on the fold change and t test. The raw data were deposited to
iProX (http://www.iprox.org/index) with the data set identifier
project ID IPX0001390000.

Cell viability assay
SCLC cells were seeded in a 96-well white plate (Costar,
Kennebunk, ME, USA) at 3000 cells/well. The cells were treated
with vehicle control or the drugs for 72 h in triplicate. Relative cell
viability was determined by the CellTiter-Glo Luminescent assay
(Promega, Madison, WI, USA). The luminescent signals were
measured by a multilabel plate reader (Envision PerkinElmer, USA).

Western blotting
After treatment, cell lysates were collected for Western blotting as
previously described [17]. Twenty micrograms of protein was used
for SDS-polyacrylamide gel electrophoresis. After primary and
secondary antibody incubation, the signals were detected by ECL
Western blotting substrate (Thermo Fisher Scientific, USA). β-Actin
was used as the loading control.

Detection of MCL-1 degradation
Protein degradation in SCLC cells was determined by Western
blotting following CHX treatment for various time points. SCLC
cells were treated with 12 nM BTZ (24 nM CFZ) with or without
50 µg/mL CHX at different time points (0, 0.5, 1, 2, 3, and 4 h). The
cells were then lysed for MCL-1 expression detection by Western
blotting. β-Actin was used as a loading control.

Quantitative real-time RT-PCR
The cellular RNA of the treated cells was extracted using the
RNeasy Mini RNA Kit (Qiagen, Hilden, Germany). Complementary
DNA was synthesized using the Transcriptor First Strand cDNA
Synthesis Kit (Roche, Mannheim, Germany) according to the
manufacturer’s instructions. Quantitative real-time PCR was
performed in triplicate using FastStart Essential DNA Green Master
Mix (Roche, Mannheim, Germany) on the Roche LightCycler 96
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Real-Time PCR System. The mRNA expression level of the MCL-1
gene was normalized to the expression level of β-Actin. The
primers for MCL-1 and β-Actin were as follows:
β-Actin
Forward 5′-CATGTACGTTGCTATCCAGGC-3′,
Reverse 5′-CTCCTTAATGTCACGCACGAT-3′;
MCL-1
Forward 5′-AAGCCAATGGGCAGGTCT-3′,
Reverse 5′-TGTCCAGTTTCCGAAGCAT-3′.

Annexin V apoptosis analysis
After treatment, cells were collected and then stained with FITC
Annexin V and PI using a FITC Annexin V Apoptosis Detection Kit
(BD Pharmingen, San Diego, CA, USA). The stained cells were
subjected to flow cytometry analysis by FACSCalibur (BD
Pharmingen, San Diego, CA, USA). Then, the results were analyzed
using FlowJo software (BD Pharmingen, Ashland, Oregon, USA).

Generation of SCLC cells with stable FOXM1 knockdown
FOXM1 shRNA was cloned into the pLKO.1 vector. The FOXM1
shRNA-expressing vector and lentivector packaging plasmids
psPAX2 and pMD2.G were cotransfected into HEK-293T cells
using Effectene Transfection Reagent (QIAGEN, Hilden, Germany)
for 6–8 h, which was then replaced with fresh medium. Viral
supernatant was harvested 48 h after transfection.
SCLC H196 cells were infected with lentiviral particles in

the presence of 8 µg/mL polybrene (Sigma-Aldrich, Steinheim,
Germany) for 24 h, followed by growth in fresh medium for 24 h.
Then, puromycin (Solarbio, Beijing, China) at 1 µg/mL was added
for selection. After 14 days of selection, puromycin-resistant cells
were collected for FOXM1 knockdown validation by Western
blotting.

Chromatin immunoprecipitation (ChIP) assays
H82 cells were treated with DMSO, BTZ (12 nM), and CFZ (48 nM)
for 24 h. The cells were fixed for 10 min with 1% formaldehyde
and then lysed in lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-
HCl pH 8.0 plus proteasome inhibitor). The chromatin was
sonicated to shear the DNA to an average length between 100
and 1000 bp. Then, the chromatin was immunoprecipitated with
FOXM1 antibodies (2.5 μg) and with equal amounts of immuno-
globulin G (IgG) as negative controls. qPCR was performed in
triplicate by amplifying 50 ng of immunoprecipitated chromatin
DNA with gene-specific primers. Primer pairs were designed
against the FOXM1-binding element (FBE2, −728 to −582) of the
MCL-1 promoter region [18]. Primer pairs were also designed
against the promoter region of β-Actin as a negative control [19].

Combination index (CI) determination
Drug synergy was quantitatively assessed using the CI method of
Chou and Talalay [20]. The CI was calculated using CalcuSyn
software (Biosoft, Cambridge, UK). CI < 1 indicates synergism,
whereas CI > 1 indicates antagonism.

Xenograft experiments
Animal experiments were carried out according to a protocol
approved by the Institutional Animal Care and Use Committee of
Hefei Institutes of Physical Science, China. Athymic nude mice
were subjected to subcutaneous tumor inoculation at the dorsal
flank, with a 100 µL suspension of 2 × 106 H82 cells in an equal
volume of Matrigel (BD Biosciences, Franklin, NJ, USA). When
tumors grew to 4–5mm in diameter, the mice were randomized
into six different groups. The mice were intraperitoneally injected
with either DMSO control, BTZ (2 mg/kg), CFZ (2 mg/kg), OBX
(3 mg/kg), the combination of BTZ/OBX or the combination
of CFZ/OBX every 3 days. The tumor size was monitored by
caliper measurements and calculated by the following formula:
Volume= (length × width × width)/2.

H&E staining and immunohistochemistry were performed as
previously described [21]. The expression of Ki-67 and cleaved-
caspase 3 was quantified by ImageJ (NIH, USA).

Statistical analysis
All data were analyzed using Prism 5 Software (GraphPad
Software, Inc., La Jolla, CA, USA). Statistical analysis was performed
using an unpaired t test. The results were considered statistically
significant when P < 0.05.

RESULTS
Preferential induction of MCL-1 with BTZ treatment in SCLC cells
First, we assessed the antitumor activities of BTZ and CFZ in SCLC
cell lines (H82, H526, DMS79, H1963, H196, and H69). Cell
proliferation assays showed that the IC50 values of CFZ were lower
than those of BTZ in these SCLC cell lines, indicating that the in vitro
anti-SCLC activity of CFZ was superior to that of BTZ (Fig. 1a). We
sought to determine the effects of BTZ and CFZ treatments on SCLC
cells by proteomics to provide potential ways to improve
proteasome inhibitor treatment regimens in SCLC. SCLC cells were
more sensitive to CFZ than BTZ, which implied that some proteins
preferentially induced by BTZ (vs CFZ) may limit the antitumor
activities of BTZ and CFZ. Therefore, proteomic profiling data were
screened to rank the proteins, which were induced by BTZ
treatment with >3-fold changes and by CFZ treatment with 1- to
3-fold changes. As shown in Fig. 1b and Supplementary Table 1,
proteomics analysis found that BTZ treatment of SCLC H82 cells
resulted in the upregulation of proteins related to G2/M cell cycle
arrest and DNA damage repair. Among these proteins, a known
antiapoptotic protein, MCL-1, was also found to be induced by BTZ
(20-fold upregulation) and CFZ (1.6-fold upregulation). This finding
was subsequently confirmed by Western blotting in H82 cells and
H526 cells (Fig. 1c). Consistent with the proteomics data, the lower
dose (12 nM) of BTZ treatment dramatically induced MCL-1
expression in both the H82 and H526 SCLC cell lines, while the
higher dose (24 or 48 nM) of CFZ treatment dramatically
upregulated the expression of MCL-1. It is possible that MCL-1, or
potentially other antiapoptotic proteins, may at least partially
contribute to the limited efficacy of BTZ and CFZ treatments in SCLC.

Synergistic growth inhibition of various SCLC cells by BTZ–OBX
OBX, an antagonist for MCL-1 and a pan-BCL family inhibitor, has
been tested in SCLC clinical trials and has shown well-tolerated
toxicity but with limited clinical efficacy [22, 23]. Based on our
proteomic findings, we attempted to use OBX to determine
whether it can effectively increase the anticancer activity of BTZ in
SCLC. To test this hypothesis, we calculated the CI of BTZ/OBX
cotreatment in SCLC cells (Fig. 2a). The data demonstrated that
the BTZ/OBX combination had low CI values (<1) in SCLC cells,
indicating that the BTZ/OBX combination exhibited a good
synergistic anti-SCLC effect. To indicate that the observed
synergistic antitumor effect was MCL-1 specific, H82 and H526
cells were treated with BTZ combined with ABT-263, which only
inhibited BCL-2 and BCL-XL but not MCL-1. Cell viability assays
indicated that no synergistic antitumor effect was observed when
ABT-263 was combined with BTZ in H82 and H526 cells
(Supplementary Fig. 1). Interestingly, we found that when OBX
was cotreated with BTZ in SCLC cells, the induction of MCL-1 by
BTZ was dramatically decreased (Fig. 2b). Thus, we first demon-
strated that BTZ, when combined with an inducer of apoptosis,
can exert remarkable growth inhibition in multiple SCLC models.

Synergistic growth inhibition of SCLC cells by CFZ–OBX
MCL-1 is also moderately induced by CFZ. Next, we sought to
determine whether this synergistic activity on SCLC cell growth
inhibition was observed for the CFZ and OBX combination. As
shown in Fig. 3a, the CFZ/OBX combination had low CI values (<1)
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in SCLC cells, indicating that the CFZ/OBX combination exhibited a
synergistic anti-SCLC effect. Compared with the CFZ/OBX combi-
nation treatment, the BTZ/OBX combination had lower CI values in
SCLC cells, indicating that the BTZ/OBX combination exhibited a
better synergistic anti-SCLC effect. The better synergism of BTZ/
OBX was likely due to the stronger induction of MCL-1 by BTZ than
CFZ. Similarly, to indicate that the observed synergistic antitumor
effect was MCL-1 specific, H82 and H526 cells were also treated
with CFZ combined with ABT-263. Cell viability assays indicated
that no synergistic antitumor effect was observed when ABT-263
was combined with CFZ in H82 and H526 cells (Supplementary
Fig. 2). Furthermore, the induction of MCL-1 by CFZ was
dramatically decreased by the OBX combination (Fig. 3b). Thus,
we first demonstrated that CFZ, when combined with OBX, could
also remarkably inhibit SCLC growth.

Synergistic apoptosis induced by both the BTZ–OBX and CFZ–OBX
combinations
Since OBX is a known inducer of apoptosis, we examined the
effects of both BTZ–OBX and CFZ–OBX on apoptosis by flow

cytometry and PARP cleavage (vs each of the single agents alone).
As shown in Fig. 4a, we found that in H82 cells, both the BTZ–OBX
and CFZ–OBX combinations could cause marked synergism on
apoptosis. Increases as high as ~50% were observed in both
combinations compared to BTZ or CFZ alone. Furthermore,
Western blotting indicated that the cotreatment of BTZ or CFZ
with OBX induced more PARP cleavage (apoptotic marker) in SCLC
(Fig. 4b). Thus, we first demonstrated that BTZ or CFZ, when
combined with OBX, could also remarkably induce SCLC
apoptosis.

BTZ- and CFZ-induced MCL-1 transcription through FOXM1
upregulation
We subsequently investigated the potential mechanism contribut-
ing to such an increase in MCL-1, which appeared to impede the
anticancer activity of BTZ (or CFZ) in SCLC cells. MCL-1 is a short
half-life protein, and its expression is tightly regulated by
proteasome-mediated degradation [24]. Therefore, we examined
whether BTZ- and CFZ-induced MCL-1 expression by inhibiting its
degradation. After H82 and H526 cells were treated with CHX

Fig. 1 BTZ treatment preferentially induced MCL-1 expression in SCLC cells. a Growth inhibition curves of BTZ and CFZ in a panel of SCLC
cell lines. Various SCLC cell lines were treated with different concentrations (10−3 nM–10 μM) of CFZ and BTZ for 72 h. Cell viability was
assessed by the CellTiter-Glo assay. The IC50 values were determined from the sigmoidal dose-response curves using Prism 5 software.
b Proteomic analysis indicated that MCL-1 was preferentially induced by BTZ treatment. By screening proteomics data, proteins induced by
BTZ treatment with >3-fold changes and by CFZ treatment with 1- to 3-fold changes were ranked. c Validation of MCL-1 upregulation by BTZ/
CFZ treatment in SCLC cells by Western blotting. SCLC cells (H82 and H526 cells) were treated with DMSO control or different doses of BTZ/
CFZ for 24 h. After treatment, MCL-1 was detected by Western blotting. β-Actin was used as a loading control. The density of the bands was
quantified and normalized to the respective β-Actin band intensity.
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Fig. 2 The BTZ–OBX combination caused synergistic growth inhibition in SCLC cells. a CI of BTZ and OBX cotreatment in SCLC cells (H82,
H526, DMS79, and H69 cells). bWestern blotting indicates that BTZ and OBX cotreatment dramatically decreases MCL-1. SCLC cells (H82, H526,
and H69 cells) were treated with DMSO control, BTZ (12 nM), OBX (200 nM), or BTZ plus OBX for 24 h. MCL-1 was detected by Western blotting.
β-Actin was used as a loading control. The density of the bands was quantified and normalized to the respective β-Actin band intensity.
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Fig. 3 The CFZ–OBX combination caused synergistic growth inhibition in SCLC cells. a CI of CFZ and OBX cotreatment in SCLC cells (H82,
H526, DMS79, and H69 cells). b Western blotting indicates that CFZ and OBX cotreatment dramatically decreases MCL-1. SCLC cells (H82,
H526, and H69 cells) were treated with DMSO control, CFZ (24 nM), OBX (200 nM), or CFZ plus OBX for 24 h. MCL-1 was detected by Western
blotting. β-Actin was used as a loading control. The density of the bands was quantified and normalized to the respective β-Actin band
intensity.
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(a eukaryote protein synthesis inhibitor) alone or together with
BTZ and CFZ, Western blotting showed that the degradation of
MCL-1 was not inhibited by BTZ and CFZ treatment (Fig. 5a). Next,
we examined whether BTZ- and CFZ-induced MCL-1 mRNA
expression. Quantitative RT-PCR indicated that BTZ and CFZ
treatment increased MCL-1 mRNA levels in H82 and H526 cells
(Fig. 5b), which was consistent with the protein levels induced by
BTZ and CFZ treatment (Fig. 1c).
We hypothesized that BTZ and CFZ treatment upregulated the

expression of transcriptional factors that induced MCL-1 transcrip-
tion. Thus, we performed a proteome-wide profiling analysis of
activated TFs enriched with TFREs. In the BTZ treatment set, HIF-1α
and FOXM1 were labeled in upregulated TFs because they were
reported to induce MCL-1 transcription [18, 25, 26] (Fig. 6a). As
shown in Fig. 6b, we performed Western blotting experiments and
found that HIF-1α and FOXM1 were preferentially induced upon
BTZ treatment compared with CFZ treatment. We thus examined
whether these two TFs could mediate MCL-1 upregulation in SCLC
cells. Specific siRNA knockdown of HIF-1α did not alter MCL-1
levels upon BTZ (12 nM) or CFZ (48 nM) treatment (Supplementary
Fig. 3), while FOXM1 shRNA abrogated BTZ (12 nM) or CFZ (48
nM)-induced MCL-1 expression in SCLC cells (Fig. 7a). We then
tested whether FOXM1 knockdown enhanced the antitumor
activity of BTZ or CFZ. Cell viability assays indicated that the
inhibition of cell growth by BTZ or CFZ was significantly enhanced
when FOXM1 was knocked down in H196 cells (Fig. 7b). As shown
in Fig. 7c, upon FOXM1 knockdown in H196 cells, the cellular
apoptosis induced by BTZ or CFZ was also increased (Control vs
FOXM1 KD: 35.6% vs. 64.2% for BTZ treatment and 47.1% vs.

75.3% for CFZ treatment). To further investigate whether FOXM1
binds to the MCL-1 promoter, we performed ChIP assays with H82
cells treated with DMSO, BTZ, or CFZ. The qPCR results showed
that FOXM1 induced by BTZ or CFZ treatment was specifically
enriched in the promoter region of MCL-1 in H82 SCLC cells
(Fig. 7d). These data indicate that BTZ and CFZ induce the
transcription of MCL-1 by FOXM1 upregulation in SCLC.

The BTZ–OBX and CFZ–OBX combinations exhibited significant
antitumor activities in vivo
Next, we determined the in vivo antitumor efficacies of both
combinations in an SCLC model. Mice were subcutaneously
inoculated with H82 SCLC cells (100 million per tumor). When the
tumor size reached 4–5mm in diameter, the mice were
randomized into six groups for vehicle alone, 2 mg/kg BTZ,
2 mg/kg CFZ, 3 mg/kg OBX, BTZ (2 mg/kg)–OBX (3 mg/kg)
combination, and CFZ (2 mg/kg)–OBX (3 mg/kg) combination.
The drug doses were chosen based on previous in vivo regimens
used by others [27]. Treatments were given every 3 days for
21 days. As shown in Fig. 8a, b, BTZ or OBX single agents resulted
in some level of growth inhibition. However, the addition of OBX
significantly reduced the tumor size (42% reduction vs BTZ alone,
P= 0.0493; 35% reduction vs CFZ alone, P= 0.0349). At the end of
the experiment, we dissected the tumors from the animals and
tried to determine the exact weights of the tumors in each group.
We found that tumors from the combined treatment groups,
BTZ–OBX and CFZ–OBX, weighed 64.7% (P= 0.0108) and 57.3% (P
= 0.0185) less than the respective single agent treatment (Fig. 8c).
The combination treatments did not appear to alter the weights of

Fig. 4 The BTZ–OBX and CFZ–OBX combinations induced synergistic apoptosis. a BTZ/CFZ and OBX cotreatment dramatically induced
apoptosis as indicated by Annexin V staining. H82 cells were treated with DMSO control, BTZ (12 nM), CFZ (3 nM), OBX (200 nM), or the
combination of BTZ or CFZ and OBX for 24 h. After treatment, an Annexin V apoptotic assay was performed by flow cytometry. The
percentage of apoptotic cells (Annexin V positive) is shown in regions Q2 and Q3. b Western blotting indicates that BTZ/CFZ and OBX
cotreatment induces PARP cleavage. SCLC cells (H82, H526, and H69 cells) were treated with DMSO control, BTZ (12 nM), CFZ (24 nM), OBX
(200 nM), or BTZ/CFZ plus OBX for 24 h. PARP and cleaved PARP were detected by Western blotting. β-Actin was used as a loading control. The
density of the bands was quantified and normalized to the respective β-Actin band intensity.
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Fig. 5 BTZ and CFZ induced the transcription of MCL-1 rather than inhibiting its degradation. a The degradation of MCL-1 was not
inhibited by BTZ or CFZ treatment. H82 and H526 cells were treated with 50 µg/mL CHX alone or combined with 12 nM BTZ/24 nM CFZ for 0,
0.5, 1, 2, 3, or 4 h. The expression of MCL-1 was detected by Western blotting. β-Actin was used as a loading control. The density of the bands
was quantified and normalized to the respective β-Actin band intensity. The line graph presents the normalized densitometry data for MCL-1.
b BTZ- and CFZ-induced MCL-1 mRNA levels in H82 and H526 cells. H526 and H82 cells were treated with DMSO or BTZ/CFZ for 24 h. The
relative mRNA level of MCL-1 was determined by quantitative RT-PCR.

Fig. 6 Proteome-wide profiling analysis of activated transcription factors indicated that HIF-1α and FOXM1 were preferentially induced
by BTZ treatment. a Volcano plots for different changed TFs after treatment with BTZ or CFZ. b Validation of HIF-1α and FOXM1 upregulation
by BTZ/CFZ treatment in SCLC cells by Western blotting analysis. SCLC cells (H82 and H526 cells) were treated with DMSO control or different
doses of BTZ/CFZ for 24 h. After treatment, HIF-1α and FOXM1 were detected by Western blotting. β-Actin was used as a loading control. The
density of the bands was quantified and normalized to the respective β-Actin band intensity.
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Fig. 7 FOXM1 mediated the upregulation of MCL-1 by BTZ and CFZ. a Knockdown of FOXM1 decreased the MCL-1 upregulation by BTZ
and CFZ. H196 cells with stable expression of FOXM1 shRNA or control shRNA were treated with DMSO, BTZ (12 nM) or CFZ (48 nM) for 24 h,
and then Western blotting was performed to detect the expression levels of FOXM1 and MCL-1. β-Actin was used as a loading control. The
density of the bands was quantified and normalized to the respective β-Actin band intensity. b The inhibition of SCLC cell growth by BTZ or
CFZ was significantly enhanced upon FOXM1 knockdown. H196 cells with stable expression of FOXM1 shRNA or control shRNA were treated
with 12 nM BTZ or 1 nM CFZ for 72 h. The growth inhibition of cells was determined by the CellTiter-Glo Luminescent assay after treatment.
c The cellular apoptosis induced by BTZ or CFZ was increased upon FOXM1 knockdown. H196 cells with stable expression of FOXM1 shRNA or
control shRNA were treated with DMSO control, BTZ (12 nM), or CFZ (3 nM) for 24 h. After treatment, an Annexin V apoptotic assay was
performed by flow cytometry. The percentage of apoptotic cells (Annexin V positive) is shown in regions Q2 and Q3. d The interaction of
FOXM1 with the promoter region of MCL-1. H82 cells were treated with DMSO, BTZ (12 nM) or CFZ (48 nM) for 24 h, and the interaction of
FOXM1 with the promoter region of MCL-1 was assessed by chromatin immunoprecipitation assay. The relative activity of FOXM1 binding to
the MCL-1 or β-Actin promoter was detected by qPCR. Anti-normal mouse IgG was used as a negative control.
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the mice, indicating minimal toxicity of these combinations in vivo
(Fig. 8d). Furthermore, we found that, by Ki-67 immunohisto-
chemical staining, the tumors of the combination group displayed
a statistically significant reduction in Ki-67 proliferation marker
staining compared with single agents alone (BTZ–OBX 52.3% less
than single BTZ treatment, P < 0.0001; CFZ–OBX 65.1% less than
single CFZ treatment, P < 0.0001), demonstrating that these
combinations could markedly halt SCLC tumor cell proliferation
in vivo (Fig. 9a, b, Supplementary Fig. 4a). Apoptosis (cleaved-
caspase 3 staining) was significantly increased in the tumors
treated with the BTZ–OBX or CFZ–OBX combination (BTZ–OBX
5.3-fold more than single BTZ treatment, P < 0.0001; CFZ–OBX
1.5-fold more than single CFZ treatment, P= 0.0018) (Fig. 9c,
Supplementary Fig. 4b). Our findings first demonstrated that
proteasome inhibitors can be effective against SCLC in vivo when
combined with OBX, which has anti-MCL-1 and apoptosis-
inducing activities.

DISCUSSION
Proteasome inhibitors have an important role in cancer therapy,
but drug resistance often develops and limits their clinical utility.
In this study, we aimed to improve the antitumor activities of
proteasome inhibitors in SCLC. Through proteomics analysis, our
study identified an antiapoptosis protein, MCL-1, that was
transcriptionally induced by BTZ and CFZ through FOXM1
upregulation in SCLC cells. The anticancer efficacy of BTZ and
CFZ can be synergistically enhanced by OBX, an antagonist of
MCL-1 in SCLC.

Our findings demonstrated for the first time that the antitumor
activity of proteasome inhibitors can be enhanced when
combined with OBX, an antagonist of MCL-1. OBX was developed
as a pan-BCL-2 inhibitor that can displace Bak from MCL-1 or BCL-
XL [28]. Interestingly, in our study, we found that the combination
of OBX effectively decreased the BTZ- or CFZ-induced expression
of MCL-1. This might be a potential mechanism of BTZ/OBX or
CFZ/OBX synergism against SCLC.
In SCLC, a phase II study of carboplatin and etoposide

combined with OBX showed that OBX was well tolerated but
failed to significantly improve patient survival [22]. Another phase
I study of OBX plus topotecan also showed that OBX was safe and
well tolerated [29]. Similarly, the clinical trials of BTZ or CFZ in
SCLC indicated that the two FDA-approved drugs were well
tolerated but lacked clinical efficacy. In our in vivo study, the two
FDA-approved proteasome inhibitors demonstrated marked anti-
tumor efficacies against SCLC when combined with OBX. Thus,
combinations of proteasome inhibitors and OBX with acceptable
toxicity profiles in humans could be readily amenable for SCLC
patient treatment in future phase II clinical trials.
Our study demonstrated that MCL-1 was transcriptionally

induced by BTZ and CFZ through FOXM1 upregulation. FOXM1
is a member of the Forkhead family of TFs and plays multiple roles
in cell proliferation, cell cycle progression, invasion, and metastasis
[30]. Hu et al. reported that MCL-1 was a target gene of FOXM1,
and the expression of FOXM1/MCL-1 was coupled in gastric
cancer, leading to resistance to chemotherapy [18]. MCL-1 is a
short-lived protein whose level is tightly regulated by proteasome-
mediated degradation [24]. Previous studies have indicated that

Fig. 8 OBX enhanced the antitumor activity of BTZ or CFZ in vivo. a Combination treatment with BTZ/CFZ and OBX leads to robust
antitumor activity in SCLC xenografts. H82 xenografts were treated by intraperitoneal injection with DMSO control, BTZ (2 mg/kg), CFZ (2 mg/
kg), OBX (3mg/kg), the combination of BTZ (2 mg/kg) with OBX (3 mg/kg) or the combination of CFZ (2mg/kg) with OBX (3mg/kg) every
3 days. The tumor size was monitored by caliper measurements and calculated by the following formula: Volume= (length × width × width)/2.
The mean tumor size ± SEM is shown. b Imaging of representative tumors from each group. The tumors were excised at the end of the
experiment. c The tumor weights in each group. The tumors were excised at the end of the experiment. The mean tumor weight ± SEM is
shown. d There was no obvious difference in mouse weights from H82 xenografts during the course of treatment compared to the control
group. Detection was conducted every 2 days from day 0 to the end of the experiment. The mean body weight ± SEM is shown.
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Fig. 9 Histologic analysis of tumors for cellular proliferation and apoptosis. a H&E staining of the SCLC xenografted tumors. Scale bars
represent 100 μm. b Immunohistochemical detection of the proliferation marker Ki-67 in SCLC xenografted tumors. Scale bars represent
100 μm. c Immunohistochemical detection of the SCLC xenografted tumors for the apoptotic marker cleaved-caspase 3. Scale bars represent
75 μm. Small boxed areas were enlarged.
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CFZ induced the accumulation of polyubiquitinated MCL-1 [31].
Hu et al. reported that BTZ induced the transcription of MCL-1
through the upregulation of activating transcription factor-4 in
multiple myeloma [32]. In this study, we found for the first time
that FOXM1 was induced by BTZ and CFZ, thereby leading to the
transcriptional activation of MCL-1 in SCLC.
According to the proteomic data, some other proteins

upregulated by BTZ and CFZ may be associated with SCLC
resistance to proteasome inhibitors. Some of these proteins, such
as UIMC1 and RAD18, are related to DNA damage repair. The
activation of the DNA damage repair pathway enhances the ability
of cells to recognize and repair DNA damage, which is associated
with drug resistance [33]. UIMC1 was induced by BTZ (204-fold)
and CFZ (1.2-fold). UIMC1 is responsible for the recruitment of the
BRCA1 A complex (BRCA1, BARD1, BRCC36, Abraxas, and RAP80)
to the sites of DNA damage [34]. RAD18 was induced by BTZ
(39-fold) and CFZ (1.2-fold), and its high expression has been
reported to mediate radiation resistance in glioma [35]. Therefore,
the activation of the DNA damage repair pathway may be a
mechanism of SCLC resistance to proteasome inhibitors.
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