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breaks venetoclax resistance in human small cell lung cancer

Zsuzsanna Valko'?®, Zsolt Megyesfalvi'**°, Anna Schwendenwein’, Christian Lang’, Sandor Paku®, Nandor Barany'>*,

Bence Ferencz®®, Anita Horvath-Rozsas?®, Ildiko Kovacs®, Erzsebet Schlegl?, Veronika Pozonec?, Kristiina Boettiger', Melinda Rezeli®,
Gyorgy Marko-Varga®, Ferenc Renyi-Vamos??, Mir Alireza Hoda', Thomas Klikovits"%, Konrad Hoetzenecker', Michael Grusch @7,

. . X< . X<
Viktoria Laszlo'?, Balazs Dome @ "?**#1°* and Karin Schelch@®"7'°

© The Author(s), under exclusive licence to Springer Nature Limited 2023

BACKGROUND: No targeted drugs are currently available against small cell lung cancer (SCLC). BCL-2 family members are involved
in apoptosis regulation and represent therapeutic targets in many malignancies.

METHODS: Expression of BCL-2 family members in 27 SCLC cell lines representing all known four SCLC molecular subtypes was
assessed by qPCR, Western blot and mass spectrometry-based proteomics. BCL-2 and MCL-1 inhibition (venetoclax and S63845,
respectively) was assessed by MTT assay and flow cytometry and in mice bearing human SCLC tumours. Drug interactions were
calculated using the Combenefit software. Ectopic BAX overexpression was achieved by expression plasmids.

RESULTS: The highest BCL-2 expression levels were detected in ASCL1- and POU2F3-driven SCLC cells. Although sensitivity to
venetoclax was reflected by BCL-2 levels, not all cell lines responded consistently despite their high BCL-2 expression. MCL-1
overexpression and low BAX levels were both characteristic for venetoclax resistance in SCLC, whereas the expression of other BCL-
2 family members did not affect therapeutic efficacy. Combination of venetoclax and S63845 resulted in significant, synergistic
in vitro and in vivo anti-tumour activity and apoptosis induction in double-resistant cells; however, this was seen only in a subset
with detectable BAX. In non-responding cells, ectopic BAX overexpression sensitised to venetoclax and S63845 and, furthermore,
induced synergistic drug interaction.

CONCLUSIONS: The current study reveals the subtype specificity of BCL-2 expression and sheds light on the mechanism of

venetoclax resistance in SCLC. Additionally, we provide preclinical evidence that combined BCL-2 and MCL-1 targeting is an
effective approach to overcome venetoclax resistance in high BCL-2-expressing SCLCs with intact BAX.
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BACKGROUND

Small cell lung cancer (SCLC) is characterised by rapid doubling
time and a high propensity to metastasise [1-3]. SCLC makes up
about 13-15% of lung cancer cases, and with a 5-year survival rate
of <7%, it remains one of the most lethal forms of malignant
diseases [4, 5]. Due to its aggressive course, two-thirds of patients
already present with a metastatic spread outside the chest at
initial diagnosis [3]. Accordingly, patients are being treated usually
with systemic cytotoxic chemotherapy with or without concurrent
radiation [1, 6]. While SCLC is initially exceptionally responsive to
platinum-based therapies with response rates consistently over
60%, recurrence arises rapidly in the majority of cases [3, 7]. Of
note, the addition of immunotherapy to the armamentarium of
anti-SCLC therapies failed so far to mimic the efficacy seen in non-

SCLC (NSCLC) [8-10]. Additionally, in contrast to NSCLC, where
genotype-based targeted therapies paved the way for persona-
lised therapeutic approaches, SCLC is still regarded and treated
both in the clinic and in the laboratory as a single disease.

The worldwide resurgence of SCLC profiling studies and the
development of new preclinical models converged on a new
model of SCLC subtypes defined by differential expression of four
key transcription regulators: ASCL1 (SCLC-A), NEUROD1 (SCLC-N),
POU2F3 (SCLC-P) and YAP1 (SCLC-Y) [11, 12]. These biologically
distinct molecular subsets have major differences in morphology,
growth properties, genetic alterations and prognosis [3, 13-15].
SCLC-A tumours show high expression of neuroendocrine (NE)
markers and have a classic morphology compared to SCLC-N
which is associated with less NE features and variant morphology
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[1, 2, 11]. Meanwhile SCLC-P tumours have mostly non-NE features
and they represent a specific tuft-cell variant of SCLC [11, 16].
YAP1 is also preferentially expressed in non-NE SCLCs, immuno-
histochemical analyses, however, failed so far to confirm a unique
SCLC-Y subtype in human tissue specimens [11, 14, 15]. These
phenotypic differences are also mirrored in prognosis since high
ASCL1 expression is linked with worse prognosis, whereas high
POU2F3 associates with improved survival in surgically treated
SCLC patients [15].

As transcription factors are difficult drug targets, the develop-
ment of targeted therapies for SCLC has been lacking [17]. In 1988,
the BCL-2 protein was shown to promote carcinogenesis and
cancer progression through cell death resistance [18]. In the
following years, several proteins have been added to this family,
each being involved in regulating cellular apoptosis and contain-
ing one or more BCL-2 homology (BH) domain [19]. Proteomic
profiling of SCLCs revealed elevated levels of BCL-2, which was
later associated with increased cisplatin resistance [20]. In
addition, in-depth whole-genome sequencing of primary SCLC
tumours and cell lines suggests that BCL-2 expression might vary
among the newly defined molecular subtypes, thus defining a
potential subtype-specific therapy [11].

MCL-1 is another BCL-2 family member that promotes cell
survival by preventing the activation of structurally similar but pro-
apoptotic BAX and BAK on the mitochondrial outer membrane
[21]. However, in contrast to BCL-2 expression which leads to
greater sensitivity to BCL-2 inhibitors, bench-to-bedside studies
identified MCL-1 as a critical factor in acquired resistance to these
antagonists [22].

In recent years, the emergence of BCL-2 family interacting
disruptors has provided a new arsenal of drugs for treating various
malignancies, especially blood cancers [23]. Venetoclax, the first
Food and Drug Administration-approved pure BCL-2 BH3 mimetic
dramatically improved patient care in chronic lymphocytic
leukaemia (CLL) and acute myeloid leukaemia (AML), and is
currently undergoing preclinical and clinical testing in solid
tumours as well [24, 25]. Given the elevated expression of BCL-2
in certain SCLC cases [26], venetoclax along with other BCL-2
antagonists might represent an attractive option for treating these
patients [23]. Nevertheless, despite the initially encouraging
results [17], the sensitivity to these inhibitors is inconsistent both
in preclinical models and in early-phase clinical trials even in high
BCL-2-expressing cases [23]. One of the key mechanisms of
resistance to these inhibitors is suspected to be the over-
expression of MCL-1, through sequestering BH3-only proteins
released from BCL-2, and preventing activation of BAX/BAK
[27, 28]. In our study, in order to facilitate the development of
personalised therapeutic approaches, we assessed the differences
in BCL-2 expression among different SCLC subtypes and
investigated the mechanisms underlying resistance to BCL-2
inhibition. Additionally, the efficacy of combined BCL-2/MCL-1
inhibition was assessed in vitro and in vivo.

MATERIALS AND METHODS

Cell lines

Cells lines were maintained in RPMI-1640 with 10% fetal calf serum (FCS)
(Sigma, St. Louis, MO, USA), 100 U/ml penicillin and 10 mg/ml streptomycin
(Sigma) at 37°C in a humidified incubator with 5% CO, and regularly
screened for Mycoplasma contamination. All cell lines used, their sources,
molecular subtype as well as their in vitro growth pattern (adherent, semi-
adherent, suspension) are listed in Supplementary Table S1.

Proteomic analysis

The proteomics dataset analysed in this study was recently published by
our group [29]. Briefly, proteins were extracted from cell pellets of 27 SCLC
cell lines and enzymatically digested. Mass spectrometry analysis of the
peptides was performed on an Ultimate 3000 RSLC nano pump coupled to
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a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) as previously described [30]. Raw files were searched in
Proteome Discoverer 2.4 (Thermo Fisher Scientific) using Spectral Library
(Proteome tools human spectrum library) and SEQUEST HT searches
against UniProtKB human database (v.15/01/2019) [15, 31]. Raw protein
intensities were then log2-transformed and the samples were median-
normalised. Triplicate measurements were averaged, followed by a filter
for minimum 80% valid values and left-censored missing data imputation.

Drug treatment

Venetoclax and 563845 were purchased from Medchemexpress (Mon-
mouth Junction, NJ, USA) and dissolved in DMSO and used in vitro at the
indicated concentrations. For the in vivo part, venetoclax was dissolved in
60% phosal 50 propylene glycol (PG) (Medchemexpress), 30% polyethy-
lene glycol 400 (PEG400) (Medchemexpress) and 10% ethanol. S63845 was
prepared in a solution of 20% hydroxypropyl B-cyclodextrin (Sigma) in
20 mM HCl.

Transfection with expression plasmids

In all, 1 x 10° cells were seeded into T25 flask and, on the following day,
transfected with 2.5 ug pCMV6-BAX (OriGene Technologies, Rockville, MD,
USA) or pEGFP-n3 (Takara Bio, Kusatsu, Japan) using Lipofectamine 3000
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufac-
turer’s instructions.

RNA isolation and qPCR

Total RNA was isolated with TRIzol and reverse transcribed with MMLV
reverse transcriptase (Thermo Fisher Scientific) as previously described
[32]. The cDNAs were analysed using TagMan gene expression assays
(Thermo Fisher Scientific, BCL-2: Hs04986394; GAPDH: Hs02786624; BAX:
Hs00180269) on a 7500 Fast Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA). GAPDH was used as reference gene.

Protein isolation and Western blot analysis

Cells were collected in RIPA buffer containing protease inhibitor cocktail
(Thermo Fisher Scientific). Proteins were separated by SDS-PAGE, blotted
on nitrocellulose membranes and Western blots were performed accord-
ing to the manufacturer’s protocol using the following primary antibodies
(all from Cell Signaling Technology, Danvers, MA, USA): BCL-2 (1:3000,
#15071), MCL-1 (1:1000, #39224), BAX (1:1000, #5023), Caspase 3 (1:3000
#9662), Cleaved Caspase 3 (1:1000 #9661) PARP (1:3000, #9542) and
GAPDH (1:5000, #5174).

Cell viability assay

A previously defined optimal number of cells in 100 pl medium was seeded
in triplicate in 96 well plates. Accurate cell counting was ensured by
generating single cell suspension using trypsin, also in the cell lines which
grow in 3D clusters. On the next day, cells were treated with another 100 pl
medium containing drugs as indicated. In case of previous transfection
with plasmids, cells were seeded 24 h after transfection. After 72 h, cell
survival was measured using an MTT assay according to the manufacturer’s
instruction (EZ4U, Biomedica, Vienna, Austria).

Colony formation assay

Clonogenic assays were implemented to test the long term effects of
venetoclax and S63845 as single drugs and in combination. Therefore, cells
were seeded in low density into 6- or 12-well culture plates in triplicate and
on the next day treated as indicated. After 10-21 days, depending on the
cell line, colonies were fixed with 70% ethanol and stained with 0.1%
crystal violet. For quantification, plates were destained with 2% SDS and
absorbance was measured at 562 nm.

Apoptosis assay

In all, 3x 10° cells were seeded in a 6-well tissue culture plate and, on the
next day, treated with DMSO, 2.5 uM venetoclax, 2.5 uM S63845 or a
combination as indicated. Following 24 or 48 h incubation, cells were
collected and stained with Annexin V-FITC (BD Pharmingen, Franklin Lakes,
NJ, USA) and propidium iodide. After 15min incubation at room
temperature, cells were analysed by flow cytometry on a Gallios flow
cytometer (Beckman Coulter, Brea, CA, USA).
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In vivo xenograft model

In all, 1x107 SHP77 cells were injected subcutaneously into male SCID
mice using a 1:1 ratio of serum-free medium and matrigel. After 7 days
when tumours were palpable, mice were randomly assigned into 4
treatment groups (N =7 per group), vehicle control, venetoclax, S63846
and venetoclax+563845. Venetoclax-treated mice were treated with
100 mg/kg of venetoclax by oral gavage 5 days per week. S63845 was
intraperitoneally administered at 25 mg/kg twice a week. All mentioned
animal experiments were performed according to the ARRIVE guidelines
[33] and to the animal welfare regulations of the host institutes (permission
number: PEI/001/2574-6/2015). Tumours were measured thrice a week
with a caliper and expressed in mm? by the formula for the volume of a
prolate ellipsoid (length x width? x 71/6), as described previously [34]. Mice
were sacrificed after 17 days of treatment.

Histological analysis of tumours

Tumours were fresh-frozen and cut into 4 um sections. To assess cell
proliferation, slides were incubated with a Ki-67 antibody (1:100, clone
MIB-1, Dako, Glostrup, Denmark) for 30 min after endogenous peroxidase
blocking. The ImmPRESS Goat Anti-Mouse detection system (Vector
Laboratories, Burlingame, CA, USA) was used to detect antibody binding
according to the manufacturer’s recommendations. 3-3-Diaminobenzidine
(Dako) was implemented for colour development. Each slide was
counterstained with Mayer's haematoxylin (Sigma) and mounted with
Entellan (Merck, Darmstadt, Germany). For the analysis of apoptosis,
terminal deoxynucleotidyl transferase- mediated dUTP nick-end labelling
(TUNEL) was carried out according to the manufacturer's instructions
(Roche Diagnostics, Basel, Switzerland). Counterstaining of nuclei was
accomplished using DAPI.

Slides were scanned by a TissueFAXS System (TissueGnostics GmbH,
Vienna, Austria). At least 3000 tumour cells were counted manually with
the ImageJ software to evaluate the percentage of Ki-67 and TUNEL-
positive tumour cells per sample.

Statistical analysis

Unless stated otherwise, data were analysed using GraphPad Prism 8 and
are shown as means or means = SD or boxplots (min to max) of at least
three independent experiments, each performed in triplicate. I1Csy values
were calculated from dose-response curves with GraphPad Prism 8. For
correlation analysis, Anderson-Darling test for normal distribution was
used, and accordingly, either Pearson or Spearman r was calculated with
GraphPad Prism 8. Drug interactions were assessed using the Combenefit
software. Differences were evaluated by Student’s t test or analysis of
variance for comparisons of two or multiple groups, respectively, and
considered statistically significant at p < 0.05.

RESULTS

BCL-2 is highly expressed in SCLC subtypes A and P

We recently performed a comprehensive proteomic analysis of 27
SCLC cell lines representing all 4 main molecular subtypes (9%
ASCL1, 7x NEUROD1, 4x POU2F3, 7x YAP1) [29]. We further
analysed this dataset with respect to differences between the
subtypes and found that BCL-2 is significantly higher expressed in
cell lines established from tumours representing the SCLC-A and
SCLC-P subtypes (Fig. 1a). We confirmed this expression pattern in
an extended panel of cell lines (N = 28) by Western blot and gPCR
(Fig. 1b, c). Of note, we observed a significant positive correlation
between BCL-2 mRNA and protein levels (Supplementary Fig. S1).

Sensitivity to BCL-2 inhibition does not depend solely on BCL-
2 levels

We next treated our SCLC cell lines with different concentrations of
the BCL-2 inhibitor venetoclax, which showed a wide range of
activity among the cell lines resulting in calculated 1Cs, values
ranging from 75nM to >25uM (Supplementary Fig. S2 and
Supplementary Table S2). Generally, sensitivity to BCL-2 inhibition
was partially reflected by SCLC subtypes expressing different levels
of BCL-2, with SCLC-A, SCLC-N and SCLC-P being more sensitive
than SCLC-Y (Fig. 1d). When we compared venetoclax sensitivity
with BCL-2 expression levels in the individual cell lines, we found a

significant but poor correlation (Fig. 1e). Using a cut-off IC5, value of
4 uM, we stratified our panel into venetoclax sensitive (venS) and
resistant (venR) groups, consisting of 8 (DMS53, H146, DMS153,
COR-L311, H187, H211, H524, N417) and 18 (H526, H1882, H1048,
H446, SHP77, H1694, H1688, H372, H69, H82, H2171, GLC4, H196,
H841, H1341, CRL-2066, CRL-2177, HLHE) cell lines, respectively
(Supplementary Table S2). No significant difference in BCL-2 levels
between the venS and venR groups was observed, since there were
several cell lines resistant to venetoclax despite their very high
levels of BCL-2, as indicated by black arrows (Fig. 1e, f).

MCL-1 overexpression and low BAX levels are characteristic
for venetoclax resistance

In search for potential candidates responsible for the observed
resistance to BCL-2 inhibition, focusmg onIy on high BCL-2
expressing cell lines (venSE2h ioh, L2high) \ye assessed the
expression of other BCL-2 famlly members in the venetoclax
sensitive and resistant cell lines using our proteomic data.
Therefore, cell lines with a normalised log2 intensity >19 in the
proteomics dataset (Fig. 1a) and with detectable BCL-2 by Western
blot (Fig. 1b) were assigned into the BCL-2 high group, resulting in
6 venSEc-2hah (DMS53, H146, DMS153, COR-L311, H187, H211) and
8 venRP-2M9" (4526, H1882, H1048, H446, SHP77, H1694, H1688,
H372) cell lines (Supplementary Table S2). While no difference in
NOXA, BAD, BOK, BID, BAK1, Bcl-XL and BCL-2L12 expression levels
was observed (Supplementary Fig. S3), we found significantly
higher levels of the anti-apoptotic MCL-1 and lower expression of
the pro-apoptotic BAX in the venetoclax resistant group in our
proteomic data (Fig. 2a, b). This observation was confirmed by
Western blot data, showing a positive correlation between
venetoclax 1Csy, values and MCL-1 expression (Fig. 2c) and,
moreover, a significant negative correlation between venetoclax
sensitivity and BAX levels (Fig. 2d). Generally, in contrast to BCL-2,
MCL-1 and BAX were not differently expressed between the 4
SCLC subtypes and BCL-2 expression neither correlated with MCL-
1 nor with BAX (Supplementary Figs. S4 and S5).

Next, we established a venetoclax-resistant cell line (H146venR)
by treating H146 cells with increasing doses of venetoclax over
several months (Fig. 2e). When we compared the levels of BCL-2,
MCL-1 and BAX to the venetoclax-sensitive parental cell line, we
found a trend for lower BCL-2, higher MCL-1 and significantly
lower BAX expression levels (Fig. 2f). We, therefore, hypothesised
that MCL-1 mediates venetoclax resistance in high BCL-2
expressing cells. Thus, we treated our cell line panel with the
MCL-1 inhibitor S63845, and found ICs, values ranging from 50 nM
to >10 uM (Fig. 2g and Supplementary Fig. S6). A value of 2 uM
was used as the cut-off for stratification into $S63845 sensitive and
resistant cells, as indicated by the black line. There was no
correlation between 563845 ICs, values and venetoclax ICsq values
or MCL-1 levels (Supplementary Fig. S7). Using the cut-offs defined
previously (venetoclax: 4 uM; S63845: 2 uM), we next categorised
our panel of cell lines with respect to sensitivity to BCL-2 and MCL-
1 inhibition into 4 groups: Sensitive to both inhibitors (S/S, N =2),
sensitive to venetoclax but not to $S63845 (vS/R, N = 6), resistant to
venetoclax but sensitive to S63845 (vR/S, N=_8) and resistant to
both drugs (R/R, N=10) (Fig. 2h and Supplementary Table S3).

Looking at the BCL-2, MCL-1 and BAX expression patterns in
these groups, we found a non-significant trend of higher BCL-2
and MCL-1 levels in vS/R and VR/S cells, respectively (Supplemen-
tary Fig. S8). Interestingly, low BAX expression remained clearly
associated with venetoclax resistance (Fig. 2i), suggesting that
SCLC cells, despite expressing high levels of BCL-2 or MCL-1, can
overcome sensitivity to venetoclax by downregulating BAX.

Inhibition of BCL-2 and MCL-1 synergise in a subset of double-
resistant SCLC cell lines

We next treated the 10 double-resistant cell lines (R/R) in a
combined setting with different doses of venetoclax and S63845

British Journal of Cancer (2023) 128:1850- 1861
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**%p < 0,001.

to assess potential effects of drug interaction. Interestingly,
some cell lines showed strong growth inhibition in response to
the combination treatment while in others, neither treatment
had any effect (Fig. 3a and Supplementary Fig. S9). Using the
HSA model in the Combenefit software to calculate synergism or
antagonism, we found that five cell lines showed moderate to
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strong synergism. In the other five cell lines, combination
treatment resulted in mainly additive or weak antagonistic
effects and no response in terms of growth inhibition (Fig. 3b
and Supplementary Fig. S9). The strong synergism in the
adherently growing SHP77 cells was also clearly visible in a
colony formation assay (Fig. 3c).
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venetoclax at the indicated doses. f Expression levels in H146venR cells relative to H146 deriving from Western blot analysis. Bars are shown as
mean = SD. g ICs values of S63845, calculated from dose-response curves after 72 h, assessed by MTT assay. The black line (2 uM) indicates the
threshold between sensitive and resistant cells. h ICsy values of venetoclax and S63845 (blue: SCLC-A, red: SCLC-N, yellow: SCLC-P, green:
SCLC-Y). i BAX expression deriving from Western blot analysis in double sensitive (S5/S), venetoclax sensitive (vS/R), S63845 sensitive (vR/S) and
double resistant (R/R) cells. Each dot represents the mean of one cell line. ANOVA and Tukey’s multiple comparison test. *p < 0.05, **p < 0.01,

**%p < 0.001.

Next, to in vivo validate the highly synergistic interaction
between venetoclax and S63845, we subcutaneously injected
double-resistant SHP77 cells into SCID mice. When tumours
became measurable, mice were treated with venetoclax, 563845

or a combination of both. Of note, we found a significant decrease
of tumour burden in the combination group, while neither drug
alone exhibited an effect on tumour growth, thereby validating
our in vitro results (Fig. 3d). No signs of severe toxicity or weight
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Fig. 3 Venetoclax and S63845 synergise in a subset of SCLC cell lines in vitro and in vivo. a Dose-response curves of SCLC cell lines after
72 h treatment with venetoclax and $63845 at the indicated doses, deriving from MTT assays and b HSA synergy/antagonism plots generated
by the Combenefit software. Data are shown as mean + SD. ¢ Quantification of colony formation assays and representative pictures of SHP77
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loss were observed (Supplementary Fig. S10). Subsequent analysis
of the SCLC xenografts showed significantly increased apoptosis
and decreased proliferation in the combination group (vs.
controls), as indicated by TUNEL-positive double-strand breaks
(Fig. 3e) and reduced KI-67 expression (Fig. 3f), respectively.

Venetoclax and S63845 clearly induce apoptosis in sensitive

cells

To evaluate the effect of BCL-2 and MCL-1 inhibition on apoptosis
induction, we performed Western blots for cleaved PARP and
caspase 3 in one cell line representative for each group (S/S, vS/R,
VR/S, R/R) treated with venetoclax, S63845 and in case of the
double-resistant SHP77 cell line, a combination of both. We found
induction of cleaved PARP and cleaved caspase 3 in the cell lines
according to their sensitivity profiles (Fig. 4a). This was also
observed in flow cytometry analyses. Of note, in case of the
double-resistant SHP77 cell line, a significantly higher number of
apoptotic cells was found in the combination group, while neither
drug alone had an effect (Fig. 4b, c and Supplementary Fig. S11).

BAX is required for synergistic interactions between
venetoclax and S63845

In order to find the mechanism responsible for the different
response to the combination of venetoclax and S63845, we
compared the expression profiles between the additive/antag-
onistic (Add) and synergistic (Syn) cell lines. To that aim, we
grouped the cells by their max. synergism score deriving from the
HSA/Combenefit analysis using a cut-off value of 15, as indicated
by the black line in Fig. 5a, resulting in 5 cell lines per group. In
line with our previous findings, BAX expression was significantly
lower in the non-responding, additive cell lines, while BCL-2 and
MCL-1 expression were not significantly altered (Fig. 5b). We,
therefore, overexpressed BAX using expression plasmids in H1048,
a cell line with low BAX but detectable BCL-2, to test if restored
BAX could sensitise the cells to venetoclax, S63845 or the
combination of both (Supplementary Fig. S12). Indeed, H1048
cells which were previously not responding to the combination
treatment and also did not respond when transfected with the
control plasmid (eGFP), showed synergistic effects when BAX was
overexpressed (Fig. 5¢). When we compared the scores deriving
from the HSA synergy model, we obtained a max. synergy score of
25.86 in the BAX-transfected H10485*% versus 11.89 in the control
transfected H1048°°" cells, which is well above the previously
defined threshold of 15 (Fig. 5d). Also, the sum of the synergy and
antagonistic scores was higher in the H1048%*% cells (Fig. 5e).
Finally, colony formation assays confirmed the enhanced activity
of venetoclax and $63845 alone and, especially pronounced, in
the combination setting in the BAX overexpressing cell line
(Fig. 51).

DISCUSSION
Despite the encouraging results with various targeted agents in
preclinical models and early-phase clinical trials, no significant
breakthroughs have been achieved recently in the treatment of
SCLC patients. The endless loop of negative phase Il clinical trials is
mainly due to the high plasticity of SCLC and to the non-selected
patient groups. Accordingly, stratifying the patients by their
dominant molecular subtypes and specific protein-level altera-
tions may contribute to the development of novel targeted
strategies in this recalcitrant disease. In the current study, we
evaluated the preclinical efficacy of the BCL-2 inhibitor venetoclax
and the MCL-1 inhibitor $63845 according to the expression of
other BCL-2 family proteins, and moreover, we assessed the
mechanisms that might contribute to their therapeutic failures.
By analysing the molecular subtype-specificity of BCL-2, we
found widely elevated expression levels in ASCL1- and POU2F3-
dominant subtypes. This is in line with the findings of others

suggesting that the SCLC-A subtype is highly dependent on BCL-2
and INSM1 levels [11, 13, 35, 36]. In light of these outcomes, BCL-2
might indeed represent a potential subtype-specific therapeutic
target for this subset of SCLC. Previously, BCL-2 gene expression
levels were also found to correlate with POU2F3 expression, yet
these results did not reach statistical significance in earlier studies
[11]. Notably, in our study, BCL-2 levels were significantly
increased in SCLC-P cells concerning both their RNA and protein
expression. Recent preclinical work argues that POU2F3 expres-
sion may as well be valuable in identifying tumours susceptible to
PARP inhibition [13, 37]. Since BCL-2 frequently interacts with
PARP-1 and therefore suppresses PARP-1-dependent DNA repair
[38], targeted disruption of the BCL-2-PARP-1 interaction might
represent an attractive subtype-specific approach in these cases.

Next, we investigated whether BCL-2 expression correlates with
in vitro venetoclax efficacy and found that, although the majority
of venetoclax-sensitive cell lines indeed belonged to SCLC-A or
SCLC-P subtypes, not all cell lines expressing high levels of BCL-2
responded properly to BCL-2 inhibition. In line with this,
Lochmann et al. also found that a substantial subset of SCLCs
are sensitive to venetoclax administration [17]. These findings
might provide some optimism that there may be a new
therapeutic strategy on the horizon, yet the therapy refractory
cases and the dose-limiting toxicities raise serious concerns.
Indeed, the multicentre phase 1/2 trial (NCT04543916) designed to
establish the recommended phase 2 dose of oral venetoclax in
patients with relapsed or refractory SCLC was terminated because
of occurring toxicities. To overcome these issues, determining the
key mechanisms of resistance along with appropriate patient
selection will be crucial. Importantly, we found that both MCL-1
overexpression and low BAX levels were characteristic for
venetoclax resistance in SCLC, whereas NOXA, BAD, BOK, BID,
BAK1, BCL-XL and BCL-2L12 levels did not affect the therapeutic
efficacy. Similar conclusions were reached by Punnoose et al. in
multiple myeloma where MCL-1 overexpression conferred resis-
tance to the BCL-2 inhibitors venetoclax and navitoclax [39].
Interestingly, their preliminary analysis also suggested that
increased expression of BCL-XL relative to BCL-2 may be
associated with decreased sensitivity to venetoclax [39]. Of note,
these findings could not be validated in our study. Instead, in our
study, another protein of interest concerning therapeutic resis-
tance was BAX, a pro-apoptotic protein, which under the influence
of the death signal undergoes oligomerization and forms holes in
the outer mitochondrial membrane [40, 41]. This facilitates the
entry of cytochrome c and the other pro-apoptotic molecules into
the cytoplasm, and activates caspases, thus leading to cellular
apoptosis [40, 41]. Previous studies in acute lymphoid leukaemia
(ALL) also suggests that BAX-deficiency and missense BAX
mutations induce acquired venetoclax resistance [27, 42].

Since elevated MCL-1 levels associate with venetoclax resis-
tance in SCLC cell lines with high BCL-2 expression, targeting MCL-
1 with S63845 might as well constitute a feasible approach in
these refractory cases. However, not all venetoclax resistant BCL-2-
expressing cell lines with upregulated MCL-1 responded appro-
priately to MCL-1 inhibition either and, surprisingly, MCL-1
expression did not correlate with S63845 efficacy. In order to
overcome therapeutic resistance in these double-resistant cell
lines, we administered the two targeted agents simultaneously.
There are several studies on double inhibition of MCL-1 and BCL-2
[43]. The combination of 563845 with venetoclax exhibited potent
activity against nasopharyngeal carcinoma [44], AML [45] and
mantle cell lymphoma [46]. Consistent with this, a recent in vitro
study on SCLC cell lines also suggested potential synergism
between 563845 and navitoclax, a dual BCL-XL and BCL-2 inhibitor
[43]. Yet, the therapeutic range of navitoclax with S63845 was
narrow in additional in vivo studies [43]. Altogether, the dual
administration of venetoclax and S63845 remains controversial in
SCLC. The current work shows that simultaneous inhibition of BCL-
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Fig. 4 Venetoclax and S63845 induce apoptosis in sensitive cells. a Western blot of cleaved PARP and Caspase 3 in SCLC cells 1 or 2 days
after treatment with 2.5 uM venetoclax (Ven), S63845 (S6) or a combination of both. Bars show densitometry relative to GAPDH of 2 biological
replicates as mean + SD. b Cells were treated with 2.5 uM venetoclax or a 563845, or a combination of both. Apoptosis was measured after
48 h by propidium iodide (Pl) or AnnexinV staining via flow cytometry. Data are shown as mean + SD of 3 biological replicates. The high
number of dead cells in the control groups is due to the non-adherent properties of the cell lines. ¢ Representative flow cytometry plots
after 48 h.
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Fig. 5 BAX is required for synergistic interactions between venetoclax and S63845. a Max. synergy score deriving from HSA/Combenefit
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(left) and corresponding HSA synergy/antagonism plots generated by the Combenefit software (right). Data are_shown as mean + SD.
d Max. synergy score and e synergism sum score, deriving from HSA analysis. f Colony formation assays of H1048°°"" and H1048%* after
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2 and MCL-1 with the aforementioned two therapeutic agents is
synergistic in a subset of double-resistant SCLC cell lines. In
addition, we also found that venetoclax/S63845 combination
exhibited marked anti-tumour activity in the SHP77 xenograft
model resistant to both inhibitors alone, in agreement with
studies reporting efficacy of venetoclax combined with MCL1
inhibitors in myeloma models [47-49]. Importantly, no signs of
toxicity were observed in our in vivo model. Notably, a proportion
of our SCLC samples remained resistant even to BCL-2/MCL-1 dual
targeting.

Although both BCL-2 and MCL-1 inhibitors are clinically
available and tolerable in diverse cancer models [47, 50, 51],
simultaneous administration of venetoclax and S63845 has not yet
been translated into clinical trials. In the current and prior studies
no dose-dependent toxicities were detected [47], yet the
concomitant use of BCL-2 and MCL-1 inhibitors might still increase
the toxicity rates in some cases. In addition, the efficacy of dual
inhibition is not consistent in every cell line and not all tumours
respond ubiquitously to BCL-2/MCL-1 inhibition [47]. Therefore,
besides appropriate patient selection, the assessment of the
biological features concerning therapeutic resistance will be
fundamental prior to future clinical trials. In the current study,
we demonstrate that mechanistically the combination of both
inhibitors favours apoptosis in a BAX-dependent manner.
Specifically, in accordance with previous findings in AML [45]
and multiple myeloma [47], we show that intact and activated BAX
is obligatory for effective inhibition by the venetoclax/S63845
combination also in SCLC. Importantly, restoration of BAX levels
sensitised H1048 cell to venetoclax/$63845. The in-depth biolo-
gical characteristics of BCL-2/MCL-1/BAX interaction remains to be
determined, however, a possible cause of this BAX-dependent
efficacy might lie in the pro-apoptotic features of BAX itself.
Namely, dual inhibition induces cell death by permitting BAX to
form heterocomplexes with BAK which is a crucial step for
apoptosis [47]. Additionally, a cooperative binding between BAX
and BAK for the formation of mitochondrial membrane pores was
also observed under dual inhibition, further supporting the
hypothesis that appropriate BAX level is a necessity for cell death
[52, 53]. Although these biological concepts partly explain the
poor response rates of BAX®" cell lines to dual BCL-2/MCL-1
inhibition, further examination of these possibilities should be the
subject of future research.

CONCLUSIONS

Although the specific genetic and proteomic landscape of SCLC
molecular subtypes might provide insights into individualised
therapy, the expression and distribution of subtype-specific
therapeutic vulnerabilities are still controversial in SCLC. In our
study, we show significantly elevated BCL-2 levels in SCLC-A and
SCLC-P subtypes, suggesting that venetoclax might be a
promising subtype-specific therapeutic agent in these subsets.
In addition, we also demonstrate that venetoclax resistance of
BCL2M9" SCLC cell lines is mainly due to the high expression of
the anti-apoptotic protein MCL-1 and to the low expression of
the pro-apoptotic protein BAX. Prior to this study, the feasibility
of simultaneous pharmacological BCL-2 and MCL-1 targeting
was uncertain in SCLC. The current study presents preclinical
evidence that dual inhibition of BCL-2/MCL-1 with venetoclax
and S$63845 is an effective approach to overcome venetoclax
resistance in high BCL-2-expressing SCLCs. Nevertheless, in order
to maximise the impact of MCL-1 and BCL-2 inhibition, intact
BAX is required. Altogether, besides revealing the subtype-
specificity of BCL-2 and shedding light on the mechanism of
venetoclax resistance in human SCLC, our study provides the
proof-of-concept demonstration that simultaneous BCL-2 and
MCL-1 targeting is a potent strategy to inhibit SCLC growth
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in vitro and in vivo. Nevertheless, the concept of dual BCL-2/
MCL-1 inhibition in SCLC needs further preclinical validation
before being considered for clinical testing.
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