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Bcl-2 family inhibitors sensitize human cancer models to
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BH3 mimetics, targeting the Bcl-2 family anti-apoptotic proteins, represent a promising therapeutic opportunity in cancers. ABT-
199, the first specific Bcl-2 inhibitor, was approved by FDA for the treatment of several hematological malignancies. We have

recently discovered 1S21, a novel pan BH3 mimetic with preclinical antitumor activity in several tumor types. Here, we evaluated the
efficacy of 1S21 and other BH3 mimetics, both as single agents and combined with the currently used antineoplastic agents in T-cell
acute lymphoblastic leukemia, ovarian cancer, and melanoma. 1S21 was found to be active in T-cell acute lymphoblastic leukemia,
melanoma, lung, pancreatic, and ovarian cancer cell lines. Bcl-xL and Mcl-1 protein levels predicted IS21 sensitivity in melanoma
and ovarian cancer, respectively. Exploring 1S21 mechanism of action, we found that 1S21 activity depends on the presence of BAX
and BAK proteins: complexes between Bcl-2 and Bcl-xL proteins and their main binding partners were reduced after 1S21 treatment.
In combination experiments, BH3 mimetics sensitized leukemia cells to chemotherapy, ovarian cancer cells and melanoma models
to PARP and MAPK inhibitors, respectively. We showed that this enhancing effect was related to the potentiation of the apoptotic
pathway, both in hematologic and solid tumors. In conclusion, our data suggest the use of inhibitors of anti-apoptotic proteins as a

therapeutic strategy to enhance the efficacy of anticancer treatment.
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INTRODUCTION
Cancer patients often show intrinsic/innate or acquired resistance
to treatments that ultimately result in death [1, 2]; thus, managing
these patients represents a challenge, and new therapeutic
options are needed. One attractive strategy is the combination
of currently available therapies with inhibitors of anti-apoptotic
proteins from the Bcl-2 family, which are often expressed at high
levels in various types of cancers [3, 4]. Through the interaction
with pro-apoptotic proteins, anti-apoptotic proteins allow cells to
evade apoptosis, a mechanism frequently defective in cancer
affecting the response to therapy [5]. Thus, favoring apoptosis
could represent a valuable approach to overcoming resistance.
In 2016, venetoclax/ABT-199, a specific Bcl-2 inhibitor, was
approved by the FDA for the treatment of several kinds of
leukemia and lymphoma, thus validating the relevance of
targeting apoptotic machinery in onco-hematological neoplasms
[6]. In addition, the first clinical study analyzing the efficacy of
venetoclax in solid tumors evidenced a good activity in metastatic
breast cancer [7]. Preclinical results led to the use of combinatorial

regimes, including venetoclax or other inhibitors of the Bcl-2
family, in clinical trials under evaluation in cancers of different
origins [8, 9].

Experimental findings support the use of anti-apoptotic protein
inhibitors in combination therapy both in melanoma and ovarian
carcinoma. Inhibition of BRAF and/or MEK/ERK pathways, which
together with immunotherapy represent the standard-of-care for
melanoma treatment, has been reported to modulate the
expression of some members of the Bcl-2 family [10-21]. Analysis
of melanoma biopsies after treatment with BRAF inhibitors (BRAFi)
further supported these preclinical observations, i.e.,, demonstrat-
ing lower levels of NOXA protein [20] and higher expression of
BIM and BID proteins, as well as an inverse correlation between
Bcl-2 protein expression and patient outcome [16]. Moreover,
Bcl2A1/BFL1 anti-apoptotic protein expression in melanoma
patients has been positively correlated with the response to
BRAFi [22, 23]. Pro-apoptotic and anti-apoptotic proteins have also
been identified as critical mediators of the resistance to BRAFi and
MEK inhibitors (MEKi) [15, 17, 24-26]. Similarly, Bcl-2 family
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members play a role in the apoptosis induced by chemotherapy
and in chemoresistance in ovarian cancer [27-29].

Targeting cell death pathways increases the sensitivity of
melanoma and ovarian carcinoma models to currently available
therapies. Specifically, ABT-737 [30] and ABT-263/navitoclax [31]
(BH3 mimetics inhibiting Bcl-2, Bcl-xL, and Bcl-W proteins), TW-37
(Bcl-2, Bcl-xL, and Mcl-1 inhibitor), S63845 and AZD5991 (Mcl-1
inhibitors), have all been found to affect the response of
melanoma cells to BRAFi and MEKi [17, 18, 20, 26, 32]. Regarding
ovarian cancer, preclinical studies demonstrated that inhibition of
Bcl-xL or Mcl-1 restored sensitivity to platinum compounds
[28, 33-35] while targeting Mcl-1 and Bcl-2 overcame paclitaxel
resistance [36, 37]. Specific inhibition of Bcl-xL has also been
reported to improve ovarian cancer’s response to taxane-based
therapy and to poly-ADP ribose polymerase inhibitors (PARPi)
[29, 38-40]. We have recently identified I1S21, a pan-inhibitor of
anti-apoptotic proteins with antitumor activity in different
histotypes, including melanoma [41]. Here, using in vitro and
in vivo approaches, we explored the antitumor efficacy of 1IS21 and
ABT-199 as single agents and their ability to affect the sensitivity
of human melanoma, ovarian carcinoma, and T-cell acute
lymphoblastic leukemia (T-ALL) models to the standard-of-care
agents.

MATERIALS AND METHODS

Cell cultures

Human T-ALL (JURKAT, TALL1, LOUCY, MOLT-3), wild type (wt) melanoma
(Sbcl1 ME4405, ME2/17, ME1007), mutated melanoma (M14, A375, LOX
IMVI1), non-small cell lung cancer (NSCLC) (H1299, A549, HCC827, H460),
pancreatic cancer (HPAFIl, PANC1, CFPAC1, L3.6) and ovarian cancer
(OVCAR 3, OVCAR 5, OVCAR 8, OVCAR 420, OVCAR 432, OVCAR 433) cell
lines were maintained in RPMI-1640 complete medium (Euroclone, Milan,
IT) containing 10% inactivated fetal bovine serum (FBS) (Hyclone, Thermo
Fisher Scientific, Waltham, MA, USA), 1% L-glutamine (Euroclone) and
100 pg/ml penicillin/streptomycin (Euroclone). Cell lines were routinely
tested for mycoplasma contamination and authenticated within the last
eight months.

Reagents preparation and treatments

For in vitro experiments, IS21 (ChemSpace, Riga, Latvia), ABT-199,
dabrafenib, trametinib, ABT-263, 563845 (Selleckchem, Houston, TX,
USA), WEHI-539 (MedChem, Monmouth Junction, USA) and olaparib
(Targetmol, Wellesley Hills, MA, USA) were dissolved in DMSO (20 mM,
Sigma-Aldrich, St. Louis, Missouri, USA) and further diluted in complete
medium. The pan-caspase inhibitor zZVAD-fmk (zVAD, Sigma-Aldrich) was
dissolved in DMSO. Doxorubicin (50 mg/25 ml, Pfizer, New York, NY, USA)
and vincristine (1 mg/ml, Teva ltalia, Milan, IT) were serially diluted in
complete medium. As control, cells were treated with 0.1%-0.4% DMSO,
depending on the highest dose of treatment used for each experiment.
DMSO at these concentrations did not affect cell proliferation.

Cell viability and clonogenic ability

For cytotoxicity experiments, cell lines were plated in 96-well plates and,
after 24 h, were treated with different drugs. MTT assay (Sigma-Aldrich)
was used for melanoma, pancreatic, and NSCLC cells exposed to single
agents, whereas CellTiter-Glo® Luminescent assay (Promega, Southamp-
ton, UK) was used for combinatorial regimes in melanoma. MTS (Promega)
was used for ovarian cancer cells. For T-ALL, the number of viable cells was
counted by a Trypan Blue exclusion assay (Sigma-Aldrich). The count was
performed with hand tally counter and hemocytometer (Neubauer cell
chamber). Loewe Scores were calculated by SynergyFinder 2.0 software
[42]: scores <0, O< scores >5, and =5 indicated, respectively, antagonistic,
additive, and synergistic effects. GraphPad Prism software (Dotmatics,
Bishop's Stortford, UK) was used to evaluate the concentration of the drug
reducing 50% cell viability (ICso).

To evaluate the cell colony-forming ability in melanoma cells, after
treatment cells were seeded (200 cells) into 60-mm Petri dishes. After
10 days, colonies were stained (2% methylene blue in 95% ethanol) and
counted. All cell aggregates with more than 50 cells were considered
colonies, while those containing less than or equal to 50 cells were not
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considered colonies. The surviving fractions were calculated as the ratio of
absolute survival of treated sample/survival of the control sample.

For colony assay in OVCAR 5, cells were seeded (250 cells/mL) in 6-well
plates and, after 48 h, were treated with olaparib and 1S21, and colonies
were left to grow for 10 days, then stained (Gram’s Crystal Violet solution,
Merck) and quantified (QICAM 32-0030 C camera, QIMAGING, and Colony
plus 2.0 program), by setting standardized parameters, considering a cell
aggregate containing at least 50 cells (e.g. area min 0.0025, area max
20.0000, background correction, edges exclusion).

siRNA transfection assay

Pooled siRNA oligonucleotides against BAX (cat L-003308-01-0005), BAK
(cat L-003305-00-0005), or scramble (cat D-001810-10-05) target sequences
were purchased from DharmaconRNA Technologies (siGENOME SMART-
pool, Lafayette, CO, USA). For siRNA transfection, A375 cells were seeded in
6-well plates and, after 24 h, transfected with 20 nM pooled oligonucleo-
tides mixture of BAX or BAK or both BAX/BAK by using JetPrime
(Invitrogen, Grand Island, NY, USA) following the manufacturer’s protocol.
Gene silencing efficacy by siRNA after 72 h of transfection was assessed by
Western blot analysis.

Immunoprecipitation and western blot analyses

For immunoprecipitation experiments, A375 cells treated for 48 h with
vehicle or 20 uM 1S21 were washed three times with PBS, harvested, and
lysed in RIPA buffer (Santa Cruz Biotechnology, Texas, USA) in the presence
of proteases and phosphatases inhibitors. Protein extract was obtained by
centrifugation (15min, 10000 x g, 4 °C) and protein concentrations were
measured in duplicate using a BCA (Pierce, Thermo Fisher Scientific)
protein assay kit. Protein extracts (1500 pg) were pre-cleared for 2 h at 4 °C
by adding 30 pl Dynabeads Protein G (Invitrogen, Thermo Fisher Scientific).
The pre-cleared lysates were transferred to a new tube and incubated
overnight at 4°C with Bcl-2 (cat 4223), Bcl-xL (cat 2764), or Mcl-1 (cat
94296) antibodies (1:100, Cell Signaling, Milan, IT) or with 2 ug rabbit IgG
(BETHYL Laboratories, Waltham, MA), as control. 60 pl Dynabeads Protein G
were washed three times, and then the lysates were added and incubated
for 2h at room temperature. The beads were washed (1 ml PBS, 0.02%
Tween) five times, and then the immunoprecipitated proteins were eluted
with 30 ul Laemmli sample buffer 2x, without reducing agent, and boiled
(10 min, 70°C). Immunoprecipitated proteins were separated from the
beads and 30 pl of water was added to each sample to a final volume of
60 pl. One-third of eluted samples (500 ug of starting materials) for each
condition were separated by 12% precast SDS-PAGE gel (Bio-Rad, Hercules,
CA, USA).

Western blot analyses were performed as previously described [43, 44].
Immunodetection was performed using antibodies directed to Bcl-2 (cat
sc-509), Bcl-xL (cat sc-634) and Mcl-1 (cat sc-12756) (Santa Cruz
Biotechnology), BAX (cat 5023S), BAK (cat 12105S), BIM (cat 29335S),
NOXA (cat 14766 S) and Beclin-1 (cat 3738S) (Cell Signaling), PARP (cat
556494, BD biosciences), B-actin (cat A1978, Sigma-Aldrich) and a-tubulin
(cat sc-32293, Santa Cruz Biotechnology). Anti-mouse immunoglobulin
G-horseradish peroxidase-conjugated antibodies (Invitrogen) were used as
secondary antibodies. Images were acquired by Image Lab Software (Bio-
Rad), using a ChemiDoc System instrument (Bio-Rad). Densitometric
analysis was performed with Image J software version 1.53a (Rasband,
W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA,
https://imagej.nih.gov/ij/). Values were expressed as fold change of the
protein of interest relative to the housekeeping one.

Cytofluorimetric analysis

To analyze cell cycle distribution, cells were fixed with ice-cold 70%
ethanol for 24 h at 4 °C. Next, cells were washed in PBS buffer and stained
with 500 pl of PBS containing RNase A (100 pug/ml, Sigma-Aldrich) and
Propidium iodide (50 pg/ml) for 30 min in the dark.

For annexin V staining, cells were washed with 1x binding buffer
(Invitrogen, Waltham, Massachusetts, USA) and then incubated with APC
annexin V (cat. ALX-209-252, Enzo Lifesciences, Farmingdale, NY, USA)
following the manufacturer’s instructions.

For active caspase 3 evaluation, cells were fixed and permeabilized with
BD Cytofix/Cytoperm (BD Bioscience, San Jose, CA) for 20 min and stained
with Alexa Fluor 647 active caspase 3 antibody (cat. 560626, BD
Bioscience), following the manufacturer’s instructions. Flow cytometric
analyses on melanoma and T-ALL cells were performed using BD Accuri™
C6 and FacsCalibur (BD Biosciences) flow cytometers, respectively. Sample
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acquisition was performed by setting standardized parameters [blue laser
(488 nm), FL2 filter (585/45 nm) for Pl staining; red laser (640 nm), FL4 filter
(675/25) for annexin V/active caspase 3 staining].

In vivo experiments
A375 cells were infected with luciferase-encoding lentivirus (pRRLSIN.cPP-
TLuciferase WPRE from Addgene, Watertown, Massachusetts, USA) as
previously described [45]. 5x10° A375luc cells were subcutaneously
injected in the right flank of 6-8-week-old female athymic CD1 nude
mice. After 5 days, mice were randomized into different groups (6 mice for
each group) and treated for three weeks with dabrafenib (5 mg/kg, oral
gavage [o0.g.]), trametinib (0.1 mg/kg, o0.9.), 1521 (100 mg/kg, intra-
peritoneally [i.p.]), ABT-199 (100 mg/kg o.g.) alone or in combinations.
I1S21 and ABT-199 were dissolved in 10% DMSO, 30% PEG400 (Sigma-
Aldrich), 5% Tween80 (Acros Organics, New Jersey, USA), and 55% NaCl
(vehicle). Dabrafenib and trametinib were suspended in an aqueous
mixture of 0.5% hydroxypropyl methylcellulose (Sigma-Aldrich) and DMSO.
Tumor growth was monitored by bioluminescent imaging once a week.
The signal was detected using the IVIS Spectrum CT (Perkin Elmer,
Waltham, MA, USA) and analyzed using the Living Image software version
4.7.4. Mice were anesthetized, i.p. injected with 75 mg/kg D-luciferin, and
imaged 10 minutes after injection. For ex vivo experiments, after sacrifice,
lung, spleen, and liver were explanted, immersed in a solution containing
D-luciferin for 10 minutes, and analyzed by bioluminescent imaging.
Photon emission was measured in specific regions of interest (ROls). Data
were expressed as photon/second/cm2/steradian. The intensity of
bioluminescence was color-coded for imaging purposes. ROIs were also
used to evaluate the response evaluation criteria in solid tumors (RECIST)
modified for animal experimentation [46] and defined as follows: partial
response (PR) for tumor change <—50%, stable disease (SD) for —50%<
tumor change >35%, progression disease (PD) for tumor change >35%.

Cellular thermal shift assay (CETSA)

To perform CETSA, A375 cells (8 x 10°) were seeded into 6-well plates in
complete medium. The day after, the cells were treated for 4 h with 20 or
40 uM 1521 or 0.1% (v/v) DMSO, as control. After washing, the cells were
collected, suspended in PBS and 6 aliquots were subjected to a 3 min
incubation at different temperatures between 30 and 55 °C. Subsequently,
the cells were lysed by RIPA buffer and centrifuged. The soluble proteins
were separated by a 12% SDS-PAGE and Western blot analysis was carried.
Densitometric analyses of the resulting bands were carried out using the
ImagelJ software as above reported. GAPDH was used as a normalizer. The
experiments were performed two times.

Statistical analysis

In vitro experiments were replicated at least three times, unless otherwise
indicated, and the data were expressed as average * standard deviation
(SD) or as average + standard error of the mean (SEM). Group differences
were analyzed with a two-sided paired or unpaired Student’s t-test.

In vivo experiments were repeated twice. Differences between groups,
analyzed with T test, Wilcox, or Mann-Withney, were considered
statistically significant for p < 0.05.

Statistical analyses were performed with GraphPad Prism 9 software.
Sample sizes were chosen based on preliminary results to ensure a power
of 80% and an alpha level of 5%. No data or animals were excluded from
the analyses.

RESULTS

Bcl-2 family inhibitors reduce in vitro cell viability of human
cancer cell lines

We firstly assessed the efficacy of 1S21, a compound able to bind
Bcl-2, Bcl-xL, and Mcl-1 proteins [41], in tumor histotypes in which
Bcl-2 family proteins play a crucial role, such as T-ALL [47],
melanoma [48], ovarian cancer [27], pancreatic cancer [49] and
NSCLC [50].

IS21 reduced the viability of four T-ALL cell lines differently, with
ICso values at 48 h ranging from 5.4 to 38.43 uM (Fig. 1A). We next
evaluated the possible association between 1S21 activity and the
levels of different anti- and pro-apoptotic Bcl-2 family proteins.
ICso values of 1S21 failed to correlate significantly with endogen-
ous levels of the analyzed proteins (Fig. 1B). Notably, JURKAT cells,
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expressing lower levels of Bcl-2 protein, were the most resistant to
IS21 (Fig. 1A, B). PARP cleavage, indicative of apoptosis triggering,
was induced upon 1S21 treatment in LOUCY and TALL1 cells with
high levels of Bcl-2 protein. At the same time, it was not detected
in the JURKAT cells with low Bcl-2 levels (Fig. 1C).

Accordingly to published data [43], ABT-199, a Bcl-2-specific
BH3 mimetic, strongly reduced the viability of TALL1, LOUCY, and
MOLT-3 cells, failing to significantly suppress JURKAT cell viability
(Supplementary Fig. 1A). We next explored the cytotoxic effect of
IS21 in combination with doxorubicin and vincristine, two of the
main chemotherapy drugs used in the first-line treatment of T-ALL
[51]. We focused on the JURKAT cell line, the most resistant cell
line to 1S21 (Fig. 1A, B), demonstrating that IS21 was able to
synergistically potentiate the efficacy of both drugs (Fig. 1D), with
Loewe scores of 35.9 and 39.6 for doxorubicin and vincristine
respectively. Importantly, 1S21 + doxorubicin or vincristine
treatments significantly increased the percentage of apoptotic
cells compared to single agents (Fig. 1E).

Moving on to solid tumors, a heterogeneous response was
observed, with 1S21 ICsq values ranging from 9.1 uM to 27.1 uM for
melanoma, from 10.1 uM to 81.7 uM for ovarian carcinoma, from
7.7 UM to 359 uM for NSCLC, and from 214 uM to 65 puM for
pancreatic carcinoma (Fig. 2A, B, Supplementary Fig. 1B, C).

Focusing on melanoma and ovarian carcinoma, we assessed the
possible associations between 1S21 activity and protein levels of a
panel of anti- (Bcl-2, Mcl-1, Bcl-xL) and pro- (BAX, BAK, BIM, NOXA)
apoptotic proteins. Importantly, we found a significant negative
correlation between 1S21 1C5o values and Bcl-xL protein levels in
melanoma cells (R=—0.91, p =0.004) (Supplementary Fig. 1D, E)
and those of Mcl-1 in ovarian cancer cells (R= —0.93, p = 0.006)
(Supplementary Fig. 1F, G).

To examine whether 1S21 activity was dependent on the
presence of the pro-apoptotic proteins BAX and BAK, we tested
the effect of 1S21 in the proliferation of A375 melanoma cells
silenced for BAX, BAK, or both proteins (Fig. 2C). Interestingly,
BAX + BAK double silenced cells were significantly more resistant
to 1S21 compared with control cells, being 1C5o values
10.9 £ 2.4 uM and 33.3 + 10 uM for control transfected and BAX +
BAK silenced cells, respectively (Fig. 2D, E). On the contrary, BAX
or BAK single silencing was not sufficient to significantly increase
the 1S21 ICs value (Fig. 2D, E).

To better understand the 1S21 mechanism of action, we next
explored how 1S21 treatment altered the interactions between its
targets (Bcl-2, Bcl-xL, and Mcl-1) and their main binding partners
(BAX, BAK, BIM, NOXA, Beclin-1) in A375 melanoma cells
(Fig. 2F-H). Among the protein analyzed, we demonstrated that
in control cells, Bcl-2 forms complexes with BAX or Beclin-1
(Fig. 2F), Bcl-xL with BAX or BAK (Fig. 2G), and Mcl-1 with NOXA
(Fig. 2H). The treatment with 1S21 reduced complexes between
Bcl-2 and BAX or Beclin-1 (Fig. 2F), between Bcl-xL and BAX or BAK
(Fig. 2G), but not those of NOXA with Mcl-1 (Fig. 2H). In
agreement, docking experiments performed with Bcl-2, Bcl-xL,
and Mcl-1 complexed with the conserved BH3 a-helix revealed
that IS21 binds with an average lower energy into Bcl-2 and Bcl-xL
than into Mcl-1 (Supplementary Table 1).

We also evaluated the capability of 1S21 to interact actually with
the three anti-apoptotic proteins in the cell environment by CETSA
[52]. To this purpose, A375 cells were treated for 4 h with 1S21 (20
and 40pM), exposed for 3min to different temperatures
(30-55 °C), and then subjected to non-denaturing lysis to measure
the residual amount of soluble Bcl-2, Bcl-xL, and Mcl-1 proteins by
Western blot analysis. The results obtained, showed an evident
stabilization of Bcl-2 protein at 45°C and, to a lesser extent, at
50°C in the samples incubated with 20 or 40 uM IS21, thus
confirming the occurrence of an effective Bcl-2/IS21 interaction in
the A375 cells (Supplementary Fig. 2A). Conversely, we did not
observe any effect of the 1S21 treatment on Bcl-xL and Mcl-1
proteins thermal stability (Supplementary Fig. 2B, C).
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Fig. 1

1S21 reduces the viability and potentiates the efficacy of chemotherapy in T-ALL cell lines. A Analysis of cell viability of the indicated

T-ALL cell lines treated with increasing concentrations of 1S21 for 48 h. B ICso values of T-ALL cells treated as reported in A, and Western blot
analysis of basal Bcl-2, Mcl-1, Bcl-xL, BAX, and BAK protein expression levels. The numbers indicate protein quantification by densitometric
analysis. C Western blot analysis of PARP1 cleavage (Cl. PARP) in the indicated T-ALL cell lines treated with 1S21 (20 pM, 48 h). D Heat map
graph showing cell growth inhibitory effect of JURKAT cells treated with 10 uM 1S21 alone or with the indicated concentrations of doxorubicin
or vincristine for 48 h. E Cytofluorimetric quantification of JURKAT cells in the subG1 peak after treatment with doxorubicin (DOXO, 5 nM),
vincristine (VINCRI, 2.5nM) or IS21 (10 pM), alone or in combination for 48 h. p-values were calculated between single and combination
treatments, *p < 0.05. B, C Reported Western blot images are representative of two independent experiments with similar results. p-actin and
a-tubulin are shown as loading and transferring control, molecular weights are expressed in kilodalton (kDa). The results are reported as
A “viability of treated cells/viability of control cells (Ctrl)” x 100, and D inhibition of cell proliferation of treated cells/inhibition of control

cells X 100, and as the mean £ SD of three independent experiments.

We next tested the effect of a panel of pan or specific Bcl-2
family inhibitors on the cell viability of melanoma and ovarian
cancer cells. When melanoma (Fig. 3A) and ovarian cancer
(Fig. 3B) cells were exposed to increasing concentrations of the
pan-inhibitor, ABT-263, a strong reduction of cell proliferation
was observed, even if higher heterogeneity was observed in
melanoma (ICso values from 2.5 uM to 20 uM) than in ovarian
cancer (ICso values from 3.7 uM to 8.8 uM) cells. ABT-199,
S$63485 (an Mcl-1 specific inhibitor), and WEHI-539 (a Bcl-xL
specific inhibitor) caused a dose-dependent reduction of cell
viability in melanoma (6.6 uM <1Csp =224 uM for ABT-199;
3.2uM < 1C50 > 18.6 uM for S63845 and 22.6 uM < 1C50 > 37.5 uM
for WEHI-539) (Fig. 3C, E, G, I) and ovarian carcinoma
(5uM <1Cs50 =36 uM for ABT-199, 19.8 uM <1C50 = 81.7 uM for
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$63845 and 23.2 UM < ICs5q = 59.3 uM for WEHI-539) (Fig. 3D, F,
H, J), even with a different extent. In fact, melanoma (Fig. 3I)
and ovarian cancer (Fig. 3J) cells were more resistant,
respectively, to WEHI-539 and S$63845 than to the other
inhibitors tested.

BH3 mimetics synergistically potentiate the effect of PARP
inhibition in ovarian cancer

We next investigated the effect of Bcl-2 family inhibitors on the
sensitivity of ovarian cancer cells to olaparib, a PARP inhibitor
approved for the maintenance setting in ovarian cancer [53], that
has been reported to alter the expression of Bcl-2 family proteins
in ovarian cancer cell lines [38]. We focused on OVCAR 5, the most
resistant cell line to 1S21 (Figs. 2B, 3J) and among the most

Cell Death and Disease (2023)14:441



E. Valentini et al.

ol T my e
— —— —
8 . == LOX IMVI = 100 —— OVCAR 8
O —— Sbelt N —— OVCAR 420
g -4 ME1007 ¢ a0 —o— OVCAR 432
< 604 =o— ME4405 < - OVCAR 433
< —— ME2/17 2 60
s 8
3 201 3 2
O T T T 1 0I T T T 1
0 20 40 60 80 0 40 80 120 160
1521 (M) 1521 (uM)
C 1204 —— siCtrl 50- ¥
x - - Si-BAX
5 g 100+ —— si-BAK 404
* = —— si-BAX+BAK s
X X 9 =
« g I < 3 2 307
1 T [ (? o{’ =
o 8 5 = g 20-
BAX =S = -20kDa = 08 E
BAK em Bem -25kDa S = 104
O-tubulin . - 55 kDa & o
S FEarar
0O 20 40 60 80 & LR Y_j_x‘z’
1S21 (uM) 2
=)
e Input  IP: Bcl-2 G Input  IP: Bel-xL Input  IP: Mcl1
T N E N © o T o £ N T W
5§ 8 & @ 5 @ & @ 5 2 3§ @
chan - ' -11kDa
sax [N B - 0 o= pAx | I - 20 kDa noxa I
— -20 kDa
BAK W - 25kDa BAK el -25kDa sax [ NN
’ & a
oo S > o e o I
Beclin-1 e wer () W - 60 kDa  HSP72/73 N roravoa B N R - 23 0

a-tubulin [

Fig. 2 1521 reduces the viability of solid tumor cell lines and alters the interactions between Bcl-2 and Bcl-xL with their targets. Analysis
of cell viability of A melanoma and B ovarian cancer cell lines treated with increasing concentrations of 1S21 for respectively 72 h and 5 days.
Results are reported as “viability of treated cells/viability of control cells (Ctrl)” x 100, and as mean + SD of three independent experiments.
C Western blot analysis of BAX and BAK protein levels in A375 melanoma cell lines control (si-K), silenced for BAX (si-BAX), BAK (si-BAK), or
both proteins (si-BAX + BAK). The same filter was used first for BAK and then for BAX. Analysis of D cell viability and E relative ICso values of
A375 melanoma cells silenced as reported in C and treated as reported in A. p-value was calculated between control and cells silenced for
BAX, BAK or both, *p <0.05. F-H Western blot analysis of Beclin-1, anti-apoptotic (Bcl-2, Bcl-xL, Mcl-1), and pro-apoptotic (BAX, BAK, BIM,
NOXA) proteins after immunoprecipitation of A375 melanoma cells with F Bcl-2, G Bcl-xL, or H Mcl-1 antibodies after treatment with 20 pM
1S21 for 48 h. Control cells (Ctrl). C, F-H Reported western blot images are representative of two independent experiments with similar results.
B-actin, a-tubulin, and Hsp72/73 are shown as loading and transferring control, molecular weights are expressed in kilodalton (kDa).

B-actin “—— -43 kDa - 55 kDa

olaparib-resistant ovarian cancer cells (Supplementary Fig. 3A).
The treatment with olaparib increased the expression of Bcl-2
protein, while it did not affect the expression of other Bcl-2 family
proteins (Supplementary Fig. 3B). Exposure to increasing concen-
trations of olaparib+1521 combination elicited a stronger growth
inhibitory effect than that obtained with single agents (Fig. 4A).
Notably, the two compounds were synergistic in almost all the
experimental points (Loewe score =5), with an overall Loewe
score =20.97 (Fig. 4B). Furthermore, the combined treatment
significantly reduced the clonogenic ability when compared to
single agents (Fig. 4Q).

Cell Death and Disease (2023)14:441

Similarly, a synergism (Loewe score = 32.76) was obtained by
treating cells with increasing concentrations of olaparib-+ABT-263
combination (Supplementary Fig. 3C, D), while an additive effect
(Loewe score =3.68) was observed after ABT-199-+olaparib
combination (Fig. 4D, E).

1S21 and ABT-199 synergistically potentiate the effect of MEK
inhibition in BRAFwt melanoma cells

Since BRAF mutation drives the therapeutic decision in metastatic
melanoma patients [54], we compared the 1S21 and ABT-199 ICs,
values between BRAFwt and BRAF mutated melanoma cells

SPRINGER NATURE
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(Supplementary Fig. 4A), evidencing a not significantly difference
between the two groups.

Next, we analyzed the effect of 1S21 and ABT-199 combined
with the MEKi, trametinib, in Sbcl1 BRAFwt melanoma, whose
therapeutic options are much less than BRAF mutated ones [55].
Trametinib treatment in Sbcl1 strongly increased the levels of BIM
protein, while it did not affect the expression of other Bcl-2 family
proteins (Supplementary Fig. 4B). The simultaneous exposure to
IS21 and trametinib induced a more potent inhibition of cell
proliferation compared to single treatments: a synergistic effect of
the two drugs in every experimental point tested was observed,
with an overall Loewe score of 21.31 (Fig. 5A, B). Furthermore, the
combined treatment significantly reduced the clonogenic ability
compared with single agents (Fig. 5C). Analysis of cell cycle
distribution evidenced an increased percentage of cells in the
subG1 peak, indicative of cell death, after combined treatment
(Fig. 5D, Supplementary Fig. 5A), and addition of zVAD to the

SPRINGER NATURE

combination, strongly decreased the percentage of cells in the
subG1 peak (Fig. 5D).

The combined treatment trametinib+ABT-199 produced a
synergistic effect (Loewe score =11.76) on growth inhibition
(Fig. 5E) when Sbcl1 cells were treated with doses of ABT-199
lower than 25 uM (Fig. 5F). A significant reduction of clonogenic
ability (Fig. 5G) paralleled by a significant increase of cells in the
subG1 peak (Fig. 5H, Supplementary Fig. 5A), was observed after
combined treatment compared with single agents. The addition of
ZVAD significantly reduced the percentage of cells in the subG1
peak (Fig. 5H).

1S21 and ABT-199 sensitize BRAF mutant melanoma cells to
MAPKi in vitro

BRAFi, in combination with MEKi, represents the standard-of-
care for advanced BRAF-mutated melanoma [54]. In agreement
with previously published papers demonstrating BIM

Cell Death and Disease (2023)14:441
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upregulation after BRAFi treatment [18, 56], BRAFi altered the
expression of Bcl-2 family proteins in A375 melanoma cells, as
demonstrated by the reduction of Bcl-2 and the increase of BIM
proteins (Supplementary Fig. 3B). Importantly, the simultaneous
treatment of 1S21 and dabrafenib, a BRAFi, inhibited the
proliferation of both A375 (Fig. 6A, Supplementary Fig. 4C)
and M14 (Supplementary Fig. 4D, E) cells with a synergistic
interaction (Loewe score = 12.6 for A375 and 16.2 for M14). The
combination treatment also reduced the clonogenic ability of
A375 cells compared with single compounds (Fig. 6B). A
significant increase of cells in the subG1 peak was also
observed: 45% after combined treatment compared with single
treatment with dabrafenib (23%) or 1S21 (15%) in A375 cells
(Fig. 6C, Supplementary Fig. 5B) and of 30% in the combination
compared with <10% of single agents in M14 cells (Supple-
mentary Fig. 4F). The addition of zZVAD significantly reduced the
percentage of cells in the SubG1 peak in A375 cells treated with
the combination (Fig. 6C). Enhanced apoptosis after the
combined treatment was also confirmed by significant increase
of annexin V and active caspase 3 positive cells when compared
to single agents (Fig. 6D, Supplementary Fig. 5C, D).

Similarly, the combined treatment of A375 and M14 melanoma
cells with ABT-199 and dabrafenib induced a synergistic effect in
terms of cell viability loss when compared to dabrafenib or ABT-
199 alone (Fig. 6E, Supplementary Fig. 4G-l), paralleled by a
reduction of clonogenic ability (Fig. 6F), enhancement of cells in

Cell Death and Disease (2023)14:441

subG1 peak (Fig. 6G, Supplementary Fig. 4F, Supplementary
Fig. 5B) and apoptotic cells (Fig. 6H, Supplementary Fig. 5C, D).

Notably, 1S21 synergistically potentiated the effect of dabrafenib
+trametinib combination in A375 (Loewe score =9.7) and M14
(Loewe score = 8.6) cells (Fig. 61, Supplementary Fig. 4L-N). Similar
results were obtained after ABT-199+dabrafenib+trametinib triple
combination both in A375 (Loewe score = 19.9) and M14 (Loewe
score = 12) cells (Fig. 6J, Supplementary Fig. 4L-N).

1S21 and ABT-199 sensitize BRAF mutant melanoma cells to
MAPKi in vivo

IS21 and ABT-199, administered as single agents, were previously
reported to reduce in vivo tumor growth of melanoma models
[41]. To evaluate their effect in combinatorial regimes and to
validate our results in vivo, mice carrying A375luc tumors were
treated with double (dabrafenib-+trametinib) or triple (dabrafenib
~+trametinib+1521 or dabrafenib-+trametinib+ABT-199) combina-
tions (Fig. 7A). Dabrafenib+trametinib caused an initial tumor
shrinkage until day 20 when tumors started to regrowing
(Fig. 7B, C, F). Notably, the addition of 1S21 significantly reduced
the tumor growth compared with dabrafenib-trametinib combi-
nation (Fig. 7B, C). Assessing the therapeutic response of single
mice by using RECIST-like criteria, we found that 5 out of 6 mice
treated with the triple combination reached partial response,
compared to 2 out 6 in the dabrafenib+trametinib group (Fig. 7D).
Similarly, the triple combination dabrafenib-+trametinib+ABT-199

SPRINGER NATURE
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Cell Death and Disease (2023)14:441 SPRINGER NATURE



E. Valentini et al.

A 41
10¢ Radiance
cell injection . K] (plsecicm?/sr)
sacrifice © Color scale
= 10"Min = 2.95¢6
week 1 week 2 o week 3 g Max = 36266
Day o 5 41
108 Radiance
(p/sec/cm?/sr)
c '.'_. 107 Color scale
o Min = 1.76e5
@ 2- =+ Vehicle o Max = 4.69¢8
° —— D+T
5 =m= D+T+IS21
>
s 14 Radiance
2 + o~ (p/sec/cm?/sr)
; |: ~ 100 Color scale
R AL Min = 1.21e4
€ 0w . 100 Max = 8.2606
£
q
5
) o 107
QC‘, Radiance
§ 5 ¥ g . (p/sec/cm?/sr)
o T T T T T T = Color scale
5 = Min = 1.67e4
5 13 20 27 36 41 5% Max = 1.16e7
Days 10°
. —— Vehicle e D+T =™ D+T+ABT-199
e D+T ® D+T+IS21 T 27 —— DiT .
< 4900+ = —= D+T+ABT-199 o 4900 -
% 25004 o 2, T 2500 S
5w 1001 me ¢gx° LR ¢ 53 1001 = me oo o®
5= o 5 £
Q T z © B
§§ 50 e @ PO S ol L S S0 s PD
u— L} ] - w Q L] [ ] [
e 09 ° sp ¢ x* Sg 0q"m® M sD
°
%é 50 ‘.A....‘Q............. s bR S 14 28 50 20 : ....... oMucnieninens -
= L] -~ = |} L] ]
& -1004 Y N e a S 100 "en™ OHgem mem® Ompgn"
=)
-150 T T T T 3 -2 T T T T T -150 T T T T
13 20 27 36 5 13 20 27 36 41 13 20 27 36
Days Days Days

Fig. 7

1S21 and ABT-199 potentiate the effect of dabrafenib-+trametinib in A375-derived xenografts. A Schematic timeline of in vivo

experiments. B Representative images of in vivo tumor growth analysis in nude mice injected with A375luc cells and treated with vehicle or
with dabrafenib-+trametinib (D + T) or D+ T+ 1521 or D 4+ T + ABT-199 for three weeks. C, E Analysis of tumor growth after A375luc injection
and treatment as reported in B. D, F Therapeutic response of single mice treated as reported in B assessed by using RECIST-like criteria;
progression disease (PD 2 35% increase from baseline), partial response (PR > —50% increase from baseline), stable disease (SD, intermediate

changes). Experiments were repeated twice, *p < 0.05.

significantly reduced the tumor growth compared with the double
combination, achieving a longer disease control until the day of
sacrifice (Fig. 7B, E), with 5 out of 6 mice responding to treatments
(Fig. 7F). Importantly, the effect of the triple treatments, evaluated
by the ex vivo imaging of organs, revealed a reduction, even
though not significant, on the ability of A375 to colonize lung,
spleen, and liver compared with dabrafenib+trametinib (Supple-
mentary Fig. 6A, B). Of note, all treatments were highly tolerated
and no significant changes in body weight (Supplementary
Fig. 6C), diet consumption, and postural/behavioral habits were
observed.

DISCUSSION

In the past years, we reported that Bcl-2, Bcl-xL, and Bcl2L10 anti-
apoptotic proteins positively affect melanoma progression, thus
indicating the relevance of these proteins as therapeutic targets [48,
57-60]. We also identified 1521, a novel compound with high affinity
for Bcl-2, Bcl-xL, and Mcl-1 proteins, showing antitumor activity [41].

SPRINGER NATURE

Here, we demonstrated that 1S21 reduced the viability of cell
lines derived from different tumor histotypes, confirming the
relevance of the Bcl-2 family in T-ALL, melanoma, lung, pancreatic
and ovarian carcinomas, and fostering their use in a broad
spectrum of cancers.

We also identified Bcl-xL and Mcl-1 protein levels as markers of
IS21 sensitivity in melanoma and ovarian cancer cell lines,
respectively, and demonstrated that the anti-proliferative effect
of IS21 was dependent on BAK and BAX expression.

We also deepened the action of IS21 from a mechanistic point
of view. Our analysis of Bcl-2, Bcl-xL, and Mcl-1 immunoprecipi-
tates demonstrated that 1S21 induced a re-distribution of some
pro-apoptotic proteins, strongly reducing the interaction of either
Bcl-2 or Bcl-xL with their main binding partners (BAX and Beclin-1
for Bcl-2; BAX and BAK for Bcl-xL), but not that of Mcl-1. Thus,
under the condition of 1S21 plus target therapy, BAX and BAK
could potentially be activated by BIM, which is increased by target
therapy. Our results suggested that BAX and BAK, being the main
interactors of Bcl-2 and Bcl-xL, were necessary to the 1S21 activity,
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although their baseline levels did not predict the I1S21 sensitivity in
T-ALL nor in melanoma or ovarian cancer models.

Moreover, docking experiments indicated that 1S21 was able to
displace the BH3 helix more effectively from Bcl-2 and Bcl-xL than
from Mcl-1. Using CETSA experiments, we confirmed the direct
interaction of 1S21 with Bcl-2 inside the cancer cell. The lack of
interaction between the compound and Bcl-xL or Mcl-1 could
depend on a lower affinity of IS21 for these proteins, as already
suggested by SPR data [40]. However, it should be emphasized
that in many cases the expression level of a protein, the
localization, and physiological involvement in intracellular inter-
actions can significantly influence its effective ability to bind a
compound inside the cell [61]. In fact, it has been reported that
the three proteins are differently expressed and localized in
melanoma cells (https://www.proteinatlas.org/humanproteome/
pathology, accessed on July 13th, 2023) [62] and, therefore,
possibly differently reachable from soluble BH3 inhibitors. Next,
we demonstrated that a panel of pan or specific Bcl-2 family
inhibitors was able to reduce the viability of different cancer cell
lines, even if to a different extent, confirming the relevance of the
Bcl-2 family also in solid tumors, and fostering their use in a wide
spectrum of cancers. In melanoma, a specific Bcl-xL inhibitor was
less effective than the others BH3 mimetics. Further analyses are
needed to test other Bcl-xL inhibitors to confirm this observation.

In combination experiments, we demonstrated that
IS21 sensitized T-ALL cells to the treatment with doxorubicin
or vincristine, increasing apoptosis. Interestingly, a phase Il
clinical trial is recruiting T-ALL and lymphoblastic lymphoma
patients to evaluate the efficacy of ABT-199 in combination
with chemotherapy, including vincristine and doxorubicin
(NCT00501826).

In ovarian cancer cell lines, the pan inhibitors IS21 and ABT-263
synergistically potentiated the effect of olaparib, whereas ABT-199
induced an additive effect. Published data demonstrated that
targeting Bcl-xL, but not Bcl-2, sensitized ovarian cancer to PARP
inhibition [38, 39]. Higher levels of Bcl-xL protein compared to Bcl-
2 and the olaparib-induced increase of Bcl-xL could explain why
Bcl-2 specific inhibition was less effective in potentiating PARP;,
when compared to pan BH3 mimetics [38]. Moreover, Dutta and
colleagues identified a novel interaction between Bcl-2 and PARP1
that interfered with PARP1 activity, and demonstrated that Bcl-2
overexpression phenocopies PARP inhibition in chronic lympho-
cytic leukemia, breast and lung cancer [63]. We cannot exclude
that this interaction can also occur in ovarian cancer, and could
play a role in the sensitivity of the combination of PARPi with Bcl-2
specific inhibitors. Based on these preclinical findings, several
clinical trials are ongoing to study the efficacy of BH3 mimetics
alone or in combination in ovarian cancer, and a recent phase Il
study demonstrated that navitoclax showed an acceptable
tolerance profile but poor activity in women with platinum-
resistant/refractory recurrent epithelial ovarian cancer [64]. A
phase | study is recruiting women with recurrent high-grade
serous carcinoma who have progressed after platinum-containing
chemotherapy to evaluate the combination of olaparib and
navitoclax (NCT05358639).

Our data also demonstrated that 1S21 and ABT-199 reduced
melanoma cell viability in a BRAF-independent manner, support-
ing the fact that both BRAFwt and BRAF mutated melanoma cells
may benefit from the treatment with Bcl-2 family inhibitors.

In BRAFwt melanoma cells, the combination of ABT-199 or 1521
with trametinib was more active than single treatments in terms
of reduction of cell proliferation and clonogenic ability, and
induction of apoptosis. Apoptosis was rescued when zVAD was
added to the combined treatment, confirming that BH3 mimetics
increase the sensitivity to trametinib through the apoptotic
pathway. The ability of some inhibitors of anti-apoptotic proteins
to increase the sensitivity to target therapy in the BRAFwt/RAS
mutated melanoma subgroup has also been reported. ABT-263
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synergizes with MEK1/2i and induces death in melanoma cell lines
with BRAF or RAS mutations [18]. These findings open the
possibility of treating this specific subgroup of melanoma patients,
who have limited access to active therapy, with BH3 mimetics. A
phase I/ll study is active to test the trametinib and navitoclax
combination in KRAS or NRAS mutation-positive patients with
metastatic/refractory/unresectable malignant solid neoplasms,
including melanoma (NCT02079740).

We also found that ABT-199 and 1521 sensitized BRAF-mutated
melanoma cells to dabrafenib and dabrafenib+trametinib treat-
ments in terms of reduction of cell viability and clonogenic ability.
Analysis of caspase 3 activation, annexin V positive cells, subG1
peak in the cell cycle distribution, and the use of caspase
inhibitors demonstrated increased apoptosis after combined
treatments. As we have previously demonstrated that 1S21 could
induce apoptosis through the alteration of autophagy in different
tumors [41], we can hypothesize that the 1521 effect herein
reported on cell viability/death may be mediated, at least in part,
by the autophagic pathway.

Most notably, both ABT-199 and IS21 strongly potentiated the
effect of dabrafenib-+trametinib in vivo, by reducing tumor growth
and metastatic ability and achieving longer disease control, with no
evident signs of toxic effects. These data strongly support the clinical
development of BH3 mimetic-based combinations.

The ability of specific or pan inhibitors of anti-apoptotic proteins to
increase the efficacy of therapies in melanoma is not a new concept
[8], but none of these studies, except the study of Rohrbeck’s group
[15], analyzed the effect of ABT-199. In particular, our results were in
agreement with those demonstrating the ability of ABT-737 [30] and
ABT-263 [31], to potentiate the efficacy of the BRAFi in BRAF-mutated
melanoma models [11, 13, 15, 16, 18, 19]. In vitro and in vivo ability of
ABT-737 or TW-37 to synergize with MEKi has also been reported in
melanoma models carrying BRAF mutation [17, 26]. The inefficacy of
ABT-199 to affect the sensitivity of BRAF mutated melanoma cells
expressing Bcl-2 protein to BRAFi, demonstrated by Rohrbeck’s
group, could be due to different scheduling used [15]. More
importantly, ABT-737 and ABT-263 and the Bcl-xL specific inhibitor,
A1155, were also found to re-sensitize in vitro/in vivo melanoma
models resistant to BRAFi or MEKi [11, 15, 16]. Recently, also Mcl-1
inhibitors showed their efficacy in potentiating the activity of BRAFi
in melanoma models [19, 20, 32]. All this evidence supports the
relevance of BH3 mimetics for melanoma treatment. To this purpose,
a phase I/Il study is active to evaluate the efficacy of navitoclax in
combination with dabrafenib/trametinib in BRAF mutant melanoma
patients (NCT01989585).

As a mechanism underlying the potentiating effect of BH3
mimetics on target therapy observed in ovarian cancer and
melanoma, we cannot exclude a possible senolytic effect reported
by some Bcl-2 family inhibitors [65, 66]. We can speculate that
these inhibitors may potentiate the effect of PARPi and MAPKi
through the selective activation of apoptosis in olaparib- and
dabrafenib/trametinib-induced senescent cells [67-69], as some
preclinical evidence suggest [66, 70-74].

In conclusion, our findings suggest new therapeutic strategies
active in poorly responsive melanoma and ovarian carcinoma
models, both using agents already approved, i.e., venetoclax, with
possible rapid clinical translatability, or agent under development,
i.e. 1S21. We know that IS21 is effective at micromolar concentra-
tions, but it is a compound that can still be optimized before
becoming a drug. In this context, we hypothesized chemical
modifications (replacement of benzofurane moiety with other
bicyclic heterocycles, insertion of methylene groups) to improve
its efficacy.

DATA AVAILABILITY

Data and materials are available upon request to the corresponding author.

SPRINGER NATURE

11


https://www.proteinatlas.org/humanproteome/pathology
https://www.proteinatlas.org/humanproteome/pathology

E. Valentini et al.

12

REFERENCES

1

20.

21.

22.

23.

24,

25.

. Vasan N, Baselga J, Hyman DM. A view on drug resistance in cancer. Nature

2019;575:299-309.

. Emran TB, Shahriar A, Mahmud AR, Rahman T, Abir MH, Siddiquee MF, et al.

Multidrug resistance in cancer: understanding molecular mechanisms, immu-
noprevention and therapeutic approaches. Front Oncol. 2022;12:891652.

. Adams JM, Cory S. The BCL-2 arbiters of apoptosis and their growing role as

cancer targets. Cell Death Differ. 2018;25:27-36.

. Delbridge AR, Strasser A. The BCL-2 protein family, BH3-mimetics and cancer

therapy. Cell Death Differ. 2015;22:1071-80.

. Ashkenazi A, Fairbrother WJ, Leverson JD, Souers AJ. From basic apoptosis dis-

coveries to advanced selective BCL-2 family inhibitors. Nat Rev Drug Discov.
2017;16:273-84.

. Lew TE, Seymour JF. Clinical experiences with venetoclax and other pro-apoptotic

agents in lymphoid malignancies: lessons from monotherapy and chemotherapy
combination. J Hematol Oncol. 2022;15:1-27.

. Lok SW, Whittle JR, Vaillant F, Teh CE, Lo LL, Policheni AN, et al. A phase Ib dose-

escalation and expansion study of the BCL2 inhibitor venetoclax combined with
tamoxifen in ER and BCL2-positive metastatic breast cancer. Cancer Discov.
2019;9:354-69.

. D’Aguanno S, Del Bufalo D. Inhibition of anti-apoptotic Bcl-2 proteins in pre-

clinical and clinical studies: current overview in cancer. Cells 2020;9:1287.

. Montero J, Hag R. Adapted to survive: targeting cancer cells with BH3 mimetics

adaptation to BH3 mimetics. Cancer Discov. 2022;12:1217-32.

. Jiang CC, Lai F, Tay KH, Croft A, Rizos H, Becker TM, et al. Apoptosis of human

melanoma cells induced by inhibition of B-RAFV600E involves preferential spli-
cing of bimS. Cell Death Dis. 2010;1:e69.

. Serasinghe MN, Missert DJ, Asciolla JJ, Podgrabinska S, Wieder SY, lzadmehr S, et al.

Anti-apoptotic BCL-2 proteins govern cellular outcome following B-RAF(V600E) inhi-
bition and can be targeted to reduce resistance. Oncogene 2015;34:857-67.

. Wang YF, Jiang CC, Kiejda KA, Gillespie S, Zhang XD, Hersey P. Apoptosis

induction in human melanoma cells by inhibition of MEK is caspase-independent
and mediated by the Bcl-2 family members PUMA, Bim, and Mcl-1. Clin Cancer
Res. 2007;13:4934-42.

. Wroblewski D, Mijatov B, Mohana-Kumaran N, Lai F, Gallagher SJ, Haass NK, et al.

The BH3-mimetic ABT-737 sensitizes human melanoma cells to apoptosis
induced by selective BRAF inhibitors but does not reverse acquired resistance.
Carcinogenesis 2013;34:237-47.

. Jiang CC, Chen LH, Gillespie S, Wang YF, Kiejda KA, Zhang XD, et al. Inhibition of

MEK sensitizes human melanoma cells to endoplasmic reticulum stress-induced
apoptosis. Cancer Res. 2007;67:9750-61.

. Rohrbeck L, Gong JN, Lee EF, Kueh AJ, Behren A, Tai L, et al. Hepatocyte growth

factor renders BRAF mutant human melanoma cell lines resistant to PLX4032 by
downregulating the pro-apoptotic BH3-only proteins PUMA and BIM. Cell Death
Differ. 2016;23:2054-62.

. Frederick DT, Salas Fragomeni RA, Schalck A, Ferreiro-Neira |, Hoff T, Cooper ZA,

et al. Clinical profiling of BCL-2 family members in the setting of BRAF inhibition
offers a rationale for targeting de novo resistance using BH3 mimetics. PLoS One.
2014,9:e101286.

. Cragg MS, Jansen ES, Cook M, Harris C, Strasser A, Scott CL. Treatment of B-RAF

mutant human tumor cells with a MEK inhibitor requires Bim and is enhanced by
a BH3 mimetic. J Clin Invest. 2008;118:3651-9.

. Sale MJ, Cook SJ. The BH3 mimetic ABT-263 synergizes with the MEK1/2 inhibitor

selumetinib/AZD6244 to promote BIM-dependent tumour cell death and inhibit
acquired resistance. Biochem J. 2013;450:285-94.

. Hartman ML, Gajos-Michniewicz A, Talaj JA, Mielczarek-Lewandowska A, Czyz M.

BH3 mimetics potentiate pro-apoptotic activity of encorafenib in BRAF(V600E)
melanoma cells. Cancer Lett. 2021;499:122-36.

Montero J, Gstalder C, Kim DJ, Sadowicz D, Miles W, Manos M, et al. Destabili-
zation of NOXA mRNA as a common resistance mechanism to targeted therapies.
Nat. Commun. 2019;10:5157.

Niessner H, Sinnberg T, Kosnopfel C, Smalley KSM, Beck D, Praetorius C, et al.
BRAF inhibitors amplify the proapoptotic activity of MEK inhibitors by inducing er
stress in NRAS-mutant melanoma. Clin Cancer Res. 2017;23:6203-14.

Haqg R, Yokoyama S, Hawryluk EB, Jonsson GB, Frederick DT, McHenry K, et al.
BCL2A1 is a lineage-specific antiapoptotic melanoma oncogene that confers
resistance to BRAF inhibition. Proc Natl Acad Sci USA. 2013;110:4321-6.
Straussman R, Morikawa T, Shee K, Barzily-Rokni M, Qian ZR, Du J, et al. Tumour
micro-environment elicits innate resistance to RAF inhibitors through HGF
secretion. Nature 2012;487:500-4.

Shao Y, Aplin AE. BH3-only protein silencing contributes to acquired resistance to
PLX4720 in human melanoma. Cell Death Differ. 2012;19:2029-39.

Paraiso KH, Xiang Y, Rebecca VW, Abel EV, Chen YA, Munko AC, et al. PTEN loss
confers BRAF inhibitor resistance to melanoma cells through the suppression of
BIM expression. Cancer Res. 2011;71:2750-60.

SPRINGER NATURE

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

a4,

45,

46.

47.

48.

49.

Verhaegen M, Bauer JA, Martin de la Vega C, Wang G, Wolter KG, Brenner JC, et al.
A novel BH3 mimetic reveals a mitogen-activated protein kinase-dependent
mechanism of melanoma cell death controlled by p53 and reactive oxygen
species. Cancer Res. 2006;66:11348-59.

Yuan J, Lan H, Jiang X, Zeng D, Xiao S. Bcl-2 family: novel insight into indivi-
dualized therapy for ovarian cancer (Review). Int J Mol Med. 2020;46:1255-65.
Villedieu M, Louis MH, Dutoit S, Brotin E, Lincet H, Duigou F, et al. Absence of Bcl-
xL down-regulation in response to cisplatin is associated with chemoresistance in
ovarian carcinoma cells. Gynecol Oncol. 2007;105:31-44.

Wong M, Tan N, Zha J, Peale FV, Yue P, Fairbrother WJ, et al. Navitoclax (ABT-263)
reduces Bcl-x(L)-mediated chemoresistance in ovarian cancer models. Mol Cancer
Ther. 2012;11:1026-35.

Oltersdorf T, EImore SW, Shoemaker AR, Armstrong RC, Augeri DJ, Belli BA, et al.
An inhibitor of Bcl-2 family proteins induces regression of solid tumours. Nature
2005;435:677-81.

Tse C, Shoemaker AR, Adickes J, Anderson MG, Chen J, Jin S, et al. ABT-263: a
potent and orally bioavailable Bcl-2 family inhibitor. Cancer Res. 2008;68:3421-8.
Trojaniello C, Festino L, Vanella V, Ascierto PA. Encorafenib in combination with
binimetinib for unresectable or metastatic melanoma with BRAF mutations.
Expert Rev Clin Pharmacol. 2019;12:259-66.

Witham J, Valenti MR, De-Haven-Brandon AK, Vidot S, Eccles SA, Kaye SB, et al.
The Bcl-2/Bcl-XL family inhibitor ABT-737 sensitizes ovarian cancer cells to car-
boplatin. Clin Cancer Res. 2007;13:7191-8.

Simonin K, Brotin E, Dufort S, Dutoit S, Goux D, N'Diaye M, et al. Mcl-1 is an
important determinant of the apoptotic response to the BH3-mimetic molecule
HA14-1 in cisplatin-resistant ovarian carcinoma cells. Mol Cancer Ther.
2009;8:3162-70.

Brotin E, Meryet-Figuiére M, Simonin K, Duval RE, Villedieu M, Leroy-Dudal J, et al.
Bcl-XL and MCL-1 constitute pertinent targets in ovarian carcinoma and their
concomitant inhibition is sufficient to induce apoptosis. Int J Cancer.
2010;126:885-95.

Yin L, Zeng Y, Zeng R, Chen Y, Wang T-L, Rodabaugh KJ, et al. Protein kinase
RNA-activated controls mitotic progression and determines paclitaxel che-
mosensitivity through B-cell lymphoma 2 in ovarian cancer. Oncogene
2021;40:6772-85.

Habata S, Iwasaki M, Sugio A, Suzuki M, Tamate M, Satohisa S, et al. BAG3-
mediated Mcl-1 stabilization contributes to drug resistance via interaction with
USP9X in ovarian cancer. Int J Oncol. 2016;49:402-10.

Fleury H, Malaquin N, Tu V, Gilbert S, Martinez A, Olivier M-A, et al. Exploiting
interconnected synthetic lethal interactions between PARP inhibition and cancer
cell reversible senescence. Nat Commun. 2019;10:1-15.

Yokoyama T, Kohn EC, Brill E, Lee JM. Apoptosis is augmented in high-grade
serous ovarian cancer by the combined inhibition of Bcl-2/Bcl-xL and PARP. Int J
Oncol. 2017;50:1064-74.

Lui GYL, Shaw R, Schaub FX, Stork IN, Gurley KE, Bridgwater C, et al. BET, SRC, and
BCL2 family inhibitors are synergistic drug combinations with PARP inhibitors in
ovarian cancer. EBioMedicine 2020;60:102988.

Valentini E, D’Aguanno S, Di Martile M, Montesano C, Ferraresi V, Patsilinakos A,
et al. Targeting the anti-apoptotic Bcl-2 family proteins: machine learning virtual
screening and biological evaluation of new small molecules. Theranostics
2022;12:2427-44.

lanevski A, Giri AK, Aittokallio T. SynergyFinder 2.0: visual analytics of multi-drug
combination synergies. Nucleic Acids Res. 2020;48:W488-93.

Peirs S, Matthijssens F, Goossens S, Van de Walle |, Ruggero K, de Bock CE, et al.
ABT-199 mediated inhibition of BCL-2 as a novel therapeutic strategy in T-cell
acute lymphoblastic leukemia. Blood 2014;124:3738-47.

Ruggiero CF, Malpicci D, Fattore L, Madonna G, Vanella V, Mallardo D, et al. ErbB3
phosphorylation as central event in adaptive resistance to targeted therapy in
metastatic melanoma: early detection in CTCs during therapy and insights into
regulation by autocrine neuregulin. Cancers 2019;11:1425.

Cristinziano G, Porru M, Lamberti D, Buglioni S, Rollo F, Amoreo CA, et al. FGFR2
fusion proteins drive oncogenic transformation of mouse liver organoids towards
cholangiocarcinoma. J Hepatol. 2021;75:351-62.

Guo S, Jiang X, Mao B, Li QX. The design, analysis and application of mouse
clinical trials in oncology drug development. BMC Cancer. 2019;19:718.

Baig MU, Rytting M, Roth M, Morani AC, Nunez C, Lin P, et al. Venetoclax and
decitabine in pediatric refractory T-cell lymphoblastic lymphoma. J Pediatr
Hematol Oncol. 2021;43:e991-6.

Trisciuoglio D, Del Bufalo D. New insights into the roles of antiapoptotic members
of the Bcl-2 family in melanoma progression and therapy. Drug Discov Today.
2021;26:1126-35.

Bauer C, Hees C, Sterzik A, Bauernfeind F, Mak’Anyengo R, Duewell P, et al.
Proapoptotic and antiapoptotic proteins of the Bcl-2 family regulate sensitivity of
pancreatic cancer cells toward gemcitabine and T-cell-mediated cytotoxicity. J
Immunother. 2015;38:116-26.

Cell Death and Disease (2023)14:441



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

Groeger AM, Caputi M, Esposito V, De Luca A, Salat A, Murabito M, et al. Bcl-2
protein expression correlates with nodal status in non small cell lung cancer.
Anticancer Res. 1999;19:821-4.

Jabbour E, Short NJ, Jain N, Haddad FG, Welch MA, Ravandi F, et al. The evolution
of acute lymphoblastic leukemia research and therapy at MD Anderson over four
decades. J Hematol Oncol. 2023;16:22.

Jafari R, Almqvist H, Axelsson H, Ignatushchenko M, Lundbéck T, Nordlund P,
et al. The cellular thermal shift assay for evaluating drug target interactions in
cells. Nat Protoc. 2014;9:2100-22.

Montemorano L, Lightfoot MD, Bixel K. Role of olaparib as maintenance treat-
ment for ovarian cancer: the evidence to date. Onco Targets Ther. 2019;12:11497.
Villani A, Potestio L, Fabbrocini G, Troncone G, Malapelle U, Scalvenzi M. The
treatment of advanced melanoma: therapeutic update. Int J Mol Sci.
2022;23:6388.

Johnpulle RA, Johnson DB, Sosman JA. Molecular targeted therapy approaches
for BRAF wild-type melanoma. Curr Oncol Rep. 2016;18:6.

Hartman ML, Gajos-Michniewicz A, Talaj JA, Mielczarek-Lewandowska A, Czyz M.
BH3 mimetics potentiate pro-apoptotic activity of encorafenib in BRAFV600E
melanoma cells. Cancer Lett. 2021;499:122-36.

Di Martile M, Farini V, Consonni FM, Trisciuoglio D, Desideri M, Valentini E, et al.
Melanoma-specific bcl-2 promotes a protumoral M2-like phenotype by tumor-
associated macrophages. J Immunother cancer. 2020;8:¢000489.

Del Bufalo D, Di Martile M, Valentini E, Manni |, Masi |, D’Amore A, et al. Bcl-2-like
protein-10 increases aggressive features of melanoma cells. Explor Target Anti-
tumor Ther. 2022;3:11-26.

Trisciuoglio D, Desideri M, Ciuffreda L, Mottolese M, Ribatti D, Vacca A, et al. Bcl-2
overexpression in melanoma cells increases tumor progression-associated
properties and in vivo tumor growth. J Cell Physiol. 2005;205:414-21.

Giorgini S, Trisciuoglio D, Gabellini C, Desideri M, Castellini L, Colarossi C, et al.
Modulation of bcl-xL in tumor cells regulates angiogenesis through CXCL8
expression. Mol Cancer Res. 2007;5:761-71.

Colinge J, Rix U, Bennett KL, Superti-Furga G. Systems biology analysis of protein-
drug interactions. Proteom Clin Appl. 2012;6:102-16.

Popgeorgiev N, Jabbour L, Gillet G. Subcellular localization and dynamics of the
Bcl-2 family of proteins. Front Cell Dev Biol. 2018;6:13.

Dutta C, Day T, Kopp N, van Bodegom D, Davids MS, Ryan J, et al
BCL2 suppresses PARP1 function and nonapoptotic cell death. Cancer Res.
2012;72:4193-203.

Joly F, Fabbro M, Follana P, Lequesne J, Medioni J, Lesoin A, et al. A phase Il study
of Navitoclax (ABT-263) as single agent in women heavily pretreated for recurrent
epithelial ovarian cancer: the MONAVI - GINECO study. Gynecol Oncol.
2022;165:30-9.

Zhu Y, Tchkonia T, Fuhrmann-Stroissnigg H, Dai HM, Ling YY, Stout MB, et al.
Identification of a novel senolytic agent, navitoclax, targeting the Bcl-2 family of
anti-apoptotic factors. Aging Cell. 2016;15:428-35.

Troiani M, Colucci M, D’Ambrosio M, Guccini |, Pasquini E, Varesi A, et al. Single-
cell transcriptomics identifies Mcl-1 as a target for senolytic therapy in cancer.
Nat Commun. 2022;13:1-14.

Xie X, Koh JY, Price S, White E, Mehnert JM. Atg7 overcomes senescence and
promotes growth of BrafV600E-driven melanoma. Cancer Discov. 2015;5:410-23.
Schick U, Kyula J, Barker H, Patel R, Zaidi S, Gregory C, et al. Trametinib radio-
sensitises RAS-and BRAF-mutated melanoma by perturbing cell cycle and indu-
cing senescence. Radiother Oncol. 2015;117:364-75.

Wang Z, Gao J, Zhou J, Liu H, Xu C. Olaparib induced senescence under P16 or
P53 dependent manner in ovarian cancer. J Gynecol Oncol. 2019;30:e26.

Basu A. The interplay between apoptosis and cellular senescence: Bcl-2 family
proteins as targets for cancer therapy. Pharm Ther. 2022;230:107943.

Serrano M, Barzilai N. Targeting senescence. Nat Med. 2018;24:1092-4.

Wyld L, Bellantuono |, Tchkonia T, Morgan J, Turner O, Foss F, et al. Senescence
and cancer: a review of clinical implications of senescence and senotherapies.
Cancers 2020;12:2134.

Whittle JR, Vaillant F, Surgenor E, Policheni AN, Giner G, Capaldo BD, et al. Dual
targeting of CDK4/6 and BCL2 pathways augments tumor response in estrogen
receptor-positive breast cancer targeting BCL2 and CDK4/6 in ER-positive breast
cancer. Clin Cancer Res. 2020;26:4120-34.

Rahman M, Olson |, Mansour M, Carlstrom LP, Sutiwisesak R, Saber R, et al.
Selective vulnerability of senescent glioblastoma cells to BCL-XL inhibition. Mol
Cancer Res. 2022;20:938-48.

Cell Death and Disease (2023)14:441

E. Valentini et al.

ACKNOWLEDGEMENTS

M.D.M. and M.C. were supported by a FIRC-AIRC fellowship for Italy, and F.C. was
supported by Fondazione Pezcoller/SIC fellowship. We thank Dr. Adele Petricca for
the preparation of the manuscript. The research leading to these results has received
funding from AIRC under IG 2020—ID. 24315 project—P.I. D.D.B. and AIRC under IG
2017 ID. 19797 project—P.l. G.D.; IRCCS Regina Elena National Cancer Institute (P.I.
M.D.M., Ricerca Corrente 2018-2020 granted by the Italian Ministry of Health);
Sapienza University 2021 (P.l. M.P.F., RP12117A63FBA27C), Banca d'ltalia (P.l. D.D.B.,
Contributo Liberale). This work was financially supported through funding from the
institutional “Ricerca Corrente 2023" granted by the Italian Ministry of Health.

AUTHOR CONTRIBUTIONS

EV.: investigation, methodology, formal analysis, writing-original draft; M.D.M.
conceptualization, formal analysis, investigation, data curation, writing-original draft,
visualization; M.B, LM., M.C,, S.D., M.D.C, C.B,, F.C.: investigation, methodology; M.C.,,
1.S.: investigation, methodology, formal analysis; F.M: conceptualization; M.L.B.:
methodology; F.D.P.: conceptualization; G.C, MR, C.D,, RR.: resources; M.P.F,, G.D.:
conceptualization, writing-review & editing; D.D.B.: conceptualization, formal analysis,
supervision, project administration, funding acquisition, writing-review & editing. All
the authors revised the article critically, and read and approved the final version of
the manuscript.

COMPETING INTERESTS
The authors declare no competing interests or personal relationships that could have
appeared to influence the work reported in this paper.

ETHICS APPROVAL

All procedures involving mice were authorized and certified by the Italian Minister of
Health (decree 67/97 A, approval 563/2021), Rome Health Service Unit (ASL RMB,
protocol 2560/97), and Regina Elena National Cancer Institute.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-05963-1.

Correspondence and requests for materials should be addressed to Marta Di Martile.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SPRINGER NATURE

13


https://doi.org/10.1038/s41419-023-05963-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Bcl-2 family inhibitors sensitize human cancer models to therapy
	Introduction
	Materials and methods
	Cell cultures
	Reagents preparation and treatments
	Cell viability and clonogenic ability
	siRNA transfection assay
	Immunoprecipitation and western blot analyses
	Cytofluorimetric analysis
	In vivo experiments
	Cellular thermal shift assay (CETSA)
	Statistical analysis

	Results
	Bcl-2 family inhibitors reduce in�vitro cell viability of human cancer cell lines
	BH3 mimetics synergistically potentiate the effect of PARP inhibition in ovarian cancer
	IS21 and ABT-199 synergistically potentiate the effect of MEK inhibition in BRAFwt melanoma cells
	IS21 and ABT-199 sensitize BRAF mutant melanoma cells to MAPKi in�vitro
	IS21 and ABT-199 sensitize BRAF mutant melanoma cells to MAPKi in�vivo

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval
	ADDITIONAL INFORMATION




