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PROTAC-mediated degradation of Bcl-xL 2
potentiates target therapy in preclinical
melanoma models
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Abstract

Background Bcl-xL plays an important role in tumors from different origins, including melanoma, and for this reason
it has been widely targeted with small-molecule BH3 mimetics, which unfortunately show several adverse effects.

To overcome this limitation, selective Bcl-xL proteolysis-targeting chimera degraders have been developed. Among
these, DT2216, a candidate in phase I/1l clinical trials, has demonstrated antitumoral activity in preclinical cancer
models from different origins, not including melanoma.

Methods By using several established and patient-derived BRAF wild type and mutated melanoma cells, we
performed western blot analysis and MTT assay to study DT2216 effect on Bcl-xL protein levels and cell viability,
respectively. Combination studies were performed on BRAF mutated melanoma cells treated with DT2216 and
Dabrafenib/Trametinib or on wild type melanoma cells treated with DT2216 and Trametinib or S63845. Combination
index was calculated to study drug interactions. Apoptotic induction was studied through western blot (PARP-1
cleavage), cytofluorimetric (subG1 peak in the cell cycle) and live-cell fluorescent imaging of activated caspases 3/7
analyses. Group differences were analysed with a two-sided paired or unpaired Student’s t-test. To investigate the
effect of the combination treatment in vivo, A375luc melanoma cells were inoculated in xenograft mice, then treated
with Dabrafenib/Trametinib or DT2216, alone or in combination, for three weeks. Differences between groups, were
analysed with Mann-Whitney test.

Results DT2216 induced the specific and long-lasting degradation of Bcl-xL protein, and reduced cell viability, in
a concentration-dependent manner. Of note, a positive correlation between Bcl-xL degradation and sensitivity to
DT2216 was observed, being cells with higher degradation the most sensitive to DT2216. In combination studies,
DT2216 was able to enhance the activity of target therapy regardless BRAF mutational status. Moreover, the Mcl-1
specific inhibitor, S63845, potentiated the efficacy of DT2216 in melanoma cells in which DT2216 determined an
increase of Mcl-1 protein. Interestingly, DT2216 also increased the activity of target therapy in melanoma cells
resistant to Dabrafenib and Trametinib. Finally, experiments in a xenograft mouse melanoma model highlighted
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DT2216 potentiating effect of target therapy, not only inducing a significant reduction of tumor growth, but also

showing a longer disease control.

Conclusion Our findings provide new insights for combination therapy including Bcl-xL degradation for melanoma

treatment.
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Background

Metastatic cutaneous melanoma (hereafter melanoma) is
considered one of the most aggressive forms of skin can-
cer. Because of its bad prognosis, melanoma represents
an important challenge for research [1]. Mutations of the
BRAF gene have been identified as driver for the devel-
opment of this type of cancer, occurring in about 50% of
melanoma patients. They constitutively activate BRAF
kinase leading to MAPK pathway activation and, in turn,
to uncontrolled cell proliferation.

In the last decades, many efforts have been made to
offer new therapeutic options to patients with advanced
melanoma. These efforts have led to the development
of (i) target therapy, involving BRAF/MEK inhibitors
(MAPKIi) for patients who carry BRAF mutation, and (ii)
immunotherapy based on anti-PD-1/anti-CTLA4 anti-
bodies, for all patients regardless BRAF status. These
innovative therapeutic strategies have achieved long-
term survival rates of approximately 50% [2]. However,
the emergence of resistance, the inadequate response
to treatments, and the absence of target therapy to treat
BRAF wild type (wt) patients represent an important
challenge for researchers. Further efforts are required to
find new therapeutic opportunities to increase the sur-
vival of metastatic patients [3].

The anti-apoptotic proteins belonging to the Bcl-2 fam-
ily are involved in the control of intrinsic apoptotic path-
way. Their aberrant expression is often related to cancer
progression, survival and therapeutic resistance [4]. The
main anti-apoptotic proteins are represented by Bcl-2,
Mcl-1, and Bcl-xL which, besides their role in the regula-
tion of apoptosis, are involved in many other cellular pro-
cesses, including resistance to therapy, angiogenesis and
autophagy, giving them a pro-oncogenic role in several
types of cancer, including melanoma [5]. Bcl-xL protein
has been found to be upregulated in human cancer from
different origins where it promotes carcinogenesis, func-
tions as a driver of tumorigenesis and progression and
is associated with resistance to therapy and with a poor
prognosis [6—11]. We and others reported on the pivotal
role of Bcl-xL protein on tumor progression-associated
properties in melanoma [4, 12, 13]. By using both mouse
and zebrafish models, association of melanoma-specific
Bcl-xL with tumor immune microenvironment has been
evidenced by our group [14]. Very recently, also Bcl-xL

dependence by senescent melanoma cells has been dem-
onstrated [15].

Based on this evidence, small-molecule BH3 mimet-
ics have been developed to target Bcl-xL and other anti-
apoptotic proteins. In particular, both Bcl-xL specific
inhibitors such as A-1331852 [16], A-1155463 [16, 17]
and WEHI-539 [18] and pan inhibitors blocking several
anti-apoptotic proteins, have been reported to induce
in vitro and in vivo antitumoral activity. Among the
pan inhibitors, Navitoclax (ABT-263), directed against
Bcl-xL, Bcl-2 and Bcl-W proteins [18, 19], since 2007
has entered cancer clinical trials as single agent or in
combination therapy. In some cases, Navitoclax proved
to be safe and showed clinical efficacy. However, most
patients experienced thrombocytopenia as the principal
side-effect, because platelets depend on Bcl-xL for their
survival [19, 20]. To overcome this limitation, one of the
therapeutic strategies for cancer proposed by research-
ers is the degradation of Bcl-xL [21], and several selec-
tive Bcl-xL proteolysis-targeting chimera (PROTAC)
degraders have been developed [22]. PROTACS are small
hetero-bifunctional molecules consisting of a moiety
binding the protein of interest (POI) and a portion bind-
ing an E3 ubiquitin ligase, covalently joined via a linker.
The formation of a ternary complex, consisting of POI,
PROTAC and E3 ubiquitin ligase, promotes the poly-
ubiquitination of the POIL, which is lastly degraded by the
ubiquitin-proteasome system [23, 24].

Among PROTAC S, the specific degradation of Bcl-xL
protein by DT2216 via Von Hippel-Lindau (VHL) E3
ligase, demonstrated antitumoral activity in preclini-
cal cancer models from different origins, not including
melanoma [25-28], without inducing thrombocytopenia
[29]. In fact, as platelets express very low levels of VHL,
DT2216 does not form a stable ternary complex, does not
degrade Bcl-xL, and consequently, does not compromise
platelet viability [30]. Sensitivity of senescent melanoma
cells to DT2216 or other Bcl-xL specific inhibitors, has
been also very recently reported [15]. Preclinical find-
ings with DT2216 allowed its progression to phase I/II
clinical trials for advanced solid tumors (NCT04886622,
NCT06620302) [31].

In this work we investigated the sensitivity to DT2216
of a panel of established and patient-derived human mel-
anoma cells and xenograft mouse melanoma models, as
well as DT2216 ability to potentiate the effect of MAPKi.
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We highlighted, for the first time, that DT2216 increases
the efficacy of MAPK inhibitors, both in vitro and in vivo,
regardless BRAF status, through induction of apoptotic
cell death.

Materials and methods

Cell cultures

Human BRAF wit/NRAS mutated (Sbcll, Me4405,
Me2/17), BRAF mutated/NRAS wt (A375, LOX IMV],
Skmel28, RPMI7951, ME4686), MAPKi resistant
(ME4686DR and LOX IMVIDR [LOXDR]) melanoma
cell lines, human fibroblasts (HFF) and endothelial cells
(EA-HY926) were used. All melanoma cells were main-
tained in RPMI-1640 (Euroclone, Milan, IT), except
Skmel28 and RPMI7951 cells that were maintained in
EMEM (Euroclone). HFF and EA-HY926 were cultured
in DMEM (Euroclone) complete medium supplemented
with 10% inactivated fetal bovine serum (FBS) (Hyclone,
Thermo Fisher Scientific, Waltham, MA, USA), 1% L-glu-
tamine (Euroclone) and 100pug/ml penicillin/streptomy-
cin (Euroclone).

ME4686DR and LOXDR cells were obtained expos-
ing ME4686 and LOX IMVI parental cells to increasing
concentrations of Dabrafenib (BRAFi) and Trametinib
(MEKi) starting from 2nM to 1nM concentrations,
respectively. The selection lasted about 2 months until
concentrations of 2uM for the BRAFi and 1uM for the
MEKi were reached. ME4686DR cells show an IC;, > 1uM
for Dabrafenib and IC;;=33,3nM for Trametinib, while
IC,, values of the sensitive counterparts are 4,11nM and
1,23nM for Dabrafenib and Trametinib, respectively.
LOXDR cells show an ICy,=1pM for Dabrafenib and
IC;,2100nM for Trametinib, while ICy, values of the
sensitive counterparts are 333nM and 33,3nM for Dab-
rafenib and Trametinib, respectively. ME4686DR and
LOXDR cells were maintained in RPMI-1640 (Euroclone)
complete medium in a final concentration of 0.3uM Dab-
rafenib and 0.03uM Trametinib.

All cell lines were routinely tested for mycoplasma con-
tamination and authenticated within the last 8 months.

Patient-derived melanoma cells

Patient-derived melanoma cells (Mel2622 and Mel2648)
were obtained from metastatic biopsies (lymph nodes)
of melanoma patients, provided by Simona Di Martino
(Biobank IRCCS-Regina Elena National Cancer Institute,
BBIRE), after patients’ written informed consent fol-
lowing the Declaration of Helsinki. The ethical commit-
tee of Regina Elena National Cancer Institute of Rome
approved the derivation of melanoma cells from patients
(# 1441/20). Briefly, tumors were stored in 50ml tubes
(Sigma-Aldrich, St. Louis, Missouri, USA) containing
sterile Tissue Storage Solution (Miltenyi Biotec, Bologna,
IT) for up to 72 h, then were cut into small pieces using
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a scalpel, mechanically dissociated using the Miltenyi
gentleMACS Dissociator (Miltenyi Biotec) and digested
for 1 h at 37°C in RPMI-1640 containing 10mg/mL col-
lagenase IV, 650U/mL DNAse I and 500U/mL hyaluroni-
dase (Miltenyi Biotec). Cells were then filtered through
a 70um cell strainer to make a single cells solution and
cell viability was assessed by trypan blue exclusion. After
dissociation, cells were cultured in DMEM (Euroclone)
supplemented with 10% inactivated FBS, 2% Penicillin-
Streptomycin, and 1% Glutamine and maintained at
37°C in a 5% CO2 incubator. The molecular features of
Mel2622 and Mel2648 cells and melanoma patients from
whom the cells were derived are summarized in Tables S1
and S2.

Reagents preparation and treatments

For in vitro experiments, DT2216 (0.01-80uM, 4-72 h),
C3 (10uM, 4-48 h), C5 (10uM, 448 h), Dabrafenib (0.1-
0.5uM, 48 h), Trametinib (0.01-0.05pM, 48 h), ABT-199
(1-5uM, 48 h), S63845 (1-5uM, 48 h), the pan-caspase
inhibitor z-VAD-fmk (z-VAD, 50uM, 48 h) (MedChem,
Monmouth Junction, USA) and the proteasome inhibi-
tor MG132 (5uM, 16 h, Sigma-Aldrich) were dissolved in
DMSO and further diluted in complete medium for treat-
ments. As control, cells were treated with DMSO at con-
centrations not affecting cell proliferation (0.1%-0.4%),
depending on the highest concentration of DT2216, BH3
mimetics (ABT-199 and S63845) or MAPKi used for each
experiment.

For in vivo experiments, DT2216 was dissolved in
10% DMSO, 40% PEG400 (Sigma-Aldrich), 5% Tween80
(Acros Organics, New Jersey, USA), and 45% NacCl (vehi-
cle), while Dabrafenib and Trametinib were suspended in
an aqueous mixture of 0.5% hydroxypropyl methylcellu-
lose (Sigma-Aldrich) and 10% DMSO.

Cell viability assay

MTT assay (Sigma-Aldrich) was used to evaluate viabil-
ity of melanoma cells after different treatments. In par-
ticular, cells were plated in 96-well plates and, after 24 h,
exposed to different concentrations of DT2216, Dab-
rafenib, Trametinib, S63845 and ABT-199. Combina-
tion treatment experiments were performed exposing
cells to DT2216 or Dabrafenib and Trametinib, alone
or in combination for 48 h, or DT2216 and S63845 or
ABT-199, alone or in combination for 48 h. Results were
reported as “viability of treated cells/viability of control
cells (Ctrl)” x 100 and as mean + SD of three independent
experiments. p-values were calculated between single
and combination treatments. GraphPad Prism 9.0 soft-
ware (Dotmatics, Bishop’s Stortford, UK) was used to
evaluate the concentration of the drug reducing 50% cell
viability (IC). CalcuSyn 2.0 software (Biosoft, Ferguson,
MO) was used to evaluate the combination index (CI).
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Acquisition of resistance to BRAFi and MEKi by mela-
noma cells (ME4686DR and LOXDR) was evaluated by
quantification of ATP, according to Cell Titer-Glo Lumi-
nescent Cell Viability assay protocol (Promega, Madison,
W1, USA).

Western blot analyses

Basal levels of Bcl-2, Bcl-xL and Mcl-1 proteins and
expression/cleavage of PARP-1 protein in melanoma cells
after different treatments, were evaluated by western blot
analyses, as previously described [14, 32, 33]. In order to
study the induction of apoptosis, experiments of com-
bination were performed for 48 h. Antibodies directed
to Bcl-2, Bel-xL, Mcl-1 (Cell Signaling, Massachusetts,
USA), PARP-1 (BD Bioscience, San Jose, CA), a-tubulin
(Santa Cruz Biotechnology, Texas, USA) and Hsp72/73
(Sigma Aldrich) were used. Anti-mouse immunoglobu-
lin G-horseradish peroxidase-conjugated antibodies
(Thermo Fisher Scientific) were used as secondary anti-
bodies. Images were acquired by Image Lab Software
(Bio-Rad, Hercules, CA, USA) using a ChemiDoc System
instrument (Bio-Rad). DCg, values were obtained treat-
ing cell with doses of DT2216 ranging from 0.01uM to
2puM for 24 h, performing the densitometric analysis and
then calculating the dose inducing 50% of Bcl-xL protein
degradation (CalcuSyn 2.0 software, Biosoft). All densi-
tometric analyses were performed with Image ] software
version 1.53a (Rasband, W.S., Image], U. S. National Insti-
tutes of Health, Bethesda, Maryland, USA, https://image
j.nih.gov/ij/). Values were expressed as fold change of the
protein of interest relative to the housekeeping one.

Cytofluorimetric analyses

Cytofluorimetric analyses were performed to analyse cell
cycle distribution and the presence of cells in the subG1
peak, indicative of apoptosis, after exposure of melanoma
cells to different treatments (48 h). To confirm induction
of apoptosis, the pan caspase inhibitor, z-VAD (50uM),
was added to the treatments. After treatments, cells were
fixed with ice-cold 70% ethanol for 24 h at 4 °C, washed
in PBS buffer and stained with 500ul of PBS contain-
ing RNase A (100pg/ml, Sigma-Aldrich) and Propidium
iodide (50pg/ml, Sigma-Aldrich) for 30 min in the dark.
Flow cytometric analyses were performed using BD
Accuri™Ce.

Caspase-3/7 apoptosis assay

In addition to western blot (PARP-1 expression and
cleavage) and cytofluorimetric (presence of subG1 peak
in cell cycle distribution) analyses, apoptosis was also
detected by the caspase-3/7 apoptosis assay. Briefly,
2x10® A375, 3x10®° LOX IMVI or 3x10® Shcll cells
were seeded into 96-well plates (Corning). After 24 h,
cells were exposed to DT2216 and MAPKi alone or
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in combination and to 2.5uM Caspase-3/7 Apoptosis
Assay Reagent Green (IncuCyte, Sartorius, Gottingen,
Germany) in the absence or presence of 50pM z-VAD.
Cells were, then, placed in the IncuCyte S3 Live-Cell
Analysis System (Sartorius) and imaged every 3 h for a
total of 48 h. Total Green Object Integrated Intensity
(GCUxpum?2/Image) were quantified using IncuCyte soft-
ware and visualized using a yellow signal. Three replicate
wells were used for each treatment and experiments were
independently repeated three times.

In vivo experiments

5x10° A375luc cells infected with luciferase-encoding
lentivirus (pRRLSIN.cPPTLuciferase. WPRE from Add-
gene, Watertown, Massachusetts, USA) as previously
described [34] were subcutaneously injected in the
right flank of 6-8-week-old female athymic CD1 nude
mice. After 7 days, mice were randomized into differ-
ent groups (6 mice for each group) and treated for three
weeks with Dabrafenib (5mg/kg, oral gavage [0.g.]), Tra-
metinib (0.1mg/kg, o.g.), DT2216 (15mg/kg, intraperi-
toneally [i.p.]), alone or in combination. Animals were
observed daily, and tumor growth was monitored with a
calliper (twice a week, calculating tumor volume [mm?]
as length x width®>xm/6), and by bioluminescent imag-
ing (once a week) as previously reported [34]. The sig-
nal was detected using the IVIS Spectrum CT (Perkin
Elmer, Waltham, MA, USA) and analysed using Living
Image software version 4.7.4. Mice were anesthetized, i.p.
injected with 75mg/kg D-luciferin, and imaged 10 min
after injection. Photon emission was measured in spe-
cific regions of interest. Data were expressed as photon/
second/cm?/steradian. The intensity of bioluminescence
was color-coded for imaging purposes. All procedures
involving animals and their care were compliant with the
Italian Minister of Health (D.lgs 26/2014, 816/2015-PR
of 11/08/2015) and received the relative authorization
(n° 563/2021-PR. PI Dr Del Bufalo). Institutional Review
Boards of both Regina Elena National Cancer Insti-
tute and Minister of Health approved all the procedures
involving animals (species, quality, number, discomfort/
distress/pain, sacrifice).

Statistical analyses

All the in vitro experiments described were the results
of at least three independent experiments performed
in triplicate, unless otherwise indicated. The data were
expressed as average+standard deviation (SD). Group
differences were analysed with a two-sided paired or
unpaired Student’s t-test.

In vivo experiments were repeated twice by using 6
animals for each experimental group. The data were
expressed as averagez*standard error of the mean
(SEM). Differences between groups were analysed with
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Mann-Whitney test. Statistical analyses were performed
with GraphPad Prism 9.0 software (Dotmatics). Sample
sizes were chosen based on previously published data
[34] to ensure a power of 80% and an alpha level of 5%.
No data or animals were excluded from the analyses.
Differences were considered statistically significant for
p<0.05.

Results

DT2216 induces Bcl-xL degradation and reduces cell
viability of melanoma cells

Given the relevance of anti-apoptotic proteins belong-
ing to the Bcl-2 family in melanoma progression and
response to therapy [4], we first investigated the ability
of commercially available PROTACs targeting Bcl-2 (C5),
Mcl-1 (C3) [35] or Bcl-xL (DT2216) to degrade their
targets in A375 melanoma cells. As shown by western
blot analyses, Bcl-xL protein degradation was observed
starting from 8 h after exposure to 1uM DT2216, with
a complete degradation after 16 h of treatment, while
Bcl-2 and Mcl-1 protein expression was not affected,
confirming published data [29] reporting DT2216 as
specific Bcl-xL degrader (Fig. 1A). Both 10uM C5 (Fig.
S1A) and 10uM C3 (Fig. S1B) induced, Bcl-2 and Mcl-1
degradation, starting from 48 h after treatment, respec-
tively. Considering DT2216 higher efficacy in reducing
the target protein, we focused our attention on DT2216.
A panel of 10 established and patient-derived BRAF wt
and mutated human melanoma cell lines, all expressing
Bcl-xL basal levels (Fig. S1C), were used. Starting from a
representative melanoma cell line (A375), we investigated
the involvement of the proteasome in DT2216 activity.
To this aim, cells were treated with 1pM DT2216 and
5uM proteasome inhibitor MG132 for 16 h. As shown in
Fig. 1B, MG132 was able to block the ability of DT2216 to
degrade Bcl-xL protein, thus confirming the involvement
of the ubiquitin-proteasome system in DT2216 mecha-
nism of action. We next evaluated Bcl-xL protein expres-
sion after removal of DT2216 from the culture medium.
To this aim, A375 cells were treated with DT2216 for
24 h and subsequently maintained in fresh culture
medium in the absence of DT2216 for 24 h, 48 or 72 h.
As reported in Fig. 1C, Bcl-xL protein was not detectable
after removal of DT2216 at each analysed time-points,
thus indicating a persistent degradation of the protein up
to 72 h. We next calculated the dose of DT2216 induc-
ing 50% degradation of Bcl-xL protein (DCj) in the panel
of melanoma cell lines. As shown in Fig. 1D, E and Fig.
S1D, DT2216 induced Bcl-xL degradation in all tested
cells, even if at different extent, with DCj;; values rang-
ing from 0.12uM to 2.25uM. As DT2216 activity depends
on VHL protein expression, we investigated if the ability
of DT2216 to degrade the target protein was linked to
the levels of the E3 ligase. As shown in Fig. S1C, all cell
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lines tested have detectable levels of VHL protein, and no
correlation between DCy, values and the levels of VHL
was observed (r value: 0.1313; p value: 0.7176) (Fig. S1E).
We next tested the effect of Bcl-xL degradation on mela-
noma cell viability. To this aim, we treated melanoma
cells with DT2216 at concentrations ranging from 0.1uM
to 10uM for 72 h. As shown in Fig. 2A, cell viability was
differentially affected by DT2216 treatment. As Skmel28,
ME4686, Mel2648 and Mel2622 cells were the most
resistant to the treatment, they were exposed to higher
concentrations of DT2216 ranging from 20uM to 80uM
(Fig. S2A). IC;, values for all tested cell lines, ranged
from 0.16uM to 37uM, being Me4405 the most sensitive
and Mel2622 the most resistant cells to the compound
(Fig. 2B). Of note, the viability of human immortal-
ized fibroblasts and endothelial cells was not affected by
exposure to DT2216 (Fig. S2B). We next investigated the
possible correlation between the response of melanoma
cells in terms of cell viability (ICy,) and Bcl-xL degrada-
tion (DCyy). As reported in Fig. 2C, a positive correla-
tion between the two parameters was evidenced (r value:
0.7962; p value: 0.0058). In order to understand if the
response of melanoma cells to combinatorial treatments
correlates with BRAF status, we selected two established
(Sbcll, ME4405) and one patient-derived (Mel2622) cell
lines belonging to the BRAF wt group, and three estab-
lished (A375, LOX IMVI, ME4686) and one patient-
derived (Mel2648) cell lines showing BRAF mutation.

DT2216 potentiates the sensitivity of BRAF wild type
melanoma cells to MEK or Mcl-1 inhibitors

To analyse whether DT2216 treatment could improve the
sensitivity of BRAF wt melanoma cells to target therapy,
we firstly evaluated cell viability and induction of apop-
tosis exposing Sbcll cells to DT2216 (0.5-2uM) or MEKi
(Trametinib 0.01-0.05uM) alone or in combination for
48 h. As shown in Fig. 3, the combinations DT2216/Tra-
metinib at the two higher concentrations significantly
reduced Sbcll cell viability (Fig. 3A), with a combination
index <1 indicative of a synergistic effect (Fig. 3B). More-
over, treating cells with 1uM DT2216 and 0.03uM Tra-
metinib alone or in combination for 48 h, we observed
an increase of the percentage of cells in the subG1 peak
of cell cycle, in the combination regimen compared to
the single treatments (Fig. 3C, D). To confirm induction
of apoptosis, we analysed the activation of caspase 3/7
after exposure of Sbcll cells to 1uM DT2216 and 0.03uM
Trametinib in combination for up to 48 h in the absence
or presence of the caspase inhibitor z-VAD (50uM). As
shown in Fig. 4A, B, the activated caspase 3/7 levels were
near zero in control cells, while in the combination regi-
men the amount of caspase 3/7 levels was significantly
higher starting from 24 h of treatment. Cells treated
with the combination DT2216/Trametinib in presence
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(See figure on previous page.)

Fig. 1 DT2216 degrades Bcl-xL protein in melanoma cells. A Western blot analysis of Bcl-xL, Mcl-1 and Bcl-2 proteins expression in A375 cells after treat-
ment with TuM DT2216 for times ranging from 4 h to 48 h. B Western blot analysis of Bcl-xL protein expression in A375 cells after treatment with 1TuM
DT2216 and 5uM MG132 alone or in combination for 16 h. C Western blot analysis of Bcl-xL protein expression in untreated A375 cells at 24-48-72 h of
growth (Ctrl24h, Ctrl48h, Ctrl72h) or treated with 1uM DT2216 for 24 h and then maintained in fresh culture medium for 24 h (DT24R), 48 h (DT48R) or 72 h
(DT72R). D Western blot analysis of Bcl-xL protein expression after treatment with doses of DT2216 ranging from 0.01uM to 1TuM (A375, LOX IMVI, Mel2648,
Sbcl1 cells) or from 0.1uM to 2uM (ME4686 and Mel2622 cells) for 24 h. BRAF mutated (upper panel) and BRAF wild type (lower panel) cell lines were used.
Numbers in brackets indicate DCg, values. E DCs values in all the tested cell lines. A-D Western blot images are representative of two independent experi-

ments with similar results. a-tubulin is shown as loading and transferring control

of z-VAD showed caspase 3/7 levels similar to those of
control cells, confirming apoptotic cell death. Cleavage
of PARP-1 protein was observed by western blot analysis
in the combined treatment (Fig. 4C). Similar results were
obtained in the BRAF wt Mel2622 patient-derived mela-
noma cells, in terms of cell viability reduction (Fig. 5A)
and apoptosis activation (Fig. 5B).

We next evaluated the effect of DT2216 on the expres-
sion of Bcl-2 and Mcl-1, two anti-apoptotic proteins
involved in melanoma resistance to therapy [36]. As
reported in Fig. S3, a significant increase of both proteins
was observed after treatment of Sbcll and Mel2622 (data
not shown) cells with DT2216. Considering these results,
we investigated the effect of DT2216 in combination with

for the treatment of several hematologic malignancies
[37], or with the Mcl-1 specific inhibitor S63845 [38].
To this aim, Sbcll and Mel2622 cell lines were treated
with increasing concentrations of ABT-199 (1-5uM) or
$63845 (1-5uM) for 48 h, alone or in combination with
DT2216 (0.5-2pM). While a significant decrease in cell
viability of both cell lines was observed only when the
highest concentration of DT2216 (2uM) was combined
with the highest concentration of ABT-199 (5uM) (Fig.
S4A), all tested combinations DT2216 (0.5-2uM)/S63845
(1-5puM) induced a significant inhibition of cell viability
(Fig. 5C). As reported in Fig. 5D, the combination of the
lowest concentrations of DT2216 (0.5uM) and S63845
(1pM) induced cleavage of PARP-1 in both Sbcll and

the Bcl-2 specific inhibitor ABT-199/Venetoclax, used  Mel2622 cells. Similar results were observed in the BRAF
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Fig.2 DT2216 reduces cell viability of a panel of melanoma cell lines. A Analysis of cell viability of cell lines treated with DT2216 at concentrations ranging
from 0.1uM to 10uM for 72 h. Results are reported as “viability of treated cells/viability of control cells (Ctrl)"x 100, and as mean + SD of three independent
experiments. B ICy, values of melanoma cells treated as reported in (A) calculated from the average of three independent experiments. The dotted line
represents the median value of ICs,. C Correlation analysis between ICy, (from Fig. 2B) and DCy, (from Fig. 1E) values. **p <0.01. A-C The legend in the
middle refers to the cell lines used in all the analyses
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(See figure on previous page.)

Fig.3 DT2216 potentiates the efficacy of Trametinib (MEKi) in BRAF wild type Sbcl1 melanoma cells. A Analysis of cell viability of cells treated with DT2216
(0.5-2uM) and MEKi (0.01-0.05uM), alone or in combination for 48 h. p-values were calculated between DT2216 and combination treatment *p<0.05, **p
<0.01 and between MEKi and combination treatments #p <0.5. B Combination Index (Cl) of cells treated as shown in (A). CI< 1 synergistic effect, CI=1
additive effect, CI> 1 antagonistic effect. C Representative images of cytofluorimetric analysis of cell distribution in the cell cycle after treatment with 1uM
DT2216 and 0.03uM MEKi, alone or in combination for 48 h. Percentage of cells in the subG1 peak, indicative of apoptosis, is reported. A, C Ctrl, control
cells. D Quantification of cells in the subG1 peak, reported as mean + SD of three independent experiments. p-values were calculated between single and
combination treatments, ***p <0.001
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Fig. 4 DT2216 potentiates the efficacy of Trametinib (MEKi) in BRAF wild type Sbcl1 melanoma cells. A Representative images of caspase 3/7 activation
by live-cell imaging in cells treated with TuM DT2216 and 0.03uM MEKi, in the absence or presence of 50uM z-VAD for 48 h. In yellow is represented the
caspase activation signal. B Quantification of caspase 3/7 activation at the indicated time points, in cells treated as reported in (A). p-values were calcu-
lated comparing DT2216/MEKi combination treatment in the presence or absence of z-VAD, *p <0.05, ***p <0.001. A, B Ctrl, control cells. C Western blot
analysis of Bcl-xL, PARP-1, and cleaved PARP-1 (cl. PARP-1) protein levels in cells treated with 1uM DT2216 and 0.03uM MEKi alone or in combination for
48 h. Western blot images are representative of two independent experiments with similar results. a-tubulin is shown as loading and transferring control
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of cell viability of Mel2622 cells treated with 1uM DT2216 and 0.03uM MEKi alone or in combination for 48 h. Cl indicates Combination Index. B Western
blot analysis of Bcl-xL, PARP-1, and cleaved PARP-1 (cl. PARP-1) protein levels in Mel2622 cells treated as in (A). C Analysis of cell viability of Sbcl1 and
Mel2622 cells treated with increasing concentrations of DT2216 (0.5-2uM) and S63845 (1-5uM), alone or in combination for 48 h. D Western blot analysis
of PARP-1 and cleaved PARP-1 (cl. PARP-1) protein levels in Sbcl1 and Mel2622 cells treated with 0.5uM DT2216 and 1uM S63845, alone or in combination
for 48 h. A, C Results are reported as “viability of treated cells/viability of control cells (Ctrl)”x 100. p-values were calculated: between DT2216 and combi-
nation treatment ***p <0.001 and between MEKi and combination treatment ***p <0.001 (A); between DT2216 and combination treatments, *p <0.05,
**p<0.01,***p<0.001 and S63845 and combination treatments #p < 0.05, ##p < 0.01 and ###p <0.001 (C). B, D Western blot images are representative of
two independent experiments with similar results. a-tubulin is shown as loading and transferring control

wt melanoma cell line, Me4405, not expressing Bcl-2 pro-
tein (Fig. S4B-D).

DT2216 potentiates the effect of target therapy in BRAF
mutated melanoma cells

By using BRAFV®F mutated melanoma cell lines (A375
and LOX IMVI), we investigated if DT2216 could also
potentiate the efficacy of BRAFi+ MEKi (MAPKi), a
target therapy that, together with immunotherapy, rep-
resents the standard treatment for melanoma patients
carrying BRAF mutations [39]. To this aim, A375 and
LOX IMVI cells were treated with a fixed concentration
of MAPKi (0.1pM Dabrafenib/0.01pM Trametinib) and
increasing concentration of DT2216 (0.5-2uM) alone or
in combination for 48 h. As reported in Fig. 6A, in both
cell lines, all combinations induced a significant reduc-
tion in cell viability when compared to both DT2216
or Dabrafenib/Trametinib single treatments, with a

synergistic effect for A375 (CI<1) and an additive effect
for LOX IMVI (CI=1) (Fig. 6B). Moreover, in both cell
lines we observed a significant increase of percentage of
cells in the subG1 peak of cell cycle (Fig. 6C, D, Fig. S5A,
B), when the regimen DT2216/MAPKi was compared
to the other treatments. Activation of caspase 3/7 was
also measured in A375 cells treated for up to 48 h with
0.5uM DT2216 and MAPKi (0.1pM Dabrafenib/0.01uM
Trametinib), in the absence or presence of 50uM z-VAD.
As shown in Fig. 7A, B, caspase 3/7 levels were near zero
in control cells, while in the combination regimen the
amount of caspase 3/7 levels was significantly higher
starting from 36 h. Cells treated with the combination
DT2216/MAPKi in presence of z-VAD, showed caspase
3/7 levels similar to control cells, confirming apoptotic
cell death. Western blot analysis evidenced an increased
cleavage of PARP-1 protein when the combined treat-
ment was compared to single ones (Fig. 7C). Similar
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Fig. 6 DT2216 potentiates the efficacy of MAPKi (Dabrafenib and Trametinib) in A375 and LOX IMVI BRAF mutated melanoma cells. A Analysis of cell
viability of A375 and LOX IMVI cells treated with a fixed concentration of MAPKi (0.1uM Dabrafenib [D] and 0.01uM Trametinib [T]) and increasing concen-
tration of DT2216 (0.5-2uM), alone or in combination for 48 h. p-values were calculated between DT2216 and combination treatment *p <0.05, **p <0.01,
***p<0.001. B Combination Index (Cl) of A375 and LOX IMVI cells treated as shown in (A). CI <1 synergistic effect, Cl=1 additive effect, CI> 1 antagonistic
effect. C Representative images of cytofluorimetric analysis of A375 cells distribution in cell cycle after treatment with 0.5uM DT2216 and MAPKi (0.1uM
Dabrafenib and 0.01uM Trametinib), alone or in combination for 48 h. Percentage of cells in the subG1 peak, indicative of apoptosis, is reported. A, C Ctrl,
control cells. D Quantification of cells in the subG1 peak, reported as mean+SD of three independent experiments, p-values were calculated between

single and combination treatments, **p <0.01

results were observed in LOX IMVI cell line, where the
activation of caspase 3/7 decreased after exposure to
DT2216 and MAPKi in the presence of z-VAD (Fig. S5C).
An increase of cleaved PARP-1 after the combination
treatment was also evidenced (Fig. S5D). The ability of
DT2216 to significantly potentiate the efficacy of MAPKi
in terms of reduction of cell viability and induction of
apoptosis was also confirmed in BRAF mutated Mel2648
patient-derived (Fig. 8A, B) and ME4686 established
(Fig. S6A-C) melanoma cells.

We also investigated the effect of DT2216 in two mel-
anoma cell lines resistant to BRAFi/MEKi, LOXDR and
ME4686DR and relative parental/sensitive cells (Fig. S7).
As reported in Fig. 8C, 72 h exposure to DT2216 at con-
centrations ranging from 0.1pM to 10puM reduced cell
viability in both parental and resistant cells. Moreover,
PARP-1 cleavage was evident when resistant cells were
exposed to DT2216/MAPKi combined treatment for 48 h
compared to single treatments (Fig. 8D).
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Fig.7 DT2216 potentiates the efficacy of MAPKi (Dabrafenib and Trametinib) in A375 BRAF mutated melanoma cells. A Representative images of caspase
3/7 activation by live-cell imaging in cells treated for 48 h with 0.5uM DT2216 and MAPKi (0.1uM Dabrafenib and 0.01uM Trametinib), in the absence or
presence of 50uM z-VAD. In yellow is represented the caspase activation signal. B Quantification of caspase 3/7 activation at the indicated time points,
in cells treated as reported in (A). p-values were calculated comparing DT2216/MAPKi combination treatment in the presence or absence of z-VAD,
¥ <0.001. A, B Ctrl, control cells. C Western blot analysis of Bcl-xL, PARP-1, and cleaved PARP-1 (cl. PARP-1) protein levels in cells treated with 0.5uM
DT2216 and MAPKi (Dabrafenib 0.1uM and Trametinib 0.01uM), alone or in combination for 48 h. Western blot images are representative of two indepen-
dent experiments with similar results. a- tubulin is shown as loading and transferring control

DT2216 sensitizes BRAF mutant melanoma cells to

MAPKi In vivo

Based on the in vitro results, we investigated the anti-
tumoral activity of the different treatments in in vivo
models. To this aim, mice carrying A375luc melanoma
were treated with DT2216 or MAPKi (Dabrafenib + Tra-
metinib) alone or in combination (DT2216/MAPKi) for
three weeks, as reported in Fig. 9A. Tumors were moni-
tored through both manual calliper (tumor volume)

(Fig. S8A) and imaging analysis (ROI) (Fig. 9B, C). As
expected, and as we previously demonstrated [34], an ini-
tial tumor shrinkage from day 5 to day 25 was observed in
mice treated with MAPKi when compared to vehicle and
DT2216 treated mice. A similar trend was also evidenced
in the animals treated with the DT2216/MAPKi combi-
nation regimen. Starting from day 25, tumors exposed
to MAPKi and DT2216/MAPKi started to regrow,
with a slower tumor growth in the DT2216/MAPKi
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combination for 48 h. B, D Western blot images are representative of two independent experiments with similar results. a- tubulin is shown as loading

and transferring control

group compared to the MAPKi group. Due to reaching
the maximum tolerated weight, the mice treated with
DT2216 or MAPKi were sacrificed, respectively, at days
29 and 36 after the beginning of the treatments. Interest-
ingly, the DT2216/MAPKi combination group showed a
longer disease control, being sacrificed 30 days after the
MAPKi group (at day 65) (Fig. 9B, Fig. S8A). Notably,
all treatments were highly tolerated and no significant
changes in diet consumption, postural/behavioral habits,
and body weight, were observed (Fig. S8B).

Discussion

High levels of Bcl-xL anti-apoptotic protein correlate
with tumor progression, resistance to chemotherapy and
poor prognosis in tumors from different origins, includ-
ing melanoma. For these reasons, the relevance of using
molecules able to inhibit or degrade this protein as a new
therapeutic approach for cancer therapy [5, 8, 40-42]

is increasingly studied. Several Bcl-xL inhibitors have
been developed and tested in clinical trials alone or in
combinatorial regimes. On-target platelet toxicity, fre-
quently experienced in patients with both hematologi-
cal [43] and solid [44, 45] malignancies, limited clinical
application of Navitoclax. Even though dose escalation
phase I/II study (NCT02079740) performed on patients
with advanced solid malignancies, including melanoma,
treated with Navitoclax in combination with Trametinib,
demonstrated a reduced grade of thrombocytopenia [46],
the identification of Bcl-xL inhibiting/degrading agents
with low platelets toxicity represents a medical need. As
VHL is poorly expressed in human platelets [29], the pro-
teasome-dependent Bcl-xL specific PROTAC degrader,
DT2216, does not affect platelets viability, thus over-
coming the problem of thrombocytopenia [26]. For this
reason, DT2216 has been proposed as a new strategy to
achieve safe and potent antitumor activity [29].
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9 DT2216 potentiates the efficacy of MAPKi (Dabrafenib and Trametinib) in A375-derived xenograft mice. A Schematic timeline of in vivo experi-

ments in nude mice. B Analysis of tumor growth after A375luc cells injection and treatment with vehicle, DT2216 (15mg/Kg), MAPKi (5mg/kg Dabrafenib
and 0.01mg/kg Trametinib) or DT2216/MAPK:i for three weeks. Analysis of tumor growth is expressed as ROI. p-values were calculated between ve-
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(**p<0.01), between DT2216 and combination treatments (#p < 0.05), or between MAPKi and the combination treatments (§p < 0.05). C Representative
images of in vivo growth of A375 xenografts at the indicated days (5-65). Experiments were repeated twice

In the present study, we investigated the sensitivity to
DT2216 of melanoma models. We also evaluated whether
DT2216 can increase the efficacy of target therapy that,
together with the immunotherapy, represents the first-
line treatment for advanced melanoma, although with a
limited efficacy in a large fraction of melanoma patients
[2, 3]. To this aim, in vitro established and patient-derived
BRAF wt and mutated melanoma cells, and in vivo mela-
noma models were used.

Our findings demonstrate that DT2216 induced
specific and persistent degradation of Bcl-xL protein
regardless of BRAF status in human melanoma cells, all

expressing detectable levels of Bcl-xL protein. The use of
the proteasome inhibitor, MG132, confirmed that Bcl-
xL protein degradation by DT2216 involves the ubiqui-
tin-proteasome system. Moreover, DT2216 reduced cell
viability of melanoma cells in a concentration-dependent
manner, even if at different extent. Of note, a positive
correlation between Bcl-xL protein degradation and via-
bility reduction was observed, being the cells with higher
degradation of Bcl-xL those more sensitive to DT2216. In
agreement with published findings [47], our data reveal
the existence of a cell line-specific sensitivity to DT2216,
without any correlation with the expression levels of the
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VHL E3 ligase in the cells, thus indicating the relevance
of other mechanisms in the response of melanoma cells
to DT2216. Moreover, as PROTACs efficacy has been
reported to correlate with the kinetic of assembly and
dissociation of ternary complex [48], the different sensi-
tivity could be related to the different stability of ternary
complex. Notably, the response to DT2216 is indepen-
dently from BRAF status, showing two BRAF wt cell
lines, Sbcll and Mel2622, low and high values of both
IC5y and DCy, respectively. This information could be
useful to understand which patients could benefit from
DT2216 treatment.

Of note, DT2216 resulted not to being toxic to human
immortalized fibroblasts and endothelial cells. Needs
to be emphasized that the Me4405 melanoma cell line,
in which Bcl-2 protein was not detectable [34], showed
decreased viability after exposure to DT2216, thus
excluding the relevance of Bcl-2 protein in the sensitiv-
ity to DT2216 of melanoma cells. In several melanoma
cell lines DT2216 treatment even induced an increase of
Bcl-2 protein.

Even thoughin vitro and in vivo studies demonstrated
the potentiating effect of DT2216 in combinatorial
regimes both in hematological [25] and solid tumors,
including lung [26, 49], hepatocellular [27], colon [28]
and pancreatic [50] carcinoma, to the best of our knowl-
edge, our findings put in evidence, for the first time,
the ability of DT2216 to increase the efficacy of target
therapy in melanoma. DT2216 activity was effective
regardless BRAF status and, more importantly, was evi-
denced in melanoma cells resistant to BRAF/MEK inhi-
bition treatment. When combined with target therapy,
DT2216 induced a potentiating effect both in BRAF wt
and mutated melanoma cells, in terms of reduction of cell
viability, with synergistic or additive interactions. Activa-
tion of the apoptotic process, evaluated as percentage of
cells in the subG1 peak of the cell cycle, activation of cas-
pase 3/7 and expression/cleavage of PARP-1 protein, was
observed after the combinatorial treatments. Apoptotic
cell death was confirmed by using the caspase inhibitor,
z-VAD. Interestingly, combined exposure to DT2216/
MAPKi was more effective than single treatments also
in melanoma cells resistant to target therapy. As some
melanoma cells belonging to the same group (i.e. A375
and LOX IMVI both with a V600E mutation in the BRAF
protein) show similar expression levels of Bcl-xL protein,
and similar response to DT2216 in terms of Bcl-xL deg-
radation and reduction of cell viability, we exclude that
differences in the combination index (synergistic or addi-
tive) are due to the response to DT2216 single treatment
or to the BRAF status. We could hypothesize that other
genetic or phenotypic features can contribute to this
difference.
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The antitumoral efficacy of DT2216 in combinato-
rial regimes was also confirmed in melanoma xenograft
models. Our in vivo results carried out in mice models
evidenced that combining DT2216 with targeted therapy,
the standard of care for melanoma patients, significantly
reduced tumor growth and conferred a longer disease
control. All these data indicate that (i) the potentiated
effect of DT2216 with molecular target therapy is inde-
pendent of BRAF mutational state of melanoma cells;
(ii) the reduction of high basal levels of Bcl-xL could
decrease the apoptotic threshold in melanoma cells that
cannot be overcome by target therapy as single treat-
ment, that represents a limitation of BRAF mutated mel-
anoma, and (iii) the Bcl-xL inhibition is also effective in
melanoma cells resistant to BRAF/MEK inhibitors.

Of note, in agreement with data reported in literature,
in which the use of BH3 mimetics [5, 38, 51-54] induced
an increase of anti-apoptotic proteins of Bcl-2 family,
we found that the treatment with DT2216 determined a
rise of Bcl-2 and/or Mcl-1 protein expression in several
melanoma cell lines, thus exerting a sort of compensa-
tory mechanism. This evidence prompted us to com-
bine DT2216 with the Bcl-2 specific inhibitor ABT-199,
currently used for the treatment of several haemato-
logical malignancies [37], or the Mcl-1 specific inhibitor
S63845, effective and tolerable in various cancer mod-
els [38]. While only high concentrations of DT2216/
ABT-199 reduced cell viability, the combined treatment
DT2216/S63845, induced cell death at all tested con-
centrations. These results, in agreement with previously
published papers [26, 55], demonstrate the efficacy of
PROTAC-based approach to degrade Bcl-xL protein
in combination with Mcl-1 inhibitors for the therapy of
solid tumors. This strategy could show the advantage of
reducing the on-target platelet and cardiomyocytic toxic-
ity observed after treatment with, Bcl-xL [22, 54, 56] or
Mcl-1 [57] inhibitors, respectively. Thereby, overcoming
the damage frequently due to the combination of Bcl-xL
and Mcl-1 inhibitors. We are aware that the use of alter-
native approaches to selectively depleting Mcl-1 protein
in tumor cells without triggering cardiotoxicity, or to
indirectly target Mcl-1, as reported for anti-mitotic and
DNA replication or HER2-targeting drugs [55, 58], would
have greater translational implications.

Conclusion

Our findings support the importance of DT2216 for the
treatment of some tumors in the near future, and in par-
ticular to improve outcomes of patients with reduced
therapeutic opportunities or who do not respond to first-
line therapy. Moreover, our results could rise the devel-
opment of a dual PROTAC targeting both Bcl-xL and
Mcl-1, in order not only to treat tumors which depend
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on these proteins, but also to overcome a possible resis-
tance to therapy induced by the increase of Mcl-1 after
treatment.

Preclinical studies support the future perspective on
the use of DT2216 in clinical practice, especially when
combined with drugs already submitted for approval
by the FDA. A phase I clinical trial, with no available
results, was completed in November 2023 to study the
toxicity, pharmacokinetics and efficacy of this PROTAC
(NCT04886622) on patients with advanced or meta-
static solid tumors not responsive to approved therapies.
A phase I/II recruiting trial (NCT06620302) testing the
safety, side effects and best concentration of DT2216 in
combination regimen is ongoing in patients with solid
tumors that has relapsed or that has not responded to
previous treatment. Moreover, a phase Ib dose-escala-
tion study (NCT06964009) is going to recruit patients to
establish the recommended phase II dose and to evaluate
the safety of combined dosing of DT2216 with paclitaxel
in recurrent platinum-resistant ovarian cancer.

Aware that further studies are needed to improve
PROTACs specificity/delivery/solubility and to reduce
off-tissue effects, these data highlighted the opportunity
to give new therapeutical options to patients with met-
astatic melanoma who are not responsive to standard
therapy, offering a new drug with low levels of plate-
lets toxicity. Patients with both BRAF wt and mutated
advanced melanoma, as well as patients with cancer
types relying on Bcl-xL for their survival, could benefit
from therapies including DT2216.
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