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Abstract

Lack of response and acquired resistance continue to be limitations of targeted and immune-
based therapies. Pyroptosis is an inflammatory form of cell death characterized by the release

of inflammatory damage-associated molecular patterns (DAMPs) and cytokines via gasdermin
(GSDM) protein pores in the plasma membrane. Induction of pyroptosis has implications for
treatment strategies in both therapy-responsive, as well as resistance forms of melanoma. We show
that the caspase-3 activator, raptinal, induces pyroptosis in both human and mouse melanoma cell
line models and delays tumor growth /n vivo. Release of DAMPs and inflammatory cytokines
was dependent on caspase activity and GSDME expression. Furthermore, raptinal stimulated
pyroptosis in melanoma models that have acquired resistance to BRAF and MEK inhibitor
therapy. These findings add support to efforts to induce pyroptosis in both the treatment-naive
and resistant settings.

Introduction

Distinct mechanisms of programmed cell death exist (1). Apoptosis involves the
condensation of chromatin and degradation of DNA followed by cell engulfment by
macrophages. Extrinsic (FAS/TRAIL/TNF receptor) and intrinsic (mitochondrial) apoptotic
pathways are typically considered immune inert. Both extrinsic and intrinsic apoptotic
pathways trigger caspase cleavage events that result in the activation of executioner
caspases-3, -6 and -7 (2-5). In contrast, inflammatory forms of cell death such as
necroptosis and pyroptosis lead to the release of inflammatory cytokines and damaged-
associated molecular patterns (DAMPS) (4,6,7). Pyroptosis is mediated by gasdermin
(GSDM) family proteins, which are cleaved to form N-terminal fragments capable
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of binding membrane phospholipids and oligomerizing into pore structures (6,8,9).
Although the ability of inflammatory cell death mechanisms to alter the tumor immune
microenvironment is poorly understood, it is likely to be an important area of research given
the advances in immune checkpoint inhibitor (ICI) therapy and the reliance of ICI efficacy
on tumor-infiltrating immune cells (10). Findings have uncovered mechanistic links between
apoptosis and pyroptosis. Specifically, caspase-3 cleaves GSDME after Asp-270 to create an
N-terminal fragment with plasma membrane-targeting and pore-forming abilities (11-13).

Targeted therapy kinase inhibitors are often effective in cancers that show dependency on

a driver oncogene; however, durable effects are limited by the acquisition of resistance. In
cutaneous melanomas that harbor BRAF V600 mutations, BRAF inhibitor (BRAFi) plus
MEK inhibitor (MEKi) therapy elicits responses in nearly all patients; however, these effects
last for a median time of 13-15 months (14,15). BRAFi and MEKi are known to elicit
effects on the tumor immune microenvironment. Studies from the Scolyer group showed
an increase in CD4+ and CD8+ cells in tumor biopsies after 7 days of BRAFi treatment
(16). Furthermore, the Wargo group showed increased expression of melanoma antigens
such MART1, GP100, TYRP1 and TYRP2 on treatment with BRAFi (17). The Kawakami
and Wargo groups showed that BRAFi plus MEKi treatment led to decreased expression of
immune suppressive factors such as VEGF (18,19). Acquired resistant melanomas lack T
cell infiltrates and are typically non-responsive to other treatment options.

Since pyroptosis is associated with the release of inflammatory DAMPSs and cytokines

that have the potential to alter the tumor immune microenvironment (20), we sought to
activate this cell death mechanism in both treatment-naive and therapy-resistant tumor cells.
We tested raptinal, a caspase-3 activator, in melanoma cell models (21). We show that
raptinal induces pyroptosis in human and mouse BRAF mutant melanoma cells and in

a dose and time-dependent manner. Furthermore, raptinal delayed the growth of BRAF
mutant melanomas /n vivo. The effects of raptinal were caspase- and GSDME-dependent. In
addition, raptinal treatment induced pyroptosis in BRAFi plus MEKi-resistant cell lines and
delayed growth of resistant cells /7 vivo. Together, these findings provide further support for
testing agents that induce inflammatory forms of cell death to inhibit tumor growth.

Materials and Methods

Cell lines

Mouse D4M3.A cells (derived from Tyr::CreER; BrafV600E, Pten lox/lox mice; donated in
2016 by Dr. Constance E. Brinckerhoff, Dartmouth University, Hanover, NH) were cultured
in DMEM/F12 (GIBCO, Life Technologies, Grand Island, NY, USA) supplemented with
5% fetal bovine serum (FBS), and 1% L-glutamine (Corning Inc.). Mouse YUMML.7 cells
(derived from BrafV600E/WT, Pten Lox/Lox, Cdkn2—/— mice; donated in 2014 by Dr.
Marcus Bosenberg, Yale University, New Haven, CT) were cultured in DMEMF-12 50/50
(GIBCO, Life Technologies) supplemented with 10% FBS, and 1% non-essential amino
acids (Corning Inc.). Human A375 cells (purchased from ATCC in 2005) were cultured in
DMEM (GIBCO, Life Technologies) supplemented with 10% FBS. Human WM35, WM793
and 1205Lu cells (donated by Dr. Meenhard Herlyn, The Wistar Institute, 2005) were
cultured in MCDB 153 medium containing 20% Leibovitz-L15 medium, 2% FBS, 0.2%
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sodium bicarbonate (Corning Inc.), 5 pg/mL insulin. 1% penicillin/streptomycin (Corning
Inc.) was added unless otherwise noted. All cells were grown at 37°C in a humidified
incubator supplemented with 5% CO». All melanoma cell lines described above were
short tandem repeat (STR) analyzed, confirmed for BRAABrafV600E mutation by Sanger
sequencing and routinely tested for mycoplasma contamination (most recent testing was
January 2021 for mouse cells and November 2021 for human cells) with a MycoScope™
PCR Mycoplasma Detection Kit (Genlantis).

CRT cells were isolated from mouse tumors and cultured in the same medium as parental
cells with the addition of PLX4720 (1 umol/L) and PD0325901 (35 nmol/L) and utilized
within 5 passages for experiments. A375 and YUMML.7-derived CRT cells were published
previously (20,22). The GSDME CRISPR/Cas9 knockout cells were previously described
(20).

Western blot analysis and cell supernatant collection

Protein lysates were separated by SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes. After blocking in 5% bovine serum albumin (BSA), PVDF membranes
were incubated with the indicated primary antibodies overnight at 4°C, washed in PBS/
Tween and incubated with peroxidase-coupled secondary antibodies. Immunoreactivity was
detected using horseradish peroxidase (HRP)-conjugated secondary antibodies (CalBioTech,
Spring Valley, CA) and chemiluminescence substrate (Thermo Fisher Scientific, Rockford,
IL) and a ChemicDoc MP imaging system (Bio-Rad).

For experiments involving supernatant, cells were cultured in FBS-free medium to avoid
distortion of SDS-PAGE. Cell supernatants were harvested and centrifuged for 10 minutes
at 500g at 4°C to remove cell debris. Resulting supernatants were concentrated 10x using
Amicon Ultra 10K (Sigma-Aldrich) by centrifugation for 30 minutes at 4,500g at 4°C.
Concentrates were mixed with sample buffer and analyzed via Western blotting as described
above. Protein gel staining was performed using Ponceau red staining

Primary antibodies used were caspase-3 (Cell Signaling Technology Cat# 9664,
RRID:AB_2070042), cleaved caspse-7 (Cell Signaling Technology Cat# 9491,
RRID:AB_2068144), human cleaved caspase-8 (Cell Signaling Technology Cat# 9496,
RRID:AB_561381), mouse cleaved caspase-8 (Cell Signaling Technology Cat# 8592,
RRID:AB_10891784), human cleaved caspase-9 (Cell Signaling Technology Cat# 9505,
RRID:AB_2290727), mouse cleaved caspase-9 (Cell Signaling Technology Cat# 9509,
RRID:AB_2073476), PARP (Cell Signaling Technology Cat# 9542, RRID:AB_2160739),
a-tubulin (Cell Signaling Technology Cat# 2144, RRID:AB_2210548), HMGB1 (Cell
Signaling Technology Cat# 6893, RRID:AB_10827882), IL-1a (Santa Cruz Biotechnology
Cat# sc-9983, RRID:AB_627789), vinculin (Santa Cruz Biotechnology Cat# sc-73614,
RRID:AB_1131294), GSDME (Abcam Cat# ab215191, RRID:AB_2737000), IL-1B
(GeneTex Cat# GTX74034, RRID:AB_378141), and Actin (Sigma-Aldrich Cat# A2066,
RRID:AB_476693). Secondary antibodies used were as follows: goat anti-rabbit 1gG
(Thermo Fisher Scientific Cat# 31460, RRID:AB_228341), goat anti-rabbit 1gG (Millipore
Cat# 401315, RRID:AB_2617117), and goat anti-mouse 1gG (Sigma-Aldrich Cat# 401215,
RRID:AB_10682749).
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LDH release assays

Membrane disruption was measured by LDH release assay using the CytoTox 96
cytotoxicity assay (Promega). FBS-free culture medium was collected and centrifuged at
4°C, 10 minutes at 5009 to remove cell debris. LDH release was measured according to
the manufacturer’s instructions. A maximum LDH release control was included in each
experiment corresponding to cells treated with 1% Triton-X-100 for 30 minutes before
harvest. The percent of LDH release was calculated by the ratio: 100x (Treated condition /
Max LDH release). Each experiment was performed in triplicate and averages with SEM at
each time point were plotted.

IncuCyte assays

Cells (8 x 103) were seeded in 96-well plates for 24 hours prior to treatment with

the indicated drug. After that, cells were monitored in an IncuCyte® S3 system (Essen
BioScience, Ann Arbor, MI, USA), acquiring images (objective 10x) every 30 minutes in 4
separate regions per well. Images were analyzed to identify cell membrane swelling induced
by treatment.

Kinetic quantification of caspase-3/7 activity or SYTOX green using live-cell time-lapse
imaging
Caspase-3/7 activity was assessed using the IncuCyte® caspase-3/7 green apoptosis assay
reagent (Sartorius), and SYTOX green activity using the SYTOX™ Green Nucleic Acid
Stain (Thermo Fisher Scientific). For SYTOX green experiments, cells were pre-incubated
30 minutes with 2.5 uM SYTOX green prior to corresponding treatment. Caspase-3/7
reagent was added at a final concentration of 5 mM with corresponding drug. Data
were analyzed using IncuCyte analysis software to detect and quantify green cells/image
(Caspase-3/7 or SYTOX green positive cells). The live-cell phase contrast images were
used to calculate confluence using the IncuCyte® software. Accumulation of caspase-3/7
or SYTOX green over time was normalized to confluence of cells. Each condition was
performed in triplicate and averages with SEM at each time point were plotted.

In vitro drug treatments
Raptinal (a rapid-caspase activator), Z-VAD-FMK (a pan-caspase inhibitor) and Z-DEVD-
FMK (a caspase-3 inhibitor) were purchased from Selleck Chemicals LLC (Houston, TX)
and solubilized in DMSO. PLX4720 (a BRAF inhibitor) and PD0325901 (a MEK inhibitor)
were purchased from Selleck and solubilized in DMSO. Cells were treated with 5 uM of
raptinal for A375 cells or 2.5 uM for all other cells studied. Cells were pre-treated with
Z-VAD-FMK or Z-DEVD-FMK for 3 hours (100 pg/mL) before treatment with raptinal with
indicated doses for indicated times. Cells were treated with 1 uM and 35 nM of BRAFi
(PLX4720) and MEKIi (PD0325901), respectively.

In vivo mouse studies

Male C57BL/6J mice (RRID:IMSR_JAX:000664) were purchased from The Jackson
Laboratory and maintained in-house. Mice were between 6 and 7 weeks old at the time of
tumor implantation. The Institutional Animal Care and Use Committee at Thomas Jefferson
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University reviewed and approved all studies (protocol# 01052). For tumor implantation,
YUMML.7 cells (3 x 106 cells/mL) or CRT47R (2.5 x 10° cells/mL) cells were resuspended
in Hanks balanced salt solution (HBSS) and 100 pL of cell suspension was injected
intradermally in the shaved right flank of the mouse. Tumor growth was monitored by
measuring the length and width of the tumors using digital calipers and tumor volume was
determined using the following formula: volume = (length x width?) x 0.52. When tumors
reached 100 mm3 in volume, mice were randomized into groups receiving intraperitoneal
injections of vehicle control or 20 mg/kg raptinal (adjusted to the heaviest mouse) as
outlined previously (21) +/- BRAFi plus MEK:i diet (200 ppm PLX4720 plus 7 ppm
PD0325901).

Statistical analysis

For in vitro experiments, statistics were performed using Excel (Microsoft, Redmond,

WA, USA), GraphPad Prism (RRID:SCR_002798), version 8.1, or R (version 4.1.2 [https://
www.r-project.org/]). If data were normally distributed (as assessed by the Shapiro test), a
two-tailed #test was used to analyze the data. If data were non-normally distributed, a Mann-
Whitney test was performed instead. For in vivo experiments, statistics were performed
using GraphPad Prism, version 9, or R (version 4.1.0 [https://www.r-project.org/]). If data
were normally distributed (as assessed by the Kolmogorov-Smirnov test), a two-tailed ¢

test was used to analyze the data. If data were non-normally distributed, a Mann-Whitney
test was performed instead. To assess tumor doubling times, the tumor measurements were
log transformed and a linear regression was used to model the rate of tumor growth as a
function of time from the initial injection to the endpoint of 500 mm3. Finally, a log-rank
(Mantel-Cox) test was used to compare Kaplan-Meier survival curves. A p value < 0.05 was
considered significant and p values were represented by: * for p< 0.05, ** for p< 0.01, ***
for p<0.001 and **** for p< 0.0001. Results are expressed as mean or mean + SEM unless
otherwise indicated.

Data availability

The data generated for this study are available within the article and its supplementary data
files.

Results

Raptinal induces pyroptosis in BRAF mutant human and mouse melanoma cells

We studied the actions of raptinal, a rapid caspase activator, in human (A375, WM35,
WMT793, and 1205Lu) and mouse (D4M3.A and YUMML1.7) BRAF mutant melanoma cells
(Supp. Figure 1). Effects on pyroptotic markers such as the cleavage of GSDM proteins

as well as the release of cytokines and DAMPSs were characterized. By Western blot

analysis, raptinal treatment induced a dose-dependent cleavage of GSDME, giving rise to the
pore-forming ~35 kDa N-terminal fragment in all six melanoma cell lines that were tested
(Figure 1A, Supp. Figure 2A). Furthermore, raptinal induced the release of the DAMPs,
high-mobility group box 1 (HMGB1) and lactate dehydrogenase (LDH), as well as the
cytokines, IL-1a or IL-1p, into the cell supernatant in a dose-dependent manner (Figures 1A
and 1B, Supp. Figures 2A and 2B). The release of LDH, HMGBL1 and IL-1a or IL-1p was
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induced when raptinal was used at 2.5 UM for most cell lines, although 5 uM was required
for effects in A375 cells; hence, we used these concentrations for the respective cell lines in
subsequent experiments.

Raptinal treatment was associated with cleavage of caspase-3 and the apoptotic marker
PARP (Figure 1A, Supp. Figure 2A). Cells treated with raptinal also exhibited plasma
membrane bubble-like protrusions, a characteristic feature of pyroptosis (Figure 1C, Supp.
Figure 2C). Next, we analyzed cell permeability using a fluorescent probe, SYTOX green,
which enters the cells and stains nucleic acid when the plasma membrane is disrupted. We
observed a time-dependent increase of fluorescence in cells treated with raptinal compared
to untreated cells, although only weak effects were observed in WM793 and 1205Lu cells
(Figure 1D, Supp. Figure 2D). Overall, these data show that raptinal induces features of
pyroptosis in human and mouse BRAF mutant melanoma cells.

Raptinal delays melanoma growth in an in vivo mouse model

To test the impact of raptinal on tumor growth /n vivo, YUMML.7 cells were implanted
intradermally into C57BL/6J mice. Once tumors reached a volume of approximately 100
mm?3, mice were injected for four consecutive days with either vehicle control or raptinal
via intraperitoneal injection. When compared to the control group, raptinal delayed tumor
growth (Figure 2A) and significantly increased tumor doubling time (Figure 2B). Consistent
with decreased tumor growth, raptinal treatment significantly improved mouse survival
(Figure 2C). Raptinal treatment did cause a decrease in mouse weight with one animal
losing more than 20% of its original weight; however, treated animals returned to their
baseline weights by day 10 (Figure 2D). These data show that raptinal treatment delays
tumor progression in an /n vivo melanoma model.

Raptinal-induced pyroptosis is caspase-dependent in melanoma cells

Since cleavage of GSDME has been shown to be mediated by caspase-3 (11), we tested
caspase dependence of raptinal-induced effects. In time course experiments and Western blot
analyses, raptinal treatment induced the cleavage of multiple caspases including caspase-3,
-7 and -8 in human and mouse melanoma cells (Figure 3A, Supp. Figure 3A). Similar
effects were observed in caspase-3/7 fluorescence-based substrate assays (Supp. Figure

4A). We additionally observed the cleavage of GSDME followed by an accumulation of
cytokines and LDH in cell supernatant (Figures 3A and 3B, Supp. Figures 3A and 3B).

To determine the extent to which pyroptotic features induced by raptinal were caspase-
dependent, cells were pre-treated with one of two independent caspase inhibitors, Z-VAD (a
pan caspase inhibitor) and Z-DEVD (a caspase-3 inhibitor) (Supp. Figure 4B). Pre-treatment
with Z-VAD effectively reversed raptinal-induced GSDME cleavage and the accumulation
of cytokines and LDH in cell supernatant (Figures 3C and 3D, Supp. Figures 3C and

3D). By contrast, pre-treatment with Z-DEVD only partially reversed raptinal-induced
pyroptotic features. These results show that raptinal induces pyroptosis by a mechanism
likely involving multiple caspases.
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Raptinal-induced pyroptosis is GSDME-dependent in melanoma cells

Since multiple members exist within the GSDM family, we tested whether raptinal-induced
pyroptosis is GSDME-dependent. We analyzed the ability of raptinal to induce pyroptosis
in GSDME wild-type vs knockout cells. Analysis of cell supernatants showed reduced
accumulation of HMGBL1, IL-1a and IL-1p in GSDME knockout cells (Figure 4A, Supp.
Figure 5A). Similarly, GSDME knockout cells exhibited significantly lower levels of LDH
in the conditioned medium following raptinal treatment compared to control wild-type cells
(Figure 4B). Cell membrane swelling was decreased in GSDME knockout cells treated
with raptinal compared to wild-type cells (Figure 4C). Nonetheless, upstream cleavage

of caspases and PARP remained detectable (Supp. Figure 5B). These data suggest that
pyroptotic features induced by raptinal are, in part, GSDME-dependent in melanoma.

Raptinal induces pyroptosis in BRAFi plus MEKi-resistant melanoma cells

A major limitation for BRAFi and MEKi targeted therapies in melanoma is acquired
resistance in which cells show minimal caspase-3 cleavage following treatment. Resistance
may be mediated through ERK1/2 pathway re-activation as well as epigenetic mechanisms
(23-25). We tested whether raptinal could bypass resistance by inducing the cleavage of
caspase-3 in two human A375-derived BRAFi plus MEKIi resistant cell lines and in two
mouse YUMM1.7-derived BRAFi plus MEK:i resistant cells lines (denoted as CRT lines).
As expected in parental A375 and YUMML.7 cell lines, both BRAFi plus MEKi and
raptinal were able to induce the cleavage of GSDME, caspase-3 and PARP (Figure 5A).

By contrast, raptinal but not BRAFi plus MEKi was able to induce these events in both
human and mouse resistant cells lines. Caspases-9, -7 and -8 were cleaved following BRAFi
plus MEKi-treatment in parental cells but not in CRT cells, whereas raptinal treatment
induced the cleavage of all these caspases in both parental and CRT cells (Supp. Figure 6A).
Analysis of supernatants demonstrated that both BRAFi plus MEKi treatment and raptinal
treatment led to the release of LDH and the accumulation of HMGB1, IL-1a or IL-1B in
parental cells; however, only raptinal elicited these effects in CRTs (Figures 5A and 5B).
Consistent with these results, we observed cell membrane swelling only in CRT cells treated
with raptinal but not with BRAFi plus MEKIi (Figure 5C). In addition, raptinal treatment
but not BRAFi plus MEKi treatment increased SYTOX green fluorescence in YUMML1.7
CRTs cells (Supp. Figure 6B). Together, these results show that raptinal induces pyroptosis
in targeted therapy-resistant melanoma cells /n vitro.

Raptinal delays growth of BRAFi plus MEKi-resistant melanoma cells in vivo

To determine if raptinal effects the growth of the CRTSs /7 vivo, we implanted CRT47R
cells subcutaneously into C57BL/6J mice. Once tumors reached a volume of approximately
100 mm3, mice were administered BRAFi plus MEKi diet until tumor volume reached an
endpoint of 500mms3. Animals were also injected with either vehicle control or raptinal

via intraperitoneal injection for four consecutive days at the start of BRAFi plus MEKIi
treatment. Tumor growth was significantly delayed in mice treated with raptinal compared
with vehicle treated mice (Figure 6A) with an increase in both tumor doubling time (Figure
6B) and survival (Figure 6C). These data show that raptinal induction of pyroptosis reduces
growth of tumors that become resistant to BRAF and MEK inhibitors in preclinical models.
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Discussion

Raptinal is a cell permeable compound capable of rapidly inducing caspase-3 cleavage.
Based on the knowledge that caspase-3 is able to cause GSDME cleavage (11), we explored
effects of raptinal on pyroptosis. We utilized BRAF mutant melanoma models; however, the
induction of inflammatory forms of cell death may have important tumor intrinsic effects
that change based on the driver mutation of the tumor or the tumor model used. Although
raptinal was originally identified as an apoptosis-inducing agent (21), we show that raptinal
treatment induces pyroptosis in cutaneous melanoma cells. These effects are mediated by
GSDME and are dependent on caspase activity. Importantly, raptinal-mediated effects are
evident in BRAFi and MEK:i-resistant cell lines, and raptinal delays tumor progression in
both BRAFi and MEKIi-sensitive and -resistant /n vivo melanoma models.

We show that raptinal treatment induces pyroptosis in cutaneous melanoma cells, as
illustrated by GSDME cleavage and the release of HMGB1, IL-1a and IL-1f. The effects
were dramatically reduced, but not eliminated completely, in GSDME knockout cells. It
remains possible that raptinal-induced pyroptosis may be partially dependent on additional
GSDM family members. It is known that the release of IL-1f can be mediated by GSDME
in either sublytic and lytic phases when GSDMD expression is low/absent (26). Raptinal
acts either via regulation of caspase-9 and downstream caspases and/or through cytochrome
C release in a BAX/BAK/BOK-independent manner (27). Consistent with the broad effects
of raptinal, we observed cleavage of caspases involved in both intrinsic and extrinsic
apoptotic pathways. Furthermore, the cleavage of GSDME was prevented with pan-caspase
inhibitors. Investigating the effects of raptinal in models with low GSDME and/or high
expression of other GSDM family members will be key in determining the potential actions
of raptinal in additional tumor types.

In vivo, raptinal promoted significant tumor growth delay in YUMML.7 and CRT47R
tumors. A limitation of our work is that the raptinal-treated tumors eventually grew out,
which indicates the persistence of tolerant tumor cells. Thus, treatment strategies require
further optimization. Raptinal also showed toxicity when injected for four consecutive days
via intraperitoneal injection as assessed by the body weight of the animals. Future studies
are needed to optimize dose and timing of raptinal as well as route of injection to increase
efficacy and reduce systemic toxicity.

The precise effects of tumor cell pyroptosis on the immune microenvironment are unknown;
however, BRAFi plus MEKI induced pyroptosis has been shown to increase CD8+ T cell
activation in a melanoma model (20). YUMM1.7 tumors are poorly immunogenic and
raptinal may not be sufficient to recruit immune cells to the tumor. A goal of our future work
will be to combine raptinal with drugs like imiquimod that promote immune cell infiltration
into the tumor (28-30) to induce a more profound anti-tumor response. Other experiments
will also assess the efficacy of raptinal in high mutational burden models to determine if
raptinal has better efficacy in tumors that have higher basal levels of immune infiltration
(31,32).
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In summary, we show that raptinal induces pyroptosis in both treatment-naive and resistant
melanoma cell lines. In the absence of GSDME, the effects of raptinal were associated with
diminished release of inflammatory DAMPs and cytokines. Intriguingly, the screen used to
identify raptinal as an apoptosis inducing agent was performed in a human leukemia cell
line, and acute myeloid leukemia has the lowest expression of GSDME among the 32 cancer
types profiled in TCGA. We speculate that in highly expressing tumors, GSDME may act as
a switch between raptinal-induced apoptosis and pyroptosis (33). Thus, while raptinal may
have the ability to promote cell death in other cancer models, the mode of cell death induced
by raptinal may be cancer specific and depend on the expression level and activation status
of pyroptosis mediators. Therefore, in addition to promoting cell death, raptinal may activate
an immune response via the release of inflammatory cytokines and DAMPs in cancers with
high expression of GSDME, such as melanoma. Overall, raptinal is a promising drug that
warrants future study into its ability to induce inflammatory cell death and synergize with
immunotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Raptinal can rapidly induce pyroptosis in naive and BRAFi plus MEKi-resistant
melanoma, which may be beneficial for patients who have developed acquired resistance

to targeted therapies.

Implications:
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Figure 1: Raptinal induces pyroptosisin human and mouse melanoma cells.
(A-B) Human melanoma cells (A375 and WM35) and mouse melanoma cells (D4M3.A and

YUMML.7), were treated /n vitro for 3 hours with doses of raptinal ranging from 1.25 to 10
UM. DMSO was used as a vehicle control. (A) Levels of GSDME, cleaved caspase-3 and
PARP in lysates, or HMGB1 and IL-1a in supernatants after raptinal treatment. a-tubulin
or ponceau red staining are controls for protein lysates or supernatant total protein extracts,
respectively. Full-length GSDME (FL) runs at 55 kDa and cleaved N-terminal GSDME

(N) runs at 35 kDa. Total PARP runs at 116 kDa and cleaved PARP runs at 89 kDa.

Western Blots shown are representative of at least three independent experiments. (B)
Percentage of LDH release averaged from at least three independent experiments. Error bars
are SEM. Significance was assessed by Student ¢ test for WM35 and YUMML.7 cells and
by Mann-Whitney test for A375 and D4AM3.A cells, NS: non-significant, *p<0.05, **p<0.01,
***<0.001. (C-D) Cells were treated with 2.5 uM raptinal, except for A375 that were
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treated with 5 pM. (C) Cell morphology visualized with the IncuCyte S3 system at x10
objective. Plasma membrane bubble-like protrusions, a characteristic feature of pyroptosis,
are indicated by red arrow and a magnification is show in the red frame. Scale bar: 100 pm.
Cell morphology images shown are representative of at least three independent experiments.
(D) SYTOX green fluorescence was measured over time with IncuCyte S3 system and
normalized to cell confluence at each timepoint for cells treated with DMSO or raptinal. At
least two replicate wells were performed in each experimental condition and all experiments
were performed at least three times independently. Data are representative of at least three
independent experiments. Error bars are SEM. Significance was assessed by Student ¢ fest,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Red arrows indicate the time when the
treated cells were significantly more fluorescent than untreated cells.
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Figure 2: Raptinal delaystumor growth in vivo.

YUMML.7 cells were implanted intradermally into C57BL/6J animals and allowed to grow
to approximately 100 mm3. (A) Tracings of each tumor treated for four days with vehicle
control (n=5) (light blue) or raptinal (n=5) (dark blue) are shown to the endpoint of 500
mm3. The vertical red dotted lines correspond to the days in which mice received injections.
(B) Tumor growth was modeled as a function of time to assess average tumor doubling

time from day 0 to the 500 mm? endpoint. Each individual data point represents one animal
used with the average and standard deviation displayed. Significance was assessed using the
Mann-Whitney test, **p<0.01. (C) Kaplan-Meier survival curves comparing vehicle control
to the raptinal group. A log rank (Mantel-Cox) test was used to determine significance,
**<0.01. (D) Mouse weights over time from the vehicle control and raptinal treatment
arms.
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Figure 3: Raptinal-induced pyroptosisis caspase-dependent in melanoma cells.
(A-B) A375 and WM35 were respectively treated with 5 uM and 2.5 uM of raptinal.

Cell lysates and supernatants were harvested every 30 minutes for 3 hours. (A) Levels of
cleaved caspase-3, cleaved caspase-7, cleaved caspase-8, PARP and GSDME in lysates, or
HMGBL, IL-1a or IL-1p in supernatants. a-tubulin or ponceau red were used for lysate
or supernatant loading controls, respectively. Cells treated with DMSO for 180 minutes
were used as negative control (last lane). Western Blots shown are representative of three
independent experiments. (B) Percentage of LDH release averaged from two independent
experiments. Error bars are SEM. Significance was assessed by Student ¢ zest, *p<0.05.
Red arrows indicate the time when the treated cells released significantly more LDH than
untreated cells. (C-D) A375 and WM35 cells were pre-treated for 3 hours with Z-VAD-
FMK, Z-DEVD-FMK or DMSO at 100 uM. After this pre-treatment, A375 were treated
with 5 uM and WM35 with 2.5 uM of raptinal or DMSO for 3 hours. (C) Levels of GSDME
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in lysates, or HMGB1 and IL-1p in supernatants. Western blots shown are representative
of three independent experiments. (D) Percentage of LDH release averaged from three
independent experiments. Error bars are SEM. Significance was assessed by Student ¢ fest,
NS: non-significant, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4: Raptinal-induced pyroptosisis GSDM E-dependent in mouse melanoma cells.
(A-C) D4M3.A and YUMML1.7 mouse melanoma cells were treated with 2.5 pM of raptinal

for 3 hours (A) Levels of secreted HMGBL, IL-1a and IL-1p in supernatants from wild-type
(noted CTL) and two clones of D4AM3.A or YUMML1.7 GSDME knockout cells (noted

KO1 and KO2). Ponceau red as protein loading. Western Blots shown are representative

of three independent experiments. (B) Percentage of LDH release averaged from three
independent experiments. Error bars are SEM. Significance was assessed by Student’s ¢

test, *p<0.05, **p<0.01. (C) Cell morphology visualized with the IncuCyte S3 system

at x10 objective. Plasma membrane bubble-like protrusions, a characteristic feature of
pyroptosis, are indicated by red arrow. Scale bar: 100 pm. Cell morphology images shown
are representative of at least three independent experiments.
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Figure 5: Raptinal induces pyroptosisin BRAFi and MEKi resistant melanoma cells.
(A-C) A375 WT and CRT cells (CRT34 and CRT35) were treated with PLX4720 (1 pmol/L)

and PD0325901 (35 nmol/L) for 48 hours and with raptinal 5 uM for 3 hours. YUMM1.7
WT and CRT cells (CRT47R and CRT49N) were treated with PLX4720 (1 pmol/L) and
PD0325901 (35 nmol/L) for 24 hours and with raptinal 2.5 uM for 3 hours. (A) Levels

of GSDME, cleaved caspase-3 and PARP in lysates, or HMGBL1, IL-1a and IL-1p in
supernatants. Vinculin, a-tubulin or ponceau red were utilized for loading controls. Western
Blots shown are representative of three independent experiments. (B) Percentage of LDH
release representative of two independent experiments. Three replicate wells were performed
for each experimental condition. Error bars are SEM. (C) Cell morphology visualized with
the IncuCyte S3 system at x10 objective. Plasma membrane bubble-like protrusions, a
characteristic feature of pyroptosis, are indicated by red arrow. Scale bar: 100 pm. Cell
morphology shown are representative of at least two independent experiments.
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Figure 6: Raptinal delays growth of BRAFi and MEKi resistant tumor cellsin vivo.
CRTA47R cells were implanted intradermally into C57BL/6J animals and allowed to grow to

approximately 100 mm3. (A) Tumor growth after treatment for four days with either vehicle
(n=5) (light purple) or raptinal (n=5) (dark purple) are shown to the endpoint of 500 mm3,
The vertical red dotted lines correspond to the days in which mice received injections. (B)
Tumor growth was modeled as a function of time to assess average tumor doubling time
from day 0 to the 500 mm?3 endpoint. Each individual data point represents one animal

used with the average and standard deviation displayed. Significance was assessed using the
Mann-Whitney test, **p<0.01. (C) Kaplan-Meier survival curves comparing vehicle control
to the raptinal group. A log rank (Mantel-Cox) test was used to determine significance,
**p<0.01.
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