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Abstract

Purpose: The induced death signals following oncogene
inhibition underlie clinical efficacy of molecular targeted
therapies against human cancer, and defects of intact cell
apoptosis machinery often lead to therapeutic failure. Despite
potential importance, other forms of regulated cell death
triggered by pharmacologic intervention have not been sys-
tematically characterized.

Experimental Design: Pyroptotic cell death was assessed by
immunoblot analysis, phase-contrast imaging, scanning elec-
tron microscopy, and flow cytometry. Tumor tissues of
patients with lung cancer were analyzed using IHC. Functional
impact of pyroptosis on drug response was investigated in cell
lines and xenograft models.

Results: We showed that diverse small-molecule inhibi-
tors specifically targeting KRAS-, EGFR-, or ALK-driven lung
cancer uniformly elicited robust pyroptotic cell death, in
addition to simultaneously invoking cellular apoptosis.
Upon drug treatment, the mitochondrial intrinsic apoptotic

Introduction

An emerging is that the intricate molecular regulation on the
inherent signal-mediated death process, generally referred to as
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pathway was engaged and the mobilized caspase-3 protease
cleaved and activated gasdermin E (GSDME, encoded by
DFNA5), which permeabilized cytoplasmic membrane and
executed cell-lytic pyroptosis. GSDME displayed ubiquitous
expression in various lung cancer cell lines and clinical
specimens, including KRAS-mutant, EGFR-altered, and
ALK-rearranged adenocarcinomas. As a result, cooccurrence
and interplay of apoptosis and pyroptosis were widespread
in lung cancer cells, succumbing to genotype-matched regi-
mens. We further demonstrated that pyroptotic cell death
partially contributed to the drug response in a subset of
cancer models.

Conclusions: These results pinpoint GSDME-dependent
pyroptosis as a previously unrecognized mechanism of action
for molecular targeted agents to eradicate oncogene-addicted
neoplastic cells, which may have important implications for
the clinical development and optimal application of antican-
cer therapeutics. Clin Cancer Res; 24(23); 6066-77. ©2018 AACR.

regulated cell death (1), dictates the malignant transformation
and also therapeutic responses of human cancers (2, 3). For
decades, apoptosis has been extensively studied as the predom-
inant form of regulated cell death underlying tumor pathogenesis
and therapies (4). During neoplasm development, cancer cells
activate numerous oncogenic effectors to derive survival advan-
tages by marshaling the pro-proliferative apparatus and counter-
ing the tendency for apoptosis (2, 5). On the contrary, cytotoxic
anticancer drugs, especially molecular targeted agents that take
advantage of the "oncogene addiction" phenomenon, may rewire
particular signaling circuits to favor a caspases-directed apoptotic
outcome, yielding tumor cell elimination (3, 6-10). As a result,
pharmacologically blocking prosurvival components is consid-
ered an effective approach to improve therapeutic index of target-
based monotherapy (11-13), whereas cancer-associated defects
in apoptosis induction and execution contribute to a significant
proportion of treatment failures (14-16).

The long-standing view of cell apoptosis as the standard reg-
ulated death-programming mechanism has changed, owing to
recent discoveries of defined molecular pathways mediating
necrotic types of cell death (17-19). For instance, necroptosis is
activated by specific protein kinases, most crucially receptor-
interacting protein kinase-1 (RIPK1) and downstream protein
kinase receptor-interacting protein 3 (RIP3), which phosphory-
lates mixed lineage kinase domain-like protein (MLKL) to allow
for its oligomerization and subsequently necroptotic disruption
of plasma membrane (20-31). Pyroptosis, on the other hand, is
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Translational Relevance

Molecular targeted therapies act most effectively through
stimulating tumor cell death, and it has been established that
defects of intact apoptosis machinery often lead to therapeutic
failure. Despite potential importance, other forms of regulated
cell death triggered by pharmacologic intervention remain
elusive. This work pinpoints GSDME-dependent cell pyrop-
tosis as another widespread death mode underlying the anti-
cancer efficacy of diverse molecular targeted agents. Drug-
induced apoptotic and pyroptotic processes are concurrently
activated through the mitochondria-caspases pathway and
coopt with each other to execute tumor killing, providing a
mechanistic rationale for future clinical development and
optimal application of antineoplastic therapeutics.

ascribed to the proteolytic fragmentation of gasdermin D
(GSDMD) by caspase-1/4/5/11 (32-34) and is lately demonstrat-
ed to also operate through caspase-3 cleavage of gasdermin E
(GSDME; refs. 35, 36). Furthermore, other examples of regulated
cell death, such as ferroptosis, parthanatos, oxytosis, cyclophilin
D-dependent necrosis, autophagy, and ETosis, are each con-
trolled by discrete signaling cascades (18). Therefore, from a
therapeutic standpoint, additional opportunities may exist for
exploiting nonapoptotic machinery to enhance sensitivity and
overcome resistance toward molecular targeted therapies in can-
cer. However, it remains to be elucidated whether any variants of
cellular demise are indeed associated with certain treatments, how
they interact with apoptosis, and whether these alternative death
modes are clinically relevant. In this study, we set out to tackle
these questions by systematically characterizing various forms of
regulated cell death in KRAS-, EGFR-, or ALK-driven lung cancers
treated with alteration-matched small-molecule inhibitors.

Materials and Methods

Cell culture and reagents

Cell lines were obtained from the ATCC or Japanese Collection
of Research Bioresources Cell Bank in 2015, where cell charac-
terization (polymorphic short tandem repeat profiling) and con-
tamination tests were performed. For the study, cells were used at
passage 4 to 10, without further testing in lab. Cells were cultured
in RPMI1640 (Invitrogen) supplemented with 1% GlutaMAX and
10% FBS (Gibco). Small-molecule inhibitors, including trameti-
nib, erlotinib, ceritinib, dabrafenib, lapatinib, crizotinib, pictili-
sib, niraparib, zZVAD-FMK, zDEVD-FMK, Q-VD-OPh, ferrostatin-
1, chloroquine, cyclosporin A, necrostatin-1, ALLN, and a library
of 180 compounds (37), were purchased from Selleck Chemicals.
All inhibitors were reconstituted in DMSO (Sigma-Aldrich) at a
stock concentration of 10 mmol/L, except chloroquine which was
reconstituted in H,O, and used to treat tumor cells at a final
concentration of 5 umol/L unless indicated otherwise. Lactate
dehydrogenase (LDH) assays were performed using CytoTox 96
Non-Radioactive Cytotoxicity Assay Kit (Promega).

Patient samples
The study was conducted in accordance with ethical guidelines
of U.S. Common Rule, and was approved by the Ethics Commit-
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tee of Ren Ji Hospital (Shanghai, China) and The Affiliated
Hospital of Qingdao University (Shandong, China). Written
informed consent was acquired from all patients in this study.
Fresh-frozen tumor samples were collected in surgery, and for-
malin-fixed and paraffin-embedded (FFPE) sections were
obtained during pathologic examination. LDH concentrations
were measured by clinical laboratory of The Affiliated Hospital of
Qingdao University. CT images were provided by medical imag-
ing department. Details of patient information were in Supple-
mentary Tables $1-S4.

Plasmids and sgRNA

All plasmids were constructed using the Gibson Assembly
Cloning Kit (New England Biolabs) and Gateway Cloning System
(Invitrogen). GSDME mutations were generated using the Q5
Site-Directed Mutagenesis Kit (New England Biolabs) and verified
by Sanger sequencing. CRISPR-Cas9 technology was employed to
knock out indicated genes. Sequences of sgRNAs were provided in
Supplementary Table S5. For gene overexpression or knockout
experiments, HEK293T cells were cotransfected with 5 pg of
lentiviral constructs, 5 ug of plasmid A8.9, and 3 pug of plasmid
VSVG. Cells were incubated at 37°C and the medium was replaced
after 12 hours. Virus-containing supernatant was collected 48
hours after transfection and supplemented with 8 pg/mL poly-
brene to infect target cells in 6-well dishes. Infected cells were
selected with 2 to 5 pg/mL puromycin.

Western blot analysis

Cells or tissue samples were lysed in RIPA buffer (Tris pH 7.4 50
mmol/L, NaCl 150 mmol/L, NP-40 1%, SDS 0.1%, EDTA 2 pmol/
L) containing proteinase inhibitors (Roche) and phosphatase
inhibitors (Roche). For cellular fractionation, A549, PC9, and
NCI-H3122 cells were fractionated with the Qproteome Cell
Compartment Kit (Qiagen). The lysates (20-ug protein) were
subjected to SDS-PAGE and Western blot analysis. Antibodies
against the following proteins were used: caspase-3 (#9665),
cleaved caspase-3 (#9579), PARP (#9532), vimentin (#5741),
PMLKL-S358 (#91689), LC3A/B (#12741), GAPDH (#8884), and
H3 (#12648;Cell Signaling Technology). GSDME antibodies were
kindly provided by Shao Lab (National Institute of Biological
Sciences, Beijing), or purchased from Abcam (ab215191).

IHC

ITHC was performed on 5-um-thick, FFPE tissue sections col-
lected at The Affiliated Hospital of Qingdao University and Peking
Union Medical College Hospital (Beijing, China), or lung cancer
tissue microarrays (US Biomax). Slides were baked, deparaffi-
nized in xylene, passed through graded alcohols, and antigen
retrieved with 10 mmol/L citrate buffer, pH 6.0 in a steam pressure
cooker. Preprocessed tissues were treated with peroxidase block
(Dako) to quench endogenous peroxidase activity, blocked using
protein block (Dako), and incubated with GSDME antibodies
(Abcam). Slides were then washed in 50 mmol/L Tris-Cl, pH 7.4
and incubated with horseradish peroxidase-conjugated second-
ary antibody. Immunoperoxidase staining was developed using
the DAB system according to the manufacturer's instructions
(Dako). Slides were counterstained with hematoxylin, dehy-
drated in graded alcohol and xylene, and coverslipped using
mounting solution.
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Immunofluorescence microscopy

Tumor cells were fixed for approximately 15 to 20 minutes in
4% paraformaldehyde and permeabilized with 0.1% Triton
X-100 (in PBS) for 10 minutes. After three PBS washes, cells were
blocked with 2% BSA for 30 minutes at room temperature. Cells
were then incubated with anti-GSDME antibody (Abcam) diluted
in 2% BSA at 4°C overnight. After three PBS washes, the cells were
incubated with 1 pg/mL Alexa Fluor 488-conjugated second-
ary antibodies and Alexa Fluor 594 Phalloidin (Invitrogen) in
the dark for 1 hour. Cells were washed three times with PBS in
the dark, stained with DAPI (Invitrogen) and mounted in Prolong
Gold Antifade Reagent (Invitrogen). The immunofluorescent
staining was observed using a confocal microscope (Leica).

Cell viability and apoptosis assays

Cell viability was analyzed using a Cell Titer-Glo Luminescent
Cell Viability Assay Kit (Promega). For visualization, cells were
fixed with formalin and stained with crystal violet. Cell apoptosis
was detected using the Caspase-Glo 3/7 Assay Kit (Promega),
Click-iT Plus TUNEL Assay Kit (Invitrogen), or the Dead Cell
Apoptosis Kit staining Annexin V-FITC and propidium iodide (PI)
followed by flow cytometry (Invitrogen). Flow cytometric analysis
was performed on a FACSAria II cytometer (BD Biosciences) and
data processed by FlowJo software.

Scanning electron microscopy

Cells grown on glass coverslips were washed with PBS bufferand
fixed with 3% glutaraldehyde at 4°C overnight. Samples were
dehydrated through a graded series of ethanol (50%, 70%, 80%,
95%, and 100%) and dried by Critical Point Dryer CPD 300 (Leica).
Dried specimensweresputter coated with gold-palladium by Super
Cool Sputter Coater SCD050 (Leica) and imaged with a scanning
electron microscope S3400N-1I (Hitachi) operating at 10 kV.

Tumor xenograft models

Indicated tumor cells (1 x 10°) were mixed with Matrigel (BD
Biosciences) and subcutaneously implanted in the dorsal flank of
BALB/c nude mice. When tumor sizes reached approximately 200
mm?, animals were randomized into two groups of 10 mice each.
One group of mice was treated with vehicle control (0.5%
methylcellulose and 0.2% Tween-80), and the other group was
treated with ceritinib (NCI-H3122, 10 mg/kg/day) or erlotinib
(HCC827, 10 mg/kg/day). Tumor volumes (10 animals/group)
were measured with a caliper and calculated as length x width? x
0.52. The Institutional Animal Care and Use Committee of Ren Ji
Hospital approved all animal protocols.

Statistical analysis

Statistical analysis was performed with GraphPad Prism soft-
ware. In all experiments, comparisons between two groups were
based on two-sided Student ¢ test and one-way ANOVA was used
to test for differences among more groups. P values of <0.05 were
considered statistically significant.

Results

Diverse molecular targeted therapies induce tumor cell
pyroptosis

The notion that antitumor therapeutics act most potently
through stimulating apoptosis prompted us to comprehensively
investigate different subroutines of regulated cell death that likely
occur in response to targeted agents. To this end, A549 (harboring

6068 Clin Cancer Res; 24(23) December 1, 2018

KRASS'?%), PC9 (harboring EGFR™746-4750 dely "and NCI-H3122
(harboring EML4-ALK fusion gene) cells were selected to represent
three common pathogenic scenarios for patients with lung cancer
(38), where trametinib (a MEK inhibitor), erlotinib (an EGFR
inhibitor), or ceritinib (an ALK inhibitor) served as genotype-
matched treatments, respectively. As expected, all cell lines re-
sponded well to these tailored drugs targeting specific oncogenic
aberrations (Supplementary Fig. S1A). We individually combined
a range of small-molecule inhibitors to determine their agonistic
or antagonistic roles, and found that cell death induced by target-
ed therapies was appreciably prevented by the pan-caspase inhib-
itor Q-VD-OPh (39), whereas necrostatin-1 (an inhibitor of
necroptosis; ref.21), ferrostatin-1 (an inhibitor of ferroptosis;
ref. 40), niraparib (an inhibitor of parthanatos; ref 41), ALLN (an
inhibitor of oxytosis; ref. 42), cyclosporine A (an inhibitor of
cyclophilin D-dependent necrosis; ref. 43), and chloroquine (an
inhibitor of autophagy; ref. 44) did not exhibit consistent effects
(Supplementary Fig. S1A). In agreement with these results, con-
comitant cleavage of caspase-3 and PARP (a marker of cells under-
going apoptosis), but no changes of MLKL phosphorylation (a
marker for cell necroptosis) or LC3 lipidation (a marker for cell
autophagy), was observed in A549, PC9, and NCI-H3122 cells
upon compound exposure (Fig. 1A). Interestingly, reminiscent
of characteristic pyroptotic cell morphology, we noted evident
balloon-like bubbles that were distinct from classic apoptotic
blebbing (Fig. 1B). A closer inspection of drug-damaged cells
using high-resolution scanning electron microscopy revealed
vigorous membranous protrusions (Fig. 1C), described previously
as pyroptotic bodies (45). Recent studies have established that
pyroptosis can be executed by proteolytically processed GSDME
upon activation of caspase-3 during apoptosis (35, 36), and in-
deed, GSDME was cleaved to generate N-terminal fragments fol-
lowing pharmacologic inhibition, with comparable kinetics with
that of caspase-3 or PARP cleavage (Fig. 1A). Similar findings
were obtained with erlotinib-treated HCC827 (harboring
EGFR746A750 dely - trametinib-treated NCI-H358 (harboring
KRASS'29), trametinib-treated HCC44 (harboring KRASS!2%),
and crizotinib-treated NCI-H1648 (harboring MET gene ampli-
fication;Supplementary Fig. S1B). Moreover, the swelling cells
displayed LDH release at a time-dependent manner, indicating
plasma membrane rupture and leakage (Fig. 1D). Flow cyto-
metric analysis verified the necrotic nature of treatment-induced
cell death, as exemplified by Annexin V and PI double-positive
staining (Fig. 1E). These data suggested that diverse molecular
targeted therapies, besides triggering apoptosis, could also lead to
tumor cell pyroptosis.

Ubiquitous expression and functional implications of
GSDME in lung cancer

GSDME, causally implicated in an autosomal-dominant her-
itable deafness (46), is a newly recognized executor of cell pyr-
optosis and reportedly silenced in several cancers as a putative
tumor suppressor due to promoter hypermethylation (47-49).
Nevertheless, the expression level and pattern of GSDME in
different genetically defined lung cancer clusters is currently
unexplored. In contrast to previous observations that no or little
GSDME was expressed within other tumor types (47-49),
GSDME protein was readily detected by immunoblot analysis in
most lung cancer cell lines disregarding oncogenic drivers
(Fig. 2A). We subjected this large panel of carcinoma models to
their alteration-specific targeted inhibition, and uncovered that
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Figure 1.

Diverse molecular targeted therapies induce tumor cell pyroptosis. A, A549, PC9, and NCI-H3122 were treated with trametinib, erlotinib, and ceritinib, respectively.
The indicated proteins were analyzed by immunoblotting. Time-dependent cleavage of caspase-3, PARP, and GSDME was demonstrated. GSDME-FL,
full-length GSDME; GSDME-N, GSDME N-terminal domain. B, Phase-contrast imaging of A549, PC9, and NCI-H3122 cells treated with DMSO or indicated inhibitors.
Pyroptotic cell morphology was pinpointed by red arrows. C, Representative scanning electronic microscopy images of A549, PC9, and NCI-H3122 cells
treated with DMSO or indicated inhibitors. Note membranous protrusions, described previously as pyroptotic bodies, in drug-treated cells. D, LDH release from A549,
PC9, and NCI-H3122 cells treated with indicated inhibitors. Each column represented the mean value of three biological replicates, and error bars indicated SD.
E, Flow cytometry analysis of inhibitor-treated A549, PC9, and NCI-H3122 cells stained by Annexin V-FITC and PI. The percentage of double-positive cells,
presumably pyroptotic cells, was labeled in red.
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Figure 2.

Ubiquitous expression and functional implications of GSDME in lung cancer. A, GSDME expression was analyzed by immunoblotting in a panel of lung cancer
cell lines with indicated oncogenic alterations on the top. B, GSDME expression was analyzed by immunoblotting in paired normal lung (N) and tumor tissues (T)
collected from 10 EGFR-mutation-positive and 10 EGFR mutation-negative patients. C, IHC staining of GSDME in a lung cancer TMA that contained 208
specimens. Representative images for negative/weak, medium, or positive IHC staining were shown. D, IHC staining of GSDME in a cohort of 155 patients
affected by KRAS-mutant, EGFR-altered, or ALK-rearranged lung cancer. Representative images for negative/weak, medium, or positive IHC staining are shown.
N/W, negative/weak staining; M, medium staining; P, positive staining. E, Quantification of GSDME expression status on the basis of IHC staining. F, Serum
LDH concentrations of patients with lung cancer at diagnosis and postchemotherapy or EGFR inhibitors. Pink lines indicated LDH-elevated cases
[(LDHpost-LDHpre)/LDHpre>10%]; blue lines indicated LDH-reduced cases [(LDHpost-LDHpre)/LDHpre«10%]; gray lines indicated LDH-unchanged cases [-10%<
(LDHpost-LDHpre)/LDHpre<10%]. A significant increase of serum LDH was associated with therapeutic treatment in adenocarcinomas or EGFR-mutant lung
cancer, but not squamous cell carcinomas. Statistical significance was determined by paired Student ¢ test. G, Examples of patients showing accompanied LDH
release and cancer regression during genotype-matched clinical treatments. Tumor sizes were measured on CT images. PP, pemetrexed + cisplatin; P, pemetrexed.

6070 Clin Cancer Res; 24(23) December 1, 2018 Clinical Cancer Research

220z ¥snbny /g uo 3senb Aq ypd'9909/1 L#0502/9909/€2/¥Z/HPd-aj01e/s81190uUBDUID/BI10°S|euInofioee//:dRY WOl papeojumod



LDH was almost universally, albeit to differential extents, released
into the culture supernatants (Supplementary Fig. S2A). The
efficiency of LDH release depended on not only drug efficacy but
also GSDME expression (Supplementary Fig. S2B), suggesting
that GSDME was truly operative to mediate therapy-induced
pyroptotic cell death. To evaluate the clinical relevance of GSDME
in patients with lung cancer, we conducted The Cancer Genome
Atlas (TCGA) pan-cancer genomic interrogation and did not
identify prevalent copy number abnormalities or somatic muta-
tions across 20 major human malignancies (Supplementary Fig.
S3A). By analyzing gene transcription data in TCGA lung adeno-
carcinomas, we found that DFNA5 (encoding GSDME) was
modestly upregulated in EGFR-mutant neoplasms, but down-
regulated in STK11- or KEAP1/NFE2L2-mutant tumors, as com-
pared with the respective wild-type counterparts (Supplementary
Fig. S3B). At the protein level, GSDME was ubiquitously expressed
in paired normal lung and tumor tissues collected from 10 EGFR
mutation-positive and 10 EGFR mutation-negative patients (Fig.
2B). Notably, multiple treatment-naive samples presented spon-
taneous GSDME cleavage for yet-to-be understood reasons (Fig.
2B). Cellular fractionation assays showed that nearly all endog-
enous GSDME resided in the cytosolic compartment (Supple-
mentary Fig. S3C), which was further confirmed by immunoflu-
orescent staining (Supplementary Fig. S3D). Using this validated
GSDME antibody, we performed IHC evaluation of a lung cancer
tissue microarray (TMA) that contained 208 specimens belonging
to varied histotypes with unknown genetic information (Fig. 2C;
Supplementary Table S1). In addition, GSDME status was
assessed in a cohort of 155 individuals affected by KRAS-mutant,
EGFR-altered, or ALK-rearranged lung cancer (Fig. 2D; Supple-
mentary Table S2). GSDME exhibited pervasive expression (Sup-
plementary Fig. S4), as evidenced by positive IHC staining in
58.9% of TMA cases, 60.0% of KRAS-mutant cases, 67.0% of
EGFR-mutant cases, and 56.8% of ALK-mutant cases (Fig. 2E). As
with GSDME in cell lines, the protein was plausibly functional in
patients with lung cancer, because serum LDH concentrations
significantly increased during 6-month follow-up after initial
chemo- or EGFR inhibitor-based treatment (Supplementary
Tables S3 and S4), with the exception of squamous cell carcino-
mas that were known to typically resist chemotherapy (Fig. 2F).
Although multiplex factors likely contributed to the elevated LDH
levels, a fraction of subjects showed accompanying dramatic
cancer regression (Fig. 2G), highlighting a circumstance where
drug-related tumor cell death, at least partially, accounted for the
LDH release. We concluded that the widespread GSDME expres-
sion among diverse molecular subtypes of lung cancer under-
scored the potential biological importance of tumor cell pyrop-
tosis in disease course and clinical management.

Molecular targeted therapies activate the mitochondrial
intrinsic apoptotic pathway to elicit GSDME-dependent
pyroptosis

We sought to explicitly define the molecular mechanism by
which cellular pyroptosis was instigated under the action of
various inhibitors. Validating recent findings that GSDME was a
critical substrate of caspase-3 and a key mediator of nonim-
mune cell pyroptosis (35, 36), DFNA5 or CASP3 depletion
using the clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9 system in A549, PC9, or NCI-H3122
(Fig. 3A) significantly reduced necrosis-associated LDH release
(Fig. 3B) and characteristic ballooning of the cell membrane
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(Supplementary Fig. S5A). Similarly, combined treatment with
targeted therapeutics and the pan-caspase inhibitor zZVAD or
caspase-3-specific inhibitor zDEVD considerably abrogated
extracellular release of LDH (Supplementary Fig. S5B), proteo-
lytic cleavage of GSDME, and balloon-like swelling of treated
cells (Supplementary Fig. S5C). Conversely, ectopic DFNA5
overexpression was sufficient to enhance GSDME cleavage in
NCI-H2009, HCC4006, and HCC827 following drug admin-
istration (Fig. 3C), and as a consequence, lead to markedly
increased LDH release (Fig. 3D) and more pronounced pyr-
optotic cell morphology (Supplementary Fig. S6A). In addition
to caspase-3, we individually knocked out each of the pivot
components within mitochondrial intrinsic apoptotic pathway
and revealed that a myriad of genes disturbed treatment-
induced LDH release in A549 cells (Supplementary Fig.
S6B). A central signaling axis, that is, BIM-BAX-cytochrome
c-APAF1-Smac-caspase-9-caspase-3-GSDME, was pinpointed
to evidently regulate the pyroptotic process. Indeed, genetic
deletion of these core members resulted in limited amount of
released LDH (Fig. 3E) and notable deficits of GSDME frag-
mentation (Fig. 3F) in all the three tested cell models. There-
fore, by activating the mitochondrial intrinsic apoptotic path-
way, molecular targeted therapies facilitated caspase-3 cleavage
of GSDME to elicit pyroptotic cell death.

Pyroptosis cooccurs and interacts with apoptosis

An important question emerged as to how tumor cell apoptosis
and pyroptosis were coopted and orchestrated in the context of
targeted agents, considering that the two processes shared the
same regulatory machinery. Even though the terminal morphol-
ogy of GSDME-expressing cells exclusively resembled that
observed in typical pyroptotic death, presumably due to the loss
of plasma membrane integrity, the initial reports that identified
apoptosis-coupled pyroptosis reached somewhat divergent con-
clusions. On one hand, GSDME-mediated pyroptosis was con-
sidered the secondary necrosis provided that apoptotic cells were
not scavenged (35). On the other hand, it was hypothesized that
therapy-induced pyroptosis might precede or even impede apo-
ptosis, such that only GSDME-deficient cells were redirected or
released to produce an apoptotic outcome (36). Distinct from
these previous conceptions, we argued it was plausible to spec-
ulate that the two forms of regulated cell death were contempo-
raneously mobilized by anticancer therapies. In agreement with
this hypothesis, when drug-exposed adherent cells and superna-
tant cells were separately analyzed (Fig. 4A), the biochemical
markers for apoptosis and pyroptosis were invariably synchro-
nously detected. Specifically, adherent cells mainly underwent
early apoptotic/pyroptotic events on the basis of limited caspase-
3/PARP/GSDME fragmentation (Fig. 4B), whereas supernatant
cells represented fully apoptotic/pyroptotic corpses as indicated
by complete caspase-3/PARP/GSDME cleavage and homoge-
neous ballooning morphology (Fig. 4A). The concurrency was
reassured by the quantification of terminal deoxynucleotidyl
transferase dUTP nick end-labeling positive apoptotic cells (Sup-
plementary Fig. S7A). To further corroborate this point, we
screened a large panel of 180 small-molecule inhibitors to probe
their deferential impact on trametinib-incited apoptosis and
pyroptosis in A549 cells. Interestingly, the mitochondrial intrinsic
apoptotoic pathway and its interconnected pyroptotic signal,
both responsible for tumor cell eradication (Supplementary Fig.
S7B), were always simultaneously activated, as evidenced by a
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Molecular targeted therapies activate the mitochondrial intrinsic apoptotic pathway to elicit GSDME-dependent pyroptosis. A, DFNA5 or CASP3 gene was knocked
out in A549, PC9, and NCI-H3122 cells using CRISPR-Cas9 system, and GSDME or caspase-3 protein was analyzed by immunoblotting. B, DFNA5 or CASP3
gene was knocked out in A549, PC9, and NCI-H3122 cells using CRISPR-Cas9 system, and LDH release in the presence of indicated inhibitors was assayed. Each line
represented the mean value of three biological replicates, and error bars indicated SD. C, DFNA5 gene was overexpressed in NCI-H2009, HCC4006, and
HCC827 cells. Cells were treated as indicated and GSDME protein was analyzed by immunoblotting. EV, empty vector. D, DFNA5 gene was overexpressed in NCI-
H2009, HCC4006, and HCC827 cells, and LDH release in the presence of indicated inhibitors was assayed. Each line represented the mean value of three biological
replicates, and error bars indicated SD. E, LDH release in trametinib-treated A549, erlotinib-treated PC9, or ceritinib-treated NCI-H3122 cells with genetic depletion of
indicated apoptotic genes. Each column represented the mean value of three biological replicates, and error bars indicated SD. F, BAX, CASP9, or CASP3 gene was
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Figure 4.

Pyroptosis cooccurs and interacts with apoptosis. A, Lung cancer cell lines were treated with indicated inhibitors for 72 hours. Drug-treated adherent and supernatant
cells were separately collected and imaged. B, Lung cancer cell lines were treated with indicated inhibitors for 72 hours, and drug-treated adherent and
supernatant cells were separately collected. The protein markers for pyroptosis and apoptosis were analyzed by immunoblotting. Complete cleavage of caspase-3,
PARP, and GSDME in drug-treated supernatant cells was noted. C, A549 cells were treated with trametinib either alone or in combination with indicated inhibitors
(500 nmol/L). The indicated proteins were analyzed by immunoblotting. A concordant cleavage pattern of GSDME and PARP was demonstrated across drug
combos. D, Western blot analysis of indicated proteins in inhibitor-treated A549, PC9, and NCI-H3122 cells with or without DFNA5 deletion. E, Western blot analysis of
indicated proteins in inhibitor-treated NCI-H2009, HCC4006, and HCC827 cells with or without DFNA5 overexpression.
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concordant cleavage pattern of caspase-3, PARP, and GSDME
(Fig. 4C). We also reasoned that a conceivable interplay
between cell pyroptosis and apoptosis might exist. Consistent
with this possibility, we found that drug-treated DFNA5 knock-
outs yielded more cleaved PARPs (Supplementary Fig. S7C)
and caspase-3 products (Fig. 4D). In contrast, inhibitor-trig-
gered PARP and caspase-3 cleavage was dampened in NCI-
H2009, HCC4006, and HCC827 cells overexpressing DFNA5
(Fig. 4E). Despite elusive mechanistic underpinnings, our data
implied that pyroptosis was proficient in modulating apopto-
sis, reinforcing their string of cooccurrence in therapy-executed
tumor cells. On the basis of these results, we proposed that
targeted treatment likely dictated concomitant apoptosis
and pyroptosis at the molecular level through the identical
upstream pathway, and the existence of their potential signal-
ing cross-talks could not be precluded.

Pyroptosis contributes to the antineoplastic efficacy of
targeted agents

Given that GSDME expression and drug-induced pyroptosis
were widespread in lung cancer, we tested whether GSDME-
mediated pyroptotic cell death contributed to the anticancer
effects of targeted therapies. As anticipated, genetic DFNA5
deletion attenuated drug response and produced more drug-
tolerant persisters (50) as assessed by crystal violet staining,
most prominently in A549, NCI-H3122, and NCI-H358 cells
(Fig. 5A), whereas DFNAS5 overexpression conversely tended to
promote inhibitor sensitivity, for example, in A549, HCC827,
and HCC44 cells (Fig. 5B). However, it was noteworthy that in
the presence of intact apoptotic function, the prodeath effects
of cell pyroptosis were overall modest and only observed in a
subset of tumor models following driver inhibition. Neverthe-
less, the in vitro function of therapy-engaged pyroptosis was
substantiated by in wvivo results, which showed partially
impaired treatment efficacy upon DFNAS5 knockout in NCI-
H3122 cells (Fig. 5C) and an opposite improvement of ther-
apeutic index following exogenous DFNA5 expression in
HCC827 cells (Fig. 5D). Of note, GSDME by itself did not
impact on tumor growth in the absence of drug administration.
The clinical significance of pyroptotic cell death in patients
with cancer receiving targeted agents warranted prospective
investigations.

Discussion

This study (summarized in Fig. 5E) has expanded the conven-
tional view regarding apoptosis as the solely death route under-
lying molecular targeted therapeutics, established potential clin-
ical relevance of GSDME expression and pyroptotic process in
lung cancer, shed light on the interrelation between drug-induced
pyroptosis and apoptosis, and proposed a functional role for
pyroptosis in antitumor treatment.

We have provided several lines of evidence to support
GSDME-dependent pyroptosis as a universal mechanism of
action for molecular targeted agents to exterminate onco-
gene-addicted neoplastic cells. First, GSDME, the recently
defined pyroptosis executor (35, 36), was ubiquitously
expressed in the majority of lung cancer cell lines and primary
tumor tissues, including KRAS-, EGFR-, or ALK-driven adeno-
carcinomas. Analysis of GSDME in the TCGA dataset revealed
an upregulation in EGFR-mutant, and a downregulation in

6074 Clin Cancer Res; 24(23) December 1, 2018

STK11- or KEAP1/NFE2L2-mutant patients. The mechanistic
underpinning and possible association with therapeutic sensi-
tivity remain to be elucidated. In contrast to our results,
previous reports showed that GSDME expression was
generally undetectable in various human cancers due to epi-
genetic gene silencing (47-49). Notably, several studies mainly
used in vitro systems or invalidated antibodies, whereas we
assayed a comprehensive cohort of lung carcinoma speci-
mens utilizing a validated antibody on the basis of GSDME
depletion by CRISPR-Cas9 technique, and therefore, different
models and reagents could explain the discrepancy. Second, a
wide range of genotype-guided treatments yielded GSDME
cleavage and LDH-releasing pyroptosis, the efficiency of which
was dependent on both drug efficacy and GSDME levels.
Although lung cancer was exclusively investigated in light of
recent progression on targeted medicine, we envision that a
similar phenotype may be observed in other malignancies
with tailored therapies. Thus, serum LDH and cleaved GSDME
may potentially be explored as noninvasive pharmacodynam-
ics or predictive biomarkers for chemotherapy and molecular
regimens. Third, our data demonstrated that the mitochon-
drial intrinsic apoptotic pathway also mediated GSDME-
dependent pyroptosis in the context of molecular inhibitors,
and these two processes were executed at the same time. As a
result, differential availability and activity of downstream effec-
tors, rather than upstream triggers, most likely determine the
temporal dynamics and terminal form of cell death following
caspase-3 activation. Finally, cell pyroptosis induced by molec-
ular targeted therapies, at least partially, contributed to their
antineoplastic efficacy, a notion that was reasonable to spec-
ulate but needed formal approval. Importantly, we showed
that chemotherapy or EGFR inhibitors increased serum LDH
concentrations, accompanied by imaging-verified disease
regression, implying that tumor cell pyroptosis might be func-
tionally operative in patients with lung cancer during medical
treatment. Although GSDME appeared to only marginally affect
drug responsiveness, at least two factors could account for
the relatively limited effects. Either apoptosis or pyroptosis
alone was sufficient for driving cell death and interfering
GSDME perhaps altered the apoptotic process. Alternatively,
unknown mediators of pyroptosis other than GSDME or addi-
tional forms of necrotic death might make way to achieve cell
killing in the absence of GSDME. We propose that molecular
targeted therapies trigger different types of regulated cell death
to cooperatively, rather than mutually exclusively, eliminate
tumor cells.

Our findings may not only hold enormous promise for
developing and optimizing cancer therapies, but also open up
new avenues for future research. The preliminary observation
of signaling interrelation between pyroptosis and apoptosis
suggests that the two death modes may reciprocally regulate
each other to produce cytotoxic inhibition. Thus, further
understanding the molecular mechanism of this cross-talk has
important implications for the rational application of targeted
antitumor agents. In addition, how GSDME expression and
function are physiologically modulated is yet to be defined,
which would inform the appropriate means for manipulating
the choice and intensity of tumor cell pyroptosis to maximize
its translational capacity. Moreover, the updated paradigm
for treatment-conferred cell death raises the possibility that a
variety of therapeutic regimens may display the propensity
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to invigorate immune responses by stimulating proinflamma-
tory pyroptosis. The mold and equilibrium of regulated cell
death and associated efferocytosis presumably determine the
ultimate immunogenic properties of drug-treated tumors, a
concept that can be exploited to assist strategizing the com-
bined use of immunotherapy. Finally, as shown for chemo-
therapy (36), certain clinical toxicities may be likewise attrib-
utable to unintended normal cell pyroptosis caused by targeted
cancer therapies. The identification and understanding of such
side effects would provide the unprecedented opportunity to
prevent, ameliorate, and manage them.
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