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ABSTRACT
◥

Induction of cell death represents a primary goal of most
anticancer treatments. Despite the efficacy of such approaches,
a small population of “persisters” develop evasion strategies to
therapy-induced cell death. While previous studies have identified
mechanisms of resistance to apoptosis, the mechanisms by which
persisters dampen other forms of cell death, such as pyroptosis,
remain to be elucidated. Pyroptosis is a form of inflammatory
cell death that involves formation of membrane pores, ion gradient
imbalance, water inflow, and membrane rupture. Herein, we
investigatemechanisms bywhich cancer persisters resist pyroptosis,
survive, then proliferate in the presence of tyrosine kinase inhibitors
(TKI). Lung, prostate, and esophageal cancer persister cells remain-
ing after treatments exhibited several hallmarks indicative of
pyroptosis resistance. The inflammatory attributes of persisters
included chronic activation of inflammasome, STING, and type I
interferons. Comprehensive metabolomic characterization uncov-
ered that TKI-induced pyroptotic persisters display high methio-

nine consumption and excessive taurine production. Elevated
methionine flux or exogenous taurine preserved plasma membrane
integrity via osmolyte-mediated effects. Increased dependency on
methionine flux decreased the level of one carbon metabolism
intermediate S-(50-adenosyl)-L-homocysteine, a determinant of cell
methylation capacity. The consequent increase in methylation
potential inducedDNAhypermethylation of genes regulatingmetal
ion balance and intrinsic immune response. This enabled thwarting
TKI resistance by using the hypomethylating agent decitabine. In
summary, the evolution of resistance to pyroptosis can occur via a
stepwise process of physical acclimation and epigenetic changes
without existing or recurrent mutations.

Significance: Methionine enables cancer cells to persist by
evading pyroptotic osmotic lysis, which leads to genome-wide
hypermethylation that allows persisters to gain proliferative
advantages.

Introduction
Deregulated receptor tyrosine kinases (RTK) such as EGFR and

HER2 are associated with cancer development, progression, metastasis
and resistance to cancer therapy (1–3). Targeting aberrant RTK signal-
ing can be achieved by blocking its activation. This inhibits downstream
signaling such as MEK, and/or forces receptor downregulation (4–6).
RTK-targeted therapies are used to treat various malignancies such as
non–small cell lung cancer (NSCLC) harboring activating mutations of
EGFR (7), melanoma (8), squamous cell carcinoma of the head and

neck (9), colorectal (10), esophageal (11), and pancreatic cancers (12).
While targeting RTK can be initially highly effective, evolution of
resistance almost invariably leads to treatment failure and tumor
progression. In many cases, resistance is due to a preexisting mutation,
such as EGFRT790M, that continues to function despite EGFR inhibition.
However, up to half of EGFR inhibitor–resistant lung cancers do not
have a T790M mutation (13). Furthermore, some RTK-overexpressing
malignancies such as esophageal adenocarcinoma (14) or castra-
tion-resistant prostate cancer (15, 16) exhibit intrinsic resistance. In
such cases, other mechanisms may contribute to evading of therapy
induced cell death. These resistance mechanisms usually involve an
evolutionary sequence in which a small number of individual cells
(termed “persisters” or “drug-tolerant cells”) initially survive for an
extended period and then, begin proliferating to produce a therapy-
resistant population (17–20).

Inhibitors of the RTKs kill malignant cells via multiple mechan-
isms of cells death (21–24). To persist, the residual cells must adopt
evasion strategies to cell death. While several studies focused on
identifying resistance circuitries to apoptosis (21, 25), the evasion
mechanisms to pyroptotic cell death remain to be discovered.
Pyroptosis is an inflammatory type of lytic cell death that involves
release of inflammatory cytokines and cellular content. The gas-
dermin protein family is an essential effector of pyroptosis. To
initiate cell death cascades, gasdermins are cleaved by caspases
then oligomerize and translocate to the plasma membrane to estab-
lish membrane pores (26). In addition to tyrosine kinase inhibitor
(TKI), pyroptotic cell death is induced by a wide range of anticancer
treatments such as chemotherapy and during inflammation (27–30).
Thus, understanding how cancer cells resist pyroptosis will have
broad translational applications.

Here, we investigated the dynamics mediating resistance to TKI-
induced lytic cell death focusing on two questions: (i) What cellular
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properties enable survival of rare persister cells following initial
exposure to TKI treatment? (ii) What molecular events permit these
pyroptotic persisters to transition from quiescence to a proliferative
state producing resistant progeny?

We investigate these questions by combining time-lapse imaging
of evolving persisters combined with longitudinal DNA/RNA
sequencing and metabolomics. We identified novel metabolic resis-
tance mechanisms to TKI-induced pyroptosis. We demonstrate that
high methionine flux and taurine protect cancer cells against
pyroptotic osmotic lysis. This excessive methionine flux also alters
the cell methylation capacity with a subsequent genome-wide
hypermethylation and proliferation. Identifying these resistance
mechanisms will have the potential to increase TKI efficacy and
to reduce cancer relapse.

Materials and Methods
Cell lines

We used the NSCLC A549 (harboring KRASG12S), PC9
(harboring EGFRE746-A750 del), and the esophagealOE-19 to represent
three common pathogenic scenarios for tyrosine kinase dysregulation.
OE-19 and OE-33 were purchased from Sigma. PC9 cells (31) were
obtained from the Lung Cancer Center of Excellence at H. Lee Moffitt
Cancer Center and Research Institute. DU-145 was obtained from the
NCI funded Physical Sciences-Oncology Network Bioresource Core
Facility at ATCC. Cells weremaintained and cultured according to their
suggested protocols using RPMI with L-glutamine supplemented with
10% FBS and penicillin-streptomycin (100 units/mL–100 mg/mL).
Resistant cell lines were maintained in 2 mmol/L erlotinib-containing
medium. Subculturing was performed when cells reached 90% con-
fluency. Parent and resistant cell lines were authenticated by determin-
ing short tandem repeat markers. Mycoplasma testing was carried out
periodically using Moffitt Cancer Genomics Core service.

Flow cytometry
Cancer cells were seeded in 6-well plates and treated with TKIs for

48–72 hours then heat-shocked PKH26 (Sigma-Aldrich) labeled
cells (32) were added for additional 4 hours. Floating cells were
discarded and remaining cells were washed with PBS, collected and
stained with Calcein Blue, AM. PC9 and resistant cells were then
processed for flow cytometry. Calcein Blue, AM permeates live cells
where it undergoes esterase-dependent cleavage of their acetoxy-
methyl (AM) ester group, yielding a membrane-impermeable Calcein
Blue fluorescent dye. Pyroptotic, apoptotic and dead cells with com-
promised cell membranes do not retain Calcein Blue. For oxidative
stress, cells were stainedwithCM-H2DFDA (5mmol/L) for 15minutes
at 37�C,washed twice then processed forflow cytometry using staining
buffer (PBS, 2% BSA) containing DAPI. Data were recorded on a LSR
II Flow Cytometer (BD Biosciences) and analysis completed using
FlowJo software.

qRT-PCR and NanoString profiling
TaqManMutation Detection Assays powered by competitive allele-

specific TaqMan PCR (castPCR Technology) was used to validate
EGFR T790M mutation. For gene expression analysis by NanoString
nCounter, RNAwas extracted using the RNeasy Isolation Kit (Qiagen)
then were hybridized to the human immunology Panel according to
themanufacturer’s protocol (NanoString Technologies). The resulting
RCC files containing raw counts were reviewed for quality and
normalized in the NanoString nSolver analysis software v3.0, followed
by exportation and analysis.

Phosphorylation and protein quantification
Human Phospho-RTK and Proteome Profiler Human Cytokine

Array arrays were used for determination of the relative level of
tyrosine phosphorylation of human RTKs in cells and cytokines in
medium according to manufacturer’s instruction.

Confocal immunofluorescence
Cells on chamber slides were washed twice with PBS, fixed with

paraformaldehyde solution, 4% in PBS for 20 minutes and permea-
bilized with 0.1% Triton X-100 for 5 minutes. Cells were washed twice
with PBS, blocked with 2% BSA in PBS for 1 hour and subsequently
incubated with indicated antibodies at 4�C overnight. Cells were
washed three times with PBS and incubated with appropriate fluo-
rescent-labeled secondary antibodies at room temperature for 1 hour.
VECTASHIELD Antifade containing DAPI was used as mounting
medium. Images were visualized using Leica TCS SP8 laser scanning
microscope (Leica Microsystems) and Images were exported in TIF
format with LAS X software version 3.1.5 (Leica Microsystems). Mean
fluorescence intensity (MFI) analysis was performed on theTIF images
with Definiens Tissue Studio version 4.7 (Definiens AG). In the
software, the nucleus detection (DAPI channel) and cell shape (Green
or Red channel) algorithms were used to segment individual cells
within each image. Using this cell segmentation, the MFI for nucleus
and cytoplasm were calculated for each cell. The nucleus to cytoplasm
intensity ratio was plotted using R studio version 4.0.3 (33). Catalog
numbers of key reagents and antibodies are provided in Supplemen-
tary Table S1.

Incucyte imaging
Cells were seeded in 96-well plates at a density of 6,000 cells/well in

100 mL final volume. The next day, themediumwas changed to 200 mL
of drug containing medium as indicated. Phase contrast images were
acquired one to three times a day for the duration of treatment.
For estimation of live cell number, medium containing Calcein AM
(1.25 mg/mL) and HCS NuclearMask Red stain (1:2,000) were added
at the final timepoint of the assay then red and green fluorescence
images were acquired within 30 minutes. Tailored algorithm was
used to quantify the number of double-positive objects in each
treatment condition as indicative of live cell number. For determi-
nation of plasma membrane permeability, cells were starved for
1 hour in complete methionine/cystine-free medium [cysteine/cys-
tine, methionine, and glutamine-free RPMI (MP Biomedicals) sup-
plemented with 5% dialyzed FBS, 2 mmol/L glutamine and peni-
cillin-streptomycin (100 units/mL–100 mg/mL)]. Medium was then
switched to complete methionine/cystine-free medium containing
100 nmol/L SYTOX Green with or without the following: 25 mmol/L
taurine � 5 mmol/L nigericin, 200 mmol/L ATP, or 75 mmol/L
ADOX. Plates were imaged every 30 minutes or 1 hour using
IncuCyte S3 or SX5 Live-Cell Analysis System (Sartorius). Tailored
algorithm was used to quantify SYTOX green fluorescence/cell. The
histogram option was used to determine distribution and frequency
of green intensity in individual cells. Catalog numbers of key
reagents are provided in Supplementary Table S1.

RNA sequencing
RNA extracted from cell lines was quantitated with the Qubit

Fluorometer (Thermo Fisher Scientific) and screened for quality on
the Agilent TapeStation 4200 (Agilent Technologies). The samples
were then processed for RNA sequencing using the NuGENUniversal
RNA-Seq Library Preparation Kit with NuQuant (NuGEN Technol-
ogies). Briefly, 50 ng of RNAwas used to generate cDNA and a strand-
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specific library following the manufacturer’s protocol. Quality control
steps were performed, including TapeStation size assessment and
quantification using the Kapa Library Quantification Kit (Roche). The
final libraries were normalized, denatured, and sequenced on the
Illumina NextSeq 2000 sequencer with the P3-200 cycle reagent kit
to generate approximately 80–108 million base read pairs per sample
(Illumina, Inc.).

Whole-exome sequencing
Whole-exome sequencing was performed to identify somatic muta-

tions in the coding regions of the human genome. Following a
quantitative PCR–based DNA quality and quantity assessment using
the Agilent NGS FFPE QC Kit, 200 ng of DNA was used as input into
the Agilent SureSelect XT Clinical Research Exome kit, which includes
the exon targets of Agilent’s v5 whole-exome kit, with increased
coverage at 5,000 disease-associated targets (Agilent Technologies).
Briefly, for each tumor DNA sample, a genomic DNA library was
constructed according to the manufacturer’s protocol and the size and
quality of the library was evaluated using the Agilent BioAnalyzer. An
equimolar amount of library DNA was used for a whole-exome
enrichment using the Agilent capture baits and after quantitative PCR
library quantitation and QC analysis on the BioAnalyzer, approxi-
mately 100 million 75-base paired-end sequences per sample were
generated using v2 chemistry on an Illumina NextSeq 500 sequencer
(Illumina, Inc.).

MethylationEPIC
A total of 500 ng of extracted and Qubit quantitated DNA was

bisulfite converted using Zymo EZ DNA Methylation Kits (Zymo
Research) and the converted DNA was used to process and hybridize
the Illumina MethylationEPIC BeadChip according to the manufac-
turer’s protocol (Illumina, Inc.). The single-base extension and stain-
ing were performed using the Tecan Evo liquid handling system with
the Te-Flow (GenePaint) chamber. The arrays were then scanned on
an Illumina iScan scanner, and QC was performed using the Illumina
GenomeStudio software.

Quantification of amino acid consumption and release
Cells were seeded in 12-well plates then treated on the next day with

the indicated drugs in 5% dialyzed phenol red–free DMEM for
72 hours. On day 3, 6.6 mL of labeled amino acid mix with 97% to
99% enrichment for each amino acid (MSK-A2-1.2, stock concentra-
tion 2.5 mmol/L for each amino acid except L-cystine, 1.25 mmol/L)
was added to each well and cells were allowed to equilibrate at 37�C.
Cell-free medium were processed similarly as a negative control. A

total of 10 mL aliquots of mediumwere then aspirated from each well 3
and 6 hours later, quickly frozen on dry ice and kept at �80�C until
processing via LC/MS to determine abundance of each 12C and 13C
amino acid normalized to cell-free medium.

Targeted LC/MS quantification of amino acids
For reagents, ammonium hydroxide and ammonium carbonate

were obtained fromMilliporeSigma. LC/MS grade solvents, including
water, methanol and acetonitrile, were purchased from Burdick and
Jackson, Honeywell, Muskegon, MI (sourced through VWR). For
sample preparation, 10 mL of culture medium was collected at the
indicated timepoint then 40 mL of 100% �80�C cold methanol was
added to each sample to obtain sample in 80%methanol. All processes
were carried out on ice. The samples were then vortexed and cen-
trifuged at 18,800� g (Microfuge 22R, Beckman Coulter) at 0�C for 10
minutes. Then, the samples were incubated for 30 minutes in a�80�C
freezer to increase metabolite extraction. Another step of centrifuga-
tion was performed followed by transferring 20 mL supernatant to
autosamples tubes. Ultra-high performance liquid chromatography
(UHPLC)-high-resolution mass spectrometry was then performed
using a Vanquish UHPLC interfaced with a Q Exactive HF quadru-
pole-orbital ion trap mass spectrometer (Thermo Fisher Scientific).
Chromatographic separation was performed using a SeQuant ZIC-
pHILIC guard column (2.1mm ID� 20mm length, 5mmparticle size)
and a SeQuant ZIC-pHILIC LC column (2.1mm ID� 150mm length,
5 mm particle size, MilliporeSigma). Mobile phase A was aqueous
10 mmol/L ammonium carbonate and 0.05% ammonium hydroxide,
and mobile phase B was 100% acetonitrile. The gradient program
included the following steps: start at 80% B, a linear gradient from 80%
to 20% B over 13minutes, stay at 20% B for 2 minutes, return to 80% B
in 0.1minutes, and re-equilibration for 4.9 minutes for a total run time
of 20 minutes. The flow rate was set to 0.250 mL/minute. The
autosampler was cooled to 5�C and the column temperature was set
to 30�C. Sample injection volume was 5 mL. Full MS with polarity
switching was performed fromm/z 65 to m/z 900. The Quan Browser,
included in the Xcalibur software, was used to determine the concen-
tration of amino acids and adenosine in media. Catalog numbers of
additional key reagents are provided in Supplementary Table S1.

Data and materials availability
The RNA sequencing and whole-exome sequencing generated in

this study are publicly available in Gene Expression Omnibus at
GSE219044 and in NCBI BioProject at PRJNA907280, respectively.
All materials, other data, and detailed protocols described in the article
will be made available upon request.

Figure 1.
Cancer persister cells exhibit hallmarks of pyroptosis resistance. A–C, The NSCLC A549 (harboring KRASG12S), PC9 (harboring EGFRE746-A750 del), and the esophageal
HER2 hi OE-19were treated for 96 hourswith genotype-matched treatments: trametinib (aMEK inhibitor), erlotinib (an EGFR inhibitor), and lapatinib (an EGFR/HER2
inhibitor), respectively. Multicolor fluorescence using Calcein AM and HCS NuclearMask Red enabled cell viability analysis and measurement for total number
of cells, respectively. Tailored algorithms were used to quantify the number of double-positive objects in each treatment condition. D, A diagram representing
pore formation and release of cytokines, alarmins, for example, ATP and large molecules, for example, lactate dehydrogenase (LDH) in pyroptosis. E, Tucatinib
treatment activates caspase-1 quantified using FAM FLICA fluorescence in OE-19 cells. Data represent two biologically independent experiments. Similar
results were reproduced using three other cancer cell lines treated with different TKIs. F, Stepwise degradation of ATP (very short half-life) into adenosine.
G, LC/MS measurement of the ATP degradation product, adenosine, in medium of erlotinib-treated PC9 and lapatinib-treated OE-19 and their corresponding
controls. Peak height represents a quantitative chromatographic estimation of adenosine abundance. H and I, Representative images of PC9 cells before and
after 3 and 21 days of treatment with 2 mmol/L erlotinib. Imaging with multicolor fluorescence was performed after adding HCS NuclearMask Red and Calcein
AM to enable nucleus visualization and assessment of cell viability, respectively. Arrow indicates persister cells remaining following erlotinib treatment with
characterized morphology of high cell volume. Data represent two to three biologically independent experiments. Data are presented as mean� SEM. Student
t test was utilized for statistical analysis. � , P <0.05; ���� , P <0.0001. Images in H and I are representative of 8 and 12 replicates of three and two independent
experiments, respectively. (D and F, Created with Biorender.com.)

Evolution of Persisters during Anticancer Treatment

AACRJournals.org Cancer Res; 83(5) March 1, 2023 723

Biorender.com


Figure 2.

Pyroptotic persisters display chronic activation of danger-sensing machineries. A, Experimental design. PC9 cells were treated in 96-well plate and cells were
monitored by Incucyte live-cell imaging. B, Independent evolution of EE clones (blue) and DPs (red) after culturing parental PC9 cells in 2 mmol/L erlotinib for
the indicated time points. Graph is representative of >3 biologically independent experiments. Arrows, collection time points for RNA/DNA sequencing. C, PCA of
transcriptome of parental PC9, 3, 19, 27, and 75 days after erlotinib treatment. Day 19 and 27 represent persisters, while day 75 represents DPs.D, Pathway analysis of
transcriptomic data of DPs comparedwith EEs.E andF,Heatmap representing expression ofmembers of HALLMARK INTERFERONALPHARESPONSE inDPs versus
EEs. Similar resultswere obtainedwhenwe compared expression ofDPs versus control with an overlap of 39 genes.G,Heatmap representing expression ofmembers
of NLRP3 INFLAMMASOME in DPs versus control. (A, Created with BioRender.com.)
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Figure 3.

Pyroptotic persisters exhibit hallmarksofactivatedcytosolicDNA-sensingmachineries.A,Confocalmicroscopy imagesdemonstrating nuclear shape inPC9cells, EE clones,
and different DPs. Arrows, nuclear budding, micronuclei, deformed nuclear shape in DPs. Images represent three fields from one of >3 independent experiments.
B, Representative confocal microscopy images of DPs and PC9 cells demonstrating disorganization of nuclear lamin A/C (red). DAPI (blue) fluorescence is shown. C, The
laminA/C fluorescence intensity for nucleus and cytoplasm compartmentswas calculated for each cell (339 cells for two conditions), then the cytoplasm/nucleus ratiowas
computed. Data compiled from six images/condition were then plotted as histograms in R. Figure is a representative of two independent experiments. D, Diagram
representing how cytosolic DNA can activate type I IFNs via activation of STING and IRF3. E, Confocal images representing PC9 cells treated with 2 mmol/L erlotinib for
72 hours then stainedwith phosphorylated IRF3 antibody showing nuclear localization in erlotinib-treated cells. Figure is representative of three independent experiments.
F,Quantification of basal nuclear phosphorylated IRF3 in PC9 and DPs. A total of 203 and 115 cells from three images/condition, respectively, were compiled and graphed.
Data reflect one of three independent experiments. Wilcox test was utilized for statistical analysis and computed Pvalues are displayed. (D, Created with BioRender.com.)
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Figure 4.

Persisters display elevated consumption ofmethionine.A,Volcano plot of nonpolar metabolites in DPs and parental cell lines demonstrating high cellular cholesteryl
esters in DPs. B, Volcano plot of polar metabolites in two different DPs cell lines and parental demonstrating low level of cysteine biosynthesis intermediates, high
level of GSSG, and depletion of sugar alcohol galactitol. (Continued on the following page.)
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Results
Cancer persister cells exhibit hallmarks of pyroptosis
resistance

Various TKIs were recently shown to induce cell death via induction
of pyroptosis (23, 24). To uncover whether cells can develop resistance
to pyroptosis during TKI treatment, we treated A549, PC9 (lung
cancer), and OE-19 cells (esophageal cancer) with the genotype-
matched treatments: trametinib (MEK inhibitor), erlotinib (EGFR
inhibitor), and tucatinib or lapatinib (EGFR/HER2 inhibitors), respec-
tively.We also treated theOE-33 esophageal cancer cells with lapatinib
as a control experiment. As expected, these tailored therapies exhibited
lethal effects in A549, PC9, and OE-19 cells, respectively, while the
HER2low OE-33 cells exhibited intrinsic resistance to lapatinib
(Fig. 1A–C; Supplementary Fig. S1A). Of note, the esophageal cancer
cells OE-19 exhibited high expression of HER2 and displayed a
lapatinib-induced decrease inHER2 phosphorylation (Supplementary
Fig. S1B and S1C). These treatments induced cell death with balloon-
like bubbles reminiscent of pyroptotic cell morphology (23, 24). These
morphologic changes result from formation of membrane pores
enabling release of cytokines (e.g., IL18) and alarmins (e.g., ATP;
refs. 24, 34). In addition, water entering through the pores causes cell
swelling, osmotic lysis, and rupturing of the plasma membrane
(Fig. 1D). Consistent with these hallmarks, tucatinib and/or lapatinib
treatment elicited caspase-1 activation and IL18 release in the super-
natant of theHERhi OE-19 (Fig. 1E; Supplementary Fig. S1D and S1E).
Chemotherapy-induced persisters also exhibited chronic activation of
caspase-1 (Supplementary Fig. S1F and S1G). Accumulation of extra-
cellular adenosine, a degradation product of ATP, and buildup of
lactate dehydrogenase provided further evidence for TKI compromis-
ing the plasma membrane integrity (Fig. 1F and G; Supplementary
Fig. S1H). These catastrophic events were observed in most cells, but
time-lapse imaging consistently showed a few (�5%) scattered viable
single cells (persisters) remained after 3 days of treatment (Fig. 1H).
Imaging demonstrated that persister cells underwent swelling, pro-
ducing a high cell volume (Fig. 1I; Supplementary Fig. S1I) in response
to the TKI. However, they evade death by deploying an unknown
adaptive strategy that prevents plasma membrane rupture.

Pyroptotic persisters display chronic activation of danger-
sensing machineries

To better understand mechanism of resistance to pyroptosis during
TKI treatment, we focused on PC9, a well-studied, EGFR-addicted
NSCLC cell line. As noted, high concentration of erlotinib leaves a
small percentage of survivors that enter the persister state (18, 19). For
75 days and under continuous exposure to erlotinib, we used a live
imaging protocol to monitor persister cells. This time scale and the
small number of cells in each well enabled us to differentiate cells with

preexisting mutations, which began proliferating within 12 days of
treatment (early expanding, EE) as described previously (18, 19) and
drug-tolerant persister cells, which survived TKI-induced osmotic
stress but remained viable for about approximately 40 days (persisters,
P) before commencing proliferation. Once the “quiescent” persisters
(P) began proliferating, we separately investigated the expanding
population, which we label “descendants of persisters” (DP; Fig. 2A
and B). DPs were resistant to erlotinib as shown by comparing their
IC50 with that of the parental PC9 cells (Supplementary Fig. S2A).
Interestingly, culturing DPs and EEs in the absence of drug for 52 days
did not revert their phenotype to become TKI sensitive (Supplemen-
tary Fig. S2B). To dissect the mechanism(s) of resistance to TKI-
induced osmotic lysis, we performed DNA/RNA sequencing and
metabolomics at different time points during the transition from the
P to the DP state (Fig. 2B). Whole-exome sequencing and PCR-based
detection of point mutations found no additional lung cancer related
or de novo EGFR mutations in P or their DPs. Specifically, mutations
such asMET, RET, andMEK, known tomediate resistance to TKI (35)
were not observed in DPs at day 75 of treatment (Supplementary
Fig. S2C). Interestingly, the EE clones were found to harbor T790M
mutation as expected (wewill refer to themas EET790M; Supplementary
Fig. S2D). Despite being genetically identical, principal component
analysis (PCA) of transcriptomic data demonstrated that P and DPs
are transcriptionally distinct from the parental cell line (Fig. 2C).
Pathway analysis illustrates that DPs exhibit a characteristic activation
of intrinsic immune circuits including IFNa/b signaling (Fig. 2D–G).
In support, nCounter profiling of six cell lines fromDPs and seven cell
lines from EEs demonstrates chronic activation of inflammasome and
Toll-like receptors (TLR) danger-sensing machineries in most DPs
(Supplementary Fig. S2E–S2G). Identifying the mechanisms by which
persisters elicit this intrinsic inflammatory phenotype or adapt to its
determinantal effects will enable us to identify novel liabilities of TKI
resistance.

Pyroptotic persisters exhibit hallmarks of activated cytosolic
DNA-sensing machineries

Activation of type I IFNs is commonly associated with cytosolic
DNA. These cytoplasmic polynucleotides originate from viral infec-
tion, micronuclei formation associated with mitotic defects, mtDNA
release associated with mitochondrial damage or phagocytosis of dead
cell corpses (36). Thus, we next examined whether there are increased
levels of DNA in the cytosol of DPs. Confocal microscopy in Fig. 3A;
Supplementary Fig. S3A and S3B illustrates that DPs exhibit large less-
round nuclei, frequent nuclear budding and cytoplasmic micronuclei.
DPs also display disorganized nuclear lamin A/C with cytoplasmic
protrusions (Fig. 3B and C). Of note, lamin A/C plays an important
role inmaintaining proper nuclear morphology and protecting against
chromosomal numerical instability and aneuploidy (37, 38). To

(Continued.) C,Metabolic pathway analysis of top differentially abundant polarmetabolites indicating perturbation inmethionine, cysteine, and taurinemetabolism.
A–C,were generated in MetaboAnalyst. D,Determination of amino acid consumption and release profiles using isotope-labeled metabolites. PC9 cells were treated
with erlotinib for 72 hours, then mixture of isotopically labeled amino acid was spiked into the medium. Aliquots of the culture media were collected 3 and 6 hours
later and processed by LC/MS. E, Plot of 13C and 12C slope representing 3 hours change in normalized abundance of isotopically labeled and endogenous amino
acids, respectively. Data reflect one of two independent experiments. F and G, A 3 hours fold change of normalized abundance of isotopically labeled 13C and 12C
methionine in PC9, PC9 treated with erlotinib, EEs, and DPs. H, Conversion of methionine (mþ5) to SAM (mþ5). SAM-mediated methylation of substrates results in
losing a labeled carbon from SAM to produce the labeled mass isotopomer mþ4 of SAH. ADOX interrupts the methionine flux by inhibiting S-adenosyl-L-
homocysteine hydrolase, leading to accumulation of SAH if there is highflux. I,PC9 cellswere treatedwith 2mmol/L erlotinib using completemethionine/cystine-free
medium supplemented with 200 mmol/L 13C5-methionine and 200 mmol/L cystine at (time zero). After 44 hours, ADOX was added to a set of untreated and TKI-
treated cells for additional 4 hours. Levels of 13C4-SAH (mþ4) and SAH (mþ0) in each condition were examined. Graph demonstrates that ADOX increased SAH
(mþ4) and SAH (mþ4)/SAH (mþ0) ratio in erlotinib-treated cells. ND, no detection, and it is mostly for SAH (mþ0) in erlotinibþ ADOX� condition. Data are shown
as mean � SEM of three independent experiments compiled (n ¼ 9). Student t test was utilized for statistical analysis. � , P <0.05; �� , P <0.01; ���� , P <0.0001;
ns, nonsignificant. (D, Created with BioRender.com and Affinity.)
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Figure 5.

Organic osmolytes maintain plasma membrane integrity and counteract osmotic crisis. A, Diagram representing the flux of methionine into taurine and anticipated
hypermethylation of cellular substrates. X, a substrate for a methylation reaction. B, Normalized metabolite abundance of SAH, L-cystathionine and taurine in
DPs compared with EEs or parental. Data reflect one of three and two independent experiments, respectively. Significance determined by two-way ANOVA
and metabolites of interest with FDR < 0.05 are shown. C, Normalized metabolite abundance of taurine in medium from the NSCLC A549 (harboring KRASG12S),
PC9 (harboring EGFRE746-A750 del), and the esophageal HER2 hi OE-19 treated with TKI or left untreated as control. D, OE-19 or PC9 cells were labeled with the
lipophilic dye PKH26 then heat shocked at 60�C for 20 minutes. (Continued on the following page.)
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further ascertain genomic instability, we examined the exacerbated
DNA damage in DPs versus EEs and parental PC9 cells in response
to genotoxic agents using phosphorylated gH2AX as a surrogate.
Following 3 hours exposure to cisplatin, DPs had a higher increase
in phosphorylated gH2AX than EEs or parental cells (Supplementary
Fig. S3C and S3D). In addition, three different DPs cell lines weremore
sensitive to the cytotoxic effect of cisplatin than parental PC9 cells
(Supplementary Fig. S3E). These signsmay suggest replication stress as
a major cause of genome instability (39). However, more studies are in
need to further investigate the link between replication stress and
persistence. Once in the cytosol, these polynucleotides can induce type
I IFNs via a cascade of events that eventually triggers phosphorylation
of IFN regulatory factor 3 (IRF3; refs. 40, 41). Thus, we then examined
translocation of phosphorylated IRF3 in DPs and the parental PC9
cells as a surrogate of chronic intrinsic cyclic GMP–AMP synthase
(cGAS)-stimulator of interferon genes (STING) activation (Fig. 3D).
As we expected, erlotinib caused phosphorylated IRF3 to translocate
to the nucleus (Fig. 3E). Interestingly, we found that the nuclear
level of phosphorylated IRF3 is higher inDPs than in parental PC9 cells
(Fig. 3F). Collectively, these findings suggest that DPs chronically
activate cytosolic DNA-sensing machineries.

Persisters display elevated consumption of methionine
Previous studies demonstrated that cells adopt opposing machin-

eries to dampen danger signals sensing during pyroptosis (42, 43).
These counteractive mechanisms include gasdermin E (GSDME)
epigenetic silencing through methylation (42) and efflux of Kþ ions
via gasdermin D (GSDMD)-mediated membrane pores limiting
cGAS-driven type I IFNs (43). The metabolic determinants of resis-
tance to pyroptosis are not fully characterized. A pioneer study
unraveled that the tricarboxylic acid cycle intermediate fumarate halts
pyroptotic cascade. Fumarate functions by converting the cysteines in
GSDMD to S-(2-succinyl)-cysteines. This inhibits caspase-dependent
cleavage of GSDMD, pore formation as well as osmotic crisis (44). To
dissect the role of metabolism, we then employed a comprehensive
metabolomic approach to identify novel mediators that can dampen
the detrimental TKI-induced stress responses. Untargeted metabolo-
mics of polar metabolites and lipids demonstrate that DPs and
EET790M are metabolically distinct, (Supplementary Fig. S4A and
S4B). In support with previous findings (44), we found increased level
of fumarate and succinate in DPs (Supplementary Fig. S4C). We also
observed depletion of various dihydroceramides such as Cer(d18:0/
16:0) in DPs (Fig. 4A). Compared with ceramides, dihydroceramides
are saturated structural sphingolipids that tend to decrease plasma
membrane fluidity (45). The DPs’ metabolic phenotype is also char-
acterized by high intracellular levels of lipids such as triglycerides and
cholesteryl esters (Fig. 4A; Supplementary Fig. S4D). This could result
from de novo lipid biosynthesis or scavenging extrinsic lipids (33). De
novo lipogenic programs were shown to mediate EGFR oncogenic
signaling and TKI-acquired resistance (46, 47). In fact, mutated EGFR
in TKI-resistant tumor cells relies on EGFR palmitoylation, a process

in which palmitate, synthesized de novo, is attached to EGFR (48). In
addition to de novo synthesis of lipids, we found a global depletion of
lipids such phosphatidylethanolamines in the media of DPs compared
with media from parental PC9 and EET790M cultures, suggesting high
activity of lipid scavenging (Supplementary Fig. S4E). This is also
consistent with transcriptomic data demonstrating high expression of
fatty acid transporters such as SLC27A4 (49, 50). The DPs also
exhibited high intracellular levels of acylcarnitines, such as myris-
toyl-L-carnitine and palmitoyl-L-carnitine (Fig. 4B), and high expres-
sion of SLC25A20, which transports acylcarnitines into mitochondrial
matrix (51). Despite high level of acylcarnitines, etomoxir, an irre-
versible inhibitor of carnitine palmitoyltransferase-1, had minimal
impact on oxygen consumption rate in DPs (Supplementary Fig. S4F).
Instead, blocking pyruvate from entering the mitochondria using
UK5099 significantly abrogated oxygen consumption in parental and
resistant clones DPs and EEs. Furthermore, BPTES, an allosteric
glutaminase (GLS1) inhibitor, reduced oxygen consumption in DPs
and EEs but not in parental (Supplementary Fig. S4F). This indicates
an important role of glutamine in energy production in DPs and EEs,
which may be needed to supplement their high basal oxygen demand
(Supplementary Fig. S4F). Further mining of the polar metabolome
demonstrates depletion of methionine and cysteine metabolism inter-
mediates in DPs compared with parental PC9 or EET790M cells
(Fig. 4B; Supplementary Fig. S4G). In support, pathway analysis of
these metabolomic data revealed significant alterations in methionine,
cysteine, and taurinemetabolism (Fig. 4C; ref. 20). This could be due to
defective plasma membrane transport or excessive flux of methionine
to producemetabolic end products. To investigate this, we developed a
fluxomics technique to simultaneously examine production and
consumption rates of a panel of amino acids (Fig. 4D). This
approach confirmed the preferential consumption of methionine
in erlotinib-treated cells (Fig. 4E–G). To further confirm increased
flux, we treated cells with TKI in presence of ADOX, which
interrupts the methionine flux by inhibiting S-adenosyl-L-
homocysteine hydrolase, leading to accumulation of S-(50-adeno-
syl)-L-homocysteine (SAH). We expected that high flux of methio-
nine leads to accumulation of more fraction of the downstream
metabolite SAH (mþ4) in ADOX treated. Thus, we treated PC9 cells
with erlotinib using medium containing 13C5 methionine at (time
zero). After 44 hours, we added ADOX to a set of untreated and TKI-
treated cells for additional 4 hours. We examined the level of 13C4-
SAH (mþ4) and SAH (mþ0) in each condition with (mþ0) repre-
sents residual SAH synthesized before time zero. Figure 4H and I
demonstrate that adding ADOX for the last 4 hours before collection
increased SAH (mþ4) and SAH (mþ4)/SAH (mþ0) ratio in erlo-
tinib-treated cells validating increased flux of methionine during
persistence. While high methionine flux may be required to combat
oxidative stress evident by high level of GSSG (Supplementary
Fig. S4B) and high reactive oxygen species (ROS) in persisters
(Supplementary Fig. S4H), elucidation of additional novel mechan-
isms holds a promise in delaying therapy resistance to TKI.

(Continued.) Heat-shocked cells were then added to TKI-treated cells or their corresponding control for 4 hours. Attached cells were thenwashed and processed for
flow cytometry in the presence of Calcein Blue, AM. E and F, Increase in the retention of Calcein Blue in PKH26-labeled/heat-shocked cells incubated with lapatinib-
treated OE-19 or erlotinib-treated PC9 cells. Data reflect one of two to three independent experiments. Data are presented asmean� SEM.G, PC9 cells were starved
in complete methionine/cystine-free medium for 1 hour, then cells were treated with 75 mmol/L ADOX or 200 mmol/L ATP in complete methionine/cystine-free
medium containing 100 nmol/L SYTOX. Cells were imaged at 4 hours using Incucyte. Histograms represent distribution of SYTOX staining/cell as indirect
measurement of plasmamembrane permeability.H, PC9 cells were also starved in completemethionine/cystine-freemedium for 1 hour, then cells were treated with
5 mmol/L nigericinwith or without 25 mmol/L taurine in completemethionine/cystine-freemedium containing 100 nmol/L SYTOX. Histograms represent distribution
of SYTOXstainingas indirectmeasurementof plasmamembranepermeability at 90minutes.Datawere compiled from>8 images/conditionand reflect oneof at least
four independent experiments. Student t test was utilized for statistical analysis. ��, P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. (A and D, Created with BioRender.com.)
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Organic osmolytes maintain plasma membrane integrity and
counteract osmotic crisis

Because excessive methionine flux is observed within 72 hours of
treatment (Fig. 4E), we reasoned that methionine-dependent strate-
gies contribute to the survival of P cells during the osmotic stress phase
(Fig. 1D). Besides increasing methylation capacity and combating
oxidative stress, highmethionine consumptionmay indicatemetabolic
dependency on the products of cysteine metabolism: hypotaurine and
taurine (Fig. 5A). Thus, we hypothesized that these amino acids could
function as organic osmolytes to preserve cell volume. Organic osmo-
lytes such as amino acids (e.g., taurine, betaine, alanine, and proline) or
sugar alcohols (e.g., galactitol) are compounds released during hypoos-
motic cell swelling (52). During hypoosmotic swelling, the net efflux of
osmolytes triggers exit of obligated water and regulatory volume
decrease (53). In such case, release of these compounds would coun-
teract the TKI-induced osmotic dynamics that otherwise would result
in cell death from membrane rupture (Fig. 1D; ref. 54). Consistent
with this hypothesis, we found that intracellular levels of organic
osmolytes such as taurine and galactitol were significantly lower inDPs
compared with parental and EEs (Figs. 5B and 4B). This results
from continuous pumping of these metabolites outside the cells as
suggested by high level of taurine, alanine, and proline in extracellular
medium when different cells were treated with the corresponding TKI
(Figs. 5C and 4E).

We then examined the role of osmolyte-producing phenotype in
maintaining plasma membrane integrity during TKI-induced cell
persistence. OE-19 and PC9 cells were labeled with the lipophilic dye
PKH26 and then heat shocked at 60�C for 20 minutes (32). Heat-
shocked cells were cocultured with their corresponding TKI-treated or
untreated cell lines for 4 hours in the presence of Calcein Blue, AM or
SYTOX Green (Fig. 5D; Supplementary Fig. S5A and S5B). Calcein
Blue AM permeates live cells where it undergoes esterase-dependent
cleavage of their AM ester group, yielding a membrane-impermeable
Calcein Blue fluorescent dye. Pyroptotic, apoptotic and dead cells with
compromised cell membranes do not retain Calcein Blue. SYTOX
Green is a green fluorescent nuclear and chromosome counterstain,
which permeate cells with compromised plasma membrane integrity.
These stains enabled us to examine the integrity of plasma membrane
in PKH26þ as heat shock perturbs plasma membrane. Using such
experimental design, we observed an increase inCalcein Blue retention
in PKH26þ cells when incubated with TKI-treated cells (Fig. 5E and F;
Supplementary Fig. S5A). These data suggest that extracellular factors
stabilized plasmamembrane integrity or promoted esterase enzymatic
and metabolic activity in heat-shocked PKH26þ cells. To differentiate
between these two possibilities, we then examined permeation of
the highmolecular weight nuclear dye SYTOXby confocalmicroscopy
following by image analysis to subset heat-shocked PKH26þ cells
(Supplementary Fig. S5B–S5D). These experiments indicated low
fluorescence of SYTOX green in PKH26þ cells incubated with TKI-
treated cells compared with PKH26þ cells incubated with untreated
(Supplementary Fig. S5E). To provide more mechanistic insights
to the role of methionine flux and organic osmolytes, we then
examined permeation of SYTOX when cells were treated with
ADOX in methionine/cysteine-deficient medium compared with the

pyroptosis-inducing agent ATP as a positive control. Interestingly,
ADOX, which interrupts the methionine flux by inhibiting S-adeno-
syl-L-homocysteine hydrolase, also can induce loss of plasma mem-
brane integrity (Fig. 5G). Similarly, nigericin, which activates NLRP3
inflammasome with features of caspase-1–mediated pyroptosis,
enhanced SYTOX uptake as a sign of loss of plasma membrane
integrity at 90 minutes (Fig. 5H). Adding exogenous taurine partially
protected against nigericin induced permeabilization of plasma mem-
brane in methionine- and cysteine-deficient medium, (Fig. 5H).
Collectively, these findings demonstrate that metabolic reprogram-
ming generates an adaptive strategy for TKI-induced cytotoxicity
through maintenance of plasma membrane integrity.

Genome-wide DNA hypermethylation regulates osmotic
tolerance and proliferation

The methionine cycle also produces the universal methyl donor S-
(50-adenosyl)-L-methionine (SAM), which is crucial for the methyl-
ation of many cellular targets such as nucleic acids and proteins.
Methylation reaction is regulated by SAH through inhibitory effect on
SAM-dependentmethyltransferases (55). Notably, DPs have low levels
of SAH (Fig. 5B) that may impact cell methylation potential. This is
further supported by high expression of methyltransferases in DPs
(Supplementary Fig. S6A). To investigate whether high methylation
capacity in P and DPs results in differential DNA methylation, we
performed genome-wide methylation profiling of PC9 cells, 72 hours
erlotinib-treated PC9, EET790M, andDPs. A PCAmodel using all CpG-
probes (n¼ 864,351) identified four distinct groups based on PC1 and
PC2 (Fig. 6A). The first two principal components explained 67.9% of
the variation in the data. The parent PC9 and 72 hour–exposed cells
exhibited similar DNA methylation patterns. Furthermore, group A
consisted of both DPs and EET790M, while group B consisted of only
DPs and group C consisted of only EET790M (Fig. 6B). Statistical
analysis followed by volcano plots visualization demonstrates a unique
differential DNA hypermethylation when we compared Group B with
Parent cells (Fig. 6C; Supplementary Fig. S6B and S6C). Pathway-
based analysis of top differentially methylated genes in group B DPs
found enrichment of IFNa/b, TCRs, and SMADs cascades (Fig. 6C;
Supplementary Fig. S6D). Surprisingly, we observed that promotor
regions of most of these differentially methylated genes encode metal
ion (calcium, copper, molybdenum/iron, and zinc) binding proteins,
enzymes, and transporters (Fig. 6D–G). Querying mRNA expression
of genes regulating calcium, iron, zinc ions response/transport sup-
ports metal ion imbalance in DPs versus control (Supplementary
Fig. S6E). In support, the differentially methylated zinc transporter
SLC39A2, transcription factors ZBTB7A and ZNF630 exhibited low
mRNA expression in DPs (Supplementary Fig. S6F). Of note, zinc
balance was shown to regulate inflammatory circuitries associates with
pyroptosis such as theNLRP3 inflammasome (56, 57). By limiting zinc
availability, pyroptotic persisters can dampen the detrimental effects
danger signals sensing. Because of the critical rolemethylation changes
in promoting proliferation, we examined disturbingDPs epigenetics as
a therapeutic approach. Consistent with this, we found preferential
sensitivity of DPs to the hypomethylating agent decitabine, 5-aza-20-
deoxycytidine (Supplementary Fig. S6G). Collectively, these findings

Figure 6.
Genome-wide DNA hypermethylation regulates osmotic tolerance and proliferation. A, A PCA score using all CpG probes with DPs (red triangles), EEs (yellow
diamonds), and parents PC9 and 24 hour–treated PC9 (blue and gray circles), respectively. B, Volcano plot of q-values on the y-axis and Db-value on the
y-axis. Dotted redlines, q < 0.001 and abs (Db-value) >0.3. Red, hypermethylated CpG probes; blue, hypomethylated CpG probes. C, Gene set analysis for the
significantly differently hypermethylated genes using the REACTOME gene set. Line plots indicating the methylation level for S100P (D), XDH (E), SLC39A2
(F), and ZBTB7A (G) across the different CpG probes for the selected genes with PCA group. A, green boxes; B, blue up-triangles; C, orange down-triangles;
parent, gray circles.
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demonstrate thatmetabolism-dependent epigenetic reprograming can
contribute to evasion of TKI-induced pyroptotic cell death.

Discussion
Pyroptosis is a critical formof cell death in immunity, inflammation,

and cancer initiation (27). In addition, pyroptotic cell death is an
emerging determinant of the efficacy of many chemotherapies, radio-
therapy, and anticancer molecular targeted agents (23, 24, 27–30).
Canonical pyroptotic cell death involves inflammasome assembly
followed by cascade of events that result in oligomerization of cleaved
gasdermin D to form the permeability pores (34). The assembly of
inflammasome is triggered by cytosolic pattern recognition receptors
recognizing pathogen-associated molecular patterns (PAMP) and
danger-associated molecular patterns and (DAMP; ref. 30). These
DAMPs such as ATP are compartmentalized molecules located inside
the cell to perform normal physiologic functions (27). However, they
can trigger cell damage responses when released outside their com-
partments or outside the cell (58, 59). Activation of these canonical or
other noncanonical pathways leads to osmotic imbalance and cell lysis.
The metabolic mechanisms that dampen this important form of cell
death are not yet fully understood. A landmark study demonstrated
that the tricarboxylic acid cycle intermediate fumarate can halt pyr-
optotic cascade. Fumarate act by converting the cysteines in GSDMD
to S-(2-succinyl)-cysteines, which inhibit caspase-dependent cleavage
of GSDMD, pore formation, as well as osmotic crisis (44). In the
current study, we uncovered that highmethionine to taurinemetabolic
flux represents a strategy to evade pyroptotic-induced osmotic crisis.
Uncovering these mechanisms hold the promise of abrogating the
evolution of resistance to anticancer treatments.

Evolution of resistance is a major barrier to prolonged tumor
control with targeted therapy. The mechanism of resistance is long
thought to be genetically encoded in a small subpopulation of cancer
cells (18, 19). However, the higher rate for gaining or losing methyl-
ation per CpG site compared with the spontaneous mutation rate per
nucleotide base pair per each division underpins nongenetic drivers of
resistance (60, 61). In this study, we also investigate how metabolism
dependent evolutionary trajectories enable inherited phenotypic
changes. When we imposed selection pressures on cancer cells, some
gain a short-term survival advantage via excessive acquisition of
extracellular nutrients and structural lipids. While this metabolic
scavenging phenotype can result from random cellular fluctuations,
metabolic state of persisters may be propelled by excessive amount of
ROS. To counteract high level of ROS, highly metastatic cells exhibit
metabolic dependency on methionine and cysteine (62). Besides, we
demonstrate that the metabolic end products of methionine and
cysteine act as organic osmolytes (54) to counteract loss of plasma
membrane integrity induced by TKI. Collectively, excessive utilization
of methionine and cysteine may enable cell undergoing pyroptosis to
detoxify ROS and to reduce osmotic imbalance. It will be of potential
interest to examine whether these metabolic dependencies exist in
macrophage, immune cell type that is known to undergo pyroptosis
when exposed to PAMPs and DAMPs.

While increased methionine flux represents a short-term strategy
for cells to persist, long term effects can be inevitable. Enhanced flux
of methionine to taurine reduces SAH level, which in turn increases
cell capacity for methylation of proteins, DNA, and histones. From
these, DNA and histones methylation can result in inherited
phenotypic changes (63). While gene mutations such as T790M
can provide survival benefit in one functional step, stable epigenetic
reprograming usually involves multiple genes and several path-

ways (61). In support, we observed differential methylation pattern
of genes regulating metal ion transport, SMADs and type I IFNs. In
line with previous studies, epigenetic approaches such as histone
deacetylase inhibitors and the bromodomain inhibitor JQ1 ablate
emergence of drug tolerant persisters (17, 64). Inhibitors of the
histone methyltransferase EZH2 represent another approach to
achieve durable response (65, 66).

Finally, the molecular and evolutionary dynamics imposed by cell
death in this study may be applicable to a broad range of selection
pressures in cancer. For example, poly-anueploid cancer cells remain
after chemotherapy contain high amount of lipid droplets (67–69).
Chronic exposure of cells to 27-hydroxycholesterol, an abundant
circulating cholesterol metabolite, selects for lipid and amino acids
scavenging cells (62). Engulfment of extracellular proteins provide a
survival tactic in hepatocellular carcinoma during hypoxia (70). Cells
emerging from these bottlenecks are highly metastatic and can elicit
cancer relapse.
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