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Abstract Sterol-regulatory element binding proteins
(SREBPs) are a conserved transcription factor family
governing lipid metabolism. When cellular choles-
terol level is low, SREBP2 is transported from the
endoplasmic reticulum to the Golgi apparatus where
it undergoes proteolytic activation to generate a sol-
uble N-terminal fragment, which drives the expres-
sion of lipid biosynthetic genes. Malfunctional
SREBP activation is associated with various metabolic
abnormalities. In this study, we find that over-
expression of the active nuclear form SREBP2
(nSREBP2) causes caspase-dependent lytic cell death
in various types of cells. These cells display typical
pyroptotic and necrotic signatures, including plasma
membrane ballooning and release of cellular con-
tents. However, this phenotype is independent of the
gasdermin family proteins or mixed lineage kinase
domain-like (MLKL). Transcriptomic analysis iden-
tifies that nSREBP2 induces expression of p73, which
further activates caspases. Through whole-genome
CRISPR-Cas9 screening, we find that Pannexin-1
(PANX1) acts downstream of caspases to promote
membrane rupture. Caspase-3 or 7 cleaves PANX1 at
the C-terminal tail and increases permeability. Inhi-
bition of the pore-forming activity of PANX1 allevi-
ates lytic cell death. PANX1 can mediate gasdermins
and MLKL-independent cell lysis during TNF-
induced or chemotherapeutic reagents (doxorubicin
or cisplatin)-induced cell death. Together, this
study uncovers a noncanonical function of SREBPs as
a potentiator of programmed cell death and suggests
that PANX1 can directly promote lytic cell death in-
dependent of gasdermins and MLKL.
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Sterol regulatory element-binding proteins
(SREBPs) are transcriptional factors including three
isoforms in mammals, namely, SREBP1a, SREBP1c, and
SREBP2. All SREBP precursors are composed of an N-
terminal transcription factor domain, two hydropho-
bic transmembrane spans interspaced by a short
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luminal loop, and a COOH-terminal domain that binds
to SREBP-cleavage activating protein (SCAP). As the
master regulator of lipid biosynthesis, the activities of
SREBPs are tightly controlled by a well-characterized
feedback regulatory mechanism to sense the fluctua-
tion of cholesterol in the endoplasmic reticulum (ER).
A high level of cholesterol in the ER facilitates the
interaction between SCAP and the ER-residing INSIG
proteins. The WD40 domain of SCAP associates with
the carboxyl domain of SREBP, thereby restricting the
SREBP-SCAP-INSIG trimeric complex in the ER.
When the cholesterol level in the ER drops under the
threshold, SCAP dissociates from INSIGs and alloste-
rically exposes a hexapeptide motif to be recognized
by COPII vesicle components (1, 2). Chaperoning of
SREBP to the Golgi apparatus by SCAP allows
sequential cleavage by site-1 protease and site-2 pro-
tease (S2P), liberating the nuclear form of SREBP
(nSREBP). In the nucleus, nSREBP2 activates tran-
scription by binding to sterol response elements (SRE)
in the promoter region of target genes (3–8). SREBP1a
and SREBP1c preferentially control fatty acid synthe-
sis, and SREBP2 mainly activates cholesterol synthesis
although they share a range of overlapping down-
stream genes.

Malfunctions of SREBPs contribute to the patho-
genesis of various metabolic diseases. Increased
SREBP1c is associated with insulin resistance in hepatic
steatosis. Activated SREBP2 induced the synthesis of
hepatic cholesterol, driving the development of non-
alcoholic steatohepatitis (9). Previous studies revealed
aberrantly increased expression levels of SREBP2 in
patients with hepatic steatosis and non-alcoholic stea-
tohepatitis, contributing to the pathogenesis via pro-
moting de novo lipid synthesis (10, 11). Reduction of
nuclear forms of SREBPs through SCAP depletion or
chemical inhibitor abolished steatosis in insulin-
resistant mice (12, 13). Similarly, the knockdown of
SCAP protected sucrose-fed hamsters from hyper-
triglyceridemia, indicating that the SCAP-SREBP2
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pathway is necessary for developing certain diet-
induced metabolic disorders (14).

Many lines of evidence indicate that SREBPs are
involved in other biological processes beyond lipid
metabolism (3, 15). A genome-wide chromatin immu-
noprecipitation sequencing (ChIP-seq) from mouse
livers showed hepatic SREBP2 binds to the SRE regions
of apoptosis and autophagy-related genes, and proved
that SREBP2 directly activated autophagy during sterol
depletion. Knockdown of SREBP2 during nutrient
depletion hindered autophagosome formation and
delayed TG mobilization (16). In atheroprone flow-
induced atherosclerosis, SREBP2 activation induced
NLRP3 inflammasome formation, causing an increase
in reactive oxygen species in the endothelium, which
facilitated the formation of sclerotic plaques in athe-
roprone regions of mouse aortas (17). Moreover, over-
expression of nSREBP2 in endothelial cells increased
atherosclerosis in atherogenic diet-induced ApoE−/−

mice, suggesting a potential connection between
SREBP2 transcriptional activity and acute inflamma-
tion (17). Previous reports proved that SREBP1a directly
activated Nlrp1a, which encoded an inflammasome
subunit in macrophages. The macrophages from
SREBP1a-deficient mice were unable to initiate lipo-
genesis or activate inflammatory genes under lipo-
polysaccharide stimulation. Consequently, the
SREBP1a-deficient mice had impaired innate immune
response toward pathogen challenge (18).

Programmed cell death is essential for the elimina-
tion of useless or harmful cells during embryonic
development. Apoptosis is immunologically silent by
preserving cell integrity, exhibiting chromatin
condensation, plasma membrane blebbing, and culmi-
nating with the formation of small apoptotic bodies.
Apoptotic cells were exposed to a range of “eat me”
signals, including phosphatidylserine, and released
ATP. These molecules are recognized by macrophages
and apoptotic cells are removed via phagocytosis. If
scavengers fail to eliminate apoptotic cells promptly,
early-stage apoptosis proceeds to a lytic necrotic
outcome called secondary necrosis, which is followed by
cytoplastic swelling and rupture of the plasma mem-
brane with induction of inflammatory responses
(19–23). Gasdermins are inducers of plasma membrane
rupture during pyroptosis. Cleavage by caspases re-
leases N-termini of gasdermins to form oligomerized
pores in the plasma membrane with inner diameters of
around 10–16 nm, sufficient for cell contents release
(23–26). In TNF-induced cell death, the expression of
GSDME switched apoptosis to pyroptosis in cancer cells
(27). Pyroptosis is a double-edged sword in the context
of tumor immunology. Induction of tumor cell pyrop-
tosis by ectopic expression of GSDME or exogenously
delivered pore-forming gasdermin protein evoked sys-
temic antitumor response and complete remission of
established mammary tumor graft (27, 28). Necroptosis
is another type of lytic cell death executed by the pore-
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forming MLKL protein. Phosphorylation of MLKL by
Receptor-interacting protein 3 (RIP3) induces its mem-
brane localization and disruption of membrane integ-
rity (29). However, whether there are new molecules
that damage plasma membrane integrity is unknown.

Previous studies have shown that PANX1 plays a role
in apoptosis, inflammasome formation (30, 31),
gasdermins-mediated pyroptosis (32) and proin-
flammatory cytokines secretion (33). Cleavage of C-
terminal tail by caspase-3 or caspase-7 induced activa-
tion of PANX1. Oligomerization of truncated PANX1
created an ion-channel, with a dilated inner diameter
that allows for the release of chemoattractant signals,
such as ATP (34–36). Carbenoxolone (CBX), an inhibi-
tor of PANX1, blocks ATP release during apoptosis by
clogging the oligomerized PANX1 on the plasma
membrane (35, 37). ATP activates P2X7 receptor, lead-
ing to the efflux of K+ across the plasma membrane, a
necessary step for forming NLRP3 inflammasome and
caspase-1-dependent pyroptosis (31, 38). Although gas-
dermins have been implicated in the progression of
inflammation caused by the activation of PANX1 and
P2X7 receptors, it is largely unknown whether PANX1
could directly cause lytic cell death as an executioner.

In this study, we found that nSREBP2 induced lytic
cell death by activating transcription factor p73, a ho-
molog of the master cell cycle regulator p53. P73 drove
the expression of cell cycle arrest and apoptotic genes
and caused subsequent activation of initiator and
executioner caspases. The nSREBP2-induced lytic cell
death was independent of all known pore-forming
proteins, including gasdermin family proteins or
MLKL. Unbiased CRISPR screening identified PANX1
as the key protein responsible for cell permeabilization.
Genetic ablation of PANX1 in tumor cells blunted
TNF-induced lytic cell death. Physiological activation of
SREBP2 increased cell sensitivity towards doxorubicin.
Our study revealed SREBP2 signaling as a critical
regulator of cellular responses to certain stress factors.
MATERIALS AND METHODS

Antibodies
The following antibodies were used in this study: rabbit

anti-EGFP (Proteintech, 50430-2-AP), mouse anti-β-actin
(Sigma, A1978), rabbit polyclonal anti-p53 (Proteintech, 10442-
1-AP), rabbit polyclonal anti-p73 (Abclonal, A0385), rabbit
anti-caspase-9 (Cell signaling technology, 9502T), rabbit poly-
clonal anti-caspase-10 (Proteintech, 14311-1-AP), rabbit mono-
clonal anti-cleaved caspase-3 (Abcam, ab32042), rabbit
monoclonal anti-caspase-7 (Cell signaling technology, 12827T),
mouse monoclonal anti-caspase-8 (Cell signaling technology,
9746T), rabbit monoclonal anti-GSDME (Abcam, ab215191),
rabbit monoclonal anti-GSDMD (Abcam, ab210070), rabbit
polyclonal anti-PANX1 (Proteintech, 12595-1-AP), mouse
monoclonal anti-cytochrome C (Proteintech, 66264-1-Ig),
mouse monoclonal anti-TOM20 (Proteintech, 66777-1-Ig),
rabbit monoclonal anti-apaf1 (Cell signaling technology,
8969T), rabbit polyclonal anti-RIP3 (Proteintech,17563-1-AP).



Plasmids
The plasmid pLenti-tet-on was a generous gift from Dr

Feng Shao (National institute of biological sciences, NIBS).
pLenti-tet-on-nSREBP2-EGFP was generated by inserting the
human nuclear form of SREBP2 cDNA into vector plasmid
pLenti-tet-on, followed by inserting an EGFP epitope-coding
DNA. pLenti-tet-on-nSREBP2-5x MYC was generated by
replacing EGFP tag with 5×MYC sequence. The human nu-
clear forms of SREBP1a and SREBP1c were cloned into vector
plasmid pLenti-tet-on-EGFP. All nSREBP2 site-directed muta-
tions were generated with ClonExpress one-step cloning kits.
pLenti-IRES-caspase-7-puro was generated by inserting hu-
man caspase-7 cDNA into vector plasmid pLenti-IRES-puro.
pLenti-tet-on-PANX1-FL was generated by inserting human
PANX1 cDNA into vector plasmid pLenti-tet-on. The sequence
after 1–371 amino acids (a.a.) was deleted to generate pLenti-
tet-on-PANX1-ΔCTT. pcDNA3-GSDME was generated by
inserting human GSDME cDNA into vector plasmid pcDNA3.

Reagents
Crystal violet, lovastatin, and cycloheximide were pur-

chased from Sigma-Aldrich. 2-Hydroxypropyl-β-cyclodextrin
was purchased from Cyclodextrin Technologies Develop-
ment. Doxycycline hydrochloride (A600889) was purchased
from Sangon Biotech. Propidium iodide (P3566) was pur-
chased from Invitrogen. Z-vad (OMe)-FMK (HY16658),
Ferrostatin-1 (HY100579), and Necrostatin-1s (HY14622A) was
purchased from MedChemExpress. Recombinant human
TNF (300-01A) was purchased from Peprotech. AZD5582 ac-
etate (T14378L) was purchased from TargetMol. Annexin
V-FITC/PI apoptosis detection kit (40302ES60), and Blastici-
din (60218ES10) were from Yeasen. ClonExpress one step
cloning kit (C112-02) was from Vazyme. Lipoprotein-deficient
serum (LPDS, density ＞ 1.215 g/ml) was prepared by ultra-
centrifugation, and delipidated serum (DPS) was prepared by
incubating FBS with acetone-washed silicon dioxide to strip
non-polar lipids (39, 40).

Cell culture
HEK-293T cells and HeLa cells were cultured in Dulbecco’s

Modified Eagle Medium (DMEM, Thermo Fisher Scientific)
plus 10% fetal bovine serum (FBS, Gibco) with pen/strep.
CHO-7 cells were cultured in a 1:1 mixture of DMEM and
Ham’s F-12 medium plus 5% FBS with pen/strep. All cells
were grown in a humidified chamber at 37◦C with 5% CO2.

Immunoblotting analysis
Cells harvest and homogenization were performed as

described previously (41). Immunoblots were mixed with 4x
loading buffer (12% SDS, 1 M Tris HCl, pH 6.8, 8 M urea, 30%
glycerol, 100 mM DTT, 0.02% bromophenol blue, 6%
2-mercaptoethanol) and incubated at 95◦C for 5 min. Proteins
were resolved on SDS-PAGE and transferred onto PVDF or
NC membranes, then blocked with 5% non-fat milk in TBS-T
and probed with primary antibodies overnight at 4◦C and
incubated with secondary antibodies for 1 h at room tem-
perature. Immunoblots were visualized on eBlot.

Flow cytometry
Cells were treated with dox for the indicated time, then

cells were washed with PBS once and labeled with an annexin
V-FITC/PI apoptosis detection kit. For detecting the PI signal,
the cells with EGFP tag were treated with dox for the indi-
cated time, after washing with PBS once, incubated with PI for
15–20 min and then analyzed with two channels, EGFP and PI.
All cells were analyzed with a flow cytometer (CytoFLEX,
Beckman) and data were examined with FlowJo software.
Cytotoxicity assay
To measure lytic cell death, cells were processed with LDH

detection kit (Beyotime, C0017). Cell viability was measured by
cell counting kit-8 (TargetMol, C0005) as per the manufac-
turer's instruction.
Microscopy imaging of cell death
Live cell imaging for examining cell death morphology was

represented in dox-induced pTet-nSREBP2-EGFP HeLa cells.
Cells were grown in glass-bottom dishes and treated with or
without indicated regents for 24 h, then the dishes were
imaged on the 40× or 63× objective at 10 min intervals for
12 h. Bright-field images and fluorescent images were
captured with SP8 confocal microscope (Leica).
CRISPR-Cas9 knockout cells
Candidate gene-targeting sgRNAs were cloned into

LentiGuide-puro vector, then co-transfected with pSPAX and
pMD2.G package vectors into HEK-293T cells. The viral me-
dium was collected and mixed with growth medium and
supplemented with polybrene to infect pTet-nSREBP2-EGFP
HeLa cells which stably expressed Cas9. After 24 h incubation,
the infected cells were selected with puromycin. Single-cell
clone was screened by seeding with 96-well plate. All gene-
knockout cells were examined by sequencing. The sgRNA
sequences were as follows: human caspase3 (5′-CATA-
CATGGAAGCGAATCAA-3′, 5′-AATGGCACAAACATTT
GAAA-3′); human caspase7 (5′-TTGAAGGCTATTACTCG
TGG-3′); human caspase9 (5′-CGCAGCAGTCCAGAGC
ACCG-3′); human caspase10 (5′-ACTGCTGCCCACCCGA-
CAAA-3′, 5′-GCACCTCAACTGTACCAAAG-3′); human cas-
pase8 (5′-TGATCGACCCTCCGCCAGAA-3′); human
GSDMD (5′-TTCCACTTCTACGATGCCA-3′); human
GSDME (5′-GTATAACTCAATGACACCGT-3′, 5′-TGTCAC-
CAAGGACTCCAACG-3′); human GSDMA (5′-CACACTG-
GAGCGAGCCGGCA-3′); human GSDMB (5′-AATACGCT
GAACATTGCGCC-3′, 5′-GGATGCCGGCACTACACAAC-
3′); human GSDMC (5′-CAGCCTCTGTCACCACGTAC-3′,
5′-AAGGCGCTGACTCTTCAGAA-3′); human MLKL (5′-GG
CAGCCTTGAAGCGGTTCA-3′); human PANX1 (5′-GCTG
CGAAACGCCAGAACAG-3′, 5′- ATCCGAGAACACGTA
CTCCG-3′); human APAF1 (5′- TTCCTAAGGAACTCTC-
CACA-3′, 5′- GTGAAGGTGGAGTACCACAG-3′).
CRISPR-Cas9 screening
Toronto human knockout pooled library (TKO) (42) was a

generous gift from Dr Hai Jiang (Center for Excellence in
Molecular Cell Science, CAS). To prepare the lentivirus of the
library, 2 μg of library DNA was transfected into HEK-293T in
the 10-cm dishes with package vectors. After 48 h, lentivirus
that covered all sgRNAs was collected by supernatant of
infected HEK-293T cells, then filtered by 0.22 μm strainers
and stored at −80◦C. The titer of lentivirus was measured by
cell counting kit-8. To get 100-fold coverage, 6 × 107 Tet-on
HeLa cells were infected with the lentivirus at MOI of 0.3.
24 h after infection, the medium was changed to normal cell
Hyperactivation of SREBP induces lytic cell death 3



growth, then cells were re-seeded with a growth medium
containing 4 μg/ml puromycin for an additional 24 h.
Survival cells were routinely passaged and maintained the
100-fold coverage, the half 6 × 107 cells were regarded as
control samples, the other cells were treated with 0.3 μg/ml
dox for 36 h, then preloaded with PI for 15 min, cells that
contained negative PI signal and positive EGFP signal were
collected by FACS. The enriched cells were used as candidate
genes for deep sequencing.

RNA-sequencing
Cells in 60 mm dishes were treated with or without 0.3 μg/ml

dox for 8 h and 16 h, then were extracted for RNA isolation
and marked as T1, T2, T3, and T1 as no-treatment wild-type
cells. Every sample was repeated twice. All RNA samples were
under quality control and used for Hiseq sequencing. For
RNA-seq analysis, the clean reads were obtained by filtering
raw data and aligned to the human reference genome. Dif-
ferential gene expression analysis was performed by GO and
KEGG. Genes were regarded as differentially expressed when
the log2 of the fold change > 1 and P value < 0.05.

siRNA knockdown
Two siRNA targets TAp73 and ΔNp73 were designed as

former reports (43) and synthesized by RiboBio. Cells were
transfected with individual siRNA and Lipofectamine
RNAiMAX reagent (Invitrogen, 13778075) following the
manufacturer’s recommendations. The siRNA sequences
were used as follows:

siTAp73: 5′- AACGGAUUCCAGCAUGGACGU-3′
siΔNp73: 5′- AACCUCGCCACGGCCCAGUUC-3′

Quantitative PCR
Cells in 60 mm dishes were treated according to indicated

conditions. Total RNAs were extracted by TRIzol (Thermo
Fisher Scientific), 1 μg RNA was subjected to reverse tran-
scription with HiScript II reverse transcriptase and indicated
buffer (Vazyme, R201). Quantitative PCR (qPCR) was con-
ducted with Hieff qPCR SYBR Master Mix (High ROX)
(Monad, MQ10301S) on a Bio-Rad CFX96 or CFX384. Human
GAPDH was used as control. The primer sequences were listed
in supplemental Table S1.

Statistics
All statistical data were analyzed with the GraphPad Prism

software. Data were expressed by mean ± SD and analyzed by
unpaired two-tailed Student’s t test. P value <0.05 was regar-
ded as significant data.

RESULTS

nSREBP2 overexpression induces lytic cell death
We accidentally found that overexpression of

nSREBP2 might cause cell death since we were unable
to establish a cell line stably expressing nSREBP2. To
validate this hypothesis, we generated HeLa cells stably
expressing nSREBP2 under the control of a doxycy-
cline (dox)-inducible promoter (HeLa/pTet-nSREBP2-
EGFP). Induction of nSREBP2 by dox resulted in
massive death in HeLa/pTet-nSREBP2-EGFP (Fig. 1A),
but not the parental HeLa cells (supplemental
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Fig. S1A–C). A similar experiment was performed in
several different cell lines, including MO3.13, NIH3T3,
and CHO-7. Overexpression of nSREBP2 caused similar
patterns of cell death in these cells (supplemental
Fig. S1D). Upon dox treatment, HeLa/pTet-nSREBP2-
EGFP cells gradually lost the viabilities and increased
membrane permeabilities, evidenced by increased
lactate dehydrogenase (LDH) in the cell culture super-
natant (Fig. 1B, C). Osmotic-protectants such as D-
mannitol or glycine prevented cells from LDH release
but failed to rescue cell death (Fig. 1D, E). To define the
phenotype of nSREBP2-induced cell death, we probed
dox-treated cells with Annexin-V and propidium io-
dide (PI), which recognize exposed phosphatidylserine
(PS) and intracellular nucleic acids, respectively. Flow
cytometry indicated that PS externalization and mem-
brane disintegration occurred simultaneously, suggest-
ing a process of lytic cell death (Fig. 1G). Concordantly,
balloon-like membrane extrusions were clearly
observed after nSREBP2 induction (Fig. 1F and
supplemental Video S1). The lysis-induction capacity of
nSREBP2 was dependent on its transcription activity
and nuclear localization, as transcription activity-null
mutant (Y342R) or nucleus-excluded mutant (R371E/
K372E) forms of nSREBP2 failed to induce cell death
(supplemental Fig. S2A–D). In addition, the nSREBP2
mutant lacking DNA binding domain (329–354 aa)
failed to induce lytic cell death (supplemental Fig. S2E,
F). Dox-induced overexpression of two related homo-
logs of SREBP2, namely nSREBP1a and nSREBP1c,
caused lytic cell death with a similar pattern (Fig. 1H, I,
supplemental Videos S2, and S3).

Overexpression of nSREBP2 induced the expression
of cholesterol biosynthetic genes, the lethal level of
nSREBP2 transcription activity is higher than the
physiological one upon sterol depletion (supplemental
Fig. S3A). To exclude the possibility that nSREBP2-
induced cell death is through cholesterol overload (44,
45), we inhibited endogenous cholesterol synthesis by
blocking the rate-limiting enzyme HMGCR using
lovastatin, or depleted cellular cholesterol using
hydroxypropyl-β-cyclodextrin along with lipoprotein/
lipid-deficient serum. None of these interventions
rescued cells from nSREBP2-induced cell death
(supplemental Fig. S3B, C), suggesting a lipid
metabolism-independent mechanism.

Transcriptional activation of apoptotic and cell
cycle arrest-associated genes by nSREBP2

To explore the downstream effector through which
nSREBPs induced cell death, we compared the differ-
entially expressed genes (DEGs) in cells with or without
dox treatment by bulk RNA sequencing. DEGs from
two independent experiments were plotted, and they
showed a highly repetitive expression signature, with a
coefficient of determination (R2) of 0.865. Among these
upregulated genes, several well-established SREBP2
target genes, such as low-density lipoprotein receptor



Fig. 1. nSREBP2overexpression induces lytic cell death.A: time curve of 0.3 μg/mldoxycycline (dox) treatment inHeLa-pTet-nSREBP2
cells. Cellswere treatedwithdox for the indicated timeandanalyzedbycrystal violet staining.B andC:quantificationof cell viability of tet-
on-nSREBP2 cells. Cells were treatedwith 0.3 μg/ml dox for the indicated time and analyzedby cell countingkit-8 (B) orLDH test (C). Data
are presented asmeans± SD. Statistical analyses, unpaired two-tailed Student’s t test. D andE,HeLa-pTet-nSREBP2 cells were treatedwith
0/0.3 μg/mldoxplus control, 25mMD-mannitol or 10mMglycine for 30h, LDH (D) and cell viability (E)were tested.Data are presented as
means± SD. Statistical analyses, unpaired two-tailed Student’s t test. F, Time-lapse confocal images of HeLa-pTet-nSREBP2-5×MYC cells
were taken at the indicated time points after 0.3 μg/ml dox induction for 36 h. Real time videos are included in supplemental Video S1.
Scale bar, 25μmG,AnnexinV/PI flow cytometric analysis of dox-induced cell deathphenotype.H,Two clones ofHeLa-pTet-nSREBP1a/
1c cells and HeLa-pTet-nSREBP2 cells were treated with or without 0.3 μg/ml dox for 36 h. Cell viability was analyzed by crystal violet
staining. I, Time-lapse confocal images of HeLa-pTet-nSREBP1a/1c cells. HeLa-pTet-on-nSREBP1a/1c cells were induced by 0.3 μg/ml
dox for 24 h, preloaded with 10 μg/ml PI for 15 min, then imaged at 40× magnification at 5 min intervals for 12 h. Real time videos are
included in supplemental Videos S2 and S3. Scale bar, 25 μm. ** P < 0.01, ** P < 0.01, **** P < 0.0001, ns, not significant.
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(LDLR), 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (HMGCR), lanosterol synthase (LSS), insulin-
induced gene 1 (INSIG1), were significantly enriched,
implying highly active sterol biosynthesis pathway
(Fig. 2A).

Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis revealed the clustering of several pathways
related to cell death, including p53 signaling, cell cycle,
and apoptosis (Fig. 2B). Indeed, expression analysis of
individual genes involved in cell cycle regulation
showed an increased transcription level of anti-
proliferative genes, including the tumor suppressor
CDKN1C and CDKN1A. These expression patterns were
further verified by quantitative PCR (qPCR). In
contrast, pro-proliferative genes were negatively
enriched, such as CCND1 and MYC, whose amplification
is observed in various cancer types (46) (Fig. 2C, D).
Induction of nSREBP2 expression by dox for 12 h
dramatically upregulated the protein level of p21 and
p57 (encoded by CDKN1A and CDKN1C respectively),
implying the activation of p53 signaling and the status
of immediate cell cycle arrest (Fig. 2E).

Meanwhile, the RNA-seq and qPCR data suggested
upregulated gene clusters related to cell apoptosis, such
as TP53INP1 and TP53INP2, which are also well-
recognized downstream targets of p53, were enriched
after 8 h of dox treatment. Upregulation of pro-
apoptotic expression signatures was observed in 8 h,
confirmed by RNA-seq and qPCR (Fig. 2F, G). More-
over, cell fractionation revealed a substantial level of
cytochrome C released from mitochondria, indicating a
central event in apoptosis initiation (Fig. 2H).

p73 is activated at the transcriptional level during
nSREBP2 overexpression

We found that p73, a functional homolog of p53, was
significantly upregulated after nSREBP2 activation
(Fig. 3A). p73 belongs to the p53 family that targets
apoptosis and induces cell cycle under DNA damage
stimulation. p73 has multiple transcript isoforms. The
N-terminal transactivation domain-containing isoform
(TAp73) exhibits p53-like transcriptional activity, while
the N-terminal deleted isoforms (ΔNp73) are dominant
negative in the context of pro-apoptotic functions
(47–49). Immunoblot analysis showed that the TAp73
isoform, but not the ΔNp73 species was activated after
dox treatment (Fig. 3B, C). Similar regulation of p73
isoforms was observed during cholesterol depletion,
which activated endogenous SREBP2 in physiological
conditions (Fig. 3D). To validate the function of these
isoforms during nSREBP2-induced cell death, we uti-
lized siRNA targeting the specific sequences of these
transcripts. Knockdown of the active TAp73 resulted in
less cell death, as evidenced by decreased LDH release
and reduced cleavage of caspase-9, whereas silencing
ΔNp73 showed no impact (Fig. 3E, G). We further
generated p73 knockout cells by CRISPR-Cas9 tech-
nique. HeLa cells deficient in p73 were highly resistant
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to nSREBP2-triggered cell content release and lytic cell
death (Fig. 3H–J). These results proved that transcrip-
tion activity of p73 was required for nSREBP2-induced
lytic cell death.

nSREBP2 triggers cell death in a caspase-dependent
manner

We next sought to define the mode of cell death
induced by nSREBP2. We employed well-established
small molecule inhibitors of apoptosis, ferroptosis, and
necroptosis to dissect their contributions, respectively.
The pan-caspase inhibitor z-VAD (50) completely
blocked nSREBP2-induced cell death (Fig. 4A). Cell
morphology remained nearly normal after 36 h of
nSREBP2 expression in the presence of z-VAD (Fig. 4B).
Proteolytic activation of the initiator caspases, namely,
caspase-9 and caspase-10, was observed after nSREBP2
induction (Fig. 4C), concordant with previously
observed cytochrome C release (Fig. 2H). Double
knockout of caspase-9 and caspase-10 resulted in resis-
tance to nSREBP2-induced LDH release and cell death
(Fig. 4D and supplemental Fig. S4A). Consequently,
active forms of the executioner caspases, namely
caspase-3 and caspase-7 (51), were detected following
dox treatment (Fig. 4E). This process was dependent on
caspase-9 and caspase-10. Deletion of caspase-9 and
caspase-10 completely inhibited activation of caspase-3
and caspase-7 (supplemental Fig. S4B). Deletion of
both caspase-3 and -7 prevented nSREBP2-induced cell
death, whereas ablation of caspase-3 alone was insuf-
ficient (Fig. 4F–H). PI staining also confirmed double
knockout of caspase-3 and caspase-7 maintained the
integrity of membranes (Fig. 4I and supplemental
Video S4). Overexpression of caspase-7, but not its
catalytic dead form (C186A), re-sensitized the double
knockout cells to nSREBP2-induced cell death
(Fig. 4J–K). We found that caspase-8 was dispensable,
although a cleaved, active form of caspase-8 was
observed under dox treatment (Supplemental Fig. S4B
and S5A–C). These results highlighted the role of
apoptotic caspases in nSREBP2-induced lytic cell death.
But how these caspases caused membrane rupture re-
mains unanswered.

nSREBP2-induced lytic cell death is independent of
gasdermins or MLKL

Typical apoptotic morphologies, including cell
shrinkage and membrane blebbing, were clearly
distinct from the pyroptotic phenotype during
nSREBP2 activation. We noticed that GSDME was acti-
vated upon nSREBP2 activation, but knockout of
GSDME failed to prevent cells from nSREBP2-induced
lytic death (supplemental Fig. S6A–E). To identify key
components in this process, we evaluated the contri-
bution of the well-established gasdermin family by
generating a gasdermin A, B, C, D, and E panta-
knockout cell line (supplemental Fig. S7A–C, desig-
nated as ABCDE-5KO). Gasdermin proteins share



Fig. 2. Transcriptional activation of apoptotic and cell cycle arrest-associated genes upon nSREBP2 induction. A: RNA-seq analysis
of dox-induced HeLa-pTet-nSREBP2 cells. Cells were treated with 0 or 0.3 μg/ml dox for 8 h. B: KEGG results for upregulated
pathways using dox inducible genes from А. C: Cell cycle pathway analysis from B. D: QPCR analysis of cell cycle-related genes. Data
are represented as mean ± SD. E: Western blotting analysis was used to detect the expression of p21 and p57 with or without the
induction of nSREBP2. HeLa and HeLa-pTet-nSREBP2 cells were treated with 0/0.3 μg/ml dox for 16 h. F: Heatmap of represen-
tative apoptosis-related genes from В. G: QPCR analysis of apoptosis-related genes. Data are represented as mean ± SD. H: Immu-
noblot of cytochrome C, Tom20, and GAPDH in HeLa-pTet-nSREBP2 cells. Cells were treated with or without 0.3 μg/ml dox for 12 h
and 16 h. Mitochondria and cytosol fractions were separated for immunoblotting.
common pore-forming capacities on cell membranes
via oligomerization (26). Surprisingly, ABCDE-5KO cells
still underwent nSREBP2-induced cell death (Fig. 5A),
suggesting that gasdermins were not the executioner in
this process.
To test whether MLKL participated in the process of
nSREBP2-induced cell death, we generated an MLKL-
deficient cell line via CRISPR-Cas9 technique
(supplemental Fig. S7D). MLKL-deficient cells
expressed comparable level of nSREBP2 to WT cells
Hyperactivation of SREBP induces lytic cell death 7



Fig. 3. Ablation of p73 prevents the nSREBP2-induced lytic cell death. A: Overexpression of nSREBP2 increased gene transcription
of p53 pathway. B: QPCR analysis of p73 transcripts. Cells were treated with or without 0.3 μg/ml dox for 16 h, then RNA was
harvested for QPCR analysis. The diagram below showed two transcripts of p73, TAp73 and ΔN p73. Data are presented as means ±
SD. C: Western blotting analysis was used to detect the expression of p73 and p53 with the induction of nSREBP2. HeLa-pTet
nSREBP2 cells were treated with or without 0.3 μg/ml dox for indicated time, then harvested for Western blot analysis. D: QPCR
analysis of nSREBP2 and p73 transcripts. HeLa-pTet-nSREBP2 cells were cultured in 10% FBS or sterol depletion medium (5%
lipoprotein-deficient serum, 1 μM lovastatin, 10 μM mevalonate) for 24 h and then subjected to analysis. E: QPCR analysis of p73
siRNA knock-down efficiency. Data are presented as means ± SD. Statistical analyses, unpaired two-tailed Student’s t test. F: LDH
release test. HeLa-pTet-nSREBP2 cells were transfected with indicated siRNA for 24 h, then treated with 0.3 μg/ml dox for 24 h
Lytic cell death was measured by LDH in the medium. Data are presented as means ± SD. Statistical analyses, unpaired two-tailed
Student’s t test. G: The effect of p73 siRNA on nSREBP2 expression and caspase-9 cleavage. H: Immunoblotting analysis of WT
and p73 knockout HeLa-pTet-nSREBP2 cells. I: LDH test identified the effect of p73 knockout on nSREBP2 induction. Data are
presented as means ± SD. Statistical analyses, unpaired two-tailed Student’s t test. J: representative images of WT and p73 knockou
HeLa-pTet-nSREBP2 cells. All cells were treated with 0.3 μg/ml dox for 36 h. Cells were preloaded with 10 μg/ml PI for 15 min and
imaged at 63× magnification. Scale bar, 25 μm. **P ＜ 0.01, ***P ＜ 0.001, ****P ＜ 0.0001.
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Fig. 4. nSREBP2 triggers cell death in a caspase-dependent manner. A: effects of different cell death inhibitors on dox-induced cell
death. HeLa-pTet-nSREBP2 cells were treated with or without 0.3 μg/ml dox and inhibitors for 24 h. Cell viability was analyzed by
CCK8. z-VAD (z-VAD-FMK), 50 μM; Fer-1 (ferrostatin-1), 38 μM; Nec-1s (necrostatin-1s), 30 μM. Data are presented as means ± SD.
Statistical analyses, unpaired two-tailed Student’s t test. B: representative images of HeLa-pTet-nSREBP2 cells treated with or without
z-VAD. All cells were treated with or without 50 μM z-VAD and with 0.3 μg/ml dox for 24 h, then imaged at 40× magnification at
5 min intervals for 12 h. Scale bar, 25 μm. C: effects of dox induction on intracellular processing of caspase-9 and caspase-10. D: effects
of caspase-9/10 on dox-induced cell death. WT and caspase-9/10 double deficient HeLa-pTet-nSREBP2 cells were treated with or
without 0.3 μg/ml dox for 36 h, and lytic cell death was analyzed by LDH. Data are presented as means ± SD. Statistical analyses,
unpaired two-tailed Student’s t test. E: immunoblotting of caspase-3 and caspase-7 expression on dox induction in WT, caspase-3
deficient and caspase-3/7 double-deficient HeLa-pTet-nSREBP2 cells. F: Crystal violet staining. G: quantification of cell viability
in F. H: effects of caspase-3 and 7 on dox-induced lytic cell death were analyzed by LDH tests. Data are presented as means ± SD.
Statistical analyses, unpaired two-tailed Student’s t test. I: representative images of the effect of caspase-7 overexpression on caspase-
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Fig. 5. nSREBP2 induced lytic cell death is independent of gasdermins or MLKL. A: cell viability of WT and ABCDE-5KO HeLa-
pTet-nSREBP2 cells were analyzed by cell counting kit-8. WT and ABCDE-5KO HeLa-pTet-nSREBP2 cells were treated with or
without 0.3 μg/ml dox for 24 h. Data are presented as means ± SD. Statistical analyses, unpaired two-tailed Student’s t test. B: Crystal
violet staining of the effects of MLKL-KO in HeLa-pTet-nSREBP2 cells. C: Dox-induced expression of nSREBP2 caused LDH release
in both WT and MLKL-KO cells. D: LDH release test. E: representative confocal images of WT, ABCDE-5KO and MLKL-KO, and
ABCDEM-6KO HeLa-pTet-nSREBP2 cells. All cells were induced by 0.3 μg/ml dox for 24 h, then imaged at 40× magnification at
5 min intervals for 12 h. Scale bar, 25 μm. Real-time videos are included in supplemental Video S5. ns, not significant.
upon dox induction (supplemental Fig. S7E). However,
knockout of MLKL did not protect cells from
nSREBP2-induced lytic death (Fig. 5B, C). We also
generated gasdermins and MLKL hexa-knockout cell
lines (designated as ABCDEM-6KO). Gasdermins defi-
ciency was confirmed by their resistance to lipopoly-
saccharide (LPS) priming followed by nigericin
3/7 double-deficient HeLa-pTet-nSREBP2 cells. The caspase-3/7 do
or without caspase-7 expression lentivirus, all cells were treated wit
5 min intervals for 12 h. All cells were preloaded with 10 μg/ml PI f
S4. Scale bar, 25 μm. J: the effect of caspase-7 overexpression on
caspase-3/7 double-deficient HeLa-pTet-nSREBP2 cells were pre-in
were treated with or without 0.3 μg/ml dox for 36 h. Lytic cell dea
HeLa-pTet-nSREBP2 cells were infected with or without wild-type
CCK8. ns, not significant, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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treatment (supplemental Fig. S7F), while MLKL-
deficiency was indicated by the lack of sensitivity to
TNF/Smac mimetic/z-VAD induced necroptosis in the
presence of RIP3 (supplemental Fig. S7G, H). We
proved that ABCDEM-6KO cells released a substantial
amount of LDH as other cells (Fig. 5D). Time-lapse
imaging captured balloon-like structures in both
uble-deficient HeLa-pTet-nSREBP2 cells were pre-infected with
h 0.3 μg/ml dox for 24 h, then imaged at 40× magnification at
or 15 min. Real-time videos are included in supplemental Video
caspase-3/7 double-deficient HeLa-pTet-nSREBP2 cells. The

fected with or without caspase-7 expression lentivirus, all cells
th was analyzed by LDH test. K: WT and caspase-3/7-deficient
and mutated caspase-7 (C186A). Cell viability was analyzed by



Fig. 6. Requirement of PANX1 as the mediator for nSREBP2-induced membrane rupture. A: scheme depicting the screening of
PANX1 as the mediator for nSREBP2-induced cell death. The Caspase-3-deficient HeLa-pTet-nSREBP2 cells were used for CRISPR/
cas9 screening. B: genes were ranked according to the enrichment of sgRNA counts. The dotted line represents a fold change of 2. C:
the list of top 10 genes from B. D: The nSREBP2 expression-induced LDH release in WT and APAF1-deficient HeLa-pTet-nSREBP2
cells. WT and APAF1-deficient HeLa-pTet-nSREBP2 cells were treated with 0/0.3 μg/ml dox for 36 h. E: immunoblotting assay. All
cells were treated with 0/0.3 μg/ml dox for 16 h. F: the nSREBP2 expression-induced LDH release in WT and PANX1-deficient
HeLa-pTet-nSREBP2 cells. Data are presented as means ± SD. Statistical analyses, unpaired two-tailed Student’s t test. G: represen-
tative confocal images of PI-stained WT and PANX1-deficient HeLa-pTet-nSREBP2 cells. All cells were induced by 0/0.3 μg/ml dox
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ABCDE-5KO, MLKL-KO, and ABCDEM-6KO cells,
resembling that of WT HeLa cells (Fig. 5E and
supplemental Video S5). These results excluded the
possibility that the canonical membrane-disrupting
proteins were the executioner of cell lysis upon
nSREBP2 expression.

PANX1 is critical for nSREBP2-induced membrane
rupture

To identify effector proteins that directly per-
meabilize cell membranes in the context of nSREBP2
overexpression, we carried out whole-genome CRISPR
screening using a Toronto human knockout pooled li-
brary covering 18,053 coding genes (42). We performed
the screening on caspase-3-deficient HeLa cells. Lenti-
viral particles encoding gRNAs were generated and
used for transducing cells with a low MOI (0.3). Cells
were then gated with EGFP+ and PI- to enrich resistant
cells to nSREBP2-induced cell lysis (Fig. 6A). Genomic
DNA was isolated from sorted cells to amplify gRNA
cassettes for sequencing. A cluster of gRNAs targeting
anti-apoptotic genes were highly enriched, including
caspase-7, BCL2 associated X (BAX), and apoptotic peptidase
activating factor 1 (APAF1), which were essential compo-
nents of the canonical apoptotic pathway (52, 53), reit-
erating previous observation of cytochrome C release
(Fig. 6B, C). Indeed, transduction of APAF1 gRNA,
which led to about 80 percent down-regulation of
APAF1 protein, largely inhibited LDH release after
nSREBP2 induction (Fig. 6D). BAX leads the mito-
chondrial outer membrane permeabilization. Then,
released cytochrome C binds APAF1, thereby forming
an apoptosome structure by activating caspase-9. Cas-
pase-9 cleaves the effector caspases, caspase-3 and
caspase-7, inducing apoptosis (53).

Interestingly, our screening also identified the anion-
permeable channel PANX1. Previous studies demon-
strated that PANX1 was cleaved by caspase-3/7 during
apoptosis (34, 37). Cleavage of PANX1 by caspase-7 al-
lows the release of ATP and other molecules through
the PANX1 pore. To investigate the essentiality of
PANX1, we generated a PANX1 knockout cell line and
tested its vulnerability to nSREBP2 expression.
Knockout of PANX1 did not affect nSREBP2 expres-
sion, while the release of LDH was drastically inhibited
(Fig. 6E, F). Cells lacking PANX1 showed a delayed
morphologic change, such as roundup and shrinkage,
and were non-permeable to PI (Fig. 6G, H). Although
for 36 h, then imaged at 63× magnification with 10 μg/ml PI. Scal
deficient HeLa-pTet-nSREBP2 cells. I: effect of CBX on dox-induc
5KO HeLa-pTet-nSREBP2 cells were treated with 0/0.3 μg/ml do
PANX1 on cell death. Full length (FL) or truncated (ΔCTT) PANX1
dox. Cell viability was analyzed by cell counting kit-8. K, LDH releas
(ΔCTT) PANX1. Cells were treated with or without CBX and dox f
expressing HeLa cells under dox induction. Cells were treated wit
imaged at 63× magnification at 5 min intervals for 12 h. Real-time
***P < 0.001. ****P < 0.0001. ND, not detected.
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PANX1 pore was only permeable to ∼1-kDa molecules
(35), blockade of PANX1 pore with carbenoxolone
(CBX) fully rescued LDH release both in WT or
ABCDE-5KO HeLa-pTet-nSREBP2 cells (Fig. 6I). We
then tested whether cleavage of PANX1 was sufficient
to trigger cell lysis. Inducible expression of a C-termi-
nally truncated PANX1 protein (PANX1-ΔCTT), which
mimicked caspase-3 and caspase-7 cleavages, resulted in
the loss of cell viability, cell content release, and positive
PI staining. Overexpression of full-length PANX1 had
no obvious effect on cell viability (Fig. 6J–L and
supplemental Video S6). Expression of nSREBP2 pro-
moted the cleavage of PANX1, generating a C-termi-
nally truncated PANX1, migrating at around 37 kDa in
SDS-PAGE (supplemental Fig. S8A). Besides, the
knockout of p73 or caspase-3/7 blocked the cleavage of
PANX1 (supplemental Fig. S8B, C). These results sug-
gested PANX1 was the downstream effector causing
lytic cell death.

PANX1 mediates lytic cell death induced by TNF
To explore the role of PANX1-induced cell lysis in a

pathophysiological context, we induced HeLa cell death
by activating the canonical extrinsic death pathway
using tumor necrosis factor (TNF) α combined with
cycloheximide (CHX) (54). Wild-type HeLa-pTet-
nSREBP2 cells and the cells lacking gasdermins A-E and
MLKL (ABCDEM-6KO) underwent membrane bleb-
bing and were permeable to PI upon TNF/CHX stim-
ulation. In sharp contrast, PANX1-deficient cells were
not permeable to PI (Fig. 7A). Concordantly, the
released LDH was significantly decreased in PANX1-
deficient cells compared with WT and the ABCDEM-
6KO cells (Fig. 7B). TNF-mediated lytic cell death was
restored by overexpression of wild-type PANX1 but not
caspase cleavage site mutant PANX1(D379A) (Fig. 7C).
Endogenous SREBP2 activation via sterol starvation
sensitized HeLa cells to TNF treatment (Fig. 7D). Be-
sides, low concentration of dox, which mimicked acti-
vation level of SREBP2 in sterol-depleted condition,
increased LDH release compared to normal condition
(Fig. 7E).

Similarly, SMAC mimetic AZD5582 (AZD) targets
inhibitors of apoptosis proteins (IAPs) to induce TNF-
mediated cell death (55, 56). Membrane extrusion and
positive PI staining was only observed in WT cells and
ABCDEM-6KO cells treated with TNF plus AZD for
24 h, whereas the cells lacking PANX1 displayed
e bar, 25 μm. H: flow cytometry of PI-stained WT and PANX1-
ed lytic cell death was analyzed by LDH test. WT and ABCDE-
x and 50 μM CBX for 36 h. J, Effects of overexpression of
in HeLa-pTet-nSREBP2 cells were induced for 24 h by 2 μg/ml
e test on the HeLa cells expressing full length (FL) or truncated
or 36 h. l, Representative images of truncated (ΔCTT) PANX1-
h 2 μg/ml dox for 24 h, then preloaded with 10 μg/ml PI and
videos are included in supplemental Video S6. Scale bar, 25 μm.



Fig. 7. PANX1 promotes gasdermins and MLKL-independent cell lysis during TNF-induced cell death. A: representative images of
WT, ABCDEM-6KO, PANX1-deficient, and PANX1-deficient in 6KO HeLa-pTet-nSREBP2 cell treated with 50 ng/ml TNF and
10 μg/ml CHX for 24 h. Scale bar, 25 μm. B: LDH release test. Data are presented as means ± SD. Statistical analyses, unpaired two-
tailed Student’s t test. C: PANX1 knockout in ABCDEM-6KO HeLa-pTet-nSREBP2 cells were transfected with wild-type or mutated
PANX1 (D379A). All cells were treated with TNF and CHX for 24 h. LDH tests were applied to analyze lytic cell death. Data are
presented as means ± SD. Statistical analyses, unpaired two-tailed Student’s t test. D: cell viability test. HeLa cells were plated in 10%
FBS medium or sterol depletion medium (5% lipoprotein-deficient serum, 1 μM lovastatin, 10 μM mevalonate) for 16 h, then treated
with indicated concentrations of TNF (starting from 30 ng/ml, with 3-fold serial dilutions) and 10 μg/ml CHX for 8 h. Cell viabilities
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delayed apoptotic phenotype without membrane
rapture (Fig. 7F). Comparing with WT and ABCDEM-
6KO cells, the level of released LDH was significantly
decreased in PANX1-deficient cells treated with TNF
plus AZD and restored by wild-type PANX1 (Fig. 7G, H).
These results support the idea that the C-terminal
cleaved PANX1 acts as a determinant fact for lytic cell
death.

PANX1 mediates chemotherapy drugs-induced lytic
cell death

PANX1 could be the primary mediator of
chemotherapy-induced pyroptosis when GSDME was
insufficient or blocked (57). We wondered whether
PANX1 could mediate cell death induced by different
chemotherapy drugs when all gasdermins were deleted.
The WT cells and ABCDEM-6KO cells that lack all
gasdermins and MLKL underwent lytic cell death and
were permeable to PI when treated with doxorubicin or
cisplatin. In contrast, deletion of PANX1 abrogated the
balloon-like membrane extrusions and PI staining but
kept apoptotic responses to doxorubicin or cisplatin
(Fig. 8A, B). LDH release were similar in WT and
ABCDEM-6KO cells but blunted in PANX1-deficient
cells (Fig. 8C). WT PANX1 but not the D379A mutant
form of PANX1 restored LDH release in the PANX1
deficient cells (Fig. 8D, E). Similar to TNF treatment,
activation of SREBP2 through sterol deprivation or sub-
lethal doxycycline increased the sensitivity to doxoru-
bicin (Fig. 8F, G).

Taken together, our study demonstrated a novel role
of SREBP2 to initiate programmed cell death. As illus-
trated in Fig. 8H, SREBP2 transcriptionally activates
p73, promotes apoptotic gene expression, and induces
mitochondrial cytochrome C release. Subsequent acti-
vation of initiator caspases and executioner caspases led
to cleavage of PANX1, promoting pore formation and
eventually membrane rupture. Our finding reveals a
lytic cell death process which is independent of ca-
nonical metabolic functions of SREBP and expands the
mechanistic insight of programmed cell death.

DISCUSSION

The lipogenic regulatory functions of SREBPs have
been extensively studied since their discovery in the
early 1990’s. In this study, we find that overexpression
of nSREBP induces lytic cell death. Although we do not
have direct evidence showing that this nSREBP-induced
cell death exists in vivo, the phenotypes from several
were determined by CCK8 and normalized to CHX only groups
calculated. E: LDH release test. HeLa-pTet-nSREBP2 cells were plated
and 10 μg/ml CHX for 8 h. F: representative images of WT, ABCD
treated with TNF and AZD5582 for 24 h, cells were preloaded with P
G: LDH release test. H: PANX1-deficient in ABCDEM-6KO HeLa-p
PANX1 (D379A). All cells were treated with 50 ng/ml TNF and 5 μM
death. Data are presented as means ± SD. Statistical analyses, unpai
****P < 0.0001. ns, not significant.
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strains of SREBP transgenic mouse models support our
finding. For example, mice with overexpressed
nSREBP1c in adipocytes displayed reduced cell size in
white adipose tissue and a number of immature adi-
pocytes. Histological analysis of white and brown adi-
pose tissue showed signs of inflammation and
upregulated TNF levels (58). Transgenic over-
expression of nSREBP1a under phosphoenolpyruvate
carboxykinase (PEPCK) promotor impaired adipocyte
differentiation and increased inflammation in the
epididymal WATs of genetically obese mice (59).
Similarly, in a series of transgenic mouse models where
nSREBPs were under the control of insulin promoter to
drive pancreatic β cell-specific expression, the size of
islets from transgenic mice was fewer and smaller. The
researcher also emphasized that only low expressor
strains could be established, implying the lethality by a
high level of nSREBPs overexpression (60, 61).

The nSREBPs can contribute to the immune
response in various physiological conditions. Tumor
necrosis factor (TNF) activated SREBP2 in macro-
phages. Transcriptomic analysis revealed that SREBP2-
controlled cholesterol synthesis pathway was most
significantly enriched in primary human macrophages
exposed to TNF for 24 h. Adenovirus-mediated trans-
duction of nSREBP2 in macrophages increased the
expression of interferon (IFN) regulated genes, such as
CXCL10 and CXCL11 and sensitized macrophages upon
TNF stimulation. Activation of SREBP2 augmented
TNF-mediated macrophage activation and inflamma-
tory response and delayed wound healing (62). Recent
studies highlight the pro-inflammatory role of SREBPs
in myeloid cells. SCAP activation sensitized THP-1 cells
to LPS-induced inflammation (63). SREBPs are acti-
vated during certain virus or bacterial infections in
some clinical settings. Peripheral blood mononuclear
cells from COVID-19 patients showed upregulated
SREBP2, and the downstream inflammatory responses
were positively correlated with the severity of disease.
SREBP2 inhibition in mouse models suppressed cyto-
kine storms and pulmonary damages (64). We hypoth-
esize that SREBP-induced lytic cell death might happen
in these events and the release of DAMPs aggravates
inflammatory responses.

Elevated cholesterol synthesis caused by nSREBP2
activation used to be regarded as the risk of lipotoxicity.
Cholesterol overloading induces mitochondria-initiated
apoptosis in smooth muscle cells, which promotes ne-
crosis in atherosclerotic lesions (44). Accumulated
cholesterol releases mitochondrial DNA and leads to
. Nonlinear regression was performed in Prism and EC50 was
with 0/0.03 μg/ml dox for 8 h, then treated with indicated TNF
EM-6KO, PANX1-deficient, and PANX1-deficient in 6KO cell
I for 15 min and imaged at 63× magnification. Scale bar, 25 μm.
Tet-nSREBP2 cells were transfected with wild-type or mutated
AZD5582 for 24 h. LDH tests were applied to analyze lytic cell

red two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001,



Fig. 8. PANX1 mediates chemotherapy drugs-induced lytic cell death independent of gasdermins and MLKL. A: Representative
images of WT, ABCDEM-6KO, PANX1-deficient, and PANX1-deficient in 6KO HeLa-pTet-nSREBP2 cell treated with or without
10 μM doxorubicin or 30 μM cisplatin for 24 h. Cells were preloaded with PI for 15 min and imaged at 63× magnification. Scale bar,
25 μm. B: representative images of ABCDEM-6KO and PANX1-deficient in 6KO HeLa-pTet-nSREBP2 cell treated with or without
cisplatin for 24 h. Scale bar, 25 μm. C: LDH release test. Data are presented as means ± SD. Statistical analyses, unpaired two-tailed
Student’s t test. D and E: the ABCDEM-6KO and PANX1-deficient HeLa-pTet-nSREBP2 cells were transfected with a plasmid
expressing wild-type or mutated PANX1 (D379A). All cells were treated with doxorubicin (D) or cisplatin (E) for 24 h. Data are
presented as means ± SD. Statistical analyses, unpaired two-tailed Student’s t test. F: cell viability test. HeLa cells were plated in 10%
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caspase-1-dependent inflammasome activation in LPS-
exposed cholesterol-25-hydroxylase knockout macro-
phages (65). In our settings, however, inhibition of de
novo cholesterol synthesis or depletion of intracellular
cholesterol by cyclodextrin do not prevent SREBP2-
mediated cell death, suggesting that the over-
expression of nSREBP2-induced cell death is indepen-
dent of lipid biosynthesis. Our data indicate that
nSREBP2-induced p73 signaling is the major mecha-
nism to drive lytic cell death. The nSREBP2 causes the
release of cytochrome C that activates the formation of
apoptosome. Knockdown of TAp73 reduces caspase-9,
the key constitutional protein of apoptosome. Consis-
tently, previous studies have shown that TAp73 acts as a
tumor suppressor by triggering apoptosis, DNA repair,
and autophagy (49, 66). It is also known that the
chemotherapy drugs, cisplatin and doxorubicin, can
stimulate the phosphorylation of TAp73 by cellular
Abelson leukemia (c-Abl) kinase and promote TAp73-
dependent apoptosis (67, 68).

Gasdermin-mediated pyroptosis is a form of pro-
inflammatory lytic cell death. Gasdermins undergo
proteolytic processing by caspases to generate trun-
cated N-terminal domains, which oligomerize to per-
meabilize cell membranes. PANX1 is cleaved by
caspase-3 or -7, generating a C-terminal truncated
form that releases ATP. Released ATP binds to P2X7
on plasma membrane and triggers cytolysis (69). Be-
sides well-known gasdermins and MLKL, a recent
report found that nerve injury-induced protein1
(NINJ1) was essential for inducing plasma membrane
rupture. Ninj1−/− macrophages maintained plasma
membrane integrity throughout the stages of pyrop-
tosis, necroptosis and apoptosis, and dying Ninj1−/−

macrophages exhibited persistent balloon-like
morphology and LDH release (70). In this study, we
demonstrate that PANX1 can promote lytic cell death
independent of P2X7 or NINJ1 (supplemental Fig. S9).
It is known that PANX1 mediates chemotherapy-
induced lytic cell death independent of GSDME (57,
71). Our findings further demonstrate that PANX1
promotes lytic cell death independent of any other
known pore-forming proteins including gasdermins,
MLKL, P2X7, and NINJ1.

The expression level of nSREBP to induce lytic cell
death is much higher than that of sterol-depletion-
induced nSREBP. Therefore, the nSREBP-induced cell
death could be questioned as an artificial phenomenon.
However, sterol depletion-induced SREBP2 activation
increased cell sensitivity to chemotherapy drugs or
TNF, suggesting the physiological significance of our
finding. Moreover, induction of cell death usually
FBS medium or sterol depletion medium (5% lipoprotein-deficient
with indicated concentrations of doxorubicin (starting from 15 μM
performed in Prism and EC50 was calculated. G: LDH release test. H
cycline for 8 h, then treated with indicated doxorubicin for 24 h. H,
***P < 0.001, ****P < 0.0001. ns, not significant.
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requires extreme conditions. Typical examples include
apoptosis induction by TNF and cycloheximide, and
necroptosis by the combination of TNF, Smac mimetic,
and z-VAD. Such manipulation advanced our under-
standing of the regulatory mechanisms of programmed
cell death.

In summary, this study reports that nSREBP2 in-
duces p73-dependent lytic cell death. Activation of
caspase cascade cleaves PANX1 to promote mem-
brane rupture. Further studies are required to illus-
trate the in vivo pathophysiological importance of
this process.
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