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ABSTRACT 

Necrosis, originally considered chaotic, has been found to be regulated by distinct 

molecular pathways. To identify novel regulators of plasma membrane rupture, a 

hallmark of necrotic cell death, a genome-wide shRNA loss-of-function screen was 

performed. We identified SNARE complex members, mediators of canonical membrane 

fusion events, as necessary for Ca2+ and ROS-induced plasma membrane rupture and 

necrosis. We targeted N-ethylmaleimide sensitive factor (NSF) due to its requirement in 

SNARE recycling, lack of gene homologs, and redox sensitivity. Deletion of Nsf 

protected against membrane rupture induced by various necrotic stimuli, yet did not 

influence apoptosis, suggesting specificity in programmed necrosis. We discovered that 

NSF localizes to sites of membrane blebbing and rupture. Additionally, SNARE-binding, 

ATPase activity, and redox modification are necessary for NSF’s role in necrosis. We 

generated conditional Nsf knockout mice and induced skeletal muscle injury via 

cardiotoxin injection. Loss of NSF protected against sarcolemmal rupture and myocyte 

death. Complementarily, cardiomyocyte-specific deletion of Nsf protected against 

ischemia-reperfusion injury. The SNARE complex regulator, NSF, is a key mediator of 

membrane rupture in necrotic cell death and a promising therapeutic target for numerous 

diseases.   
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CHAPTER 1: CELL DEATH  

General Overview 

Cell death occurs when a cell ceases to be able to undergo its intended functions. This 

can occur naturally, when a cell ages and is replaced by a new cell or during 

embryogenesis according to each species design specifications, or due to dysfunction 

such as during disease or due to an injury. There are three main forms of cell death: 

apoptosis, autophagy, and necrosis. Historically, apoptosis and autophagy were known as 

programmed cell death (PCD) pathways, while necrosis was thought to be 

unprogrammed and associated with trauma. Today, apoptosis and autophagy are still 

recognized as PCD pathways. Apoptosis is typically associated with development and 

normal growth and cell replacement processes, while autophagy is a process which is 

originally signaled to remove damaged organelles but will cause death after prolonged 

activation. Interestingly, recent studies have shown that there are sub-pathways of 

necrosis which are regulated, providing a new avenue to research into cell death driven 

diseases.  

Many human diseases, whether acute or chronic, feature cell death as either a driver of 

disease or a major downstream effect of said disease. For example, chronic chain 

smoking and diabetes both result in decreased blood flow and can lead to necrosis of the 

appendages leading to cell death. Ischemic injury results from a lack of blood flow 

beyond a blockage and causes death of the downstream tissue. Muscles commonly 

undergo increased cell death due to a variety of issues such as denervation, disuse, sepsis, 
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cancer, or glucocorticoid treatment(1). Numerous bacterial diseases feature cell death, for 

instance, Rickettsia rickettsii and Chlamidiae spp. have learned to avoid triggering cell 

death in order to proliferate unabated, indicating the need for cell death in some cases to 

prevent disease. However, uninhibited necrotic cell death can lead to cases such as sepsis 

and cause death(2).   

Chronic diseases which feature cell death are major economic burdens. For example, 

cardiovascular diseases (CVD) encompass a variety of conditions including hypertension, 

valvular heart disease, and myocardial infarction (MI)(3). They cause 20% of all deaths 

worldwide, making it the leading global cause of death. Total costs of CVD in the United 

States amount to ~$560 billion dollars annually and this is projected to increase ~200% 

by 2035 (3). One subset in particular, MI, is caused by blockage of blood flow to a region 

of the heart resulting in a downstream loss of myocytes. Unfortunately, cardiomyocytes 

are terminally differentiated and have poor regenerative capacity(4) and thus experience 

acute death, causing an eventual progression into heart failure after insult. Herein lies a 

significant potential avenue for new therapeutics, as currently heart failure is only cured 

by a heart transplant. While transplantation leads to a median survival of 11 years, this 

option is becoming less viable. Since 2001, the number of available donor hearts ranged 

from 2000 to 2700, while waitlist numbers in 2016 reached over 4000, an increase of 

~34% per year (5), which excludes those ineligible due to other health complications (6). 

Similarly, in ischemic brain injury the brain undergoes an ischemic insult in an area with 

poor regenerative capacity. Unfortunately, brain transplants are not an option, further 

highlighting the need for therapeutics which can prevent cell death.  
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Autophagy Dependent Cell Death  

Autophagy is a catabolic process by which cells degrade damaged intracellular 

components or breakdown and reuse macromolecules in times of stress such as: 

starvation, bioenergetic failure, Endoplasmic Reticulum (ER) stresses, reactive oxygen 

species (ROS) overload, drug treatments, and organelle damage(7). Typically, this is a 

process which ensures that the cell stays alive, operating at maximum efficiency. 

Autophagic cell death is typically a failure of autophagy’s survival role in response to 

lethal stress and is considered a caspase-independent form of cell death(8).  

Autophagy can be divided into two categories: selective and non-selective,(9) both of 

which occur in five steps: nucleation, elongation, fusion of the autophagosome and 

lysosome, and hydrolyzation(7). The process requires numerous autophagy-related 

(ATG) proteins. Autophagy begins when the nucleation complex, consisting of Unc-51-

like kinase 1 (ULK1), FIP200, and ATG13, forms the nascent phagophore. The 

phagophore then sequesters cargo marked for degradation, due to the addition of beclin1, 

Vps34, and Vps15. Phagophore elongation and autophagosome formation require the 

formation of the ATG5-ATG12-ATG16L complex which assists in conjugation LC3-1 to 

phosphatidylethanolamine (PE) forming the LC3-PE conjugate, also known as LC3-II. 

LC3-II then targets the autophagosome to the lysosome. When the autophagosome and 

lysosome are in close proximity the autolysosome is formed due to the vesicular fusion 

by SNARE complex proteins(10). Upon fusion the low pH from the lysosome allows 

degradation of cargo.   
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In healthy cells the activity of the preinitiation complex is inhibition by mammalian 

targeting of rapamycin complex 1 (mTORC1) which phosphorylates ULK1 and ATG13. 

Conversely, AMP-activate protein kinase (AMPK) activates the complex when there is 

an accumulation of AMP and ADP via both the suppression of mTORC1 and the 

phosphorylation and activation of ULK1. The initiation complex is regulated by a variety 

of signaling pathways, many of which regulate the activity of beclin-1, inhibiting or 

promoting its association with the initiation complex(11). 

Non-selective autophagy occurs during nutrient deprivation as a mechanism by which the 

cells can recover essential nutrients to promote survival. Conversely, selective autophagy 

is important in regulating intracellular homeostasis by regulating the levels of aggregated 

proteins, damaged mitochondria, and invading pathogens. Recent studies have shown that 

selective autophagy has three requirements: recognition of the cargo, tethering of the 

cargo to the burgeoning autophagosome, and exclusion of non-cargo. This process is 

mediated by receptor cargo proteins which bind to the cargo, via the cargos added 

polyubiquitin chains, and the ATG8-family proteins on the isolation membrane(10). 

Selection of cargo for autophagy as opposed to proteosomal degradation is differentiated 

by both the clustering and type of ubiquitin chains(10). 

The role of autophagy as an effector versus a side-a-long to cell death is highly debated. 

During times of high stress, autophagy recycles nutrients via degradation of damaged or 

extra cargo, allowing for survival. In fact, ATG genes are necessary for survival during 

nutrient depravation in a variety of eukaryotes(12, 13). Oddly, many diseases have an 

increase in autophagosome vacuolization in their final stages. A variety of studies have 
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shown that this is actually due to a breakdown of autophagosome-lysosome fusion and 

thus defective autophagic flux(13-15). On the other hand, some studies show that 

knockdown of Atg5 or beclin1 reduced death in Bax-/- Bak -/- MEFs (16) while others 

showed when death is induced with caspase-8, inhibition of Atg7 and beclin1 is 

protective. To truly be considered a form of cell death, the suppression of autophagic 

machinery would have to lead to a decrease in cell death(17-21). Unfortunately, 

differentiating between these two mechanisms is difficult. Depletion of autophagy 

proteins in some cases leads to a reduction in cell death markers(22-29). Determination of 

whether or not this is truly the cause of reduced death or whether changes in autophagic 

proteins, which are often important in trafficking and lipid transfer, has been under-

examined. Additionally, in Bax-/- Bak-/- deficient mice there is a reduction in non-

apoptotic cell death when autophagic markers are inhibited(30, 31) but there is a 

complete reduction in apoptotic cell death(16, 24, 30, 31).  

Apoptosis  

Apoptosis is primarily a non-inflammatory, caspase dependent form of cell death which 

induces a safe mechanism for cell disposal by scavengers, and, although spending energy, 

is economical in terms of re-utilization of the products of this disposal (32). 

Morphologically, first both the nucleus and the cytoplasm begin to condense, and the 

membrane involutes as apoptotic bodies are formed. These ensure that the dying cell 

remains in smaller membrane bound fragments. Afterwards, the apoptotic bodies begin to 

dissociate from the main cell and are phagocytosed by immune cells where they are 

degraded in the scavenger cells lysosome (32). Apoptotic cells have made the energy-

intensive decision to disassemble and package their DNA, proteins, and organelles in a 
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way that minimizes damage(33).  The genetic mechanism behind apoptosis is extremely 

well understood(34, 35).  

Intrinsic Pathway 

Intrinsic apoptosis can be triggered by two pathways: the mitochondrial dependent 

apoptotic pathway or the endoplasmic stress-induced apoptotic pathway. The 

mitochondrial pathway is activated by oxidative stress, growth factor withdrawal, or 

DNA damage. This process is regulated by Bcl-2 proteins, such as Bax/Bak, which lead 

to the opening of a mitochondrial outer membrane pore. This pore allows for the release 

of cytochrome c into the cytosolic space, where it can then bind with Apaf-1 allowing for 

caspase-9 activation and the formation of the apoptosome. This activates the downstream 

effector caspases and creates a cascade of cleavage events, most notably causing the 

activation of caspase-3(7).  

Alternatively, intrinsic apoptosis can be activated by the unfolded protein response 

(UPR). The UPR is an evolutionary conserved mechanism for clearing high levels of 

unfolded or misfolded proteins and restoring ER homeostasis. Prolonged activation of 

UPR leads to degradation of cellular functions and cell death.  Initiators include 

disruption of calcium homeostasis, deglycosylation of proteins leading to improper 

folding, starvation, and hypoxia. UPR involves the activation of caspase-12 which in turn 

activates caspase-9 and then leads to the activation of caspase-3(7). The activation of 

caspase-12 is by formation of a complex with TNF receptor associated factor 2 (TRAF2), 

or by cleavage by calpains, a family of calcium dependent cysteine protease.  
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Extrinsic pathway 

The extrinsic apoptotic pathway is signaled by binding of Fas, TNFα, or TRAIL ligands 

to their respective death receptors. Upon binding to the death receptors, the adaptor 

protein death-inducing signaling complex (DISC) composed of FADD and procaspase-8 

is activated and causes autohydrolysis of pro-caspase-8 into activate caspase-8. Once 

active, caspase 8 transduces the apoptotic signal via one of two pathways: cleavage of 

procaspase-3 into caspase-3, or cleavage of Bid to truncated Bid (tBid). tBid then causes 

conformational changes to the Bax/Bak proteins leading to their oligomerization and the 

formation of a pore on the outer mitochondrial membrane(7). The activation of Bax/Bak 

proteins is negatively regulated by Bcl-2 family of proteins.  

Execution pathway 

The intrinsic and extrinsic pathways converge after the formation of cleaved caspase-

3(7), an execution caspase which activates endonucleases and proteases which degrade 

both nuclear and protein content in the cytoplasm. Caspase-3 activation is accompanied 

by caspase-6 and caspase-7 activity, though caspase-3 is considered the most important. 

Caspase-3 specifically activates the endonuclease CaD which degrades chromosomal 

DNA, leading to the prototypical chromatin condensation. Capase-3 also cleaves gelsolin, 

a hub for actin polymerization, leading to reorganization of the cytoskeleton and 

formation of apoptotic bodies. During this time there is phosphatidylserine translocation 

,which signals to immune cells that phagocytosis of the bodies is necessary, leading to a 

non-inflammatory form of cell death(36).  
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Apoptotic Subpathways 

Immunogenic cell death is a form of death in which the adaptive immune system is 

triggered by a very limited set of stimuli which results in a response similar to one 

present in the establishment of immunogenic memory(37-40). ICD is most often 

associated with cancer. Much research has been done on increasing the immunogenicity 

of cancer cells to counter their drug resistance(41).  

Necrosis 

General Necrosis  

Unlike apoptosis, necrosis is a lytic form of cell death in which the final step is rupture of 

the plasma membrane leading to an inflammatory response. Historically, necrosis was 

considered an unprogrammed response to disease which featured the release of 

compounds such as elastase, myeloperoxidase and HMGGB1 which can be toxic to 

cells(42-47). Recently, numerous necrotic subtypes have been identified which support 

the idea that necrosis is actually a regulated form of death in response to particular 

stimuli, which is promising for the creation of therapeutic treatments of diseases which 

involve necrosis.  

Six sub-types of regulated necrotic cell death include: mitochondrial permeability 

transition pore (MPTP)-driven necrosis, necroptosis, pyroptosis, ferroptosis, parthanatos, 

and lysosome-dependent cell death (LDCD). MPTP-driven necrosis is a lytic form of cell 

death in which there is increased solute transfer across the inner mitochondrial membrane 

(IMM) and rupture of the outer mitochondrial membrane (OMM) culminating in plasma 

membrane rupture. Necroptosis is a lytic form of cell death which requires the kinase 
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RIPK3 and the pore forming protein MLKL. Pyroptosis is a lytic form of cell death 

which requires the pore forming protein GSDMD. Ferroptosis is a non-lytic form of cell 

death which involves lipid peroxidation and iron accumulation. Parthanatos is a lytic 

form of cell death which involves PARP1 overactivation, the re-localization of allograft 

inflammatory factor (AIF) from the mitochondria to the nucleus, and large-scale DNA 

fragmentation. LDCD can either be a lytic or non-lytic form of cell death associated with 

permeabilization of the lysosome(11). 

MPTP driven necrosis 

Mitochondrial permeability transition pore (MPTP)-driven necrosis culminates in the 

opening a non-specific permeability pore transition (PTP), a supramolecular complex 

formed between the IMM and OMM(11). The complex was first described by Haworth 

and Hunter in 1979(48), yet despite the years of research, the pore-forming components 

of the PTP complex are still under debate(49). PTP formation is triggered by elevated 

Ca2+ (48) levels especially in conditions of extreme oxidative stress(50) and depleted 

ADP/ATP(51). The condition is not energy dependent, (48) due to the shutdown of 

energy producing pathways, and leads to an increase in solute transfer across the IMM 

and a decrease in membrane potential(51). The increased solute transfer causes a swelling 

of the matrix cristae, which unfold and expand outward until they rupture the OMM(33). 

This causes apoptotic signals to leave the IMS and can lead to activation of apoptotic 

signaling cascades. Cells are not categorized as undergoing apoptotic cell death though, 

due to the decreased energy production leaving the cells unable to package intracellular 

contents in a non-inflammatory manner(33).  
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One confirmed activator of the pore is peptidylprolyl isomerase F (PPIF), also known as 

cyclophilin D (CYPD)(52). Considerable research has been done to identify the 

components of the PTP with 3 theories evolving over time. The first was the adenine 

nucleotide translocator (ANT)/ voltage dependent anion channel (VDAC)/CypD theory 

which suggested the ANT on the IMM bound to VDAC on the OMM and was bound by 

and regulated by CycD(53, 54). This theory became unpopular due to studies of genetic 

KO of ANT which found that MPTP stimuli still caused an increase in mitochondrial 

swelling(55). Additionally, studies inducing PTP in genetic deletions of VDAC found 

that PTP opening was indistinguishable between WT and KO models(56, 57). A second 

theory emerged when it was discovered the ANT antibodies also bound the phosphate 

carrier (PiC), but studies showed genetic deletion and overexpression did not alter pore 

formation(58, 59). PiC is now recognized as a regulator of PTP through regulation of 

inorganic phosphate levels(60). In 2002, a new hypothesis arose in which the PTP could 

be two pores formed by unfolded proteins(61). While this integrated the research on CsA 

independent activation of the PTP, it did not incorporate the data which indicated that 

PTP formation was a highly regulated by pH, membrane potential, and energy levels(62, 

63). A fourth theory posited that F1F0-ATP, also known as complex V in the electron 

transport train, acts as the pore of the PTP(64-66). Studies found that mutations to F1F0-

ATP synthase led to a reduction in PTP opening(65, 67-69). Further adventures into 

understanding the subunits of the F1F0-ATP synthase found that the c-subunit had the 

ability to form pores(70). Complications to this theory arose due to the fact that genetic 

deletion of c-subunits led to CsA-sensitive PTP, and that the surface of the c-subunit and 

presence of a lipid plug closing the c-subunit mean it is unlikely to be able to conduct 
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solutes(71, 72). This leads to the current hypothesis in which there are two distinct PTP 

pores. This is supported by research which showed that while CsA-sensitive PTP could 

be induced in a c-subunit deletion, the levels of PTP were lower. These studies also found 

that there was a compensatory upregulation in an alternative PTP channel which was 

sensitive to ANT inhibitors, suggesting this alternative channel is made of ANT proteins. 

Additional studies which examined a triple KO of ANT1, ANT2, and ANT4 resulted in a 

non-classical form of PTP which could be inhibited by CsA, lending credence to the two-

pore hypothesis(73). Beutner et al, generated a hypothesis that combined aspects of each 

previous hypothesis into a conjoined one. They examined the synthasome, a 

supramolecular complex formed by the F1F0-ATP synthase, ANT, and PiC which 

increases the efficiency of ATP production. They found that F1F0-ATP synthase is 

regulated by OXPHOS, PTP opening, and CypD levels. Increasing OXPHOS or 

decreasing PTP activity via either drugs or CypD deletion increased synthasome 

assembly, whereas inhibiting OXPHOS or increasing PTP decreased synthasome 

assembly(74). This study finds a physiological role for CypD in regulating synthasome 

disassembly, suggesting its PTP role is secondary. Additionally, the study unifies many 

independent theories, ultimately suggesting that PTP formation is dynamic, it occurs 

when the ATP synthasome is disassembled, pore units are constructed from ATP 

synthasome proteins, and that disassembly of the synthasome into parts usable for 

creation of the PTP is regulated by CypD in response to energy levels in the cell.  

Necroptosis 

Necroptosis is considered the prototypical form of regulated necrosis and involves the 

proteins RIPK1, RIPK3, and MLKL. This pathway is most often depicted via TNFR1 
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receptor signaling but can be stimulated by a variety of other receptors such as TRAILR, 

FASLR, TWEAKR, IFNγR, TCR, and TLR4. Regardless of the receptor triggered, 

signaling converges on formation of the necrosome to induce necrotic cell death(75).   

Mechanistically, TNFR1 activation by TNF can cause the formation of three pathways: 

complex I (cell survival), complex IIa (apoptosis), and complex IIb/necrosome 

(necroptosis)(75). Under conditions leading to complex I association, TNFR is activated 

instigating the formation of a TRADD and polyubiquitinated RIPK1 complex which 

causes activation of NFkB, which leads to upregulation of anti-apoptotic genes A20, and 

FlipL(75). 

Cell survival signaling is positively regulated by the ubiquitination and subsequent 

lysosomal degradation of RIPK1 and RIPK3 mediated by STIP1 homology and U-box 

containing protein 1 (STUB1)(76, 77); conversely, A20 partakes in a negative feedback 

loop and deubiquitylates RIPK1(77, 78). De-ubiquitinylated RIPK1 dissociates from 

TRADD and then forms the death-inducing signaling complex (DISC) via associations 

with FADD, RIPK3, FLIPs, and pro-caspase-8. This complex is kept in stasis by the 

activity of a heterodimer complex composing of FLIPL, which is upregulated by NFkB, 

and pro-caspase-8, whose joint activity causes the cleavage and inactivate of RIPK1 and 

RIPK3 to prevent necroptosis. TNFR1 signaling causes complex IIa apoptotic conditions 

when there is activation of caspase-8. In this situation, pro-caspase-8 homodimers 

autoproteolyse and activate caspase-8, causing dissociation of caspase 8 from the DISC 

complex, allowing caspase-8 to activate executioner caspase-3 and 7 and initiate 

apoptosis(75).   
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Necroptosis occurs when caspase-8 activity is inhibited and RIPK1 and RIPK3 are not 

degraded, but instead associate, auto-phosphorylate, trans-phosphorylate, and form the 

microfilament like complex with FADD, referred to as the necrosome or complex IIb. 

RIPK3 phosphorylation allows the recruitment of MLKL which is then phosphorylated 

by RIPK3(79). ZBP1 is a key regulatory element which positively mediates sequential 

activation of RIPK3 and MLKL(80, 81). Necroptosis is negatively regulated at this step 

by protein phosphatase, Mg2+/Mn2+ dependent 1B (PPM1B), which dephosphorylates 

RIPK3 thus preventing MLKL recruitment(82).  

Once phosphorylated, MLKL forms oligomers which translocate to the plasma 

membrane where they form pores(83-87). Recent studies have found that heat shock 

protein 90kDa alpha family class A member 1 (HSP90AA1; best known as HSP90) is a 

key regulator of MLKL’s oligomerization and translocation to the PM(88, 89). If 

activation of necroptosis is minor and there are limited regions damaged by MLKL pores, 

ESCRT-III machinery traffics to the damaged membrane region and extrudes and then 

expels the damaged membrane(90).  

Pyroptosis 

Pyroptosis requires the activation of innate immunity typically in response to bacterial or 

viral infections.  Chen et al first described pyroptosis in 1996 in macrophages infected 

with gram-positive bacteria,(91) but the term pyroptosis was not used until 2001(92). 

Pyroptosis can cause lethality in causes such as septic shock(93). Pyroptosis was first 

considered a caspase-1 dependent form of cell death though recent studies have shown 

that caspase-1 is dispensable in some cases when pyroptosis is activated by human 
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caspases-3, -4, and -5 or murine caspases-3 and -11(11). Pyroptosis is now considered a 

gasdermin (GSDM) dependent form of necrotic cell death with multiple GSDM family 

members such as GSDMA, B, C, D, and E all capable of forming a pore to activate 

pyroptosis(94).   

Activation of inflammatory signaling causes the activation of inflammatory caspases, and 

once these are activated above the cell’s tolerance, pyroptosis is activated by caspase 

cleavage of GSDMD(11). Mechanistically, this proceeds via the creation of a specific 

type of inflammasome, the pyroptosome(95). The pyroptosome is composed of 4 

components: Nalp1, sensor protein; caspase-1; caspase-5; and apoptosis-associated 

speck-like protein containing a CARD (ASC), which is the adaptor protein between 

NALP1 and caspase-1(96). Activation of NALP1 causes the oligomerization of ASC 

dimers and complexing ASC recruits pro-caspase-1(96). Oligomerization of pro-caspase-

1 causes auto-cleavage of pro-caspase-1 into caspase-1(96). Caspase-1 cleaves the 

inhibitory C-terminal domain of GSDMD leading to the translocation of the N-terminal 

pore forming unit to the plasma membrane as well as proinflammatory cytokines(95), 

such as IL- β and IL-18(97). Once at the PM, GSDMD rapidly oligomerizes into a pore, 

causing massive influx of extracellular milieu into the cell and the release of cytokines 

IL- β and IL-18(94).  

Morphologically, pyroptosis results in the fragmentation of the nucleus and chromatin 

condensation that differs from apoptosis and does not activate the apoptotic caspases- 3, 

6, 7, 8(11, 97). The process features cellular swelling and culminates in rupture of the 

plasma membrane.  
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Ferroptosis 

Ferroptosis is an iron-dependent form of regulated cell death that is associated with high 

levels of lipid peroxidation. This form of RCD was first examined in 2012 by Dixon et al 

and has since been shown to play a role in the progression of various pathologies such as 

ischemia/reperfusion injury(98-101), pancreatic cancer(102), breast cancer(103, 104), 

neurological disease(105), and others(106).  

Ferroptosis occurs in cells with high levels of iron and ROS. The cells have decreased 

levels of glutathione (GSH) and activity of the glutathione peroxidase 4 (GPX4)(11). 

There are three main pathways which regulate the conditions necessary for ferroptotic 

cell death: the cystine/glutamate transporter (Xc)- pathway, the iron metabolism pathway, 

and the lipid metabolism pathway(107).  

The first is the system Xc- pathway. System Xc- is located in phospholipid bilayers and is 

an amino acid anti-transporter which functions as an antioxidant system. The transporter 

brings in cystines in exchange for intracellular glutamate at a 1:1 ratio. The cystine is 

then reduced to cysteine, which is necessary to synthesize GSH, and in turn is used by 

GPXs, specifically GPX4, to reduce ROS and RNS. GPX4 converts GSH into oxidized 

glutathione (GSSG) and reduces cytotoxic lipid peroxides (L-OOH) to non-toxic lipid 

alcohols (L-OH). When this pathway is inhibited, there is an increase of ROS and RNS, 

specifically lipid peroxides, leading to oxidative stress which primes the cell for 

ferroptosis if lipids and iron pathways are also disrupted(108).  
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The second is through iron metabolism. Fe2+ in the body is oxidized by ceruloplasmin to 

Fe3+ which then has the ability to bind the membrane receptor transferrin (TF). Once 

bound, a complex of TF receptor 1 (TFR1) and Fe3+ are endocytosed. Once inside the 

cell, the protein six-transmembrane epithelial antigen of the prostate 3 (STEAP3) reduces 

Fe3+ to redox-active Fe2+ which is then stored in the labile iron pool (LIP)(109) and into 

ferritin. The release of Fe2+ from ferritin is a tightly controlled process regulating 

intracellular iron levels(110). Free Fe2+ is redox-active, triggering Fenton reactions and 

causes an increase in ROS, thus when free Fe2+ rise above homeostatic conditions, there 

is an increase in ROS signaling and ferroptosis is triggered(111).  

The third involves lipid metabolism which is the downstream effect of all ferroptotic 

pathways. Specifically, free polyunsaturated fatty acids (PUFAs) are important lipid 

signal transduction mediums in physiological conditions. In homeostatic conditions the 

esterification and addition of PUFAs into the membrane causes beneficial signaling, 

however when oxidized they transmit the ferroptotic signal(112). Specifically, the 

oxidation of the PUFA phosphatidylethanolamine (PE) and its derivative arachidonic acid 

(AA) are the most potent mediators of the ferroptotic signal. The synthesis of PUFAs and 

their insertion into the membrane are regulated by acyl-CoA synthetase long-chain family 

member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) and thus a 

reduction of the levels or activities of these proteins is key in reduces the levels of 

oxidized lipids due to the overall reduction in PUFAs, culminating in a reduction of 

ferroptotic signaling(113).  
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Some regulators of this pathway include VDAC(114), p53(115), RSL3(116), HSPB(117). 

VDAC when dysfunctional leads to an accumulation of oxides(114). Ras-selective lethal 

small molecule 3 (RSL3) binds GPX4 and inhibits activity(116). p53 is also reported to 

affect ferroptosis via either direct inhibition of Xc- or through regulating the levels of 

arachidonate lipoxygenase 15 (ALOX15) 3. FPS1 functions as an oxidoreductase which 

reduces COQ10, which in turn is a lipophilic radical-trapping antioxidant which 

decreases the overall levels of lipid peroxides(118). Heat shock protein beta-1 (HSPB1) 

regulates ferroptosis by decreasing TRF1 expression and thus reducing intracellular iron 

uptake(117).  

Morphologically, ferroptotic cells undergo a shrinkage of the mitochondria in which the 

mitochondria become denser and lose their cristae structure. The plasma membrane does 

not rupture, and the nucleus remains its normal size without chromatin 

condensation(106).  

Parthanatos 

Parthanatos is driven by overactive DNA damage response (DDR) activity and is 

mediated by poly (ADP-ribose) (PAR) signaling and the nuclear translocation of 

apoptosis inducing factor mitochondria associated 1 (AIFM1/AIF). Parthanatos occurs in 

response to prolonged DNA alkylation damage, oxidative stress, hypoxia, hypoglycemia 

and inflammatory cues(11, 119).  In response to stress there is an overactivation of the 

enzyme poly (ADP-ribose)-polymerase (PARP), which performs DNA base-excision 

repair after sensing nicks via the creation of a PAR polymer. The PAR polymers 

normally bind to the PARP enzyme itself and other nuclear proteins such as histones, 
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DNA polymerases, and DNA ligases(120-122). Normally, post-translational ribosylation 

is required for DNA repair via recruitment to the site of damage(123). When PARP 

activity is overactivated it leads to the creation of branched long-chained PAR 

polymers(119). The creation of PAR requires NAD+ and ATP leading to bioenergetic 

crisis(124, 125). Further exasperating the energetic demise is the ribosylation of 

hexokinase 1 (HK1), which inhibits its participation in glycolysis(126, 127). The long 

chain PAR polymers then bind directly to the PAR binding sites on AIF(128). This 

allows AIF to be released from the mitochondria and then translocate to the nucleus(129). 

Energetic crisis causes mitochondrial depolarization and leads to cytochrome c release; 

its translocation precedes cytochrome c release (and caspase activation) in parthanatos70. 

Once in the nucleus, AIF causes fragmentation of the DNA >50kb via activation of a yet 

unconfirmed nuclease(130, 131). Recent interaction studies of AIF have identified 

macrophage migration inhibitory factor (MIF) as the possible nuclease catalyzing DNA 

breaks in parthanatos. Reportedly, the cytosolic localization of AIF causes MIF to 

translocate to the nuclease which causes DNA damage(132). Despite the release of 

cytochrome c and activation of minimal apoptotic pathways, fragmentation and 

subsequent chromatin condensation is thought to be the primary cause of death leading to 

membrane rupture(128, 133). Parthanatos can be suppressed by the enzyme poly (ADP-

ribose) glycohydrolase (PARG) which catalyzes the degradation of PAR(134, 135). 

Lysosome-dependent cell death 

Lysosome-dependent cell death involves a dysregulation of intracellular homeostasis and 

is differentiated by degradation of the lysosomal membrane. It was initially described in 

1983 but due to experimental limitations was not widely studied(136). Lysosome-
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dependent cell death has been experimentally validated to occur in a variety of diseases 

such as aging(137), liver disease(138), and neurodegenerative diseases(139).  

Normally, lysosomes function as the degradation center of the cell with pH of around 5 

and nearly 50 hydrolases which breakdown macromolecules for reuse(140). If lysosomes 

become enlarged and dysfunctional, they are repaired by various repair and degradation 

pathways such as the ESCRT pathway to repair leaks, ubiquitinoylation which activates 

autophagy, and a poorly understood mechanism in which the lysosome is exocytosed 

from the cell. The homeostatic lysosomal integrity mechanism can be disrupted by a 

variety of triggers such as: lysosomotropic detergent drugs, viral proteins, bacterial, 

fungal and snake toxins, ROS, and lipids and lipid metabolites which can all contribute to 

the loss of lysosomal membrane integrity(141). Lysosomal membrane permeabilization 

(LMP) causes the release of intralysosomal contents, such as cathepsins, into the 

cytoplasm. Due to the heterogeneity of the lysosomal population of a cell, both in size 

and content, the entire lysosomal population does not respond simultaneously(142, 143). 

This allows for repair and cell survival. Unfortunately, if the level of lysosomal damage 

is too high, there are not enough lysosomes for lysophagy to occur and the cell will die.  

There are differences in the morphological and biochemical differences in LDCD 

depending on the level and speed of lysosomal rupture, though in each case there is a 

release of cleaved cathepsin D followed by the larger cathepsin B. In cases where LMP is 

less severe, the features of LDCD are more similar to apoptosis or autophagic dependent 

cell death(144). This is due to the release of cathepsin which in turn causes proteolytic 

activation of Bid and Bax and leads to activation of the apoptotic pathway and 
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MOMP(141, 145, 146). Additionally, this leads to BAX being recruited to the lysosomal 

membrane and creates a pore leading to lysosome rupture(147-149). In cases of massive 

rapid lysosomal breakdown, the pH of the cytoplasm rises which can lead to a 

biochemical and morphological form of death similar to necrosis. The driving signal of 

this type of LDCD is often high levels of ROS which causes lipid peroxidation(150, 151) 

and the activation of lysosomal Ca2+ channels(152).  

Interplay between regulated forms of cell death 

There is significant overlap between general necrosis, the programmed necrotic pathway 

necroptosis and secondary necrosis resulting from apoptotic cell death. In all three 

situations, there is a an increase in ROS, alterations to mitochondrial membrane potential, 

and permeabilization of both the lysosome and membrane permeabilization, though the 

exact mechanisms by which these occur is altered (153). Additionally, apoptotic 

regulators Bax and Bak act as regulators of the outer pore component of the MPTP, (154) 

key in the pathology of primary necrosis (155). Other apoptotic mediates, Bcl-2 and Bcl-

XL block both hypoxia-induced apoptosis and necrosis as well as KCN-induced necrotic 

cell death(156). Another association between apoptosis and necroptosis is the regulation 

of both by caspase-8. Caspase-8 activates apoptotic cell death while it inhibits necroptotic 

cell death(157-159). Furthermore, secondary necrosis follows apoptosis in cases where 

the scavenging system is deficient or, as in the case with arthritis, the vasculature is 

insufficient to allow immune influx, and thus apoptotic cells remain in the tissue an 

eventually rupture. The signaling cascade which occurs involves activation of GSDMD 

family member DNFA5 indicating cross-talk between apoptosis, secondary necrosis and 

pyroptosis(160).  Amongst necrotic cell death subpathways, pryoptosis and necroptosis 
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both converge on activation of NLRP3 as GSDMD and MLKL pore formation leads to 

potassium efflux, which triggers the NLRP3 inflammasome, leading to IL-1β release and 

inflammation (161). Additionally, regulators of interplay between cell death pathways do 

not always include genes but also include oxygen species and nucleotides. Specifically, 

high levels of mitochondrial ROS are linked to the switch from apoptosis to 

necroptosis(162). ATP is also important in the interplay of cell death in that ATP is 

required for apoptosis to occur while low levels cause the cell to proceed to 

necrosis(163). 

The significant overlap between cell death pathways explains why many promising 

targets are so unfulfilling in clinical trials. For example, MPTP component CypD is 

inhibited by the drug cyclosporin A (CsA) which made it to Phase 2 trials before finding 

that intravenous CsA prior to percutaneous coronary intervention (PCI) did not protect 

against injury, suggesting an alternative pathway was triggered leading to the same 

amount of death(164). This highlights the need for therapeutics designed at key 

regulators of multiple cell death pathways or combination drug therapy targeting multiple 

pathways simultaneously 
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CHAPTER 2: MEMBRANE DYNAMICS DURING 

RUPTURE AND REPAIR 

The Plasma Membrane 

The plasma membrane is a dynamic physical and electrical barrier which protects the 

cytoplasm and intracellular organelles from the outside environment. The basic model of 

a ‘fluid mosaic model’(165) of plasma membrane constitution and function was created 

in the 70’s by Singer and Nicolson, and while it has been updated throughout the 

decades, many of the core premises remain the same(166). Herein, the updated plasma 

membrane core factors are described.  

The membrane is composed of phospholipids, glycolipids and sterols, which contain 

hydrophilic and hydrophobic moieties, interspersed with both peripheral and integral 

proteins. The individual lipids are oriented in a bilayer structure with the hydrophobic 

tails facing each other to form the internal matrix protected from the aqueous space by 

the hydrophilic heads(166). While the membrane protects the inner working of a cell 

from outside influences, some communication between the internal and external 

environment is required for nutrient uptake and waste disposal. Peripheral proteins bind 

the polar headgroups of the membrane while integral proteins insert into the membrane to 

bind to the hydrophobic matrix, usually via a small α-helix domain. There is also another 

category of proteins which binds transiently to the membrane, which exist part-time in 

the membrane and part-time in the cytosol(166). Their attachment to the membrane is 

often controlled by the addition or removal of a lipid moiety which allows for their 

membrane integration(167) or by due to changes in charge often regulated by Ca2+(168).  
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The composition and location of the lipid constituents of the membrane and their 

associated proteins are highly dynamic due to lipid synthesis, lipid transfer, membrane 

trafficking, and protein turnover(169). Lipids can rotate within the membrane as well as 

move laterally throughout the membrane and can switch between the outer and inner 

leaflets(170). This leads to an asymmetric membrane, as evidenced by the ability of 

researchers to use annexin-V to examine phosphatidylserine transfer to the outer leaflet as 

evidence of apoptotic cell death(171). The transfer of lipids and maintenance of bilayer 

asymmetry is maintained by the lipid transporters flippase and floppase(172).  

Organization of the bilayer membrane is not uniform, containing areas of different 

curvature, lipid constitution, and protein constitution. Specific areas of the membrane are 

enriched in sphingolipids and cholesterols and termed “lipid rafts”. They are key 

regulators of signaling via receptor-ligand interactions, mechano-transduction, protein 

localization, curvature sensing and vesicular fission/fusion. A highly important example 

of receptor-ligand signaling is the G-protein-mediated cascade, in which the activation of 

a receptor causes physical interaction with a G-protein which in turn binds and activates a 

cyclic ATPase leading to a specific cellular response(173). In the mitochondrial 

membrane, curvature of the cristae is dependent on the MICOS complex, which creates 

loops in the membrane which are necessary for close association of the mitochondrial 

respiratory complexes(174). Extracellular mechanotransduction signaling includes cell-

to-cell junctions which regulate cell growth, survival, and polarity(175). Membrane 

curvature and fluidity is determined by lipid constitution and the presence of curvature 

proteins such as clathrin(176) or dynamin(177), both of which are important in the 

creation and budding of vesicles. Other proteins such as Bin/Amphiphysin/Rvs (BAR) 
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domain-containing proteins, which bind to and curve the membrane using simple 

electrostatic interactions, have the ability to sense membrane curvature via the affinity of 

their interactions. Once bound, BAR proteins aggregate and create a protein mesh 

network to remodel the membrane(178). Alterations to any of these interactions can lead 

to disease.  

Membrane Rupture  

General Overview of Membrane Rupture 

Over the course of a cell’s life, many minor ruptures will occur in the plasma membrane. 

These ruptures are caused by various stimuli such as ROS damage, mechanical stress, or 

chemical or bacterial toxins. Ruptures are typically healed within 10-30s(179). While the 

plasma membrane wound remains open, the cytoplasm spills from the cell while the 

extracellular milieu quickly flows along a concentration gradient into the tightly 

regulated cytosolic environment, causing cell swelling. If the membrane hole is not 

repaired, this ultimately leads to cell death(180). The cytosolic contents which abscond 

from the cell contain damage-associated molecular patterns (DAMPs), which alert the 

innate immune system that there is negative cellular activity occurring(181). 

Simultaneously, the cell loses tensegrity, which is the tensile force which creates the 

membrane tension necessary for actomyosin contraction and the maintenance of 

cytoskeletal structures(182).  

Physiological Membrane Rupture 

Membrane rupture often occurs as a by-product of the physiological processes of a tissue, 

and thus a cells life includes frequent cycles of plasma membrane injury and repair. 
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Specifically, strenuous physical activity leads to damage of muscle fibers in both skeletal 

fibers and cardiomyocytes, causing the release of intracellular myocyte contents such as 

creatine kinase and lactate dehydrogenase(183-186). Likewise, during digestion, 

intestinal epithelial cells rupture, increasing their permeability to stomach contents(187). 

These ruptures only proceed to a disease state if regulators of the repair process are 

altered.  

Membrane Rupture in Apoptosis and Secondary Necrosis 

Uncontrolled membrane rupture is associated with cell death in many diseases. Typically, 

membrane rupture is associated with necrotic forms of cell death, but even apoptotic 

cells, generally considered non-lytic and non-inflammatory, can undergo membrane 

rupture through a process known as secondary necrosis(188). Normally, apoptotic cells 

and the released apoptotic bodies are engulfed by phagocytic scavengers due to signals 

being exposed during the apoptotic execution phase. This process is often seen in vitro 

due to the lack of scavenger cells, given the homogenous cell culture environment. 

Interestingly, this process has also been reported in vivo when large-scale apoptosis either 

overwhelms the immune system’s scavenging abilities or when the scavenging 

processing are inhibited(189). Pathologically this occurs in arthritis; here, cartilage 

chondrocytes undergo apoptosis but, due to the lack of vasculature supply, are not 

surrounded by the scavenger proteins necessary for a non-inflammatory response, thus 

they then proceed to secondary necrosis(190, 191). In secondary necrosis, cells exhibit 

the release of toxic signaling components common to necrosis downstream of apoptotic 

body formation including elastase, myeloperoxidase, and HMGB1(42-47). Additionally, 

in the context of cerebral ischemia and other neurodegenerative disease, studies have 
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shown that apoptotic cell death is accompanied by necrotic cell death(192-196). 

Furthermore, studies in ischemia reperfusion in a cardiac model have shown that the 

inhibition of apoptosis during reperfusion reduces the levels of inflammation within the 

cell, suggesting that apoptotic cell death is a driver of inflammatory signaling and further 

necrosis in ischemic diseases(193, 197, 198).  Mechanistically, secondary necrosis 

proceeds via the prolonged activation of caspase-3 leading to the cleavage of DFNA5 

into N-terminal DFNA5 (N-DFNA5). N-DFNA5 translocates to the plasma membrane 

where it creates a pore(160). The resulting plasma membrane rupture causes cellular and 

apoptotic body swelling, culminating in total cellular disruption(189). Due to the 

DFNA5’s categorization as a GSDMD-related protein, this secondary necrosis pathway is 

thought to be related to pyroptosis(160).  

Membrane Rupture in Necrotic Cell Death  

As discussed above, many forms of necrotic cell death include lysis of the plasma 

membrane. Translocation of channel or pore proteins to the plasma membrane increases 

plasma membrane permeability and causes plasma membrane rupture in programmed 

necrosis(87, 199-203). Specifically, in pyroptosis there is cleavage of the autoinhibition 

domains of GSDMD which allows for translocation of the N-terminal domain to the 

plasma membrane, where it oligomerizes and forms a pore(202, 203). In necroptosis, 

phosphorylated MLKL oligomerizes on the plasma membrane creating a large pore, 

leading to plasma membrane dissolution(87, 199-201). During MPTP-dependent cell 

death, a pore is formed on the IMM, though the identity of the pore-forming components 

is still unconfirmed. Eventually, the swelling of the IMS leads to the rupture of the 

OMM, causing high levels and Ca2+ and ROS, which leads to the dissolution of the 
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plasma membrane through an as of yet unknown mechanism(49). Another form of 

programmed necrosis, LDCD, which occurs after LMP, features membrane rupture 

through a yet undefined process. In mild cases of LMP, morphologically and 

biochemically the process is similar to apoptosis and autophagy and the plasma 

membrane is not compromised(144). When the LMP is severe, there is a dissolution of 

the barrier which was protecting the cytoplasm from the highly acidic and proteolytically 

dense lysosome. This causes alterations to cytosolic pH, induces high cytosolic ROS 

levels, and lipid peroxidation. Eventually this causes plasma membrane rupture through a 

still undefined mechanism(150, 151).  

Membrane Repair  

Excitingly, studies in the early 2000s found that cells activate numerous pathways to 

expediently heal the body on both a tissue and cell specific level before catastrophic 

damage occurs. This process is especially important in cells which are non-proliferative, 

such as cardiomyocytes or neurons, and in cells which rupture often such as muscle cells. 

The pathways regulating membrane repair are better understood and more ubiquitous 

than those regulating membrane rupture. First, on a tissue level, there are a variety of cell 

types recruited to the site of membrane rupture in vivo to help contain damage, such as 

fibroblasts to the site of myocyte death caused by myocardial infarction, which replace 

dead cells to preserve tissue function. Beyond the multi-cell orchestration, there are 

intricate single-cell mechanisms which repair both the cell’s plasma membrane and the 

underlying cytoskeletal structure, to restore the cell to homeostasis(186). These proceed 

as long as Ca2+ is present in the extracellular solution(204-206).Given the Ca2+ 

requirement, cell membrane repair is considered a Ca2+ dependent process. Upon PM 
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rupture there is an influx of extracellular Ca2+, causing a rapid iCa2+ increase and 

instigating a variety of Ca2+ triggered cell signaling pathways(207).  

Membrane Repair Insufficiencies and Disease  

There are many instances, particularly in vitro, when permeating the plasma membrane 

does not damage the cell or lead to a wound response(208, 209). There are signaling 

mechanisms, distinct from the PM tear itself, which trigger the wound healing response. 

Understanding these processes in the context of disease is particularly important. There 

are numerous diseases in which these processes have been elucidated and deficiencies 

exist due to either mutations to repair associated proteins or due to catastrophic damage 

which overloads the repair systems capabilities. 

Duchenne muscular dystrophy is a common example of a membrane rupture and cell 

loss-driven disease. Diagnosis occurs during childhood and life expectancy for those 

diagnosed is shortened(210). The disease is caused by dysfunctional dystrophin, a protein 

essential in the organization and stability of myocytes(211). In particular, there is a loss 

of adhesion between the sarcolemma and individual muscle fibers,(212, 213) leading to 

increased injury during exercise(214). Evidence suggested that the increased injury 

during Duchenne’s overwhelms the bodies innate repair systems leading to a progressive 

loss of myocyte mass and function(215). Two other types of muscle wasting diseases are 

Miyoshi myopathy and limb-girdle muscular dystrophy (LGMD) which are both caused 

by mutation in dysferlin, a gene associated with vesicle fusion at wound sites(216, 217). 

Again, disease diagnosis typically occurs in childhood and patients can rapidly lose the 

ability to walk as well as begin to have cardiac dysfunction(218, 219). Furthermore, the 
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autosomal dominant form of muscular dystrophy in humans (LGMD1C) is caused by 

mutations in the muscle-specific caveolin-3 isoform Cav3(220), a protein necessary for 

the trafficking of dysferlin(221). While Cavin is a plasma membrane specific caveolae 

coat protein,  mutations are linked to cardiomyopathy and various forms of skeletal 

muscle pathology in humans(186). Membrane rupture and cell death driven disease can 

also be caused by external stimuli including pathogenic bacteria, such as Streptococcus 

pneumoniae, Staphylococcus aureus, Escherichia coli, and Mycobacterium tuberculosis, 

which insert pore-forming toxins into the membranes of host cells causing nutrient 

release and often lytic cell death due to the cells repair system being unable to resolve all 

the pores(222, 223).   

The Cytoskeleton  

During membrane rupture, the plasma membrane’s underlying structure, the 

cytoskeleton, is wounded as well. The cytoskeleton is a network of interlocking 

filamentous polymers and interacting proteins which preform three main functions for the 

cell: spatial organization of contents, maintenance of physical and biochemical 

connections to the external environment(224), and the generation of membrane tension 

allowing the cell both motility and shape maintenance(225). The cytoskeleton is a 

dynamic structure which is constantly in flux depending on the acute cellular need. The 

main components of the cytoskeleton are: 1) tension-bearing actin filaments(226), 2) 

compression-bearing microtubules, and 3) intermediate filaments which have a passive 

role normally but contribute to tensegrity in stressed cells(227). There are over 150 

interacting proteins which have been discovered for actin alone(228), including annexins, 

which are important regulators of exocytosis, endocytosis and wound repair(229).  
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Intracellular Ca2+
 (iCa2+) homeostasis 

Ca2+ is a divalent cation which is an essential regulator of signal transduction, carrying 

environmental information important in all aspects of life from fertilization to cell death. 

While the breadth of calcium signaling has been covered in numerous reviews(168, 230-

234), essential to this thesis is the role of Ca2+ in the regulation of the wound healing. 

Ca2+ binds to a regulates hundreds of proteins and thus maintaining iCa2+ homeostasis is 

essential to preserving cellular life as sustained increases in iCa2+ are known to lead to 

cell death. Numerous channels and receptors regulate iCa2+ levels, including, but not 

limited to: the plasma membrane Ca2+-ATPase (PMCA)(235), the 

sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA)(235), the Na+/ Ca2+ 

exchanger (NCX)(236) localized to the PM (237), voltage-gated calcium channels 

(VGCCs), receptor-oriented channels (ROC), store-operated calcium channel (SOC), 

transient receptor potential (TRPs) channels(236), ER localized IP3 family channels 

(IP3Rs), ryanodine receptors (RyRs), the mitochondrial-localized mitochondrial calcium 

uniporter channel (MCU) and the mitochondrial-localized Sodium/Calcium/Lithium 

Exchanger (NCLX). All of which operate at different locations such as the PM, 

mitochondrial membrane, golgi, lysosomal membranes, and others, in synchronization, to 

keep iCa2+ levels in the nanomolar range.  

Overview of Membrane Repair Pathways 

Membrane resealing can be divided into six distinct yet integratable pathways: (1) the 

wound is small and the cell has a low enough membrane tension for spontaneous 

resealing; (2) the membrane around the damaged area is cinched off and expelled into the 

extracellular space(238, 239); (3) Ca2+ triggers exocytosis of vesicles to the wound 
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adjacent area to bring extra lipid bilayer to reduce membrane tension and allow for 

sealing of the hole(240-242);  (4) the wounded region is endocytosed(243, 244); (5) the 

membrane is patched via fusion of intracellular vesicles below the wound site before 

fusion with the wound adjacent region to plug the hole(245-247) which is followed by 

endocytosis of the repaired region due to the presence of double bilayers at the periphery 

of the cell post fusion(246, 248);  and (6) “explodosis” which, like the patch method, 

involves the fusion of intracellular vesicles with the membrane surrounding the wound, 

but, once fusion occurs, the vesicles then explode their contents to extracellular space and 

in the process create a single layer of bilayer at the cell periphery(245). The cells’ 

decision to undergo resealing via one of these six pathways is dependent on the wounding 

method, wound size, and cell type. These pathways are not mutually exclusive. Normally, 

numerous pathways occur simultaneously to close the hole as rapidly as possibly(249).   

Ca2+ activation of membrane repair pathways  

Rupture of the PM leads to a rapid and transient flood of extracellular Ca2+ which is 

required to trigger the signaling cascade necessary for repair. In 1995, Bi et al(207), 

dispelled the notion that Ca2+ regulated exocytosis was reserved for secretory fusion 

events(186). They found, using a sea urchin egg-wounding model, that injury causes 

rapid Ca2+-dependent exocytosis which correlated with the rate of membrane resealing, 

suggesting Ca2+ signaling was a key factor in the membrane repair. Specifically, they 

found that vesicles first dock to the site of injury and are then sealed via SNARE complex 

fusion mechanisms(207).  Since the discovery that membranes undergo repair, there has 

been study of a multitude of Ca2+ sensitive proteins which could regulate membrane 
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repair such as the Ca2+-dependent cysteine protease calpain, Ca2+-activated 

transglutaminases, annexins, synaptotagmin 7, and dysferlin.  

Lipids in membrane repair 

To begin, when the plasma membrane is ruptured, the lipid bilayer experiences a large 

increase in free energy due to the exposure of hydrophilic tails to the aqueous space. The 

exposure of hydrophobic residues to an aqueous solution is energetically unfavorable and 

leads to the rapid reorganization of the lipids. The hydrophilic heads form curved edges 

at the site of rupture, reducing the free energy but not returning the free energy levels to 

normal(250, 251). To resolve the remaining free energy perturbations there is a reduction 

in membrane tension. If the holes remain small, a lowering of membrane tension leads to 

spontaneous healing(252). Mechanistically, the hydrophilic lipid heads attach to the 

cytoskeleton, allowing lateral movement, and pull the hole closed. The speed at which 

this process occurs is dependent on membrane lipid composition(253, 254), Ca2+ 

levels(255), proteins(256), wound radius(257), and membrane tension. This process can 

be helped along by caveolae, an invaginated region of the plasma membrane composed of 

oligomerized caveolin monomers. During the wound healing response, caveolin 

oligomers dissociate, leading to rapid flattening and disassembling of caveolae structures, 

thus releasing membrane tension(251).   

Actin and myosin in membrane repair 

During wounding, the cytoskeleton is disrupted at the sight of injury. For membrane 

healing to occur, drastic changes need to occur to the plasmalemma surface and normal 

cytoskeletal structures need to be restored. Typically, this requires additional membrane 
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material to be brought to the site of the wound, but, for this to occur, a secondary 

localized disruption of the actin cytoskeleton must occur to allow the influx of repair 

materials(258). The localized cytoskeleton disassembly allows for both a decrease in 

overall membrane tension and space for membrane patches, in the form of vesicles, to 

arrive at the site of injury(259). The increased iCa2+ levels caused by the rupture 

contribute to actin disassembly in a variety of systems(260-262), likely due to direct 

interaction of microtubules with iCa2+(263). Once tension is decreased and sufficient 

membrane material is near the wound an actomyosin purse string is formed(264-266) 

which contracts around the wound allowing the intact membrane and connected 

cytoskeleton into closer proximity to close the wound(267, 268). Simultaneously, the 

microtubules are recruited to the wound site(262) and have been shown to be important in 

the transport of lysosomes of trans-golgi network lipids which aid in membrane 

resealing(242, 269, 270).   

Annexins in membrane repair 

The annexin (Anx) protein family, characterized by their Ca2+-dependent binding to 

negatively charged phospholipids, are important regulators of plasma membrane 

repair(249). Normally, annexins participate in a variety of membrane associated events 

including endocytosis(271-274), exocytosis fusion(275-277), organization of membrane 

domains and maintenance of membrane-cytoskeletal interactions via interactions with 

actin(229, 278, 279).  

During wound repair annexins are recruited to the site of injury in a temporal fashion 

dependent on cell type(280, 281). Once at the site of injury, annexins, such as AnxA1 and 
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AnxA2, sequester the extracellular Ca2+ influx via plugging the bleb or pore which 

created the injury(251, 282-285). In PS rich membrane AnxA5, forms a shield around the 

injury site(245). Likewise, AnxA4 trimerizes and binds to the membrane. Together with 

AnxA6, Anx4 induces membrane curvature, bringing the torn membranes closer together 

for repair(286, 287).   

There are numerous annexin interactors which are important during the course of plasma 

membrane repair, such as neuroblast differentiation-associated protein (AHNAK), S100 

calcium-binding protein A10 (S100A10), dysferlin, calpains, apoptosis-linked gene 2 

(Alg2), Alg-2 interacting protein X (ALIX), and ESCRT proteins. Calpains are cysteine 

proteases activated by Ca2+ which are important in the cleavage and disassembly of the 

cytoskeleton, allowing repair molecules close to the site of injury. Alg2 is an endosomal 

protein which associated with ALIX to initiate the ESCRT pathway. During wound 

healing AnsA7 recruits ALIX and Alg2 to assemble the ESCRT pathway and cause 

outward membrane budding at the site of injury to facilitate repair(288-290). During 

plasma membrane repair AnxA2 and S100A11, important in the trafficking of membrane 

proteins(291, 292), interact, providing Ca2+ regulation of annexin proteins. AHNAK, a 

repair protein, important in cell migration, interacts with dysferlin, another repair protein, 

to translocate to the site of injury(293). Whether these two complexes interact is 

unknown, but their interaction is possible, due to non-overlapping binding sites(294-296). 

The integration of these processes is essential for rapid cytoskeletal rearrangements, 

allowing the cell to recruit wound healing components to the site of injury via processes 

such as endocytosis and exocytosis.  
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Endocytosis in membrane repair  

Physiologically, endocytosis is a process which mediates nutrient uptake, receptor 

internalization, and lipid recycling. Mechanistically, this occurs when a section of the 

plasma membrane and the surrounding space is invaginated forming internal vesicles. 

There are four main types of endocytosis mediated by distinct sets of proteins: caveolae-

mediated, clathrin-mediated, pinocytosis, and phagocytosis. Clathrin-mediated 

endocytosis is the main form by which receptors are up taken into a cell. Clathrin forms a 

triskelion shape, which grants it the flexibility to form a hexagonal architecture around an 

endocytic vesicle. Caveolae-mediated endocytosis is the second most prominent form of 

endocytosis. Caveolins concentrate in areas of the membrane, oligomerize, and then act 

as a scaffold for other signaling proteins. They are capable of oligomerizing to the point 

at which they induce membrane curvature followed by involution of the membrane. 

Pinocytosis occurs in membrane areas with highly irregular architecture, in which a 

vesicle forms inside the plasma membrane containing a large volume of extracellular 

fluid. Phagocytosis creates much larger endosomes than these other processes and is a 

form of endocytosis in which another cell is recognized and consumed by the original 

cell.  

Regardless of which proteins mediated the initiation of endocytosis, the cell sequentially 

generates three compartments: the early endosome, the late endosome, and the lysosome. 

Early endosomes are a direct results of the scission of a membrane invagination and are 

usually located at the cell periphery. The slightly acidic pH causes the dissociation of 

numerous receptors embedded in the endosome. Next, late endosomes form via the fusion 

of numerous early endosomes. Late endosomes can be delivered to a variety of different 
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compartments or fuse with the lysosome. Lysosomes are the last component of the 

endocytic pathway. They are highly acidic with a pH of ~4.8 and feature over 40 

hydrolytic enzymes which can degraded and recycle cellular components. 

During membrane injury, endocytosis heals the membrane in two ways after the actin 

cytoskeleton is disassembled(242, 297). Either by leveraging the four aforementioned 

endocytosis pathways (clathrin-mediated, caveolea-mediated, pinocytosis, or 

phagocytosis) to internalize the wounded region and allowing this to be degraded by the 

lysosome, or by endocytosing the ‘healed’ membrane to restore membrane architecture to 

a physiological state.   

ESCRT in membrane repair 

Endocytosis is predominately mediated by ESCRT, which is known to be involved in 

membrane budding, cytokinesis, and scission. In particular, it is highly important in the 

formation of multivesicular bodies (MVB)(298). ESCRT proteins cause deformation and 

invagination of the plasma membrane or organelle membrane, prior to scission of the 

vesicular body. The ESCRT pathway feature five complexes which are recruited to the 

membrane in a serial fashion for the formation of vesicle bodies. The ESCRT-0 complex 

binds to the endosome before ESCRT-1, ESCRT-II, and ESCRT-III complex bind and 

begin the involution of the membrane and scission of involutions. ESCRT disassembly 

and recycling is then mediated by the ATPase protein Vps4B(299-301). 

During wound healing, ESCRT machinery is recruited to the depolymerized microtubule 

environment at the site of membrane rupture. Recruitment occurs in an energy 
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independent manner, indicating ESCRT does not traffic on vesicles to the site of injury, 

but is likely recruited via poly-ubiquitinoylation signaling(302, 303) originating at the 

rupture site or via accessory proteins, such as ALIX(304), which respond to Ca2+ 

signaling.  

ESCRT-mediated pinching of the membrane is an energy dependent process due to the 

recycling component Vps4B, an ATPase protein. ESCRT-mediated repair has been 

shown to be important primarily in the closure of small wounds. In vitro experiments 

found that cell line with mutated Vps4B(305) are unable to recycle the ESCRT 

components. When injury was induced, cells containing mutated Vps4B healed if large 

wounds were caused, while cells which had small wounds were unable to heal and 

eventually died. This supports the model that ESCRT machinery is recruited to the site of 

small wounds wherein ESCRT prevents expansion of the wound and budding of the 

damaged region before its expulsion to the extracellular space but that alternative 

methods drive the healing of large wounds(238).  

Exocytosis in membrane repair  

Wounds can also be via exocytosis which occurs when a vesicle fuses with the plasma 

membrane via an energy-dependent process. Physiologically this is well understood in 

the context of neurotransmitter release in which a vesicle, typically containing 

neurotransmitters or hormones, fuses with the membrane to release its vesicular contents 

into the extracellular space(306).  
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Exocytosis occurs in five steps: trafficking, tethering, docking, priming and fusion with 

all steps facilitated by SNARE proteins. 1) Vesicles and vesicular SNARE (V-SNARE) 

proteins such as synaptobrevin, traffic along actin or microtubules. 2) Trafficking occurs 

along actin and microtubules passively until the vesicle comes into contact with tethering 

proteins. 3) Synaptobrevin comes in contact with target membrane SNARES (T-SNARE) 

including isoforms of syntaxin and SNAPs. Accessory proteins create weak interactions 

holding the vesicle tethered to the membrane(307). 4) The vesicle is considered docked to 

the membrane when the core SNARE complex known as the “SNARE pin” is formed. 

The SNARE pin is composed of single alpha helices donated from syntaxin and VAMPs 

(vesicle-associated membrane proteins) and two alpha-helices from SNAP 

(synaptosomal-associated protein)(308). 5) Fusion begins upon Ca2+ entry to the system. 

Ca2+ binds the EF hands of synaptotagmin inducing a conformational change, driving 

winding of the SNARE pin. Vesicular-membrane fusion occurs as the continuous 

winding of the SNARE pin causes close proximity of the opposing bilayers. Eventually 

the bilayers fuse together, forming a hemifusion intermediate which creates a pore 

between the two membranes, allowing the flow of contents from the vesicle to the 

extracellular space. While a single SNARE pin is sufficient to cause a pore to open 

between the vesicular and target membrane allowing vesicular content release, this is not 

sufficient for prolonged opening and eventual membrane fusion. Studies have indicated a 

single SNARE pin can wind for fusion as long as three additional SNARE pins are 

simultaneously pulling the fusion pore open(309).  

Exocytosis and vesicular fusion are highly important pathways during membrane repair 

which have been proposed to occur in two ways. The first suggests that intracellular 
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vesicles move toward the membrane wound forming a barrier between the rupture and 

the cytoplasm, inhibiting Ca2+ flux and cytoplasm loss, while fusion occurs(186). The 

second suggests that exocytosis occurs in regions surrounding the membrane leading to a 

decrease in membrane tension(242) due to increased plasma membrane area(182, 310) 

and allowing membrane self-sealing due to lipid free energy kinetics(252). 

Lysosomes in membrane repair  

Recent studies have shown that lysosomes, which are intracellular vesicles important in 

the recycling of intracellular contents and contain LAMP-1(240, 241) and ASM(311), are 

one of the main vesicular bodies exocytosed during wound healing.  Upon rapid Ca2+ 

flux, the lysosome rapidly exocytosed to the site of membrane blebs to act as a lipid patch 

for the membrane(312). Lysosomes move along microtubules(313) to the plasma 

membrane where SNARE-mediated fusion occurs. Specifically, the lysosome-bound 

synaptotagmin 7(314) and vesicle-associated membrane protein (VAMP)-7 come into 

contact with plasma membrane-associated sytaxin-4 and synaptosomal-associated protein 

(SNAP)-23(315).  

Exocytosis of lysosomes has been extensively observed in injured cells, and plasma 

membrane repair is impaired after inhibition of lysosomal exocytosis. Impaired plasma 

membrane repair is also seen after inhibition of either synaptotagmin 7, a member of the 

synaptotagmin family of Ca2+ sensors present on the membrane of lysosomes, or of 

components of SNARE complexes that mediate lysosome exocytosis(316). This process 

causes an irregularly shaped membrane and acid sphingomyelinase (ASM) localization 
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on the outer leaflet which triggers repair of the irregular membrane architecture via 

endocytosis(317).  
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CHAPTER 3: SNARE COMPLEX COMPONENTS 

AS DRIVERS OF MEMBRANE RUPTURE IN 

NECROTIC CELL DEATH HYPOTHESIS  

Hypothesis 

While SNARE complex components are essential for calcium mediated membrane repair 

after wounding, there is a vast array of literature which suggests there is a mechanism by 

which NSF can contribute to membrane rupture. As explained above, vesicle fusion 

events occur between two membrane bilayers and lead to the formation of a pore which 

allows contents to flow from the inside the vesicle to the compartmental space. In 

homeostatic conditions, this occurs without the leakage of vesicular contents or influx of 

extracellular contents. In non-homeostatic conditions, the lipid bilayer can become 

compromised, leading to leakage of vesicular contents and influx of extracellular fluids. 

Yeast contain genes driving fusion which are not directly homologous to mammalian 

SNARE proteins, but function in a similar manner to SNARE proteins. Experiments in 

yeast found that homeostatic ratios of fusion components are necessary for maintaining 

membrane integrity as dysregulation of fusion component synchronization between the 

mating yeasts, which fuse during mating, led to significant lysis (318). Additionally, 

multiple experiments have examined how alterations to SNARE component expression 

can lead to increases in membrane lysis. Experiments which examined fusion in yeast 

vacuoles, the equivalent to mammalian lysosomes, saw that when ratios of SNARE 

complex components were non-physiological, specifically, when VAMP was 

overexpressed, there was leakage at the site of fusion(319). Similarly, overexpression of 

four SNARE complex components simultaneously also increased organelle lysis(319) in 
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a manner that correlated linearly with SNARE activity and increases in syntaxin ratios 

encouraged a loss in membrane integrity(320). Furthermore, in virus studies, when virus 

entities attempt to fuse with the cell membrane, there is increased permeability during the 

hemifusion intermediate stage(321, 322).  

Given that we know in mammalian systems that the duration for which the pore remains 

open relates to the number ‘SNARE-pins’(309), it is possible that there is a prolonged 

opening of the pore due to improper ratios of SNARE complex components extending the 

period from docking, priming and fusing to recycling.  

As membrane lysis is a core part of necrotic cell death, it is possible that alterations to 

SNARE complex activity could be a significant driver of necrotic membrane rupture. 

During necrotic cell death, and conditions preceding necrotic cell death, numerous 

physiological pathways are dysregulated, some of which are expressly delineated in the 

cell death section above. The aberrant function of these pathways can lead to decreased 

pH, increased Ca2+ levels, and increased ROS levels, all of which are known to affect the 

physiological functions of Nsf (323-329). Specifically, studies have shown that NSF’s 

ATPase activity functions optimally at a pH of 9.0 (327, 328), while during death 

inducing conditions such as ischemia pH levels decrease(330) and that SNARE complex 

components such as NSF are redox regulated causing alterations to homeostatic 

functions(327, 328).   Due to numerous studies examining lysis that occurs during 

vacuole fusion, yeast mating, and when fusion component balance is altered(331), along 

with studies identifying conditions similar to those in necrotic cell death altering SNARE 
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complex component activity, we hypothesize that SNARE complex dysregulation drives 

membrane lysis instead of simply inhibiting membrane repair.   
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CHAPTER 4: N-ETHYLMALEIMIDE SENSITIVE 

FACTOR (NSF) IS A REGULATOR OF PLASMA 

MEMBRANE RUPTURE AND NECROTIC CELL 

DEATH 

Introduction 

Annual US health care spending amounts to ~$3.8 trillion per year, 90% of which is 

caused by cell death-driven chronic diseases, including heart disease, stroke, Alzheimer’s 

disease, and diabetes (332). Generally, cell death is characterized by the phenotypic 

morphology of the dying cell and classified as either apoptosis or necrosis(333, 334). 

Apoptosis is defined by chromatin condensation, cell shrinkage, and budding and 

involution of the membrane, followed by phagocytotic clearing of apoptotic bodies with 

minimal inflammation(335, 336). Conversely, necrosis features cellular and organelle 

swelling with plasma membrane rupture, culminating in cell lysis and a robust 

inflammatory response(336). Over the last three decades, the genes and pathways 

orchestrating apoptosis have been elucidated via numerous screening approaches in 

multiple organisms, which solidified apoptosis as a non-physiological method of cell 

loss(337-343). Unfortunately, therapeutic targeting of apoptosis in chronic and acute 

disease has been underwhelming (344). Interestingly, while necrosis has historically been 

defined as unprogrammed, the cell death field has begun to demonstrate that necrosis is a 

regulated process with definable molecular effectors(52, 345-347). The loss of cells 

specifically by a programmed necrotic process appears to underlie a large array of adult-

onset human disease states, such as ischemic injury, neurodegenerative diseases, and 

aggregation-based disorders(348-354). Despite great advances, the molecular 
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mechanisms controlling plasma membrane rupture, the final cellular event in necrosis, 

and the onset of inflammatory signaling have not yet been identified across programmed 

necrosis subtypes. 

The scarcity of information regarding the genes regulating plasma membrane rupture led 

us to design a non-biased, genome-wide, loss-of-function screen with the goal of 

dissecting the pathways and events central to necrotic cellular demise. We discovered 

numerous shRNA clones that enhanced membrane rupture (protective gene targets), as 

well as many shRNA clones that inhibited membrane rupture (pro-necrosis gene targets). 

Using bioinformatic enrichment analyses and gene ontology grouping, we discovered that 

the SNARE-complex is a central regulator of membrane rupture. Here we describe a new 

molecular pathway by which the SNARE complex recycling component N-

ethylmaleimide sensitive factor (NSF) regulates plasma membrane rupture in necrotic 

cell death and provide evidence that therapeutic manipulation may reduce tissue injury.  

Methods 

Tissue culture and generation of stable knockdown cell lines. All fibroblast cell lines 

(mouse embryonic fibroblasts (MEFs), NIH-3T3, 10T1/2) and all mutant variations were 

cultured in DMEM medium supplemented with 10% bovine growth serum (BGS), 

antibiotics, and non-essential amino acids. To generate stable cell lines, 3T3 or MEFs 

were infected with lentivirus shRNA against a given target or a pLKO.1 empty vector 

control (sh01) or a scramble sequence control (sh02) (TRC 1.0 library, Mission shRNA 

library Sigma-Aldrich Life Sciences). Cells were treated with virus overnight followed by 

media exchange and a 48hrs incubation period after which cells were placed under 
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puromycin (4µg/ml) selection for 48hrs to generate batch selected stable knockdown 

lines. Some experimental cell lines (e.g., Ppif stable knockdown) were made clonal by 

plating ½ cell per well into 96 well plates and selecting numerous clones for expression 

analysis. Stable knockdown was assessed by qPCR (SYBR green, Bio-Rad) against the 

target gene with expression corrected against the housekeeping gene ribosomal protein 

S13 (RPS13) or by western blot immunoreactivity70. All qPCR data is reported as fold 

change versus control using the –ΔΔCT method. 

Generation of the lentivirus shRNA library. Lentivirus for the entire mouse library 

was generated with modification of the previously published method(355). All library 

handling was carried out on two multi-arm Biomek FXp robots (Beckman Coulter) with 

span-8 and 96-channel heads with online carousel loaders and plate incubators (Cytomat) 

with computer control. Separate robots were used for bacterial handling and virus 

production with all virus production carried out in a BSL-2 containment hood. (930 

individual 96-well plates were processed for viral production.) 

Automated Bacterial Expansion. Briefly, after acquiring glycerol stocks (Mission 

shRNA mouse library, Sigma-Aldrich) they were expanded, and daughter plates were 

also generated. Agar plates were generated by transfer from the glycerol stocks and 

colonies were examined for growth, colonies were then tip selected from the agar plates 

for growth in deepwell plates containing LB + carbenicillin. Plates were grown for 22hrs 

in a New Brunswick plate shaker @ 37°C after which the plates were centrifuged, and the 

supernatant discarded leaving the bacterial pellet. For quality control (QC) all colonies 
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were visually inspected for growth on agar and in broth and cross-referenced against 

plate maps. 

DNA Isolation. All plasmid purification was performed in an automated fashion using 

the GenElute HP Plasmid Miniprep Kit (designed by Sigma specifically for this 

application) with modification of the manufacturer’s instructions. Briefly, bacteria were 

lysed and transferred to plates containing neutralization buffer followed by the addition 

of binding buffer. Filter plates were loaded and washed on a vacuum manifold prior to 

elution with centrifugation. 

DNA normalization. The DNA quantity of every clone was assessed using a Pico-Green 

assay read on a BioTek Synergy 2 plate reader. All DNA was then normalized to a target 

DNA concentration of 20ng/µl. QC includes intermittently retesting DNA concentrations 

post normalization and wells from every plate being assayed using NanoDrop technology 

post normalization to assess accuracy of concentration and purity. Selected wells from 

every plate were sequenced by Beckman Genomics for clone identity and plate map 

verification and verified by restriction enzyme digestion. 

Lentivirus packaging. Viral packaging was performed in a Hek293T cell line cultured in 

DMEM + 10%FBS, NEAA, and P/S. Cells were plated and transfection of every transfer 

vector clone (pLKO.1) was carried out using TransIT-LT1 transfection reagent (Mirus) 

plus the library helper plasmid (GAG/POL) and VSVG envelope plasmid. Transfection 

was overnight followed by media replenishment and an incubation period of 24hrs before 

the first harvest of 180µl lenti-containing media. Wells were again replenished with 
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media and a second harvest was collected 24hrs later for a total virus collection of 360µl. 

Harvested virus was aliquoted to multiple 96- and 384- well formats for future screening. 

All viral plates were QC tested by p24 ELISA assay for concentration and examined for 

real infectious titer by viability testing following puromycin selection of lentivirus-

transduced cells.   

Lentivirus shRNA automated screening protocol. Briefly, on Day 0 NIH-3T3 cells 

were plated (2,000 cells per well in 100µl volume on 96-well plates). On Day 1 media 

was removed and polybrene containing media (5µg/ml final) and lentivirus containing 

media were added.  Plates were incubated overnight followed media exchange on Day 2. 

Cells were then incubated for a 72 hr period to allow maximal time for protein turnover 

and knockdown. Cells were then spiked with ionomycin containing media to a final 

concentration of 25-µM. After 24hrs ethidium homodimer-1 was added to each well and 

fluorescence was measured on a BioTek Synergy 2 plate reader after a 1.5hr incubation 

period. All data was corrected to scramble controls included on every plate and run date 

to avoid any variance over the course of screening. Roughly 50 plates or ~4500 clones 

were screened each week until completion. (Detailed schematic in Fig. 1.)  

Infectious Titer Assay. For assay development three different mouse fibroblast cell lines 

(10T1/2, NIH-3T3, and primary mouse embryonic fibroblasts freshly harvested and 

expanded for testing after 3 passages) were examined for transduction efficiency with in-

house produced lentivirus. Cells were infected with multiple doses of control shRNA 

lentivirus (shown is the 4x104 TU/96-well dose in the presence of polybrene, TU 

calculated by p24 ELISA) and then treated with puromycin (4µg/ml) 48 hr later.  
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Following 48hrs of puromycin selection, viability was assessed by alamar blue assay. For 

screening, 3T3 cells were plated and transduced with lentivirus (pLKO.1 backbone 

containing puromycin resistance cassette) in the presence of polybrene and incubated 

overnight.  Media was exchanged the following day and cells were incubated for 48 hrs 

before the addition of puromycin (4µg/ml). After 48hrs cells were assayed for viability 

(Cell Titer Blue assay, Promega) and data corrected to controls to calculate true 

infectious titer.   

SNARE custom library and secondary screening. A SNARE-complex directed sub-

library was generated by cross-referencing genes listed in SNARE gene ontology groups 

with the TRC 1.0 shRNA library. Lentivirus was generated for 350 clones (66 genes) and 

plated on (6) 96-well plates for testing. The same protocol as outlined above was used for 

all cell death experiments with exception of new compounds that were used: hydrogen 

peroxide (250-2000µM), ionomycin (10-30-µM), thapsigargin (1-µM) and staurosporine 

(5-µM). Cells treated with staurosporine (6 hrs) were assayed for caspase activity using 

EnzChek Caspase Assay Kit #2 (Invitrogen, Molecular Probes). 

Cell Death Experiments with FACS analysis. At confluency, MEFs were treated with 

200nM staurosporine for 2-24hrs, 20-µM ionomycin for 4-24 hr, 750-800-µM H2O2 for 

2-24 hr, 750-µM MMS for 2-24 hr, or 60-90ng TNFα and 40-µM caspase inhibitor z-

Vad-FMK (z-Vad) (Promega) for 24 hrs (in some experiments cells were pretreated with 

40-mM z-Vad). Cell death and viability was determined by propidium iodide uptake (PI), 

annexin V (AV) positivity (BioVision). Briefly, cells were trypsinized and washed twice 

and incubated with AV and PI for 10 m. The cells were then quantified for PI and AV 
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positivity at 10,000 counts per sample by using a Cell Lab Quanta SC flow cytometer 

(Beckman Coulter).  

Cell Death Experiments with Plate reader assays. Cell death was quantified by 

numerous assays including Live/Dead assay (Invitrogen) to measure ethidium 

homodimer-1 (membrane rupture) and calcein-AM (viability). Other experiments used 

the cell impermeant dye (Sytox Green, Invitrogen) to measure membrane rupture and 

resazurin blue (Cell Titer Blue assay, Promega) to measure viability. All fluorescent 

readouts were performed on a Synergy 2 Multi-Mode Microplate Reader (BioTek) or 

TECAN M1000 PRO plate reader. 

Bioinformatic Analyses. All bioinformatics analyses and gene rankings were carried out 

using ToppGene Suite modules(356). Functional enrichment analyses and gene 

prioritization including cluster analysis was performed for the following: molecular 

function, biological process, cellular component, gene family, domain, interaction, 

pathway, drug, transcription factor binding, co-expression, cytoband, microRNA, human 

phenotype, disease and mouse phenotype. Statistical consideration using Fisher’s exact 

test was performed for all significantly enriched groups for both protective shRNA gene 

targets and pro-death shRNA gene targets to identify unique necrotic pathways. All 

networks and statistics were generated using Cytoscape software with BiNGO plug-in for 

biological process enrichment within the interaction network(357, 358). Venn diagrams were 

generated using the online interactive tool, Venny(359). 
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Generation of Nsf mutant mice. Nsftm1a KOMP mice were obtained from JAX. 

Germline mutant mice were crossbred with ROSA26-FLPe knock-in mice (Jackson 

Laboratory, stock no. 009086) to remove the FRT-flanked splice acceptor site, β-gal 

reporter, and neomycin resistance cassette. Resultant Nsf fl/+ mice were interbred to 

generate homozygous mutant mice with conditional knockout potential (Nsffl/fl). Next, 

Nsffl/fl mice were crossed with cardiac-specific Cre transgenic mice, αMHC-Cre or 

αMHC-MerCreMer (MCM) (Jackson Laboratory, stock no. 005657), to generate 

cardiomyocyte-specific Nsf knockouts.  

Generation of CRISPR KO 3T3s. We created a stable Nsf KO line using 

CRISPR/Cas9n technology by targeting exon 5 of Nsf using the Zhang lab protocol(360). 

Guide oligos were designed using crispr.mit.edu. Nsf-sgRNA-1 

CACCGGCCATCTTGTCGGTGTCGTA. Nsf-sgRNA-2 

AAACTACGACACCGACAAGATGGCC. A stable cell line was created by plating at ½ 

a cell per well and validating KO via western. 

Generation of Nsf immortalized cells. MEFs were isolated from pregnant females at 

Day 12.5 and at passage 2 were infected with SV40 immortalization factors or PBS. Both 

infected and control cells were passaged when treated cells reached 90% confluency. 

Cells were considered immortalized when all control cells expired.  

Ischemia-Reperfusion (IR) Injury. Animal procedures were approved by the Temple 

University School of Medicine Institutional Animal Care and Use Committee. All mice 

used in these experiments were bred in our animal facility. Male and female mice were 
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used in Myocardial Ischemia-Reperfusion procedures. Mice were given a tamoxifen 

chow diet (Envigo, TD.130860) for 4wks to induce knockout of Nsf gene and 1 week of 

tamoxifen knockout on normal chow occurred before ischemia reperfusion injury 

procedures. Animals were anesthetized with ketamine (50mg/kg) and xylazine (8mg/kg), 

orally intubated with polyethylene-60 (PE-60), mechanically ventilated (Harvard 

Apparatus Mini-Vent Model 845) with 100% oxygen, and body temperature was 

maintained at 37°C by using a mouse monitor pad (Indus, MouseMonitor). Under sterile 

conditions, mice were injected with sterile saline (Henry Schein 1816472) and heparin 

(200U/kg) (McKesson Corporation 691115) before a 3cm incision was made in the skin 

along the midline to expose the sternum. A median sternotomy was performed between 

ribs 2 and 3 using a thermal cautery unit (Geiger). The left coronary artery was ligated 

with a 7-0 silk suture mounted on a tapered needle (BV-1, Ethicon) for 40 m. A 3mm 

piece of polyethylene-10 (PE-10) was placed between the suture and the LCA to allow 

for complete reperfusion after the ischemic period. Ischemia was confirmed visually by 

the pallor below the ligation. After the ischemic period the PE1- tube and ligation were 

removed, reperfusion was visually confirmed. The chest wall of the mouse was closed 

with 5-0 Polysorb® (Braided Lactomer 9-1) suture mated to a CV-23 (1/2-inch, 17 mm) 

tapered needle. The skin incision was closed with a running suture with the same suture 

and needle used to close the chest wall. Reperfusion occurred for 24hrs. Immediately 

after surgery, mice were placed in a recovery cage that provided heat and received 

subcutaneous injections of 0.3mL of sterile saline and buprenorphine (0.1mg/kg). After 

24hrs of reperfusion mice were anesthetized with ketamine (50mg/kg) and xylazine 

(8mg/kg), heparinized (200U/kg) via IP injection and then intubated as previously 
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described. Serum was collected via the inferior vena cava (IVC). The left carotid artery 

(LCA) was dissected and cannulated with a PE-10 tubing catheter for an injection of 2% 

Evan’s Blue Dye (EBD). The LCA was fully ligated using a 7-0 silk suture mounted on a 

tapered needle (BV-1, Ethicon). Evan’s Blue Dye (1.0mL) was injected through the 

carotid artery catheter. EBD is distributed to the regions of the heart that had received 

blood flow. The heart was rapidly excised and cut into 1mm slices using a McIlwain 

Tissue Chopper. Heart slices were incubated at 37°C with 1% 2-3-5 triphenyltetrazolium 

chloride (TTC) for 5m to differentiate the regions that were at risk to the infarction and 

the region that was infarcted. Each heart slice was imaged (Olympus SZX7 

Stereomicroscope, SC180 18MP 4K UHD Digital Imaging System), weighed and ImageJ 

was used to quantify the viable regions of the heart, the area at risk and the infarct area. 

Measurements were done in a blinded fashion.   

Western blot analysis. Protein samples were lysed by sonication in RIPA buffer and run 

by electrophoresis on polyacrylamide Tris-glycine SDS gels. The following antibodies 

were used in the study: Nsf (7) Santa Cruz Biotechnology sc-136008, Nsf (C5) Santa 

Cruz Biotechnology sc-74457, Anti-αTubulin antibody [DM1A] ab7291, and Licor IR 

secondary antibodies (1:10,000). All blots were imaged on a Licor Odyssey system (anti-

mouse, 926-32210; anti-rabbit, 926-68073; anti-goat, 926-32214). Western blot details 

have been previously reported in detail13.  

Transthoracic Echocardiography (Echo). Transthoracic echocardiography of the left 

ventricle was performed and analyzed on a Vevo 2100 imaging system (VisualSonics) as 

previously reported. Mice were anaesthetized with 2% isoflurane in 100% oxygen during 
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acquisition. B-mode and M-mode images were collected in long- and short-axis. M-mode 

axis and B-mode strain analysis were performed using VisualSonics software for both 

short- and long-axis images. 

Cardiomyocyte isolations(361). Male and female mice were used for cardiomyocyte 

isolations. Mice were put on tamoxifen diet for 4 wks, followed by a 1 wk washout 

period on normal chow before cardiomyocyte isolations were performed using a 

Langendorff system. Mice were heparinized and cervically dislocated. The heart was then 

excised and cannulated and perfused and digested. Cardiomyocytes were collected for 

protein and RNA for western blot analysis and qPCR respectively.  

Skeletal Muscle Injury. Male and female mice were used for tibialis anterior (TA) 

skeletal muscle (skm) injections. Mice were anesthetized with ketamine (50mg/kg) and 

xylazine (8mg/kg). Nair hair removal lotion was applied to the left hindlimb to remove 

the fur to better visualize the left TA. With a 32G Hamilton Syringe (Model 702), mice 

were injected in the left TA with either AAV6-Cre-GFP ((AAV6-CRE) Vector Biolabs, 

7019) or AAV6-CAG-GFP ((AAV6-CON) Vector Biolabs, 7074). Mice received a total 

volume injection of 25μL with 5 injections of 5μL of either virus. Three weeks post the 

initial injection, mice were injected with 250μL of 1% Evan’s Blue Dye (EBD) via IP 

24hrs before the left TA was harvested. 6hrs before the left TA was harvested, mice were 

anesthetized with ketamine (50mg/kg) and xylazine (8mg/kg). Mice were either injected 

with 20μL of either sterile saline or 10μL 10-μM of cardiotoxin (CTX) (Millipore Sigma, 

217503-1MG). Mice were cervically dislocated, the heart was perfused with 3mL of 1X 

PBS, and the left TA was harvested.  
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Evans blue dye (EBD) exclusion histology. To delineate cells with 

ruptured/compromised membranes, mice were injected with 250μl of 1% EBD IP 18 hrs 

before death. Hearts were isolated and fixed in OCT and cryosectioned at 5μm and co-

stained with stained with Alexa 350 conjugated wheat-germ agglutinin (WGA) (Thermo 

Fisher Scientific, W11263) and imaged at 10x magnification (Nikon TiE) before analysis 

with ImageJ with ubiquitous color threshold settings. The percentage of total EBD-

stained skeletal muscle fibers per tissue was calculated.  

Statistical Analysis. Statistical analysis was performed using GraphPad Prism 9. A P 

value of ≤0.05 was considered statistically significant. Statistical significance is reported 

in the Figures and Figure legends. 
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Results 

Development of a genome-wide, loss-of-function cell death screen  

To discover new genes underlying necrotic cell death, we developed a high-throughput 

cell-based assay to quantitate plasma membrane rupture in response to calcium-overload 

(ionomycin) induced cell death.  

 

Figure 1: HTS assay development 

Figure 1. HTS assay development.  A) Viability assessed by alamar blue assay for three 

different mouse fibroblast cell lines (10T1/2, NIH-3T3, and primary mouse embryonic 

fibroblasts, MEFs) were examined for transduction efficiency with in-house produced 

lentivirus. Cells were infected with control lentivirus followed by puromycin selection.  
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Percent viability as corrected to vehicle treated cells (polybrene only, no puromycin). B) 

Cell viability was quantified by fluorescent readout of calcein-AM after treating with 

ionomycin for 24hrs. C) Membrane rupture assessed by ethidium homodimer-1 

fluorescence in cells infected with control lentivirus to mimic screening conditions 

followed by ionomycin treatment at the indicated dosages for 24hrs.  (* = p < 0.05 vs. 

vehicle control) All assays performed in triplicate. 

We acquired the TRC1.0 shRNA lentiviral library consisting of ~77,500 clones targeting 

more than 16,000 genes in the mouse genome to enable loss-of-function screening32. We 

tested various mouse fibroblast cell lines (10T1/2 cells, primary mouse embryonic 

fibroblasts (MEFs) and NIH-3T3 cells) for efficient transduction to identify which was 

most amendable to high-throughput screening (HTS). Mouse NIH3T3 cells were found to 

be easily transduced, ~90% based on viability testing (Fig. 1A). In addition to efficient 

infectivity, this cell line possesses contact inhibition at confluence, allowing screening in 

a semi-quiescent state reflecting the state of cells that die by necrosis in vivo. We utilized 

ionomycin in our primary screen, given the role of calcium-overload in the activation of 

necrotic cell death in acute and chronic disease states(154).  

Following automated library production of the shRNA library in 96-well plates (~1000 

plates)32, ionomycin dosing was evaluated in scramble shRNA lentivirus transduced 3T3 

cells. 24hrs post-ionomycin, cells were incubated with calcein-AM, a dye which 

fluoresces in viable cells, and ethidium homodimer-1, an indicator of plasma membrane 

rupture. Ionomycin dose-dependently decreased cell viability and increased plasma 

membrane permeability as drug concentration increased (Fig. 1B and 1C). We selected 
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25-µM as our screening dose of ionomycin as it reproducibly elicited ~50% membrane 

rupture, allowing the discovery of shRNA clones that either enhanced or inhibited 

membrane rupture.  
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Figure 2: Lentivirus shRNA screen and bioinformatic analysis reveal a strong 

enrichment for SNARE-complex associated genes in necrosis  
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Figure 2. Lentivirus shRNA screen and bioinformatic analysis reveal a strong 

enrichment for SNARE-complex associated genes in necrosis. A) Schematic of 

workflow for shRNA HT screen: Following automated generation of the entire mouse 

shRNA library in lentivirus, 3T3 cells were plated and simultaneously infected with 

lentivirus containing a single shRNA clone per well. After overnight incubation, media 

was exchanged and cells remained in culture for 72hrs giving a total ~96hrs knockdown 

period. Necrosis was then initiated with the addition of 25μM ionomycin and after 24hrs 

membrane rupture was assessed with ethidium homodimer-1 (EthD-1) fluorescence. 

Quality control analysis is described in the methods. B) Standard distribution graph 

showing change in membrane rupture for every clone in the library (each blue dot 

represents a single clone, 77,444 clones are represented). The cutoff for primary screen 

hits was set at greater than 2-Std from the corrected mean. Clones outside the grey shaded 

area were deemed hits for bioinformatics analysis. The green shaded area represents 

shRNA clones that greatly increased membrane rupture, suggesting the target was a 

survival gene. The red shaded area highlights shRNA clones that greatly decreased 

membrane rupture when knocked-down, suggesting they are pro-necrotic gene targets. C-

E) Gene Ontology enrichment for SNARE-associated and vesicle trafficking processes. 

Bars display the number pro-necrosis genes identified for each gene ontology association 

grey dots represent the log significance of each gene ontology group (GO). All reported 

enrichment analyses were unilaterally enriched in the pro-necrosis gene hits and not in 

the survival gene group. Fisher’s exact test was used for statistical analysis and the log P 

value was used for ranking significance; log P of 1 = p < 0.05; displayed as grey dots on 

each figure. C) GO cellular component enrichment. D) GO biological process 
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enrichment. E) GO Molecular pathway enrichment. F) Protein interaction network of 

shRNA pro-necrosis hits and their first-degree interactors from the NCBI interaction 

database. Each gene is represented by a circular node with edges representing interaction. 

Statistical analysis in Cytoscape for neighborhood connectivity (color gradient) and 

cluster coefficient (size of node) revealed the degree of connectivity for each gene. The 

prominent cluster or nodal point in the top-right area of the network was enriched for 

vesicle trafficking and SNARE-gene family members. 

The detailed HTS protocol can be seen in Fig. 2A, including a 96hr knockdown period 

allowing for mRNA and protein turnover35. Positive and negative scramble shRNA 

lentivirus controls were used as internal controls on each of the nearly 1000 plates. Each 

plate was simultaneously assessed for infectious titer by puromycin selection and 

assessment of viability.   

Identification of NSF as a mediator of necrosis  

The screen generated hundreds of “hits” for genes that when “knocked-down” either 

enhanced or inhibited necrotic cell death. The normalized data distributed from least to 

highest membrane rupture in a sigmoidal fashion. Clones outside the grey shaded area 

represent greater than 2-standard deviations (std) from the mean and were considered 

significant hits (Fig. 2B). The threshold for clones that inhibited membrane rupture was 

27.8% of the scramble control mean (72% reduction in rupture) and 172% for clones that 

enhanced rupture. We found 1882 shRNA clones that significantly inhibited membrane 

rupture, representing 976 unique gene targets. While this represents a large cohort, we 
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kept the 2-std cutoff to maximize discovery potential allowing more discovery in our 

subsequent bioinformatic analysis36.     

Biological process enrichment of a statistically significant cluster in the interactome 

revealed processes involved in exocytosis, neurotransmitter release, and intracellular 

trafficking. Common to all these events and genes featured within the cluster were key 

components of the SNARE-complex (SNAP [Soluble NSF (N-ethylmaleimide sensitive 

fusion proteins) Attachment Protein] Receptor Family) and vesicle trafficking processes. 

Subsequent analyses of the pro-necrosis hits using ToppGene further supported SNARE-

associated genes being prominent in programmed necrosis39. Specifically, we found 

unilateral enrichment for numerous functional annotation analyses including cell 

component (Fig. 2C), biological process (Fig. 2D), and pathway analysis (Fig. 2E). 

Enrichment annotations with a relationship to the SNARE-complex were discovered only 

in the pro-necrosis gene group and not the survival gene group. Using Cytoscape, a 

protein interaction map was generated for the pro-necrotic hits and their first-degree 

interactors37, 38. Subsequent statistical analyses for neighborhood connectivity and cluster 

coefficient revealed nodal clusters or ‘hot spots’ in the interactome, including SNARE 

complex components (Fig. 2F).   

SNARE-associated genes are central in programmed necrosis induced by multiple 

stressors 

Following the identification of SNARE-related genes, we elected to increase our 

secondary screening beyond primary hits to assess the scope of SNARE family members 

involved and identify any genes missed in the primary screen. Using the gene ontology 
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terms SNARE and SNARE-complex we generated a lentiviral sub-library containing 350 

shRNA clones representing 66 genes (Table 1).  

Table 1: SNARE pathway custom shRNA library 

Clone ID Target 
Gene ID 

Gene 
Symbol 

Target 
Region 

Target Sequence 

TRCN0000012173 53611 Vti1a 3UTR GCGTGAGAATTGGCACAGAAT 

TRCN0000012174 53611 Vti1a CDS GCTGCGAAGAATCATCCAGAA 

TRCN0000012177 53611 Vti1a CDS ACCTGAGTCATGACAGAGAAA 

TRCN0000012176 53611 Vti1a CDS GAACAGATGGATTTGGAAGTT 

TRCN0000012175 53611 Vti1a CDS GCTGAGATCACCAGCAAGATT 

TRCN0000093254 20979 Syt1 3UTR CCTCAGTAATATGGGTCCTTT 

TRCN0000093255 20979 Syt1 CDS GCCTTAATTGCCATAGCCATA 

TRCN0000093256 20979 Syt1 CDS GCTTCAATATTCACTGGACTA 

TRCN0000093257 20979 Syt1 CDS CAGTCTTCAATGAACAGTTTA 

TRCN0000093258 20979 Syt1 CDS GAGCAAATCCAGAAAGTGCAA 

TRCN0000022695 20981 Syt3 CDS CGAGATGCTGATACCAATGAT 

TRCN0000022694 20981 Syt3 CDS CCCATCTTCAACGAGACGTTT 

TRCN0000022696 20981 Syt3 CDS GCTGTCAGTCATCGTGACATT 

TRCN0000022697 20981 Syt3 CDS CATCGGCCACAATGAAGTGAT 

TRCN0000022698 20981 Syt3 CDS GAGTCAAACCAAGCCAGACAT 

TRCN0000093190 54526 Syt10 CDS CCTCTGTTTGATGAGCTATTT 

TRCN0000093189 54526 Syt10 3UTR CCTCCAAATAAGACCATATCA 

TRCN0000093191 54526 Syt10 CDS CCATCTTACAAAGAGGAGAAA 

TRCN0000093193 54526 Syt10 CDS GCCACCAGCTTTGATAGTCAA 

TRCN0000093192 54526 Syt10 CDS CGAAGCCATTATCTTCGATAT 

TRCN0000093428 80976 Syt13 CDS CGTCCTCAGAACGGTGTAGTT 

TRCN0000093427 80976 Syt13 CDS ACCAGAAGAAGGCTGAGTTAT 

TRCN0000093425 80976 Syt13 CDS CGGCCCAACAGTTCAACATTA 

TRCN0000093426 80976 Syt13 CDS GACCAGAAGAAGGCTGAGTTA 

TRCN0000093424 80976 Syt13 3UTR CCAGGATCTTACATTCTGATT 

TRCN0000093552 229521 Syt11 CDS GCATCTTGTATGGACCAGTTA 

TRCN0000093553 229521 Syt11 CDS CCATGTAAAGAAGTGCACTTT 

TRCN0000093551 229521 Syt11 CDS GCCATACAAGTTCATTCATAT 

TRCN0000093550 229521 Syt11 CDS CCGCCATACAAGTTCATTCAT 

TRCN0000093549 229521 Syt11 3UTR CCCTGAAATTGGCCTCTCTTT 

TRCN0000093519 238266 Syt16 3UTR GCACCCAAAGAAGAAGAGGAA 

TRCN0000093520 238266 Syt16 CDS CCTGTCTATAAAGAGACCTTT 

TRCN0000093521 238266 Syt16 CDS AGGGCGATTATCTGTGGAAAT 

TRCN0000093522 238266 Syt16 CDS CGTCACCTTGATGATTTCCAT 

TRCN0000093523 238266 Syt16 CDS GCGCACTATGAAGCGTAAAGA 
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Table 1 continued 

TRCN0000093194 329324 Syt14 CDS CCACGTTGAATCCGAGATGAT 

TRCN0000093195 329324 Syt14 CDS GCAGTTAGGTTTAGACTATAT 

TRCN0000093196 329324 Syt14 CDS GTCACAGACATTCCAACATAT 

TRCN0000093197 329324 Syt14 CDS CGGAAACTGCATTCAGAGAAT 

TRCN0000093198 329324 Syt14 CDS ACCTTGTTCTTCTACCTATAA 

TRCN0000030704 23830 Capn10 3UTR CGGTAACCATAGCAACCAGAA 

TRCN0000030705 23830 Capn10 CDS CCATAGATGATCGTCTGCCTT 

TRCN0000030706 23830 Capn10 CDS CCCATTGGTTTCCATGTCTTT 

TRCN0000030707 23830 Capn10 CDS GCACATCTGGAAGGTAGAGAA 

TRCN0000030708 23830 Capn10 CDS CCTTAGTGGATCTCACTGGAA 

TRCN0000093391 20910 Stxbp1 CDS GCCCTATTTAACGAGCTGGTA 

TRCN0000093393 20910 Stxbp1 CDS CACGCTGAAGAAGCTGAATAA 

TRCN0000093392 20910 Stxbp1 CDS CGTGTCCAGATGCCCTATTTA 

TRCN0000093390 20910 Stxbp1 CDS CCCGATCATTAAAGACATTAT 

TRCN0000093389 20910 Stxbp1 3UTR CCTCAGTTTAAGATACTTCAT 

TRCN0000098992 53330 Vamp4 CDS GCTGGATGAACTACAGGACAA 

TRCN0000098990 53330 Vamp4 3UTR GCCATCTTAGTCCATACAAAT 

TRCN0000098991 53330 Vamp4 CDS CCAAGATTTGGACCTAGAAAT 

TRCN0000070245 54399 Bet1l CDS GCATGGACTCAGATTTCACAA 

TRCN0000070246 54399 Bet1l CDS CCTACCTCTTGTCGAGTACAA 

TRCN0000070247 54399 Bet1l CDS GAGGACCAGAACCGTTACTTA 

TRCN0000070244 54399 Bet1l CDS CAGGCTTAAATCGCTGGCTTT 

TRCN0000070243 54399 Bet1l 3UTR CCTCTCCAGATGATGGTCATT 

TRCN0000089314 228960 Stx16 CDS GCACAGTCTGACTACCTGAAA 

TRCN0000089313 228960 Stx16 3UTR CCGTTTAATGAACTGTGAATT 

TRCN0000089315 228960 Stx16 CDS CCTTCATGATAAGCATTTGAA 

TRCN0000089316 228960 Stx16 CDS GCAGTCCATTTCAGACCTCAA 

TRCN0000093364 20912 Stxbp3a 3UTR GCTACAGCAAATGTTGCTGTT 

TRCN0000093365 20912 Stxbp3a CDS CGAAGCAAGTAGTCCATCTTA 

TRCN0000093367 20912 Stxbp3a CDS GCACATAAATCCTGTGAGGTT 

TRCN0000093368 20912 Stxbp3a CDS CTCTTTATTTCATCTCTCCAA 

TRCN0000100342 53869 Rab11a CDS CAGGGCTATAACGTCTGCATA 

TRCN0000100344 53869 Rab11a CDS CAGAGATATACCGCATTGTTT 

TRCN0000100340 53869 Rab11a 3UTR CCCTGTAAACATAACAGCATT 

TRCN0000100341 53869 Rab11a CDS GAGAGATCATGCTGATAGTAA 

TRCN0000100434 207227 Stxbp5l CDS CCATACGAAGTATGGAGAGAT 

TRCN0000100431 207227 Stxbp5l CDS CCTCCAGATTTGATTCTAGTA 

TRCN0000100430 207227 Stxbp5l 3UTR CCTGATATGGTGTTTCACTAT 

TRCN0000100432 207227 Stxbp5l CDS CGAATTACTTACTGTCATCTA 

TRCN0000100433 207227 Stxbp5l CDS CCCACCTCAGACCATGTAAAT 

TRCN0000068804 12286 Cacna1a CDS GCAGCAATAATGACTGTGTTT 

TRCN0000068803 12286 Cacna1a CDS CGCAACAATGTGCTGCGATAT 
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Table 1 continued 

TRCN0000068806 12286 Cacna1a CDS CGGAACCATACTTCATTGGAA 

TRCN0000068807 12286 Cacna1a CDS CGACTGGATGACTACTCACTA 

TRCN0000093576 20977 Syp CDS CTCAACATCGAAGTCGAATTT 

TRCN0000093577 20977 Syp CDS CCAGACAGGAAACACATGCAA 

TRCN0000093578 20977 Syp CDS AGGGTGGTTATCAACCCGATT 

TRCN0000070114 15567 Slc6a4 CDS GCTGTCAGAGTGTAAGGACAA 

TRCN0000070113 15567 Slc6a4 CDS CGCCTCCTACTATAACACCAT 

TRCN0000070115 15567 Slc6a4 CDS GCATCCCTATATACATCATTT 

TRCN0000070116 15567 Slc6a4 CDS CATGTTAATCACGCTGGGTTT 

TRCN0000070117 15567 Slc6a4 CDS CTCCTGAAACACCAACGGAAA 

TRCN0000070344 53612 Vti1b CDS CGGTCTGGTGTATTACAAATT 

TRCN0000070343 53612 Vti1b CDS CCGGAAGATTCTTCGCTCAAT 

TRCN0000070345 53612 Vti1b CDS CCATGATGTCTAAGCTGAGAA 

TRCN0000070347 53612 Vti1b CDS ACCTGAAGTATGGCACGTATA 

TRCN0000070346 53612 Vti1b CDS CTCATCGGATTGCCACAGAAA 

TRCN0000093304 76983 Scfd1 3UTR GAAGAACCACAATGGGGTAAT 

TRCN0000093305 76983 Scfd1 CDS GCTTTCTGATAACACTGCTAA 

TRCN0000093307 76983 Scfd1 CDS GAAGCGGATGTTGAATTTCAA 

TRCN0000093306 76983 Scfd1 CDS CCAGTATGGAAGGTACTCATT 

TRCN0000093308 76983 Scfd1 CDS GAAACTGTTATGGACACTATT 

TRCN0000115070 20955 Vamp7 CDS GCACAAGTGGATGAACTGAAA 

TRCN0000115066 20955 Vamp7 3UTR CCTGTCATATAGTTTGTGTTA 

TRCN0000115067 20955 Vamp7 CDS GCACTTCCTTATGCTATGAAT 

TRCN0000115068 20955 Vamp7 CDS CTTACTCACATGGCAATTATT 

TRCN0000115069 20955 Vamp7 CDS TCGAGCCATGTGTATGAAGAA 

TRCN0000110581 20907 Stx1a CDS CGCTCCAAGCTAAAGAGCATT 

TRCN0000110580 20907 Stx1a 3UTR GCTCAGCACTGAGTCTTTGTT 

TRCN0000110582 20907 Stx1a CDS CGCTTCATGGATGAATTCTTT 

TRCN0000110583 20907 Stx1a CDS GATGATTGACAGGATCGAGTA 

TRCN0000110592 20614 Snap25 CDS CATCAGGACTTTGGTTATGTT 

TRCN0000110591 20614 Snap25 CDS TGGACCAAATCAATAAGGATA 

TRCN0000110590 20614 Snap25 3UTR CGGCTCTCTTTCTTTGCCAAA 

TRCN0000110593 20614 Snap25 CDS GCAATGAGATTGACACCCAGA 

TRCN0000110516 22319 Vamp3 CDS CCAAGTTGAAGAGAAAGTATT 

TRCN0000110515 22319 Vamp3 3UTR GCCACTAGAATGTCCTGAAAT 

TRCN0000110517 22319 Vamp3 CDS GTCAATGTGGATAAGGTGTTA 

TRCN0000110518 22319 Vamp3 CDS CATCGTGTGGTGTGTCTCTTA 

TRCN0000110519 22319 Vamp3 CDS GAGAAAGTATTGGTGGAAGAA 

TRCN0000110589 22317 Vamp1 CDS CATGACCAGTAACAGGCGGTT 

TRCN0000110588 22317 Vamp1 CDS GCTGGGAGCTATCTGTGCCAT 

TRCN0000110587 22317 Vamp1 CDS CGTGGTAGTGATTGTAATCTA 

TRCN0000110586 22317 Vamp1 CDS GCCATCATCGTGGTAGTGATT 
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Table 1 continued 

TRCN0000110585 22317 Vamp1 3UTR CGGGAATTATTTCCTGGGTTT 

TRCN0000110577 20619 Snap23 CDS GCCAATACAAGAGCAAAGAAA 

TRCN0000110576 20619 Snap23 CDS CCCTTGTAATAGGACAAAGAA 

TRCN0000110575 20619 Snap23 3UTR CGTCTCTTCATCTCTTCATTT 

TRCN0000110579 20619 Snap23 CDS GAACAACTAAATCGCATAGAA 

TRCN0000110578 20619 Snap23 CDS ACCTAGCAATGTAGTATCTAA 

TRCN0000105539 56807 Scamp5 CDS GCGGCTGGATTGCCACCATTT 

TRCN0000105538 56807 Scamp5 CDS GCCCATTTACAAGGCCTTCAA 

TRCN0000105537 56807 Scamp5 CDS CCCAACTACACGTACTCCAAT 

TRCN0000105536 56807 Scamp5 CDS GCCATGTTTCTACCAAGACTT 

TRCN0000105535 56807 Scamp5 3UTR CCAGTCAACTTCCTGTCCTAT 

TRCN0000100421 17274 Rab8a CDS CGCCTTCAACTCCACATTCAT 

TRCN0000100424 17274 Rab8a CDS CTCGATGGCAAGAGGATTAAA 

TRCN0000100420 17274 Rab8a 3UTR CCATGAAATGAATCTGTCTTT 

TRCN0000100422 17274 Rab8a CDS CGGAATTGGATTCGGAACATT 

TRCN0000100423 17274 Rab8a CDS CTACGACATTACCAATGAGAA 

TRCN0000100344 53869 Rab11a CDS CAGAGATATACCGCATTGTTT 

TRCN0000100342 53869 Rab11a CDS CAGGGCTATAACGTCTGCATA 

TRCN0000100340 53869 Rab11a 3UTR CCCTGTAAACATAACAGCATT 

TRCN0000100341 53869 Rab11a CDS GAGAGATCATGCTGATAGTAA 

TRCN0000100431 207227 Stxbp5l CDS CCTCCAGATTTGATTCTAGTA 

TRCN0000100432 207227 Stxbp5l CDS CGAATTACTTACTGTCATCTA 

TRCN0000100433 207227 Stxbp5l CDS CCCACCTCAGACCATGTAAAT 

TRCN0000100430 207227 Stxbp5l 3UTR CCTGATATGGTGTTTCACTAT 

TRCN0000100434 207227 Stxbp5l CDS CCATACGAAGTATGGAGAGAT 

TRCN0000093627 56491 Vapb CDS CGGAAGACCTTATGGATTCAA 

TRCN0000093628 56491 Vapb CDS CGTTGGTGTCATTATAGGGAA 

TRCN0000093626 56491 Vapb CDS CCTCGATGACACAGAAGTAAA 

TRCN0000093624 56491 Vapb 3UTR GCACACACAAATATAGCATAA 

TRCN0000093625 56491 Vapb CDS CCTTTCGATTATGATCCCAAT 

TRCN0000110495 56216 Stx1b CDS GTGGAGGTAATGACCGAATAT 

TRCN0000110496 56216 Stx1b CDS CGAATTGAGTACAACGTGGAA 

TRCN0000110498 56216 Stx1b CDS CGACCGAATTGAGTACAACGT 

TRCN0000110497 56216 Stx1b CDS AGGCACAATGAGATCATCAAA 

TRCN0000110499 56216 Stx1b CDS ACTACCAATGAAGAACTAGAA 

TRCN0000112663 12389 Cav1 CDS TGAAGCTATTGGCAAGATATT 

TRCN0000112664 12389 Cav1 CDS GCTTCCTGATTGAGATTCAGT 

TRCN0000112662 12389 Cav1 CDS CGACGTGGTCAAGATTGACTT 

TRCN0000112660 12389 Cav1 3UTR CCAGTTAGATTTAGGGATTTA 

TRCN0000112661 12389 Cav1 CDS CCGCTTGTTGTCTACGATCTT 

TRCN0000174717 18082 Nipsnap1 CDS GCTGAGGACATATAAACTCAA 

TRCN0000175840 18082 Nipsnap1 3UTR GCTCTTCTGTACTTCTTCCTT 
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Table 1 continued 

TRCN0000175909 18082 Nipsnap1 CDS GAGTCACGAATCATGATTCCT 

TRCN0000110540 22318 Vamp2 3UTR CCGACCACAATCTGGTTCTTT 

TRCN0000110541 22318 Vamp2 CDS CATCGTTTACTTCAGCACTTA 

TRCN0000110543 22318 Vamp2 CDS CCTCAAGATGATGATCATCTT 

TRCN0000110544 22318 Vamp2 CDS CCTTACTAGTAACAGGAGACT 

TRCN0000089149 19339 Rab3a CDS CGACTATATGTTCAAGATCCT 

TRCN0000089151 19339 Rab3a CDS TCACCAATGAGGAGTCATTTA 

TRCN0000089150 19339 Rab3a CDS ACCAATGAGGAGTCATTTAAT 

TRCN0000089148 19339 Rab3a 3UTR GCCTTATACTTTGGGATAAAT 

TRCN0000100463 67474 Snap29 CDS CAGATTGAAAGAAGCCATAAA 

TRCN0000100462 67474 Snap29 CDS CCTTCGAACTTATCACCAGAA 

TRCN0000100464 67474 Snap29 CDS CATGTATGAATCGGAGAAGAT 

TRCN0000100461 67474 Snap29 CDS GCAGATTGAAAGAAGCCATAA 

TRCN0000100460 67474 Snap29 3UTR CCTTTCATTTACCCATTTGTT 

TRCN0000088977 19341 Rab4a CDS CTCAAATCATACCATAGGAAT 

TRCN0000088976 19341 Rab4a CDS CCTACAATGCGCTTACTAATT 

TRCN0000088975 19341 Rab4a CDS AGATGACTCAAATCATACCAT 

TRCN0000088973 19341 Rab4a 3UTR GCTTTCTCATTGCGTTGGTTA 

TRCN0000088974 19341 Rab4a CDS GATAATAAATGTCGGTGGTAA 

TRCN0000093277 20911 Stxbp2 CDS CTCTACATCCTTCTGCGGAAT 

TRCN0000093276 20911 Stxbp2 CDS CCTACAACCTTTACTGTCCAT 

TRCN0000093275 20911 Stxbp2 CDS CCTAGGCTCATCGTGTACATT 

TRCN0000093278 20911 Stxbp2 CDS TGACTGCATGAAGCATTTCAA 

TRCN0000125574 18457 Pldn 3UTR GCTTAAAGAAAGGCATAACTT 

TRCN0000125575 18457 Pldn CDS CAGAACCAAGTTGTGTTACTA 

TRCN0000125576 18457 Pldn CDS CATGTTGGACATCAATGCTTT 

TRCN0000125577 18457 Pldn CDS ACACAGAACCAAGTTGTGTTA 

TRCN0000125578 18457 Pldn CDS CTGTCCCACTACTTACCAGAT 

TRCN0000100796 271457 Rab5a CDS GCAGCCATAGTTGTGTATGAT 

TRCN0000100795 271457 Rab5a 3UTR CCCAAGCAAATGGTGTAATTT 

TRCN0000100797 271457 Rab5a CDS CGCTTTGTGAAAGGCCAATTT 

TRCN0000091702 13429 Dnm1 CDS GCTTATGCAGTTCGTCACTAA 

TRCN0000091700 13429 Dnm1 CDS GCCTTTGAAACCATTGTGAAA 

TRCN0000091699 13429 Dnm1 CDS GCTCAGTATTATCGGCGACAT 

TRCN0000091698 13429 Dnm1 3UTR CCTGCGACATTCTATAAATAT 

TRCN0000091701 13429 Dnm1 CDS CTTCATGTCAAGCAAGCATAT 

TRCN0000105361 24045 Scamp3 CDS CCGGAGTGATAGTTCATTCAA 

TRCN0000105360 24045 Scamp3 3UTR CCGCTGTGACTCAGTCATTAT 

TRCN0000105364 24045 Scamp3 CDS GCCCAGGAACTACGGCTCCTA 

TRCN0000105363 24045 Scamp3 CDS GCTTGACAATCCCTTTCAGGA 

TRCN0000105362 24045 Scamp3 CDS CCAAGACATCTCTATGGAGAT 

TRCN0000110584 20907 Stx1a CDS ACGACCAGTGAGGAATTGGAA 
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Table 1 continued 

TRCN0000102688 67844 Rab32 CDS CGTGGGTAAGACGAGCATCAT 

TRCN0000102689 67844 Rab32 CDS GAAATCGACCTGGACAGAATT 

TRCN0000102686 67844 Rab32 CDS CTACATTTGATGCAGTCCTAA 

TRCN0000102687 67844 Rab32 CDS CCTCTGCCAAGGATAATATAA 

TRCN0000102685 67844 Rab32 3UTR GCCAAGTTTCTGTAGTGTAAA 

TRCN0000098993 53330 Vamp4 CDS CCACCGCTTTCAGCAACAGAT 

TRCN0000190577 241727 Snph CDS GCTCCATGAAGTACACACTAT 

TRCN0000201826 241727 Snph CDS GATGGAGCTGATAGTGGATAT 

TRCN0000190007 241727 Snph CDS GCCAGCCCATTTACAACATCA 

TRCN0000202136 241727 Snph CDS CCAGACAGACTTTGTGCAGTA 

TRCN0000201959 241727 Snph CDS CAGTATCTGACTCCACTGCAA 

TRCN0000110603 13852 Stx2 CDS GACGGTTTCTTCCATCAGGTA 

TRCN0000110604 13852 Stx2 CDS TCTATTGAGCAGAGCTGTGAT 

TRCN0000110602 13852 Stx2 CDS GTCAACAACATCGAGAGAAAT 

TRCN0000110601 13852 Stx2 CDS CCTGGCTCTAATCATTGGCTT 

TRCN0000110600 13852 Stx2 3UTR CGACCAAGTATGTGAAGGATA 

TRCN0000110594 20614 Snap25 CDS AGAATTGATGAAGCCAACCAA 

TRCN0000105626 56214 Scamp4 CDS CCAGGACTTCTCTGATGAGAT 

TRCN0000105625 56214 Scamp4 3UTR GCTGAGATGTATAAAGCCAAA 

TRCN0000105629 56214 Scamp4 CDS CCCTTGTGATGGCCGTCACTA 

TRCN0000105628 56214 Scamp4 CDS CCGAGCCGACAGCTCCTTTAA 

TRCN0000105627 56214 Scamp4 CDS GCCCAGTTTAACAGTTTCTCT 

TRCN0000100864 19324 Rab1 CDS CAAGTTGTTGGTAGGGAACAA 

TRCN0000100861 19324 Rab1 CDS GCCGAGAAGTCCAATGTTAAA 

TRCN0000100863 19324 Rab1 CDS CGAACAATCACTTCCAGTTAT 

TRCN0000100862 19324 Rab1 CDS GAAAGCTACATCAGCACAATT 

TRCN0000100860 19324 Rab1 3UTR GCCAGAAATTACAGGTTTATT 

TRCN0000100561 53331 Stx7 CDS GCGTCAGAGAAAGATACAGAA 

TRCN0000100560 53331 Stx7 3UTR CCAGTCTCTTACTGCACTGAA 

TRCN0000100563 53331 Stx7 CDS GAAGCTGATATTATGGACATT 

TRCN0000100919 19329 Rab17 CDS GCGCCAGTGCTGTGCACGATA 

TRCN0000100918 19329 Rab17 CDS CTCCTGGTTTATGACATCACT 

TRCN0000100916 19329 Rab17 CDS CCGGTACATGAAGCAGGACTT 

TRCN0000100917 19329 Rab17 CDS TCTGAGATCTTCAACACTGTT 

TRCN0000100915 19329 Rab17 3UTR GCTGCCTCTTTGTCCATTCAT 

TRCN0000100343 53869 Rab11a CDS ACCTCTTTAAAGTTGTCCTTA 

TRCN0000101669 18195 Nsf CDS GCCAGAAATCCTTAACAAGTA 

TRCN0000101668 18195 Nsf CDS GCCCTACTGATGAATTATCTT 

TRCN0000101665 18195 Nsf 3UTR CCCAACAAAGTCCTACATGAA 

TRCN0000101667 18195 Nsf CDS CCCGGAAGACTGGAAGTTAAA 

TRCN0000101666 18195 Nsf CDS GCCTTGTATTCGTTTGACAAA 

TRCN0000093575 20977 Syp CDS CCCTCAACATCGAAGTCGAAT 
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Table 1 continued 

TRCN0000110542 22318 Vamp2 CDS CAAGCGCAAATACTGGTGGAA 

TRCN0000089152 19339 Rab3a CDS CAGCGCCAAGGACAACATTAA 

TRCN0000100930 100226 Stx12 3UTR CCTGGCTTTGATGGCAAGATT 

TRCN0000100931 100226 Stx12 CDS GCTATGATGATCCATGACCAA 

TRCN0000100934 100226 Stx12 CDS GCCATGAAGAGTGGAACCAAA 

TRCN0000100933 100226 Stx12 CDS GTCAGTGATTGTTACAGTCTT 

TRCN0000100932 100226 Stx12 CDS GCTACAAAGAGCTGCTTACTA 

TRCN0000093274 20911 Stxbp2 CDS CCCAGCTTGGAGGCAATTTAT 

TRCN0000111561 53620 Vamp5 CDS CAGCAAGACAACCAAGACTTT 

TRCN0000111563 53620 Vamp5 CDS GTGTTGCTGGTCGTCTTTCTT 

TRCN0000111562 53620 Vamp5 CDS CGGAAATCATGCTCAACAATT 

TRCN0000111564 53620 Vamp5 CDS CAAGACTTTAGCCCAGCAGAA 

TRCN0000100881 19349 Rab7 CDS TGAACCCATCAAACTGGACAA 

TRCN0000100880 19349 Rab7 3UTR GCGGCAGTATTCTGTACAGTA 

TRCN0000100884 19349 Rab7 CDS GCCCTTAAACAGGAAACAGAA 

TRCN0000100882 19349 Rab7 CDS GAAGTTCAGTAACCAGTACAA 

TRCN0000100883 19349 Rab7 CDS TGCTGTGTTCTGGTGTTTGAT 

TRCN0000115080 58244 Stx6 CDS AGGAACAATCTCCGCAGCATA 

TRCN0000115079 58244 Stx6 CDS CATCAGCATAGTTGAAGCAAA 

TRCN0000115076 58244 Stx6 3UTR GCTGGGTAAGAGTTGAGATTA 

TRCN0000115077 58244 Stx6 CDS CCATCAGCATAGTTGAAGCAA 

TRCN0000115078 58244 Stx6 CDS CGTGATGAAGAAACTTGCAAA 

TRCN0000110535 22320 Vamp8 3UTR CCTCCCTAATATGTGCCAAGA 

TRCN0000110536 22320 Vamp8 CDS CGTCTGAACACTTCAAGACAA 

TRCN0000110539 22320 Vamp8 CDS CTGTGTGATTGTCCTTATCAT 

TRCN0000110538 22320 Vamp8 CDS CCGGAAGTTCTGGTGGAAGAA 

TRCN0000110537 22320 Vamp8 CDS CCACGTCTGAACACTTCAAGA 

TRCN0000125506 102339 Cog4 CDS CGGGTGACTGAGATACTAGAT 

TRCN0000125505 102339 Cog4 CDS GCGCGAAGTGAACTGTACTTA 

TRCN0000125504 102339 Cog4 3UTR GCCAGACTTCAGGACCTGTTT 

TRCN0000125507 102339 Cog4 CDS CCTGAGCAAGTTCTCGGAATA 

TRCN0000125508 102339 Cog4 CDS CGACTCTTTACCCTGATCAAA 

TRCN0000110514 20908 Stx3 CDS CTGCTGTATTATCCTTGCCAT 

TRCN0000110511 20908 Stx3 CDS GCGGTCAAGTATCAGAGTGAA 

TRCN0000110510 20908 Stx3 3UTR GCACCAATCAACTGTTTATTA 

TRCN0000110513 20908 Stx3 CDS GACGAGGTTGAGATTGCCATT 

TRCN0000110512 20908 Stx3 CDS GCTTGAAATTACTGGCAAGAA 

TRCN0000105429 24044 Scamp2 CDS GCAGAACACTGCAGCGAATTT 

TRCN0000105427 24044 Scamp2 CDS TCCAGTTGATTGGCTTGCCTA 

TRCN0000105426 24044 Scamp2 CDS GCAGCCCTATCTACGATGAAA 

TRCN0000105425 24044 Scamp2 3UTR GCCTTCTTTCTGAGGGTTCTT 

TRCN0000105428 24044 Scamp2 CDS CCGACCCATCTACAAGGCTTT 
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Table 1 continued 

TRCN0000100798 271457 Rab5a CDS GCTGGTCAAGAACGGTATCAT 

TRCN0000100799 271457 Rab5a CDS CAAGCAGCCATAGTTGTGTAT 

TRCN0000115089 20333 Sec22b CDS CCCTATTCCTTCATCGAGTTT 

TRCN0000115090 20333 Sec22b CDS CCACTGTGTCTAGGCCCTATT 

TRCN0000115086 20333 Sec22b 3UTR GCCCTGCTTTACGAGAAGAAA 

TRCN0000115087 20333 Sec22b CDS CGGAGAAATCTAGGCTCCATT 

TRCN0000115088 20333 Sec22b CDS GCTAACAATTTGTCCAGTCTA 

TRCN0000100871 55943 Stx8 CDS CGTGTCAGATAGCCCAAGAAA 

TRCN0000100872 55943 Stx8 CDS GCTCCTGGCATCGTTTAAGAA 

TRCN0000100873 55943 Stx8 CDS GAGAAGATTCAAGAACGAAAT 

TRCN0000110553 20909 Stx4a CDS GCAACTCAATGCAGTCCGAAT 

TRCN0000110552 20909 Stx4a CDS GCATCACCATAACCGTTGGAT 

TRCN0000110551 20909 Stx4a CDS GCAGACAATTCGGCAGACTAT 

TRCN0000110550 20909 Stx4a 3UTR CACATGTTCTTGGCATTGGGA 

TRCN0000110554 20909 Stx4a CDS CAACCGCATCGAGAAGAACAT 

TRCN0000100920 68159 Stx19 CDS GCTTACTTACAGAAACCAGTA 

TRCN0000100924 68159 Stx19 CDS GTGGATGATGTTCAACGATTT 

TRCN0000100923 68159 Stx19 CDS TCCATGAGAAGGTTTAGTCTA 

TRCN0000100922 68159 Stx19 CDS CCAGCAAACCATGTTTCTATA 

TRCN0000100921 68159 Stx19 CDS GAGAAGGTTTAGTCTACTTAA 

TRCN0000115083 56389 Stx5a CDS GCAGACCCATTCTAACACCAT 

TRCN0000115082 56389 Stx5a CDS GCAGAACATTGAGTCTACAAT 

TRCN0000115084 56389 Stx5a CDS GCCGTCAGAATGGAATCCAAA 

TRCN0000115085 56389 Stx5a CDS GAGCTAACATACATCATCAAA 

TRCN0000100678 67727 Stx17 CDS CCAGATAAACATCGAGAAGTA 

TRCN0000100679 67727 Stx17 CDS TCAGAGTCTGACTCAGATATA 

TRCN0000100677 67727 Stx17 CDS GCGAATGATAGATCCTGTCAA 

TRCN0000100675 67727 Stx17 3UTR GCTGGGTGTTAATGGAGATTT 

TRCN0000100676 67727 Stx17 CDS GCGCTCCAATATCCGAGAAAT 

TRCN0000100569 71116 Stx18 CDS CGAAGGGAAAGTCGTTGAAAT 

TRCN0000100565 71116 Stx18 3UTR GACTGAGCAGAGCAAGGAAAT 

TRCN0000100566 71116 Stx18 CDS CGTGAAGTGATTTCTCACATT 

TRCN0000182818 20615 Snapin CDS CAACCTAGCTACAGAACTGTG 

TRCN0000176557 20615 Snapin CDS CAAATTGACAACCTAGCTACA 

TRCN0000177190 20615 Snapin CDS GATCAATGAGGATCAGAAAGT 

TRCN0000100874 55943 Stx8 CDS GTCAACTTCCTGTGGGATGAT 

TRCN0000110553 20909 Stx4a CDS GCAACTCAATGCAGTCCGAAT 

TRCN0000110552 20909 Stx4a CDS GCATCACCATAACCGTTGGAT 

TRCN0000110551 20909 Stx4a CDS GCAGACAATTCGGCAGACTAT 

TRCN0000110550 20909 Stx4a 3UTR CACATGTTCTTGGCATTGGGA 

TRCN0000110554 20909 Stx4a CDS CAACCGCATCGAGAAGAACAT 

TRCN0000100920 68159 Stx19 CDS GCTTACTTACAGAAACCAGTA 
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Table 1 continued 

TRCN0000100924 68159 Stx19 CDS GTGGATGATGTTCAACGATTT 

TRCN0000100923 68159 Stx19 CDS TCCATGAGAAGGTTTAGTCTA 

TRCN0000100922 68159 Stx19 CDS CCAGCAAACCATGTTTCTATA 

TRCN0000100921 68159 Stx19 CDS GAGAAGGTTTAGTCTACTTAA 

TRCN0000115083 56389 Stx5a CDS GCAGACCCATTCTAACACCAT 

TRCN0000115082 56389 Stx5a CDS GCAGAACATTGAGTCTACAAT 

TRCN0000115084 56389 Stx5a CDS GCCGTCAGAATGGAATCCAAA 

TRCN0000115085 56389 Stx5a CDS GAGCTAACATACATCATCAAA 

TRCN0000100678 67727 Stx17 CDS CCAGATAAACATCGAGAAGTA 

TRCN0000100679 67727 Stx17 CDS TCAGAGTCTGACTCAGATATA 

TRCN0000100677 67727 Stx17 CDS GCGAATGATAGATCCTGTCAA 

TRCN0000100675 67727 Stx17 3UTR GCTGGGTGTTAATGGAGATTT 

TRCN0000100676 67727 Stx17 CDS GCGCTCCAATATCCGAGAAAT 

TRCN0000100569 71116 Stx18 CDS CGAAGGGAAAGTCGTTGAAAT 

TRCN0000100565 71116 Stx18 3UTR GACTGAGCAGAGCAAGGAAAT 

TRCN0000100566 71116 Stx18 CDS CGTGAAGTGATTTCTCACATT 

TRCN0000182818 20615 Snapin CDS CAACCTAGCTACAGAACTGTG 

TRCN0000176557 20615 Snapin CDS CAAATTGACAACCTAGCTACA 

TRCN0000177190 20615 Snapin CDS GATCAATGAGGATCAGAAAGT 

TRCN0000100874 55943 Stx8 CDS GTCAACTTCCTGTGGGATGAT 

 

Table 1. SNARE pathway custom shRNA library. 

Gene ontology terms associated with the SNARE-complex were used to query a gene list 

for cross-reference with the shRNA library to construct a custom sub-set for secondary 

screening. 
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Figure 3: Secondary screening confirmed SNARE-gene family involvement in membrane 

rupture during cellular necrosis 
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Figure 3.  Secondary screening confirmed SNARE-gene family involvement in 

membrane rupture during cellular necrosis.  A-D) Bar graphs of all 350 clones 

contained in the custom SNARE-associated shRNA library. A) Percent membrane 

rupture was assessed by ethidium homodimer-1 fluorescence following 24hrs treatment 

of 3T3 cells with 20µM Ionomycin (PM ionophore causing iCa2+ overload); B) 24hrs 

treatment with 1-µM thapsigargin (iCa2+ overload via SERCA inhibition); C) 24hrs 

treatment with 1-mM H2O2 (ROS stress).  D) Caspase activity assessed by the EnzChek 

caspase-3 assay (Molecular Probes) following 6hrs treatment with 5-µM staurosporine 

(apoptotic stress).  All values corrected to 3T3 cells receiving scramble shRNA lentivirus 

(red-dashed line) and green line indicates threshold for clones found to significantly 

block membrane rupture or caspase activity. E-F) Venn diagram displaying the 

relationship of gene targets of shRNAs found to inhibit membrane rupture following 

treatment with various cell death stimuli. Numbers inside circles represent number of 

genes per group. E) Genes which inhibit membrane rupture following treatment with 

ionomycin, thapsigargin and H2O2. F) Genes which inhibit membrane rupture following 

treatment with ionomycin, thapsigargin (calcium-agonists) and caspase activation with 

staurosporine (apoptosis). G-H) shRNA clones from different SNARE-gene families 

found to significantly inhibit membrane rupture induced by multiple stress stimuli were 

selected for confirmatory experimentation. G) Fold change in mRNA expression versus 

scramble shRNA control cells was assessed by qPCR in stable fibroblast cell lines 

expressing the indicated shRNA. All data corrected to the housekeeping gene RPS13. H) 

Fluorescence assay (Sytox green) for membrane rupture after treatment with H2O2 (250-
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1500μM) for 24hrs. (p < 0.001 vs scramble control for all doses greater than 250μM 

H2O2). 

By implementing our previously outlined protocol (Fig. 2A above), we screened the sub-

library using various death inducing agents at multiple doses: iCa2+ overload via PM 

ionophore (10, 20, and 30-µM ionomycin), iCa2+ overload via SERCA inhibition  (1-µM 

thapsigargin), reactive oxygen species (ROS) stress (0.5, 0.75, 1.0 and 1.5-mM H2O2), 

and apoptotic activity (5-µM staurosporine) (selected doses of various death initiators 

are shown for the entire SNARE sub-library in 3A-D). Examination of clones protecting 

against ionomycin-induced membrane rupture revealed a high-degree of correlation with 

hits in our primary screen.  

Interestingly, a unique set of protective shRNAs was revealed for each death-inducing 

agent, thus allowing us to compare and contrast gene hits with various activators of cell 

death. Identification of gene targets of shRNAs protective against 1-mM H2O2, 20-µM 

ionomycin, and 1-µM thapsigargin were used to generate Venn diagrams to identify 

death signatures (Fig. 3E). Not surprisingly, Ca2+-mediated death inducers, ionomycin 

and thapsigargin, had many genes in common. Of the 17 shRNA gene targets identified 

with thapsigargin, 13 were also represented in the ionomycin hit list. While ROS-

induction of membrane rupture also shared some common gene targets, almost half of the 

hits were not represented in the ionomycin or thapsigargin groups, suggesting either 

unique players or a divergence in mechanisms. To visualize the relationship between 

apoptosis modifiers and Ca2+-induction of necrosis, we compared shRNA target genes 

that inhibited caspase-activation following treatment with staurosporine with the gene 
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targets that blocked membrane rupture in response to ionomycin and thapsigargin (Fig. 

3F). There was only a single hit with thapsigargin induced calcium overload and 5 hits in 

common with ionomycin induced calcium overload. 10 genes were found to be involved 

in membrane rupture induced by all three necrotic stimuli, and not in the staurosporine 

group, suggesting centrality in programmed necrosis independent of apoptotic signaling. 

Next, we selected key genes found to be fundamental to programmed necrosis, examined 

multiple shRNA clones found to provide significant protection against membrane 

rupture, and generated stable knockdown cell lines by puromycin selection. All cell lines 

generated were found to have a significant degree of knockdown as assessed by qPCR 

(Fig. 3G). Here, clones targeting different genes identified in the secondary screening 

strongly inhibited membrane rupture stimulated by ROS stress across a wide range of 

dosing (Fig. 3H). Thus, reduction in the activity of nodal genes in the SNARE / vesicular 
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fusion pathways were protective against necrotic cell death. 

 

Figure 4: The SNARE-component, NSF, is critical for programmed necrosis 

Figure 4. The SNARE-component, NSF, is critical for programmed necrosis. A) 

CRISPR Cas9n oligos were designed to target murine Nsf exon 5 for deletion. B) A stable 

3T3 Nsf -/- cell line was created after clonal isolation. Western blotting for NSF confirmed 

loss of protein. C-F) Treatment of WT and Nsf -/- cells with C) ionomycin, a calcium 

ionophore D) tert-butyl H2O2 (TBH), a ROS stressor, E) TNFα, cycloheximide and 
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zVAD, to induce necroptosis, and F) MMS, a DNA alkylation agent. After incubation 

with drugs cells were loaded with Sytox green for 30m and analyzed on a plate reader to 

measure membrane rupture.  All necrotic stimuli greatly increased membrane rupture 

which was significantly blunted in Nsf -/- cells. G) WT and Nsf -/- 3T3s were treated 

with staurosporine to induce apoptotic cell death. Caspase 3/7 activity was not different. 

between groups. H) A stable Nsf overexpression (OE) line was generated via transfection 

of a plasmid containing hNSF for 48hrs prior to puromycin selection. I-J) Treatment of 

WT and OE 3T3s with I) ionomycin and J) TBH led to a significant increase in 

membrane rupture in OE cell lines. All assays performed in triplicate. (* = p < 0.05 vs. 

vehicle control)  

SNARE complex recycling component, N-ethylmaleimide Sensitive Factor (NSF) is 

necessary for necrosis  

We focused our experimental efforts on the SNARE complex member, NSF, due to its 

requirement for SNARE recycling during membrane fusion events(362), lack of gene 

homologs, and  redox-dependent post-translational regulation(323, 324, 326). We utilized 

CRISPR Cas9n technology to introduce an indel in exon 5 of Nsf (Nsf-/-, Fig. 4A). Loss of 

protein was confirmed by Western blot (Fig. 4B). Nsf -/- cells were evaluated for 

susceptibility to death induced by various necrotic stimuli (Fig. 4C-F; Fig. 5A-5D).  
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Figure 5: Generation of Nsf KO and OE cell lines causes alterations in cell viability 

Figure 5. Generation of Nsf KO and OE cell lines causes alterations in cell viability. 

After examination of membrane rupture using sytox green the same plates were loaded 

with cell titer blue for 4hrs to examine viability by measuring fluorescence A-D) 

Treatment of WT and Nsf -/- 3T3s with A) ionomycin, a calcium ionophore B) tert-butyl 
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H2O2, a ROS stress C) TNFα, cycloheximide and zVAD, a necroptotic inducer, and D) 

MMS, a DNA alkylation agent all led to a large decrease in cell viability with increasing 

doses of drugs which was significantly blunted in Nsf -/- cells. E-F) Treatment of WT and 

OE 3T3s with E) ionomycin led to a significant decrease in cell viability in OE cell lines 

while treatment with F) tert-butyl H2O2 had little change viability in the VEH group, 

unlike the VEH group of B) and in direct contrast with the high levels of membrane 

rupture. This result may be explained by the wealth of literature on the high variability in 

cell viability assays, especially those involved redox and antioxidant drugs. Optimization 

with alternative viability assays can help to shed light on this discrepancy.  All assays 

performed in triplicate. (* = p < 0.05 vs. vehicle control)  

Loss of NSF increased viability and protected against rupture following calcium-overload 

(ionomycin; Fig. 4C; Fig. 5A), ROS stress (tert-butyl hydrogen peroxide (TBH; Fig. 4D; 

Fig. 5B), necroptotic stimuli (TNFa, CHX, + zVAD; Fig. 4E; Fig. 5C), and DNA 

alkylation (methyl methanesulfonate; MMS; Fig. 4F; Fig. 5D). We found no difference 

in caspase 3/7 activity in Nsf-/- cells post-staurosporine treatment (Fig. 4G) suggesting a 

novel cell death pathway independent from apoptosis. Next, we generated a cell line with 

stable NSF overexpression, which was confirmed by Western blot (Fig. 4H). Necrosis 

was induced in WT and NSF overexpressed cells by treatment with ionomycin (Fig. 4I; 

Fig. 5E) or TBH (Fig. 4J; Fig. 5F). We found that overexpression of NSF exacerbated 

membrane rupture, solidifying that NSF gain-of-function is sufficient to increase cell 

death. Altogether, these data suggest that NSF is a key regulator of necrosis induced by 

various stressors but does not alter apoptotic cell death.  
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Figure 6: SNARE-binding, ATPase activity and redox regulation are necessary for NSF-

dependent cell death 

Figure 6. SNARE-binding, ATPase activity and redox regulation are necessary for 

NSF-dependent cell death. A) Schematic of Nsf’s three domains and location of the six 

point mutants used henceforth. B) Plasmids containing mNsf mutated cDNA were 

transfected into immortalized Nsffl/fl MEFs using Fugene. 24hrs post-transfection cells 

harvested to check expression. Western blot analysis of Nsf levels post-transfection show 

~2-fold increase in each line. C) 24hrs post-transfection, cell media was changed to one 

containing 500μM TBH for 16hrs and membrane rupture was examined using Sytox 

Green. Treatment of Nsffl/fl MEFs with 500μM TBH shows changing to membrane 

rupture as compared to WT control as summarized in D. 
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SNARE complex disassembly and redox modification mediate NSF-dependent cell 

death 

NSF is a key SNARE recycling component, mediating unwinding of SNARE pins, and 

requiring specific molecular functions conferred by each of its three distinct protein 

domains (Fig. 6A). To bind the SNARE complex, NSF requires homo-oligomerization 

via the D2-domain prior to binding to the SNARE adaptor protein αSNAP via the N-

domain. Once bound to αSNAP, the heterodimer binds to the SNARE pin and a Walker 

motif in the D1-domain confers ATPase activity, eliciting SNARE pin unwinding and 

component recycling. To elucidate which functions were necessary for NSF-dependent 

cell death, we created point-mutations in residues reported to be essential for these 

canonical functions and included four cysteine mutants reported to be redox regulated: 

NSFC11A, NSFC91A, NSFC264A, NSFY294F/G296A, NSFE329Q, and NsfC568A/C582A (Fig. 6A)(323, 

324, 326). Given that redox imbalance is a universal feature of cell death signaling, we 

hypothesized that post-translational modification of key cysteine residues may mediate 

NSF-dependent cell death. All constructs were confirmed by sequencing and expressed in 

fibroblasts to a similar degree (Fig. 6B). Expression of wild-type NSF (NSFWT) elicited 

an increase in membrane rupture as demonstrated by increased PI fluorescence following 

TBH treatment, as compared to the empty vector control. Cells expressing NSFC11A, 

NSFC264A, and NSFC568A/C582A displayed no difference in rupture, as compared to the 

NSFWT control, suggesting these residues are not necrosis regulatory elements. However, 

NSFY294F/G296A, which alters SNARE complex dissociation, showed no increase in 
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membrane rupture when compared to control, suggesting SNARE complex disassembly 

is required for the necrotic phenotype. This was confirmed by the significant decrease in 

membrane rupture in cells transduced with NSFC91A, which is also reported to be a redox 

sensitive regulatory residue for SNARE complex disassembly(323, 324, 326). 

Interestingly, expression of NSFE329Q, which exhibits both defective SNARE complex 

dissociation and decreased ATPase activity, greatly reduced membrane rupture, as 

compared to both controls (Fig. 6C-4D). These results underscore that NSF-regulated 

SNARE complex disassembly and ATP hydrolysis are required for plasma membrane 

rupture that occurs in necrosis. 
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Figure 7: NSF traffics to the site of membrane blebs during plasma membrane rupture 
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Figure 7. NSF traffics to the site of membrane blebs during plasma membrane 

rupture. Nsffl/fl MEFs were transfected with NSFWT-BFP and NSFC91A-BFP, NSFE329Q-

BFP, and NSFY294F/G296A-BFP constructs (cyan). The plasma membrane was stained with 

CellMask (magenta) and PI (red) to demarcate cells with compromised plasma 

membranes and treated with 500μM TBH. Cells washed and fixed in 4% PFA at 0hrs and 

2hrs prior to imaging of single slices on an Airyscan superresolution microscope. A) 

Transfected cells at 0hrs post-TBH. B) Transfected cells 2hrs post-TBH. White arrows 

indicate membrane blebbing. White dotted circles outline cells lacking PI.   

NSF traffics to sites of membrane blebbing and rupture  

Since NSF is necessary for membrane fusion events at the plasma membrane, we 

hypothesized it was involved in the molecular events, such as blebbing, that are 

associated with plasma membrane rupture in the context of necrosis. We created BFP 

fusion constructs (NSF-BFP) to track subcellular localization following treatment with 

the redox stressor, TBH. We also fluorescently tagged the aforementioned NSF point-

mutants since some are reported to disrupt trafficking between subcellular 

compartments(363, 364). 24hrs after transfection, cells were stained with CellMask to 

demarcate the plasma membrane, PI to identify loss of plasma membrane integrity, and 

treated with TBH for 2hrs prior to fixation and Airyscan super-resolution imaging. At 

baseline, NSFWT was diffusely localized in the cytosol and/or ER/golgi (Fig. 7A) and 

2hrs after TBH treatment, redistributed to sites of membrane blebbing (indicated by the 

white arrows) in concert with membrane rupture which was identified by PI positivity 

(Fig. 7B). 2hrs post-TBH, NSFC91A-BFP had partially moved from the cytosol to 

membrane blebs, as BFP was visualized in both locations (Fig. 7B). This suggests a delay 
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or reduction in redox-dependent cell death in the NSFC91A mutant, but likely no direct 

role in NSF translocation. Interestingly, NSFY294F/G296A and NsfE329Q-BFP were found to 

maintain a diffuse cytosolic localization 2hrs post-TBH with no observed trafficking to 
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the plasma membrane or PI positivity (Fig. 7A-B). All other mutants (NSFC11A, NSFC264A 

and NSFC568A/C582A-BFP) trafficked in a pattern similar to NSFWT (Fig. 8A-8B).  
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Figure 8: Mutations to NSF affect bleb formation post necrotic stimuli 
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Figure 8. Mutations to NSF affect bleb formation post necrotic stimuli. Nsf fl/fl MEFs 

were transfected with NSFC11A-BFP, NSFC264A-BFP, NSFC568A/C582A-BFP constructs 

(cyan). The plasma membrane was stained with CellMask for 15m to visualize the 

outside of the cell (magenta). After washing, an OptiMem solution was added to the cells 

containing PI (red) and 500μM TBH. Cells washed and fixed in 4% PFA at 0hrs and 2hrs 

prior to imaging Z-stack imaging at optimal slices on an Airyscan superresolution 

microscope. A) Transfected cells at 0hrs post-TBH. B) Transfected cells at 2hrs post-

TBH. White arrows indicate membrane blebbing.  

 These results lead us to hypothesize that the binding and release of NSF from the 

SNARE complex is integral to plasma membrane blebbing and rupture, and that 

oxidation of key cysteine residues may play a role in the molecular switch from 

membrane fusion (physiology) to dysregulated membrane fission (pathophysiology).    



 89

 

Figure 9: Conditional knockout of Nsf is protective against cell death occurring during 

skeletal muscle injury 

Figure 9. Conditional knockout of Nsf is protective against cell death occurring 

during skeletal muscle (skm) injury. A) Mice generated during the Knockout Mouse 

Project were obtained from The Jackson Laboratory. The Nsftm1a mouse is both a 

reporter and knockout mouse containing a cassette consisting of two FRT sites 

surrounding a lacZ sequence, loxP site, neomycin resistance, followed by a second loxP 
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site (chr11:103914328 insertion, after exon 5). A third loxP site is inserted downstream 

of exon 7 (chr11:103913050 insertion) allowing for deletion of exons 6-7. The Nsftm1a 

mouse was crossed with a FLPe mouse for removal of the reporter sequence. 

Heterozygous mice were backcrossed to create a homozygous Nsf fl/fl mouse line. B) 

Schematic of the experimental timeline for deletion of Nsf from skm and subsequent 

myogenic injury. Mice are injected with AAV-CON or AAV-Cre and ~8wks of age. 

3wks post-viral injection mice are injected with 1% EBD. 18hrs after EBD injection the 

left tibialis anterior (TA) muscle was injected with either PBS or 10μM cardiotoxin 

(CTX). C) For necrotic cell death experiments, AAV6-Cre and AAV6-CON were 

injected into the TAs of 8wk old Nsffl/fl mice, 3wks was allowed for deletion of Nsf, 

before TAs were extracted for protein analysis which showed a decrease in NSF protein 

in the AAV6-Cre group. D) Mice TAs were injected with CTX for 6hrs before serum 

collection for TnI ELISA. E) Representative images of TA sections. Sarcollema are 

delineated by WGA (blue) outline. Injured cells are EBD+ (red). F) Quantification of 

histology. (* = p < 0.05 vs. vehicle control)  

Loss of NSF protects against sarcolemmal rupture and necrosis in in vivo models of 

muscle injury 

To define the role of NSF in necrotic cell death as occurs in vivo, we acquired mutant 

mice that were generated by a ‘knockout-first’ strategy(365). Nsftm1a mice were crossed 

with FLPe mice for removal of the FRT flanked bgal reporter sequence, leaving loxP 

sites flanking exons 6-7 (Nsf fl/fl mouse). Expression of cre recombinase (cre) in a tissue 

restricted fashion allowed cell-specific recombination and Nsf deletion (Fig. 9A). We 

injected the tibialis anterior (TA) with AAV6 encoding cre (AAV6-Cre) or AAV6 
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encoding eGFP (AAV6-Con) as a control and allowed 3wks for protein turnover (Fig 

9B). Local loss of NSF was confirmed by Western blot of lysates isolated from the TA 

(Fig. 9C). To observe sarcolemmal rupture we injected mice with Evan’s blue dye (EBD) 

18hrs prior to cardiotoxin injection of the TA. EBD can only enter myocytes with a 

compromised sarcolemma, which are easily viewed following histological preparation 

and fluorescent microscopy. Cardiotoxin was chosen due its characterization as a potent 

necrotic agent inducing skeletal muscle injury that is reported to be both Ca2+ and ROS-

dependent(366, 367). Quantification of circulating levels of troponin I (TnI), a muscle 

specific protein regulating the myofilament that leaks out of myocytes upon sarcolemmal 

rupture, discovered a 72% reduction in Nsf  -/- mice vs. controls (Fig. 9D). The decrease 

in cardiotoxin-induced necrosis in Nsf -/- TAs was confirmed by histological analysis, 

which revealed a significant decrease in EBD positive myocytes following Nsf deletion 

(AAV6-Cre), as compared to AAV6-Con (Fig. 9E-F).  
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Figure 10: Cardiomyocyte specific conditional knockout of Nsf is protective in murine 

ischemia reperfusion 
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Figure 10. Cardiomyocyte specific conditional knockout of Nsf is protective in 

murine ischemia reperfusion (I/R). A) A cardiomyocyte specific Nsf fl/fl mouse line was 

created by crossing the Nsf fl/fl mouse with the αMHC-MCM mouse. Mice were 

backcrossed to generate homozygous Nsf fl/fl and hemizygous for αMHC-MCM. B) To 

delete Nsf mice aged 10-12wks were given tamoxifen chow (40mg/kg) for 4wks followed 

by a 1wk washout period before experimentation. For IR injury, the LCA was ligated for 

40m and 24hrs reperfusion. C) qPCR analysis of isolated cardiomyocytes show a 

decrease in NSF expression in the Nsf fl/fl x αMHC-MCM group. D-G) Deletion of Nsf 

from cardiomyocytes did not alter baseline cardiac function. D) Heart rate; E) Fractional 

Shortening (FS); F) Left ventricular internal diameter during diastole (LVID;d); G) Left 

ventricular internal diameter during systole (LVID;s);  H) Representative midventricular 

cross sections of hearts after EBD (blue, area not-at-risk) perfusion, TTC stained to 

demarcate the viable area or uninjured myocardium (red), and infarcted region (white). I) 

Analysis of infarct size by quantification of AAR, left ventricle (LV) region and non-

TTC stained region = infarct (INF). 

To corroborate this result, we deleted Nsf in cardiomyocytes and subjected mice to in 

vivo ischemia-reperfusion (IR) injury, in which the loss of cells is known to primarily 

occur as a result of necrotic cell death(112, 368, 369). Nsffl/fl mice were crossed with 

aMHC-Mer-Cre-Mer (MCM) mice for tamoxifen-dependent deletion restricted to 

cardiomyocytes (Fig. 10A). Importantly, all mice including controls received chow 

containing tamoxifen for 4wks followed by a 1wk washout period prior to left coronary 

ligation (Fig. 10B). Cardiomyocytes were isolated from the hearts of Nsf fl/fl and Nsf fl/fl x 

MCM mice and deletion was confirmed by qPCR quantification of Nsf mRNA. 
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Expression was corrected to the housekeeping gene, Rps13 (Fig. 10C). 

Echocardiographic assessment of LV structure and function indicated that Nsf deletion 

had no effect on basal heart structure or function (heart rate, fractional shortening, or left 

ventricular cardiac dimensions; Fig. 10D-G). The left coronary artery (LCA) was ligated 

for 40 m followed by 24 hrs of reperfusion (Fig. 10B) and LV infarct size was calculated 

following EBD perfusion (demarcation of area-not-at-risk) and TTC staining (viable 

myocardium). Planimetry revealed a small yet significant decrease in infarct size/AAR 

and infarct size/LV in Nsf fl/fl x MCM vs. MCM controls (Fig. 10H and 10I). These two 

robust animal models provide evidence that NSF plays a role in plasma membrane 

rupture and cellular necrosis that occurs in acute muscle injury. 
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Discussion 

While small molecule drug library screening technology has existed for decades, recent 

developments in genomic tools have allowed for manipulation of the entire mammalian 

genome in an automated manner allowing for the discovery of novel genes involved in 

any desired biologic process (355, 370) . Here, utilization of a genome-wide shRNA 

library expressed by lentiviral packaging of individual clones enabled loss-of-function 

screening to discover new genes involved in programmed necrosis. We began by 

inducing necrosis via two well-known general necrotic stressors: ROS stress and calcium 

overload. Specifically, we utilized TBH to induce ROS overload as well as two well-

characterized inducers of calcium-overload, ionomycin and thapsigargin (371-373). 

Ionomycin and thapisgargin can also lead to ER stress(371-373) and prolonged ER stress 

is reported to activate the unfolded protein response, which when hyperactivated, may 

also lead to necrosis(374). Using this plethora of cell death inducers, we identified 

SNARE-complex genes as central components of programmed necrosis, which was 

unexpected, but intuitively connectable with how necrosis likely proceeds in a cell.   

The SNARE protein family consists of more than 60 evolutionarily conserved members, 

many of which, when inhibited by shRNA, were protective against membrane rupture(375, 

376). The core SNARE-complex is a four alpha-helix structure with a single alpha-helix 

contributed by a syntaxin, a single alpha-helix contributed by VAMPs (vesicle-associated 

membrane proteins) and two alpha-helices contributed by a SNAP (synaptosomal-

associated protein) for the ‘zippering’ or fusion of membranes(308). Other components 

necessary for complex functionality include the calcium sensors, synaptotagmins, and 

NSF, which is required for SNARE recycling. Formation of the SNARE-complex has 
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been shown to be necessary for most membrane fusion events and has been extensively 

studied in neurotransmitter release and vesicle fusion events at the plasma membrane(306, 

377). In general, the process proceeds by a vesicle-embedded SNARE interacting with 

target membrane SNAREs to assemble the complex and physically drive bilayer 

fusion(378, 379).  

Here, we focused on the SNARE complex recycling component, NSF, which when 

inhibited significantly protects against membrane rupture in vitro and in murine models 

of skeletal muscle and cardiac injury. In examining NSF point-mutants, we discovered 

that both the SNARE binding function and ATPase function of NSF are essential for the 

necrotic phenotype. The extreme cytoprotection afforded by expression of NSFE329Q 

highlights this notion, as both SNARE-binding and ATPase activity were inhibited 

without altering NSF homo-oligomerization(364). Relevant to our examination of redox 

stress induced necrosis is the result that expression of the cysteine mutant NSFC91A, a 

redox sensitive residue regulating SNARE complex disassembly(324), was 

cytoprotective. As rationale for these experiments, the Lowenstein group and others have 

detailed that NSF is redox-sensitive and that both SNARE-binding and ATPase activity 

are redox-regulated by oxidation and/or S-nitrosylation of key cysteine residues. Further, 

targeted inhibition of NSF limits inflammation by inhibiting the exocytosis of pro-

inflammatory mediators, resulting in cytoprotection(380-382). In light of our current 

results, we suspect that the noted protective effects of NSF inhibition are likely due to 

direct inhibition of cell death signaling. The Lowenstein lab also reported that cardiac 

myocytes contain a functional set of SNAREs to mediate ANP release, thus providing 

feasibility to therapeutically target this pathway in the heart(383). The idea of redox-
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dependent regulation also fits nicely within our working hypothesis that NSF may serve 

as a molecular switch in the oxidative environment associated with tissue injury to 

initiate membrane rupture and cell death. 

During intracellular membrane fusion events, under homeostatic conditions, a pore 

briefly forms between two opposing membranes for the passage of constituents without 

leakage. Our working hypothesis is that during necrosis-inducing stress the bilayer fusion 

process is compromised, driving membrane rupture and cell death (a process we have 

coined synaptolysis). Our hypothesis takes into account an alternative biophysical model 

of membrane fusion, originally proposed by Muller et al., whereby non-bilayer 

intermediates are formed(384-386). It is easy to envision how necrotic cell death could 

proceed by the formation of disorderly membrane holes allowing ions and other death 

inducing agents to escape from intracellular compartments or entry of extracellular 

milieu, causing cell swelling and membrane rupture. There is anecdotal evidence in the 

literature to support this ‘SNARE hypothesis’ of membrane lysis eliciting necrotic cell 

death, such as with vacuole fusion, yeast mating, and lysis processes that occur when the 

fusion balance is altered(331). While the genes necessary for mating fusion in yeast do 

not have direct homology with mammalian SNAREs, the observation of membrane 

fusion resulting in lysis supports the overall biophysical model. Specifically, Starai et al. 

monitored yeast vacuoles (mammalian lysosome equivalent) containing GFP to assess the 

degree of leakage under various fusion conditions(319). At physiological ratios of 

SNARE components, no lysis was observed. Upon the excess addition of a VAMP there 

was significant lysis. Likewise a strain of yeast overexpressing four vacuole SNARE 

proteins was sufficient to increase organelle lysis(319). The degree of lysis was linearly 
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related to SNARE activity and is supported by other reports where vesicles with a high 

ratio of syntaxin protein to lipid content promoted a loss in membrane integrity(320). 

Furthermore, yeast mating has been shown to result in significant lysis, due to a lack of 

proper synchronization in fusion pore opening between mating pairs with membrane 

contact(318). Similarly, enveloped virus molecules have been shown to cause leakage by 

formation of a hemifusion diaphragm structure during fusion resulting in increased 

membrane permeability(321, 322). In mammalian systems, it has been reported that the 

number of ‘SNARE-pins’ formed directly relates to the length of time a given pore 

remains open(309); suggestive that in our model several SNARE-pins may be coalescing 

at key interaction sites in an unbalanced arrangement. The expanse of SNARE-family 

target genes identified as hits in our screen supports the notion that multiple combinations 

of SNAREs are participating in the process. Additional supportive observations found in 

the literature suggest that synaptotagmin (the calcium sensor of the SNARE complex) 

may be a required component of some membrane repair systems(329). It has been 

reported that SNARE proteins may facilitate vesicle or lysosomal membrane repair at 

sites of injury, via exocytotic machinery(240, 270). In our model it is conceivable that 

this physiological process could lend itself to the polar phenomenon of membrane lysis 

following the induction of necrosis by calcium overload.  

In conclusion, by utilizing a genome-wide loss-of-function approach we have definitively 

identified numerous genes that contribute to programmed necrosis in a previously 

unrecognized universal rupture pathway. Our hypothetical model of SNARE-mediated 

fusion driving membrane rupture and lysis provides additional evidence that necrotic cell 

death is regulated at yet another level, suggesting that additional novel therapeutic agents 
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could be developed to treat a range of adult-onset ischemic and degenerative conditions. 

Currently, work is underway to decipher the exact molecular mechanisms and subcellular 

sites of SNARE-mediated fusion, with the hope of progressing to more targeted 

therapeutics for diseases driven by cell death.      
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CHAPTER 5: DISCUSSION 

Membrane rupture is a process which is prevalent in disease and leads to inflammatory 

signaling and cell death. Despite the ubiquitous nature of cell death in chronic human 

diseases a pervasive regulator of rupture is unknown. We developed a genome-wide 

screen to help identify possible universal regulators of plasma membrane ruling using a 

shRNA library combined with a cell death plate reader protocol(154). Using two well-

known general necrotic stressors, ROS stress and calcium overload, we screened for 

genes which when knocked down were protective against membrane rupture. TBH was 

used to induce ROS stress and calcium overload was induced via ionomycin and 

thapsigargin(371-373). In addition to calcium overload, ionomycin and thapsigargin lead 

to ER stress (371-373) which when prolonged activates UPR, leading to necrosis(374). 

Our genome wide screen identified SNARE-complex genes as important drivers of 

programmed necrosis (Fig 1) which was unexpected, as SNARE components were 

identified as an important regulator of membrane repair in 199516, indicating the 

necessity for SNAREs in the resolution of membrane ruptures.  

To both confirm and gain more mechanistic insight into the role of SNAREs in rupture 

we performed an additional sub-screen focusing on the deletion of various SNARE 

complex components. We again used a plate reader assay to examine membrane rupture 

with the addition of more pan-necrotic stimuli ionomycin, hydrogen peroxide, and 

thapsigargin (Fig 2). Again, we found that numerous SNARE complex components were 

protective against membrane rupture. Furthermore, we found there was significant 

overlap in genes which were protective against rupture after ionomycin- and 

thapsigargin- induced necrosis, indicating common mechanisms for calcium-induced 
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necrotic cell death. Additionally, there is overlap between the calcium-induced necrotic 

mediators and those gene which are protective against hydrogen peroxide driven necrosis, 

indicating a more universal mechanism driving lysis across multiple forms of cell death 

(Fig 2). 

When the subset of genes which were protective against all three forms of pan-necrotic 

stimuli was found, a promising target emerged in the SNARE complex recycling 

component N-ethylmaleimide sensitive factor (NSF), which has no known homologs, 

making it an ideal genetic target. Nsf is a 76kDa protein composed of three domains: the 

N domain, the D1 domain, and the D2 domain. The D1 and D2 domains contain two 

ATP-binding sites with Walker A box motif and DEAD box(387), which place Nsf in the 

family of ATP-binding proteins(388-390). The D1 domain is important for the hydrolysis 

of ATP, allowing for the unwinding of the SNARE pin, which occurs optimally in 

environments with a pH of 9.0(327, 328). The D2 domain, while containing a Walker 

motif, is not important in ATP hydrolysis, instead, this domain is essential for the 

hexamerization of Nsf subunits(328, 391). In order for Nsf to recycle SNARE complex 

components, Nsf requires an interaction via its N-terminal domain with a protein known 

as soluble NSF attachment proteins (SNAPs)(392). Studies into the dominant-negative 

Nsf mutant E329Q, which binds the SNARE Complex but cannot disassemble the 

complex(391, 393), shows a decrease in intra-golgi transport and exhibits decreased 

ATPase activity, have shown that it is essential for all subunits of the Nsf oligomer to be 

functioning normally for ATPase activity to proceed(394).  

Nsf is regulated via a variety of post-translational modifications. The Lowenstein lab, in 

experiments examining endothelial cell exocytosis, found that several key cysteine 
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residues of Nsf were able to be S-nitrosylated or oxidized in the presence of excess 

hydrogen peroxide(323-326). Specifically, when a NO donor was added, NSF’s ATPase 

activity remained but NSF lost the ability to disassemble SNARE complexes. 

Mutagenesis experiments found that C21, C91, and C264 were likely S-nitrosylated. C21 

was unable to interact with SNARE complexes, this is likely because of its location in the 

alpha-SNAP binding domain which when mutated or S-nitrosylated affects binding. 

Conversely, C91 and C264 interacted but did not allow dissociation from the SNARE 

complex. S-nitrosylation at residue C91 likely inhibits the conformational change 

exhibited in the N-domain after ATPase activity, while S-nitrosylation of C264, located 

in the Walker A motif, may affect the ability of ATP to bind the D1 domain(324). C264 

was also found to be capable of undergoing oxidation following hydrogen peroxide 

treatment, this is likely due to similar steric hindrance(326).  

Nsf also has the ability to be phosphorylated at serines and tyrosines. PKC 

phosphorylates S237 in the Nsf D1 domain, eliminating Nsf’s ability to bind to alpha-

SNAP, likely due to an ability to undergo the conformational changes otherwise induced 

by ATP hydrolysis(395). Additionally, Nsf is phosphorylated on S569 by the 

serine/threonine kinase Pctaire1. Phosphorylation of this residue affects Nsf 

oligomerization due to S569’s location between Nsf monomers(396). Furthermore, Nsf is 

phosphorylated on Y83 by tyrosine kinases Fes and Fer and the phosphorylation is 

removed by phosphatase PTP-MEG2(397). Y83 phosphorylation increases ATPase 

activity but does not allow Nsf to bind alpha-SNAP, leading to a functionally inactive 

group of Nsf and accumulation of unfused SNARE complexes on membrane. Y83 is 

located in a similar location as C91, in the stabilization loop of the N-domain, and thus 
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likely inhibits the ability to bind alpha-SNAP by altering N domain stabilization.  

These studies led to our hypothesis that NSF is essential for SNARE-mediated membrane 

rupture. High ROS levels and high Ca2+ levels are found in a variety of programmed and 

unprogrammed cell death pathways. As vesicle fusion is Ca2+ regulated and as Nsf is 

redox sensitive, it stands to reason that alterations in these forms of Nsf regulation 

contribute to its function in cell death. We indeed found that deletion of Nsf in murine 

models of skeletal muscle injury (Fig. 9) and cardiac injury (Fig. 10) lead to protection 

against membrane rupture induced by cardiotoxin and ischemia reperfusion injury 

respectively.  

Future Directions 

Future studies include the confirmation of Nsf as a ubiquitous modulator of membrane 

rupture. We examined Nsf protection following numerous general necrotic (Ca2+, ROS, 

DNA alkylation) stimuli and in necroptosis, a regulated form of cell death, but there are 

many other forms of regulated cell death which feature lytic cell death, such as pyroptosis 

and ferroptosis. We can examine the level of rupture after induction of pyroptosis and 

ferroptosis using our optimized plate reader assay in both WT and CRISPR KO cells to 

elucidate if Nsf deletion is protective across a wide array of programmed forms of lytic 

cell death.  

Additionally, a more complete understanding of the post-translational modifications of 

Nsf in necrotic environments is ideal for future drug design. Oxidation, nitrosylation, 

phosphorylation and other modifications have all be confirmed to occur on Nsf and alter 
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Nsf function in both positive and negative manners. A more complete understanding of 

the protein’s topology will allow for more accurate drug binding predictions for Nsf in 

the diseased state. Mechanistically, more study is necessary to determine the exact 

mechanism by which Nsf confers its necrotic phenotype.  

We have found that Nsf is an essential regulator of membrane rupture in disease 

conditions, making it a promising target for therapies to cure a variety of ailments. 

Unfortunately, due to the role of Nsf in neurotransmitter release, gene therapy for Nsf is 

not feasible and drug targeting runs the risk of serious neurological side effects. Given 

these hurdles, a very strategic approach to drug design needs to be taken. One approach 

could include a localized injection of an NSF inhibitor with low binding efficiency at the 

time of reperfusion for acute inactivation of Nsf. A second option include designing a 

drug which cannot cross the blood brain barrier. While this may allow for off-target 

effects in the periphery, severe negative consequences on the brain will likely be avoided. 

Third, a drug can be designed that will bind only to Nsf in the redox modulated state 

which is found in the necrotic environment. If this type of drug is developed, then off-

target effects will be unlikely due to the inability of the drug to bind the unmodified Nsf 

compound, allowing it to continue to function in physiological conditions.  



 105

BIBLIOGRAPHY 

1. Schwartz LM. Atrophy and programmed cell death of skeletal muscle. Cell Death 
& Differentiation. 2008;15(7):1163-9. doi: 10.1038/cdd.2008.68. 

2. Labbé K, Saleh M. Cell death in the host response to infection. Cell Death & 
Differentiation. 2008;15(9):1339-49. doi: 10.1038/cdd.2008.91. 

3. Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway CW, Carson AP, et 
al. Heart Disease and Stroke Statistics-2020 Update: A Report From the American Heart 
Association. Circulation. 2020;141(9):e139-e596. Epub 2020/01/30. doi: 
10.1161/cir.0000000000000757. PubMed PMID: 31992061. 

4. Zhang J, Liu D, Zhang M, Zhang Y. Programmed necrosis in cardiomyocytes: 
mitochondria, death receptors and beyond. British journal of pharmacology. 
2019;176(22):4319-39. Epub 2018/05/19. doi: 10.1111/bph.14363. PubMed PMID: 
29774530; PubMed Central PMCID: PMCPMC6887687. 

5. Hsich EM. Matching the Market for Heart Transplantation. Circ Heart Fail. 
2016;9(4):e002679. Epub 2016/04/14. doi: 10.1161/circheartfailure.115.002679. PubMed 
PMID: 27072859; PubMed Central PMCID: PMCPMC5458360. 

6. Ahmed T, Jain A. Heart Transplantation.  StatPearls. Treasure Island (FL): 
StatPearls Publishing 

Copyright © 2020, StatPearls Publishing LLC.; 2020. 

7. Chen Q, Kang J, Fu C. The independence of and associations among apoptosis, 
autophagy, and necrosis. Signal transduction and targeted therapy. 2018;3:18. Epub 
2018/07/04. doi: 10.1038/s41392-018-0018-5. PubMed PMID: 29967689; PubMed 
Central PMCID: PMCPMC6026494. 

8. Kroemer G, Levine B. Autophagic cell death: the story of a misnomer. Nature 
reviews Molecular cell biology. 2008;9(12):1004-10. Epub 2008/10/31. doi: 
10.1038/nrm2529. PubMed PMID: 18971948; PubMed Central PMCID: 
PMCPMC2727358. 



 106

9. Zaffagnini G, Martens S. Mechanisms of Selective Autophagy. Journal of 
molecular biology. 2016;428(9, Part A):1714-24. doi: 
https://doi.org/10.1016/j.jmb.2016.02.004. 

10. Green DR, Llambi F. Cell Death Signaling. Cold Spring Harb Perspect Biol. 
2015;7(12). Epub 2015/12/03. doi: 10.1101/cshperspect.a006080. PubMed PMID: 
26626938; PubMed Central PMCID: PMCPMC4665079. 

11. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. 
Molecular mechanisms of cell death: recommendations of the Nomenclature Committee 
on Cell Death 2018. Cell death and differentiation. 2018;25(3):486-541. Epub 
2018/01/25. doi: 10.1038/s41418-017-0012-4. PubMed PMID: 29362479; PubMed 
Central PMCID: PMCPMC5864239. 

12. Levine B, Klionsky DJ. Development by self-digestion: molecular mechanisms 
and biological functions of autophagy. Dev Cell. 2004;6(4):463-77. Epub 2004/04/08. 
doi: 10.1016/s1534-5807(04)00099-1. PubMed PMID: 15068787. 

13. Tanaka Y, Guhde G, Suter A, Eskelinen EL, Hartmann D, Lüllmann-Rauch R, et 
al. Accumulation of autophagic vacuoles and cardiomyopathy in LAMP-2-deficient mice. 
Nature. 2000;406(6798):902-6. Epub 2000/09/06. doi: 10.1038/35022595. PubMed 
PMID: 10972293. 

14. Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell. 
2008;132(1):27-42. Epub 2008/01/15. doi: 10.1016/j.cell.2007.12.018. PubMed PMID: 
18191218; PubMed Central PMCID: PMCPMC2696814. 

15. Anglade P, Vyas S, Javoy-Agid F, Herrero MT, Michel PP, Marquez J, et al. 
Apoptosis and autophagy in nigral neurons of patients with Parkinson's disease. Histol 
Histopathol. 1997;12(1):25-31. Epub 1997/01/01. PubMed PMID: 9046040. 

16. Shimizu S, Kanaseki T, Mizushima N, Mizuta T, Arakawa-Kobayashi S, 
Thompson CB, et al. Role of Bcl-2 family proteins in a non-apoptotic programmed cell 
death dependent on autophagy genes. Nature cell biology. 2004;6(12):1221-8. Epub 
2004/11/24. doi: 10.1038/ncb1192. PubMed PMID: 15558033. 

17. Shintani T, Klionsky DJ. Autophagy in health and disease: a double-edged sword. 
Science. 2004;306(5698):990-5. Epub 2004/11/06. doi: 10.1126/science.1099993. 
PubMed PMID: 15528435; PubMed Central PMCID: PMCPMC1705980. 



 107

18. Codogno P, Meijer AJ. Autophagy and signaling: their role in cell survival and 
cell death. Cell death and differentiation. 2005;12 Suppl 2:1509-18. Epub 2005/10/26. 
doi: 10.1038/sj.cdd.4401751. PubMed PMID: 16247498. 

19. Baehrecke EH. Autophagy: dual roles in life and death? Nature reviews 
Molecular cell biology. 2005;6(6):505-10. Epub 2005/06/02. doi: 10.1038/nrm1666. 
PubMed PMID: 15928714. 

20. Tsujimoto Y, Shimizu S. Another way to die: autophagic programmed cell death. 
Cell death and differentiation. 2005;12 Suppl 2:1528-34. Epub 2005/10/26. doi: 
10.1038/sj.cdd.4401777. PubMed PMID: 16247500. 

21. Kroemer G, Jäättelä M. Lysosomes and autophagy in cell death control. Nat Rev 
Cancer. 2005;5(11):886-97. Epub 2005/10/22. doi: 10.1038/nrc1738. PubMed PMID: 
16239905. 

22. Akar U, Chaves-Reyez A, Barria M, Tari A, Sanguino A, Kondo Y, et al. 
Silencing of Bcl-2 expression by small interfering RNA induces autophagic cell death in 
MCF-7 breast cancer cells. Autophagy. 2008;4(5):669-79. Epub 2008/04/22. doi: 
10.4161/auto.6083. PubMed PMID: 18424910. 

23. Turcotte S, Chan DA, Sutphin PD, Hay MP, Denny WA, Giaccia AJ. A molecule 
targeting VHL-deficient renal cell carcinoma that induces autophagy. Cancer Cell. 
2008;14(1):90-102. Epub 2008/07/05. doi: 10.1016/j.ccr.2008.06.004. PubMed PMID: 
18598947; PubMed Central PMCID: PMCPMC2819422. 

24. Kim KW, Moretti L, Lu B. M867, a novel selective inhibitor of caspase-3 
enhances cell death and extends tumor growth delay in irradiated lung cancer models. 
PloS one. 2008;3(5):e2275. Epub 2008/05/30. doi: 10.1371/journal.pone.0002275. 
PubMed PMID: 18509530; PubMed Central PMCID: PMCPMC2386548. 

25. Rashmi R, Pillai SG, Vijayalingam S, Ryerse J, Chinnadurai G. BH3-only protein 
BIK induces caspase-independent cell death with autophagic features in Bcl-2 null cells. 
Oncogene. 2008;27(10):1366-75. Epub 2007/09/18. doi: 10.1038/sj.onc.1210783. 
PubMed PMID: 17873911; PubMed Central PMCID: PMCPMC2928058. 

26. Wang M, Tan W, Zhou J, Leow J, Go M, Lee HS, et al. A small molecule 
inhibitor of isoprenylcysteine carboxymethyltransferase induces autophagic cell death in 
PC3 prostate cancer cells. The Journal of biological chemistry. 2008;283(27):18678-84. 
Epub 2008/04/25. doi: 10.1074/jbc.M801855200. PubMed PMID: 18434300. 



 108

27. Scarlatti F, Maffei R, Beau I, Codogno P, Ghidoni R. Role of non-canonical 
Beclin 1-independent autophagy in cell death induced by resveratrol in human breast 
cancer cells. Cell death and differentiation. 2008;15(8):1318-29. Epub 2008/04/19. doi: 
10.1038/cdd.2008.51. PubMed PMID: 18421301. 

28. Reef S, Zalckvar E, Shifman O, Bialik S, Sabanay H, Oren M, et al. A short 
mitochondrial form of p19ARF induces autophagy and caspase-independent cell death. 
Molecular cell. 2006;22(4):463-75. Epub 2006/05/23. doi: 10.1016/j.molcel.2006.04.014. 
PubMed PMID: 16713577. 

29. Xu ZX, Liang J, Haridas V, Gaikwad A, Connolly FP, Mills GB, et al. A plant 
triterpenoid, avicin D, induces autophagy by activation of AMP-activated protein kinase. 
Cell death and differentiation. 2007;14(11):1948-57. Epub 2007/08/11. doi: 
10.1038/sj.cdd.4402207. PubMed PMID: 17690712. 

30. Zong WX, Lindsten T, Ross AJ, MacGregor GR, Thompson CB. BH3-only 
proteins that bind pro-survival Bcl-2 family members fail to induce apoptosis in the 
absence of Bax and Bak. Genes Dev. 2001;15(12):1481-6. Epub 2001/06/19. doi: 
10.1101/gad.897601. PubMed PMID: 11410528; PubMed Central PMCID: 
PMCPMC312722. 

31. Wei MC, Zong WX, Cheng EH, Lindsten T, Panoutsakopoulou V, Ross AJ, et al. 
Proapoptotic BAX and BAK: a requisite gateway to mitochondrial dysfunction and death. 
Science. 2001;292(5517):727-30. Epub 2001/04/28. doi: 10.1126/science.1059108. 
PubMed PMID: 11326099; PubMed Central PMCID: PMCPMC3049805. 

32. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon with 
wide-ranging implications in tissue kinetics. Br J Cancer. 1972;26(4):239-57. Epub 
1972/08/01. doi: 10.1038/bjc.1972.33. PubMed PMID: 4561027; PubMed Central 
PMCID: PMCPMC2008650. 

33. Dorn GW, 2nd. Molecular mechanisms that differentiate apoptosis from 
programmed necrosis. Toxicol Pathol. 2013;41(2):227-34. Epub 2012/12/12. doi: 
10.1177/0192623312466961. PubMed PMID: 23222994. 

34. Sulston JE. Caenorhabditis elegans: the cell lineage and beyond (Nobel lecture). 
Chembiochem. 2003;4(8):688-96. Epub 2003/08/05. doi: 10.1002/cbic.200300577. 
PubMed PMID: 12898618. 



 109

35. Horvitz HR. Worms, life, and death (Nobel lecture). Chembiochem. 
2003;4(8):697-711. Epub 2003/08/05. doi: 10.1002/cbic.200300614. PubMed PMID: 
12898619. 

36. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol. 
2007;35(4):495-516. Epub 2007/06/15. doi: 10.1080/01926230701320337. PubMed 
PMID: 17562483; PubMed Central PMCID: PMCPMC2117903. 

37. Kepp O, Senovilla L, Vitale I, Vacchelli E, Adjemian S, Agostinis P, et al. 
Consensus guidelines for the detection of immunogenic cell death. Oncoimmunology. 
2014;3(9):e955691. Epub 2015/05/06. doi: 10.4161/21624011.2014.955691. PubMed 
PMID: 25941621; PubMed Central PMCID: PMCPMC4292729. 

38. Lotze MT, Deisseroth A, Rubartelli A. Damage associated molecular pattern 
molecules. Clin Immunol. 2007;124(1):1-4. Epub 2007/05/01. doi: 
10.1016/j.clim.2007.02.006. PubMed PMID: 17468050; PubMed Central PMCID: 
PMCPMC2000827. 

39. Matzinger P. The danger model: a renewed sense of self. Science. 
2002;296(5566):301-5. Epub 2002/04/16. doi: 10.1126/science.1071059. PubMed PMID: 
11951032. 

40. Garg AD, Vandenberk L, Fang S, Fasche T, Van Eygen S, Maes J, et al. Pathogen 
response-like recruitment and activation of neutrophils by sterile immunogenic dying 
cells drives neutrophil-mediated residual cell killing. Cell death and differentiation. 
2017;24(5):832-43. Epub 2017/02/25. doi: 10.1038/cdd.2017.15. PubMed PMID: 
28234357; PubMed Central PMCID: PMCPMC5423108. 

41. Casares N, Pequignot MO, Tesniere A, Ghiringhelli F, Roux S, Chaput N, et al. 
Caspase-dependent immunogenicity of doxorubicin-induced tumor cell death. J Exp 
Med. 2005;202(12):1691-701. Epub 2005/12/21. doi: 10.1084/jem.20050915. PubMed 
PMID: 16365148; PubMed Central PMCID: PMCPMC2212968. 

42. Liu CY, Liu YH, Lin SM, Yu CT, Wang CH, Lin HC, et al. Apoptotic neutrophils 
undergoing secondary necrosis induce human lung epithelial cell detachment. Journal of 
biomedical science. 2003;10(6 Pt 2):746-56. Epub 2003/11/25. doi: 10.1159/000073962. 
PubMed PMID: 14631114; PubMed Central PMCID: PMCPMC7102366. 

43. Naylor EJ, Bakstad D, Biffen M, Thong B, Calverley P, Scott S, et al. 
Haemophilus influenzae induces neutrophil necrosis: a role in chronic obstructive 



 110

pulmonary disease? Am J Respir Cell Mol Biol. 2007;37(2):135-43. Epub 2007/03/17. 
doi: 10.1165/rcmb.2006-0375OC. PubMed PMID: 17363778. 

44. Bell CW, Jiang W, Reich CF, 3rd, Pisetsky DS. The extracellular release of 
HMGB1 during apoptotic cell death. Am J Physiol Cell Physiol. 2006;291(6):C1318-25. 
Epub 2006/07/21. doi: 10.1152/ajpcell.00616.2005. PubMed PMID: 16855214. 

45. Jiang W, Bell CW, Pisetsky DS. The relationship between apoptosis and high-
mobility group protein 1 release from murine macrophages stimulated with 
lipopolysaccharide or polyinosinic-polycytidylic acid. Journal of immunology 
(Baltimore, Md : 1950). 2007;178(10):6495-503. Epub 2007/05/04. doi: 
10.4049/jimmunol.178.10.6495. PubMed PMID: 17475879. 

46. Apetoh L, Ghiringhelli F, Tesniere A, Criollo A, Ortiz C, Lidereau R, et al. The 
interaction between HMGB1 and TLR4 dictates the outcome of anticancer chemotherapy 
and radiotherapy. Immunol Rev. 2007;220:47-59. Epub 2007/11/06. doi: 10.1111/j.1600-
065X.2007.00573.x. PubMed PMID: 17979839. 

47. Ito N, DeMarco RA, Mailliard RB, Han J, Rabinowich H, Kalinski P, et al. 
Cytolytic cells induce HMGB1 release from melanoma cell lines. J Leukoc Biol. 
2007;81(1):75-83. Epub 2006/09/14. doi: 10.1189/jlb.0306169. PubMed PMID: 
16968820. 

48. Haworth RA, Hunter DR. The Ca2+-induced membrane transition in 
mitochondria. II. Nature of the Ca2+ trigger site. Arch Biochem Biophys. 
1979;195(2):460-7. Epub 1979/07/01. doi: 10.1016/0003-9861(79)90372-2. PubMed 
PMID: 38751. 

49. Bauer TM, Murphy E. Role of Mitochondrial Calcium and the Permeability 
Transition Pore in Regulating Cell Death. Circulation research. 2020;126(2):280-93. doi: 
doi:10.1161/CIRCRESAHA.119.316306. 

50. Assaly R, de Tassigny A, Paradis S, Jacquin S, Berdeaux A, Morin D. Oxidative 
stress, mitochondrial permeability transition pore opening and cell death during hypoxia-
reoxygenation in adult cardiomyocytes. Eur J Pharmacol. 2012;675(1-3):6-14. Epub 
2011/12/17. doi: 10.1016/j.ejphar.2011.11.036. PubMed PMID: 22173126. 

51. Halestrap AP, McStay GP, Clarke SJ. The permeability transition pore complex: 
another view. Biochimie. 2002;84(2):153-66. doi: https://doi.org/10.1016/S0300-
9084(02)01375-5. 



 111

52. Nakagawa T, Shimizu S, Watanabe T, Yamaguchi O, Otsu K, Yamagata H, et al. 
Cyclophilin D-dependent mitochondrial permeability transition regulates some necrotic 
but not apoptotic cell death. Nature. 2005;434(7033):652-8. doi: 10.1038/nature03317. 

53. Crompton M, Virji S, Ward JM. Cyclophilin-D binds strongly to complexes of the 
voltage-dependent anion channel and the adenine nucleotide translocase to form the 
permeability transition pore. European journal of biochemistry. 1998;258(2):729-35. 
Epub 1999/01/05. doi: 10.1046/j.1432-1327.1998.2580729.x. PubMed PMID: 9874241. 

54. Beutner G, Ruck A, Riede B, Welte W, Brdiczka D. Complexes between kinases, 
mitochondrial porin and adenylate translocator in rat brain resemble the permeability 
transition pore. FEBS letters. 1996;396(2-3):189-95. Epub 1996/11/04. doi: 
10.1016/0014-5793(96)01092-7. PubMed PMID: 8914985. 

55. Kokoszka JE, Waymire KG, Levy SE, Sligh JE, Cai J, Jones DP, et al. The 
ADP/ATP translocator is not essential for the mitochondrial permeability transition pore. 
Nature. 2004;427(6973):461-5. doi: 10.1038/nature02229. 

56. Krauskopf A, Eriksson O, Craigen WJ, Forte MA, Bernardi P. Properties of the 
permeability transition in VDAC1(-/-) mitochondria. Biochimica et biophysica acta. 
2006;1757(5-6):590-5. Epub 2006/04/22. doi: 10.1016/j.bbabio.2006.02.007. PubMed 
PMID: 16626625. 

57. Baines CP, Kaiser RA, Sheiko T, Craigen WJ, Molkentin JD. Voltage-dependent 
anion channels are dispensable for mitochondrial-dependent cell death. Nature cell 
biology. 2007;9(5):550-5. Epub 2007/04/10. doi: 10.1038/ncb1575. PubMed PMID: 
17417626; PubMed Central PMCID: PMCPMC2680246. 

58. Gutiérrez-Aguilar M, Douglas DL, Gibson AK, Domeier TL, Molkentin JD, 
Baines CP. Genetic manipulation of the cardiac mitochondrial phosphate carrier does not 
affect permeability transition. Journal of molecular and cellular cardiology. 2014;72:316-
25. Epub 2014/04/29. doi: 10.1016/j.yjmcc.2014.04.008. PubMed PMID: 24768964; 
PubMed Central PMCID: PMCPMC4080311. 

59. Kwong JQ, Davis J, Baines CP, Sargent MA, Karch J, Wang X, et al. Genetic 
deletion of the mitochondrial phosphate carrier desensitizes the mitochondrial 
permeability transition pore and causes cardiomyopathy. Cell death and differentiation. 
2014;21(8):1209-17. Epub 2014/03/25. doi: 10.1038/cdd.2014.36. PubMed PMID: 
24658400; PubMed Central PMCID: PMCPMC4085527. 



 112

60. Kwong JQ, Molkentin JD. Physiological and pathological roles of the 
mitochondrial permeability transition pore in the heart. Cell metabolism. 2015;21(2):206-
14. Epub 2015/02/05. doi: 10.1016/j.cmet.2014.12.001. PubMed PMID: 25651175; 
PubMed Central PMCID: PMCPMC4616258. 

61. He L, Lemasters JJ. Regulated and unregulated mitochondrial permeability 
transition pores: a new paradigm of pore structure and function? FEBS letters. 
2002;512(1-3):1-7. Epub 2002/02/20. doi: 10.1016/s0014-5793(01)03314-2. PubMed 
PMID: 11852041. 

62. Bernardi P. The mitochondrial permeability transition pore: a mystery solved? 
Frontiers in physiology. 2013;4:95. Epub 2013/05/16. doi: 10.3389/fphys.2013.00095. 
PubMed PMID: 23675351; PubMed Central PMCID: PMCPMC3650560. 

63. Baines CP. The molecular composition of the mitochondrial permeability 
transition pore. Journal of molecular and cellular cardiology. 2009;46(6):850-7. Epub 
2009/02/24. doi: 10.1016/j.yjmcc.2009.02.007. PubMed PMID: 19233198; PubMed 
Central PMCID: PMCPMC2683186. 

64. Giorgio V, Bisetto E, Soriano ME, Dabbeni-Sala F, Basso E, Petronilli V, et al. 
Cyclophilin D modulates mitochondrial F0F1-ATP synthase by interacting with the 
lateral stalk of the complex. The Journal of biological chemistry. 2009;284(49):33982-8. 
Epub 2009/10/06. doi: 10.1074/jbc.M109.020115. PubMed PMID: 19801635; PubMed 
Central PMCID: PMCPMC2797168. 

65. Giorgio V, von Stockum S, Antoniel M, Fabbro A, Fogolari F, Forte M, et al. 
Dimers of mitochondrial ATP synthase form the permeability transition pore. 
Proceedings of the National Academy of Sciences of the United States of America. 
2013;110(15):5887-92. Epub 2013/03/27. doi: 10.1073/pnas.1217823110. PubMed 
PMID: 23530243; PubMed Central PMCID: PMCPMC3625323 ownership interest and 
receives compensation. 

66. Chinopoulos C, Konràd C, Kiss G, Metelkin E, Töröcsik B, Zhang SF, et al. 
Modulation of F0F1-ATP synthase activity by cyclophilin D regulates matrix adenine 
nucleotide levels. The FEBS journal. 2011;278(7):1112-25. Epub 2011/02/02. doi: 
10.1111/j.1742-4658.2011.08026.x. PubMed PMID: 21281446; PubMed Central 
PMCID: PMCPMC3062657. 

67. Nathanson L, Gromet-Elhanan Z. Mutations in the beta-subunit Thr(159) and 
Glu(184) of the Rhodospirillum rubrum F(0)F(1) ATP synthase reveal differences in 
ligands for the coupled Mg(2+)- and decoupled Ca(2+)-dependent F(0)F(1) activities. 



 113

The Journal of biological chemistry. 2000;275(2):901-5. Epub 2000/01/08. doi: 
10.1074/jbc.275.2.901. PubMed PMID: 10625625. 

68. Bernardi P, Lisa FD, Fogolari F, Lippe G. From ATP to PTP and Back. 
Circulation research. 2015;116(11):1850-62. doi: 
doi:10.1161/CIRCRESAHA.115.306557. 

69. Giorgio V, Burchell V, Schiavone M, Bassot C, Minervini G, Petronilli V, et al. 
Ca(2+) binding to F-ATP synthase β subunit triggers the mitochondrial permeability 
transition. EMBO Rep. 2017;18(7):1065-76. Epub 2017/05/17. doi: 
10.15252/embr.201643354. PubMed PMID: 28507163; PubMed Central PMCID: 
PMCPMC5494526. 

70. Alavian KN, Beutner G, Lazrove E, Sacchetti S, Park HA, Licznerski P, et al. An 
uncoupling channel within the c-subunit ring of the F1FO ATP synthase is the 
mitochondrial permeability transition pore. Proceedings of the National Academy of 
Sciences of the United States of America. 2014;111(29):10580-5. Epub 2014/07/01. doi: 
10.1073/pnas.1401591111. PubMed PMID: 24979777; PubMed Central PMCID: 
PMCPMC4115574. 

71. He J, Ford HC, Carroll J, Ding S, Fearnley IM, Walker JE. Persistence of the 
mitochondrial permeability transition in the absence of subunit c of human ATP synthase. 
Proceedings of the National Academy of Sciences of the United States of America. 
2017;114(13):3409-14. Epub 2017/03/16. doi: 10.1073/pnas.1702357114. PubMed 
PMID: 28289229; PubMed Central PMCID: PMCPMC5380099. 

72. Gerle C. On the structural possibility of pore-forming mitochondrial FoF1 ATP 
synthase. Biochimica et biophysica acta. 2016;1857(8):1191-6. Epub 2016/03/13. doi: 
10.1016/j.bbabio.2016.03.008. PubMed PMID: 26968896. 

73. Karch J, Bround MJ, Khalil H, Sargent MA, Latchman N, Terada N, et al. 
Inhibition of mitochondrial permeability transition by deletion of the ANT family and 
CypD. Sci Adv. 2019;5(8):eaaw4597. Epub 2019/09/07. doi: 10.1126/sciadv.aaw4597. 
PubMed PMID: 31489369; PubMed Central PMCID: PMCPMC6713508. 

74. Beutner G, Alanzalon RE, Porter GA, Jr. Cyclophilin D regulates the dynamic 
assembly of mitochondrial ATP synthase into synthasomes. Scientific reports. 
2017;7(1):14488. Epub 2017/11/05. doi: 10.1038/s41598-017-14795-x. PubMed PMID: 
29101324; PubMed Central PMCID: PMCPMC5670235. 



 114

75. Vanden Berghe T, Linkermann A, Jouan-Lanhouet S, Walczak H, Vandenabeele 
P. Regulated necrosis: the expanding network of non-apoptotic cell death pathways. 
Nature reviews Molecular cell biology. 2014;15(2):135-47. doi: 10.1038/nrm3737. 
PubMed PMID: 24452471. 

76. Seo J, Lee EW, Sung H, Seong D, Dondelinger Y, Shin J, et al. CHIP controls 
necroptosis through ubiquitylation- and lysosome-dependent degradation of RIPK3. 
Nature cell biology. 2016;18(3):291-302. Epub 2016/02/24. doi: 10.1038/ncb3314. 
PubMed PMID: 26900751. 

77. Gyrd-Hansen M. All roads lead to ubiquitin. Cell death and differentiation. 
2017;24(7):1135-6. Epub 2017/06/27. doi: 10.1038/cdd.2017.93. PubMed PMID: 
28649996; PubMed Central PMCID: PMCPMC5520178. 

78. Onizawa M, Oshima S, Schulze-Topphoff U, Oses-Prieto JA, Lu T, Tavares R, et 
al. The ubiquitin-modifying enzyme A20 restricts ubiquitination of the kinase RIPK3 and 
protects cells from necroptosis. Nat Immunol. 2015;16(6):618-27. Epub 2015/05/06. doi: 
10.1038/ni.3172. PubMed PMID: 25939025; PubMed Central PMCID: 
PMCPMC4439357. 

79. Mompeán M, Li W, Li J, Laage S, Siemer AB, Bozkurt G, et al. The Structure of 
the Necrosome RIPK1-RIPK3 Core, a Human Hetero-Amyloid Signaling Complex. Cell. 
2018;173(5):1244-53.e10. Epub 2018/04/24. doi: 10.1016/j.cell.2018.03.032. PubMed 
PMID: 29681455; PubMed Central PMCID: PMCPMC6002806. 

80. Lin J, Kumari S, Kim C, Van TM, Wachsmuth L, Polykratis A, et al. RIPK1 
counteracts ZBP1-mediated necroptosis to inhibit inflammation. Nature. 
2016;540(7631):124-8. Epub 2016/11/08. doi: 10.1038/nature20558. PubMed PMID: 
27819681; PubMed Central PMCID: PMCPMC5755685. 

81. Newton K, Wickliffe KE, Maltzman A, Dugger DL, Strasser A, Pham VC, et al. 
RIPK1 inhibits ZBP1-driven necroptosis during development. Nature. 
2016;540(7631):129-33. Epub 2016/11/08. doi: 10.1038/nature20559. PubMed PMID: 
27819682. 

82. Chen W, Wu J, Li L, Zhang Z, Ren J, Liang Y, et al. Ppm1b negatively regulates 
necroptosis through dephosphorylating Rip3. Nature cell biology. 2015;17(4):434-44. 
Epub 2015/03/10. doi: 10.1038/ncb3120. PubMed PMID: 25751141; PubMed Central 
PMCID: PMCPMC4523090. 



 115

83. Murphy JM, Czabotar PE, Hildebrand JM, Lucet IS, Zhang JG, Alvarez-Diaz S, 
et al. The pseudokinase MLKL mediates necroptosis via a molecular switch mechanism. 
Immunity. 2013;39(3):443-53. Epub 2013/09/10. doi: 10.1016/j.immuni.2013.06.018. 
PubMed PMID: 24012422. 

84. Sun L, Wang H, Wang Z, He S, Chen S, Liao D, et al. Mixed lineage kinase 
domain-like protein mediates necrosis signaling downstream of RIP3 kinase. Cell. 
2012;148(1-2):213-27. Epub 2012/01/24. doi: 10.1016/j.cell.2011.11.031. PubMed 
PMID: 22265413. 

85. Wu J, Huang Z, Ren J, Zhang Z, He P, Li Y, et al. Mlkl knockout mice 
demonstrate the indispensable role of Mlkl in necroptosis. Cell research. 2013;23(8):994-
1006. Epub 2013/07/10. doi: 10.1038/cr.2013.91. PubMed PMID: 23835476; PubMed 
Central PMCID: PMCPMC3731568. 

86. Cai Z, Jitkaew S, Zhao J, Chiang HC, Choksi S, Liu J, et al. Plasma membrane 
translocation of trimerized MLKL protein is required for TNF-induced necroptosis. 
Nature cell biology. 2014;16(1):55-65. Epub 2013/12/10. doi: 10.1038/ncb2883. PubMed 
PMID: 24316671. 

87. Hildebrand JM, Tanzer MC, Lucet IS, Young SN, Spall SK, Sharma P, et al. 
Activation of the pseudokinase MLKL unleashes the four-helix bundle domain to induce 
membrane localization and necroptotic cell death. Proceedings of the National Academy 
of Sciences of the United States of America. 2014;111(42):15072-7. Epub 2014/10/08. 
doi: 10.1073/pnas.1408987111. PubMed PMID: 25288762; PubMed Central PMCID: 
PMCPMC4210347. 

88. Zhao XM, Chen Z, Zhao JB, Zhang PP, Pu YF, Jiang SH, et al. Hsp90 modulates 
the stability of MLKL and is required for TNF-induced necroptosis. Cell death & disease. 
2016;7(2):e2089. Epub 2016/02/13. doi: 10.1038/cddis.2015.390. PubMed PMID: 
26866270; PubMed Central PMCID: PMCPMC4849146. 

89. Jacobsen AV, Lowes KN, Tanzer MC, Lucet IS, Hildebrand JM, Petrie EJ, et al. 
HSP90 activity is required for MLKL oligomerisation and membrane translocation and 
the induction of necroptotic cell death. Cell death & disease. 2016;7(1):e2051. Epub 
2016/01/19. doi: 10.1038/cddis.2015.386. PubMed PMID: 26775703; PubMed Central 
PMCID: PMCPMC4816171 and JMM lead a programme funded by Catalyst 
Therapeutics Pty Ltd and the Walter and Eliza Hall Institute to develop necroptosis 
inhibitors. 



 116

90. Gong YN, Guy C, Olauson H, Becker JU, Yang M, Fitzgerald P, et al. ESCRT-III 
Acts Downstream of MLKL to Regulate Necroptotic Cell Death and Its Consequences. 
Cell. 2017;169(2):286-300.e16. Epub 2017/04/08. doi: 10.1016/j.cell.2017.03.020. 
PubMed PMID: 28388412; PubMed Central PMCID: PMCPMC5443414. 

91. Chen Y, Smith MR, Thirumalai K, Zychlinsky A. A bacterial invasin induces 
macrophage apoptosis by binding directly to ICE. The EMBO journal. 1996;15(15):3853-
60. Epub 1996/08/01. PubMed PMID: 8670890; PubMed Central PMCID: 
PMCPMC452076. 

92. Cookson BT, Brennan MA. Pro-inflammatory programmed cell death. Trends 
Microbiol. 2001;9(3):113-4. Epub 2001/04/17. doi: 10.1016/s0966-842x(00)01936-3. 
PubMed PMID: 11303500. 

93. Vanden Berghe T, Demon D, Bogaert P, Vandendriessche B, Goethals A, 
Depuydt B, et al. Simultaneous targeting of IL-1 and IL-18 is required for protection 
against inflammatory and septic shock. Am J Respir Crit Care Med. 2014;189(3):282-91. 
Epub 2014/01/25. doi: 10.1164/rccm.201308-1535OC. PubMed PMID: 24456467. 

94. Kovacs SB, Miao EA. Gasdermins: Effectors of Pyroptosis. Trends in Cell 
Biology. 2017;27(9):673-84. doi: 10.1016/j.tcb.2017.05.005. 

95. Fernandes-Alnemri T, Wu J, Yu JW, Datta P, Miller B, Jankowski W, et al. The 
pyroptosome: a supramolecular assembly of ASC dimers mediating inflammatory cell 
death via caspase-1 activation. Cell death and differentiation. 2007;14(9):1590-604. Epub 
2007/06/30. doi: 10.1038/sj.cdd.4402194. PubMed PMID: 17599095; PubMed Central 
PMCID: PMCPMC3345951. 

96. Henry T, Monack DM. Activation of the inflammasome upon Francisella 
tularensis infection: interplay of innate immune pathways and virulence factors. Cellular 
microbiology. 2007;9(11):2543-51. Epub 2007/07/31. doi: 10.1111/j.1462-
5822.2007.01022.x. PubMed PMID: 17662071. 

97. Fink SL, Cookson BT. Caspase-1-dependent pore formation during pyroptosis 
leads to osmotic lysis of infected host macrophages. Cellular microbiology. 
2006;8(11):1812-25. doi: https://doi.org/10.1111/j.1462-5822.2006.00751.x. 

98. Gao M, Monian P, Quadri N, Ramasamy R, Jiang X. Glutaminolysis and 
Transferrin Regulate Ferroptosis. Molecular cell. 2015;59(2):298-308. Epub 2015/07/15. 



 117

doi: 10.1016/j.molcel.2015.06.011. PubMed PMID: 26166707; PubMed Central PMCID: 
PMCPMC4506736. 

99. Friedmann Angeli JP, Schneider M, Proneth B, Tyurina YY, Tyurin VA, 
Hammond VJ, et al. Inactivation of the ferroptosis regulator Gpx4 triggers acute renal 
failure in mice. Nature cell biology. 2014;16(12):1180-91. Epub 2014/11/18. doi: 
10.1038/ncb3064. PubMed PMID: 25402683; PubMed Central PMCID: 
PMCPMC4894846. 

100. Li W, Feng G, Gauthier JM, Lokshina I, Higashikubo R, Evans S, et al. 
Ferroptotic cell death and TLR4/Trif signaling initiate neutrophil recruitment after heart 
transplantation. J Clin Invest. 2019;129(6):2293-304. Epub 2019/03/05. doi: 
10.1172/jci126428. PubMed PMID: 30830879; PubMed Central PMCID: 
PMCPMC6546457. 

101. Fang X, Wang H, Han D, Xie E, Yang X, Wei J, et al. Ferroptosis as a target for 
protection against cardiomyopathy. Proceedings of the National Academy of Sciences of 
the United States of America. 2019;116(7):2672-80. Epub 2019/01/30. doi: 
10.1073/pnas.1821022116. PubMed PMID: 30692261; PubMed Central PMCID: 
PMCPMC6377499. 

102. Yamaguchi Y, Kasukabe T, Kumakura S. Piperlongumine rapidly induces the 
death of human pancreatic cancer cells mainly through the induction of ferroptosis. Int J 
Oncol. 2018;52(3):1011-22. Epub 2018/02/03. doi: 10.3892/ijo.2018.4259. PubMed 
PMID: 29393418. 

103. Hasegawa M, Takahashi H, Rajabi H, Alam M, Suzuki Y, Yin L, et al. Functional 
interactions of the cystine/glutamate antiporter, CD44v and MUC1-C oncoprotein in 
triple-negative breast cancer cells. Oncotarget. 2016;7(11):11756-69. Epub 2016/03/02. 
doi: 10.18632/oncotarget.7598. PubMed PMID: 26930718; PubMed Central PMCID: 
PMCPMC4914246. 

104. Ishimoto T, Nagano O, Yae T, Tamada M, Motohara T, Oshima H, et al. CD44 
variant regulates redox status in cancer cells by stabilizing the xCT subunit of system xc(-
) and thereby promotes tumor growth. Cancer Cell. 2011;19(3):387-400. Epub 
2011/03/15. doi: 10.1016/j.ccr.2011.01.038. PubMed PMID: 21397861. 

105. Xie BS, Wang YQ, Lin Y, Mao Q, Feng JF, Gao GY, et al. Inhibition of 
ferroptosis attenuates tissue damage and improves long-term outcomes after traumatic 
brain injury in mice. CNS Neurosci Ther. 2019;25(4):465-75. Epub 2018/09/29. doi: 



 118

10.1111/cns.13069. PubMed PMID: 30264934; PubMed Central PMCID: 
PMCPMC6488926. 

106. Li J, Cao F, Yin HL, Huang ZJ, Lin ZT, Mao N, et al. Ferroptosis: past, present 
and future. Cell death & disease. 2020;11(2):88. Epub 2020/02/06. doi: 10.1038/s41419-
020-2298-2. PubMed PMID: 32015325; PubMed Central PMCID: PMCPMC6997353. 

107. Angelova PR, Choi ML, Berezhnov AV, Horrocks MH, Hughes CD, De S, et al. 
Alpha synuclein aggregation drives ferroptosis: an interplay of iron, calcium and lipid 
peroxidation. Cell death and differentiation. 2020;27(10):2781-96. Epub 2020/04/29. doi: 
10.1038/s41418-020-0542-z. PubMed PMID: 32341450; PubMed Central PMCID: 
PMCPMC7492459. 

108. Xie Y, Hou W, Song X, Yu Y, Huang J, Sun X, et al. Ferroptosis: process and 
function. Cell death and differentiation. 2016;23(3):369-79. Epub 2016/01/23. doi: 
10.1038/cdd.2015.158. PubMed PMID: 26794443; PubMed Central PMCID: 
PMCPMC5072448. 

109. Kakhlon O, Cabantchik ZI. The labile iron pool: characterization, measurement, 
and participation in cellular processes1 1This article is part of a series of reviews on “Iron 
and Cellular Redox Status.” The full list of papers may be found on the homepage of the 
journal. Free Radical Biology and Medicine. 2002;33(8):1037-46. doi: 
https://doi.org/10.1016/S0891-5849(02)01006-7. 

110. Doll S, Conrad M. Iron and ferroptosis: A still ill-defined liaison. IUBMB life. 
2017;69(6):423-34. doi: https://doi.org/10.1002/iub.1616. 

111. Yan N, Zhang J. Iron Metabolism, Ferroptosis, and the Links With Alzheimer’s 
Disease. Frontiers in Neuroscience. 2020;13(1443). doi: 10.3389/fnins.2019.01443. 

112. Yang WS, Stockwell BR. Ferroptosis: Death by Lipid Peroxidation. Trends Cell 
Biol. 2016;26(3):165-76. Epub 2015/12/15. doi: 10.1016/j.tcb.2015.10.014. PubMed 
PMID: 26653790; PubMed Central PMCID: PMCPMC4764384. 

113. Kagan VE, Mao G, Qu F, Angeli JP, Doll S, Croix CS, et al. Oxidized 
arachidonic and adrenic PEs navigate cells to ferroptosis. Nature chemical biology. 
2017;13(1):81-90. Epub 2016/11/15. doi: 10.1038/nchembio.2238. PubMed PMID: 
27842066; PubMed Central PMCID: PMCPMC5506843. 



 119

114. Yagoda N, von Rechenberg M, Zaganjor E, Bauer AJ, Yang WS, Fridman DJ, et 
al. RAS-RAF-MEK-dependent oxidative cell death involving voltage-dependent anion 
channels. Nature. 2007;447(7146):864-8. Epub 2007/06/15. doi: 10.1038/nature05859. 
PubMed PMID: 17568748; PubMed Central PMCID: PMCPMC3047570. 

115. Ou Y, Wang SJ, Li D, Chu B, Gu W. Activation of SAT1 engages polyamine 
metabolism with p53-mediated ferroptotic responses. Proceedings of the National 
Academy of Sciences of the United States of America. 2016;113(44):E6806-e12. Epub 
2016/11/03. doi: 10.1073/pnas.1607152113. PubMed PMID: 27698118; PubMed Central 
PMCID: PMCPMC5098629. 

116. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan 
VS, et al. Regulation of ferroptotic cancer cell death by GPX4. Cell. 2014;156(1-2):317-
31. Epub 2014/01/21. doi: 10.1016/j.cell.2013.12.010. PubMed PMID: 24439385; 
PubMed Central PMCID: PMCPMC4076414. 

117. Sun X, Ou Z, Xie M, Kang R, Fan Y, Niu X, et al. HSPB1 as a novel regulator of 
ferroptotic cancer cell death. Oncogene. 2015;34(45):5617-25. Epub 2015/03/03. doi: 
10.1038/onc.2015.32. PubMed PMID: 25728673; PubMed Central PMCID: 
PMCPMC4640181. 

118. Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold I, et al. FSP1 is a 
glutathione-independent ferroptosis suppressor. Nature. 2019;575(7784):693-8. Epub 
2019/10/22. doi: 10.1038/s41586-019-1707-0. PubMed PMID: 31634899. 

119. Fatokun AA, Dawson VL, Dawson TM. Parthanatos: mitochondrial-linked 
mechanisms and therapeutic opportunities. British journal of pharmacology. 
2014;171(8):2000-16. Epub 2014/04/02. doi: 10.1111/bph.12416. PubMed PMID: 
24684389; PubMed Central PMCID: PMCPMC3976618. 

120. Hong SJ, Dawson TM, Dawson VL. Nuclear and mitochondrial conversations in 
cell death: PARP-1 and AIF signaling. Trends Pharmacol Sci. 2004;25(5):259-64. Epub 
2004/05/04. doi: 10.1016/j.tips.2004.03.005. PubMed PMID: 15120492. 

121. Shall S, de Murcia G. Poly(ADP-ribose) polymerase-1: what have we learned 
from the deficient mouse model? Mutat Res. 2000;460(1):1-15. Epub 2000/06/17. doi: 
10.1016/s0921-8777(00)00016-1. PubMed PMID: 10856830. 

122. Smulson ME, Simbulan-Rosenthal CM, Boulares AH, Yakovlev A, Stoica B, Iyer 
S, et al. Roles of poly(ADP-ribosyl)ation and PARP in apoptosis, DNA repair, genomic 



 120

stability and functions of p53 and E2F-1. Adv Enzyme Regul. 2000;40:183-215. Epub 
2000/06/01. doi: 10.1016/s0065-2571(99)00024-2. PubMed PMID: 10828352. 

123. Li N, Chen J. ADP-ribosylation: activation, recognition, and removal. Mol Cells. 
2014;37(1):9-16. Epub 2014/02/21. doi: 10.14348/molcells.2014.2245. PubMed PMID: 
24552704; PubMed Central PMCID: PMCPMC3907000. 

124. Goto S, Xue R, Sugo N, Sawada M, Blizzard KK, Poitras MF, et al. Poly(ADP-
ribose) polymerase impairs early and long-term experimental stroke recovery. Stroke. 
2002;33(4):1101-6. Epub 2002/04/06. doi: 10.1161/01.str.0000014203.65693.1e. 
PubMed PMID: 11935067. 

125. Zhou Y, Feng X, Koh DW. Activation of cell death mediated by apoptosis-
inducing factor due to the absence of poly(ADP-ribose) glycohydrolase. Biochemistry. 
2011;50(14):2850-9. Epub 2011/03/04. doi: 10.1021/bi101829r. PubMed PMID: 
21366272. 

126. Andrabi SA, Umanah GK, Chang C, Stevens DA, Karuppagounder SS, Gagné JP, 
et al. Poly(ADP-ribose) polymerase-dependent energy depletion occurs through 
inhibition of glycolysis. Proceedings of the National Academy of Sciences of the United 
States of America. 2014;111(28):10209-14. Epub 2014/07/06. doi: 
10.1073/pnas.1405158111. PubMed PMID: 24987120; PubMed Central PMCID: 
PMCPMC4104885. 

127. Fouquerel E, Goellner EM, Yu Z, Gagné JP, Barbi de Moura M, Feinstein T, et al. 
ARTD1/PARP1 negatively regulates glycolysis by inhibiting hexokinase 1 independent 
of NAD+ depletion. Cell reports. 2014;8(6):1819-31. Epub 2014/09/16. doi: 
10.1016/j.celrep.2014.08.036. PubMed PMID: 25220464; PubMed Central PMCID: 
PMCPMC4177344. 

128. Andrabi SA, Dawson TM, Dawson VL. Mitochondrial and nuclear cross talk in 
cell death: parthanatos. Annals of the New York Academy of Sciences. 2008;1147:233-
41. Epub 2008/12/17. doi: 10.1196/annals.1427.014. PubMed PMID: 19076445; PubMed 
Central PMCID: PMCPMC4454457. 

129. Wang Y, Kim NS, Haince JF, Kang HC, David KK, Andrabi SA, et al. 
Poly(ADP-ribose) (PAR) binding to apoptosis-inducing factor is critical for PAR 
polymerase-1-dependent cell death (parthanatos). Science signaling. 2011;4(167):ra20. 
Epub 2011/04/07. doi: 10.1126/scisignal.2000902. PubMed PMID: 21467298; PubMed 
Central PMCID: PMCPMC3086524. 



 121

130. David KK, Sasaki M, Yu SW, Dawson TM, Dawson VL. EndoG is dispensable in 
embryogenesis and apoptosis. Cell death and differentiation. 2006;13(7):1147-55. Epub 
2005/10/22. doi: 10.1038/sj.cdd.4401787. PubMed PMID: 16239930. 

131. Xu Z, Zhang J, David KK, Yang ZJ, Li X, Dawson TM, et al. Endonuclease G 
does not play an obligatory role in poly(ADP-ribose) polymerase-dependent cell death 
after transient focal cerebral ischemia. Am J Physiol Regul Integr Comp Physiol. 
2010;299(1):R215-21. Epub 2010/04/30. doi: 10.1152/ajpregu.00747.2009. PubMed 
PMID: 20427721; PubMed Central PMCID: PMCPMC2904146. 

132. Wang Y, An R, Umanah GK, Park H, Nambiar K, Eacker SM, et al. A nuclease 
that mediates cell death induced by DNA damage and poly(ADP-ribose) polymerase-1. 
Science. 2016;354(6308). Epub 2016/11/16. doi: 10.1126/science.aad6872. PubMed 
PMID: 27846469; PubMed Central PMCID: PMCPMC5134926. 

133. Yu SW, Wang H, Poitras MF, Coombs C, Bowers WJ, Federoff HJ, et al. 
Mediation of poly(ADP-ribose) polymerase-1-dependent cell death by apoptosis-
inducing factor. Science. 2002;297(5579):259-63. Epub 2002/07/13. doi: 
10.1126/science.1072221. PubMed PMID: 12114629. 

134. Kameshita I, Matsuda Z, Taniguchi T, Shizuta Y. Poly (ADP-Ribose) synthetase. 
Separation and identification of three proteolytic fragments as the substrate-binding 
domain, the DNA-binding domain, and the automodification domain. The Journal of 
biological chemistry. 1984;259(8):4770-6. Epub 1984/04/25. PubMed PMID: 6325408. 

135. Whitacre CM, Hashimoto H, Tsai ML, Chatterjee S, Berger SJ, Berger NA. 
Involvement of NAD-poly(ADP-ribose) metabolism in p53 regulation and its 
consequences. Cancer research. 1995;55(17):3697-701. Epub 1995/09/01. PubMed 
PMID: 7641178. 

136. de Duve C. Lysosomes revisited. European journal of biochemistry. 
1983;137(3):391-7. Epub 1983/12/15. doi: 10.1111/j.1432-1033.1983.tb07841.x. 
PubMed PMID: 6319122. 

137. Gómez-Sintes R, Ledesma MD, Boya P. Lysosomal cell death mechanisms in 
aging. Ageing Res Rev. 2016;32:150-68. Epub 2016/03/08. doi: 
10.1016/j.arr.2016.02.009. PubMed PMID: 26947122. 



 122

138. Aizawa S, Brar G, Tsukamoto H. Cell Death and Liver Disease. Gut Liver. 
2020;14(1):20-9. Epub 2019/03/29. doi: 10.5009/gnl18486. PubMed PMID: 30917630; 
PubMed Central PMCID: PMCPMC6974333. 

139. Malik BR, Maddison DC, Smith GA, Peters OM. Autophagic and endo-lysosomal 
dysfunction in neurodegenerative disease. Mol Brain. 2019;12(1):100. Epub 2019/12/01. 
doi: 10.1186/s13041-019-0504-x. PubMed PMID: 31783880; PubMed Central PMCID: 
PMCPMC6884906. 

140. Wang F, Gómez-Sintes R, Boya P. Lysosomal membrane permeabilization and 
cell death. Traffic. 2018;19(12):918-31. Epub 2018/08/21. doi: 10.1111/tra.12613. 
PubMed PMID: 30125440. 

141. Aits S, Jäättelä M. Lysosomal cell death at a glance. Journal of cell science. 
2013;126(9):1905-12. doi: 10.1242/jcs.091181. 

142. Aits S, Kricker J, Liu B, Ellegaard AM, Hämälistö S, Tvingsholm S, et al. 
Sensitive detection of lysosomal membrane permeabilization by lysosomal galectin 
puncta assay. Autophagy. 2015;11(8):1408-24. Epub 2015/06/27. doi: 
10.1080/15548627.2015.1063871. PubMed PMID: 26114578; PubMed Central PMCID: 
PMCPMC4590643. 

143. Papadopoulos C, Kirchner P, Bug M, Grum D, Koerver L, Schulze N, et al. 
VCP/p97 cooperates with YOD1, UBXD1 and PLAA to drive clearance of ruptured 
lysosomes by autophagy. The EMBO journal. 2017;36(2):135-50. Epub 2016/11/01. doi: 
10.15252/embj.201695148. PubMed PMID: 27753622; PubMed Central PMCID: 
PMCPMC5242375. 

144. Bidère N, Lorenzo HK, Carmona S, Laforge M, Harper F, Dumont C, et al. 
Cathepsin D triggers Bax activation, resulting in selective apoptosis-inducing factor 
(AIF) relocation in T lymphocytes entering the early commitment phase to apoptosis. The 
Journal of biological chemistry. 2003;278(33):31401-11. Epub 2003/06/05. doi: 
10.1074/jbc.M301911200. PubMed PMID: 12782632. 

145. Serrano-Puebla A, Boya P. Lysosomal membrane permeabilization in cell death: 
new evidence and implications for health and disease. Annals of the New York Academy 
of Sciences. 2016;1371(1):30-44. Epub 2015/11/26. doi: 10.1111/nyas.12966. PubMed 
PMID: 26599521. 



 123

146. de Castro MA, Bunt G, Wouters FS. Cathepsin B launches an apoptotic exit effort 
upon cell death-associated disruption of lysosomes. Cell death discovery. 2016;2:16012. 
Epub 2016/08/24. doi: 10.1038/cddiscovery.2016.12. PubMed PMID: 27551506; 
PubMed Central PMCID: PMCPMC4979493. 

147. Feldstein AE, Werneburg NW, Li Z, Bronk SF, Gores GJ. Bax inhibition protects 
against free fatty acid-induced lysosomal permeabilization. American journal of 
physiology Gastrointestinal and liver physiology. 2006;290(6):G1339-46. Epub 
2006/02/18. doi: 10.1152/ajpgi.00509.2005. PubMed PMID: 16484678; PubMed Central 
PMCID: PMCPMC3056273. 

148. Bové J, Martínez-Vicente M, Dehay B, Perier C, Recasens A, Bombrun A, et al. 
BAX channel activity mediates lysosomal disruption linked to Parkinson disease. 
Autophagy. 2014;10(5):889-900. Epub 2014/04/02. doi: 10.4161/auto.28286. PubMed 
PMID: 24686337; PubMed Central PMCID: PMCPMC5119069. 

149. Guan JJ, Zhang XD, Sun W, Qi L, Wu JC, Qin ZH. DRAM1 regulates apoptosis 
through increasing protein levels and lysosomal localization of BAX. Cell death & 
disease. 2015;6(1):e1624. Epub 2015/01/31. doi: 10.1038/cddis.2014.546. PubMed 
PMID: 25633293; PubMed Central PMCID: PMCPMC4669745. 

150. Kurz T, Terman A, Gustafsson B, Brunk UT. Lysosomes and oxidative stress in 
aging and apoptosis. Biochimica et biophysica acta. 2008;1780(11):1291-303. Epub 
2008/02/08. doi: 10.1016/j.bbagen.2008.01.009. PubMed PMID: 18255041. 

151. Kurz T, Terman A, Gustafsson B, Brunk UT. Lysosomes in iron metabolism, 
ageing and apoptosis. Histochem Cell Biol. 2008;129(4):389-406. Epub 2008/02/09. doi: 
10.1007/s00418-008-0394-y. PubMed PMID: 18259769; PubMed Central PMCID: 
PMCPMC2668650. 

152. Sumoza-Toledo A, Penner R. TRPM2: a multifunctional ion channel for calcium 
signalling. The Journal of physiology. 2011;589(Pt 7):1515-25. Epub 2010/12/08. doi: 
10.1113/jphysiol.2010.201855. PubMed PMID: 21135052; PubMed Central PMCID: 
PMCPMC3099011. 

153. Berghe TV, Vanlangenakker N, Parthoens E, Deckers W, Devos M, Festjens N, et 
al. Necroptosis, necrosis and secondary necrosis converge on similar cellular 
disintegration features. Cell Death & Differentiation. 2010;17(6):922-30. doi: 
10.1038/cdd.2009.184. 



 124

154. Karch J, Kwong JQ, Burr AR, Sargent MA, Elrod JW, Peixoto PM, et al. Bax and 
Bak function as the outer membrane component of the mitochondrial permeability pore in 
regulating necrotic cell death in mice. eLife. 2013;2:e00772. Epub 2013/08/31. doi: 
10.7554/eLife.00772. PubMed PMID: 23991283; PubMed Central PMCID: 
PMCPMC3755340. 

155. Whelan RS, Konstantinidis K, Wei AC, Chen Y, Reyna DE, Jha S, et al. Bax 
regulates primary necrosis through mitochondrial dynamics. Proceedings of the National 
Academy of Sciences of the United States of America. 2012;109(17):6566-71. Epub 
2012/04/12. doi: 10.1073/pnas.1201608109. PubMed PMID: 22493254; PubMed Central 
PMCID: PMCPMC3340068. 

156. Tsujimoto Y, Shimizu S, Eguchi Y, Kamiike W, Matsuda H. Bcl-2 and Bcl-xL 
block apoptosis as well as necrosis: possible involvement of common mediators in 
apoptotic and necrotic signal transduction pathways. Leukemia. 1997;11 Suppl 3:380-2. 
Epub 1997/04/01. PubMed PMID: 9209397. 

157. He S, Wang L, Miao L, Wang T, Du F, Zhao L, et al. Receptor interacting protein 
kinase-3 determines cellular necrotic response to TNF-alpha. Cell. 2009;137(6):1100-11. 
Epub 2009/06/16. doi: 10.1016/j.cell.2009.05.021. PubMed PMID: 19524512. 

158. Lin Y, Devin A, Rodriguez Y, Liu ZG. Cleavage of the death domain kinase RIP 
by caspase-8 prompts TNF-induced apoptosis. Genes Dev. 1999;13(19):2514-26. Epub 
1999/10/16. doi: 10.1101/gad.13.19.2514. PubMed PMID: 10521396; PubMed Central 
PMCID: PMCPMC317073. 

159. Feng S, Yang Y, Mei Y, Ma L, Zhu DE, Hoti N, et al. Cleavage of RIP3 
inactivates its caspase-independent apoptosis pathway by removal of kinase domain. 
Cellular signalling. 2007;19(10):2056-67. Epub 2007/07/24. doi: 
10.1016/j.cellsig.2007.05.016. PubMed PMID: 17644308. 

160. Rogers C, Fernandes-Alnemri T, Mayes L, Alnemri D, Cingolani G, Alnemri ES. 
Cleavage of DFNA5 by caspase-3 during apoptosis mediates progression to secondary 
necrotic/pyroptotic cell death. Nature communications. 2017;8:14128. Epub 2017/01/04. 
doi: 10.1038/ncomms14128. PubMed PMID: 28045099; PubMed Central PMCID: 
PMCPMC5216131. 

161. Frank D, Vince JE. Pyroptosis versus necroptosis: similarities, differences, and 
crosstalk. Cell death and differentiation. 2019;26(1):99-114. Epub 2018/10/21. doi: 
10.1038/s41418-018-0212-6. PubMed PMID: 30341423; PubMed Central PMCID: 
PMCPMC6294779. 



 125

162. Denecker G, Vercammen D, Steemans M, Vanden Berghe T, Brouckaert G, Van 
Loo G, et al. Death receptor-induced apoptotic and necrotic cell death: differential role of 
caspases and mitochondria. Cell death and differentiation. 2001;8(8):829-40. Epub 
2001/08/30. doi: 10.1038/sj.cdd.4400883. PubMed PMID: 11526436. 

163. Leist M, Single B, Castoldi AF, Kühnle S, Nicotera P. Intracellular adenosine 
triphosphate (ATP) concentration: a switch in the decision between apoptosis and 
necrosis. J Exp Med. 1997;185(8):1481-6. Epub 1997/04/21. doi: 
10.1084/jem.185.8.1481. PubMed PMID: 9126928; PubMed Central PMCID: 
PMCPMC2196283. 

164. Cung TT, Morel O, Cayla G, Rioufol G, Garcia-Dorado D, Angoulvant D, et al. 
Cyclosporine before PCI in Patients with Acute Myocardial Infarction. The New England 
journal of medicine. 2015;373(11):1021-31. Epub 2015/09/01. doi: 
10.1056/NEJMoa1505489. PubMed PMID: 26321103. 

165. Singer SJ, Nicolson GL. The Fluid Mosaic Model of the Structure of Cell 
Membranes. Science. 1972;175(4023):720-31. doi: 10.1126/science.175.4023.720. 

166. Goñi FM. The basic structure and dynamics of cell membranes: An update of the 
Singer–Nicolson model. Biochimica et Biophysica Acta (BBA) - Biomembranes. 
2014;1838(6):1467-76. doi: https://doi.org/10.1016/j.bbamem.2014.01.006. 

167. Wirtz KWA, Schouten A, Gros P. Phosphatidylinositol transfer proteins: From 
closed for transport to open for exchange. Advances in Enzyme Regulation. 
2006;46(1):301-11. doi: https://doi.org/10.1016/j.advenzreg.2006.01.020. 

168. Brini M, Calì T, Ottolini D, Carafoli E. Intracellular calcium homeostasis and 
signaling. Met Ions Life Sci. 2013;12:119-68. Epub 2013/04/19. doi: 10.1007/978-94-
007-5561-1_5. PubMed PMID: 23595672. 

169. Kalappurakkal JM, Sil P, Mayor S. Toward a new picture of the living plasma 
membrane. Protein Sci. 2020;29(6):1355-65. Epub 2020/04/17. doi: 10.1002/pro.3874. 
PubMed PMID: 32297381; PubMed Central PMCID: PMCPMC7255504. 

170. Engelman DM. Membranes are more mosaic than fluid. Nature. 
2005;438(7068):578-80. doi: 10.1038/nature04394. 

171. Olson M, Julian L. Apoptotic membrane dynamics in health and disease. Cell 
Health and Cytoskeleton. 2015;7:133. doi: 10.2147/CHC.S57893. 



 126

172. Contreras FX, Sánchez-Magraner L, Alonso A, Goñi FM. Transbilayer (flip-flop) 
lipid motion and lipid scrambling in membranes. FEBS letters. 2010;584(9):1779-86. 
Epub 2010/01/02. doi: 10.1016/j.febslet.2009.12.049. PubMed PMID: 20043909. 

173. Golebiewska U, Scarlata S. The effect of membrane domains on the G protein–
phospholipase Cβ signaling pathway. Critical reviews in biochemistry and molecular 
biology. 2010;45(2):97-105. doi: 10.3109/10409231003598812. 

174. Friedman JR, Mourier A, Yamada J, McCaffery JM, Nunnari J. MICOS 
coordinates with respiratory complexes and lipids to establish mitochondrial inner 
membrane architecture. eLife. 2015;4. Epub 2015/04/29. doi: 10.7554/eLife.07739. 
PubMed PMID: 25918844; PubMed Central PMCID: PMCPMC4434539. 

175. Dejana E, Orsenigo F, Molendini C, Baluk P, McDonald DM. Organization and 
signaling of endothelial cell-to-cell junctions in various regions of the blood and 
lymphatic vascular trees. Cell Tissue Res. 2009;335(1):17-25. Epub 2008/10/15. doi: 
10.1007/s00441-008-0694-5. PubMed PMID: 18855014. 

176. Faini M, Beck R, Wieland FT, Briggs JAG. Vesicle coats: structure, function, and 
general principles of assembly. Trends in Cell Biology. 2013;23(6):279-88. doi: 
https://doi.org/10.1016/j.tcb.2013.01.005. 

177. Shnyrova AV, Bashkirov PV, Akimov SA, Pucadyil TJ, Zimmerberg J, Schmid 
SL, et al. Geometric Catalysis of Membrane Fission Driven by Flexible Dynamin Rings. 
Science. 2013;339(6126):1433-6. doi: 10.1126/science.1233920. 

178. Peter BJ, Kent HM, Mills IG, Vallis Y, Butler PJG, Evans PR, et al. BAR 
Domains as Sensors of Membrane Curvature: The Amphiphysin BAR Structure. Science. 
2004;303(5657):495-9. doi: 10.1126/science.1092586. 

179. McNeil PL, Steinhardt RA. Loss, restoration, and maintenance of plasma 
membrane integrity. The Journal of cell biology. 1997;137(1):1-4. Epub 1997/04/07. doi: 
10.1083/jcb.137.1.1. PubMed PMID: 9105031; PubMed Central PMCID: 
PMCPMC2139853. 

180. Tang SKY, Marshall WF. Self-repairing cells: How single cells heal membrane 
ruptures and restore lost structures. Science. 2017;356(6342):1022-5. Epub 2017/06/10. 
doi: 10.1126/science.aam6496. PubMed PMID: 28596334; PubMed Central PMCID: 
PMCPMC5664224. 



 127

181. Kono H, Rock KL. How dying cells alert the immune system to danger. Nature 
Reviews Immunology. 2008;8(4):279-89. doi: 10.1038/nri2215. 

182. Boucher E, Mandato CA. Plasma membrane and cytoskeleton dynamics during 
single-cell wound healing. Biochimica et biophysica acta. 2015;1853(10 Pt A):2649-61. 
Epub 2015/07/27. doi: 10.1016/j.bbamcr.2015.07.012. PubMed PMID: 26209916. 

183. McNeil PL, Khakee R. Disruptions of muscle fiber plasma membranes. Role in 
exercise-induced damage. The American journal of pathology. 1992;140(5):1097-109. 
Epub 1992/05/01. PubMed PMID: 1374591; PubMed Central PMCID: 
PMCPMC1886518. 

184. Newham DJ, Jones DA, Edwards RH. Plasma creatine kinase changes after 
eccentric and concentric contractions. Muscle Nerve. 1986;9(1):59-63. Epub 1986/01/01. 
doi: 10.1002/mus.880090109. PubMed PMID: 3951481. 

185. Clarke MS, Caldwell RW, Chiao H, Miyake K, McNeil PL. Contraction-induced 
cell wounding and release of fibroblast growth factor in heart. Circulation research. 
1995;76(6):927-34. Epub 1995/06/01. doi: 10.1161/01.res.76.6.927. PubMed PMID: 
7538917. 

186. Andrews NW, Corrotte M. Plasma membrane repair. Current Biology. 
2018;28(8):R392-R7. doi: 10.1016/j.cub.2017.12.034. 

187. McNeil PL, Ito S. Gastrointestinal cell plasma membrane wounding and resealing 
in vivo. Gastroenterology. 1989;96(5 Pt 1):1238-48. Epub 1989/05/01. doi: 
10.1016/s0016-5085(89)80010-1. PubMed PMID: 2703112. 

188. Wyllie AH, Kerr JF, Currie AR. Cell death: the significance of apoptosis. Int Rev 
Cytol. 1980;68:251-306. Epub 1980/01/01. doi: 10.1016/s0074-7696(08)62312-8. 
PubMed PMID: 7014501. 

189. Silva MT, do Vale A, dos Santos NMN. Secondary necrosis in multicellular 
animals: an outcome of apoptosis with pathogenic implications. Apoptosis : an 
international journal on programmed cell death. 2008;13(4):463-82. doi: 10.1007/s10495-
008-0187-8. 

190. Polzer K, Schett G, Zwerina J. The lonely death: chondrocyte apoptosis in TNF-
induced arthritis. Autoimmunity. 2007;40(4):333-6. Epub 2007/05/23. doi: 
10.1080/08916930701356721. PubMed PMID: 17516222. 



 128

191. Redman SN, Khan IM, Tew SR, Archer CW. In situ detection of cell death in 
articular cartilage. Methods Mol Med. 2007;135:183-99. Epub 2007/10/24. doi: 
10.1007/978-1-59745-401-8_11. PubMed PMID: 17951659. 

192. Unal-Cevik I, Kilinç M, Can A, Gürsoy-Ozdemir Y, Dalkara T. Apoptotic and 
necrotic death mechanisms are concomitantly activated in the same cell after cerebral 
ischemia. Stroke. 2004;35(9):2189-94. Epub 2004/07/17. doi: 
10.1161/01.STR.0000136149.81831.c5. PubMed PMID: 15256676. 

193. Daemen MA, van 't Veer C, Denecker G, Heemskerk VH, Wolfs TG, Clauss M, 
et al. Inhibition of apoptosis induced by ischemia-reperfusion prevents inflammation. J 
Clin Invest. 1999;104(5):541-9. Epub 1999/09/16. doi: 10.1172/jci6974. PubMed PMID: 
10487768; PubMed Central PMCID: PMCPMC408540. 

194. Nicotera P, Leist M, Fava E, Berliocchi L, Volbracht C. Energy Requirement for 
Caspase Activation and Neuronal Cell Death. Brain Pathology. 2000;10(2):276-82. doi: 
https://doi.org/10.1111/j.1750-3639.2000.tb00261.x. 

195. Nicotera P. Molecular switches deciding the death of injured neurons. Toxicol 
Sci. 2003;74(1):4-9. Epub 2003/05/06. doi: 10.1093/toxsci/kfg109. PubMed PMID: 
12730614. 

196. Benchoua A, Guégan C, Couriaud C, Hosseini H, Sampaïo N, Morin D, et al. 
Specific caspase pathways are activated in the two stages of cerebral infarction. The 
Journal of neuroscience : the official journal of the Society for Neuroscience. 
2001;21(18):7127-34. Epub 2001/09/11. doi: 10.1523/jneurosci.21-18-07127.2001. 
PubMed PMID: 11549723; PubMed Central PMCID: PMCPMC6762989. 

197. Scarabelli TM, Gottlieb RA. Functional and clinical repercussions of myocyte 
apoptosis in the multifaceted damage by ischemia/reperfusion injury: old and new 
concepts after 10 years of contributions. Cell death and differentiation. 2004;11 Suppl 
2:S144-52. Epub 2004/12/21. doi: 10.1038/sj.cdd.4401544. PubMed PMID: 15608693. 

198. Veinot JP, Gattinger DA, Fliss H. Early apoptosis in human myocardial infarcts. 
Hum Pathol. 1997;28(4):485-92. Epub 1997/04/01. doi: 10.1016/s0046-8177(97)90039-
3. PubMed PMID: 9104950. 

199. Su L, Quade B, Wang H, Sun L, Wang X, Rizo J. A plug release mechanism for 
membrane permeation by MLKL. Structure. 2014;22(10):1489-500. Epub 2014/09/16. 



 129

doi: 10.1016/j.str.2014.07.014. PubMed PMID: 25220470; PubMed Central PMCID: 
PMCPMC4192069. 

200. Xia B, Fang S, Chen X, Hu H, Chen P, Wang H, et al. MLKL forms cation 
channels. Cell research. 2016;26(5):517-28. Epub 2016/04/02. doi: 10.1038/cr.2016.26. 
PubMed PMID: 27033670; PubMed Central PMCID: PMCPMC4856759. 

201. Chen X, Li W, Ren J, Huang D, He WT, Song Y, et al. Translocation of mixed 
lineage kinase domain-like protein to plasma membrane leads to necrotic cell death. Cell 
research. 2014;24(1):105-21. Epub 2013/12/25. doi: 10.1038/cr.2013.171. PubMed 
PMID: 24366341; PubMed Central PMCID: PMCPMC3879712. 

202. Sborgi L, Rühl S, Mulvihill E, Pipercevic J, Heilig R, Stahlberg H, et al. GSDMD 
membrane pore formation constitutes the mechanism of pyroptotic cell death. The EMBO 
journal. 2016;35(16):1766-78. Epub 2016/07/16. doi: 10.15252/embj.201694696. 
PubMed PMID: 27418190; PubMed Central PMCID: PMCPMC5010048. 

203. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-
activated gasdermin D causes pyroptosis by forming membrane pores. Nature. 
2016;535(7610):153-8. Epub 2016/07/08. doi: 10.1038/nature18629. PubMed PMID: 
27383986; PubMed Central PMCID: PMCPMC5539988. 

204. McNeil PL. Repairing a torn cell surface: make way, lysosomes to the rescue. 
Journal of cell science. 2002;115(Pt 5):873-9. Epub 2002/03/01. PubMed PMID: 
11870206. 

205. Casademont J, Carpenter S, Karpati G. Vacuolation of muscle fibers near 
sarcolemmal breaks represents T-tubule dilatation secondary to enhanced sodium pump 
activity. J Neuropathol Exp Neurol. 1988;47(6):618-28. Epub 1988/11/01. doi: 
10.1097/00005072-198811000-00005. PubMed PMID: 2845004. 

206. Swanson JA, McNeil PL. Nuclear reassembly excludes large macromolecules. 
Science. 1987;238(4826):548-50. Epub 1987/10/23. doi: 10.1126/science.2443981. 
PubMed PMID: 2443981. 

207. Bi GQ, Alderton JM, Steinhardt RA. Calcium-regulated exocytosis is required for 
cell membrane resealing. The Journal of cell biology. 1995;131(6 Pt 2):1747-58. Epub 
1995/12/01. doi: 10.1083/jcb.131.6.1747. PubMed PMID: 8557742; PubMed Central 
PMCID: PMCPMC2120667. 



 130

208. VanDersarl JJ, Xu AM, Melosh NA. Nanostraws for direct fluidic intracellular 
access. Nano Lett. 2012;12(8):3881-6. Epub 2011/12/15. doi: 10.1021/nl204051v. 
PubMed PMID: 22166016. 

209. Stephens DJ, Pepperkok R. The many ways to cross the plasma membrane. 
Proceedings of the National Academy of Sciences of the United States of America. 
2001;98(8):4295-8. Epub 2001/03/29. doi: 10.1073/pnas.081065198. PubMed PMID: 
11274366; PubMed Central PMCID: PMCPMC33325. 

210. Mercuri E, Muntoni F. Muscular dystrophies. Lancet (London, England). 
2013;381(9869):845-60. Epub 2013/03/08. doi: 10.1016/s0140-6736(12)61897-2. 
PubMed PMID: 23465426. 

211. Petrof BJ, Shrager JB, Stedman HH, Kelly AM, Sweeney HL. Dystrophin 
protects the sarcolemma from stresses developed during muscle contraction. Proceedings 
of the National Academy of Sciences of the United States of America. 1993;90(8):3710-
4. Epub 1993/04/15. doi: 10.1073/pnas.90.8.3710. PubMed PMID: 8475120; PubMed 
Central PMCID: PMCPMC46371. 

212. Porter GA, Dmytrenko GM, Winkelmann JC, Bloch RJ. Dystrophin colocalizes 
with beta-spectrin in distinct subsarcolemmal domains in mammalian skeletal muscle. 
The Journal of cell biology. 1992;117(5):997-1005. Epub 1992/06/01. doi: 
10.1083/jcb.117.5.997. PubMed PMID: 1577872; PubMed Central PMCID: 
PMCPMC2289490. 

213. Straub V, Bittner RE, Léger JJ, Voit T. Direct visualization of the dystrophin 
network on skeletal muscle fiber membrane. The Journal of cell biology. 
1992;119(5):1183-91. Epub 1992/12/01. doi: 10.1083/jcb.119.5.1183. PubMed PMID: 
1447296; PubMed Central PMCID: PMCPMC2289725. 

214. Cooper ST, Head SI. Membrane Injury and Repair in the Muscular Dystrophies. 
Neuroscientist. 2015;21(6):653-68. Epub 2014/11/20. doi: 10.1177/1073858414558336. 
PubMed PMID: 25406223. 

215. McNeil PL, Terasaki M. Coping with the inevitable: how cells repair a torn 
surface membrane. Nature cell biology. 2001;3(5):E124-9. Epub 2001/05/02. doi: 
10.1038/35074652. PubMed PMID: 11331898. 

216. Bashir R, Britton S, Strachan T, Keers S, Vafiadaki E, Lako M, et al. A gene 
related to Caenorhabditis elegans spermatogenesis factor fer-1 is mutated in limb-girdle 



 131

muscular dystrophy type 2B. Nat Genet. 1998;20(1):37-42. Epub 1998/09/10. doi: 
10.1038/1689. PubMed PMID: 9731527. 

217. Liu J, Aoki M, Illa I, Wu C, Fardeau M, Angelini C, et al. Dysferlin, a novel 
skeletal muscle gene, is mutated in Miyoshi myopathy and limb girdle muscular 
dystrophy. Nat Genet. 1998;20(1):31-6. Epub 1998/09/10. doi: 10.1038/1682. PubMed 
PMID: 9731526. 

218. Nguyen K, Bassez G, Krahn M, Bernard R, Laforêt P, Labelle V, et al. 
Phenotypic study in 40 patients with dysferlin gene mutations: high frequency of atypical 
phenotypes. Arch Neurol. 2007;64(8):1176-82. Epub 2007/08/19. doi: 
10.1001/archneur.64.8.1176. PubMed PMID: 17698709. 

219. Wenzel K, Geier C, Qadri F, Hubner N, Schulz H, Erdmann B, et al. Dysfunction 
of dysferlin-deficient hearts. Journal of molecular medicine (Berlin, Germany). 
2007;85(11):1203-14. Epub 2007/09/11. doi: 10.1007/s00109-007-0253-7. PubMed 
PMID: 17828519. 

220. Minetti C, Sotgia F, Bruno C, Scartezzini P, Broda P, Bado M, et al. Mutations in 
the caveolin-3 gene cause autosomal dominant limb-girdle muscular dystrophy. Nat 
Genet. 1998;18(4):365-8. Epub 1998/04/16. doi: 10.1038/ng0498-365. PubMed PMID: 
9537420. 

221. Cai C, Weisleder N, Ko JK, Komazaki S, Sunada Y, Nishi M, et al. Membrane 
repair defects in muscular dystrophy are linked to altered interaction between MG53, 
caveolin-3, and dysferlin. The Journal of biological chemistry. 2009;284(23):15894-902. 
Epub 2009/04/22. doi: 10.1074/jbc.M109.009589. PubMed PMID: 19380584; PubMed 
Central PMCID: PMCPMC2708885. 

222. Iacovache I, van der Goot FG, Pernot L. Pore formation: an ancient yet complex 
form of attack. Biochimica et biophysica acta. 2008;1778(7-8):1611-23. Epub 
2008/02/27. doi: 10.1016/j.bbamem.2008.01.026. PubMed PMID: 18298943. 

223. Los FC, Randis TM, Aroian RV, Ratner AJ. Role of pore-forming toxins in 
bacterial infectious diseases. Microbiol Mol Biol Rev. 2013;77(2):173-207. Epub 
2013/05/24. doi: 10.1128/mmbr.00052-12. PubMed PMID: 23699254; PubMed Central 
PMCID: PMCPMC3668673. 

224. Fletcher DA, Mullins RD. Cell mechanics and the cytoskeleton. Nature. 
2010;463(7280):485-92. doi: 10.1038/nature08908. 



 132

225. Dai J, Ting-Beall HP, Hochmuth RM, Sheetz MP, Titus MA. Myosin I 
contributes to the generation of resting cortical tension. Biophysical journal. 
1999;77(2):1168-76. Epub 1999/07/29. doi: 10.1016/s0006-3495(99)76968-7. PubMed 
PMID: 10423462; PubMed Central PMCID: PMCPMC1300408. 

226. Wang S, Wolynes PG. Tensegrity and motor-driven effective interactions in a 
model cytoskeleton. The Journal of Chemical Physics. 2012;136(14):145102. doi: 
10.1063/1.3702583. 

227. Palmisano MG, Bremner SN, Hornberger TA, Meyer GA, Domenighetti AA, 
Shah SB, et al. Skeletal muscle intermediate filaments form a stress-transmitting and 
stress-signaling network. Journal of cell science. 2015;128(2):219-24. doi: 
10.1242/jcs.142463. 

228. Dos Remedios CG, Chhabra D, Kekic M, Dedova IV, Tsubakihara M, Berry DA, 
et al. Actin Binding Proteins: Regulation of Cytoskeletal Microfilaments. Physiological 
Reviews. 2003;83(2):433-73. doi: 10.1152/physrev.00026.2002. 

229. Hayes MJ, Rescher U, Gerke V, Moss SE. Annexin-actin interactions. Traffic. 
2004;5(8):571-6. Epub 2004/07/21. doi: 10.1111/j.1600-0854.2004.00210.x. PubMed 
PMID: 15260827. 

230. Carafoli E. The ambivalent nature of the calcium signal. J Endocrinol Invest. 
2004;27(6 Suppl):134-6. Epub 2004/10/16. PubMed PMID: 15481813. 

231. Berridge MJ. Unlocking the secrets of cell signaling. Annual review of 
physiology. 2005;67:1-21. Epub 2005/02/16. doi: 
10.1146/annurev.physiol.67.040103.152647. PubMed PMID: 15709950. 

232. Burgoyne RD. Neuronal calcium sensor proteins: generating diversity in neuronal 
Ca2+ signalling. Nat Rev Neurosci. 2007;8(3):182-93. Epub 2007/02/22. doi: 
10.1038/nrn2093. PubMed PMID: 17311005; PubMed Central PMCID: 
PMCPMC1887812. 

233. Petersen OH. Ca2+ signalling and Ca2+-activated ion channels in exocrine acinar 
cells. Cell calcium. 2005;38(3-4):171-200. Epub 2005/08/19. doi: 
10.1016/j.ceca.2005.06.024. PubMed PMID: 16107275. 



 133

234. Rizzuto R, Pozzan T. Microdomains of intracellular Ca2+: molecular 
determinants and functional consequences. Physiol Rev. 2006;86(1):369-408. Epub 
2005/12/24. doi: 10.1152/physrev.00004.2005. PubMed PMID: 16371601. 

235. Krebs J. The Plasma Membrane Calcium Pump (PMCA): Regulation of Cytosolic 
Ca2+, Genetic Diversities and Its Role in Sub-plasma Membrane Microdomains. In: 
Krebs J, editor. Membrane Dynamics and Calcium Signaling. Cham: Springer 
International Publishing; 2017. p. 3-21. 

236. Chen X, Cao R, Zhong W. Host Calcium Channels and Pumps in Viral Infections. 
Cells. 2020;9(1):94. PubMed PMID: doi:10.3390/cells9010094. 

237. Wang Y, DeMazumder D, Hill JA. Chapter 7 - Ionic Fluxes and Genesis of the 
Cardiac Action Potential. In: Hill JA, Olson EN, editors. Muscle. Boston/Waltham: 
Academic Press; 2012. p. 67-85. 

238. Jimenez AJ, Maiuri P, Lafaurie-Janvore J, Divoux S, Piel M, Perez F. ESCRT 
Machinery Is Required for Plasma Membrane Repair. Science. 2014;343(6174):1247136. 
doi: 10.1126/science.1247136. 

239. Scheffer LL, Sreetama SC, Sharma N, Medikayala S, Brown KJ, Defour A, et al. 
Mechanism of Ca²⁺ -triggered ESCRT assembly and regulation of cell membrane repair. 
Nature communications. 2014;5:5646. Epub 2014/12/24. doi: 10.1038/ncomms6646. 
PubMed PMID: 25534348; PubMed Central PMCID: PMCPMC4333728. 

240. Reddy A, Caler EV, Andrews NW. Plasma membrane repair is mediated by 
Ca(2+)-regulated exocytosis of lysosomes. Cell. 2001;106(2):157-69. Epub 2001/08/21. 
doi: 10.1016/s0092-8674(01)00421-4. PubMed PMID: 11511344. 

241. Tam C, Idone V, Devlin C, Fernandes MC, Flannery A, He X, et al. Exocytosis of 
acid sphingomyelinase by wounded cells promotes endocytosis and plasma membrane 
repair. Journal of Cell Biology. 2010;189(6):1027-38. doi: 10.1083/jcb.201003053. 

242. Togo T, Krasieva TB, Steinhardt RA. A decrease in membrane tension precedes 
successful cell-membrane repair. Molecular biology of the cell. 2000;11(12):4339-46. 
Epub 2000/12/05. doi: 10.1091/mbc.11.12.4339. PubMed PMID: 11102527; PubMed 
Central PMCID: PMCPMC15076. 

243. Corrotte M, Almeida PE, Tam C, Castro-Gomes T, Fernandes MC, Millis BA, et 
al. Caveolae internalization repairs wounded cells and muscle fibers. eLife. 



 134

2013;2:e00926. Epub 2013/09/21. doi: 10.7554/eLife.00926. PubMed PMID: 24052812; 
PubMed Central PMCID: PMCPMC3776555. 

244. Idone V, Tam C, Goss JW, Toomre D, Pypaert M, Andrews NW. Repair of 
injured plasma membrane by rapid Ca2+-dependent endocytosis. The Journal of cell 
biology. 2008;180(5):905-14. Epub 2008/03/05. doi: 10.1083/jcb.200708010. PubMed 
PMID: 18316410; PubMed Central PMCID: PMCPMC2265401. 

245. Davenport NR, Sonnemann KJ, Eliceiri KW, Bement WM. Membrane dynamics 
during cellular wound repair. Molecular biology of the cell. 2016;27(14):2272-85. doi: 
10.1091/mbc.E16-04-0223. 

246. McNeil PL, Vogel SS, Miyake K, Terasaki M. Patching plasma membrane 
disruptions with cytoplasmic membrane. Journal of cell science. 2000;113 ( Pt 11):1891-
902. Epub 2000/05/12. PubMed PMID: 10806100. 

247. Terasaki M, Miyake K, McNeil PL. Large plasma membrane disruptions are 
rapidly resealed by Ca2+-dependent vesicle-vesicle fusion events. The Journal of cell 
biology. 1997;139(1):63-74. Epub 1997/10/06. doi: 10.1083/jcb.139.1.63. PubMed 
PMID: 9314529; PubMed Central PMCID: PMCPMC2139822. 

248. Bement WM, Benink H, Mandato CA, Swelstad BB. Evidence for direct 
membrane retrieval following cortical granule exocytosis in Xenopus oocytes and eggs. J 
Exp Zool. 2000;286(7):767-75. Epub 2000/05/08. doi: 10.1002/(sici)1097-
010x(20000601)286:7<767::aid-jez11>3.0.co;2-l. PubMed PMID: 10797329. 

249. Koerdt SN, Ashraf APK, Gerke V. Annexins and plasma membrane repair. Curr 
Top Membr. 2019;84:43-65. Epub 2019/10/16. doi: 10.1016/bs.ctm.2019.07.006. 
PubMed PMID: 31610865. 

250. Cooper ST, McNeil PL. Membrane Repair: Mechanisms and Pathophysiology. 
Physiol Rev. 2015;95(4):1205-40. Epub 2015/09/04. doi: 10.1152/physrev.00037.2014. 
PubMed PMID: 26336031; PubMed Central PMCID: PMCPMC4600952. 

251. Jimenez AJ, Perez F. Physico-chemical and biological considerations for 
membrane wound evolution and repair in animal cells. Semin Cell Dev Biol. 2015;45:2-
9. Epub 2015/10/24. doi: 10.1016/j.semcdb.2015.09.023. PubMed PMID: 26493704. 

252. Needham D, Hochmuth RM. Electro-mechanical permeabilization of lipid 
vesicles. Role of membrane tension and compressibility. Biophysical journal. 



 135

1989;55(5):1001-9. Epub 1989/05/01. doi: 10.1016/s0006-3495(89)82898-x. PubMed 
PMID: 2720075; PubMed Central PMCID: PMCPMC1330536. 

253. Thompson NL, Axelrod D. Reduced lateral mobility of a fluorescent lipid probe 
in cholesterol-depleted erythrocyte membrane. Biochimica et biophysica acta. 
1980;597(1):155-65. Epub 1980/03/27. doi: 10.1016/0005-2736(80)90159-5. PubMed 
PMID: 6892784. 

254. Golan DE, Alecio MR, Veatch WR, Rando RR. Lateral mobility of phospholipid 
and cholesterol in the human erythrocyte membrane: effects of protein-lipid interactions. 
Biochemistry. 1984;23(2):332-9. doi: 10.1021/bi00297a024. 

255. Rand RP, Parsegian VA. Physical force considerations in model and biological 
membranes. Can J Biochem Cell Biol. 1984;62(8):752-9. Epub 1984/08/01. doi: 
10.1139/o84-097. PubMed PMID: 6498591. 

256. Dai J, Sheetz MP. Membrane tether formation from blebbing cells. Biophysical 
journal. 1999;77(6):3363-70. Epub 1999/12/10. doi: 10.1016/s0006-3495(99)77168-7. 
PubMed PMID: 10585959; PubMed Central PMCID: PMCPMC1300608. 

257. Zhelev DV, Needham D. Tension-stabilized pores in giant vesicles: determination 
of pore size and pore line tension. Biochimica et biophysica acta. 1993;1147(1):89-104. 
Epub 1993/04/08. doi: 10.1016/0005-2736(93)90319-u. PubMed PMID: 8466935. 

258. Chen X, Leow RS, Hu Y, Wan JMF, Yu ACH. Single-site sonoporation disrupts 
actin cytoskeleton organization. Journal of The Royal Society Interface. 
2014;11(95):20140071. doi: doi:10.1098/rsif.2014.0071. 

259. Miyake K, McNeil PL, Suzuki K, Tsunoda R, Sugai N. An actin barrier to 
resealing. Journal of cell science. 2001;114(Pt 19):3487-94. Epub 2001/10/30. PubMed 
PMID: 11682608. 

260. Zechel K. Stability differences of muscle F-actin in formamide in the presence of 
Mg2+ and Ca2+. Biochimica et Biophysica Acta (BBA) - Protein Structure and 
Molecular Enzymology. 1983;742(1):135-41. doi: https://doi.org/10.1016/0167-
4838(83)90369-2. 

261. Bíró EN, Venyaminov SY. Depolymerization of actin in concentrated solutions of 
divalent metal chlorides. Acta Biochim Biophys Acad Sci Hung. 1979;14(1-2):31-42. 
Epub 1979/01/01. PubMed PMID: 517108. 



 136

262. Togo T. Disruption of the plasma membrane stimulates rearrangement of 
microtubules and lipid traffic toward the wound site. Journal of cell science. 
2006;119(13):2780-6. doi: 10.1242/jcs.03006. 

263. O'Brien ET, Salmon ED, Erickson HP. How calcium causes microtubule 
depolymerization. Cell Motil Cytoskeleton. 1997;36(2):125-35. Epub 1997/01/01. doi: 
10.1002/(sici)1097-0169(1997)36:2<125::Aid-cm3>3.0.Co;2-8. PubMed PMID: 
9015201. 

264. Mandato CA, Bement WM. Actomyosin Transports Microtubules and 
Microtubules Control Actomyosin Recruitment during Xenopus Oocyte Wound Healing. 
Current Biology. 2003;13(13):1096-105. doi: https://doi.org/10.1016/S0960-
9822(03)00420-2. 

265. Bement WM, Sokac AM, Mandato CA. Four-dimensional imaging of cytoskeletal 
dynamics in Xenopus oocytes and eggs. Differentiation; research in biological diversity. 
2003;71(9):518-27. doi: https://doi.org/10.1111/j.1432-0436.2003.07109005.x. 

266. Abreu-Blanco MT, Verboon JM, Liu R, Watts JJ, Parkhurst SM. 
<em>Drosophila</em> embryos close epithelial wounds using a combination of cellular 
protrusions and an actomyosin purse string. Journal of cell science. 2012;125(24):5984-
97. doi: 10.1242/jcs.109066. 

267. Moe AM, Golding AE, Bement WM. Cell healing: Calcium, repair and 
regeneration. Semin Cell Dev Biol. 2015;45:18-23. Epub 2015/10/31. doi: 
10.1016/j.semcdb.2015.09.026. PubMed PMID: 26514621; PubMed Central PMCID: 
PMCPMC4849125. 

268. Sonnemann KJ, Bement WM. Wound repair: toward understanding and 
integration of single-cell and multicellular wound responses. Annu Rev Cell Dev Biol. 
2011;27:237-63. Epub 2011/07/05. doi: 10.1146/annurev-cellbio-092910-154251. 
PubMed PMID: 21721944; PubMed Central PMCID: PMCPMC4878020. 

269. Togo T, Alderton JM, Bi GQ, Steinhardt RA. The mechanism of facilitated cell 
membrane resealing. Journal of cell science. 1999;112 ( Pt 5):719-31. Epub 1999/02/12. 
PubMed PMID: 9973606. 

270. Shen SS, Tucker WC, Chapman ER, Steinhardt RA. Molecular regulation of 
membrane resealing in 3T3 fibroblasts. The Journal of biological chemistry. 



 137

2005;280(2):1652-60. Epub 2004/11/13. doi: 10.1074/jbc.M410136200. PubMed PMID: 
15536080. 

271. Enrich C, Rentero C, de Muga SV, Reverter M, Mulay V, Wood P, et al. Annexin 
A6-Linking Ca(2+) signaling with cholesterol transport. Biochimica et biophysica acta. 
2011;1813(5):935-47. Epub 2010/10/05. doi: 10.1016/j.bbamcr.2010.09.015. PubMed 
PMID: 20888375. 

272. Futter CE, White IJ. Annexins and endocytosis. Traffic. 2007;8(8):951-8. Epub 
2007/06/06. doi: 10.1111/j.1600-0854.2007.00590.x. PubMed PMID: 17547702. 

273. Poeter M, Brandherm I, Rossaint J, Rosso G, Shahin V, Skryabin BV, et al. 
Annexin A8 controls leukocyte recruitment to activated endothelial cells via cell surface 
delivery of CD63. Nature communications. 2014;5:3738. Epub 2014/04/29. doi: 
10.1038/ncomms4738. PubMed PMID: 24769558. 

274. Morel E, Parton RG, Gruenberg J. Annexin A2-dependent polymerization of actin 
mediates endosome biogenesis. Dev Cell. 2009;16(3):445-57. Epub 2009/03/18. doi: 
10.1016/j.devcel.2009.01.007. PubMed PMID: 19289089. 

275. Gabel M, Chasserot-Golaz S. Annexin A2, an essential partner of the exocytotic 
process in chromaffin cells. J Neurochem. 2016;137(6):890-6. Epub 2016/04/03. doi: 
10.1111/jnc.13628. PubMed PMID: 27037794. 

276. Holthenrich A, Gerke V. Regulation of von-Willebrand Factor Secretion from 
Endothelial Cells by the Annexin A2-S100A10 Complex. International journal of 
molecular sciences. 2018;19(6). Epub 2018/06/15. doi: 10.3390/ijms19061752. PubMed 
PMID: 29899263; PubMed Central PMCID: PMCPMC6032327. 

277. Fiedler K, Lafont F, Parton RG, Simons K. Annexin XIIIb: a novel epithelial 
specific annexin is implicated in vesicular traffic to the apical plasma membrane. The 
Journal of cell biology. 1995;128(6):1043-53. Epub 1995/03/01. doi: 
10.1083/jcb.128.6.1043. PubMed PMID: 7896870; PubMed Central PMCID: 
PMCPMC2120424. 

278. Boye TL, Nylandsted J. Annexins in plasma membrane repair. Biological 
chemistry. 2016;397(10):961-9. Epub 2016/06/25. doi: 10.1515/hsz-2016-0171. PubMed 
PMID: 27341560. 



 138

279. Martin-Belmonte F, Gassama A, Datta A, Yu W, Rescher U, Gerke V, et al. 
PTEN-mediated apical segregation of phosphoinositides controls epithelial 
morphogenesis through Cdc42. Cell. 2007;128(2):383-97. Epub 2007/01/27. doi: 
10.1016/j.cell.2006.11.051. PubMed PMID: 17254974; PubMed Central PMCID: 
PMCPMC1865103. 

280. Roostalu U, Strähle U. In vivo imaging of molecular interactions at damaged 
sarcolemma. Dev Cell. 2012;22(3):515-29. Epub 2012/03/17. doi: 
10.1016/j.devcel.2011.12.008. PubMed PMID: 22421042. 

281. Koerdt SN, Gerke V. Annexin A2 is involved in Ca(2+)-dependent plasma 
membrane repair in primary human endothelial cells. Biochim Biophys Acta Mol Cell 
Res. 2017;1864(6):1046-53. Epub 2016/12/14. doi: 10.1016/j.bbamcr.2016.12.007. 
PubMed PMID: 27956131. 

282. Babiychuk EB, Monastyrskaya K, Potez S, Draeger A. Intracellular Ca2+ 
operates a switch between repair and lysis of streptolysin O-perforated cells. Cell Death 
& Differentiation. 2009;16(8):1126-34. doi: 10.1038/cdd.2009.30. 

283. Draeger A, Monastyrskaya K, Babiychuk EB. Plasma membrane repair and 
cellular damage control: the annexin survival kit. Biochemical pharmacology. 
2011;81(6):703-12. Epub 2011/01/12. doi: 10.1016/j.bcp.2010.12.027. PubMed PMID: 
21219882. 

284. Jimenez AJ, Perez F. Plasma membrane repair: the adaptable cell life-insurance. 
Curr Opin Cell Biol. 2017;47:99-107. Epub 2017/05/17. doi: 10.1016/j.ceb.2017.03.011. 
PubMed PMID: 28511145. 

285. Wolfmeier H, Radecke J, Schoenauer R, Koeffel R, Babiychuk VS, Drücker P, et 
al. Active release of pneumolysin prepores and pores by mammalian cells undergoing a 
Streptococcus pneumoniae attack. Biochimica et biophysica acta. 2016;1860(11 Pt 
A):2498-509. Epub 2016/08/03. doi: 10.1016/j.bbagen.2016.07.022. PubMed PMID: 
27481675. 

286. Middel V, Zhou L, Takamiya M, Beil T, Shahid M, Roostalu U, et al. Dysferlin-
mediated phosphatidylserine sorting engages macrophages in sarcolemma repair. Nature 
communications. 2016;7(1):12875. doi: 10.1038/ncomms12875. 



 139

287. Boye TL, Maeda K, Pezeshkian W, Sønder SL, Haeger SC, Gerke V, et al. 
Annexin A4 and A6 induce membrane curvature and constriction during cell membrane 
repair. Nature communications. 2017;8(1):1623. doi: 10.1038/s41467-017-01743-6. 

288. Satoh H, Nakano Y, Shibata H, Maki M. The penta-EF-hand domain of ALG-2 
interacts with amino-terminal domains of both annexin VII and annexin XI in a Ca2+-
dependent manner. Biochimica et biophysica acta. 2002;1600(1-2):61-7. Epub 
2002/11/26. doi: 10.1016/s1570-9639(02)00445-4. PubMed PMID: 12445460. 

289. Henne WM, Stenmark H, Emr SD. Molecular mechanisms of the membrane 
sculpting ESCRT pathway. Cold Spring Harb Perspect Biol. 2013;5(9). Epub 2013/09/05. 
doi: 10.1101/cshperspect.a016766. PubMed PMID: 24003212; PubMed Central PMCID: 
PMCPMC3753708. 

290. Sønder SL, Boye TL, Tölle R, Dengjel J, Maeda K, Jäättelä M, et al. Annexin A7 
is required for ESCRT III-mediated plasma membrane repair. Scientific reports. 
2019;9(1):6726. Epub 2019/05/02. doi: 10.1038/s41598-019-43143-4. PubMed PMID: 
31040365; PubMed Central PMCID: PMCPMC6491720. 

291. De Seranno S, Benaud C, Assard N, Khediri S, Gerke V, Baudier J, et al. 
Identification of an AHNAK binding motif specific for the Annexin2/S100A10 tetramer. 
The Journal of biological chemistry. 2006;281(46):35030-8. Epub 2006/09/21. doi: 
10.1074/jbc.M606545200. PubMed PMID: 16984913. 

292. Ozorowski G, Milton S, Luecke H. Structure of a C-terminal AHNAK peptide in 
a 1:2:2 complex with S100A10 and an acetylated N-terminal peptide of annexin A2. Acta 
Crystallogr D Biol Crystallogr. 2013;69(Pt 1):92-104. Epub 2013/01/01. doi: 
10.1107/s0907444912043429. PubMed PMID: 23275167; PubMed Central PMCID: 
PMCPMC3532133. 

293. Huang Y, Laval SH, van Remoortere A, Baudier J, Benaud C, Anderson LV, et 
al. AHNAK, a novel component of the dysferlin protein complex, redistributes to the 
cytoplasm with dysferlin during skeletal muscle regeneration. FASEB journal : official 
publication of the Federation of American Societies for Experimental Biology. 
2007;21(3):732-42. Epub 2006/12/23. doi: 10.1096/fj.06-6628com. PubMed PMID: 
17185750. 

294. Davis TA, Loos B, Engelbrecht AM. AHNAK: the giant jack of all trades. 
Cellular signalling. 2014;26(12):2683-93. Epub 2014/08/31. doi: 
10.1016/j.cellsig.2014.08.017. PubMed PMID: 25172424. 



 140

295. Dempsey BR, Rezvanpour A, Lee TW, Barber KR, Junop MS, Shaw GS. 
Structure of an asymmetric ternary protein complex provides insight for membrane 
interaction. Structure. 2012;20(10):1737-45. Epub 2012/09/04. doi: 
10.1016/j.str.2012.08.004. PubMed PMID: 22940583. 

296. Rezvanpour A, Santamaria-Kisiel L, Shaw GS. The S100A10-annexin A2 
complex provides a novel asymmetric platform for membrane repair. The Journal of 
biological chemistry. 2011;286(46):40174-83. Epub 2011/09/29. doi: 
10.1074/jbc.M111.244038. PubMed PMID: 21949189; PubMed Central PMCID: 
PMCPMC3220529. 

297. Xu J, Toops KA, Diaz F, Carvajal-Gonzalez JM, Gravotta D, Mazzoni F, et al. 
Mechanism of polarized lysosome exocytosis in epithelial cells. Journal of cell science. 
2012;125(Pt 24):5937-43. Epub 2012/10/06. doi: 10.1242/jcs.109421. PubMed PMID: 
23038769; PubMed Central PMCID: PMCPMC3585513. 

298. Henne WM, Buchkovich NJ, Emr SD. The ESCRT pathway. Dev Cell. 
2011;21(1):77-91. Epub 2011/07/19. doi: 10.1016/j.devcel.2011.05.015. PubMed PMID: 
21763610. 

299. Saksena S, Wahlman J, Teis D, Johnson AE, Emr SD. Functional reconstitution 
of ESCRT-III assembly and disassembly. Cell. 2009;136(1):97-109. Epub 2009/01/13. 
doi: 10.1016/j.cell.2008.11.013. PubMed PMID: 19135892; PubMed Central PMCID: 
PMCPMC4104304. 

300. Wollert T, Wunder C, Lippincott-Schwartz J, Hurley JH. Membrane scission by 
the ESCRT-III complex. Nature. 2009;458(7235):172-7. Epub 2009/02/24. doi: 
10.1038/nature07836. PubMed PMID: 19234443; PubMed Central PMCID: 
PMCPMC2743992. 

301. Wollert T, Hurley JH. Molecular mechanism of multivesicular body biogenesis by 
ESCRT complexes. Nature. 2010;464(7290):864-9. Epub 2010/03/23. doi: 
10.1038/nature08849. PubMed PMID: 20305637; PubMed Central PMCID: 
PMCPMC2851844. 

302. Pornillos O, Alam SL, Rich RL, Myszka DG, Davis DR, Sundquist WI. Structure 
and functional interactions of the Tsg101 UEV domain. The EMBO journal. 
2002;21(10):2397-406. Epub 2002/05/15. doi: 10.1093/emboj/21.10.2397. PubMed 
PMID: 12006492; PubMed Central PMCID: PMCPMC125378. 



 141

303. Dowlatshahi DP, Sandrin V, Vivona S, Shaler TA, Kaiser SE, Melandri F, et al. 
ALIX is a Lys63-specific polyubiquitin binding protein that functions in retrovirus 
budding. Dev Cell. 2012;23(6):1247-54. Epub 2012/12/04. doi: 
10.1016/j.devcel.2012.10.023. PubMed PMID: 23201121; PubMed Central PMCID: 
PMCPMC3522770. 

304. Bissig C, Lenoir M, Velluz MC, Kufareva I, Abagyan R, Overduin M, et al. Viral 
infection controlled by a calcium-dependent lipid-binding module in ALIX. Dev Cell. 
2013;25(4):364-73. Epub 2013/05/15. doi: 10.1016/j.devcel.2013.04.003. PubMed 
PMID: 23664863; PubMed Central PMCID: PMCPMC4129370. 

305. Bishop N, Woodman P. ATPase-defective mammalian VPS4 localizes to aberrant 
endosomes and impairs cholesterol trafficking. Molecular biology of the cell. 
2000;11(1):227-39. Epub 2000/01/19. doi: 10.1091/mbc.11.1.227. PubMed PMID: 
10637304; PubMed Central PMCID: PMCPMC14770. 

306. Südhof TC, Rizo J. Synaptic vesicle exocytosis. Cold Spring Harb Perspect Biol. 
2011;3(12). Epub 2011/10/27. doi: 10.1101/cshperspect.a005637. PubMed PMID: 
22026965; PubMed Central PMCID: PMCPMC3225952. 

307. D'Agostino M, Risselada HJ, Lürick A, Ungermann C, Mayer A. A tethering 
complex drives the terminal stage of SNARE-dependent membrane fusion. Nature. 
2017;551(7682):634-8. Epub 2017/11/02. doi: 10.1038/nature24469. PubMed PMID: 
29088698. 

308. Brunger AT. Structure and function of SNARE and SNARE-interacting proteins. 
Q Rev Biophys. 2005;38(1):1-47. Epub 2005/12/13. doi: 10.1017/s0033583505004051. 
PubMed PMID: 16336742. 

309. Shi L, Shen QT, Kiel A, Wang J, Wang HW, Melia TJ, et al. SNARE proteins: 
one to fuse and three to keep the nascent fusion pore open. Science. 
2012;335(6074):1355-9. Epub 2012/03/17. doi: 10.1126/science.1214984. PubMed 
PMID: 22422984; PubMed Central PMCID: PMCPMC3736847. 

310. Miyake K, McNeil PL. Vesicle accumulation and exocytosis at sites of plasma 
membrane disruption. The Journal of cell biology. 1995;131(6 Pt 2):1737-45. Epub 
1995/12/01. doi: 10.1083/jcb.131.6.1737. PubMed PMID: 8557741; PubMed Central 
PMCID: PMCPMC2120668. 



 142

311. Decontamination and Reuse of Filtering Facepiece Respirators  [cited 2020 April 
19]. Available from: https://www.cdc.gov/coronavirus/2019-ncov/hcp/ppe-
strategy/decontamination-reuse-respirators.html. 

312. Andrews NW, Almeida PE, Corrotte M. Damage control: cellular mechanisms of 
plasma membrane repair. Trends Cell Biol. 2014;24(12):734-42. Epub 2014/08/26. doi: 
10.1016/j.tcb.2014.07.008. PubMed PMID: 25150593; PubMed Central PMCID: 
PMCPMC4252702. 

313. Tardieux I, Webster P, Ravesloot J, Boron W, Lunn JA, Heuser JE, et al. 
Lysosome recruitment and fusion are early events required for trypanosome invasion of 
mammalian cells. Cell. 1992;71(7):1117-30. doi: https://doi.org/10.1016/S0092-
8674(05)80061-3. 

314. Martinez I, Chakrabarti S, Hellevik T, Morehead J, Fowler K, Andrews NW. 
Synaptotagmin VII regulates Ca(2+)-dependent exocytosis of lysosomes in fibroblasts. 
The Journal of cell biology. 2000;148(6):1141-49. Epub 2000/03/22. doi: 
10.1083/jcb.148.6.1141. PubMed PMID: 10725327; PubMed Central PMCID: 
PMCPMC2174306. 

315. Rao SK, Huynh C, Proux-Gillardeaux V, Galli T, Andrews NW. Identification of 
SNAREs Involved in Synaptotagmin VII-regulated Lysosomal Exocytosis*. Journal of 
Biological Chemistry. 2004;279(19):20471-9. doi: 
https://doi.org/10.1074/jbc.M400798200. 

316. Caler EV, Chakrabarti S, Fowler KT, Rao S, Andrews NW. The Exocytosis-
regulatory protein synaptotagmin VII mediates cell invasion by Trypanosoma cruzi. J 
Exp Med. 2001;193(9):1097-104. Epub 2001/05/09. doi: 10.1084/jem.193.9.1097. 
PubMed PMID: 11342594; PubMed Central PMCID: PMCPMC2193425. 

317. Defour A, Van der Meulen JH, Bhat R, Bigot A, Bashir R, Nagaraju K, et al. 
Dysferlin regulates cell membrane repair by facilitating injury-triggered acid 
sphingomyelinase secretion. Cell death & disease. 2014;5(6):e1306-e. doi: 
10.1038/cddis.2014.272. 

318. Keith RJ, Haberzettl P, Vladykovskaya E, Hill BG, Kaiserova K, Srivastava S, et 
al. Aldose reductase decreases endoplasmic reticulum stress in ischemic hearts. Chem 
Biol Interact. 2009;178(1-3):242-9. Epub 2008/12/02. doi: 10.1016/j.cbi.2008.10.055. 
PubMed PMID: 19041636; PubMed Central PMCID: PMCPMC3178409. 



 143

319. Starai VJ, Jun Y, Wickner W. Excess vacuolar SNAREs drive lysis and Rab 
bypass fusion. Proceedings of the National Academy of Sciences of the United States of 
America. 2007;104(34):13551-8. Epub 2007/08/19. doi: 10.1073/pnas.0704741104. 
PubMed PMID: 17699614; PubMed Central PMCID: PMCPMC1959418. 

320. Dennison SM, Bowen ME, Brunger AT, Lentz BR. Neuronal SNAREs do not 
trigger fusion between synthetic membranes but do promote PEG-mediated membrane 
fusion. Biophysical journal. 2006;90(5):1661-75. Epub 2005/12/13. doi: 
10.1529/biophysj.105.069617. PubMed PMID: 16339880; PubMed Central PMCID: 
PMCPMC1367317. 

321. Blumenthal R, Morris SJ. The influenza haemagglutinin-induced fusion cascade: 
effects of target membrane permeability changes. Mol Membr Biol. 1999;16(1):43-7. 
Epub 1999/05/20. doi: 10.1080/096876899294742. PubMed PMID: 10332736. 

322. Frolov VA, Dunina-Barkovskaya AY, Samsonov AV, Zimmerberg J. Membrane 
permeability changes at early stages of influenza hemagglutinin-mediated fusion. 
Biophysical journal. 2003;85(3):1725-33. Epub 2003/08/29. doi: 10.1016/s0006-
3495(03)74602-5. PubMed PMID: 12944287; PubMed Central PMCID: 
PMCPMC1303346. 

323. Lowenstein CJ, Tsuda H. N-ethylmaleimide-sensitive factor: a redox sensor in 
exocytosis. Biological chemistry. 2006;387(10-11):1377-83. Epub 2006/11/04. doi: 
10.1515/bc.2006.173. PubMed PMID: 17081110. 

324. Matsushita K, Morrell CN, Cambien B, Yang SX, Yamakuchi M, Bao C, et al. 
Nitric oxide regulates exocytosis by S-nitrosylation of N-ethylmaleimide-sensitive factor. 
Cell. 2003;115(2):139-50. Epub 2003/10/22. PubMed PMID: 14567912; PubMed Central 
PMCID: PMCPMC2846406. 

325. Matsushita K, Morrell CN, Lowenstein CJ. A novel class of fusion polypeptides 
inhibits exocytosis. Molecular pharmacology. 2005;67(4):1137-44. doi: 
10.1124/mol.104.004275. PubMed PMID: 15608145. 

326. Matsushita K, Morrell CN, Mason RJ, Yamakuchi M, Khanday FA, Irani K, et al. 
Hydrogen peroxide regulation of endothelial exocytosis by inhibition of N-
ethylmaleimide sensitive factor. The Journal of cell biology. 2005;170(1):73-9. doi: 
10.1083/jcb.200502031. PubMed PMID: 15998800; PubMed Central PMCID: 
PMC2171382. 



 144

327. Peters JM, Walsh MJ, Franke WW. An abundant and ubiquitous homo-oligomeric 
ring-shaped ATPase particle related to the putative vesicle fusion proteins Sec18p and 
NSF. The EMBO journal. 1990;9(6):1757-67. Epub 1990/06/01. PubMed PMID: 
2140770; PubMed Central PMCID: PMCPMC551880. 

328. Tagaya M, Wilson DW, Brunner M, Arango N, Rothman JE. Domain structure of 
an N-ethylmaleimide-sensitive fusion protein involved in vesicular transport. The Journal 
of biological chemistry. 1993;268(4):2662-6. Epub 1993/02/05. PubMed PMID: 
8428942. 

329. Andrews NW. Membrane resealing: synaptotagmin VII keeps running the show. 
Sci STKE. 2005;2005(282):pe19. Epub 2005/05/05. doi: 10.1126/stke.2822005pe19. 
PubMed PMID: 15870423. 

330. Kalogeris T, Baines CP, Krenz M, Korthuis RJ. Cell biology of 
ischemia/reperfusion injury. International review of cell and molecular biology. 
2012;298:229-317. Epub 2012/08/11. doi: 10.1016/b978-0-12-394309-5.00006-7. 
PubMed PMID: 22878108; PubMed Central PMCID: PMCPMC3904795. 

331. Engel A, Walter P. Membrane lysis during biological membrane fusion: collateral 
damage by misregulated fusion machines. The Journal of cell biology. 2008;183(2):181-
6. Epub 2008/10/15. doi: 10.1083/jcb.200805182. PubMed PMID: 18852300; PubMed 
Central PMCID: PMCPMC2568015. 

332. Martin AB, Hartman M, Lassman D, Catlin A. National Health Care Spending In 
2019: Steady Growth For The Fourth Consecutive Year. Health Affairs. 2020;40(1):14-
24. doi: 10.1377/hlthaff.2020.02022. 

333. Levin S. Apoptosis, necrosis, or oncosis: what is your diagnosis? A report from 
the Cell Death Nomenclature Committee of the Society of Toxicologic Pathologists. 
Toxicol Sci. 1998;41(2):155-6. Epub 1998/05/30. doi: 10.1006/toxs.1997.2432. PubMed 
PMID: 9520350. 

334. Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, Blagosklonny MV, 
et al. Molecular definitions of cell death subroutines: recommendations of the 
Nomenclature Committee on Cell Death 2012. Cell death and differentiation. 
2012;19(1):107-20. Epub 2011/07/16. doi: 10.1038/cdd.2011.96. PubMed PMID: 
21760595; PubMed Central PMCID: PMCPMC3252826. 



 145

335. Krysko DV, Vanden Berghe T, Parthoens E, D'Herde K, Vandenabeele P. 
Methods for distinguishing apoptotic from necrotic cells and measuring their clearance. 
Methods Enzymol. 2008;442:307-41. Epub 2008/07/30. doi: 10.1016/s0076-
6879(08)01416-x. PubMed PMID: 18662577. 

336. Vanlangenakker N, Vanden Berghe T, Krysko DV, Festjens N, Vandenabeele P. 
Molecular mechanisms and pathophysiology of necrotic cell death. Curr Mol Med. 
2008;8(3):207-20. Epub 2008/05/14. doi: 10.2174/156652408784221306. PubMed 
PMID: 18473820. 

337. Dompe N, Rivers CS, Li L, Cordes S, Schwickart M, Punnoose EA, et al. A 
whole-genome RNAi screen identifies an 8q22 gene cluster that inhibits death receptor-
mediated apoptosis. Proceedings of the National Academy of Sciences of the United 
States of America. 2011;108(43):E943-51. Epub 2011/09/29. doi: 
10.1073/pnas.1100132108. PubMed PMID: 21949371; PubMed Central PMCID: 
PMCPMC3203754. 

338. Huang Q, Raya A, DeJesus P, Chao SH, Quon KC, Caldwell JS, et al. 
Identification of p53 regulators by genome-wide functional analysis. Proceedings of the 
National Academy of Sciences of the United States of America. 2004;101(10):3456-61. 
Epub 2004/03/03. doi: 10.1073/pnas.0308562100. PubMed PMID: 14990790; PubMed 
Central PMCID: PMCPMC373483. 

339. Tapon N, Harvey KF, Bell DW, Wahrer DC, Schiripo TA, Haber D, et al. 
salvador Promotes both cell cycle exit and apoptosis in Drosophila and is mutated in 
human cancer cell lines. Cell. 2002;110(4):467-78. Epub 2002/08/31. doi: 
10.1016/s0092-8674(02)00824-3. PubMed PMID: 12202036. 

340. Wing JP, Schreader BA, Yokokura T, Wang Y, Andrews PS, Huseinovic N, et al. 
Drosophila Morgue is an F box/ubiquitin conjugase domain protein important for grim-
reaper mediated apoptosis. Nature cell biology. 2002;4(6):451-6. Epub 2002/05/22. doi: 
10.1038/ncb800. PubMed PMID: 12021772. 

341. Raveh T, Berissi H, Eisenstein M, Spivak T, Kimchi A. A functional genetic 
screen identifies regions at the C-terminal tail and death-domain of death-associated 
protein kinase that are critical for its proapoptotic activity. Proceedings of the National 
Academy of Sciences of the United States of America. 2000;97(4):1572-7. Epub 
2000/03/04. doi: 10.1073/pnas.020519497. PubMed PMID: 10677501; PubMed Central 
PMCID: PMCPMC26476. 



 146

342. Grimm S. The ER-mitochondria interface: the social network of cell death. 
Biochimica et biophysica acta. 2012;1823(2):327-34. Epub 2011/12/21. doi: 
10.1016/j.bbamcr.2011.11.018. PubMed PMID: 22182703. 

343. Yuan JY, Horvitz HR. The Caenorhabditis elegans genes ced-3 and ced-4 act cell 
autonomously to cause programmed cell death. Developmental biology. 1990;138(1):33-
41. Epub 1990/03/01. doi: 10.1016/0012-1606(90)90174-h. PubMed PMID: 2307287. 

344. Daniel PT, Wieder T, Sturm I, Schulze-Osthoff K. The kiss of death: promises 
and failures of death receptors and ligands in cancer therapy. Leukemia. 
2001;15(7):1022-32. Epub 2001/07/18. doi: 10.1038/sj.leu.2402169. PubMed PMID: 
11455969. 

345. Ellis RE, Horvitz HR. Two C. elegans genes control the programmed deaths of 
specific cells in the pharynx. Development. 1991;112(2):591-603. Epub 1991/06/01. 
PubMed PMID: 1794327. 

346. Kaiser WJ, Upton JW, Long AB, Livingston-Rosanoff D, Daley-Bauer LP, 
Hakem R, et al. RIP3 mediates the embryonic lethality of caspase-8-deficient mice. 
Nature. 2011;471(7338):368-72. Epub 2011/03/04. doi: 10.1038/nature09857. PubMed 
PMID: 21368762; PubMed Central PMCID: PMCPMC3060292. 

347. Hitomi J, Christofferson DE, Ng A, Yao J, Degterev A, Xavier RJ, et al. 
Identification of a molecular signaling network that regulates a cellular necrotic cell death 
pathway. Cell. 2008;135(7):1311-23. Epub 2008/12/27. doi: 10.1016/j.cell.2008.10.044. 
PubMed PMID: 19109899; PubMed Central PMCID: PMCPMC2621059. 

348. Wolozin B, Behl C. Mechanisms of neurodegenerative disorders: Part 1: protein 
aggregates. Arch Neurol. 2000;57(6):793-6. Epub 2000/06/27. doi: 
10.1001/archneur.57.6.793. PubMed PMID: 10867775. 

349. Wolozin B, Behl C. Mechanisms of neurodegenerative disorders: Part 2: control 
of cell death. Arch Neurol. 2000;57(6):801-4. Epub 2000/06/27. doi: 
10.1001/archneur.57.6.801. PubMed PMID: 10867776. 

350. Behl C, Davis JB, Klier FG, Schubert D. Amyloid beta peptide induces necrosis 
rather than apoptosis. Brain Res. 1994;645(1-2):253-64. Epub 1994/05/09. doi: 
10.1016/0006-8993(94)91659-4. PubMed PMID: 8062088. 



 147

351. Li J, McQuade T, Siemer AB, Napetschnig J, Moriwaki K, Hsiao YS, et al. The 
RIP1/RIP3 necrosome forms a functional amyloid signaling complex required for 
programmed necrosis. Cell. 2012;150(2):339-50. Epub 2012/07/24. doi: 
10.1016/j.cell.2012.06.019. PubMed PMID: 22817896; PubMed Central PMCID: 
PMCPMC3664196. 

352. Nagley P, Higgins GC, Atkin JD, Beart PM. Multifaceted deaths orchestrated by 
mitochondria in neurones. Biochimica et biophysica acta. 2010;1802(1):167-85. Epub 
2009/09/16. doi: 10.1016/j.bbadis.2009.09.004. PubMed PMID: 19751830. 

353. Martin LJ, Gertz B, Pan Y, Price AC, Molkentin JD, Chang Q. The mitochondrial 
permeability transition pore in motor neurons: involvement in the pathobiology of ALS 
mice. Exp Neurol. 2009;218(2):333-46. Epub 2009/03/11. doi: 
10.1016/j.expneurol.2009.02.015. PubMed PMID: 19272377; PubMed Central PMCID: 
PMCPMC2710399. 

354. Du H, Guo L, Fang F, Chen D, Sosunov AA, McKhann GM, et al. Cyclophilin D 
deficiency attenuates mitochondrial and neuronal perturbation and ameliorates learning 
and memory in Alzheimer's disease. Nat Med. 2008;14(10):1097-105. Epub 2008/09/23. 
doi: 10.1038/nm.1868. PubMed PMID: 18806802; PubMed Central PMCID: 
PMCPMC2789841. 

355. Root DE, Hacohen N, Hahn WC, Lander ES, Sabatini DM. Genome-scale loss-of-
function screening with a lentiviral RNAi library. Nat Methods. 2006;3(9):715-9. Epub 
2006/08/25. doi: 10.1038/nmeth924. PubMed PMID: 16929317. 

356. Chen J, Bardes EE, Aronow BJ, Jegga AG. ToppGene Suite for gene list 
enrichment analysis and candidate gene prioritization. Nucleic acids research. 
2009;37(Web Server issue):W305-11. Epub 2009/05/26. doi: 10.1093/nar/gkp427. 
PubMed PMID: 19465376; PubMed Central PMCID: PMCPMC2703978. 

357. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. 
Cytoscape: a software environment for integrated models of biomolecular interaction 
networks. Genome research. 2003;13(11):2498-504. Epub 2003/11/05. doi: 
10.1101/gr.1239303. PubMed PMID: 14597658; PubMed Central PMCID: 
PMCPMC403769. 

358. Whelan C, Sönmez K. Computing graphlet signatures of network nodes and 
motifs in Cytoscape with GraphletCounter. Bioinformatics. 2012;28(2):290-1. Epub 
2011/12/14. doi: 10.1093/bioinformatics/btr637. PubMed PMID: 22155862. 



 148

359. Oliveros JC. Venny. An interactive tool for comparing lists with Venn's diagrams 
2007-2015. Available from: https://bioinfogp.cnb.csic.es/tools/venny/index.html. 

360. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome 
engineering using the CRISPR-Cas9 system. Nat Protoc. 2013;8(11):2281-308. doi: 
10.1038/nprot.2013.143. PubMed PMID: 24157548; PubMed Central PMCID: 
PMC3969860. 

361. Luongo TS, Lambert JP, Yuan A, Zhang X, Gross P, Song J, et al. The 
Mitochondrial Calcium Uniporter Matches Energetic Supply with Cardiac Workload 
during Stress and Modulates Permeability Transition. Cell reports. 2015;12(1):23-34. doi: 
10.1016/j.celrep.2015.06.017. PubMed PMID: 26119731; PubMed Central PMCID: 
PMC4517182. 

362. Ryu JK, Min D, Rah SH, Kim SJ, Park Y, Kim H, et al. Spring-loaded unraveling 
of a single SNARE complex by NSF in one round of ATP turnover. Science. 
2015;347(6229):1485-9. doi: 10.1126/science.aaa5267. PubMed PMID: 25814585; 
PubMed Central PMCID: PMC4441202. 

363. Yuan D, Liu C, Hu B. Dysfunction of Membrane Trafficking Leads to Ischemia-
Reperfusion Injury After Transient Cerebral Ischemia. Translational stroke research. 
2018;9(3):215-22. Epub 2017/10/13. doi: 10.1007/s12975-017-0572-0. PubMed PMID: 
29022237; PubMed Central PMCID: PMCPMC5895539. 

364. Fan J, Zhou X, Wang Y, Kuang C, Sun Y, Liu X, et al. Differential requirement 
for N-ethylmaleimide-sensitive factor in endosomal trafficking of transferrin receptor 
from anterograde trafficking of vesicular stomatitis virus glycoprotein G. FEBS letters. 
2017;591(2):273-81. Epub 2016/12/21. doi: 10.1002/1873-3468.12532. PubMed PMID: 
27995606. 

365. Lloyd KC. A knockout mouse resource for the biomedical research community. 
Annals of the New York Academy of Sciences. 2011;1245:24-6. Epub 2012/01/04. doi: 
10.1111/j.1749-6632.2011.06311.x. PubMed PMID: 22211970; PubMed Central 
PMCID: PMCPMC4070945. 

366. Garry GA, Antony ML, Garry DJ. Cardiotoxin Induced Injury and Skeletal 
Muscle Regeneration. Methods in molecular biology. 2016;1460:61-71. Epub 
2016/08/06. doi: 10.1007/978-1-4939-3810-0_6. PubMed PMID: 27492166. 



 149

367. Lin Shiau SY, Huang MC, Lee CY. Mechanism of action of cobra cardiotoxin in 
the skeletal muscle. The Journal of pharmacology and experimental therapeutics. 
1976;196(3):758-70. Epub 1976/03/01. PubMed PMID: 1263122. 

368. McCully JD, Wakiyama H, Hsieh YJ, Jones M, Levitsky S. Differential 
contribution of necrosis and apoptosis in myocardial ischemia-reperfusion injury. 
American journal of physiology Heart and circulatory physiology. 2004;286(5):H1923-
35. Epub 2004/01/13. doi: 10.1152/ajpheart.00935.2003. PubMed PMID: 14715509. 

369. Shin S, Choi JW, Moon H, Lee CY, Park JH, Lee J, et al. Simultaneous 
Suppression of Multiple Programmed Cell Death Pathways by miRNA-105 in Cardiac 
Ischemic Injury. Molecular therapy Nucleic acids. 2019;14:438-49. Epub 2019/02/12. 
doi: 10.1016/j.omtn.2018.12.015. PubMed PMID: 30743213. 

370. Moffat J, Grueneberg DA, Yang X, Kim SY, Kloepfer AM, Hinkle G, et al. A 
lentiviral RNAi library for human and mouse genes applied to an arrayed viral high-
content screen. Cell. 2006;124(6):1283-98. Epub 2006/03/28. doi: 
10.1016/j.cell.2006.01.040. PubMed PMID: 16564017. 

371. Werno C, Zhou J, Brüne B. A23187, ionomycin and thapsigargin upregulate 
mRNA of HIF-1alpha via endoplasmic reticulum stress rather than a rise in intracellular 
calcium. J Cell Physiol. 2008;215(3):708-14. Epub 2007/12/08. doi: 10.1002/jcp.21351. 
PubMed PMID: 18064635. 

372. Soler F, Lax A, Carmen Asensio M, Pascual-Figal D, Fernández-Belda F. Passive 
Ca(2+) overload in H9c2 cardiac myoblasts: assessment of cellular damage and cytosolic 
Ca(2+) transients. Arch Biochem Biophys. 2011;512(2):175-82. Epub 2011/06/21. doi: 
10.1016/j.abb.2011.05.019. PubMed PMID: 21683055. 

373. Wang Y, Deng X, Mancarella S, Hendron E, Eguchi S, Soboloff J, et al. The 
calcium store sensor, STIM1, reciprocally controls Orai and CaV1.2 channels. Science. 
2010;330(6000):105-9. Epub 2010/10/12. doi: 10.1126/science.1191086. PubMed PMID: 
20929813; PubMed Central PMCID: PMCPMC3601900. 

374. Livezey M, Huang R, Hergenrother PJ, Shapiro DJ. Strong and sustained 
activation of the anticipatory unfolded protein response induces necrotic cell death. Cell 
death and differentiation. 2018. Epub 2018/06/15. doi: 10.1038/s41418-018-0143-2. 

375. Neumann S, Langosch D. Conserved conformational dynamics of membrane 
fusion protein transmembrane domains and flanking regions indicated by sequence 



 150

statistics. Proteins. 2011;79(8):2418-27. Epub 2011/06/03. doi: 10.1002/prot.23063. 
PubMed PMID: 21633971. 

376. Kloepper TH, Kienle CN, Fasshauer D. An elaborate classification of SNARE 
proteins sheds light on the conservation of the eukaryotic endomembrane system. 
Molecular biology of the cell. 2007;18(9):3463-71. Epub 2007/06/29. doi: 
10.1091/mbc.e07-03-0193. PubMed PMID: 17596510; PubMed Central PMCID: 
PMCPMC1951749. 

377. Söllner TH. Regulated exocytosis and SNARE function (Review). Mol Membr 
Biol. 2003;20(3):209-20. Epub 2003/08/02. doi: 10.1080/0968768031000104953. 
PubMed PMID: 12893529. 

378. Li F, Pincet F, Perez E, Giraudo CG, Tareste D, Rothman JE. Complexin 
activates and clamps SNAREpins by a common mechanism involving an intermediate 
energetic state. Nat Struct Mol Biol [Internet]. 2011 2011/07//; 18(8):[941-6 pp.]. 
Available from: http://europepmc.org/abstract/MED/21785413 

https://www.ncbi.nlm.nih.gov/pmc/articles/pmid/21785413/?tool=EBI 

https://www.ncbi.nlm.nih.gov/pmc/articles/pmid/21785413/pdf/?tool=EBI 

https://doi.org/10.1038/nsmb.2102 

https://europepmc.org/articles/PMC3736826 

https://europepmc.org/articles/PMC3736826?pdf=render. 

379. Li F, Pincet F, Perez E, Eng WS, Melia TJ, Rothman JE, et al. Energetics and 
dynamics of SNAREpin folding across lipid bilayers. Nat Struct Mol Biol. 
2007;14(10):890-6. Epub 2007/10/02. doi: 10.1038/nsmb1310. PubMed PMID: 
17906638. 

380. Calvert JW, Gundewar S, Yamakuchi M, Park PC, Baldwin WM, 3rd, Lefer DJ, 
et al. Inhibition of N-ethylmaleimide-sensitive factor protects against myocardial 
ischemia/reperfusion injury. Circulation research. 2007;101(12):1247-54. doi: 
10.1161/CIRCRESAHA.107.162610. PubMed PMID: 17932325; PubMed Central 
PMCID: PMC3836825. 



 151

381. Morrell CN, Matsushita K, Chiles K, Scharpf RB, Yamakuchi M, Mason RJ, et al. 
Regulation of platelet granule exocytosis by S-nitrosylation. Proceedings of the National 
Academy of Sciences of the United States of America. 2005;102(10):3782-7. Epub 
2005/03/02. doi: 10.1073/pnas.0408310102. PubMed PMID: 15738422; PubMed Central 
PMCID: PMCPMC553307. 

382. Morrell CN, Matsushita K, Lowenstein CJ. A novel inhibitor of N-
ethylmaleimide-sensitive factor decreases leukocyte trafficking and peritonitis. The 
Journal of pharmacology and experimental therapeutics. 2005;314(1):155-61. Epub 
2005/03/22. doi: 10.1124/jpet.104.082529. PubMed PMID: 15778265. 

383. Ferlito M, Fulton WB, Zauher MA, Marbán E, Steenbergen C, Lowenstein CJ. 
VAMP-1, VAMP-2, and syntaxin-4 regulate ANP release from cardiac myocytes. Journal 
of molecular and cellular cardiology. 2010;49(5):791-800. Epub 2010/08/31. doi: 
10.1016/j.yjmcc.2010.08.020. PubMed PMID: 20801128; PubMed Central PMCID: 
PMCPMC2949530. 

384. Müller M, Katsov K, Schick M. A new mechanism of model membrane fusion 
determined from Monte Carlo simulation. Biophysical journal. 2003;85(3):1611-23. 
Epub 2003/08/29. doi: 10.1016/s0006-3495(03)74592-5. PubMed PMID: 12944277; 
PubMed Central PMCID: PMCPMC1303336. 

385. Müller M, Schick M. An alternate path for fusion and its exploration by field-
theoretic means. Curr Top Membr. 2011;68:295-323. Epub 2011/07/21. doi: 
10.1016/b978-0-12-385891-7.00012-x. PubMed PMID: 21771504. 

386. Rodriguez N, Heuvingh J, Pincet F, Cribier S. Indirect evidence of 
submicroscopic pores in giant unilamellar [correction of unilamelar] vesicles. Biochimica 
et biophysica acta. 2005;1724(3):281-7. Epub 2005/06/28. doi: 
10.1016/j.bbagen.2005.04.028. PubMed PMID: 15978732. 

387. Linder P, Lasko PF, Ashburner M, Leroy P, Nielsen PJ, Nishi K, et al. Birth of 
the D-E-A-D box. Nature. 1989;337(6203):121-2. Epub 1989/01/12. doi: 
10.1038/337121a0. PubMed PMID: 2563148. 

388. Kunau WH, Beyer A, Franken T, Götte K, Marzioch M, Saidowsky J, et al. Two 
complementary approaches to study peroxisome biogenesis in Saccharomyces cerevisiae: 
forward and reversed genetics. Biochimie. 1993;75(3-4):209-24. Epub 1993/01/01. doi: 
10.1016/0300-9084(93)90079-8. PubMed PMID: 8507683. 



 152

389. Walker JE, Saraste M, Runswick MJ, Gay NJ. Distantly related sequences in the 
alpha- and beta-subunits of ATP synthase, myosin, kinases and other ATP-requiring 
enzymes and a common nucleotide binding fold. The EMBO journal. 1982;1(8):945-51. 
Epub 1982/01/01. PubMed PMID: 6329717; PubMed Central PMCID: 
PMCPMC553140. 

390. Wilson DW, Wilcox CA, Flynn GC, Chen E, Kuang WJ, Henzel WJ, et al. A 
fusion protein required for vesicle-mediated transport in both mammalian cells and yeast. 
Nature. 1989;339(6223):355-9. Epub 1989/06/01. doi: 10.1038/339355a0. PubMed 
PMID: 2657434. 

391. Nagiec EE, Bernstein A, Whiteheart SW. Each domain of the N-ethylmaleimide-
sensitive fusion protein contributes to its transport activity. The Journal of biological 
chemistry. 1995;270(49):29182-8. Epub 1995/12/08. doi: 10.1074/jbc.270.49.29182. 
PubMed PMID: 7493945. 

392. Clary DO, Griff IC, Rothman JE. SNAPs, a family of NSF attachment proteins 
involved in intracellular membrane fusion in animals and yeast. Cell. 1990;61(4):709-21. 
Epub 1990/05/18. doi: 10.1016/0092-8674(90)90482-t. PubMed PMID: 2111733. 

393. Dalal S, Rosser MF, Cyr DM, Hanson PI. Distinct roles for the AAA ATPases 
NSF and p97 in the secretory pathway. Molecular biology of the cell. 2004;15(2):637-48. 
Epub 2003/11/18. doi: 10.1091/mbc.E03-02-0097. PubMed PMID: 14617820; PubMed 
Central PMCID: PMCPMC329284. 

394. Whiteheart SW, Rossnagel K, Buhrow SA, Brunner M, Jaenicke R, Rothman JE. 
N-ethylmaleimide-sensitive fusion protein: a trimeric ATPase whose hydrolysis of ATP 
is required for membrane fusion. The Journal of cell biology. 1994;126(4):945-54. Epub 
1994/08/01. PubMed PMID: 8051214; PubMed Central PMCID: PMCPMC2120109. 

395. Matveeva EA, Whiteheart SW, Vanaman TC, Slevin JT. Phosphorylation of the 
N-ethylmaleimide-sensitive factor is associated with depolarization-dependent 
neurotransmitter release from synaptosomes. The Journal of biological chemistry. 
2001;276(15):12174-81. Epub 2001/03/30. doi: 10.1074/jbc.M007394200. PubMed 
PMID: 11278345. 

396. Liu Y, Cheng K, Gong K, Fu AK, Ip NY. Pctaire1 phosphorylates N-
ethylmaleimide-sensitive fusion protein: implications in the regulation of its 
hexamerization and exocytosis. The Journal of biological chemistry. 2006;281(15):9852-
8. Epub 2006/02/08. doi: 10.1074/jbc.M513496200. 



 153

397. Huynh H, Bottini N, Williams S, Cherepanov V, Musumeci L, Saito K, et al. 
Control of vesicle fusion by a tyrosine phosphatase. Nature cell biology. 2004;6(9):831-9. 
Epub 2004/08/24. doi: 10.1038/ncb1164. PubMed PMID: 15322554. 

 


