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HEAT SHOCK-INDUCED APOPTOSIS 

 

Indra Maria Mahajan, Ph.D. 
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Supervisor: Casey W. Wright 

Co-Supervisor: Shawn B. Bratton 

 

Apoptosis is a conserved program of cell death that promotes organism 

homeostasis in all stages of life. Two main pathways activate caspases, which 

are cysteinyl-aspartate proteases that execute apoptosis. The extrinsic pathway 

is initiated by cell surface death receptors, while the intrinsic pathway is initiated 

by intracellular signals that cause permeabilization of the outer mitochondrial 

membrane (MOMP). The Bcl-2 protein family regulates MOMP, which causes the 

release of several pro-apoptotic proteins (such as cytochrome c, Smac) into the 

cytosol. Bcl-2 proteins share homology in up to four “BH” domains and are 

subdivided into three subgroups. Pro-apoptotic Bax and Bak catalyze pore 

formation in the mitochondria, while anti-apoptotic members (Bcl-2, Mcl-1) inhibit 

MOMP. The third subgroup, termed BH3-only, promotes MOMP by either 

antagonizing Bcl-2 proteins or by directly activating Bax/Bak, and initiate 
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apoptosis in response to various stressors, including heat shock (HS). 

Hyperthermia or acute HS reportedly induces apoptosis through caspase-2-

mediated cleavage of BID, engaging the intrinsic pathway. However, additional 

evidence suggests that this pathway could represent an amplification loop. Thus 

we hypothesized that during HS, another BH3-only protein such as BIM, that 

does not require cleavage, could engage MOMP. Herein, we report that BIM 

mediates an alternative HS-induced apoptosis pathway. Cells lacking BIM are 

resistant to HS and exhibit better short and long-term survival than either Bid-/- or 

Bax-/-Bak-/-.  Moreover, caspase-2 induces apoptosis in Bim-/- but not Bid-/- 

cells, implying that caspase-2 kills exclusively through BID.  Interestingly, Bim-/-  

and Bax-/-Bak-/- cells are entirely resistant to MOMP, but the Bax-/-Bak-/- cells 

still undergo caspase-3 activation and remain partially sensitive to HS, indicating 

that BIM triggers caspase-3 activation upstream of mitochondria. Thus, BIM 

plays an important role in HS-induced apoptosis. Hyperthermia has clinical 

applications for the treatment of solid tumors. Unfortunately, a practical limitation 

is the development of thermotolerance, which confers resistance not only to 

subsequent HS but also to radiotherapy and chemotherapy. Therefore, a better 

understanding of the molecular mechanisms involved both in heat-induced 

apoptosis and thermotolerance could lead to new therapeutic interventions. Here 

we also show evidence for a putative role for the stress kinase JNK signaling 

pathway in the regulation of thermotolerance.  
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Chapter 1. Literature Review 

 

 

1.1. Apoptosis 

 

Apoptosis is an evolutionarily conserved form of cell death, which obeys a 

genetically encoded program and displays characteristics distinguishable from 

other forms of cell death. The term apoptosis comes from the Greek terminology 

for “falling off”, as leaves falling off from trees (1). This cell deletion program 

regulates development and homeostasis relying on a cascade of signaling events 

and proteolysis. At center-stage is a family of cysteine proteases, termed 

caspases, that cleave their substrates after aspartic acid residues, resulting in 

the orderly execution and destruction of the cell (2-5).  

Caspases are expressed as inactive zymogens, which must undergo 

conformational changes and/or processing for full activation. Initiator caspases 

contain long prodomains, which facilitate recruitment by adaptor proteins and 

caspase activation (6). Executioner caspases are cleaved and activated by 

initiator caspases, and once active, they cleave a specific set of substrates that 

result in the recognition and engulfment of cell corpses by phagocytic cells (7). 

The typical morphology of an apoptotic cell includes nuclear fragmentation, 
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membrane blebbing, chromatin condensation, cell shrinkage and formation of 

apoptotic bodies. 

Work in the nematode C. elegans has defined a simple and elegant 

paradigm for controlling cell death during development. In C. elegans, apoptosis 

begins with the transcriptional upregulation of egl-1, which encodes a BH3-only 

protein that antagonizes CED-9, a Bcl-2 homolog. CED-9 precludes apoptosis by 

sequestering CED-4, which is an adaptor for caspase activation. Binding of Egl-1 

to CED-9 activates apoptosis by releasing CED-4 from CED-9 to promote the 

activation of the caspase CED-3 (8). 

Despite the homology of proteins in nematodes and mammals, there are 

major mechanistic differences in the execution of the apoptotic program. In 

vertebrate organisms there are two major ways of engaging apoptosis via either 

the intrinsic pathway or the extrinsic pathway (Fig. 1.1) (7, 9, 10).  In mammals, 

BCL-2 proteins do not promote direct inhibition of the mammalian CED-4 

homolog, Apaf-1. Instead, both positive and negative actions from BCL-2 family 

members control mitochondrial integrity. The intrinsic pathway is initiated in 

response to cellular stressors that are sensed by BCL2 proteins (11, 12). 

Induction of mitochondrial outer membrane permeabilization (MOMP) allows the 

release of various pro-apoptotic factors such as cytochrome c, Smac, 

endonuclease G, and AIF (7, 12, 13). 

 Endonuclease G and AIF are thought to contribute to the nuclear 
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morphology seen in apoptosis, however their requirement for apoptosis is still a 

matter of debate (13-15). In contrast, the pro-apoptotic roles of cytochrome c and 

Smac are well established. Once in the cytosol, cytochrome c binds to Apaf-1 in 

the presence of dATP to cause Apaf-1 oligomerization followed by recruitment of 

pro-caspase-9, thereby forming the apoptosome (16-18). At this macromolecular 

complex, caspase-9 is activated to subsequently activate caspases-3 and -7. 

However, the presence of X-linked inhibitor of apoptosis protein (XIAP) inhibits 

caspase-9 activity and the processing and activity of caspase-3. Smac is an IAP 

antagonist and its release from mitochondria allows it to relieve the inhibition of 

caspases -9 and -3 by XIAP to promote apoptosis (17-20).  

In the extrinsic pathway, death receptors located in the cell membrane are 

engaged by their cognate ligands, causing conformational changes that lead to 

recruitment of intracellular adaptor proteins (21, 22). The intracellular domain of 

the death receptor interacts with adaptor proteins via death domains (DD) 

present in both proteins. For example, during Fas-induced signaling, the adaptor 

protein FADD (Fas-associated death domain) brings procaspase-8 molecules 

into the death-inducing-signaling complex (DISC) to become fully activated (21-

24). Caspase-8 cleavage of caspase-3 normally results in cell death, however, in 

a subset of cell types, caspase-8 can cleave BID to engage the intrinsic pathway 

and create an amplification loop that augments the activation of caspase-3 (25-

27).  
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al., 2013; Malladi et al., 2009; Bao & Shi, 2007).
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Historical perspective 

In 1972, Kerr, Currie and Wyllie coined the term apoptosis and proposed a 

consensus of its defining characteristics. In their original publication, the authors 

described apoptotic bodies as ultrastructurally well-preserved, membrane-

enclosed subcellular fragments, later engulfed and digested by neighboring cells 

(28). More importantly, the authors recognized the broad biological implications 

of apoptosis in regulating animal cell populations, as it allowed for extensive 

elimination of cells in the absence of an inflammatory process (28). The authors 

also speculated that tumor growth could exploit defects in apoptosis (28, 29). 

Years later, evasion of cell death was recognized as one of the 10 hallmarks of 

cancer (30).  

Wyllie’s article published in Nature in 1980 reported the activation of an 

endogenous endonuclease during glucocorticoid-induced cell death and provided 

the first biochemical marker of apoptosis: the formation of a DNA ladder (28, 29, 

31-33). By the mid 1990’s caspases were recognized as the main executioners 

of apoptosis and their proteolytic cleavage of key intracellular substrates 

provided the field with additional apoptotic markers that advanced our 

understanding of the biochemistry of apoptosis (5, 34-37).  

In 2002, H. Robert Horvitz, Sydney Brenner and John E. Sulston shared 

the Nobel Prize in Physiology or Medicine for their pioneering contributions to 

deciphering the basic aspects governing developmental cell death using the 
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nematode C. elegans as a model organism. The realization that loss of apoptosis 

produced “undead” cells led cancer biologists to dissect the molecular 

mechanisms of apoptosis (31). As a result of this effort, in 1986 Yoshide 

Tsujimoto and Michael Cleary independently discovered the Bcl-2 gene. B-cell 

follicular lymphomas exhibit the t(14;18) chromosomal translocation breakpoint, 

which results in the repositioning of the promoter and enhancer regions of the 

immunoglobulin heavy chain on chromosome 14 and excessive transcriptional 

expression of the Bcl-2 gene (38-42). What was most surprising about Bcl-2 

discovery is that, unlike the previously discovered oncogenes Ras and Myc, its 

overexpression did not accelerate cell proliferation rates (43-46). Instead, BCL-2 

was shown to prevent cell death caused by unfavorable conditions, such as 

growth factor deprivation and treatments with ethanol, methotrexate and heat 

shock. Moreover, Bcl-2 could be targeted to render leukemia cells susceptible to 

apoptosis (43, 47-51). 

The discovery of BCL-2 had a profound impact in understanding how 

cancers arise, since later it became clear that enhancing cell proliferation, for 

example by overexpression of an oncogene such as c-Myc, alone, was not 

sufficient for tumor promotion, and in fact it activated apoptosis (52). However, 

when a second event, such as excessive BCL-2 levels, was acquired to block 

apoptosis, efficient tumorigenesis ensued (45, 53). Thus, apoptosis serves to 

eliminate carcinogenic cells that arise in tissues, and cellular defects that block 
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apoptosis cooperate in tumor development. These findings led to an outburst of 

research focused on understanding how BCL-2 and its homologs regulate 

apoptosis, and on the role of apoptosis deregulation in oncogenesis (10, 54-56).  

By the late 1990’s apoptosis was the paradigm for programed cell death, 

in direct opposition to necrosis, which results in the chaotic demise of the cell.  

Exposure to overwhelming toxic stimulus causes necrosis, characterized by 

swelling, loss of plasma membrane integrity and ATP depletion (57). Due to the 

dynamic nature of scientific knowledge, this dichotomous paradigm changed over 

the last 15 years, and several forms of programmed cell death including 

necroptosis and autophagic cell death, have now been described (58). For 

example, necroptosis is a form of cell death that is dependent on the activity of 

the receptor-interacting protein kinases-1 and -3 (RIP1/3), and occurs when the 

extrinsic pathway is initiated in the presence of caspase inhibitors or in cells 

defective in caspase-8 activity (6, 15, 58-60). A further appreciation of the 

underlying biology of the different modes of programmed cell death will allow for 

genetic and/or pharmacological manipulation in the future to treat diseases (6, 

58). 
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1.2. Caspases: function and regulation 

 

1.2.1 Structural features, activation and regulatory mechanisms of 

caspases 

Caspases are conserved throughout evolution, being present in 

invertebrates such as C. elegans (CED-3) and insects (Dronc, Drice, DCP-1, etc. 

in D. melanogaster) (61). There are several members of the caspase family in 

mammals. Humans express 11 of all 14 mammalian caspases identified so far, 

with the most well characterized initiator caspases being caspases-8, -9 and -10, 

and executioners being caspase-3, caspase-7 and caspase-6 (61-64).  Besides 

the caspases dedicated to apoptotic function, other caspases have been shown 

to play important physiological roles in the immune system and inflammatory 

responses (65).  

Caspases proteolytically process their specific targets, activating or 

inactivating them, depending on the substrate (66).  Caspases recognize a 

minimal 4-aminoacid sequence in their substrates, designated P4-P3-P2-P1 (e.g. 

D-E-V-D). Cleavage occurs after the c-terminal P1 residue, which is normally an 

aspartate residue (67). The presence of a glutamate residue on P3 seems to be 

the preferred choice for all caspases studied so far (3, 67). P4 residue 

composition varies and contributes to substrate specificity among the different 

groups of caspases. The binding pocket in caspases is formed by four active site 
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loops designated S4-S3-S2-S1, respectively, which confers the substrate 

specificity (67). 

The structural organization of a caspase consists of an amino-terminal 

prodomain, and a carboxy-terminal protease domain critical for proteolytic 

activity, that is subdivided into a large (~p20) subunit that contains the key 

catalytic cysteine residue, and a small (~p10) subunit (68). Caspase structure 

and function are intimately connected, and they are classified based on their 

position on the apoptotic cascade, where initiator caspases act upstream of 

effector caspases (2-5, 61, 67).  

Zymogens of initiator caspases-8, -9 and -10 exist as monomers. Their 

long N-terminal prodomains contain adaptor modules such as the CARD 

(Caspase-recruitment domain) for caspases-2 and -9, and the DED (death 

effector domain) for caspases-8 and -10. These conserved moieties are also 

present in adaptor proteins, which mediate caspase recruitment into activation 

complexes. Such homotipic interactions bring initiator caspases into close 

proximity, causing them to dimerize (69-71). The adaptor protein FADD recruits 

caspase-8 into the Death-Inducing-Signaling-Complex or DISC via their DEDs 

(23, 24, 72). In contrast, CARD-CARD interactions mediate the Apaf-1 

recruitment of caspase-9 into the apoptosome, and the RAIDD interaction with 

caspase-2 in the PIDDosome (17, 73-76).  

Effector or executioner caspases, such as caspases-3 and -7, have much 
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shorter N-terminal prodomains, comprised of only 20-30 amino acid residues 

(61). They are present as pre-formed dimers that remain in a latent state until 

cleavage by initiator caspases at specific aspartate residues on the linker 

segment that separates large and small subunits (5, 61, 77, 78). Once cleaved, 

effector caspases undergo conformational changes that re-order the catalytic and 

the substrate-binding residues (61, 64, 79). 

 

IAP proteins in caspase regulation 

Inhibitor of apoptosis (IAP) proteins were first identified in baculoviruses 

as they potently blocked apoptosis of infected insect host cells (80). IAPs are 

characterized by the presence of at least one baculovirus IAP repeat (BIR), and 

some of them contain a RING domain that confers E3 ubiquitin ligase function 

(81). Later on, several IAPs were discovered in vertebrates, and a subset of them 

was shown to block caspase activity. Among them, XIAP is the best-

characterized member of the IAP family in vertebrates and it directly binds to 

caspases.  

Caspase-9 contains a tetrapeptide sequence on the N-terminal portion of 

its small subunit that is a conserved IAP binding motif (IBM) through which XIAP 

binding occurs (19, 82, 83). The BIR3 domain of XIAP can bind to caspase-9 

already recruited and processed within the apoptosome, where it prevents 
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caspase-9 dimerization (17, 19, 82, 83). In contrast, XIAP can inhibit caspases-3 

and -7 through interactions of the linker region, between BIR1 and BIR2 on XIAP, 

with the active site of the caspases (61, 79, 84).  

Thus, when XIAP levels are excessive, in order for caspases to kill the 

cell, XIAP inhibition must be overcome. IAP antagonists are a family of proteins 

specialized in regulating IAP proteins. Smac and Omi/HtrA2 are two members of 

this family that reside in the inner mitochondrial space in healthy cells, and which 

are released into the cytosol following the onset of MOMP. By antagonizing 

XIAP, Smac contributes to caspase activation and amplifies the initial death 

signal (20). 

 

1.2.2 The extrinsic pathway - activation of caspase-8 

The extrinsic pathway is initiated by plasma membrane receptors, which 

belong to the TNF superfamily of death receptors. CD95/Fas, TRAIL-R1/DR4 

and TRAIL-R2/DR5 are activated by binding of their cognate ligands, 

CD95L/FasL and TRAIL, respectively (85-93). These ligands are part of a 

superfamily of cytokines secreted by cytotoxic T cells, where tumor necrosis 

factor-alpha (TNF-α) is the founding member (21, 94). Thus, the extrinsic 

pathway is of utmost importance for the immune system, as natural killer cells 

require it to induce apoptosis and eliminate infected or cancerous target cells. 

Not surprisingly, cancer cells and some viruses overexpress anti-apoptotic 
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proteins, such as FLIP, as an evasion mechanism (21, 95). 

CD95L and TRAIL induce apoptosis by a similar conserved mechanism 

(Fig. 1.1).  For instance, binding of CD95L/FasL to its death receptor CD95/Fas 

results in conformational changes that promote the recruitment of FADD to the 

receptor’s intracellular death domains (DDs) (24). The death effector domains 

(DEDs) of FADD form homotipic interactions with the DEDs on the prodomains of 

pro-caspase-8 and -10. This complex is known as the DISC where caspases-8 

and -10 undergo activation by dimerization (96).  

The extrinsic pathway can be regulated by c-FLIP(L) and c-FLIP(s), which 

are structurally similar to caspase-8, containing the same DEDS but lacking a 

functional active site. Thus, c-FLIP is recruited to the DISC (Fig.1.1) and can 

inhibit the activation of caspase-8 by competing with caspase-8 for binding to 

FADD within the DISC (95, 97-100). Ultimately, a combination of DISC-activated 

caspase-8 activity (influenced by c-FLIP levels), as well as the XIAP/caspase-3 

ratio, determines the fate of the cell and results in the categorization of cells as 

type I or type II (22, 25, 54, 101, 102). 

Depending on the cell type, activation of caspase-8 leads to different 

downstream events. Type I cells have low c-FLIP and XIAP levels, thus in type I 

cells, activation of caspase-8 results in massive caspase-3/7 activation and cell 

death (22).  However, type II cells can contain higher c-FLIP and/or XIAP levels 

and require cleavage of BID into tBID to engage the intrinsic pathway (discussed 
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in more detail below) for amplification of the death signal (22).  In particular, tBID 

induces MOMP, causing the release of cytochrome c release and Smac, and 

both further amplify caspase activation. Therefore, the crucial step for type II cells 

is the cleavage of BID by caspase-8, followed by its translocation to 

mitochondria, which explains why in type II cells overexpression of intrinsic 

pathway inhibitors such as BCL-2 or BCL-xL can block cell death initiated by 

death receptors (101, 103).  
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1.2.3     The intrinsic pathway of apoptosis 

 

1.2.3.1 BCL-2 proteins 

The BCL-2 family of proteins, which control mitochondrial integrity, tightly 

regulates the intrinsic apoptosis pathway. The mitochondrion is the cellular 

organelle responsible for the generation of most ATP. Yet paradoxically, such a 

vital organelle harbors several pro-apoptotic factors, namely cytochrome c, 

Smac, AIF, Omi/HtrA2 and endonuclease G (12). Therefore, the initiation of the 

caspase cascade in this pathway relies on MOMP to release pro-apoptotic 

factors from the mitochondria into the cytosol (12). 

The BCL-2 family of proteins is critical to the initiation of the intrinsic 

apoptosis pathway, with members that either inhibit or promote cell death in 

response to stress (46). BCL-2 proteins share homology in up to 4 domains 

termed BCL-2 homology (BH) domains (12, 104, 105). According to their role in 

apoptosis and the presence of BH domains, BCL-2 proteins can be classified as 

anti-apoptotic multi-domain proteins  (BCL-2, MCL-1, etc.), multi-domain pro-

apoptotic proteins (BAX and BAK), and BH3-only proteins, which share similarity 

only in the BH3 domain (BID, BIM, PUMA, etc.) (Fig. 1.2) (106).  

BCL-2 protein function involves heterodimerization among different 

subgroup members, which can be between anti-apoptotic members with pro-

apoptotic members (e.g. BCL-2-BIM or BCL-2-BAX), or between pro-apoptotic 
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members (e.g. BID-BAX or BAX-BAK) (106-108). Arguably, any BCL-2 family 

member heterodimerization occur via the BH3 domain of one BCL-2 family 

member with a hydrophobic pocket of the heterodimer partner, although 

additional binding sites have been identified for certain family members (109-

112). Importantly, this BH3:groove interaction takes place when pro-survival 

BCL-2-like proteins bind to and inhibit BAX and BAK, as well as when they 

antagonize the various BH3-only members (107, 108).  

The BH3 domain is a 9 to 16 amino acid-long region, which contains a 

conserved L-XXX-GD motif, in which X can be any amino acid (12, 113). In the 

multi-domain proteins, a hydrophobic groove formed by helices 2, 3, and 4 in 

BH1, BH2 and BH3 domains, and constitute the major site for BH3 domain 

binding (114). Interestingly, the groove residues of BAX remain buried until an 

apoptotic stimulus promotes conformational changes that allow accommodation 

of a BH3 domain in the groove (111, 114). Due to its transient nature, 

characterization of BH3-only protein interaction with BAX/BAK has been 

challenging, but points to involvement of additional N-terminal regions on 

BAX/BAK besides the hydrophobic groove region described above. Further 

insight on these interactions and the consequence for MOMP are discussed 

below.  

Anti-apoptotic BCL-2 proteins protect the integrity of mitochondrial outer 

membranes by directly inhibiting pro-apoptotic members of the family. They 
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achieve that by directly binding to and sequestering them in an inactive state 

(115-118). BCL-2, BCL-xL, MCL-1 and BCL-w are the most well studied members 

of the anti-apoptotic class and are frequently found overexpressed in cancers, 

contributing to apoptosis evasion (9, 119, 120). The various anti-apoptotic BCL-2 

family members differentially suppress BH3 proteins, BAX and BAK (Fig. 1.3). 

For instance, while BAX can be inhibited by all of the anti-apoptotic proteins, BAK 

inhibition is restricted to MCL-1, BCL-xL and A1 (Fig. 1.3) (121, 122). In contrast, 

the pro-apoptotic members compromise the integrity of mitochondria either 

directly or indirectly. The multi-domains BAX and BAK do so by catalyzing pore 

formation during MOMP, once they are activated by BH3-only proteins (7, 121). 

 

1.2.3.2 BH3-only proteins 

BH3-only proteins sense stressful stimuli and, in response, connect 

initiating apoptotic signals to MOMP. They control pore formation by directly 

activating BAX and BAK (BIM, BID, PUMA), indirectly by antagonizing the anti-

apoptotic members (BAD, NOXA, BMF), or function through a combination of 

both mechanisms (Fig. 1.4) (118, 121, 123, 124). Since they are potent inducers 

of apoptosis, BH3-only proteins are subject to tight control (125). 

Deletion of BH3-only genes in mammals has been linked to several 

deleterious phenotypes, and loss of function mutations or genetic deletions have 

been reported in several cancers (11, 126-128). The BH3-only proteins comprise 
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the largest class of BCL-2 family members, comprising 9 mammalian proteins 

implicated (directly) in apoptosis control (Fig. 1.2) (129). BIM, BID and PUMA can 

interact with most if not all anti-apoptotic family, as well as with BAX and BAK 

(Fig. 1.3) (121). Other BH3-only are specialized in antagonizing subsets of pro-

survival members: NOXA exclusively antagonizes MCL-1 while BAD can 

antagonize BCL-2, BCL-w and BCL-xL, but not Mcl1 (Fig. 1.3) (121). Apart from 

those that play a role in MOMP, Mule is a BH3-only HECT domain-containing E3 

ligase reported to regulate MCL-1 levels (130, 131), which can also be regulated 

in a ubiquitynation-independent manner (132). Beclin-1, BNIP3 and BNIP3-like 

(BNIP3L) have been instead implicated in regulation of autophagy (11, 133).  

 

BID 

BID (BH3 interacting domain death agonist) is one of the best-

characterized BH3-only proteins. It was first identified in 1996 on a cDNA library 

screen and found capable of binding both recombinant BCL-2 and BAX (134). 

BID was found to be a BCL-2 antagonist, capable of promoting caspase-

dependent cell death, and its BH3 domain was required for its interaction with 

both BCL-2 and BAX (134).  

Since BID activation depends on its proteolytic cleavage (26, 103, 135-

140), BID is primarily implicated as a mediator of death receptor signaling on 

type II cells and as an important player in the activation of caspase amplification 

loops (102, 141). Importantly, BID is capable of antagonizing all anti-apoptotic 

19



	  

proteins, except for BCL-B, as well as engaging directly BAX and BAK (Fig. 1.3) 

(121). In the context of this study, it is important to note that BID has been 

implicated in heat shock-induced apoptosis and this mechanism will be 

discussed later in detail in the section 1.3 devoted to heat shock-induced 

apoptosis (142).  

 

BIM 

Bim was independently cloned by O’Connor and colleagues (1998) in a 

yeast two-hybrid screen for BCL-2 interactors and by Hsu and colleagues (1998) 

in an MCL-1 yeast two-hybrid screen, where it was termed Bod (BCL-2-related 

ovarian death agonist) (143, 144). Mutation analysis has shown that both the 

BH3 domain of BIM and its C-terminal transmembrane region were required for 

killing (144). Later studies have implicated BIM in apoptosis initiated by several 

apoptotic stimuli such as cytokine withdrawal, DNA damaging agents (gamma-

irradiation, doxorubicin, UV), ER stress, cytoskeletal damage and anoikis, which 

is caused by loss of cell adhesion and/or integrin signaling. Anoikis is an 

important cell death mechanism, especially in epithelial tissues as it prevents 

detached cells from colonizing elsewhere (127, 145-147).  

Bim knockout mice display a striking phenotype of lymphoid and myeloid 

cell hyperplasia, noticeable splenomegaly, lymphadenopathy and systemic lupus 

erythematosus. Indeed two-thirds of the embryos are not viable, with lethality 
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occurring prior to day E9.5 for unknown reasons (148). Additionally, loss of Bim 

can accelerate lymphomagenesis in the Eµ-Myc tumor model, suggesting a role 

for Bim as a tumor suppressor (149, 150). Interestingly, loss of Bim can rescue 

the fatal polycystic kidney disease, premature aging, lymphopenia, and runting 

caused by loss of Bcl-2, suggesting that BIM initiates apoptosis in various 

tissues, and modulation of its BH3-only activity/levels by can be a way to control 

apoptosis (151).  

The Bim gene can give rise to several BIM isoforms due to alternative 

splicing mechanisms (105, 144, 152-154). All three major splice variants of BIM 

(BIMEL, BIML and BIMS) are potent killers, and stable cell line expression has 

been achieved only when Bcl-2 or a functional homolog is co-expressed at high 

levels (113, 144). Even though the BH3 domain of BIM is essential for its 

apoptotic activity, a BIM version lacking the BH3 was reported to still promote cell 

toxicity suppressing clonogenicity of L929 cells, apparently by an unknown non-

apoptotic cell death mechanism (145). In spite of its hydrophobic C-

terminus/membrane localization sequence, upon overexpression BIM is reported 

to be cytosolic (144, 145). Additional isoforms of BIM have been discovered and 

their expression pattern, splicing mechanisms, and apoptotic activity vary 

according to the tissues in which they are found (152-155). For example, BIM-

gamma is a splice variant of BIM that is preferentially expressed in prostate 

cancer cells but not in normal healthy prostate cells (155).  
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The regions present in BIMEL and BIML, but lacking in BIMS, attenuate 

their apoptotic potential, making BIMS the most potent version of BIM (144). Such 

regions were later shown to contain domains involved in the regulation of the 

stability, intracellular localization and pro-apoptotic activity of BIM (145, 156, 

157). Interestingly, the isoforms that are commonly expressed in most cell lines 

and normal tissues are BIMEL and BIML (144, 158), but whether that reflects a 

consequence of their regulatory mechanisms or a consequence of preferences in 

Bim gene splicing is unclear (105).  

Yeast two hybrid studies, combined with immunoprecipitation analysis, 

have demonstrated that both BIML and BIMEL bind to light chain-8 (LC8), a 

component of the dynein light chain-1 (DLC1) microtubule-associated dynein 

motor complex (145). LC8 binding to BIM is proposed as a regulatory mechanism 

to sequester BIML in the dynein motor complex, decreasing its apoptotic activity 

until further dissociation, which could be triggered by intrinsic pro-apoptotic 

stimuli such as cytokine withdrawal, gamma-irradiation, doxorubicin and UV, but 

not with TNF plus cycloheximide, an extrinsic apoptotic treatment (145, 159).  

This BIM-LC8 interaction was hypothesized to be modulated by JNK 

phosphorylation in response to UV treatment, since JNK phosphorylates a 

threonine residue (T112) within the DLC1 – binding domain (DLB) of BIM (Fig. 

4.1D) (156, 157). Phosphorylation of Thr112 by JNK was required for BIM-

induced apoptosis following glucocorticoid treatment and caused increased 

binding of BIM with BCL-2 (157). Furthermore, cells from mutant BimT112A knock-
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in mice display defects in negative selection of thymocytes, supporting an 

important role for JNK-mediated phosphorylation of BIM in lymphocyte apoptosis 

in vivo (157).  

Although this model relies on BIM being associated with microtubules, 

there seems to be a discrepancy since in some cell types, such as T cells, BIM is 

reportedly in constitutive associated with mitochondria (160). Additionally, while 

the phosphorylation by JNK has been demonstrated to distinctly affect BIM 

function both in vitro and in vivo, and with overexpression studies, it is still 

unclear if JNK phosphorylation-mediated loss of binding to DLC1 recapitulates 

with endogenous proteins in vivo (127, 156, 157). Therefore, the mechanisms 

regulating BIM protein availability and ultimately its apoptotic activity remain 

unclear and could vary depending upon the cell type and the stimulus (157).  

BIM is also phosphorylated on additional residues by other members of 

the MAPK family such as extracellular signal-regulated kinase (ERK) and p38 

(161). These post-translational modifications reportedly interfere with the ability 

of BIM to interact with binding partners (156, 162, 163), or regulate BIM protein 

stability (161, 164, 165). BIM has been shown to be ubiquitinated on Lys3 and 

Lys108 following ERK phosphorylation on Ser55, Ser65 and Ser73 on mouse 

BIMEL (corresponding to Ser59/69/77 in human BIMEL) with its subsequent 

degradation by the 26S proteasome (166).  

In order to further understand the physiological role of those phosphor-

sites in vivo, Hübner and coworkers (2008) generated knock-in mice expressing 
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Bim mutants on all three serines (Bim3SA), and the mice were viable, suggesting 

that alternative regulatory mechanisms for BIM turnover exist (157). However the 

Bim3SA cells were protected from serum-induced BIM phosphorylation and 

degradation, consistent with previous reports (164, 165). It is important to note 

that the same serine residues may also be targets for JNK and p38 in response 

to stress (167-169). While most literature points to ERK-dependent 

phosphorylation of BIM as a pro-survival mechanism regulating protein stability, 

JNK and p38 have been associated with an increase in BIM pro-apoptotic activity 

(164, 165, 167-169).  

In addition to post-translational regulation, Bim levels are also controlled at 

the transcriptional level. The Bim promoter responds to transcriptional activation 

by E2F1 (170), FOXO3a (171, 172), CHOP-C/EBP-alpha, RelA (173), 

glucocorticoid receptor (174), and the AP-1 family member c-Jun (175, 176). 

Conversely, Bim can be transcriptionally repressed by non-canonical NF-κB 

signaling (177); for example, in traf2 null MEFs, p100 is constitutively processed 

to p52 (178), indicating that the non-canonical pathway is constitutively active, 

and we find BIM protein levels are severely decreased that in those cells, most 

likely via transcriptional downregulation (data not shown). 

BIM holds the exclusive capacity to tightly bind and antagonize all 6 anti-

apoptotic members of the BCL-2, acting as a universal pro-survival BCL-2 protein 

antagonist (Fig. 1.3) (179). In addition, evidence points to BIM as a direct 

activator of BAX and BAK (111, 180-182). With the exception of binding to BCL-
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B, both of these properties are largely shared by BID. Although BIM engagement 

of BAX is not essential for its pro-apoptotic activity in certain tissues, it is required 

for its full apoptotic regulation to achieve homeostasis in the whole animal, since 

suppression of pro-survival BCL-2 relatives by itself is not sufficient (183). 

 

1.2.3.3 BAX and BAK  

The smallest class in the family, with only 3 members identified to date, is 

the multi-domain, pore-forming, pro-apoptotic family members BAX, BAK and 

BOK. Bax and Bak display significant functional overlap, compensating for one 

another in vivo (104). However, a striking phenotype results from the combined 

deletion of both Bax and Bak. The Bax/Bak double-knockout mice exhibit gross 

defects in developmental apoptosis, such that 90% of the animals are nonviable, 

and the 10% that survive display splenomegaly, lymphadenopathy and 

interdigital webbing. Analysis of the cells derived from the surviving animals 

indicate resistance to a vast array of toxic stimuli, further implicating BAX and 

BAK at the core of the mitochondrial apoptotic program (12, 54, 56, 104).  

It is important to note that several other organs, such as liver, lungs, and 

heart, developed normally in Bax/Bak double-knockout mice, suggesting that the 

intrinsic apoptosis pathway was not essential for their development. Perhaps in 

these organs the extrinsic pathway predominates, or other forms of programed 

cell death occur. Alternatively, the poorly characterized protein BOK could be 
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substituting for Bax and Bak in these tissues, facilitating MOMP and activation of 

the intrinsic pathway. BCL-2-related-ovarian-killer (Bok) was isolated from a rat 

ovarian cDNA library and shown to interact specifically with MCL-1 and A1 (Fig. 

1.3) (121, 184). Despite an anticipated role for BOK in reproductive tissue 

homeostasis, as suggested by Bok’s expression pattern (184), the recently 

generated Bok null mice have no apparent developmental defects (185). 

Therefore, generation of the Bax/Bak/Bok triple knockout could be instrumental in 

uncovering a physiological role for BOK. 

Structurally speaking, both BAX and BAK are globular proteins consisting 

of nine helices, where the C-terminal α9 functions as a transmembrane domain 

that anchors BAX and BAK in the mitochondrial outer membrane (MOM) (186, 

187). In BAX, this α9 is kept sequestered by the hydrophobic groove, so that in 

healthy cells, most BAX is cytosolic or loosely attached to the MOM (186-189), 

while in contrast, BAK is constitutively integrated in the MOM (190, 191). Both 

BAX and BAK can also be found in small amounts in the ER, but the 

physiological role of this intracellular localization is unclear (192, 193). During 

apoptosis, BAX translocate to mitochondria where it inserts into the MOM, and 

both BAX and BAK undergo a complex set of conformational changes that 

characterize their activation step (109, 189). 

A crucial step in BAX and BAK activation is the exposure of their BH3 

domain, which allows their oligomerization (194, 195). BAX and BAK are 

activated directly by the tBID/BIM/PUMA subset of BH3-only proteins (Fig. 1.3). 

26



	  

There are two proposed binding sites on BAX, the canonical hydrophobic groove, 

and the α1/α6 rear pocket situated on the opposite side of the BAX molecule 

(111). The C-terminus of BAX blocks entry to the groove and how exactly it gets 

displaced is unclear, most likely by the binding of a direct activator BH3-only 

protein (109, 154, 196). Binding of the BH3 of BIM or tBID to the groove causes 

exposure of the BAX BH3 domain (located in α2). The subsequent 

conformational changes cause the displacement of the BH3-only protein and 

allow for BAX BH3 to bind the groove of an adjacent BAX or BAK molecule (111, 

197), causing a chain reaction of oligomerization. 

 

Mitochondrial outer membrane permeabilization – MOMP 

Initial insights into the biology of BCL-2 function and regulation came from 

electrophysiological studies showing that BCL-2, BCL-xL and BAX can form 

pores with ion channel characteristics in liposomes, and BCL-2 antagonized the 

BAX-mediated channel formation observed in these studies (198-201). 

Crystallographic studies revealed that BCL-2, BCL-xL and BAX share common 

structural features. BCL-xL was the first BCL-2 family member to have its crystal 

structure solved. The arrangement of alpha-helices in BCL-xL shows impressive 

similarity with pore-forming bacterial toxins (202), and akin to such toxins, BAX 

undergoes profound conformational changes upon its association with lipids of 

the MOM (203).  
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Although initially these similarities suggested a common mechanism, there 

are significant structural differences between bacterial pore-forming toxins and 

BCL-2 proteins, implying distinct mechanism of pore formation. Currently, the 

pores that modulate MOMP are thought to be constituted of homo or hetero-

oligomers of BAX or BAK, through which apoptogenic factors are released into 

the cytosol (7). Alternatively, BAX and BAK could catalyze the formation of 

channels comprised of other MOM integral proteins (such as VDAC) or even 

constituted by lipids (7).  

Even though there is controversy as to the exact mechanism of BAX/BAK 

pore formation, there is a consensus that initiating events must culminate in 

induction of conformational changes in BAX/BAK that consist in their activation 

step prior to their oligomerization. It has been proposed that BH3-only proteins 

can cause BAX/BAK activation, either by directly binding to them, or by de-

repressing BAX/BAK from anti-apoptotic BCL-2 proteins (110, 120, 204, 205). 

Either way, that promotes the tridimensional reordering of BAX molecules so that 

they are prone to membrane insertion and oligomerization. Studies with 

stabilized alpha helix from BCL-2 domains or SAHB peptides modeled on BIM 

and BID BH3 domains showed measurable high-affinity binding to BAX in the low 

nanomolar range. The interaction was sequence-dependent and specific to these 

BH3 domains, as binding interface point mutants, as well as a SAHB modeled on 

the BH3 domain of BAD, which is a sensitizer BH3-only protein, failed to bind 
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BAX (206).   

Gavathiotis and coworkers (2008) identified an additional BAX binding site 

for BIM, using a modified BIM SAHB and NMR analyses, located on the opposite 

side of the canonical BH3-binding groove of BAX (111). Residues from α1 and 

α6 constitute the novel binding interface on the N-terminal surface of BAX. The 

authors proposed that the engagement of this new site by select BH3 domains 

functions as an “on switch” that induces direct BAX activation (111). Besides 

direct activation by BH3-only proteins (110, 120, 204, 205), physical and 

chemical agents such as pH variation, H2O2 and heat shock, as well as post-

translational modifications, such as proteolytic cleavage, and phosphorylation, 

were found to trigger BAX conformational changes (207-211). Additionally, 

various non-ionic detergents were shown to promote the exposure of an N-

terminal epitope found between amino acid residues 12-24 in BAX, which stays 

buried in most healthy adult cells, and that can be recognized by the monoclonal 

antibody 6A7 (212, 213). 

One of the most relevant findings, in the context of heat shock-induced 

apoptosis, was shown by Pagliari and colleagues (2005). They demonstrated 

that heat per se can promote BAX and BAK to undergo the conformational 

changes necessary for activation, without the participation of other cellular 

proteins (208). However, cytosolic factors (such as BCL-xL, MCL-1) must be 

overcome in order for MOMP to ensue, as suggested by the delayed onset of 
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MOMP in cells compared to cell-free extracts (208, 214). 

 

MOMP regulation models 

There are currently a few models that attempt to explain the process of 

MOMP regulation by BCL-2 proteins (Fig. 1.4). According to the direct activation 

model (Fig. 1.4A), a member of the direct activator class of BH3-only proteins 

must directly engage BAX/BAK to promote the activating conformational 

changes, independent of any other cellular factors (197, 204, 215). First insights, 

pointing out to the direct activation of BAX by a BH3 domain, came from the 

identification of tBID as a BAX and BCL-2 binding protein (134). Additionally, 

tBID point-mutants were identified, which were still capable of binding BAX and 

causing apoptosis, even though they lost their ability to bind BCL-2 (134).  

The activation-associated conformational changes upon the direct binding 

of a stapled BID BH3 helix to BAX (206), as well as the observation that BH3 

peptides derived from either tBID or BIM could also induce BAX to form pores 

and permeabilize liposomes in a cell-free system (216-218), further support the 

“direct activation model”.  However, the difficulty in detecting the binding of full 

length BIM, BID or tBID to BAX and BAK (118), argues against it. Nevertheless, 

more recently, the interactions of BH3 domains with BAX and BAK were found to 

be fast and transient, suggesting a “hit-and-run” binding mechanism (197). 
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Figure 1.4. Proposed mechanism of action of BH3-only proteins in MOMP induc-
tion. (A). Direct activation model: initiated when BH3-only sensitizers neutralize the anta-
gonic action of anti-apoptotic proteins primarily in blocking BH3-only activators, which 
then bind to Bax / Bak promoting their conformational change and activation. (B). Indirect 
activation model: all BH3-only proteins are considered as sensitizers in this proposed 
mechanism of action due to their function simply as derepressors of the inhibition exerted 
by anti-apoptotic Bcl-2 onto Bax/Bak. (C). Embedded together model: this model is 
based on (A) with additional emphasis on the requirement of the mitochondrial mem-
brane in mediating the interactions among the various Bcl-2 proteins involved. (D). 
Unified model: in contrast to (C) and (A), the unified model emphasizes the function of 
BH3-only sensitizers as the main initiators by their de-repression of either BH3-only 
activators or of Bax/Bak. (E). Overview of MOMP: diagram of the events culminating in 
MOMP according to the unified model. S, sensitizer; A, activator. (Modified from: 
Shamas-Din et al., 2013).

E. Overview of MOMP
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If the “direct activation model” holds true, then deficiency of direct activator 

BH3s should prevent BAX conformational changes, translocation to 

mitochondria, oligomerization, MOMP, and cell death in response to intrinsic 

pathway death stimuli. Cells from Bim/Bid double knock out mice, however, were 

shown to be sensitive to several apoptotic stimuli, questioning the in vivo 

meaning of the direct activation model (118). PUMA (but not its BH3 peptide) 

was reported to function as a direct activator (120, 191, 204, 209, 219). 

Therefore, Ren and coworkers (2010) generated a Bim-/-Bid-/-Puma-/- (TKO) 

mouse, which was embryonically lethal, with a phenotype that was strikingly 

similar to the Bax-/- Bak-/- DKO mice. Together, these findings suggest that BIM, 

BID and PUMA act as BH3-only direct activators (220). 

In the indirect activation model (Fig. 1.4A), BAX is held in check by BCL-2 

pro-survival family members, which are displaced by BH3-only proteins. In this 

scenario, the simple displacement of pro-survival BCL-2-like proteins should 

ensure BAX activation (115-118). If this holds true, loss of anti-apoptotic 

members could cause BAX and BAK activation even in the absence of all direct 

activator BH3-only proteins. However, the profound phenotype exhibited by the 

Bim-/-Bid-/-Puma-/- (TKO) mouse described above would strongly argue against 

this model (220).  In contrast, the fact that physical and chemical agents (e.g. 

detergents and heat shock) can make cells more susceptible to MOMP suggests 

that direct activation by a BH3-only protein may not be the only way to cause 
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activating conformational changes in BAX/BAK (208, 212, 213). 

The embedded together model (Fig. 1.4C) puts emphasis on the role that 

mitochondrial membranes provide to the process of MOMP. It was shown by 

Kuwana and coworkers that the mitochondrial membrane lipids provide a 

favorable biochemical milieu for the cooperation of tBID and BAX to form pores in 

the outer mitochondrial membrane (215, 221). The “embedded together model” 

claims that the important functional interactions between BCL-2 proteins occur 

only in membranes: upon membrane binding those proteins assume appropriate 

conformations that are conducive and necessary for their interactions to occur 

(222, 223). In essence, pore formation is the result of sequential recruitment of 

membrane-bound activated BAX/BAK dimers, which then interact with one 

another to create a channel of increasing size that allows for cytochrome c and 

other factors to exit the inner mitochondrial space (7, 215, 224, 225). 

Finally, the unified model (Fig. 1.4D) incorporates characteristics of all the 

above-mentioned models and subdivides the inhibition of BCL-2 anti-apoptotic 

proteins into 2 modes: (A) blockade of activator BH3-only proteins and (B) 

blockade of BAX/BAK. These 2 modes of inhibition occur simultaneously in cells 

and display differential efficiencies of suppression. In this model, the mode “A” of 

inhibition is easily overcome by BH3 sensitizers, which release the activators to 

act on inhibition mode “B” and promote MOMP. This model is supported by an in 

vivo study of mice expressing Bim BH3-replacement mutants, where the BH3 of 
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BIM was swapped for the BH3 domains of BAD, NOXA or PUMA (183). The 

acquired specificity of prosurvival BCL-2 protein binding accompanied by the loss 

of binding to BAX in these mutants showed that in vivo both functions are 

required for homeostasis (183).  

In summary, the mechanisms controlling mitochondrial integrity by BCL-2 

proteins are complex and still not entirely understood. It is possible that variability 

inherent to cell types and the molecules in question can contribute to the 

challenge of better describing how this process is regulated. Nevertheless, 

MOMP is considered “the point of no return” in commitment to apoptosis, as it 

provokes the diffusion into the cytosol of numerous proteins normally 

sequestered in the intermembrane space (7). Once in the cytosol, their combined 

action results in the activation of caspases and execution of apoptosis. 

Ultimately, mitochondria not only “retain-and-release” pro-apoptotic molecules 

when needed, they also function as a platform where apoptotic signals converge 

and are integrated to result in MOMP by members of the BCL-2 family (121). 

 

1.2.4      The intrinsic pathway: activation of initiator caspase-9 

One of the most relevant consequences of MOMP is the release of the 

release of Cytochrome c, which is an essential cofactor for the assembly of the 

caspase-9 activating complex, the apoptosome (17, 226). This heptameric 

complex composed of Apaf-1, cytochrome c, dATP and pro-caspase-9, where 
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Apaf-1 assists caspase-9 activation via dATP hydrolysis, is assembled when 

cytochrome c binds to monomers of Apaf-1 causing conformational changes that 

favor its oligomerization (17, 226). The apoptosome-dependent activation of 

caspase-9 is essential for the activation of neuronal and fibroblast cell-death 

processes, as Apaf-1 deficiency causes defects in brain development (227). 

The elegant study by Liu and coworkers in 1996 using a biochemical 

fractionation approach led to the purification and identification of cytochrome c as 

one of the protein factors that triggered the activation of caspases in the 

presence of dATP in a cell-free system (35). Cytochrome c is essential for 

mitochondrial respiration: it associates loosely to the surface of the inner 

mitochondrial membrane where it accepts electrons from Complex III and 

diffuses to transfer them to cytochrome c oxidase on Complex IV in the 

respiratory chain (228, 229). Liu and coworkers demonstrated that HeLa cells 

undergoing apoptosis released cytochrome c into the cytosol following 

staurosporine treatment (35).  

The pro-apoptotic activity of cytochrome c was later shown to be linked to 

its ability to bind to Apaf-1 and promote its oligomerization (230, 231). Apaf-1 

contains a series of thirteen C-terminal WD40- repeats that provide a binding 

interface for cytochrome c (230, 232). Additionally, Apaf-1 contains a nucleotide 

and oligomerization domain (NOD) where a molecule of dADP stays bound and 

its thought to keep Apaf-1 in an inactive conformation (233). Binding of 
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cytochrome c induces a cycle of dATP exchange for dADP mediated by 

hydrolysis of recruited dATP into dADP, powering the assembly of the 

apoptosome (234, 235). Caspase-9 and Apaf-1 bind to each other via their N-

terminal caspase recruitment domains (CARD) in a cytochrome c and dATP-

dependent manner (17, 236). Depletion of caspase-9 as well as activate site 

mutants of caspase-9 suppressed the activation of caspase-3, placing caspase-9 

upstream of caspase-3 in the mitochondrial apoptotic pathway (17, 236).  

Recent studies brought insight into how are the regulation mechanisms of 

apoptosome formation and activity. The study by Chandra and coworkers 

showed that apoptosome formation could be inhibited by high levels of 

nucleotides, due to their interference with cytochrome c binding to Apaf-1 (237). 

This model also predicts a safeguard mechanism to prevent unwanted 

apoptosome activation in case of an “accidental” leak of cytochrome c during 

favorable conditions for cell survival (237). 

Another aspect of apoptosome regulation was elucidated by our laboratory 

(238). This study favored the activation of caspase-9 by the apoptosome in a 

highly dynamic process termed “CARD-displacement” model, wherein 

procaspase-9 has a higher affinity for the complex than the processed enzyme. 

Consequently, it cycles through the complex until procaspase-9 is depleted. 

According to this model, the apoptosome functions as a “molecular timer”, in 

which the intracellular concentration of procaspase-9 dictates the overall duration 
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of the timer, while the rate of procaspase-9 autoprocessing determines the speed 

of the process. Autoproteolytic cleavage of procaspase-9, and neither its 

recruitment to the apoptosome, or its dimerization, activates the timer (238). 

 

1.2.5 Caspase-2  

Caspase-2 does not fit neatly into the classical division of labor of initiator 

and effector caspases, and for this reason has been called the “Cinderella 

caspase” (63). The function of caspase-2 is enigmatic and an active field of 

investigation. Caspase-2 was one of the first genes discovered with homology to 

C. elegans CED-3 (239, 240). Studies with caspase-2 null mice revealed a 

modest phenotype of overabundant ovarian germ cells in female mice (241). 

Most tissues in caspase-2 null mice developed normally, and showed 

comparable cell death levels in response to various cytotoxic stimuli to wild-type 

mice (241, 242). Interestingly, caspase-2 knockout mice show premature ageing 

(243, 244), and caspase-2 was recently shown to be responsive to metabolic 

cues in Xenopus (245, 246).  

Additionally, there is evidence that caspase-2 can function as a tumor 

suppressor protein (247). Some tumors exhibit reduced expression of caspase-2 

(248-253). Even though caspase-2 deficient mice do not develop tumors 

spontaneously, caspase-2 can protect cells from transformation (247, 254, 255), 

and when crossed onto an oncogenic background, such as Eµ-Myc transgenic 
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mice, loss of caspase-2 accelerates lymphomagenesis (254). Additionally, loss of 

caspase-2 synergized with the mammary tumor virus (MMTV) model of breast 

carcinoma to promote the formation of mammary tumors in multiparous mice, 

further implicating a tumor-suppressor role for caspase-2 (256).  

Caspase-2 is the only caspase constitutively localized in the cell nucleus, 

actively imported via a leader sequence in its prodomain (257, 258), but the 

biological relevance of this localization is unclear. Interestingly, several non-

apoptotic functions attributed to caspase-2 to date, such as regulation of cell 

proliferation, DNA damage response (DDR), and genomic stability, could benefit 

from its nuclear localization. Additionally, caspase-2 was implicated on mitotic 

catastrophe - an important mechanism to eliminate aneuploid cells resulting from 

abnormal mitoses. Altogether, these caspase-2 nuclear functions could 

contribute to its putative role as a tumor suppressor (254, 256, 259-261).  

Structurally speaking, caspase-2 resembles a classical initiator caspase, 

containing a long pro-domain with a caspase activation and recruitment domain 

(CARD). Similar to other initiator caspases, caspase-2 is recruited via its CARD 

pro-domain to an activating complex (262). In response to DNA damage, 

caspase-2 is recruited to a large molecular complex (76). Later this complex was 

shown to contain PIDD (p53-induced protein with a death domain) and the 

CARD-containing protein RAIDD (RIP-associated ICH-1/CED-3 homologous 

protein with a death domain). RAIDD recruits caspase-2 via CARD-CARD 
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homotipic interactions to the PIDDosome, where caspase-2 activation occurs by 

proximity-induced dimerization followed by auto-processing between its small 

and large subunits (76, 262, 263). A fully mature enzyme is achieved after further 

processing removes the N-terminal CARD (264). Several studies place caspase-

2 upstream of mitochondria in some stress responses, where BID is a caspase-2 

substrate and similarly to a caspase-8-dependent pathway, Bid deficiency 

protects from caspase-2-induced cell death (142, 265, 266).  

Even though structurally and mechanistically these studies suggest that 

caspase-2 functions as an apical caspase, it is still unclear how caspase-2 

induces apoptosis, particularly since unlike caspase-8 and -9, caspase-2 does 

not directly cleave any other mammalian caspase except for its own precursor, 

and possibly caspase-7 (267, 268). In fact, rather than as an initiator, caspase-2 

has been proposed to function as part of an amplification loop by the observation 

that it can be efficiently cleaved by caspase-3 in various experimental settings 

(269-272), and has been shown to be activated independently of the PIDDosome 

(273).  

Nevertheless, caspase-2 null mouse embryonic fibroblasts (MEFs) 

showed partial protection to heat-shock (discussed in more detail on section 1.3) 

(274). Additional evidence point that caspase-2 caters to a subset of stimuli that 

include DNA damage, mitotic catastrophe and nutrient depletion (265) (242, 246, 

274-276). Together, these studies suggest that caspase-2 can participate in cell 
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death activation in a cell-type or stimulus-dependent manner, but additional 

apoptosis pathways are in place conferring redundancy to caspase-2 (264, 272, 

277). 

 

 

1.3. Heat shock-induced apoptosis 

 

Heat shock is one example of an environmental stress that causes 

apoptosis. Both the intrinsic and extrinsic pathways have been shown to be 

involved in heat shock-induced apoptosis (278-280). Hyperthermia or heat shock 

was also shown to promote apoptosis in tumors, contributing to tumor shrinkage 

and remission after high fevers (281-284). These early reports of fever-induced 

tumor remission fostered the interest of the biomedical scientific community in 

the use of heat shock alone or in combination with other chemotherapies for the 

treatment of solid tumors (284). Therefore, several past and ongoing research 

efforts have focused on better understanding the basic signaling pathways that 

govern cellular responses to heat shock, in particular those involved in heat-

induced apoptosis (280, 285-287).  

As a physical toxicant, heat produces a complex array of effects in the cell 

(284, 285, 288). The intrinsic thermolability of individual cell component 
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influences the capacity to withstand elevated temperatures (285). The damage 

caused by heat positively correlates with thermolability, as well as with the 

intensity of the heat shock (i.e. the heat shock dose), which results from the 

combination of the time and the temperature during exposure (285). Several 

factors that can influence these variables contribute to the complexity of 

responses displayed by cells.   

 

1.3.1.     Cellular responses to heat shock 

Organisms have adapted to live in temperatures from 0-113°C, however, 

for most organisms, heat represents a significant challenge for life. A small 

increase in temperature can cause protein unfolding and entanglement resulting 

in nonspecific aggregation and a widespread imbalance in protein homeostasis. 

Therefore, the heat shock response is an ancient and fairly widespread 

homeostatic mechanism (284).  

The deleterious effects of heat to the cellular organization go beyond the 

proteome. Changes in plasma membrane fluidity are one of the primary effects of 

hyperthermia, causing disorganization of membrane lipids and altering 

permeability (285, 288). Particularly to eukaryotes, the cytoskeleton can be 

severely damaged by heat. Mild heat stress leads to the reorganization of actin 

filaments into stress fibers. Severe heat stress however causes the collapse of 

intermediary, actin and tubulin networks, disruption of the intracellular transport 
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processes and fragmentation of the Golgi and endoplasmic reticulum network 

(285, 289, 290). Mitochondrial oxidative phosphorylation is uncoupled, resulting 

in a dramatic drop in ATP levels during heat stress (284). In the nucleus, RNA 

splicing is strongly impaired by heat shock. Large granular aggregates of 

ribosomal proteins and incorrectly processed RNAs form visible deposits in the 

nucleus, and in the cytosol, stress granules composed of stalled translational 

RNA-protein complexes are formed and correlate with a global shutdown of 

protein translation (284, 291).  

Combined, these effects can cause different cellular responses in a dose-

dependent manner. If the intensity of the heat stress is non-lethal, cells can 

temporarily acquire tolerance to more severe and otherwise fatal stressors - a 

phenomenon known as thermotolerance (284). This rise in tolerance correlates 

with the upregulation of so-called heat shock proteins (HSPs) that provide 

protection to not only additional heat stress but also to several other insults, 

including ionizing radiation, nutrient withdrawal, UV exposure, polyglutamine 

repeat expansion, TNF treatment, and chemotherapeutic agents (292-295). 

Heat shock factor-1 (HSF-1) is a specialized transcription factor that 

promotes the fast and transient upregulation of HSPs such as HSP70 and 

HSP90 when denatured proteins accumulate in the cell (296, 297). These 

molecular chaperones assist with the refolding of damaged proteins into their 

native conformations as an attempt to repair the damage. The protective function 
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of HSPs, as well as other aspects of thermotolerance will be further discussed in 

chapter 4. 

However, when the intensity of the heat causes damage beyond the repair 

capacity of cells, they may chose to undergo cell cycle arrest or to activate 

apoptosis to eliminate the injured cells (280). Since apoptosis is a mechanism to 

delete cells harboring detrimental lesions prone to cancer initiation, it is possible 

that failure to eliminate such heat-damaged cells could be tumorigenic. From an 

immunological standpoint, fevers are an intrinsic component of the inflammatory 

responses to pathogens (298, 299). Fever may contribute to elimination of 

infected cells by inducing apoptosis, as an alternative to pyroptosis, which is a 

form of programmed cell death activated in infected cells, in response to 

pathogens (300).  

Heat shock can induce both apoptosis and necrosis in a dose-dependent 

manner in cultured cells and in vivo (281-283). However, it is unclear how heat 

shock causes apoptosis at the molecular level. Previous studies have implicated 

the extrinsic pathway in heat shock-induced apoptosis (278-280); however these 

studies were focused on understanding the combined effects of heat shock on 

death receptor and/or chemotherapy-induced cell death. Although clinically 

relevant, the complexity of those experimental approaches makes it difficult to 

tease out the molecular pathways specific to heat shock. Thus, our studies have 

focused on the mechanism of heat shock alone in inducing apoptosis, resulting in 
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a model for heat shock-induced apoptosis (discussed below) (142, 208, 301-

304). 

 

1.3.2.    Current model for heat shock-induced apoptosis 

According to the current model, acute exposure to heat, like other 

environmental stresses, leads to apoptosis by engaging the intrinsic pathway. In 

2000, Mosser and coworkers reported that heat shock caused MOMP and 

activation of caspase-3 (301). However, the initiation events involved in heat 

shock are distinct from other types of stress, as it implicates the upstream 

activation of caspase-2 (142, 274, 303). Tu and coworkers (2005) found that 

heat, in particular, caused the early activation and “in situ” trapping of activate 

caspase-2, but not of initiator caspases-8 or -9, with a biotinylated pan-caspase 

inhibitor (b-VAD-fmk) (274). Caspase-2 was still labeled even when BCL-2 or 

BCL-xL were overexpressed and prevented cell death, placing caspase-2 

upstream of the mitochondria (274).  

Moreover, splenocytes derived from caspase-2 null mice were resistant to 

heat shock (43°C/1 h), and so were splenocytes deficient in the caspase-2 

adaptor RAIDD (76, 274). The authors reported that heat shock induced PIDD 

expression, and they speculate that PIDD and RAIDD may both participate in the 

recruitment and activation of caspase-2 into the PIDDosome, in a similar way to 

DNA damage (76, 274). Based on their findings, Tu and coworkers (2005) 
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conclude that heat shock initiates apoptosis by activating caspase-2 in a RAIDD-

dependent manner, upstream of the mitochondria (274). However, it is unclear 

why did caspase-2 and RAIDD null cells not provide better protection against 

heat shock, if indeed caspase-2 is the essential apical protease. Conversely, it 

suggests that other caspase(s) must play a redundant role, or alternatively, that 

caspase-2 could be part of an amplification loop in cells, rather than the true 

initiator caspase.  

Moreover, in the current model, heat per se primes BAX and BAK for 

directly activation by BID (142, 208). Pagliari and coworkers (2005) showed that 

in vitro, heat shock promoted the exposure of N-terminus that stays buried when 

BAX is inactive, mirroring the action of a direct activator BH3-only protein (208). 

Importantly, Bax/Bak double knock out (DKO) MEFs were resistant to heat-

induced cytochrome c release and apoptosis. However, in cells, the observed 

onset of MOMP was longer than the observed in vitro with pure mitochondria 

(208). Furthermore, the addition of recombinant BCL-xL or untreated cytosol 

prevented MOMP in vitro implicating the existence of cytosolic factors that need 

to be antagonized in order to allow MOMP to take place (208).  

Indeed, addition of BH3-only BID or PUMA peptide reverted the protective 

effect conferred by the cytosolic extract. Together, the authors suggested a 

model where heat-activated multi-domain BAX and BAK proteins are inhibited by 

cytosolic anti-apoptotic proteins, such as BCL-xL, until BH3-only proteins 
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participate as de-repressors unleashing BAX/BAK to accomplish cytochrome c 

release from the mitochondria (208). The BH3-only protein BID could be one of 

the cytosolic factors predicted by Pagliari (2005) to enhance the effect of heat on 

BAX/BAK in order to accomplish MOMP, and Bonzon and coworkers (2006) later 

demonstrated that caspase-2-mediated MOMP requires BID. A previous study by 

Li (1998) found that BID is a caspase-2 substrate, and since BID engages the 

mitochondrial pathway once it is converted into tBID by caspase-8 cleavage, 

Bonzon and colleagues hypothesized that caspase-2 could function similar to 

caspase-8 in the context of heat shock (26, 137, 142, 267).  

In agreement, caspase-2 dependent killing was shown to be preventable 

by BCL-2 overexpression (267). Caspase-2 could not induce MOMP in the 

absence of BID on a cell-free approach, and when BID was present, BCL-xL 

could block the caspase-2-dependent MOMP (142, 266). Caspase-2 cleaves BID 

at the same site as caspase-8, in a RAIDD-dependent manner (26, 137, 142, 

267, 274). Mutation of either the BID cleavage site, or the catalytic cysteine 

(C320) in caspase-2 protected from cell death upon direct overexpression of 

caspase-2 (142). Bid null cells were also resistant to heat shock (43°C and 44°C 

for 1h), but the degree of resistance decreased with time, with the remaining cell 

death being potentially BID- and caspase-independent necrosis (142).  

Previous work from our laboratory failed to find convincing evidence 

supporting a role for caspase-2, RAIDD and BID in the initiation of apoptosis by 
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heat shock (302). The study by Milleron and Bratton reported that heat shock 

could activate a pathway where an apical protease triggers the intrinsic pathway. 

Intriguingly, even though the putative apical protease was efficiently inhibited by 

z-VAD-fmk, all well-established initiator caspases (caspases-2, -8, -9, -10, -4, -

12) were ruled out by the careful utilization of pharmacological inhibitors used in 

combination with gene-deficient Jurkat T cells and/or MEFs (302).  

In contrast with Tu (2005) and Bonzon (2006), Milleron & Bratton (2006) 

report that primary MEFs deficient in caspase-2 were equally sensitive to 

hyperthermia as their wild-type counterparts (142, 274, 302); additionally, neither 

inhibition with the caspase-2 inhibitor, z-VDVAD-fmk, nor depletion of caspase-2 

by RNA interference on caspase-8 deficient Jurkat T cells conferred protection to 

heat-induced MOMP, caspase-3 activation or cell death (302). Using gel filtration 

studies, Milleron & Bratton (2006) detected oligomerization of PIDD following 

heat shock. However, neither RAIDD nor caspase-2 were detected in the same 

complex, indicating that heat shock did not induce the formation of the previously 

reported PIDDosome (76, 302). However, the pan-caspase inhibitor z-VAD-fmk 

did block cell death after attenuating MOMP, in agreement with the existence of 

an apical protease upstream of mitochondria (302). 

Shelton and co-workers (2010) sought to solve some of the 

aforementioned discrepancies. They reported that, similar to Milleron & Bratton’s 

study (2006), a broad caspase inhibitor - Q-VD-OPh - blocked all caspase 
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processing and cell death. Also, similar to Tu and coworkers (2005), they affinity-

labeled caspase-2, but they also captured caspase-8 and caspase-9 in the same 

assay. Also in contrast to previous studies (142, 274, 302), Shelton and 

colleagues found only caspase-9 to be essential for cell death, as deficiency of 

caspase-8, caspase-2, RAIDD, or BID conferred either no protection or partial 

protection in Jurkat T cells exposed to heat. However, this conclusion was largely 

based on observations upon RNAi-mediated depletion of Apaf-1, but not upon 

deficiency in caspase-9 per se, in contrast to the studies by Milleron & Bratton 

where they examined caspase-9 null cells and concluded it was not essential for 

heat shock-induced apoptosis (302, 304). 

Strikingly, the authors find that silencing of Apaf-1 suppressed activation 

of caspases -3 and -9, truncation of BID and cell death. The cleavage of 

caspase-2 was also greatly diminished in the Apaf-1 knockdown clones, placing 

it together with BID as part of an amplification loop that may take place 

downstream of MOMP (304). This finding does not rule out the possibility that 

APAF-1 could be playing an apoptosome-independent role in response to heat 

shock. Recent reports suggest physiological roles for APAF-1, which in principle, 

are unrelated to its apoptotic function (305, 306). In that context, loss of caspase-

9 would not have an effect in spite of the involvement of APAF-1. 

The study by Bouchier-Hayes and coworkers (2009) further implicate 

caspase-2 in heat-shock apoptosis. Based on the premise that dimerization of 
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initiator caspases, due to their recruitment to an activation platform, constitutes 

the authentic read-out for initiator caspase activation (66), they implemented a 

Bimolecular Fluorescence Complementation (BiFC) approach to monitor 

caspase-2 dimerization and activation (307-309).  

The authors show that heat shock, but not Fas or TNF, strongly induced a 

BiFC signal in the cytosol and not in the nucleus, an often-implicated site of 

caspase-2 activation (303). Caspase-2 BiFC was RAIDD-dependent, as RAIDD 

null MEFs failed to show BiFC following heat shock, and caspase-2 CARD 

mutants that could not bind RAIDD, also failed to exhibit a BiFC signal (303). 

Even thought the authors validate the caspase-2 BiFC upon enforced expression 

of the PIDDosome components PIDD and RAIDD, in the absence of heat shock, 

in this study they did not show direct evidence for the participation or requirement 

of PIDD as part of the cytosolic caspase-2 complexes formed during heat shock 

(303). Overexpression of BCL-xL did not prevent the onset of BiFC after heat 

shock, even though it protected the HeLa cells from apoptosis, consistent with 

previous reports that placed the activation of caspase-2 upstream of MOMP 

(142, 274). Using time-lapse microscopy, the authors found there was a delay in 

the onset of MOMP of about 6-10 hours after the observed BiFC, implicating 

additional regulatory steps upstream of MOMP, consistent with the study of 

Pagliari (208, 303).  

Heat shock activation of caspase-2 does not require transcriptional 
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upregulation of additional pro-apoptotic factors, since cycloheximide pre-

treatment does not impact heat shock-induced BiFC (303). However, HSF1 null 

MEFs were more sensitive to induction of BiFC and heat shock-induced 

apoptosis, suggesting that upregulation of HSPs may prevent caspase-2 

activation. Accordingly, silencing of Hsp90 or its pharmacological inhibition with 

17-DMAG enhanced BiFC signal (303).  It is not entirely surprising that inhibition 

of chaperone activity might increase the fluorescence of a complex, formed after 

treatment by an insult that is known to denature proteins and cause protein 

aggregation. Even though the authors carefully examined that heat shock did not 

induce the BiFC of Venus per se, it is unclear if they ruled out that heat shock 

does not cause BiFC of additional initiator caspases-8 and -9, which could 

pointing to the BiFC signal resulting from non-specific heat shock-induced 

aggregation of proteins that could be more prone to aggregation due to their 

recruitment domains.  

A study by Stankiewicz and coworkers (2009) later identified MCL-1 as an 

important anti-apoptotic factor, upstream of mitochondria, in preventing MOMP 

following heat shock (214). According to their findings, in order to undergo 

apoptosis following heat shock, cells must destroy MCL-1 via ubiquitin-mediated 

proteasomal degradation, which may be due to the interaction of MCL-1 with its 

E3-ligase Mule, a non-classical BH3-only protein (214).  

BIM and NOXA modulated the MCL-1-MULE interaction, where heat-
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induced NOXA displaced MCL-1 from BIM, allowing MULE to bind MCL-1, and 

HSP70 promoted the stabilization of MCL-1 by preventing MULE binding. This 

finding is interesting, because it potentially explains the delayed onset of MOMP 

reported previously (208, 214). Anti-apoptotic proteins such as MCL-1 present in 

the cytosol probably bind to and hold BAX in check until BH3-only proteins such 

as tBID or others can displace them from BAX/BAK allowing oligomerization and 

pore formation (208, 214). 

All together, the studies mentioned above have both congruent and 

conflicting conclusions as to how heat shock triggers the onset of apoptosis (Fig. 

1.5). Several studies implicated caspase-2-mediated cleavage of BID to induce 

MOMP, where tBID binds to BAX/BAK already primed by heat-induced 

conformational changes (142, 208, 274, 303). In that scenario, degradation of 

MCL-1 could collaborate with the activation of tBID, which could further de-

repress BAX/BAK from other anti-apoptotic family members such as BCL-2 and 

BCL-xL (Fig.1.3) (121). However failure to detect the purported caspase-2 

activating complexes as well as lack of stronger protection from the knockout cell 

lines, puts into question some of the aspects of this model, suggesting that 

alternative mechanisms are involved in the initiation of apoptosis in response to 

heat. 

 

 

51



Bid

Apaf-1 

Apoptosome

pro - 
caspase-9

t-Bid

Cyt.C
Smac

MCL-1

Bax
Bak

t-bid

Mitochondrion

XIAP

+ dATP +

Bcl-2

active 
caspase-9

active 
caspase-3

ubiquitination
 and proteasomal  

   degradation

active 
caspase-2

pro-
caspase-2

RAIDD 
+

HEAT 
SHOCK

Hsp70

Hsp90

Noxa

Bim

MULE

Noxa

Bim
?

Figure 1.5. Current model for heat shock-induced apoptosis. Heat activates 
caspase-2 in a RAIDD-dependent manner. Caspase-2 cleaves BID to promote MOMP. 
Heat directly activates BAX and BAK, promoting Bax translocation to the mitochondria 
and oligomerization. Heat also causes MCL-1 to change binding partners, and when 
bound to MULE, it gets ubiquitinated and degraded by the proteasome. Loss of Mcl-1 
sensitizes cells to undergo MOMP, and potential role for Bim is especulated. Adapted 
from Milleron & Bratton, 2007; Bouchier-Hayes & Green, 2012; Park et al., 2007; 
Stankiewicz et al., 2009)

Bim

Bax

MCL-1

MCL-1

MULE

MCL-1
MCL-1

APOPTOSIS

52



	  

1.4.     Study Significance 

 

Hyperthermia or heat shock has gained considerable interest from the 

biomedical community for its application in cancer therapy (284). Cancer poses a 

formidable challenge, and in spite of the significant improvement in cancer 

therapy over the past 4 decades, cancer is the leading cause of death worldwide 

according to the World Health Organization data in 2008. This global cancer 

epidemic poses an overwhelming burden to the health care system and to 

society, urging for new and improved therapeutic approaches. 

Hyperthermia is an attractive adjuvant therapy for its targeted tumor 

toxicity, and solid tumors are the most clinically tractable for hyperthermia 

interventions (284, 288, 310, 311). Recently developed technologies provide 

precise control and quantification of delivery when treating tumors with heat (312, 

313). Additionally, results from clinical trials indicate the effectiveness of applying 

hyperthermia in combination with radiotherapy and chemotherapy treatments of 

various tumors, including superficial cutaneous tumors, breast cancer, head and 

neck tumors, cervical carcinoma and lymph node metastases (311-313). 

The early observation that fevers could contribute to cancer remission was 

later demonstrated to be in great part due to apoptosis. However, the biological 

and physiological effects of heat shock in tumors and in normal tissues remain 

poorly described. The essential steps initiating and regulating apoptosis in 
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response to heat shock are just beginning to be understood. Furthermore, 

recurrent heat shock treatments can cause resistance to subsequent heat shock 

or radio / chemotherapy, undermining therapeutic success (314, 315).  

There are promising examples on how basic research on components of 

the heat shock response fostered the development of small molecule inhibitors to 

HSP90. Two HSP90 inhibitors, 17-AAG, and its more water-soluble derivative 

17-DMAG, are currently in phase I/II clinical trials (316, 317). Recently, the small 

molecule HSP70 inhibitor VER-155008 was shown to potentiate apoptosis by 17-

AAG in HCT116 colon carcinoma cells (318). These examples illustrate that a 

new generation of pharmacological agents for cancer therapy maybe on its way. 

Therefore, a better understanding of the molecular mechanisms involved 

in both heat-induced apoptosis and thermotolerance could lead to new therapies. 

For instance, drugs could be designed to exploit the vulnerability of tumors to 

heat shock, to increase targeted tumor toxicity, or to simulate heat shock effects. 

Additionally, drugs aimed at circumventing thermotolerance pathways would 

benefit not only the use of hyperthermia, but also radiotherapy and 

chemotherapy. In the present study, we sought to achieve a better understanding 

of the cellular responses to heat shock, with a primary focus on the apoptotic 

signaling events involving BCL-2 proteins. 
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1.5. Study Hypotheses And Aims  

 

The literature is controversial regarding the current model of heat shock-

induced apoptosis. While some studies implicate caspase-2 as the apical 

protease that cleaves BID to induce MOMP and cause cell death (142, 274, 303), 

others have failed to reach the same conclusions (302, 304). Some of the 

discrepancies are the failure to isolate caspase-2-activating complexes and the 

modest degree of protection observed in cells lacking caspase-2. Additionally, 

evidence suggests that caspase-2 is activated downstream of MOMP following 

heat shock in a caspase-3-dependent manner, and thus is unlikely to be the 

apical caspase. Moreover, active caspase-2 does not efficiently cleave any other 

mammalian caspase, except for its own precursor, and it can weakly process and 

activate the BH3-only protein BID (142, 267). Together, these pieces of evidence 

propose that caspase-2 participates in an amplification loop (271, 302, 304).  

There is no consensus on the putative role of other apical caspases in 

initiating heat shock-induced apoptosis. Caspases-8 and -9 have either been 

simultaneously activated by heat (304) or ruled out, along with caspase-12 (302). 

Thus the puzzle remains, since the role of caspase-2 in activating BID is 

uncertain, and BID requires cleavage by a caspase or another protease in order 

to become active. Therefore, we reasoned that if BID is to participate in heat 

shock-induced apoptosis, heat shock must be activating a protease upstream of 
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BID, and that protease must need BID to convey the death signal to 

mitochondria. 

The study by Pagliari and colleagues (2005) showed that even though 

heat shock directly activates BAX and BAK, cytosolic factors must be overcome 

prior to full permeabilization of the mitochondria. Their study also showed that 

antagonism of BCL-xL by tBID aided the onset of MOMP in cell lysates, 

implicating the need for BH3-only protein to overcome prosurvival BCL-2 

proteins. Milleron & Bratton (2006) found that overexpression of BCL-2 blocked 

MOMP, caspase-3 activation and cell death, strengthening the importance of 

MOMP in the execution of heat shock apoptosis. Additionally, Stankiewicz and 

colleagues (2009) implicated MCL-1 in heat shock-induced apoptosis. Since both 

MCL-1 and BCL-2 can also be antagonized by tBID, it is possible that heat shock 

utilizes BID to promote MOMP. Even though the activation step of BID is unclear, 

we reasoned that if BID were required, then loss of Bid should protect cells from 

heat shock.  

Therefore we decided to investigate how Bid null MEFs would respond to 

heat shock. To our surprise, Bid null MEFs showed only partial protection, in 

striking contrast to the report of Bonzon (2006), and the reasons for the 

discrepancy remain unknown. This finding suggested that BID was not is part of 

an upstream signal, but an initiation cascade, but more likely served to amplify 

the death signal. Thus, we reasoned that heat shock could be utilizing another 
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BH3-only protein to initiate the intrinsic pathway. 

Of particular interest was the BH3-only protein BIM, which unlike BID, 

does not require proteolysis in order to be activated. However, similar to BID, 

BIM is capable of antagonizing all pro-survival BCL-2 family members, and also 

of directly activating BAX and BAK (179). We hypothesized that BIM might sense 

the stress of heat shock and respond by promoting MOMP, caspase-3 activation, 

and cell death. If so, loss of Bim should protect cells from undergoing these 

apoptotic events. Therefore, our first aim was to investigate if the BH3-only 

protein BIM is required for heat shock-induced MOMP, caspase-3 

activation, and cell death. 

Since BIM has been shown to promote MOMP by directly activating BAX 

and BAK, and/or by antagonizing pro-survival BCL-2-like proteins (12, 121), we 

hypothesize that loss of Bax/Bak should make cells resistant to heat shock. In 

contrast, loss or pharmacological inhibition of anti-apoptotic BCL-2 proteins 

should make cells more sensitive to heat shock-induced MOMP, caspase-3 

activation, and cell death. Moreover, MCL-1 was recently implicated in heat 

shock-induced apoptosis (214). Therefore, our second aim was to investigate 

the roles that additional family members such as BAX, BAK, and MCL-1 in 

heat shock-induced apoptosis. 

In chapter 3, we show evidence that heat shock requires BIM to cause 

apoptosis. Thus, we were interested in further understanding how heat shock 
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activates BIM to kill the cells. BIM is kept inactive by sequestration to the 

microtubule network via interaction with LC8 (145). The proposed mechanism for 

BIM activation is its release from the microtubule network, due to phosphorylation 

by stress-activated kinases such as JNK or p38 (145, 156, 157). Release of BIM 

is accompanied by its translocation to the mitochondria, where BIM can promote 

MOMP (144, 145, 157). Thus, we also hypothesized that heat-activated kinases 

might cause BIM phosphorylation to regulate its pro-apoptotic activity. In this 

context, we predicted that inhibition of BIM phosphorylation would prevent heat 

shock-induced MOMP and cell death. Therefore, our third aim was to examine 

whether heat shock causes post-translational modifications on BIM, such 

as phosphorylation, in order to activate BIM-induced MOMP and apoptosis. 

If so, we want to determine the kinase phosphorylating BIM, and whether 

BIM phosphorylation is required for its apoptotic activity.  
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Chapter 2. Materials and Methods 

 

 

2.1.     Antibodies and reagents  

The following antibodies were purchased from Cell Signaling Technology 

(Danvers, MA): BAX (CS 2772); BAK (CS 3814); BID (CS 2002), total caspase-3 

(CS 9665); cleaved caspase-3 (CS 9662); β-actin (CS 4970); cytochrome c 

(CS 11940); PARP (CS 9542); cleaved PARP (CS 9544); TAK1 (CS 4505); 

phospho-TAK1 (CS 4531); BIM (CS 2933); phospho-BIM Ser69 (CS 4581; 

corresponds to Ser65 in mouse BIMEL); P-JNK (CS 4668); JNK (CS 9252); 

phospho-c-Jun (Ser63) (CS 2361); phospho-c-Jun (Ser73) (CS 9164); GFP (CS 

2956); phospho-HSP27 (2406); phospho-MAPKAP2 (CS 3041) total ERK (CS 

9102); phospho-ERK (CS 9101), phospho-p38 (CS 9211). Other antibodies used 

were as follows:  BIM  (cat. no. ADI-AAP-330), and inducible HSP70 (cat. no. 

ADI-SPA-810) were from Enzo Life Sci., Farmingdale, NY); mouse specific anti-

MCL-1 (cat. no. 600-401-394S) was from Rockland Immunochemicals, Inc. 

(Gilbertsville, PA); caspase-2 (cat. no. MAB3501, Chemicon® / EMD Millipore, 

Billerica, MA); and RFP/mCherry antibody (cat. no. PM005) was from MBL 

International (Woburn, MA).  

The BH3 mimetic ABT-737 (cat. No. S1002) and the p38 inhibitor 

SB203580 (cat. No. S1076) were purchased from Selleckchem (Houston, TX). 
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The TAK1 inhibitor 5Z-7-oxozeaenol (Cat. No. NP-009245) was purchased from 

AnalytiCon Discovery, GmbH (Postdam, Germany). The AP20187 

homodimerizer (cat. no. 635060) was purchased from Clontech (Mountainview, 

CA). T M R E  w a s  f r o m  Enzo Life Sci. (Farmingdale, NY). Digitonin (D141) 

was from Sigma (St. Louis, MO).  Fetal bovine serum was obtained from Atlanta 

Biologicals (Lawrenceville, GA), and DMEM and RPMI were purchased from 

Corning Cellgro (Manassas, VA). The MEK1/2 inhibitor UO126  (cat. no. CS 

9903) was from Cell Signaling Technology (Danvers, MA). The JNK inhibitor 

SP600125 (cat. no. 1496) was from Tocris Bioscience (Bristol, United Kingdom). 

The JNK inhibitor JIN8 was kindly provided by Dr. Kevin Dalby (University of 

Texas at Austin, Austin, TX) (319). 

 

2.2.     Plasmids  

The following sense strand sequence was used to silence Bim: 5′- 

GACCGAGAAGGUAGACAAUUGdTdT-3′ (320) and was cloned into the 

pSuper/Neo vector. Jurkat cells were then electroporated with 10 µg of either 

empty vector or pSuper/shBim, and after 24 h, live cells were separated on a 

Ficoll density gradient by centrifugation.  Stable clones were then selected in 

G418 (1 mg/mL), and knockdown levels determined by western blotting.  A 

previously published pSuper/shBid clone was similarly constructed (304), and 

plasmids for GFP-Noxa and GFP-Bad have been previously described (321). To 
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generate the N-terminal fusion of the dimerization domain of human FK506 

binding protein (FKBP1A) with CARD-deleted caspase-2 (i.e. pFKBP-∆pro-

caspase-2) (322), the BamHI and EcoRI sites in the human caspase-2 sequence 

were first mutated by site-directed mutagenesis using the following primers:   

C2_BHI_US:  5’- GAACCACGCAGGGTCCCCTGGGTGCG-3’;  

C2_BHI_DS:  5’-CGCACCCAGGGGA CCCTGCGTGGTTC-3’;  

C2_ECORI_US: 5’-CTCCTGGCACAGAGTTCCACCGGTG CA-3’;   

C2_ ECORI_DS: 5’-TGCACCGGTGGAACTCTGTGCCAGGAG-3’.      

The ∆pro-caspase-2 sequence (from amino acid 170) was the amplified using 

the following primers:   

BglII_C2LS_US  

5’-AGAAGATCTGGTCCTGTCTGCCTTCAGGTG-3’;  

EcoNot_C2SS_DS 

5’-GAAGAATTCGCGGCCGCTCATGTGGGAGGGTGTCCTGG-3’.  

The PCR products were then digested with BamHI/EcoRI and cloned into 

pMSCV- FKBP-IRES-GFP (322).  The accuracy of all constructs was confirmed 

by sequencing. 

 

2.3.     Cell culture and transfections  

MEFs were grown in DMEM supplemented with 10% FBS (Atlanta 

Biologicals, Lawrenceville, GA), 1% penicillin–streptomycin (100 units/mL), and 
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2 mM glutamine.  Jurkat cells were maintained in RMPI 1640 supplemented with 

10% FBS, 1% penicillin–streptomycin, and 1 mM glutamine.  Cells were 

maintained at 37°C in humidified air containing 5% CO2 and were routinely 

passaged every 2 days.  Bim-/- and Bid-/- MEFs were a kind gift from Dr. David 

C. S. Huang (Walter and E l iza  Ha l l  Ins t i tu te  of Medica l  Research, 

Melbourne, Australia).  Bax-/-Bak-/- MEFs were a kind gift from Dr. Craig B. 

Thompson (Memorial Sloan–Kettering Cancer Center, NY). Finally, Mcl-1-/- 

MEFs were a kind gift from Dr. Joseph T. Opferman (St. Jude Children’s 

Research Hospital, Memphis, TN).  

For the generation of MEFs expressing inducible FKBP-∆pro-caspase-

2, GP2-293 cells were transfected with 6 µg each of the pAmphotropic 

receptor and pFKBP/∆pro-caspase2 plasmids using Lipofectamine®2000, 

according to the manufacturer’s recommendations (Invitrogen).  After 48 h 

transfection, the viral supernatant was mixed with polybrene (7 µg/mL) and 

exposed to MEFs (30% confluent) for 4 h.  After infection, cells were expanded 

for 3 d and then cell-sorted for GFP-positive cells on a BD FACS- ARIA.  The 

isolated cell pools were then analyzed by immunoblotting for the expression of 

FKBP-∆pro-caspase-2 fusion and GFP.  For the dimerization experiments, 150 

x 103 cells/well were seeded into 12-well plates and 18 h later the AP20187 

homodimerizer (100 nM) was added.  The uptake of propidium iodide (PI) was 
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then quantified 48 h later by flow cytometry. 

 

2.4.     Heat shock treatments 

MEFs or Jurkat T cells were plated at 0.3 – 0.5 x 106 cells/well in 6-well 

plates 20 h prior to heat shock.  Exposures were done in a tissue culture 

incubator at 44°C with 5% CO2 for various periods of time, after which the cells 

were returned to a 37°C incubator for “recovery”. Samples were collected for 

analyses at various time points post-heat shock.  To examine long-term 

survival, cells were prepared and treated as above, except that fresh media was 

added to the cells after 24 h and the plates were cultured for an additional 48 h 

at 37°C. At 72 h post-heat shock, the cells were fixed with 70% ethanol for 10 

min, stained with crystal violet for 45 min, washed with tap water, and allowed to 

air dry prior to image analysis (323). 

For the thermotolerance studies, MEFs were incubated at 43°C for 30 

minutes, returned to the 37°C incubator for a 4 h recovery period, after which 

they were exposed to lethal heat shock at 44°C for 1.5 h. Samples were 

collected for cell death analysis at 24 h or for long term survival at 72 h after the 

lethal heat shock. 
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2.5.     Cell death and ∆ψm assays 

Jurkat T cells or trypsinized MEFs (1 x 106) were pelleted at 400 x g for 

4 min, washed with PBS, and resuspended in 1 mL of Annexin-V binding buffer  

(10 mM HEPES, pH 7.4, 140    mM NaCl, 2.5    mM CaCl2). Cells were then 

incubated with 100 ng/mL Annexin-V-FITC for 8 min, and propidium iodide (PI) 

was added just prior to flow cytometric analysis.  Recombinant Annexin-V was 

expressed and purified in-house, labeled with FITC, and dialyzed to remove 

unconjugated FITC. Cell populations, labeled with FITC and/or PI, were analyzed 

by flow cytometer (Beckman- Coulter, Fullerton, CA, USA).  

Similarly, to assess the loss of mitochondrial membrane potential (∆ψm), 

suspensions containing 1x106 MEFs or Jurkat T cells were incubated at 37°C for 

20 minutes in pre-warmed (37°C) media containing 100 nM TMRE. Cells were 

washed twice with PBS and analyzed by flow cytometry.  

 

2.6.     Cytochrome c release assay 

Sixteen hours (16 h) post treatment, 5 x 106  MEFs were trypsinized, 

washed twice in PBS, and permeabilized in MOMP lysis buffer (20 mM HEPES, 

pH 7.4, 250 mM sucrose, 1 mM EDTA, 75 mM KCl, 2.5 mM MgCl2) containing 

0.05% digitonin (always added fresh) on ice for 5 minutes. The cells were then 

centrifuged at 15,000 x g for 10 min at 4°C to collect the “cytosolic fractions”. 
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The pellets were lysed in RIPA buffer, as described above, to obtain the 

“mitochondrial fractions”. Jurkat cells were similarly permeabilized utilizing 

0.02% digitonin. The protein concentration of cytosolic and mitochondrial 

fractions were measured by the Bradford assay and resolved by SDS-PAGE.  

 

2.7.     Western blotting 

Cell pellets were lysed in RIPA lysis buffer on ice for 20 minutes, spun at 

18,000 x g for 10 minutes at 4°C, and the supernatants normalized for protein 

concentration by the Bradford assay. Equal amounts of protein were resolved by 

SDS-PAGE, transferred onto nitrocellulose membranes, and blocked in 0.1% 

Tween-TBS with 5% milk prior to incubation with primary antibodies (1:1,000-

2,000) overnight. 

 

 
  

65



	  

Chapter 3. BH3-only protein BIM mediates alternative pathways 

to heat shock-induced apoptosis 

 

 

3.1.     Introduction 

 

Apoptosis i s  a n  evolutionarily conserved programmed form of cell death 

that involves the activation of caspases (cysteine proteases) (324). These 

proteases are typically activated in response to stimulation of cell-surface death 

receptors, such as Fas/CD95, or in response to stressful stimuli, such as 

oncogene activation, DNA damage, growth factor withdrawal, ER stress, etc. 

(226). In the latter instances, stress activates the so-called intrinsic apoptosis 

pathway, which generally involves the activation of pro-apoptotic BCL-2 family 

members. BH3-only proteins, such as BID, BIM, PUMA, BAD, and NOXA, serve 

as cellular sentinels that are activated in response to distinct types of stress. 

These BH3-only proteins subsequently activate the multidomain proapoptotic 

family members, BAX and BAK, which are often restrained by the antiapoptotic 

BCL-2 family members, BCL-2, BCL-xL, and/or MCL-1 (11, 12, 116). How BH3-

only family members activate BAX and BAK remains controversial, but BID, BIM, 

and PUMA are thought to directly activate BAX and BAK, whereas BAD, NOXA, 

and other BH3-only family members indirectly contribute to their activation 
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through neutralization of the antiapoptotic family members (111, 117, 118, 122, 

183, 191, 204, 220). 

Once activated, BAX inserts into the outer mitochondrial membrane 

(OMM), and both BAX and BAK oligomerize into pores that permeabilize the 

membrane and facilitate the release of intermembrane space proteins, such as 

cytochrome c (cyt c), into the cytoplasm. Cyt c then binds to apoptotic protease-

activating factor 1 (Apaf-1) and triggers a dATP/ATP-dependent conformational 

change in Apaf-1 that results in its oligomerization into a heptameric caspase-

activating complex, known as the Apaf-1 apoptosome (16). Finally, the 

apoptosome sequentially recruits and activates the initiator caspase-9 and the 

effector caspase-3, the latter of which targets >800 cellular substrates for 

proteolytic cleavage. Thus, cells utilize various BH3-only family members to 

integrate a variety of cellular stressors, all of which induce mitochondrial outer 

membrane permeabilization (MOMP), apoptosome assembly, caspase 

activation, and cell death (226). 

BID is unique among the BH3-only family members in that it is activated 

through caspase cleavage, most notably by caspase-8, which allows death 

receptors to engage the intrinsic pathway. Interestingly, caspase-2 has also 

been shown to engage the intrinsic pathway through cleavage of BID, upstream 

of mitochondria, particularly when overexpressed (76, 142, 265, 267, 270, 274, 

275, 325). However, characterizing the genuine role of caspase-2 in stress-

induced apoptosis per se has been challenging. Numerous studies have 
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suggested that caspase-2 is either critical for DNA damaged-induced apoptosis 

or irrelevant to this response (326). The caspase-2 knockout mice develop 

normally, aside from an increase in oocytes, but when crossed with the Eµ-myc 

or MMTV/c-neu mouse models, they develop significantly more lymphomas and 

mammary tumors, respectively, indicating a role for caspase-2 as a tumor 

suppressor (241, 254, 256). 

Recently, caspase-2 has been shown to play an important role in cell 

death induced by microtubule disruption and heat shock (142, 242, 274, 303). 

Indeed, Green and colleagues have shown that caspase-2 forms a complex 

with its adapter protein RAIDD, early following heat shock, and can be trapped 

with a biotinylated version of the poly-caspase inhibitor zVAD-fmk (274, 303). 

They also find that BID and BAX/BAK-deficient cells are resistant to caspase-2 

and heat shock-induced apoptosis (142). In the present study, we provide 

evidence that BIM mediates heat shock-induced apoptosis and that the caspase-

2-BID pathway likely functions as either a parallel pathway in some cell-types or 

as part of an important amplification loop to enhance cell death, particularly at 

lower temperatures or decreased exposures.  

  

68



	  

3.2.     Results 

 

3.2.1  Bim is essential for heat shock-induced cell death 

Heat shock reportedly induces apoptosis through the canonical intrinsic 

pathway in which caspase-2 is first activated and in turn cleaves BID to initiate 

BAX/BAK-dependent MOMP (142, 274, 303). However, in the course of our 

studies, we uncovered a critical role for the BH3-only protein BIM. Loss of BIM 

afforded near complete protection from cell death following a 1-1.5 h exposure to 

heat shock at 44°C, whereas BID-deficient cells were only partially protected 

following a 1 h treatment (Fig. 3.1A and C). Consistent with these cell death 

measurements, only Bim-/- cells avoided MOMP (as determined by cytochrome 

c release), loss of mitochondrial inner membrane potential (∆ψm), caspase-3 

activation, and PARP cleavage (Fig. 3.1B and D). Importantly, other forms of 

stress, including DNA damage (etoposide) and ER stress (tunicamycin), readily 

induced apoptosis in Bim-/- MEFs (Fig. 3.1F). Thus, collectively, the data 

indicated that BIM played a specific and apparently dominant role in regulating 

heat shock-induced apoptosis. 

Finally, even though BIM appeared to be critical for short-term 

protection against heat shock, we questioned whether loss of BIM could 

provide long-term protection. Therefore, we heat-shocked wild type, Bim-/-, 

and Bid-/- MEFs for 1-1.5 h and monitored their death/growth up to 72 h. As 
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Figure 3.1. BIM is critical for heat shock-induced apoptosis. (A-D). Wild-type, Bim-/-, 
and Bid-/-  MEFs (panel A) were exposed to heat shock (44°C for 1-1.5 h) in a humidified 
incubator (5% CO2 - 95% air). The cells were then transferred to a 37°C incubator and 
later collected for MOMP (16 h, panel B), caspase-3 activation, PARP cleavage (24 h, 
panel B), Δψm (24 h, panel D), and cell death measurements (24 h, panel C). (E). Wild-
type, Bim-/-, and Bid-/-  MEFs were exposed to heat shock as described above, but were 
left in culture afterwards for 72 h, after which the plates were stained with crystal violet. 
(F). Wild-type and Bim-/- MEFs were exposed to heat shock as described above, or 
treated with etoposide (10 μM) or tunicamycin (1 μM), and subsequently assayed for cell 
death at 24 h.
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shown in Fig. 3.1E, Bid-/- cells were partially protected following a 1 h heat 

shock, but only Bim-/- cells were protected from the more extreme 1.5 h 

exposure. 

Previous efforts to generate stable BIM-expressing cell lines have been 

unsuccessful (113, 144), and despite repeated attempts, we too were unable to 

stably reintroduce Bim into the Bim-/- MEFs. Therefore, to confirm BIM’s role in 

heat shock-induced killing, we generated a stable human Jurkat cell line 

expressing a short-hairpin RNA to Bim. The Jurkat T leukemia cell line was 

chosen since previous studies had been performed on them (274, 302), and also 

a clone where Bid was stably knockdown had been previously described and 

was suitable for comparisons with Bim stable knockdown clones (304). RNA 

interference resulted in complete loss of expression for the BIML and BIMS 

isoforms, but only partially depleted (~50%) the BIMEL isoform (Fig. 3.2D, lane 

2).  The BID-deficient clone expressed slightly higher levels of all three BIM 

isoforms (Fig. 3.2D, lane 3), and as expected, it was resistant to Fas-induced 

apoptosis (Fig. 3.2E). Using an optimal exposure for Jurkat cells (44°C for 1h, 

determined by dose-response experiments, data not shown), we observed that 

only the BIM-depleted cells exhibited resistance to cell death (Fig. 3.2A), which 

correlated with the extent of total BIM knockdown, as well as the degree of 

MOMP, ∆ψm, caspase-3 activation, and PARP cleavage (Fig. 3.2B and 3.2C). 

These results were consistent with our findings in MEFs, further supporting the 
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importance of BIM in heat shock-apoptosis. 

 

3.2.2 Caspase-2 induces cell death independently of BIM 

Since heat shock activates the apical caspase-2 in the canonical cell 

death pathway, we questioned whether caspase-2 might mediate cell death via 

BIM, as has been shown for BID (142, 267).  In order to selectively activate 

caspase-2, we generated an FKBP-∆pro-caspase-2 construct, similar to that 

previously reported for caspase-9 (31), in which the prodomain of caspase-2 

was replaced with a modified FKBP protein that can be induced to dimerize 

upon exposure to the chemical ligand AP20187 (Fig. 3.3A and B). Since 

dimerization is thought to mediate the activation of initiator caspases, including 

caspase-2, we retrovirally-expressed FKBP-∆pro-caspase-2 in wild-type, Bim-/-, 

and Bid-/- MEFs and sorted the cells using a GFP marker.  

Following exposure to AP20187, we observed activation/processing of 

caspase-2 in each of the isolated cell pools (Fig. 3.3D), but not in cells 

expressing FKBP alone (Fig. 3.3C). To confirm the cell death was caspase-2-

dependent we generated wild-type MEFs expressing a catalytic site caspase-2 

mutant (FKBP-∆pro-caspase-2/C320G), which did not die upon addition of 

AP20187 (Fig. 3.3F). As previously reported (142), the Bid-/- cells were 

resistant to caspase-3 activation and cell death (Fig. 3.3C and D). By 

contrast, both the wild-type and Bim-/- cells displayed BID cleavage, 
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caspase-3 activation, and cell death, indicating that BIM is not essential for 

caspase-2-mediated cell death.  

 

3.2.3 Heat shock induces cell death through BAX/BAK-dependent and 

independent pathways 

Since BIM played a critical role in heat shock-induced cell death, we 

expected that it was likely to induce MOMP and cell death through its activation 

of the multidomain pro- apoptotic BCL-2 family members, BAX and/or BAK. To 

our surprise, however, we observed only ~50% protection upon BAX and BAK 

deficiency, i.e. half of the cells still died regardless of BAX/BAK expression (Fig. 

3.4A).  

Since this finding was quite unexpected, we tested the Bax-/-Bak-/- MEFS 

with several stimuli dependent on the intrinsic pathway for killing. There was no 

apparent issue with the Bax-/-Bak-/- cells, as they remained entirely resistant to 

UV-induced MOMP, ∆ψm, caspase-3 activation and apoptosis (Fig. 3.5A and B). 

Remarkably, the Bax-/-Bak-/- cells failed to undergo MOMP or ∆ψm following heat 

shock, but nevertheless activated caspase-3 and cleaved PARP, albeit to a 

lesser extent (Fig. 3.4B, lanes 2 and 4; 3.4D). Despite the unexpected caspase 

activation and cell death in approximately half of the Bax-/-Bak-/- cells, those 

that were alive at 24 h remained viable and populated the culture dish by 72 h 

(Fig. 3.4C). The Bax-/-Bak-/- cells also showed protection to etoposide and 
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tunicamycin (Fig. 3.5C). Together, the data suggested that the phenotype of 

partial resistance to heat shock was specific. 

 

3.2.4 Loss of MCL-1 or antagonism of BCL-2/ BCL-xL sensitizes cells to 

heat shock-induced apoptosis 

Previous studies indicate that BIM, BID, and PUMA function as direct 

activators of BAX and BAK, whereas the remaining BH3-only family members 

function as sensitizers, i.e. they cannot directly activate BAX and BAK, but they 

can neutralize the antiapoptotic family members (BCL-2, BCL-xL, MCL-1) that 

inhibit direct activators (Fig. 3.6A, and in more detail, chapter1, Fig. 1.3) (220). 

Mosser and colleagues have recently reported that MCL-1 plays an important 

role in suppressing heat shock-induced apoptosis (214). Consistent with their 

results, loss of MCL-1 sensitized cells to heat shock-induced MOMP, ∆ψm, 

caspase-3 activation, PARP cleavage, and cell death (Fig. 3 .6B-D).  

Additionally, the BCL-2/BCL-xL antagonist, ABT-737, also sensitized 

MEFs to heat shock-induced cell death (Fig. 3.7A-D). Since ABT-737 functions 

as a sensitizer and BIM is critical for heat shock-induced killing, the simplest 

explanation is that ABT-737 most likely liberated BIM from BCL-2 or BCL-xL, 

which in turn activated and/or further de-repressed BAX and/or BAK. This 

interpretation is also consistent with our previous data in which BCL-2 

overexpression protected BAX-deficient Jurkat T cells from heat shock-induced 
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apoptosis, even though BCL-2 does not inhibit BAK (118, 302).  

To further investigate the relative roles of MCL-1, BCL-2, and BCL-xL in 

heat shock resistance, we transfected HeLa cells with NOXA (MCL-1-specific 

antagonist) or BAD (BCL-2/ BCL-xL-specific antagonist). Surprisingly, while 

ectopic expression of NOXA sensitized HeLa cells to heat shock-induced 

apoptosis, expression of BAD (or treatment with ABT-737) afforded only a 

modest increase in cell death (Fig. 3.8A and B). Thus, the cellular context (i.e. 

cell-type, relative expression of BCL-2 family members, etc.) appears to dictate 

the overall importance of MCL-1, BCL-2 and BCL-xL in suppressing BIM-induced 

apoptosis following heat shock. 

 

 

3.3. Discussion   

 

The ability to adapt and survive heat shock is fundamentally important for 

cellular life.  Heat shock induces various cellular disturbances, including 

defects in DNA repair, cell cycle arrest, and cytoskeletal damage (284). 

Hundreds of studies have characterized survival pathways initiated by heat 

shock, including the upregulation of heat shock proteins that function as 

chaperones in the repair of misfolded proteins (327). In some cases, however, 
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dependent manner, but BIM can still induce caspase-3 activation in the absence of 
detectable mitochondrial injury (i.e. in Bax-/-Bak-/- cells). Thus, BIM appears to mediate 
alternative (and perhaps dominant) pathways to heat shock-induced apoptosis through 
activation of both BAX/BAK-dependent and independent pathways.
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cells are unable to overcome the damage induced by heat shock and instead 

initiate a cell death program (280, 301).  

There is significant interest in better understanding the underlying 

mechanisms that mediate heat shock-induced apoptosis, since heat shock 

preferentially targets malignant cells and cancers for reasons that remain 

unclear (283, 310, 312). Most data suggest that heat shock kills cells through 

activation of the intrinsic apoptosis pathway. Several recent papers from Green 

and colleagues indicate that heat shock stimulates selective formation of a 

cytoplasmic RAIDD-caspase-2 complex, which in turn activates caspase-2 and 

cleaves BID (142, 274, 303). tBID then stimulates MOMP, cytochrome c 

release, and formation of the Apaf-1-caspase-9 apoptosome (Fig. 3.9) (142, 

303). Green and colleagues also provide evidence that heat itself induces 

conformational changes in BAX and/or BAK that render them more susceptible 

to activation by exogenously added recombinant tBID (208). However, this does 

not exclude the possibility that another BH3-only protein such as BIM might 

replace tBID.  

Additional reports suggest this canonical pathway may not fully 

account for the cell death induced by heat shock. In some instances, caspase-

2 and BID are not essential for cell death or serve as an amplification loop to 

promote MOMP and caspase activation downstream of the apoptosome (302, 

304). In the current studies, we have discovered that another BH3-only family 

member, BIM, plays a significant role in mediating cell death, independently of 

83



	  

the caspase-2-BID pathway. By assessing the survival of Bim-/-, Bid-/- and   

Bax-/-Bak-/-cells at different exposure levels, we found that loss of BID afforded 

some early protection to “low-dose” heat shock (44°C/1 h), but failed to provide 

short or long-term protection following a “high-dose” exposure. By comparison, 

loss of BIM afforded significant protection at both doses, even exceeding the 

protection observed in Bax-/-Bak-/- cells. Indeed, unlike Bim-/- cells, Bax/Bak-

deficient cells underwent reduced but significant caspase-3 activation, PARP 

cleavage, and cell death, which suggested that heat shock could induce 

apoptosis through BAX/BAK-dependent and independent pathways. How heat 

shock induces BAX/BAK-independent activation of caspase-3, in the absence of 

MOMP, is unclear but is currently under investigation in our laboratory. 

Given that Bim-/- cells were more resistant to heat shock than Bid-/- cells, 

it is tempting to conclude that the BIM pathway is the dominant pathway to 

apoptosis, where the caspase-2-BID pathway represents an amplification loop. 

However, we remain skeptical of this interpretation, given that caspase-2 

associates with RAIDD in cells following heat shock (303) and that adapter 

proteins typically interact only with apical caspases to initiate a caspase 

cascade (328). Thus, in our view, the caspase-2-BID pathway likely represents 

an alternative pathway that is most active at lower temperatures or shorter 

exposures.  

Since active caspase-2 does not require BIM in order to kill cells, the BIM 
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and caspase-2-BID pathways appear to function independently of one another, 

although we cannot formally rule out the possibility that BIM impacts, in some 

way, formation of the RAIDD-caspase-2 complex. Is interesting that in the 

nematode C. elegans, though there is no mitochondrial involvement, there is 

regulation by BCL-2 proteins. In C. elegans, the BCL-2 homolog CED-9 directly 

interferes with oligomerization of the Apaf-1 homolog CED-4 to block activation 

of the caspase CED-3. The BH3-only protein Egl-1 regulates apoptosis by 

displacing CED-9 from CED-4. From an evolutionary standpoint, it is interesting 

to consider that Bim might similarly regulate the activating complex of caspase-

2, which is the most archaic of all human caspases. Such a pathway could 

represent a “vestigial” pathway that could be activated by an ancient stress such 

as heat shock.  

Even though there are discrepancies between the canonical model for 

heat shock-apoptosis and our findings, there are aspects in which we find 

agreement. A role for Bim is consistent with the requirement of BH3-only 

proteins reported by Green and colleagues (2005). According to their study, de-

repression of prosurvival BCL-2 family proteins was the step that, until 

overcome, delayed the onset of BAX/BAK-mediated MOMP. Moreover, this “de-

repression” scenario potentially explains why ABT-737, not being a direct 

activator BH3-mimetic, still sensitizes cells in the absence of Bim (Fig. 3.6C and 

D).  

Mosser and colleagues (2009) proposed a model where NOXA displaces 
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MCL-1 from BIM, to bind Mule (214). This BH3-only and E3-ligase protein 

causes the ubiquitynation and proteasomal degradation of MCL-1. The authors 

argued that the loss of Mcl-1 was the sufficient de-repression to allow MOMP to 

occur, since heat shock had already caused the direct activation of BAX/BAK. 

However, the authors did not pursue the role of BIM, once displaced from MCL-1 

by NOXA. We speculate that heat shock may be promoting the upregulation of 

sensitizer BH3 proteins such as NOXA and BAD, which can antagonize subsets 

of BCL-2 proteins (Fig. 1.3 on chapter 1) to cause an effect similar to the one 

achieved by ABT-737. 

Finally, it is unknown how BIM is activated following heat shock. It is 

worth noting that heat shock disrupts intermediary, actin, and tubulin networks 

(327), and BIM, which associates with the LC8 chain of the dynein motor 

complex, is liberated in response to cytoskeletal damage (145). Moreover, heat 

shock is a strong activator of c-Jun N-terminal kinases (JNKs) (329), and 

BIMEL contains a JNK phosphorylation site at Thr112, which disrupts its 

association with LC8 (156). Therefore, the mechanism by which heat shock 

promotes the activation of BIM is currently under investigation in our laboratory, 

and some of the preliminary findings are presented on chapter 4.	   	  
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Chapter 4. Role of MAPKs in heat-induced apoptosis and 

thermotolerance  

 

4.1     Introduction  

 

 Heat shock is an ancient stress and cells have devised adaptive 

mechanisms to either repair damaged components or to undergo cell death if 

insults are irreparable (280). Heat alters membrane fluidity, disrupts the 

cytoskeleton and causes massive protein denaturation leading to aggregation 

and loss of essential housekeeping functions (288, 289, 315, 330). In response, 

cells mount the heat shock response (HSR), through which a group of conserved 

transcription factors termed heat shock factors (HSFs) upregulate molecular 

chaperones better known as heat shock proteins (HSPs), such as HSP70 and 

HSP90, to care for the proteotoxic damage (314, 331). In healthy cells, HSF1 is 

kept inactive through sequestration in a complex with HSP90 and HSP70. Heat 

and other stresses can cause the accumulation of misfolded / denatured 

proteins, increasing the demand for chaperones and recruiting HSP70/90 away 

from the complex. This, in turn, frees HSF1 to translocate to the nucleus and 

promote the transcriptional upregulation of HSPs (332, 333).  

 Heat shock proteins are the best-studied class of molecular chaperones 

upregulated by proteotoxic stress. The prototypical member of the class is 
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HSP70, which contains a 15-kDa C-terminal peptide-binding domain and an N-

terminal 44kDa ATPase domain. When ATP is hydrolyzed it induces 

conformational changes in HSP70 that allow it to recognize and bind to the 

exposed hydrophobic regions of unfolded proteins and aid them in recovering 

their native conformation, thus preventing protein aggregation and contributing to 

the restoration of normal cellular function (284, 297, 301). 

 Besides the HSR, a specialized group of protein kinases, termed mitogen-

activated-protein-kinases (MAPKs) and stress-activated protein kinases 

(SAPKs), can be activated by the cell in response to inflammatory cytokines, 

growth factors and environmental stressors such as osmotic shock, ER stress, 

DNA damage, reactive oxygen species (ROS), and hyperthermia (334, 335).  

These kinases include the c-Jun-N-terminal kinase (JNK1/2/3), p38 and 

extracellular signal-regulated kinase (ERK) (Fig. 4.1A). Typically, a hierarchical 

signaling cascade activates MAPKs, where the stimulus causes the activation of 

the MAP3K (the upstream most kinase in the cascade), which in turn 

phosphorylates a MAP2K, responsible for the direct phosphorylation and 

activation of the MAPK that will execute the cellular response (Fig.4.1A). 

 The stress-activated protein kinase JNK has been previously implicated in 

causing MOMP by favoring BAX translocation from the cytosol into the 

mitochondrial outer membrane (336, 337) and promoting apoptosis in response 

to several stressful stimuli, including heat shock (338, 339). As previously 
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discussed in chapter 1, JNK can induce apoptosis by transcriptionally 

upregulating Bim in neurons (167, 175) or by phosphorylating BIM (T112, see 

Fig. 4.1D) in response to ER stress and UV, leading to BIM protein stabilization 

and translocation to the mitochondria (145, 157). In contrast, ERK has been 

implicated in pro-survival signaling, where phosphorylation of BIMEL on 

Ser55/65/73 by ERK, under favorable growth conditions, can target it for 

proteasomal degradation (157, 164, 340). Finally, the importance of p38 for BIM 

regulation is less well characterized and has been restricted to a role in 

responding to arsenite and glucocorticoid-induced apoptosis. Studies indicate 

that p38 regulates BIM directly by activating it via phosphorylation on Ser65 and 

also transcriptionally through phosphorylation and activation of the transcription 

factor FOXO3a (168, 341, 342).  

 HSP70 has been shown to prevent apoptosis by inhibiting MOMP (301, 

339, 343-348), and caspase activation via the disruption of apoptosome 

formation and activity (301, 349-353), although the latter has been questioned 

(354). HSP70 can also interfere with pro-apoptotic JNK signaling (301, 329, 355-

360). Previous studies have shown that HSP70 can prevent the activation of pro-

apoptotic JNK in response to heat shock and thereby prevent cell death as a 

novel thermotolerance mechanism of HSP70 (355, 357). Pro-apoptotic JNK 

activation has been linked to permeabilization of mitochondria to initiate the 

intrinsic apoptotic pathway (338, 361), and HSP70 was shown to prevent the 

89



	  

translocation of BAX due to its JNK-inhibitory effects (337).  

 In chapter 3 we reported the identification of the BH3-only protein BIM as 

a critical regulator of heat shock-induced cell death. Since the mechanism by 

which heat shock activates BIM is unclear, we hypothesized that MAPKs might 

regulate the pro-apoptotic activity of BIM in this context. Here we report that heat 

shock-activated ERK, but not JNK, phosphorylates BIM. Since the MEK1/2 

inhibitor UO126 prevents BIM phosphorylation but does not protect cells from 

heat shock, we speculate that BIM phosphorylation is part of a thermoprotective 

stress response.  Interestingly, when studying the impact of MAPK inhibitors on 

heat shock-induced cell death and thermotolerance, we observed that the novel 

JNK inhibitor JIN8 prevents cells from acquiring thermotolerance. In addition, we 

discovered that the MAP3K TAK1 was required for JNK activation, and that cells 

deficient in TAK1 were intrinsically thermotolerant, consistent with a pro-apoptotic 

role for JNK. Interestingly, JNK activation follows a dichotomous pattern of 

transient activation by mild heat shock versus robust and sustained activation 

with exposure to lethal heat shock. Thus, our preliminary findings suggest a dual 

role for JNK in response to heat doses, with an unanticipated function in 

promoting cellular thermoresistance.  
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4.2    Results 

 

4.2.1 Heat shock activates MAPKs and phosphorylates BIM 

Previous studies have demonstrated that heat shock causes the activation 

of ERK, JNK and p38 kinases (335). These kinases have pleiotropic effects, 

performing central roles in signaling cell adaptive responses to stress by affecting 

gene transcription and target protein function. They can act to promote either 

pro-survival responses or promote apoptosis in certain cellular contexts (Fig. 

4.1A).  

We found that a 44°C for 1.5 h treatment caused the phosphorylation and 

activation of p38, ERK and JNKs (Fig. 4.1B), and that BIMEL electrophoretic 

mobility was delayed after heat shock, potentially due to phosphorylation event(s) 

(Fig. 4.1C). There are several previously identified phosphorylation sites in 

BIMEL, with serine 65 being a common site for ERK, JNK and p38 kinases, while 

the threonine 112 that lies within the LC8-binding domain seems exclusive to 

JNK (Fig. 4.1D) (156, 157, 168). Using a commercially available antibody raised 

against the phospho-Ser65 epitope, we confirmed that BIM phosphorylation after 

heat shock occurs on at least this residue (Fig. 4.1E), though it does not exclude 

the possibility that other residues are also phosphorylated.  
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Figure 4.1. Heat shock promotes the activation of ERK, p38 and JNK, and the 
phosphorylation of BIM on Ser65. (A). Scheme of general hierarchic organization of 
MAPK signaling modules (Adapted from Davis, 2000; Kyriakis & Avruch, 2001; Cell 
Signaling Techology, Inc.). 
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Figure 4.1. (Cont.) Heat shock promotes the activation of ERK, p38 and JNK, and 
the phosporylation of BIM on Ser65. (B). MEFs were exposed to 44°C for 1.5 h and 
recovered at 37°C for 1 h  prior to collection for western blot analysis. (C). MEFs were 
treated as in (B) but collected after the indicated time points. (D). Schematic representa-
tion of Bim isoforms generated by alternative splicing with the respective phosphorylation 
sites present in BimEL and BimL (adapted from O’Connor et al., 1998; Puthalakath et al., 
1999; Lei & Davis, 2003; Hubner et  al., 2008). (E). Using a phospho-specific antibody 
raised against the phospho-Ser65 of Bim we confirmed that residue is target of phos-
phorylation after heat shock.
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4.2.2 ERK phosphorylates BIM after heat shock 

 We sought to further identify the heat-activated BIM kinase(s). Since all 3 

MAPKs that were activated by heat can target Ser65, we studied the effect of 

pharmacological inhibitors of their signaling pathways. We found that inhibition of 

MEK1/2 by UO126 disrupted the phosphorylation of BIM (Fig. 4.2A, lane 5). In 

contrast, the JNK inhibitor SP600125 did not prevent BIM phosphorylation (Fig. 

4.2A, lane 6), but in turn it lowered BIM levels. To a lesser extent, inhibition of 

p38 by SB203580 also decreased BIM phosphorylation (Fig. 4.2B, lane 6). It is 

unclear why SB203580 increased the total level of phospho-p38, however it did 

decrease p38 activity as indicated by a decrease on phospho-MAPKAP2 signal 

(Fig. 4.2B, lane 6). When testing the effect of SB203580 and UO126 in heat 

shock-apoptosis, we did not find any significant difference between the treated 

and the control groups (Fig. 4.2C and 4.2D), suggesting that they may not be 

essential for apoptosis at the heat shock dose we tested. Preliminary 

experiments with SP600125 were not interpretable since prolonged incubation 

(24h) with this inhibitor at this dose (50 µM) caused toxicity at 37°C, requiring 

further optimization (data not shown). Since ERK phosphorylation of BIM has 

been linked to its degradation as part of a pro-survival response (157, 163), we 

postulated that, perhaps in the context of heat, phosphorylation is not regulating 

BIM activation, but rather could be part of a cell survival mechanism promoted by 

MAPKs.  
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cytometry after 24 h.
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4.2.3 Pre-conditioning leads to thermotolerance and causes differential 

phosphorylation of JNK compared to lethal heat shock 

 Several studies have previously shown that exposure to a mild heat shock 

makes cells transiently resistant to a subsequent otherwise lethal heat shock. 

This phenomenon is commonly referred to as thermotolerance (284, 285). We 

established a standard operating procedure to make wild type MEFs 

thermotolerant in our laboratory (Fig. 4.3), similar to those reported previously for 

MEFs (362, 363). Pre-conditioning by a mild heat shock involved exposure at 

43°C for 30 minutes (henceforth referred to as “T43”), followed by recovery at 

37°C for 4 h. Cells were then exposed to lethal heat shock (44°C for 1.5 h) (Fig. 

4.3). At 24 h the T43 group displayed significant protection (Fig. 4.3A), which was 

followed up to 72 h (Fig. 4.3B), when cells completely repopulated the wells.  

  Careful observation of the kinetics of stress response activation following 

the two heat shock doses being used in our studies confirm previous reports 

(284, 364) that mild heat shock promptly induces HSP70 expression (Fig. 4.3C), 

whereas this response was inhibited following a lethal dose of heat (Fig. 4.3D). 

Regarding MAPK activation, we observed that T43 causes a transient JNK 

activation during the first 3 hours following the insult (Fig. 4.3C), whereas lethal 

heat shock promotes a sustained JNK activation that starts with the initial heat 

shock and continues through 24 h, when we normally quantify the number of 

apoptotic cells (Fig. 4.3D).  

96



A. B.

C.

Figure 4.3. MEFs become thermotolerant when exposed to mild heat shock prior to 
lethal heat shock. (A-B). Cells where pre-incubated at 43°C for 30 minutes, allowed to 
recover at 37°C for 4 h,  then subjected to a lethal HS (44°C/1.5 h), and analysed for 
apoptosis at 24 h (panel A), and for long-term survival by crystal-violet staining at 72 h 
(panel B). (C-D). Cells were treated with indicated doses of heat and collected at several 
time points for western blot analysis.
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4.2.4 Inhibition of JNK does not impact heat shock-induced apoptosis but 

prevents thermotolerance 

We obtained a novel small-molecule JNK inhibitor, JIN8, as a generous 

gift from Dr. Kelvin Dalby as per collaboration between our research groups 

(319).  Sustained (and not transient) JNK activity has been proposed to 

contribute to cell death (365), therefore, we investigated the effect of JIN8 in heat 

shock-apoptosis. JIN8 can efficiently block the phosphorylation of Ser73 in c-Jun, 

a known substrate of JNK and common read-out of its kinase activity, in 

response to heat shock (Fig. 4.4A, lanes 7-8). JIN-8 also suppressed basal levels 

of phospho-c-Jun (Fig. 4.4A, lanes 3-4); it is interesting to note that the pattern of 

phosphorylation of c-Jun suggests that there is/are additional protein kinase(s) 

that could be targeting this phosphorylation site and which are not being inhibited 

by JIN-8.  

We confirmed the effect of JIN-8 in blocking phosphorylation of another 

residue in c-Jun using a phosphor-specific antibody against Ser63 (data not 

shown). JIN-8 did not prevent BIM phosphorylation (Fig. 4.4A, lanes 5-8), 

confirming the result observed with SP600125 (Fig. 4.2A, lane 6). We found that 

pre-treatment of MEFs with JIN8 did not have any impact in heat shock-induced 

apoptosis (Fig. 4.4B), but surprisingly, JIN8 blocked acquisition of 

thermotolerance (Fig. 4.4C).  Together, these preliminary findings suggest the 

existence of a pro-survival role for JNK following mild heat shock. 
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4.2.5 The MAP3K TAK1 is required to activate JNK in response to heat 

shock 

 While investigating the role of MAPKs in the stress response to heat, we 

sought to identify the upstream MAP3K kinases leading to the activation of JNK 

and other MAPKs. By pre-treating cells with the resorcyclic lactone (5Z)-7-

oxozeaenol (5Z-7-oxo), a specific TAK1 inhibitor, we found that it severely 

impaired the activation of JNK following heat shock (Fig. 4.5A, lane 4). Similar to 

the above-mentioned MAPK inhibitors, 5Z-7-oxo pretreatment did not contribute 

nor prevent heat shock-induced cell death (Fig. 4.5B). Since 5Z-7-oxo prevented 

JNK activation in response to heat shock, and JNK inhibition by JIN8 prevented 

thermotolerance, we are currently investigating whether 5Z-7-oxo can similarly 

block thermotolerance by preventing JNK activation in that scenario.  

 

4.2.6 TAK1-deficient MEFs fail to activate JNK and are protected from heat 

shock 

In addition to investigating the role of TAK1 with the pharmacological 

inhibitor 5Z-7-oxo, we sought to verify the response of tak1-/- MEFs to heat 

shock. When exposed to lethal heat shock, we found that tak1-/- MEFs were 

resistant to apoptosis (Fig. 4.6A). The tak1-/- MEFs at 24 h exhibited decreased 

sustained JNK activation and failed to activate caspase-3 and cleave PARP, 

compared to their wild-type MEFs (Fig. 4.6B, lanes 3 and 7). Analysis of the early 
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Figure 4.5.  The TAK1 inhibitor 5Z-7-oxozeaenol blocks JNK activation following 
lethal heat shock. (A). Cells were pre-incubated for 1 h with the inhibitor prior to expo-
sure to 44°C for 1.5 h, and collected for western blot analysis 1 h after  the heat shock. 
(B). Cells were pre-incubated with the inhibitor prior to lethal HS. Cells were labeled with 
annexin-V-FITC/PI and analysed by flow cytometry. Obs.: results shown are the mean 
of 2 independent experiments. 
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Figure 4.6. TAK1 null MEFs are protected from heat shock-induced apoptosis, and 
have diminished JNK activation following heat shock. (A). TAK1 null MEFs were 
exposed to lethal heat shock, and after 24 h, cells were labeled with annexin-V-FITC/PI 
and analysed by flow cytometry. (B). Cells were exposed to lethal heat shock as in (A), 
with or without pre-incubation at 43°C prior to lethal heat shock, where indicated by T43, 
and collected for western blot analysis 24 h after the heat shock.
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Figure 4.6. (Cont.) TAK1 null MEFs are protected from heat shock-induced apop-
tosis, and have diminished JNK activation following heat shock. (C). TAK1 null 
MEFs  were pre-incubated at 43°C for 30 minutes, and collected for western blot analy-
sis 1 h after  recovery at 37°C. (D). Speculative model of MAPK-mediated pathways for 
apoptosis and thermotolerance after HS. 
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response of tak1-/- MEFs to T43 show that they don’t activate JNK after the pre-

conditioning heat dose while their matching wild type control cells do (Fig. 4.6C). 

Together, our findings implicate TAK1 in the regulation of JNK in response to 

heat shock.  The exact mechanism of how heat shock activates TAK1 to activate 

JNK, as well as the biological consequences of lack of TAK1, or its 

pharmacological inhibition, are currently being investigated in our laboratory.  

 

 

4.3 Discussion 

 

In order to maintain homeostasis cells resort to the activation of 

evolutionarily conserved stress responses, such as the HSR, when faced with 

stimuli that damage the proteome.  Two major signaling responses, the stress-

activated MAPK pathways and the heat shock response, promote the 

upregulation of important cell survival molecules that safeguard cells when injury 

occurs (284, 332, 335, 358). Heat shock proteins have been extensively studied 

in part due to their roles in cancer and associated to resistance to 

chemotherapeutic agents, radiotherapy and poor prognostics (315). Currently 

there are intense research efforts into the discovery of small-molecule HSF1, 

HSP70 and HSP90 inhibitors for cancer treatment (284, 315, 316, 318). 

Therefore, a better understanding of the basic molecular events regulating the 
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stress response and how it confers a multi-resistance phenotype, such as the 

development of thermotolerance, will be instrumental for the discovery of novel 

therapeutic approaches.  

In this preliminary study we observed important differences in the kinetics 

of signaling events following a mild heat stress versus a lethal heat dose: (A) 

HSP70 induction occurs promptly after mild heat shock but is severely impaired 

after lethal heat; (B) JNK activation is transient with mild heat, but robust and 

sustained with lethal heat. Also, we may have uncovered two potentially novel 

thermotolerance mechanisms: (I) heat-activation of ERK to modulate the pro-

apoptotic BH3-only protein BIM, and (II) transient JNK activation as a pro-survival 

signaling pathway.  

The rapid induction of HSP70 with T43 (Fig. 4.3D) occurs presumably due 

to de-sequestration of HSF1 by HSP70/HSP90, as they leave the trimeric 

complexes with HSF1 in order to attend the accumulated pool of denatured 

proteins (284, 331). It is unclear why lethal heat shock delays the upregulation of 

HSP70 induction, and since HSP70 has anti-apoptotic properties, preventing its 

induction could function as a pro-apoptotic mechanism (332).  

BIM phosphorylation can impact cell fate differentially, depending on the 

cellular context (157, 163, 167). In our study we found that BIM is a target of ERK 

phosphorylation after heat shock, but the biological function of the post-

translational modification is still unclear. In response to favorable growth 
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conditions, cells destroy BIM in an ERK-dependent manner to prevent cells from 

dying. Thus, we hypothesize that when facing heat stress cells activate both pro-

survival and apoptotic signaling pathways simultaneously, and it is the balance of 

these pathways that determines cell fate (Fig. 4.6D). In this scenario, BIM 

phosphorylation by ERK may constitute an attempt by the cell to survive while 

repairing the damage caused by the elevated temperature. If true, one would 

predict that Bim phospho-mutants for the ERK target sites would tend to 

accumulate in the cell and could hinder the development of thermotolerance.  Dr. 

Roger Davis has kindly provided us with Bim knockin MEFs where the 3-serine 

residues (S55/65/73) have been substituted for alanine (Bim3SA), and we are 

currently pursuing those experiments.  

Our studies with pharmacological inhibitors of MAPKs showed no 

significant impact on heat shock induced apoptosis (Fig. 4.2 and Fig. 4.4). This 

was somewhat disappointing since we predicted that UO126 could sensitize cells 

to heat shock by promoting accumulation of BIM. However these studies were 

preliminary and additional optimization to evaluate the efficacy of UO126 in 

increasing BIM levels in MEFs may depend on longer pre-incubation with the 

inhibitor (these experiments were done with 3h pre-incubations). Additionally, 

there are other classes of more potent and specific MEK1/2 inhibitors, such as 

AZD6244 or PD0325901 (366), which could also be utilized to verify this 

possibility. Since JNK activation is robust following lethal heat shock, we 
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predicted that treatment with a JNK inhibitor would protect cells from apoptosis. 

We did not observe any significant effect in that context. Thus, we shifted our 

focus to the effect of inhibitors on thermotolerance. To our surprise, we found 

that inhibition of JNK with JIN8 prevented cells from becoming thermotolerant 

(Fig. 4.4C). The fact that a JNK inhibitor could prevent thermotolerance supports 

the notion that JNK activation in response to mild heat is an adaptive, pro-

survival response.  

This finding, though preliminary, is in striking contrast with the literature 

that implicates suppression of JNK signaling as a mechanism to undergo 

thermotolerance (337, 355), in part due to an inhibitory effect of HSP70 on JNK. 

Indeed, JNK activity has been linked to induction of MOMP and apoptosis (336-

338). Thermotolerance prevents caspase-3 activation (Fig. 4.6B, lane 4) and 

relies on HSP70 function (355, 367), which has been proposed to interfere 

directly with core components of the apoptotic pathway (301, 343, 345). 

Therefore, collectively, one would have expected that inhibition of JNK should 

protect cells from lethal heat shock. 

The observation that tak1-/- MEFs have less JNK activation following heat 

shock and were protected from heat shock-induced apoptosis is consistent with a 

pro-apoptotic role for JNK. It is possible that the protection observed in tak1-/- 

MEFs occurred because these cells failed to maintain a sustained JNK activity 

following the stress. Alternatively, TAK1 may signal through a JNK-independent 
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pathway to induce apoptosis. Several studies show a strong correlation of 

sustained JNK activation with apoptosis (365, 368-370). A recent study proposed 

a role for TAK1 in thermotolerance, but the authors did not implicate JNK 

activation in their proposed mechanism (371). Additionally, it is unclear how heat 

shock promotes the activation of TAK1. TAK1 has been implicated in several 

signaling pathways, including pro-survival TNFR1 signaling following TNF-α 

engagement of the receptor, culminating in the activation of MAPKs and NF-κB 

(22, 372-376). However our preliminary studies with tnfr1-/- MEFs failed to 

implicate TNFR1 in heat shock-induced apoptosis (data not shown). Therefore, 

our observations await studies with the reintroduction of wild-type TAK1, as well 

studies on the role of known TAK1 activator/adaptor proteins, to further establish 

a role for this MAP3K in heat stress responses. Additionally, kinetic studies 

comparing TAK1 wild type and null MEFs could be fundamental to understanding 

how TAK1 regulates JNK activation after heat shock. 

It is unclear at the moment how JNK could be driving thermotolerance. We 

are tempted to speculate that an alternative interpretation exists to explain the 

JNK-HSP70 connection. Perhaps JNK controls thermotolerance by affecting the 

function of HSF1? Previous studies have shown that the affinity of HSF1 for the 

complex with HSP70 and HSP90 could be modulated through post-translational 

modifications on HSF1, such as phosphorylation (377-379). However, there is 

extremely scarce and contradictory evidence in the literature implicating a role for 
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JNK in the regulation of HSF1 and the HSR. A study by Dai and coworkers 

mostly based on overexpression approaches, proposes that JNK-mediated 

phosphorylation of HSF1 inhibits its HSP70 inducing function (378). Conversely, 

a study by Park & Liu (2001) reports the exact opposite. Even though the authors 

suggest that JNK can play a role in thermotolerance, their approach is 

questionable since they use the p38 inhibitor SB203580 at incredibly high 

concentrations to inhibit JNK. They show that both JNK and p38 are inhibited 

(100uM), but at this dose they are likely affecting other enzymes in the cell (359, 

380). Therefore, a rigorous investigation of the role of JNK in regulating HSF1-

mediated responses by a panel of carefully titrated inhibitors, aided by studies 

with genetic knockouts / knockdowns in cells, could elucidate a novel role for 

JNK in promoting thermotolerance.  

Needless to say, caution should be used in interpreting results obtained 

with pharmacological kinase inhibitors. Several reports alert to the potential non-

specific or “off-target” effects promoted by widely used inhibitors, such as 

SP600125 or SB203580 (319, 381, 382). Use of “inactive” chemical structural 

analogs can be useful to help with interpretation of results, as well as the 

implementation of complimentary approaches such as use of knockout / knock 

downs by RNAi, as well as overexpression of dominant-negative mutants of the 

MAPKs involved in the signaling pathways. Nevertheless, our preliminary 

findings point to a JNK-mediated pathway for cellular thermotolerance, which if 
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true and universal, could add another layer of complexity into how JNKs and 

HSP70 cooperate to promote cellular resistance to heat stress and potentially 

have clinical significance. Acquisition of thermotolerance has been linked to 

resistance not only to hyperthermia, but also to other modalities of cancer 

treatment such as radiotherapy and chemotherapy (315, 383). We would like to 

further investigate, using xenograft models, the effects of JIN8 on the response 

of tumors to hyperthermia alone or in combination with chemotherapy or 

radiotherapy. It is exciting to imagine that JIN8 might overcome the refractory 

response of cells to radio/chemotherapy treatments.  This novel class of JNK 

inhibitors (319) could serve as a new generation of chemotherapeutic agents, 

quickly escalating to clinical trials in the future for the treatment of solid tumors.  
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Chapter 5. Conclusions  

 

Drastic changes in temperatures, as during hyperthermia or heat shock, 

represents one of the most ancient challenges that organisms had to adapt to in 

order to survive.  As a result, evolutionarily conserved mechanisms exist in order 

to assist cells in repairing the damage to cellular components, mainly the 

proteome, and also protecting the cell against subsequent insults (already 

discussed in detail in chapters 1 and 4). For instance, the heat shock response 

utilizes the transcription factor HSF1 to trigger the upregulation of HSPs such as 

HSP70 and HSP90 (314, 333). These molecular chaperones facilitate “damage 

control” by refolding denatured proteins, thereby preventing aggregation and 

rendering cells thermotolerant (284).  However, when the damage is irreparable, 

the cellular suicide program can be activated to eliminate cells that now pose 

potential harm to the organism (280).  

Apoptosis induction involving the intrinsic pathway is essential for the 

proper elimination of cells damaged by several stressors, such as DNA 

damaging agents, glucocorticoids, ER stress, and acute heat shock (12, 146, 

148, 208, 384-386). Several studies have uncovered an important role for 

caspase-2 and BID in the induction of MOMP and apoptosis following heat shock 

(142, 274, 303).  However, other studies have challenged this model, since they 
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did not find convincing evidence that would definitively implicate the same 

molecular players (302, 304). Additional proteins such as BAX, BAK, JNK, 

HSP70, and MCL-1 have also been implicated in the regulation of MOMP in heat 

shock-induced apoptosis (208, 337, 351, 352, 355, 357, 387, 388). 	  

One of the main discrepancies is the modest level of protection observed 

in cells lacking either caspase-2 or its adaptor protein RAIDD, or the BH3-only 

BID, proposed to be the direct substrate for heat-activated caspase-2 (274, 302-

304). BID requires proteolytic cleavage in order to efficiently engage the intrinsic 

pathway and antagonize the pro-survival family members and/or directly activate 

BAX/BAK (26, 103, 135-140, 267, 389).  Compared to other initiator caspases, 

caspase-2 substrate preference is limited, raising skepticism towards its 

physiological function as an apical protease in a caspase-activating cascade 

(267-272, 302, 304). Since attempts to implicate additional initiator caspases-8, -

9, and -12 were unsuccessful (or conflicting), the heat-activated, z-VAD-

inhibitable apical protease remains elusive (302, 304).  

Our most important finding reported in this study is that heat shock 

requires BIM in order to undergo MOMP, caspase-3 activation and cell death. 

Absence of BIM not only protected cells short term, but allowed repopulation of 

the dishes after 72 h (Fig. 3.1). Moreover, silencing of Bim in Jurkat T leukemia 

cells conferred resistance to the cells, correlating with Bim expression levels (Fig. 

3.2). In contrast, cells lacking Bid showed only partial protection to lower doses of 
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heat shock, which decreased with longer exposure times, and was completely 

lost long-term. We confirmed previous reports that caspase-2 does require BID to 

kill cells, at least in the context of overexpression (Fig. 3.3) (142, 267). Therefore, 

together, our data suggest that BIM plays a dominant role in heat shock-induced 

apoptosis and that BID may be involved in an amplification loop that is critical 

primarily at lower doses. 

In contrast, and to our surprise, Bax-/-Bak-/- MEFs were partially protected 

from heat shock, and despite a complete failure to undergo MOMP (Fig. 3.4). 

Bax-/-Bak-/- MEFs still had significant caspase-3 activation, albeit less than their 

WT counterparts (Fig. 3.4). This finding suggests that heat shock can trigger 

caspase-3 activation independent or upstream of MOMP. In agreement with 

Pagliari (2005), we also find that Bax-/-Bak-/- MEFs are entirely resistant to heat 

shock induced MOMP. However, we find that these MEFs remain somewhat 

sensitive to heat shock-induced death, implying the existence of a Bax/Bak-

independent pathway. Whether this alternative caspase-3 activation mechanism 

relies on BIM is unknown, and based on the literature, unlikely, since BIM is 

thought to act through BAX and BAK (in mitochondria or even in other organelles 

such as lysosomes) (124, 146, 390, 391).  

Nevertheless, it is tempting to speculate that BIM could engage other 

pathways, parallel to the canonical mitochondrial pathway, where BIM might alter 

the permeability of other organelles such as the ER, Golgi or lysosomes (146, 
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391-393). BCL-2 family members can form pores in liposomes that behave like 

channels (discussed in chapter 1) BIM is an intrinsically disordered protein, which 

remains unstructured in the absence of a binding partner, but that undergoes 

several conformational rearrangements upon heterodimerization with pro-survival 

family members (394). Heat per se can cause conformational changes that 

activate BAX and BAK (208). Thus, one could speculate that heat shock may 

convert BIM into an “independent killer”, perhaps by causing conformational 

changes in BIM, directly or via post-translational modifications. These 

tridimensional rearrangements could free BIM from LC8 constraint and allow it to 

mediate pore-formation directly or through interactions with other proteins or 

lipids in the outer membranes of organelles other than mitochondria. 

Mcl-1 deficient cells exhibited enhanced sensitivity to heat shock 

compared to their wild-type counterparts, suggesting that, as previously shown 

by Stankiewicz (2009), MCL-1 is an important player in preventing apoptosis in 

response to heat shock. However, this does not exclude the importance of other 

pro-survival BCL-2 proteins in preventing MOMP when cells are faced with heat 

shock, as suggested by the sensitization observed with ABT-737, a BH3-mimetic 

that imitates the action of the sensitizer BH3-only protein BAD (395-399). 

Interestingly, MCL-1 suppression seemed to cause a more prominent role in 

HeLa cells, suggesting that cell type differences could favor a particular pro-

survival member of the BCL-2 family. ABT-737 has been shown to synergize with 
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MEK and BRAF inhibitors (400, 401). Thus, BH3-mimetics in combination with 

hyperthermia would represent a potential angle to be exploited therapeutically.  

Nevertheless, Bim plays a prominent role in cancer development. Bim is 

downregulated in several tumors through various mechanisms, including 

epigenetic promoter silencing, genetic deletion, enhanced proteasomal 

degradation, and micro-RNA mediated suppression (128, 402-407). Bim is a 

tumor suppressor and is deleted in mantle cell lymphoma and contributes to 

lymphomagenesis (402). Additionally, Bim downregulation in diffuse large B cell 

lymphomas and Burkitt Lymphomas is due to promoter hypermethylation, which 

is associated with poor prognosis and early relapse (128, 405). 

Oncogenic mutations in RAS or BRAF can lead to constitutive MEK1/2-

ERK1/2 signaling (406). These tumors are RAS or BRAF-“addicted” and rely on 

the de-regulated ERK signaling pathway, not only for the increased cell 

proliferation, but also for the decrease in BIM levels (163, 164, 406, 408-413). As 

mentioned in chapter 1, ERK controls BIM turnover, and pharmacological 

inhibitors of components of the ERK signaling pathways are in clinical trials. 

Indeed, the first BRAF inhibitor, vemurafenib, has been approved for clinical use 

(406).  

Importantly, BRAF inhibitors have been shown to restore BIM levels in 

some cell types, contributing to the response to these drugs (366, 406) (412, 

414). Even though we did not observe an increase in cell death in MEFs upon 
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pre-treatment with UO126 (Fig 4.2), it is likely that cells that are “addicted” to the 

ERK pathway will be more responsive to such inhibitors. Additionally, UO126 is a 

first generation pan-MEK inhibitor, which also inhibits MEK5, and thus could lead 

to non-specific effects. It is also less potent than newer generation inhibitors, 

such as AZD6244 or PD0325901 (366). Inhibitors targeting the mutant BRAF600E 

could also be promising as they are known to synergize with growth factor 

deprivation to induce Bim expression levels (366). Therefore, it will be interesting 

to investigate if inhibitors that modulate ERK signaling pathways can increase 

BIM levels and synergize with hyperthermia in eliminating melanoma and 

colorectal cancer cells in xenograft mouse models, with hopes of being translated 

to the clinic. 

Similarly, other agents that could lead to BIM upregulation would be worth 

investigating as potential candidates for combination therapies. The ER stressor 

thapsigargin was shown to induce Bim expression in several cell types (146). 

Additionally, proteasomal inhibitors are an attractive and relatively new 

generation of chemotherapeutics with tumor-selective properties (415, 416). 

Bortezomib  (also known as Velcade or PS-341) is a reversible inhibitor or the 

20S catalytic core of the proteasome, and as the first-in-class proteasomal 

inhibitor, has been approved by the FDA to treat multiple myeloma (417, 418). 

This proteasome inhibitor causes BIM to accumulate in H-RAS-expressing 

tumors and sensitizes them to taxanes, such as paclitaxel (203). Even though 
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this could explain the synergy observed in some cases between Bortezomib and 

paclitaxel, only minor enhancement was seen in a phase II trial for Bortezomib 

alone or combined with docetaxel.  

Additionally, BIM has been implicated in anoikis, and resistance to anoikis 

is an important step in establishing metastases, where cancer cells must be 

capable of surviving once detached from their substrate (419-424).  One of the 

cellular components most affected by heat shock is the cytoskeleton. In cell 

culture the effect of heat shock is visible soon after the exposure, as many cells 

round up and detach from the dish. BIM is known to stay in intimate association 

with the microtubule network in many healthy cells (145). Therefore, one could 

speculate that drugs such as proteasomal inhibitors, which sensitize cells to 

cytoskeletal disruptors, would be good candidates for combination therapy with 

heat shock. 

Finally, genetic screening of tumors has already been used to predict the 

responsiveness of tumor subtypes to a particular chemotherapy regimen (425-

429). For example, the ratio of MCL-1 or BCL-2 to BAX is a relatively accurate 

prognostic indicator for response of CLL patients to chemotherapy (430-432), 

and expression of estrogen receptor in breast cancers predicts their 

responsiveness to hormone therapy (433-436). Therefore, knowledge of the 

expression levels of molecules implicated in heat shock-induced apoptosis could 

help forecast the responsiveness of a tumor to hyperthermia. We predict that 
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high BIM to MCL-1/BCL-2/BCL-xL ratios should increased sensitivity to 

hyperthermia, and chemotherapy agents that can increase Bim expression levels 

and/or decrease the levels of pro-survival BCL-2 proteins should synergize with 

heat shock. 

In chapter 4, we sought to study the mechanism by which heat shock 

activates BIM. Although we found that BIM is phosphorylated early by ERK, this 

post-translational modification is most likely activated as part of an attempt by the 

cells to survive the insult. Thus, currently we don’t know how heat shock 

activates BIM to promote MOMP and cell death. However, while studying the role 

of MAPKs previously implicated in BIM regulation, we found preliminary data 

showing that TAK1 is the MAP3K involved in the activation of JNK following heat 

shock. Depending upon the intensity of heat shock, JNK activation displayed two 

profiles: JNK was transiently activated following mild-heat shock, whereas robust 

and sustained JNK activity was observed following lethal heat shock. Several 

reports correlate the transient activation of JNK with pro-survival responses by 

cells, while the later sustained activation seems to signify the engagement of a 

pro-apoptotic response (365, 368-370, 437-445).  

Our preliminary findings, in agreement with previous literature, could 

suggest that transient versus sustained JNK can have quite distinct biological 

consequences. Indeed, we found that JNK inhibition in the context of a mild heat 

shock could prevent the acquisition of thermotolerance. Understanding how 
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thermotolerance occurs and how MAPKs regulate the HSR could be helpful in 

overcoming resistance to other types of treatments that have a common 

underlying mechanism of resistance.  

Alternatively, BIM sequestration to microtubules is thought to isolate it 

from mitochondria, until pro-apoptotic JNK signaling promotes its dissociation 

from LC8 (145, 156, 157). We found that BIM is phosphorylated immediately 

after heat shock by ERK; however, we found no evidence for JNK-dependent 

phosphorylation of BIM. JNK may phosphorylate BIM at later time points, more 

proximal to the onset of MOMP. Thus, while the initial phosphorylation events are 

ERK-mediated and most likely induce BIM turnover, likely as a pro-survival 

mechanism, it is possible that sustained JNK signaling leads to a second wave of 

BIM phosphorylation that could be associated with its dissociation from LC8, 

translocation to mitochondria, MOMP and cell death.  

For reasons that remain unknown, cancer cells are preferentially more 

susceptible to heat shock than most healthy tissues. Oncogenic stress may 

prime tumor cells to heat shock through upregulation of BCL-2 family members, 

or heat shock and the tumor milieu, may confer conformational changes that 

bypasses canonical activation steps induced in response to other stresses, as 

seen with BAX and BAK (208). The anti-tumor effect of heat was first observed 

when infection-induced fevers were found to correlate with tumor shrinkage in 

some cancer patients (280-284). Although it is clear that excessive heat (e.g. due 
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to high fever, malignant hyperthermia, or whole body hyperthermia) can have 

deleterious effects to organisms (446, 447), the idea that fever or heat could be 

beneficial to cancer patients has been resurrected in the last 25 years (284, 285, 

298, 299). Current technological advances are improving the delivery means, 

making heat shock available as a fairly non-invasive therapy, which may be 

useful in shrinking otherwise inoperable tumors (448-451). The revived interest in 

the clinical applications of heat shock makes this a fervent area of investigation, 

with the promise of improving already existing therapies, and/or creating new 

approaches to treat cancer (280, 284-287).   

In summary, our finding that BIM is required for heat shock-induced 

apoptosis is relevant, since it has improved our understanding of heat shock-

induced apoptosis and uncovered the existence of an alternative pathway to 

death. This aspect could be exploited for the rational design of therapies that 

make use of drug combinations that upregulate BIM levels and sensitize cells to 

hyperthermia, with the aim of improving therapeutic outcomes in the clinic. 

Further insight into the mechanism(s) by which heat shock activates BIM could 

prove instrumental in achieving this goal. 

The discoveries that have culminated in significant advances in biomedical 

and pharmaceutical sciences, in particular in the last century, have had a 

profound impact in increasing human life expectancy and in improving quality of 

life (452). The importance of translational research is unquestionable. However, it 
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is impossible to make significant progress in translational research without 

thoroughly designed, and carefully executed basic research. Therefore, to 

conclude this study, I’d like to quote one of my favorite insights from Marie Curie:  

 

“We must not forget that when radium was 

discovered no one knew that it would prove useful in hospitals. The 

work was one of pure science. And this is a proof that scientific 

work must not be considered from the point of view of the direct 

usefulness of it. It must be done for itself, for the beauty of science, 

and then there is always the chance that a scientific discovery may 

become like the radium a benefit for humanity.”  (Marie Curie, 

Lecture at Vassar College, May 14, 1921) 
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Appendix. Comparison of various selected relevant studies on heat shock-induced apoptosis. 

Study   Main findings Experimental details 
Mosser et 
al., 2000 

Heat shock caused MOMP to 
activate caspase-3; HSP70 
overexpression protected from 
MOMP, caspase-3 activation and 
cell death. 

PEER human acute lymphoblastic leukemia cells 
(1x106 cells/mL) were heat shocked at 43°C for 1 h 
in a circulating water bath, in media containing 20 
mM HEPES, pH 7.4; after heat shock, cell 
suspensions were diluted to 0.5x106 cells/mL with 
fresh medium at 37°C; 9 h after the heat shock, cell 
death was measured by Annexin V staining.  

Pagliari et 
al., 2005 

Heat shock directly activated 
BAX/BAK; Bax/Bak DKO MEFs 
were protected from heat shock-
induced MOMP and cell death; 
BCL-xL prevented the onset of 
MOMP and cell death. 

Liposomes and purified mitochondria were heated 
in a thermocycler at 43°C for various periods of 
time; MEFs and Jurkat T cells had their media 
exchanged for pre-heated media at 43°C and were 
incubated for 1 h at 43°C in a water bath; when 
returned to 37°C the media was not exchanged.  

Tu et al., 
2005 

Heat shock-activated caspase-2 
was identified as the apical caspase 
in a biotinylated caspase inhibitor 
(bio-VAD-fmk) pull-down; caspase-
2-/- and raidd-/- MEFs showed partial 
protection to HS.  

Jurkat T cells, caspase-2-/- and raidd-/- MEFs were 
maintained in 7% CO2 humidified incubator in 
DMEM with antibiotics and 10% FBS; splenocytes 
were obtained freshly from animals and activated 
with TPA and ionomycin prior to heat shock (43°C 
for 1 h). 

Stankiewicz 
et al., 2005 

HSP70 blocked JNK pro-apoptotic 
signaling and BAX translocation to 
mitochondria in response to heat 
shock. 

PEER human acute lymphoblastic leukemia cells 
(1x106 cells/mL) were heat shocked at 43°C for 1 h 
in a circulating water bath; cell death was evaluated 
at 6 h after the heat shock. 

Bonzon et 
al., 2006 

Bid deficiency protected cells from 
HS and from active caspase-2; 
caspase-2-induced MOMP required 
BID cleavage by caspase-2. 

Study utilized a cell-free system based on Xenopus 
laevis egg-purified mitochondria, as well as 
transformed bid-/- MEFs (44°C for 1 h), grown in 
IMDM supplemented with β-mercaptoethanol; no 
further details on the heat shock conditions. 

Milleron & 
Bratton, 
2006 

Heat shock activated an unknown 
apical protease; MEFs deficient in 
caspase-1, -2, -9, and -12, and 
Jurkat T cells deficient in caspase-8 
and/or depleted of caspase-2, were 
not protected from HS-induced 
caspase-3 activation and cell death; 
BCL-2 overexpression protected 
Jurkat T cells from HS-induced 
MOMP, caspase-3 activation and 
cell death. 

Jurkat T cells and various transformed knockout 
MEFs as well as caspase-2-/- primary MEFs were 
heat shocked at 44°C and 45°C for 1-2 h in a 
humidified incubator (5% CO2); cell death analysis 
was measured at 4h, 8h and 24 h after the heat 
shock by Annexin V-FITC/PI staining; MOMP was 
evaluated by cyt. c release and loss of TMRE 
staining by flow cytometry; caspase activity was 
evaluated by western blot analysis and DEVDase 
activity. 

Stankiewicz 
et al., 2009 

Heat shock-mediated MCL-1 
degradation led to MOMP; HSP70 
can prevent MCL-1 degradation. 

PEER human acute lymphoblastic leukemia cells 
were treated in log-phase at 43°C for 1 h, in a circu-
lating water bath. 

Bouchier-
Hayes et 
al., 2009 

Caspase-2 was activated by 
induced proximity in response to 
heat shock; FKBP-caspase-2 
fusion-induced cell death was 
prevented by BCL-xL 
overexpression (in HeLa); HSF1 
deficiency sensitized cells to heat 
shock. 

MEFs were maintained with DMEM supplemented 
with sodium pyruvate and β-mercaptoethanol. 
Various HS conditions: HeLa cells  (45°C for 1 h); 
raidd-/- MEFs (44°C for 1 h); hsf1-/- MEFs (42°C or 
43°C/1 h). Media was replaced with pre-heated 
media prior to transfer to heat shock incubator; 
when returned to 37°C the media was not 
exchanged. 

Shelton et 
al., 2010 

Apaf-1 deficiency protected from 
HS; loss of raidd, bid, caspase-8, 
and -2 did not protect cells from HS; 
BCL-2 and BCL-xL overexpression 
protected Jurkat T cells from HS-
induced cell death. 

Jurkat T cells were incubated at 44°C for 1 h in a 
humidified incubator (5% CO2); cell death was 
analyzed at 6 h after heat shock; caspase 
proteolytic processing was evaluated by western 
blot analysis; MOMP was evaluated by cyt. c 
release and ∆ψm by flow cytometry with DilC1(5). 

Obs.: MEFs = mouse embryonic fibroblasts; TPA = tetradecanoylphorbol acetate. 

122



	  

References  

1. Alberts B. Molecular biology of the cell. 4th ed. New York: Garland Science; 2002. xxxiv, 
1548 p. p. 
2. Wolf BB, Green DR. Suicidal tendencies: apoptotic cell death by caspase family 
proteinases. J Biol Chem. 1999;274(29):20049-52. Epub 1999/07/10. PubMed PMID: 10400609. 
3. Thornberry NA. The caspase family of cysteine proteases. Br Med Bull. 1997;53(3):478-
90. Epub 1997/01/01. PubMed PMID: 9374032. 
4. Thornberry NA. Caspases: key mediators of apoptosis. Chem Biol. 1998;5(5):R97-103. 
Epub 1998/05/14. PubMed PMID: 9578633. 
5. Thornberry NA, Lazebnik Y. Caspases: enemies within. Science. 1998;281(5381):1312-
6. Epub 1998/08/28. PubMed PMID: 9721091. 
6. Degterev A, Yuan J. Expansion and evolution of cell death programmes. Nat Rev Mol 
Cell Biol. 2008;9(5):378-90. Epub 2008/04/17. doi: 10.1038/nrm2393. PubMed PMID: 18414491. 
7. Tait SW, Green DR. Mitochondria and cell death: outer membrane permeabilization and 
beyond. Nat Rev Mol Cell Biol. 2010;11(9):621-32. Epub 2010/08/05. doi: 10.1038/nrm2952. 
PubMed PMID: 20683470. 
8. Horvitz HR. Nobel lecture. Worms, life and death. Biosci Rep. 2003;23(5-6):239-303. 
Epub 2004/04/13. PubMed PMID: 15074544. 
9. Green DR, Evan GI. A matter of life and death. Cancer cell. 2002;1(1):19-30. Epub 
2002/06/28. PubMed PMID: 12086884. 
10. Twomey C, McCarthy JV. Pathways of apoptosis and importance in development. J Cell 
Mol Med. 2005;9(2):345-59. Epub 2005/06/21. PubMed PMID: 15963254. 
11. Chipuk JE, Moldoveanu T, Llambi F, Parsons MJ, Green DR. The BCL-2 family reunion. 
Mol Cell. 2010;37(3):299-310. Epub 2010/02/18. doi: 10.1016/j.molcel.2010.01.025. PubMed 
PMID: 20159550; PubMed Central PMCID: PMC3222298. 
12. Youle RJ, Strasser A. The BCL-2 protein family: opposing activities that mediate cell 
death. Nat Rev Mol Cell Biol. 2008;9(1):47-59. Epub 2007/12/22. doi: 10.1038/nrm2308. PubMed 
PMID: 18097445. 
13. Arnoult D, Gaume B, Karbowski M, Sharpe JC, Cecconi F, Youle RJ. Mitochondrial 
release of AIF and EndoG requires caspase activation downstream of Bax/Bak-mediated 
permeabilization. Embo J. 2003;22(17):4385-99. Epub 2003/08/28. doi: 10.1093/emboj/cdg423. 
PubMed PMID: 12941691; PubMed Central PMCID: PMC202365. 
14. Cande C, Cecconi F, Dessen P, Kroemer G. Apoptosis-inducing factor (AIF): key to the 
conserved caspase-independent pathways of cell death? Journal of cell science. 2002;115(Pt 
24):4727-34. Epub 2002/11/15. PubMed PMID: 12432061. 
15. Holler N, Zaru R, Micheau O, Thome M, Attinger A, Valitutti S, Bodmer JL, Schneider P, 
Seed B, Tschopp J. Fas triggers an alternative, caspase-8-independent cell death pathway using 
the kinase RIP as effector molecule. Nat Immunol. 2000;1(6):489-95. Epub 2001/03/23. doi: 
10.1038/82732. PubMed PMID: 11101870. 
16. Bratton SB, Salvesen GS. Regulation of the Apaf-1-caspase-9 apoptosome. J Cell Sci. 
2010;123(Pt 19):3209-14. Epub 2010/09/17. doi: 10.1242/jcs.073643. PubMed PMID: 20844150; 
PubMed Central PMCID: PMC2939798. 
17. Bratton SB, Walker G, Srinivasula SM, Sun XM, Butterworth M, Alnemri ES, Cohen GM. 
Recruitment, activation and retention of caspases-9 and -3 by Apaf-1 apoptosome and 
associated XIAP complexes. Embo J. 2001;20(5):998-1009. Epub 2001/03/07. doi: 
10.1093/emboj/20.5.998. PubMed PMID: 11230124; PubMed Central PMCID: PMC145489. 
18. Liu X, Kim CN, Yang J, Jemmerson R, Wang X. Induction of apoptotic program in cell-
free extracts: requirement for dATP and cytochrome c. Cell. 1996;86(1):147-57. Epub 
1996/07/12. PubMed PMID: 8689682. 

123



	  

19. Bratton SB, Lewis J, Butterworth M, Duckett CS, Cohen GM. XIAP inhibition of caspase-3 
preserves its association with the Apaf-1 apoptosome and prevents CD95- and Bax-induced 
apoptosis. Cell Death Differ. 2002;9(9):881-92. Epub 2002/08/16. doi: 10.1038/sj.cdd.4401069. 
PubMed PMID: 12181739. 
20. Bratton SB, Cohen GM. Death receptors leave a caspase footprint that Smacs of XIAP. 
Cell Death Differ. 2003;10(1):4-6. Epub 2003/03/26. doi: 10.1038/sj.cdd.4401176. PubMed PMID: 
12655287. 
21. Ashkenazi A. Directing cancer cells to self-destruct with pro-apoptotic receptor agonists. 
Nat Rev Drug Discov. 2008;7(12):1001-12. Epub 2008/11/08. doi: 10.1038/nrd2637. PubMed 
PMID: 18989337. 
22. Walczak H. Death receptor-ligand systems in cancer, cell death, and inflammation. Cold 
Spring Harb Perspect Biol. 2013;5(5):a008698. Epub 2013/05/03. doi: 
10.1101/cshperspect.a008698. PubMed PMID: 23637280. 
23. Carrington PE, Sandu C, Wei Y, Hill JM, Morisawa G, Huang T, Gavathiotis E, Werner 
MH. The structure of FADD and its mode of interaction with procaspase-8. Mol Cell. 
2006;22(5):599-610. Epub 2006/06/10. doi: 10.1016/j.molcel.2006.04.018. PubMed PMID: 
16762833. 
24. Chinnaiyan AM, O'Rourke K, Tewari M, Dixit VM. FADD, a novel death domain-
containing protein, interacts with the death domain of Fas and initiates apoptosis. Cell. 
1995;81(4):505-12. Epub 1995/05/19. PubMed PMID: 7538907. 
25. Korsmeyer SJ, Wei MC, Saito M, Weiler S, Oh KJ, Schlesinger PH. Pro-apoptotic 
cascade activates BID, which oligomerizes BAK or BAX into pores that result in the release of 
cytochrome c. Cell Death Differ. 2000;7(12):1166-73. Epub 2001/02/15. doi: 
10.1038/sj.cdd.4400783. PubMed PMID: 11175253. 
26. Luo X, Budihardjo I, Zou H, Slaughter C, Wang X. Bid, a Bcl2 interacting protein, 
mediates cytochrome c release from mitochondria in response to activation of cell surface death 
receptors. Cell. 1998;94(4):481-90. Epub 1998/09/04. PubMed PMID: 9727491. 
27. Wei MC, Lindsten T, Mootha VK, Weiler S, Gross A, Ashiya M, Thompson CB, 
Korsmeyer SJ. tBID, a membrane-targeted death ligand, oligomerizes BAK to release 
cytochrome c. Genes Dev. 2000;14(16):2060-71. Epub 2000/08/19. PubMed PMID: 10950869; 
PubMed Central PMCID: PMC316859. 
28. 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. 
PubMed PMID: 4561027; PubMed Central PMCID: PMC2008650. 
29. Kerr JF. History of the events leading to the formulation of the apoptosis concept. 
Toxicology. 2002;181-182:471-4. Epub 2002/12/31. PubMed PMID: 12505355. 
30. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 
2011;144(5):646-74. Epub 2011/03/08. doi: 10.1016/j.cell.2011.02.013. PubMed PMID: 
21376230. 
31. Cotter TG. Apoptosis and cancer: the genesis of a research field. Nat Rev Cancer. 
2009;9(7):501-7. Epub 2009/06/25. doi: 10.1038/nrc2663. PubMed PMID: 19550425. 
32. Wyllie AH. Glucocorticoid-induced thymocyte apoptosis is associated with endogenous 
endonuclease activation. Nature. 1980;284(5756):555-6. Epub 1980/04/10. PubMed PMID: 
6245367. 
33. Wyllie AH, Kerr JF, Currie AR. Cell death: the significance of apoptosis. Int Rev Cytol. 
1980;68:251-306. Epub 1980/01/01. PubMed PMID: 7014501. 
34. Nicholson DW, Ali A, Thornberry NA, Vaillancourt JP, Ding CK, Gallant M, Gareau Y, 
Griffin PR, Labelle M, Lazebnik YA, et al. Identification and inhibition of the ICE/CED-3 protease 
necessary for mammalian apoptosis. Nature. 1995;376(6535):37-43. Epub 1995/07/06. doi: 
10.1038/376037a0. PubMed PMID: 7596430. 
35. Liu X, Kim CN, Pohl J, Wang X. Purification and characterization of an interleukin-1beta-

124



	  

converting enzyme family protease that activates cysteine protease P32 (CPP32). J Biol Chem. 
1996;271(23):13371-6. Epub 1996/06/07. PubMed PMID: 8662833. 
36. Cerretti DP, Kozlosky CJ, Mosley B, Nelson N, Van Ness K, Greenstreet TA, March CJ, 
Kronheim SR, Druck T, Cannizzaro LA, et al. Molecular cloning of the interleukin-1 beta 
converting enzyme. Science. 1992;256(5053):97-100. Epub 1992/04/03. PubMed PMID: 
1373520. 
37. Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thornberry NA, Wong WW, Yuan 
J. Human ICE/CED-3 protease nomenclature. Cell. 1996;87(2):171. Epub 1996/10/18. PubMed 
PMID: 8861900. 
38. Cleary ML, Smith SD, Sklar J. Cloning and structural analysis of cDNAs for bcl-2 and a 
hybrid bcl-2/immunoglobulin transcript resulting from the t(14;18) translocation. Cell. 
1986;47(1):19-28. Epub 1986/10/10. PubMed PMID: 2875799. 
39. Bakhshi A, Jensen JP, Goldman P, Wright JJ, McBride OW, Epstein AL, Korsmeyer SJ. 
Cloning the chromosomal breakpoint of t(14;18) human lymphomas: clustering around JH on 
chromosome 14 and near a transcriptional unit on 18. Cell. 1985;41(3):899-906. Epub 
1985/07/01. PubMed PMID: 3924412. 
40. Tsujimoto Y, Croce CM. Analysis of the structure, transcripts, and protein products of bcl-
2, the gene involved in human follicular lymphoma. Proceedings of the National Academy of 
Sciences of the United States of America. 1986;83(14):5214-8. Epub 1986/07/01. PubMed PMID: 
3523487; PubMed Central PMCID: PMC323921. 
41. Tsujimoto Y, Finger LR, Yunis J, Nowell PC, Croce CM. Cloning of the chromosome 
breakpoint of neoplastic B cells with the t(14;18) chromosome translocation. Science. 
1984;226(4678):1097-9. Epub 1984/11/30. PubMed PMID: 6093263. 
42. Tsujimoto Y, Yunis J, Onorato-Showe L, Erikson J, Nowell PC, Croce CM. Molecular 
cloning of the chromosomal breakpoint of B-cell lymphomas and leukemias with the t(11;14) 
chromosome translocation. Science. 1984;224(4656):1403-6. Epub 1984/06/29. PubMed PMID: 
6610211. 
43. Tsujimoto Y. Stress-resistance conferred by high level of bcl-2 alpha protein in human B 
lymphoblastoid cell. Oncogene. 1989;4(11):1331-6. Epub 1989/11/01. PubMed PMID: 2554236. 
44. Reed JC, Cuddy M, Slabiak T, Croce CM, Nowell PC. Oncogenic potential of bcl-2 
demonstrated by gene transfer. Nature. 1988;336(6196):259-61. Epub 1988/11/17. doi: 
10.1038/336259a0. PubMed PMID: 2848196. 
45. McDonnell TJ, Korsmeyer SJ. Progression from lymphoid hyperplasia to high-grade 
malignant lymphoma in mice transgenic for the t(14; 18). Nature. 1991;349(6306):254-6. Epub 
1991/01/17. doi: 10.1038/349254a0. PubMed PMID: 1987477. 
46. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng TI, Jones DP, Wang X. 
Prevention of apoptosis by Bcl-2: release of cytochrome c from mitochondria blocked. Science. 
1997;275(5303):1129-32. Epub 1997/02/21. PubMed PMID: 9027314. 
47. Vaux DL, Cory S, Adams JM. Bcl-2 gene promotes haemopoietic cell survival and 
cooperates with c-myc to immortalize pre-B cells. Nature. 1988;335(6189):440-2. Epub 
1988/09/29. doi: 10.1038/335440a0. PubMed PMID: 3262202. 
48. Reed JC, Stein C, Subasinghe C, Haldar S, Croce CM, Yum S, Cohen J. Antisense-
mediated inhibition of BCL2 protooncogene expression and leukemic cell growth and survival: 
comparisons of phosphodiester and phosphorothioate oligodeoxynucleotides. Cancer Res. 
1990;50(20):6565-70. Epub 1990/10/15. PubMed PMID: 2208117. 
49. Nunez G, London L, Hockenbery D, Alexander M, McKearn JP, Korsmeyer SJ. 
Deregulated Bcl-2 gene expression selectively prolongs survival of growth factor-deprived 
hemopoietic cell lines. Journal of immunology. 1990;144(9):3602-10. Epub 1990/05/01. PubMed 
PMID: 2184193. 
50. Hockenbery D, Nunez G, Milliman C, Schreiber RD, Korsmeyer SJ. Bcl-2 is an inner 
mitochondrial membrane protein that blocks programmed cell death. Nature. 

125



	  

1990;348(6299):334-6. Epub 1990/11/22. doi: 10.1038/348334a0. PubMed PMID: 2250705. 
51. Greenlund LJ, Korsmeyer SJ, Johnson EM, Jr. Role of BCL-2 in the survival and function 
of developing and mature sympathetic neurons. Neuron. 1995;15(3):649-61. Epub 1995/09/01. 
PubMed PMID: 7546744. 
52. Hueber AO, Zornig M, Lyon D, Suda T, Nagata S, Evan GI. Requirement for the CD95 
receptor-ligand pathway in c-Myc-induced apoptosis. Science. 1997;278(5341):1305-9. Epub 
1997/11/21. PubMed PMID: 9360929. 
53. Strasser A, Harris AW, Bath ML, Cory S. Novel primitive lymphoid tumours induced in 
transgenic mice by cooperation between myc and bcl-2. Nature. 1990;348(6299):331-3. Epub 
1990/11/22. doi: 10.1038/348331a0. PubMed PMID: 2250704. 
54. Wei MC, Zong WX, Cheng EH, Lindsten T, Panoutsakopoulou V, Ross AJ, Roth KA, 
MacGregor GR, Thompson CB, Korsmeyer SJ. 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: PMC3049805. 
55. Yoshida H, Sakagami H, Yamanaka Y, Amano Y, Yamaguchi M, Yamamura M, Fukuchi 
K, Gomi K, Ohata H, Momose K, Takeda M. Induction of DNA fragmentation by nicotine in human 
myelogenous leukemic cell lines. Anticancer Res. 1998;18(4A):2507-11. Epub 1998/08/15. 
PubMed PMID: 9703901. 
56. Lindsten T, Ross AJ, King A, Zong WX, Rathmell JC, Shiels HA, Ulrich E, Waymire KG, 
Mahar P, Frauwirth K, Chen Y, Wei M, Eng VM, Adelman DM, Simon MC, Ma A, Golden JA, 
Evan G, Korsmeyer SJ, MacGregor GR, Thompson CB. The combined functions of proapoptotic 
Bcl-2 family members bak and bax are essential for normal development of multiple tissues. Mol 
Cell. 2000;6(6):1389-99. Epub 2001/02/13. PubMed PMID: 11163212; PubMed Central PMCID: 
PMC3057227. 
57. Raffray M, Cohen GM. Apoptosis and necrosis in toxicology: a continuum or distinct 
modes of cell death? Pharmacol Ther. 1997;75(3):153-77. Epub 1998/03/21. PubMed PMID: 
9504137. 
58. Kroemer G, Galluzzi L, Vandenabeele P, Abrams J, Alnemri ES, Baehrecke EH, 
Blagosklonny MV, El-Deiry WS, Golstein P, Green DR, Hengartner M, Knight RA, Kumar S, 
Lipton SA, Malorni W, Nunez G, Peter ME, Tschopp J, Yuan J, Piacentini M, Zhivotovsky B, 
Melino G. Classification of cell death: recommendations of the Nomenclature Committee on Cell 
Death 2009. Cell Death Differ. 2009;16(1):3-11. Epub 2008/10/11. doi: 10.1038/cdd.2008.150. 
PubMed PMID: 18846107; PubMed Central PMCID: PMC2744427. 
59. Degterev A, Hitomi J, Germscheid M, Ch'en IL, Korkina O, Teng X, Abbott D, Cuny GD, 
Yuan C, Wagner G, Hedrick SM, Gerber SA, Lugovskoy A, Yuan J. Identification of RIP1 kinase 
as a specific cellular target of necrostatins. Nat Chem Biol. 2008;4(5):313-21. Epub 2008/04/15. 
doi: 10.1038/nchembio.83. PubMed PMID: 18408713. 
60. Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N, Cuny GD, Mitchison TJ, 
Moskowitz MA, Yuan J. Chemical inhibitor of nonapoptotic cell death with therapeutic potential for 
ischemic brain injury. Nat Chem Biol. 2005;1(2):112-9. Epub 2006/01/13. doi: 
10.1038/nchembio711. PubMed PMID: 16408008. 
61. Riedl SJ, Shi Y. Molecular mechanisms of caspase regulation during apoptosis. Nat Rev 
Mol Cell Biol. 2004;5(11):897-907. Epub 2004/11/03. doi: 10.1038/nrm1496. PubMed PMID: 
15520809. 
62. Parrish AB, Freel CD, Kornbluth S. Cellular mechanisms controlling caspase activation 
and function. Cold Spring Harb Perspect Biol. 2013;5(6). Epub 2013/06/05. doi: 
10.1101/cshperspect.a008672. PubMed PMID: 23732469. 
63. Kumar S, Vaux DL. Apoptosis. A cinderella caspase takes center stage. Science. 
2002;297(5585):1290-1. Epub 2002/08/24. doi: 10.1126/science.1076118. PubMed PMID: 
12193776. 
64. Boatright KM, Renatus M, Scott FL, Sperandio S, Shin H, Pedersen IM, Ricci JE, Edris 

126



	  

WA, Sutherlin DP, Green DR, Salvesen GS. A unified model for apical caspase activation. Mol 
Cell. 2003;11(2):529-41. Epub 2003/03/07. PubMed PMID: 12620239. 
65. Martinon F, Tschopp J. Inflammatory caspases and inflammasomes: master switches of 
inflammation. Cell Death Differ. 2007;14(1):10-22. Epub 2006/09/16. doi: 
10.1038/sj.cdd.4402038. PubMed PMID: 16977329. 
66. Boatright KM, Salvesen GS. Mechanisms of caspase activation. Curr Opin Cell Biol. 
2003;15(6):725-31. Epub 2003/12/04. PubMed PMID: 14644197. 
67. Shi Y. A conserved tetrapeptide motif: potentiating apoptosis through IAP-binding. Cell 
Death Differ. 2002;9(2):93-5. Epub 2002/02/13. doi: 10.1038/sj.cdd.4400957. PubMed PMID: 
11840157. 
68. Cohen GM. Caspases: the executioners of apoptosis. Biochem J. 1997;326 ( Pt 1):1-16. 
Epub 1997/08/15. PubMed PMID: 9337844; PubMed Central PMCID: PMC1218630. 
69. Salvesen GS, Dixit VM. Caspases: intracellular signaling by proteolysis. Cell. 
1997;91(4):443-6. Epub 1997/12/09. PubMed PMID: 9390553. 
70. Earnshaw WC, Martins LM, Kaufmann SH. Mammalian caspases: structure, activation, 
substrates, and functions during apoptosis. Annu Rev Biochem. 1999;68:383-424. Epub 
2000/06/29. doi: 10.1146/annurev.biochem.68.1.383. PubMed PMID: 10872455. 
71. Fesik SW. Insights into programmed cell death through structural biology. Cell. 
2000;103(2):273-82. Epub 2000/11/01. PubMed PMID: 11057900. 
72. Chinnaiyan AM, Dixit VM. The cell-death machine. Current biology : CB. 1996;6(5):555-
62. Epub 1996/05/01. PubMed PMID: 8805273. 
73. Chou JJ, Matsuo H, Duan H, Wagner G. Solution structure of the RAIDD CARD and 
model for CARD/CARD interaction in caspase-2 and caspase-9 recruitment. Cell. 
1998;94(2):171-80. Epub 1998/08/08. PubMed PMID: 9695946. 
74. Shiozaki EN, Chai J, Shi Y. Oligomerization and activation of caspase-9, induced by 
Apaf-1 CARD. Proceedings of the National Academy of Sciences of the United States of America. 
2002;99(7):4197-202. Epub 2002/03/21. doi: 10.1073/pnas.072544399. PubMed PMID: 
11904389; PubMed Central PMCID: PMC123625. 
75. Zhou P, Chou J, Olea RS, Yuan J, Wagner G. Solution structure of Apaf-1 CARD and its 
interaction with caspase-9 CARD: a structural basis for specific adaptor/caspase interaction. 
Proceedings of the National Academy of Sciences of the United States of America. 
1999;96(20):11265-70. Epub 1999/09/29. PubMed PMID: 10500165; PubMed Central PMCID: 
PMC18022. 
76. Tinel A, Tschopp J. The PIDDosome, a protein complex implicated in activation of 
caspase-2 in response to genotoxic stress. Science. 2004;304(5672):843-6. Epub 2004/04/10. 
doi: 10.1126/science.1095432. PubMed PMID: 15073321. 
77. Stennicke HR, Jurgensmeier JM, Shin H, Deveraux Q, Wolf BB, Yang X, Zhou Q, Ellerby 
HM, Ellerby LM, Bredesen D, Green DR, Reed JC, Froelich CJ, Salvesen GS. Pro-caspase-3 is a 
major physiologic target of caspase-8. J Biol Chem. 1998;273(42):27084-90. Epub 1998/10/09. 
PubMed PMID: 9765224. 
78. Stennicke HR, Salvesen GS. Properties of the caspases. Biochim Biophys Acta. 
1998;1387(1-2):17-31. Epub 1998/09/28. PubMed PMID: 9748481. 
79. Chai J, Wu Q, Shiozaki E, Srinivasula SM, Alnemri ES, Shi Y. Crystal structure of a 
procaspase-7 zymogen: mechanisms of activation and substrate binding. Cell. 2001;107(3):399-
407. Epub 2001/11/10. PubMed PMID: 11701129. 
80. Clem RJ, Fechheimer M, Miller LK. Prevention of apoptosis by a baculovirus gene during 
infection of insect cells. Science. 1991;254(5036):1388-90. Epub 1991/11/29. PubMed PMID: 
1962198. 
81. Crook NE, Clem RJ, Miller LK. An apoptosis-inhibiting baculovirus gene with a zinc 
finger-like motif. J Virol. 1993;67(4):2168-74. Epub 1993/04/01. PubMed PMID: 8445726; 
PubMed Central PMCID: PMC240327. 

127



	  

82. Srinivasula SM, Hegde R, Saleh A, Datta P, Shiozaki E, Chai J, Lee RA, Robbins PD, 
Fernandes-Alnemri T, Shi Y, Alnemri ES. A conserved XIAP-interaction motif in caspase-9 and 
Smac/DIABLO regulates caspase activity and apoptosis. Nature. 2001;410(6824):112-6. Epub 
2001/03/10. doi: 10.1038/35065125. PubMed PMID: 11242052. 
83. Shiozaki EN, Chai J, Rigotti DJ, Riedl SJ, Li P, Srinivasula SM, Alnemri ES, Fairman R, 
Shi Y. Mechanism of XIAP-mediated inhibition of caspase-9. Mol Cell. 2003;11(2):519-27. Epub 
2003/03/07. PubMed PMID: 12620238. 
84. Deveraux QL, Takahashi R, Salvesen GS, Reed JC. X-linked IAP is a direct inhibitor of 
cell-death proteases. Nature. 1997;388(6639):300-4. Epub 1997/07/17. doi: 10.1038/40901. 
PubMed PMID: 9230442. 
85. Loetscher H, Pan YC, Lahm HW, Gentz R, Brockhaus M, Tabuchi H, Lesslauer W. 
Molecular cloning and expression of the human 55 kd tumor necrosis factor receptor. Cell. 
1990;61(2):351-9. Epub 1990/04/20. PubMed PMID: 2158862. 
86. Schall TJ, Lewis M, Koller KJ, Lee A, Rice GC, Wong GH, Gatanaga T, Granger GA, 
Lentz R, Raab H, et al. Molecular cloning and expression of a receptor for human tumor necrosis 
factor. Cell. 1990;61(2):361-70. Epub 1990/04/20. PubMed PMID: 2158863. 
87. Screaton GR, Mongkolsapaya J, Xu XN, Cowper AE, McMichael AJ, Bell JI. TRICK2, a 
new alternatively spliced receptor that transduces the cytotoxic signal from TRAIL. Current 
biology : CB. 1997;7(9):693-6. Epub 1997/09/01. PubMed PMID: 9285725. 
88. Sheridan JP, Marsters SA, Pitti RM, Gurney A, Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood WI, Goddard AD, Godowski P, Ashkenazi A. Control of TRAIL-induced 
apoptosis by a family of signaling and decoy receptors. Science. 1997;277(5327):818-21. Epub 
1997/08/08. PubMed PMID: 9242611. 
89. Itoh N, Yonehara S, Ishii A, Yonehara M, Mizushima S, Sameshima M, Hase A, Seto Y, 
Nagata S. The polypeptide encoded by the cDNA for human cell surface antigen Fas can mediate 
apoptosis. Cell. 1991;66(2):233-43. Epub 1991/07/26. PubMed PMID: 1713127. 
90. Pan G, Ni J, Wei YF, Yu G, Gentz R, Dixit VM. An antagonist decoy receptor and a death 
domain-containing receptor for TRAIL. Science. 1997;277(5327):815-8. Epub 1997/08/08. 
PubMed PMID: 9242610. 
91. Pan G, O'Rourke K, Chinnaiyan AM, Gentz R, Ebner R, Ni J, Dixit VM. The receptor for 
the cytotoxic ligand TRAIL. Science. 1997;276(5309):111-3. Epub 1997/04/04. PubMed PMID: 
9082980. 
92. Walczak H, Degli-Esposti MA, Johnson RS, Smolak PJ, Waugh JY, Boiani N, Timour MS, 
Gerhart MJ, Schooley KA, Smith CA, Goodwin RG, Rauch CT. TRAIL-R2: a novel apoptosis-
mediating receptor for TRAIL. Embo J. 1997;16(17):5386-97. Epub 1997/10/06. doi: 
10.1093/emboj/16.17.5386. PubMed PMID: 9311998; PubMed Central PMCID: PMC1170170. 
93. Wu GS, Burns TF, McDonald ER, 3rd, Jiang W, Meng R, Krantz ID, Kao G, Gan DD, 
Zhou JY, Muschel R, Hamilton SR, Spinner NB, Markowitz S, Wu G, el-Deiry WS. KILLER/DR5 is 
a DNA damage-inducible p53-regulated death receptor gene. Nature genetics. 1997;17(2):141-3. 
Epub 1997/11/05. doi: 10.1038/ng1097-141. PubMed PMID: 9326928. 
94. Locksley RM, Killeen N, Lenardo MJ. The TNF and TNF receptor superfamilies: 
integrating mammalian biology. Cell. 2001;104(4):487-501. Epub 2001/03/10. PubMed PMID: 
11239407. 
95. Thome M, Schneider P, Hofmann K, Fickenscher H, Meinl E, Neipel F, Mattmann C, 
Burns K, Bodmer JL, Schroter M, Scaffidi C, Krammer PH, Peter ME, Tschopp J. Viral FLICE-
inhibitory proteins (FLIPs) prevent apoptosis induced by death receptors. Nature. 
1997;386(6624):517-21. Epub 1997/04/03. doi: 10.1038/386517a0. PubMed PMID: 9087414. 
96. Chinnaiyan AM, O'Rourke K, Yu GL, Lyons RH, Garg M, Duan DR, Xing L, Gentz R, Ni J, 
Dixit VM. Signal transduction by DR3, a death domain-containing receptor related to TNFR-1 and 
CD95. Science. 1996;274(5289):990-2. Epub 1996/11/08. PubMed PMID: 8875942. 
97. Irmler M, Thome M, Hahne M, Schneider P, Hofmann K, Steiner V, Bodmer JL, Schroter 

128



	  

M, Burns K, Mattmann C, Rimoldi D, French LE, Tschopp J. Inhibition of death receptor signals 
by cellular FLIP. Nature. 1997;388(6638):190-5. Epub 1997/07/10. doi: 10.1038/40657. PubMed 
PMID: 9217161. 
98. Dillon CP, Oberst A, Weinlich R, Janke LJ, Kang TB, Ben-Moshe T, Mak TW, Wallach D, 
Green DR. Survival function of the FADD-CASPASE-8-cFLIP(L) complex. Cell Rep. 
2012;1(5):401-7. Epub 2012/06/08. doi: 10.1016/j.celrep.2012.03.010. PubMed PMID: 22675671; 
PubMed Central PMCID: PMC3366463. 
99. Kavuri SM, Geserick P, Berg D, Dimitrova DP, Feoktistova M, Siegmund D, Gollnick H, 
Neumann M, Wajant H, Leverkus M. Cellular FLICE-inhibitory protein (cFLIP) isoforms block 
CD95- and TRAIL death receptor-induced gene induction irrespective of processing of caspase-8 
or cFLIP in the death-inducing signaling complex. J Biol Chem. 2011;286(19):16631-46. Epub 
2011/04/02. doi: 10.1074/jbc.M110.148585. PubMed PMID: 21454681; PubMed Central PMCID: 
PMC3089506. 
100. Yeh WC, Itie A, Elia AJ, Ng M, Shu HB, Wakeham A, Mirtsos C, Suzuki N, Bonnard M, 
Goeddel DV, Mak TW. Requirement for Casper (c-FLIP) in regulation of death receptor-induced 
apoptosis and embryonic development. Immunity. 2000;12(6):633-42. Epub 2000/07/14. PubMed 
PMID: 10894163. 
101. Yin XM, Wang K, Gross A, Zhao Y, Zinkel S, Klocke B, Roth KA, Korsmeyer SJ. Bid-
deficient mice are resistant to Fas-induced hepatocellular apoptosis. Nature. 
1999;400(6747):886-91. Epub 1999/09/07. doi: 10.1038/23730. PubMed PMID: 10476969. 
102. Jost PJ, Grabow S, Gray D, McKenzie MD, Nachbur U, Huang DC, Bouillet P, Thomas 
HE, Borner C, Silke J, Strasser A, Kaufmann T. XIAP discriminates between type I and type II 
FAS-induced apoptosis. Nature. 2009;460(7258):1035-9. Epub 2009/07/25. doi: 
10.1038/nature08229. PubMed PMID: 19626005; PubMed Central PMCID: PMC2956120. 
103. Gross A, Yin XM, Wang K, Wei MC, Jockel J, Milliman C, Erdjument-Bromage H, Tempst 
P, Korsmeyer SJ. Caspase cleaved BID targets mitochondria and is required for cytochrome c 
release, while BCL-XL prevents this release but not tumor necrosis factor-R1/Fas death. J Biol 
Chem. 1999;274(2):1156-63. Epub 1999/01/05. PubMed PMID: 9873064. 
104. Knudson CM, Tung KS, Tourtellotte WG, Brown GA, Korsmeyer SJ. Bax-deficient mice 
with lymphoid hyperplasia and male germ cell death. Science. 1995;270(5233):96-9. Epub 
1995/10/06. PubMed PMID: 7569956. 
105. Bouillet P, Zhang LC, Huang DC, Webb GC, Bottema CD, Shore P, Eyre HJ, Sutherland 
GR, Adams JM. Gene structure alternative splicing, and chromosomal localization of pro-
apoptotic Bcl-2 relative Bim. Mammalian genome : official journal of the International Mammalian 
Genome Society. 2001;12(2):163-8. Epub 2001/02/24. PubMed PMID: 11210187. 
106. Leber B, Lin J, Andrews DW. Embedded together: the life and death consequences of 
interaction of the Bcl-2 family with membranes. Apoptosis. 2007;12(5):897-911. Epub 2007/04/25. 
doi: 10.1007/s10495-007-0746-4. PubMed PMID: 17453159; PubMed Central PMCID: 
PMC2868339. 
107. Sattler M, Liang H, Nettesheim D, Meadows RP, Harlan JE, Eberstadt M, Yoon HS, 
Shuker SB, Chang BS, Minn AJ, Thompson CB, Fesik SW. Structure of Bcl-xL-Bak peptide 
complex: recognition between regulators of apoptosis. Science. 1997;275(5302):983-6. Epub 
1997/02/14. PubMed PMID: 9020082. 
108. Petros AM, Nettesheim DG, Wang Y, Olejniczak ET, Meadows RP, Mack J, Swift K, 
Matayoshi ED, Zhang H, Thompson CB, Fesik SW. Rationale for Bcl-xL/Bad peptide complex 
formation from structure, mutagenesis, and biophysical studies. Protein science : a publication of 
the Protein Society. 2000;9(12):2528-34. Epub 2001/02/24. doi: 10.1110/ps.9.12.2528. PubMed 
PMID: 11206074; PubMed Central PMCID: PMC2144516. 
109. Dewson G, Kluck RM. Mechanisms by which Bak and Bax permeabilise mitochondria 
during apoptosis. Journal of cell science. 2009;122(Pt 16):2801-8. Epub 2009/10/02. PubMed 
PMID: 19795525; PubMed Central PMCID: PMC2736138. 

129



	  

110. Cartron PF, Gallenne T, Bougras G, Gautier F, Manero F, Vusio P, Meflah K, Vallette 
FM, Juin P. The first alpha helix of Bax plays a necessary role in its ligand-induced activation by 
the BH3-only proteins Bid and PUMA. Mol Cell. 2004;16(5):807-18. Epub 2004/12/03. doi: 
10.1016/j.molcel.2004.10.028. PubMed PMID: 15574335. 
111. Gavathiotis E, Suzuki M, Davis ML, Pitter K, Bird GH, Katz SG, Tu HC, Kim H, Cheng 
EH, Tjandra N, Walensky LD. BAX activation is initiated at a novel interaction site. Nature. 
2008;455(7216):1076-81. Epub 2008/10/25. doi: 10.1038/nature07396. PubMed PMID: 
18948948; PubMed Central PMCID: PMC2597110. 
112. Westphal D, Dewson G, Czabotar PE, Kluck RM. Molecular biology of Bax and Bak 
activation and action. Biochim Biophys Acta. 2011;1813(4):521-31. Epub 2011/01/05. doi: 
10.1016/j.bbamcr.2010.12.019. PubMed PMID: 21195116. 
113. Strasser A. The role of BH3-only proteins in the immune system. Nature reviews 
Immunology. 2005;5(3):189-200. Epub 2005/02/19. doi: 10.1038/nri1568. PubMed PMID: 
15719025. 
114. Petros AM, Olejniczak ET, Fesik SW. Structural biology of the Bcl-2 family of proteins. 
Biochim Biophys Acta. 2004;1644(2-3):83-94. Epub 2004/03/05. doi: 
10.1016/j.bbamcr.2003.08.012. PubMed PMID: 14996493. 
115. Fletcher JI, Meusburger S, Hawkins CJ, Riglar DT, Lee EF, Fairlie WD, Huang DC, 
Adams JM. Apoptosis is triggered when prosurvival Bcl-2 proteins cannot restrain Bax. 
Proceedings of the National Academy of Sciences of the United States of America. 
2008;105(47):18081-7. Epub 2008/11/05. doi: 10.1073/pnas.0808691105. PubMed PMID: 
18981409; PubMed Central PMCID: PMC2577705. 
116. Chen L, Willis SN, Wei A, Smith BJ, Fletcher JI, Hinds MG, Colman PM, Day CL, Adams 
JM, Huang DC. Differential targeting of prosurvival Bcl-2 proteins by their BH3-only ligands allows 
complementary apoptotic function. Mol Cell. 2005;17(3):393-403. Epub 2005/02/08. doi: 
10.1016/j.molcel.2004.12.030. PubMed PMID: 15694340. 
117. Uren RT, Dewson G, Chen L, Coyne SC, Huang DC, Adams JM, Kluck RM. 
Mitochondrial permeabilization relies on BH3 ligands engaging multiple prosurvival Bcl-2 
relatives, not Bak. J Cell Biol. 2007;177(2):277-87. Epub 2007/04/25. doi: 
10.1083/jcb.200606065. PubMed PMID: 17452531; PubMed Central PMCID: PMC2064136. 
118. Willis SN, Fletcher JI, Kaufmann T, van Delft MF, Chen L, Czabotar PE, Ierino H, Lee EF, 
Fairlie WD, Bouillet P, Strasser A, Kluck RM, Adams JM, Huang DC. Apoptosis initiated when 
BH3 ligands engage multiple Bcl-2 homologs, not Bax or Bak. Science. 2007;315(5813):856-9. 
Epub 2007/02/10. doi: 10.1126/science.1133289. PubMed PMID: 17289999. 
119. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100(1):57-70. Epub 
2000/01/27. PubMed PMID: 10647931. 
120. Certo M, Del Gaizo Moore V, Nishino M, Wei G, Korsmeyer S, Armstrong SA, Letai A. 
Mitochondria primed by death signals determine cellular addiction to antiapoptotic BCL-2 family 
members. Cancer Cell. 2006;9(5):351-65. Epub 2006/05/16. doi: 10.1016/j.ccr.2006.03.027. 
PubMed PMID: 16697956. 
121. Shamas-Din A, Kale J, Leber B, Andrews DW. Mechanisms of action of Bcl-2 family 
proteins. Cold Spring Harb Perspect Biol. 2013;5(4):a008714. Epub 2013/04/03. doi: 
10.1101/cshperspect.a008714. PubMed PMID: 23545417. 
122. Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher JI, Adams JM, Huang DC. 
Proapoptotic Bak is sequestered by Mcl-1 and Bcl-xL, but not Bcl-2, until displaced by BH3-only 
proteins. Genes Dev. 2005;19(11):1294-305. Epub 2005/05/20. doi: 10.1101/gad.1304105. 
PubMed PMID: 15901672; PubMed Central PMCID: PMC1142553. 
123. Llambi F, Moldoveanu T, Tait SW, Bouchier-Hayes L, Temirov J, McCormick LL, Dillon 
CP, Green DR. A unified model of mammalian BCL-2 protein family interactions at the 
mitochondria. Mol Cell. 2011;44(4):517-31. Epub 2011/11/01. doi: 10.1016/j.molcel.2011.10.001. 
PubMed PMID: 22036586; PubMed Central PMCID: PMC3221787. 

130



	  

124. Cheng EH, Wei MC, Weiler S, Flavell RA, Mak TW, Lindsten T, Korsmeyer SJ. BCL-2, 
BCL-X(L) sequester BH3 domain-only molecules preventing BAX- and BAK-mediated 
mitochondrial apoptosis. Molecular cell. 2001;8(3):705-11. Epub 2001/10/05. PubMed PMID: 
11583631. 
125. Huang DC, Strasser A. BH3-Only proteins-essential initiators of apoptotic cell death. Cell. 
2000;103(6):839-42. Epub 2001/01/04. PubMed PMID: 11136969. 
126. LaBelle JL, Katz SG, Bird GH, Gavathiotis E, Stewart ML, Lawrence C, Fisher JK, Godes 
M, Pitter K, Kung AL, Walensky LD. A stapled BIM peptide overcomes apoptotic resistance in 
hematologic cancers. The Journal of clinical investigation. 2012;122(6):2018-31. Epub 
2012/05/25. doi: 10.1172/JCI46231. PubMed PMID: 22622039; PubMed Central PMCID: 
PMC3366394. 
127. Pinon JD, Labi V, Egle A, Villunger A. Bim and Bmf in tissue homeostasis and malignant 
disease. Oncogene. 2008;27 Suppl 1:S41-52. Epub 2009/07/31. doi: 10.1038/onc.2009.42. 
PubMed PMID: 19641506; PubMed Central PMCID: PMC3272400. 
128. Richter-Larrea JA, Robles EF, Fresquet V, Beltran E, Rullan AJ, Agirre X, Calasanz MJ, 
Panizo C, Richter JA, Hernandez JM, Roman-Gomez J, Prosper F, Martinez-Climent JA. 
Reversion of epigenetically mediated BIM silencing overcomes chemoresistance in Burkitt 
lymphoma. Blood. 2010;116(14):2531-42. Epub 2010/06/24. doi: 10.1182/blood-2010-02-268003. 
PubMed PMID: 20570860. 
129. Hardwick JM, Youle RJ. SnapShot: BCL-2 proteins. Cell. 2009;138(2):404,  e1. Epub 
2009/07/28. doi: 10.1016/j.cell.2009.07.003. PubMed PMID: 19632186; PubMed Central PMCID: 
PMC2902885. 
130. Nijhawan D, Fang M, Traer E, Zhong Q, Gao W, Du F, Wang X. Elimination of Mcl-1 is 
required for the initiation of apoptosis following ultraviolet irradiation. Genes Dev. 
2003;17(12):1475-86. Epub 2003/06/05. doi: 10.1101/gad.1093903. PubMed PMID: 12783855; 
PubMed Central PMCID: PMC196078. 
131. Zhong J, Deng J, Phan J, Dlouhy S, Wu H, Yao W, Ye P, D'Ercole AJ, Lee WH. Insulin-
like growth factor-I protects granule neurons from apoptosis and improves ataxia in weaver mice. 
Journal of neuroscience research. 2005;80(4):481-90. Epub 2005/04/23. doi: 10.1002/jnr.20490. 
PubMed PMID: 15846777. 
132. Stewart DP, Koss B, Bathina M, Perciavalle RM, Bisanz K, Opferman JT. Ubiquitin-
independent degradation of antiapoptotic MCL-1. Mol Cell Biol. 2010;30(12):3099-110. Epub 
2010/04/14. doi: 10.1128/MCB.01266-09. PubMed PMID: 20385764; PubMed Central PMCID: 
PMC2876674. 
133. Germain M, Nguyen AP, Le Grand JN, Arbour N, Vanderluit JL, Park DS, Opferman JT, 
Slack RS. MCL-1 is a stress sensor that regulates autophagy in a developmentally regulated 
manner. Embo J. 2011;30(2):395-407. Epub 2010/12/09. doi: 10.1038/emboj.2010.327. PubMed 
PMID: 21139567; PubMed Central PMCID: PMC3025469. 
134. Wang K, Yin XM, Chao DT, Milliman CL, Korsmeyer SJ. BID: a novel BH3 domain-only 
death agonist. Genes Dev. 1996;10(22):2859-69. Epub 1996/11/15. PubMed PMID: 8918887. 
135. Pinkoski MJ, Waterhouse NJ, Heibein JA, Wolf BB, Kuwana T, Goldstein JC, Newmeyer 
DD, Bleackley RC, Green DR. Granzyme B-mediated apoptosis proceeds predominantly through 
a Bcl-2-inhibitable mitochondrial pathway. J Biol Chem. 2001;276(15):12060-7. Epub 2001/03/30. 
doi: 10.1074/jbc.M009038200. PubMed PMID: 11278459. 
136. Madesh M, Antonsson B, Srinivasula SM, Alnemri ES, Hajnoczky G. Rapid kinetics of 
tBid-induced cytochrome c and Smac/DIABLO release and mitochondrial depolarization. J Biol 
Chem. 2002;277(7):5651-9. Epub 2001/12/14. doi: 10.1074/jbc.M108171200. PubMed PMID: 
11741882. 
137. Li H, Zhu H, Xu CJ, Yuan J. Cleavage of BID by caspase 8 mediates the mitochondrial 
damage in the Fas pathway of apoptosis. Cell. 1998;94(4):491-501. Epub 1998/09/04. PubMed 
PMID: 9727492. 

131



	  

138. Deveraux QL, Roy N, Stennicke HR, Van Arsdale T, Zhou Q, Srinivasula SM, Alnemri 
ES, Salvesen GS, Reed JC. IAPs block apoptotic events induced by caspase-8 and cytochrome c 
by direct inhibition of distinct caspases. Embo J. 1998;17(8):2215-23. Epub 1998/05/26. doi: 
10.1093/emboj/17.8.2215. PubMed PMID: 9545235; PubMed Central PMCID: PMC1170566. 
139. Bossy-Wetzel E, Green DR. Caspases induce cytochrome c release from mitochondria 
by activating cytosolic factors. J Biol Chem. 1999;274(25):17484-90. Epub 1999/06/11. PubMed 
PMID: 10364179. 
140. Alimonti JB, Shi L, Baijal PK, Greenberg AH. Granzyme B induces BID-mediated 
cytochrome c release and mitochondrial permeability transition. J Biol Chem. 2001;276(10):6974-
82. Epub 2000/12/15. doi: 10.1074/jbc.M008444200. PubMed PMID: 11114298. 
141. Shelton SN, Shawgo ME, Robertson JD. Cleavage of Bid by executioner caspases 
mediates feed forward amplification of mitochondrial outer membrane permeabilization during 
genotoxic stress-induced apoptosis in Jurkat cells. J Biol Chem. 2009;284(17):11247-55. Epub 
2009/02/24. doi: 10.1074/jbc.M809392200. PubMed PMID: 19233849; PubMed Central PMCID: 
PMC2670129. 
142. Bonzon C, Bouchier-Hayes L, Pagliari LJ, Green DR, Newmeyer DD. Caspase-2-induced 
apoptosis requires bid cleavage: a physiological role for bid in heat shock-induced death. Mol Biol 
Cell. 2006;17(5):2150-7. Epub 2006/02/24. doi: 10.1091/mbc.E05-12-1107. PubMed PMID: 
16495337; PubMed Central PMCID: PMC1446087. 
143. Hsu SY, Lin P, Hsueh AJ. BOD (Bcl-2-related ovarian death gene) is an ovarian BH3 
domain-containing proapoptotic Bcl-2 protein capable of dimerization with diverse antiapoptotic 
Bcl-2 members. Mol Endocrinol. 1998;12(9):1432-40. Epub 1998/09/10. PubMed PMID: 9731710. 
144. O'Connor L, Strasser A, O'Reilly LA, Hausmann G, Adams JM, Cory S, Huang DC. Bim: 
a novel member of the Bcl-2 family that promotes apoptosis. Embo J. 1998;17(2):384-95. Epub 
1998/02/28. doi: 10.1093/emboj/17.2.384. PubMed PMID: 9430630; PubMed Central PMCID: 
PMC1170389. 
145. Puthalakath H, Huang DC, O'Reilly LA, King SM, Strasser A. The proapoptotic activity of 
the Bcl-2 family member Bim is regulated by interaction with the dynein motor complex. Molecular 
cell. 1999;3(3):287-96. Epub 1999/04/13. PubMed PMID: 10198631. 
146. Puthalakath H, O'Reilly LA, Gunn P, Lee L, Kelly PN, Huntington ND, Hughes PD, 
Michalak EM, McKimm-Breschkin J, Motoyama N, Gotoh T, Akira S, Bouillet P, Strasser A. ER 
stress triggers apoptosis by activating BH3-only protein Bim. Cell. 2007;129(7):1337-49. Epub 
2007/07/03. doi: 10.1016/j.cell.2007.04.027. PubMed PMID: 17604722. 
147. Puthalakath H, Villunger A, O'Reilly LA, Beaumont JG, Coultas L, Cheney RE, Huang 
DC, Strasser A. Bmf: a proapoptotic BH3-only protein regulated by interaction with the myosin V 
actin motor complex, activated by anoikis. Science. 2001;293(5536):1829-32. Epub 2001/09/08. 
doi: 10.1126/science.1062257. PubMed PMID: 11546872. 
148. Bouillet P, Metcalf D, Huang DC, Tarlinton DM, Kay TW, Kontgen F, Adams JM, Strasser 
A. Proapoptotic Bcl-2 relative Bim required for certain apoptotic responses, leukocyte 
homeostasis, and to preclude autoimmunity. Science. 1999;286(5445):1735-8. Epub 1999/11/27. 
PubMed PMID: 10576740. 
149. Egle A, Harris AW, Bouillet P, Cory S. Bim is a suppressor of Myc-induced mouse B cell 
leukemia. Proceedings of the National Academy of Sciences of the United States of America. 
2004;101(16):6164-9. Epub 2004/04/14. doi: 10.1073/pnas.0401471101. PubMed PMID: 
15079075; PubMed Central PMCID: PMC395940. 
150. Merino D, Strasser A, Bouillet P. Bim must be able to engage all pro-survival Bcl-2 family 
members for efficient tumor suppression. Oncogene. 2012;31(28):3392-6. Epub 2011/11/15. doi: 
10.1038/onc.2011.508. PubMed PMID: 22081075; PubMed Central PMCID: PMC3361534. 
151. Bouillet P, Cory S, Zhang LC, Strasser A, Adams JM. Degenerative disorders caused by 
Bcl-2 deficiency prevented by loss of its BH3-only antagonist Bim. Developmental cell. 
2001;1(5):645-53. Epub 2001/11/16. PubMed PMID: 11709185. 

132



	  

152. U M, Miyashita T, Shikama Y, Tadokoro K, Yamada M. Molecular cloning and 
characterization of six novel isoforms of human Bim, a member of the proapoptotic Bcl-2 family. 
FEBS Lett. 2001;509(1):135-41. Epub 2001/12/06. PubMed PMID: 11734221. 
153. Marani M, Tenev T, Hancock D, Downward J, Lemoine NR. Identification of novel 
isoforms of the BH3 domain protein Bim which directly activate Bax to trigger apoptosis. Mol Cell 
Biol. 2002;22(11):3577-89. Epub 2002/05/09. PubMed PMID: 11997495; PubMed Central 
PMCID: PMC133811. 
154. Liu X, Dai S, Zhu Y, Marrack P, Kappler JW. The structure of a Bcl-xL/Bim fragment 
complex: implications for Bim function. Immunity. 2003;19(3):341-52. Epub 2003/09/23. PubMed 
PMID: 14499110. 
155. Liu JW, Chandra D, Tang SH, Chopra D, Tang DG. Identification and characterization of 
Bimgamma, a novel proapoptotic BH3-only splice variant of Bim. Cancer Res. 2002;62(10):2976-
81. Epub 2002/05/23. PubMed PMID: 12019181. 
156. Lei K, Davis RJ. JNK phosphorylation of Bim-related members of the Bcl2 family induces 
Bax-dependent apoptosis. Proc Natl Acad Sci U S A. 2003;100(5):2432-7. Epub 2003/02/20. doi: 
10.1073/pnas.0438011100. PubMed PMID: 12591950; PubMed Central PMCID: PMC151358. 
157. Hubner A, Barrett T, Flavell RA, Davis RJ. Multisite phosphorylation regulates Bim 
stability and apoptotic activity. Mol Cell. 2008;30(4):415-25. Epub 2008/05/24. doi: 
10.1016/j.molcel.2008.03.025. PubMed PMID: 18498746; PubMed Central PMCID: 
PMC2453504. 
158. O'Reilly LA, Cullen L, Visvader J, Lindeman GJ, Print C, Bath ML, Huang DC, Strasser A. 
The proapoptotic BH3-only protein bim is expressed in hematopoietic, epithelial, neuronal, and 
germ cells. The American journal of pathology. 2000;157(2):449-61. Epub 2000/08/10. doi: 
10.1016/S0002-9440(10)64557-9. PubMed PMID: 10934149; PubMed Central PMCID: 
PMC1850143. 
159. Day CL, Puthalakath H, Skea G, Strasser A, Barsukov I, Lian LY, Huang DC, Hinds MG. 
Localization of dynein light chains 1 and 2 and their pro-apoptotic ligands. Biochem J. 
2004;377(Pt 3):597-605. Epub 2003/10/17. doi: 10.1042/BJ20031251. PubMed PMID: 14561217; 
PubMed Central PMCID: PMC1223895. 
160. Hildeman DA, Zhu Y, Mitchell TC, Bouillet P, Strasser A, Kappler J, Marrack P. Activated 
T cell death in vivo mediated by proapoptotic bcl-2 family member bim. Immunity. 
2002;16(6):759-67. Epub 2002/07/18. PubMed PMID: 12121658. 
161. Ley R, Ewings KE, Hadfield K, Cook SJ. Regulatory phosphorylation of Bim: sorting out 
the ERK from the JNK. Cell Death Differ. 2005;12(8):1008-14. Epub 2005/06/11. doi: 
10.1038/sj.cdd.4401688. PubMed PMID: 15947788. 
162. Harada H, Quearry B, Ruiz-Vela A, Korsmeyer SJ. Survival factor-induced extracellular 
signal-regulated kinase phosphorylates BIM, inhibiting its association with BAX and proapoptotic 
activity. Proceedings of the National Academy of Sciences of the United States of America. 
2004;101(43):15313-7. Epub 2004/10/16. doi: 10.1073/pnas.0406837101. PubMed PMID: 
15486085; PubMed Central PMCID: PMC524459. 
163. Ewings KE, Hadfield-Moorhouse K, Wiggins CM, Wickenden JA, Balmanno K, Gilley R, 
Degenhardt K, White E, Cook SJ. ERK1/2-dependent phosphorylation of BimEL promotes its 
rapid dissociation from Mcl-1 and Bcl-xL. Embo J. 2007;26(12):2856-67. Epub 2007/05/26. doi: 
10.1038/sj.emboj.7601723. PubMed PMID: 17525735; PubMed Central PMCID: PMC1894764. 
164. Ley R, Balmanno K, Hadfield K, Weston C, Cook SJ. Activation of the ERK1/2 signaling 
pathway promotes phosphorylation and proteasome-dependent degradation of the BH3-only 
protein, Bim. J Biol Chem. 2003;278(21):18811-6. Epub 2003/03/21. doi: 
10.1074/jbc.M301010200. PubMed PMID: 12646560. 
165. Luciano F, Jacquel A, Colosetti P, Herrant M, Cagnol S, Pages G, Auberger P. 
Phosphorylation of Bim-EL by Erk1/2 on serine 69 promotes its degradation via the proteasome 
pathway and regulates its proapoptotic function. Oncogene. 2003;22(43):6785-93. Epub 

133



	  

2003/10/14. doi: 10.1038/sj.onc.1206792. PubMed PMID: 14555991. 
166. Akiyama T, Bouillet P, Miyazaki T, Kadono Y, Chikuda H, Chung UI, Fukuda A, Hikita A, 
Seto H, Okada T, Inaba T, Sanjay A, Baron R, Kawaguchi H, Oda H, Nakamura K, Strasser A, 
Tanaka S. Regulation of osteoclast apoptosis by ubiquitylation of proapoptotic BH3-only Bcl-2 
family member Bim. Embo J. 2003;22(24):6653-64. Epub 2003/12/06. doi: 
10.1093/emboj/cdg635. PubMed PMID: 14657036; PubMed Central PMCID: PMC291830. 
167. Putcha GV, Le S, Frank S, Besirli CG, Clark K, Chu B, Alix S, Youle RJ, LaMarche A, 
Maroney AC, Johnson EM, Jr. JNK-mediated BIM phosphorylation potentiates BAX-dependent 
apoptosis. Neuron. 2003;38(6):899-914. Epub 2003/06/24. PubMed PMID: 12818176. 
168. Cai B, Chang SH, Becker EB, Bonni A, Xia Z. p38 MAP kinase mediates apoptosis 
through phosphorylation of BimEL at Ser-65. J Biol Chem. 2006;281(35):25215-22. Epub 
2006/07/05. doi: 10.1074/jbc.M512627200. PubMed PMID: 16818494. 
169. Becker EB, Howell J, Kodama Y, Barker PA, Bonni A. Characterization of the c-Jun N-
terminal kinase-BimEL signaling pathway in neuronal apoptosis. The Journal of neuroscience : 
the official journal of the Society for Neuroscience. 2004;24(40):8762-70. Epub 2004/10/08. doi: 
10.1523/JNEUROSCI.2953-04.2004. PubMed PMID: 15470142. 
170. Hershko T, Ginsberg D. Up-regulation of Bcl-2 homology 3 (BH3)-only proteins by E2F1 
mediates apoptosis. J Biol Chem. 2004;279(10):8627-34. Epub 2003/12/20. doi: 
10.1074/jbc.M312866200. PubMed PMID: 14684737. 
171. Dijkers PF, Medema RH, Lammers JW, Koenderman L, Coffer PJ. Expression of the pro-
apoptotic Bcl-2 family member Bim is regulated by the forkhead transcription factor FKHR-L1. 
Current biology : CB. 2000;10(19):1201-4. Epub 2000/10/26. PubMed PMID: 11050388. 
172. Stahl M, Dijkers PF, Kops GJ, Lens SM, Coffer PJ, Burgering BM, Medema RH. The 
forkhead transcription factor FoxO regulates transcription of p27Kip1 and Bim in response to IL-2. 
Journal of immunology. 2002;168(10):5024-31. Epub 2002/05/08. PubMed PMID: 11994454. 
173. Inta I, Paxian S, Maegele I, Zhang W, Pizzi M, Spano P, Sarnico I, Muhammad S, 
Herrmann O, Inta D, Baumann B, Liou HC, Schmid RM, Schwaninger M. Bim and Noxa are 
candidates to mediate the deleterious effect of the NF-kappa B subunit RelA in cerebral ischemia. 
The Journal of neuroscience : the official journal of the Society for Neuroscience. 
2006;26(50):12896-903. Epub 2006/12/15. doi: 10.1523/JNEUROSCI.3670-06.2006. PubMed 
PMID: 17167080. 
174. Ploner C, Rainer J, Niederegger H, Eduardoff M, Villunger A, Geley S, Kofler R. The 
BCL2 rheostat in glucocorticoid-induced apoptosis of acute lymphoblastic leukemia. Leukemia. 
2008;22(2):370-7. Epub 2007/11/30. doi: 10.1038/sj.leu.2405039. PubMed PMID: 18046449. 
175. Putcha GV, Moulder KL, Golden JP, Bouillet P, Adams JA, Strasser A, Johnson EM. 
Induction of BIM, a proapoptotic BH3-only BCL-2 family member, is critical for neuronal 
apoptosis. Neuron. 2001;29(3):615-28. Epub 2001/04/13. PubMed PMID: 11301022. 
176. Biswas SC, Shi Y, Sproul A, Greene LA. Pro-apoptotic Bim induction in response to 
nerve growth factor deprivation requires simultaneous activation of three different death signaling 
pathways. J Biol Chem. 2007;282(40):29368-74. Epub 2007/08/19. doi: 
10.1074/jbc.M702634200. PubMed PMID: 17702754. 
177. Wang Z, Zhang B, Yang L, Ding J, Ding HF. Constitutive production of NF-kappaB2 p52 
is not tumorigenic but predisposes mice to inflammatory autoimmune disease by repressing Bim 
expression. J Biol Chem. 2008;283(16):10698-706. Epub 2008/02/19. doi: 
10.1074/jbc.M800806200. PubMed PMID: 18281283; PubMed Central PMCID: PMC3762532. 
178. Vallabhapurapu S, Matsuzawa A, Zhang W, Tseng PH, Keats JJ, Wang H, Vignali DA, 
Bergsagel PL, Karin M. Nonredundant and complementary functions of TRAF2 and TRAF3 in a 
ubiquitination cascade that activates NIK-dependent alternative NF-kappaB signaling. Nat 
Immunol. 2008;9(12):1364-70. Epub 2008/11/11. doi: 10.1038/ni.1678. PubMed PMID: 
18997792; PubMed Central PMCID: PMC2671996. 
179. Rautureau GJ, Yabal M, Yang H, Huang DC, Kvansakul M, Hinds MG. The restricted 

134



	  

binding repertoire of Bcl-B leaves Bim as the universal BH3-only prosurvival Bcl-2 protein 
antagonist. Cell death & disease. 2012;3:e443. Epub 2012/12/14. doi: 10.1038/cddis.2012.178. 
PubMed PMID: 23235460; PubMed Central PMCID: PMC3542614. 
180. Ren K, Zhang W, Shi Y, Gong J. Pim-2 activates API-5 to inhibit the apoptosis of 
hepatocellular carcinoma cells through NF-kappaB pathway. Pathology oncology research : POR. 
2010;16(2):229-37. Epub 2009/10/13. doi: 10.1007/s12253-009-9215-4. PubMed PMID: 
19821157. 
181. Du H, Wolf J, Schafer B, Moldoveanu T, Chipuk JE, Kuwana T. BH3 domains other than 
Bim and Bid can directly activate Bax/Bak. J Biol Chem. 2011;286(1):491-501. Epub 2010/11/03. 
doi: 10.1074/jbc.M110.167148. PubMed PMID: 21041309; PubMed Central PMCID: 
PMC3013008. 
182. Czabotar PE, Colman PM, Huang DC. Bax activation by Bim? Cell Death Differ. 
2009;16(9):1187-91. Epub 2009/06/27. doi: 10.1038/cdd.2009.83. PubMed PMID: 19557009. 
183. Merino D, Giam M, Hughes PD, Siggs OM, Heger K, O'Reilly LA, Adams JM, Strasser A, 
Lee EF, Fairlie WD, Bouillet P. The role of BH3-only protein Bim extends beyond inhibiting Bcl-2-
like prosurvival proteins. J Cell Biol. 2009;186(3):355-62. Epub 2009/08/05. doi: 
10.1083/jcb.200905153. PubMed PMID: 19651893; PubMed Central PMCID: PMC2728397. 
184. Hsu SY, Kaipia A, McGee E, Lomeli M, Hsueh AJ. Bok is a pro-apoptotic Bcl-2 protein 
with restricted expression in reproductive tissues and heterodimerizes with selective anti-
apoptotic Bcl-2 family members. Proceedings of the National Academy of Sciences of the United 
States of America. 1997;94(23):12401-6. Epub 1997/11/14. PubMed PMID: 9356461; PubMed 
Central PMCID: PMC24966. 
185. Ke F, Voss A, Kerr JB, O'Reilly LA, Tai L, Echeverry N, Bouillet P, Strasser A, Kaufmann 
T. BCL-2 family member BOK is widely expressed but its loss has only minimal impact in mice. 
Cell Death Differ. 2012;19(6):915-25. Epub 2012/01/28. doi: 10.1038/cdd.2011.210. PubMed 
PMID: 22281706; PubMed Central PMCID: PMC3354060. 
186. Wang H, Takemoto C, Akasaka R, Uchikubo-Kamo T, Kishishita S, Murayama K, Terada 
T, Chen L, Liu ZJ, Wang BC, Sugano S, Tanaka A, Inoue M, Kigawa T, Shirouzu M, Yokoyama 
S. Novel dimerization mode of the human Bcl-2 family protein Bak, a mitochondrial apoptosis 
regulator. Journal of structural biology. 2009;166(1):32-7. Epub 2009/01/13. doi: 
10.1016/j.jsb.2008.12.003. PubMed PMID: 19135534. 
187. Moldoveanu T, Liu Q, Tocilj A, Watson M, Shore G, Gehring K. The X-ray structure of a 
BAK homodimer reveals an inhibitory zinc binding site. Molecular cell. 2006;24(5):677-88. Epub 
2006/12/13. doi: 10.1016/j.molcel.2006.10.014. PubMed PMID: 17157251. 
188. Wolter KG, Hsu YT, Smith CL, Nechushtan A, Xi XG, Youle RJ. Movement of Bax from 
the cytosol to mitochondria during apoptosis. J Cell Biol. 1997;139(5):1281-92. Epub 1998/01/07. 
PubMed PMID: 9382873; PubMed Central PMCID: PMC2140220. 
189. Hsu YT, Wolter KG, Youle RJ. Cytosol-to-membrane redistribution of Bax and Bcl-X(L) 
during apoptosis. Proceedings of the National Academy of Sciences of the United States of 
America. 1997;94(8):3668-72. Epub 1997/04/15. PubMed PMID: 9108035; PubMed Central 
PMCID: PMC20498. 
190. Griffiths GJ, Dubrez L, Morgan CP, Jones NA, Whitehouse J, Corfe BM, Dive C, Hickman 
JA. Cell damage-induced conformational changes of the pro-apoptotic protein Bak in vivo 
precede the onset of apoptosis. J Cell Biol. 1999;144(5):903-14. Epub 1999/03/23. PubMed 
PMID: 10085290; PubMed Central PMCID: PMC2148192. 
191. Kim H, Tu HC, Ren D, Takeuchi O, Jeffers JR, Zambetti GP, Hsieh JJ, Cheng EH. 
Stepwise activation of BAX and BAK by tBID, BIM, and PUMA initiates mitochondrial apoptosis. 
Mol Cell. 2009;36(3):487-99. Epub 2009/11/18. doi: 10.1016/j.molcel.2009.09.030. PubMed 
PMID: 19917256; PubMed Central PMCID: PMC3163439. 
192. Scorrano L, Oakes SA, Opferman JT, Cheng EH, Sorcinelli MD, Pozzan T, Korsmeyer 
SJ. BAX and BAK regulation of endoplasmic reticulum Ca2+: a control point for apoptosis. 

135



	  

Science. 2003;300(5616):135-9. Epub 2003/03/08. doi: 10.1126/science.1081208. PubMed 
PMID: 12624178. 
193. Zong WX, Li C, Hatzivassiliou G, Lindsten T, Yu QC, Yuan J, Thompson CB. Bax and 
Bak can localize to the endoplasmic reticulum to initiate apoptosis. J Cell Biol. 2003;162(1):59-69. 
Epub 2003/07/09. doi: 10.1083/jcb.200302084. PubMed PMID: 12847083; PubMed Central 
PMCID: PMC2172724. 
194. George NM, Evans JJ, Luo X. A three-helix homo-oligomerization domain containing BH3 
and BH1 is responsible for the apoptotic activity of Bax. Genes Dev. 2007;21(15):1937-48. Epub 
2007/08/03. doi: 10.1101/gad.1553607. PubMed PMID: 17671092; PubMed Central PMCID: 
PMC1935031. 
195. Dewson G, Kratina T, Sim HW, Puthalakath H, Adams JM, Colman PM, Kluck RM. To 
trigger apoptosis, Bak exposes its BH3 domain and homodimerizes via BH3:groove interactions. 
Molecular cell. 2008;30(3):369-80. Epub 2008/05/13. doi: 10.1016/j.molcel.2008.04.005. PubMed 
PMID: 18471982. 
196. Suzuki M, Youle RJ, Tjandra N. Structure of Bax: coregulation of dimer formation and 
intracellular localization. Cell. 2000;103(4):645-54. Epub 2000/12/07. PubMed PMID: 11106734. 
197. Walensky LD, Gavathiotis E. BAX unleashed: the biochemical transformation of an 
inactive cytosolic monomer into a toxic mitochondrial pore. Trends Biochem Sci. 
2011;36(12):642-52. Epub 2011/10/08. doi: 10.1016/j.tibs.2011.08.009. PubMed PMID: 
21978892; PubMed Central PMCID: PMC3454508. 
198. Schendel SL, Xie Z, Montal MO, Matsuyama S, Montal M, Reed JC. Channel formation 
by antiapoptotic protein Bcl-2. Proceedings of the National Academy of Sciences of the United 
States of America. 1997;94(10):5113-8. Epub 1997/05/13. PubMed PMID: 9144199; PubMed 
Central PMCID: PMC24640. 
199. Schlesinger PH, Gross A, Yin XM, Yamamoto K, Saito M, Waksman G, Korsmeyer SJ. 
Comparison of the ion channel characteristics of proapoptotic BAX and antiapoptotic BCL-2. 
Proceedings of the National Academy of Sciences of the United States of America. 
1997;94(21):11357-62. Epub 1997/10/23. PubMed PMID: 9326614; PubMed Central PMCID: 
PMC23466. 
200. Minn AJ, Velez P, Schendel SL, Liang H, Muchmore SW, Fesik SW, Fill M, Thompson 
CB. Bcl-x(L) forms an ion channel in synthetic lipid membranes. Nature. 1997;385(6614):353-7. 
Epub 1997/01/23. doi: 10.1038/385353a0. PubMed PMID: 9002522. 
201. Antonsson B, Conti F, Ciavatta A, Montessuit S, Lewis S, Martinou I, Bernasconi L, 
Bernard A, Mermod JJ, Mazzei G, Maundrell K, Gambale F, Sadoul R, Martinou JC. Inhibition of 
Bax channel-forming activity by Bcl-2. Science. 1997;277(5324):370-2. Epub 1997/07/18. 
PubMed PMID: 9219694. 
202. Aritomi M, Kunishima N, Inohara N, Ishibashi Y, Ohta S, Morikawa K. Crystal structure of 
rat Bcl-xL. Implications for the function of the Bcl-2 protein family. J Biol Chem. 
1997;272(44):27886-92. Epub 1997/11/05. PubMed PMID: 9346936. 
203. Annis MG, Soucie EL, Dlugosz PJ, Cruz-Aguado JA, Penn LZ, Leber B, Andrews DW. 
Bax forms multispanning monomers that oligomerize to permeabilize membranes during 
apoptosis. Embo J. 2005;24(12):2096-103. Epub 2005/05/28. doi: 10.1038/sj.emboj.7600675. 
PubMed PMID: 15920484; PubMed Central PMCID: PMC1150878. 
204. Kuwana T, Bouchier-Hayes L, Chipuk JE, Bonzon C, Sullivan BA, Green DR, Newmeyer 
DD. BH3 domains of BH3-only proteins differentially regulate Bax-mediated mitochondrial 
membrane permeabilization both directly and indirectly. Molecular cell. 2005;17(4):525-35. Epub 
2005/02/22. doi: 10.1016/j.molcel.2005.02.003. PubMed PMID: 15721256. 
205. Letai A, Bassik MC, Walensky LD, Sorcinelli MD, Weiler S, Korsmeyer SJ. Distinct BH3 
domains either sensitize or activate mitochondrial apoptosis, serving as prototype cancer 
therapeutics. Cancer Cell. 2002;2(3):183-92. Epub 2002/09/21. PubMed PMID: 12242151. 
206. Walensky LD, Pitter K, Morash J, Oh KJ, Barbuto S, Fisher J, Smith E, Verdine GL, 

136



	  

Korsmeyer SJ. A stapled BID BH3 helix directly binds and activates BAX. Mol Cell. 
2006;24(2):199-210. Epub 2006/10/21. doi: 10.1016/j.molcel.2006.08.020. PubMed PMID: 
17052454. 
207. Khaled AR, Kim K, Hofmeister R, Muegge K, Durum SK. Withdrawal of IL-7 induces Bax 
translocation from cytosol to mitochondria through a rise in intracellular pH. Proceedings of the 
National Academy of Sciences of the United States of America. 1999;96(25):14476-81. Epub 
1999/12/10. PubMed PMID: 10588730; PubMed Central PMCID: PMC24461. 
208. Pagliari LJ, Kuwana T, Bonzon C, Newmeyer DD, Tu S, Beere HM, Green DR. The 
multidomain proapoptotic molecules Bax and Bak are directly activated by heat. Proc Natl Acad 
Sci U S A. 2005;102(50):17975-80. Epub 2005/12/07. doi: 10.1073/pnas.0506712102. PubMed 
PMID: 16330765; PubMed Central PMCID: PMC1312392. 
209. Kim H, Rafiuddin-Shah M, Tu HC, Jeffers JR, Zambetti GP, Hsieh JJ, Cheng EH. 
Hierarchical regulation of mitochondrion-dependent apoptosis by BCL-2 subfamilies. Nature cell 
biology. 2006;8(12):1348-58. Epub 2006/11/23. doi: 10.1038/ncb1499. PubMed PMID: 
17115033. 
210. Nie C, Tian C, Zhao L, Petit PX, Mehrpour M, Chen Q. Cysteine 62 of Bax is critical for its 
conformational activation and its proapoptotic activity in response to H2O2-induced apoptosis. J 
Biol Chem. 2008;283(22):15359-69. Epub 2008/03/18. doi: 10.1074/jbc.M800847200. PubMed 
PMID: 18344566; PubMed Central PMCID: PMC3258903. 
211. Wood DE, Newcomb EW. Cleavage of Bax enhances its cell death function. 
Experimental cell research. 2000;256(2):375-82. Epub 2000/04/25. doi: 10.1006/excr.2000.4859. 
PubMed PMID: 10772810. 
212. Hsu YT, Youle RJ. Nonionic detergents induce dimerization among members of the Bcl-2 
family. J Biol Chem. 1997;272(21):13829-34. Epub 1997/05/23. PubMed PMID: 9153240. 
213. Hsu YT, Youle RJ. Bax in murine thymus is a soluble monomeric protein that displays 
differential detergent-induced conformations. J Biol Chem. 1998;273(17):10777-83. Epub 
1998/05/30. PubMed PMID: 9553144. 
214. Stankiewicz AR, Livingstone AM, Mohseni N, Mosser DD. Regulation of heat-induced 
apoptosis by Mcl-1 degradation and its inhibition by Hsp70. Cell Death Differ. 2009;16(4):638-47. 
Epub 2009/01/17. doi: 10.1038/cdd.2008.189. PubMed PMID: 19148187. 
215. Kuwana T, Mackey MR, Perkins G, Ellisman MH, Latterich M, Schneiter R, Green DR, 
Newmeyer DD. Bid, Bax, and lipids cooperate to form supramolecular openings in the outer 
mitochondrial membrane. Cell. 2002;111(3):331-42. Epub 2002/11/07. PubMed PMID: 12419244. 
216. Lovell JF, Billen LP, Bindner S, Shamas-Din A, Fradin C, Leber B, Andrews DW. 
Membrane binding by tBid initiates an ordered series of events culminating in membrane 
permeabilization by Bax. Cell. 2008;135(6):1074-84. Epub 2008/12/09. doi: 
10.1016/j.cell.2008.11.010. PubMed PMID: 19062087. 
217. Oh JE, Kim MS, Ahn CH, Kim SS, Han JY, Lee SH, Yoo NJ. Mutational analysis of 
CASP10 gene in colon, breast, lung and hepatocellular carcinomas. Pathology. 2010;42(1):73-6. 
Epub 2009/12/23. doi: 10.3109/00313020903434371. PubMed PMID: 20025484. 
218. Terrones O, Antonsson B, Yamaguchi H, Wang HG, Liu J, Lee RM, Herrmann A, 
Basanez G. Lipidic pore formation by the concerted action of proapoptotic BAX and tBID. J Biol 
Chem. 2004;279(29):30081-91. Epub 2004/05/13. doi: 10.1074/jbc.M313420200. PubMed PMID: 
15138279. 
219. Fu NY, Sukumaran SK, Kerk SY, Yu VC. Baxbeta: a constitutively active human Bax 
isoform that is under tight regulatory control by the proteasomal degradation mechanism. Mol 
Cell. 2009;33(1):15-29. Epub 2009/01/20. doi: 10.1016/j.molcel.2008.11.025. PubMed PMID: 
19150424. 
220. Ren D, Tu HC, Kim H, Wang GX, Bean GR, Takeuchi O, Jeffers JR, Zambetti GP, Hsieh 
JJ, Cheng EH. BID, BIM, and PUMA are essential for activation of the BAX- and BAK-dependent 
cell death program. Science. 2010;330(6009):1390-3. Epub 2010/12/04. doi: 

137



	  

10.1126/science.1190217. PubMed PMID: 21127253; PubMed Central PMCID: PMC3163443. 
221. Eskes R, Desagher S, Antonsson B, Martinou JC. Bid induces the oligomerization and 
insertion of Bax into the outer mitochondrial membrane. Mol Cell Biol. 2000;20(3):929-35. Epub 
2000/01/11. PubMed PMID: 10629050; PubMed Central PMCID: PMC85210. 
222. Yethon JA, Epand RF, Leber B, Epand RM, Andrews DW. Interaction with a membrane 
surface triggers a reversible conformational change in Bax normally associated with induction of 
apoptosis. J Biol Chem. 2003;278(49):48935-41. Epub 2003/10/03. doi: 
10.1074/jbc.M306289200. PubMed PMID: 14522999. 
223. Bogner C, Leber B, Andrews DW. Apoptosis: embedded in membranes. Curr Opin Cell 
Biol. 2010;22(6):845-51. Epub 2010/08/31. doi: 10.1016/j.ceb.2010.08.002. PubMed PMID: 
20801011. 
224. Martinez-Caballero S, Dejean LM, Kinnally MS, Oh KJ, Mannella CA, Kinnally KW. 
Assembly of the mitochondrial apoptosis-induced channel, MAC. J Biol Chem. 
2009;284(18):12235-45. Epub 2009/03/06. doi: 10.1074/jbc.M806610200. PubMed PMID: 
19261612; PubMed Central PMCID: PMC2673292. 
225. Peixoto PM, Ryu SY, Bombrun A, Antonsson B, Kinnally KW. MAC inhibitors suppress 
mitochondrial apoptosis. Biochem J. 2009;423(3):381-7. Epub 2009/08/21. doi: 
10.1042/BJ20090664. PubMed PMID: 19691447. 
226. Bratton SB, Cohen GM. Apoptotic death sensor: an organelle's alter ego? Trends 
Pharmacol Sci. 2001;22(6):306-15. Epub 2001/06/08. PubMed PMID: 11395159. 
227. Cecconi F, Alvarez-Bolado G, Meyer BI, Roth KA, Gruss P. Apaf1 (CED-4 homolog) 
regulates programmed cell death in mammalian development. Cell. 1998;94(6):727-37. Epub 
1998/09/30. PubMed PMID: 9753320. 
228. Gonzales DH, Neupert W. Biogenesis of mitochondrial c-type cytochromes. Journal of 
bioenergetics and biomembranes. 1990;22(6):753-68. Epub 1990/12/01. PubMed PMID: 
1965436. 
229. Ow YP, Green DR, Hao Z, Mak TW. Cytochrome c: functions beyond respiration. Nat 
Rev Mol Cell Biol. 2008;9(7):532-42. Epub 2008/06/24. doi: 10.1038/nrm2434. PubMed PMID: 
18568041. 
230. Saleh A, Srinivasula SM, Acharya S, Fishel R, Alnemri ES. Cytochrome c and dATP-
mediated oligomerization of Apaf-1 is a prerequisite for procaspase-9 activation. J Biol Chem. 
1999;274(25):17941-5. Epub 1999/06/11. PubMed PMID: 10364241. 
231. Cain K, Brown DG, Langlais C, Cohen GM. Caspase activation involves the formation of 
the aposome, a large (approximately 700 kDa) caspase-activating complex. J Biol Chem. 
1999;274(32):22686-92. Epub 1999/07/31. PubMed PMID: 10428850. 
232. Benedict MA, Hu Y, Inohara N, Nunez G. Expression and functional analysis of Apaf-1 
isoforms. Extra Wd-40 repeat is required for cytochrome c binding and regulated activation of 
procaspase-9. J Biol Chem. 2000;275(12):8461-8. Epub 2000/03/18. PubMed PMID: 10722681. 
233. Riedl SJ, Li W, Chao Y, Schwarzenbacher R, Shi Y. Structure of the apoptotic protease-
activating factor 1 bound to ADP. Nature. 2005;434(7035):926-33. Epub 2005/04/15. doi: 
10.1038/nature03465. PubMed PMID: 15829969. 
234. Kim HE, Du F, Fang M, Wang X. Formation of apoptosome is initiated by cytochrome c-
induced dATP hydrolysis and subsequent nucleotide exchange on Apaf-1. Proceedings of the 
National Academy of Sciences of the United States of America. 2005;102(49):17545-50. Epub 
2005/10/28. doi: 10.1073/pnas.0507900102. PubMed PMID: 16251271; PubMed Central PMCID: 
PMC1266161. 
235. Yu T, Fox RJ, Burwell LS, Yoon Y. Regulation of mitochondrial fission and apoptosis by 
the mitochondrial outer membrane protein hFis1. J Cell Sci. 2005;118(Pt 18):4141-51. Epub 
2005/08/25. doi: 10.1242/jcs.02537. PubMed PMID: 16118244. 
236. Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES, Wang X. 
Cytochrome c and dATP-dependent formation of Apaf-1/caspase-9 complex initiates an apoptotic 

138



	  

protease cascade. Cell. 1997;91(4):479-89. Epub 1997/12/09. PubMed PMID: 9390557. 
237. Chandra D, Bratton SB, Person MD, Tian Y, Martin AG, Ayres M, Fearnhead HO, Gandhi 
V, Tang DG. Intracellular nucleotides act as critical prosurvival factors by binding to cytochrome C 
and inhibiting apoptosome. Cell. 2006;125(7):1333-46. Epub 2006/07/04. doi: 
10.1016/j.cell.2006.05.026. PubMed PMID: 16814719. 
238. Malladi S, Challa-Malladi M, Fearnhead HO, Bratton SB. The Apaf-1*procaspase-9 
apoptosome complex functions as a proteolytic-based molecular timer. Embo J. 
2009;28(13):1916-25. Epub 2009/06/06. doi: 10.1038/emboj.2009.152. PubMed PMID: 
19494828; PubMed Central PMCID: PMC2711187. 
239. Kumar S, Kinoshita M, Noda M, Copeland NG, Jenkins NA. Induction of apoptosis by the 
mouse Nedd2 gene, which encodes a protein similar to the product of the Caenorhabditis elegans 
cell death gene ced-3 and the mammalian IL-1 beta-converting enzyme. Genes Dev. 
1994;8(14):1613-26. Epub 1994/07/15. PubMed PMID: 7958843. 
240. Wang L, Miura M, Bergeron L, Zhu H, Yuan J. Ich-1, an Ice/ced-3-related gene, encodes 
both positive and negative regulators of programmed cell death. Cell. 1994;78(5):739-50. Epub 
1994/09/09. PubMed PMID: 8087842. 
241. Bergeron L, Perez GI, Macdonald G, Shi L, Sun Y, Jurisicova A, Varmuza S, Latham KE, 
Flaws JA, Salter JC, Hara H, Moskowitz MA, Li E, Greenberg A, Tilly JL, Yuan J. Defects in 
regulation of apoptosis in caspase-2-deficient mice. Genes Dev. 1998;12(9):1304-14. Epub 
1998/06/06. PubMed PMID: 9573047; PubMed Central PMCID: PMC316779. 
242. Ho LH, Read SH, Dorstyn L, Lambrusco L, Kumar S. Caspase-2 is required for cell death 
induced by cytoskeletal disruption. Oncogene. 2008;27(24):3393-404. Epub 2008/01/15. doi: 
10.1038/sj.onc.1211005. PubMed PMID: 18193089. 
243. Shalini S, Dorstyn L, Wilson C, Puccini J, Ho L, Kumar S. Impaired antioxidant defence 
and accumulation of oxidative stress in caspase-2-deficient mice. Cell Death Differ. 
2012;19(8):1370-80. Epub 2012/02/22. doi: 10.1038/cdd.2012.13. PubMed PMID: 22343713; 
PubMed Central PMCID: PMC3392626. 
244. Zhang Y, Padalecki SS, Chaudhuri AR, De Waal E, Goins BA, Grubbs B, Ikeno Y, 
Richardson A, Mundy GR, Herman B. Caspase-2 deficiency enhances aging-related traits in 
mice. Mech Ageing Dev. 2007;128(2):213-21. Epub 2006/12/26. doi: 10.1016/j.mad.2006.11.030. 
PubMed PMID: 17188333; PubMed Central PMCID: PMC1828128. 
245. Nutt LK, Buchakjian MR, Gan E, Darbandi R, Yoon SY, Wu JQ, Miyamoto YJ, Gibbons 
JA, Andersen JL, Freel CD, Tang W, He C, Kurokawa M, Wang Y, Margolis SS, Fissore RA, 
Kornbluth S. Metabolic control of oocyte apoptosis mediated by 14-3-3zeta-regulated 
dephosphorylation of caspase-2. Developmental cell. 2009;16(6):856-66. Epub 2009/06/18. doi: 
10.1016/j.devcel.2009.04.005. PubMed PMID: 19531356; PubMed Central PMCID: 
PMC2698816. 
246. Nutt LK, Margolis SS, Jensen M, Herman CE, Dunphy WG, Rathmell JC, Kornbluth S. 
Metabolic regulation of oocyte cell death through the CaMKII-mediated phosphorylation of 
caspase-2. Cell. 2005;123(1):89-103. Epub 2005/10/11. doi: 10.1016/j.cell.2005.07.032. PubMed 
PMID: 16213215; PubMed Central PMCID: PMC2788768. 
247. Puccini J, Dorstyn L, Kumar S. Caspase-2 as a tumour suppressor. Cell Death Differ. 
2013;20(9):1133-9. Epub 2013/07/03. doi: 10.1038/cdd.2013.87. PubMed PMID: 23811850; 
PubMed Central PMCID: PMC3741511. 
248. Kumar S. Inhibition of apoptosis by the expression of antisense Nedd2. FEBS Lett. 
1995;368(1):69-72. Epub 1995/07/10. PubMed PMID: 7615091. 
249. Kim MS, Chung NG, Yoo NJ, Lee SH. Somatic mutation of proapoptotic caspase-2 gene 
is rare in acute leukemias and common solid cancers. European journal of haematology. 
2011;86(5):449-50. Epub 2011/02/22. doi: 10.1111/j.1600-0609.2011.01591.x. PubMed PMID: 
21332795. 
250. Kim MS, Kim HS, Jeong EG, Soung YH, Yoo NJ, Lee SH. Somatic mutations of caspase-

139



	  

2 gene in gastric and colorectal cancers. Pathol Res Pract. 2011;207(10):640-4. Epub 
2011/09/24. doi: 10.1016/j.prp.2011.08.004. PubMed PMID: 21940110. 
251. Faderl S, Thall PF, Kantarjian HM, Talpaz M, Harris D, Van Q, Beran M, Kornblau SM, 
Pierce S, Estrov Z. Caspase 2 and caspase 3 as predictors of complete remission and survival in 
adults with acute lymphoblastic leukemia. Clin Cancer Res. 1999;5(12):4041-7. Epub 2000/01/13. 
PubMed PMID: 10632337. 
252. Holleman A, den Boer ML, Kazemier KM, Beverloo HB, von Bergh AR, Janka-Schaub 
GE, Pieters R. Decreased PARP and procaspase-2 protein levels are associated with cellular 
drug resistance in childhood acute lymphoblastic leukemia. Blood. 2005;106(5):1817-23. Epub 
2005/05/19. doi: 10.1182/blood-2004-11-4296. PubMed PMID: 15899912. 
253. Estrov Z, Thall PF, Talpaz M, Estey EH, Kantarjian HM, Andreeff M, Harris D, Van Q, 
Walterscheid M, Kornblau SM. Caspase 2 and caspase 3 protein levels as predictors of survival 
in acute myelogenous leukemia. Blood. 1998;92(9):3090-7. Epub 1998/10/27. PubMed PMID: 
9787143. 
254. Ho LH, Taylor R, Dorstyn L, Cakouros D, Bouillet P, Kumar S. A tumor suppressor 
function for caspase-2. Proc Natl Acad Sci U S A. 2009;106(13):5336-41. Epub 2009/03/13. doi: 
10.1073/pnas.0811928106. PubMed PMID: 19279217; PubMed Central PMCID: PMC2664004. 
255. Ren K, Lu J, Porollo A, Du C. Tumor-suppressing function of caspase-2 requires catalytic 
site Cys-320 and site Ser-139 in mice. J Biol Chem. 2012;287(18):14792-802. Epub 2012/03/08. 
doi: 10.1074/jbc.M112.347625. PubMed PMID: 22396545; PubMed Central PMCID: 
PMC3340225. 
256. Parsons MJ, McCormick L, Janke L, Howard A, Bouchier-Hayes L, Green DR. Genetic 
deletion of caspase-2 accelerates MMTV/c-neu-driven mammary carcinogenesis in mice. Cell 
Death Differ. 2013;20(9):1174-82. Epub 2013/05/07. doi: 10.1038/cdd.2013.38. PubMed PMID: 
23645210; PubMed Central PMCID: PMC3741497. 
257. Baliga BC, Colussi PA, Read SH, Dias MM, Jans DA, Kumar S. Role of prodomain in 
importin-mediated nuclear localization and activation of caspase-2. J Biol Chem. 
2003;278(7):4899-905. Epub 2002/12/13. doi: 10.1074/jbc.M211512200. PubMed PMID: 
12477715. 
258. Colussi PA, Harvey NL, Kumar S. Prodomain-dependent nuclear localization of the 
caspase-2 (Nedd2) precursor. A novel function for a caspase prodomain. J Biol Chem. 
1998;273(38):24535-42. Epub 1998/09/12. PubMed PMID: 9733748. 
259. Krelin Y, Zhang L, Kang TB, Appel E, Kovalenko A, Wallach D. Caspase-8 deficiency 
facilitates cellular transformation in vitro. Cell Death Differ. 2008;15(9):1350-5. Epub 2008/06/21. 
doi: 10.1038/cdd.2008.88. PubMed PMID: 18566604. 
260. Dorstyn L, Puccini J, Wilson CH, Shalini S, Nicola M, Moore S, Kumar S. Caspase-2 
deficiency promotes aberrant DNA-damage response and genetic instability. Cell Death Differ. 
2012;19(8):1288-98. Epub 2012/04/14. doi: 10.1038/cdd.2012.36. PubMed PMID: 22498700; 
PubMed Central PMCID: PMC3392630. 
261. Manzl C, Peintner L, Krumschnabel G, Bock F, Labi V, Drach M, Newbold A, Johnstone 
R, Villunger A. PIDDosome-independent tumor suppression by Caspase-2. Cell Death Differ. 
2012;19(10):1722-32. Epub 2012/05/19. doi: 10.1038/cdd.2012.54. PubMed PMID: 22595758; 
PubMed Central PMCID: PMC3438502. 
262. Read SH, Baliga BC, Ekert PG, Vaux DL, Kumar S. A novel Apaf-1-independent putative 
caspase-2 activation complex. J Cell Biol. 2002;159(5):739-45. Epub 2002/12/04. doi: 
10.1083/jcb.200209004. PubMed PMID: 12460989; PubMed Central PMCID: PMC2173397. 
263. Duan H, Dixit VM. RAIDD is a new 'death' adaptor molecule. Nature. 1997;385(6611):86-
9. Epub 1997/01/02. doi: 10.1038/385086a0. PubMed PMID: 8985253. 
264. Baliga BC, Read SH, Kumar S. The biochemical mechanism of caspase-2 activation. Cell 
Death Differ. 2004;11(11):1234-41. Epub 2004/08/07. doi: 10.1038/sj.cdd.4401492. PubMed 
PMID: 15297885. 

140



	  

265. Lassus P, Opitz-Araya X, Lazebnik Y. Requirement for caspase-2 in stress-induced 
apoptosis before mitochondrial permeabilization. Science. 2002;297(5585):1352-4. Epub 
2002/08/24. doi: 10.1126/science.1074721. PubMed PMID: 12193789. 
266. Gao Z, Shao Y, Jiang X. Essential roles of the Bcl-2 family of proteins in caspase-2-
induced apoptosis. J Biol Chem. 2005;280(46):38271-5. Epub 2005/09/21. doi: 
10.1074/jbc.M506488200. PubMed PMID: 16172118. 
267. Guo Y, Srinivasula SM, Druilhe A, Fernandes-Alnemri T, Alnemri ES. Caspase-2 induces 
apoptosis by releasing proapoptotic proteins from mitochondria. J Biol Chem. 
2002;277(16):13430-7. Epub 2002/02/08. doi: 10.1074/jbc.M108029200. PubMed PMID: 
11832478. 
268. Ho PK, Jabbour AM, Ekert PG, Hawkins CJ. Caspase-2 is resistant to inhibition by 
inhibitor of apoptosis proteins (IAPs) and can activate caspase-7. Febs J. 2005;272(6):1401-14. 
Epub 2005/03/09. doi: 10.1111/j.1742-4658.2005.04573.x. PubMed PMID: 15752357. 
269. Harvey NL, Trapani JA, Fernandes-Alnemri T, Litwack G, Alnemri ES, Kumar S. 
Processing of the Nedd2 precursor by ICE-like proteases and granzyme B. Genes Cells. 
1996;1(7):673-85. Epub 1996/07/01. PubMed PMID: 9078393. 
270. Paroni G, Henderson C, Schneider C, Brancolini C. Caspase-2-induced apoptosis is 
dependent on caspase-9, but its processing during UV- or tumor necrosis factor-dependent cell 
death requires caspase-3. J Biol Chem. 2001;276(24):21907-15. Epub 2001/06/16. doi: 
10.1074/jbc.M011565200. PubMed PMID: 11399776. 
271. Slee EA, Harte MT, Kluck RM, Wolf BB, Casiano CA, Newmeyer DD, Wang HG, Reed 
JC, Nicholson DW, Alnemri ES, Green DR, Martin SJ. Ordering the cytochrome c-initiated 
caspase cascade: hierarchical activation of caspases-2, -3, -6, -7, -8, and -10 in a caspase-9-
dependent manner. J Cell Biol. 1999;144(2):281-92. Epub 1999/01/29. PubMed PMID: 9922454; 
PubMed Central PMCID: PMC2132895. 
272. O'Reilly LA, Ekert P, Harvey N, Marsden V, Cullen L, Vaux DL, Hacker G, Magnusson C, 
Pakusch M, Cecconi F, Kuida K, Strasser A, Huang DC, Kumar S. Caspase-2 is not required for 
thymocyte or neuronal apoptosis even though cleavage of caspase-2 is dependent on both Apaf-
1 and caspase-9. Cell Death Differ. 2002;9(8):832-41. Epub 2002/07/11. doi: 
10.1038/sj.cdd.4401033. PubMed PMID: 12107826. 
273. Manzl C, Krumschnabel G, Bock F, Sohm B, Labi V, Baumgartner F, Logette E, Tschopp 
J, Villunger A. Caspase-2 activation in the absence of PIDDosome formation. J Cell Biol. 
2009;185(2):291-303. Epub 2009/04/15. doi: 10.1083/jcb.200811105. PubMed PMID: 19364921; 
PubMed Central PMCID: PMC2700374. 
274. Tu S, McStay GP, Boucher LM, Mak T, Beere HM, Green DR. In situ trapping of 
activated initiator caspases reveals a role for caspase-2 in heat shock-induced apoptosis. Nat 
Cell Biol. 2006;8(1):72-7. Epub 2005/12/20. doi: 10.1038/ncb1340. PubMed PMID: 16362053. 
275. Robertson JD, Enoksson M, Suomela M, Zhivotovsky B, Orrenius S. Caspase-2 acts 
upstream of mitochondria to promote cytochrome c release during etoposide-induced apoptosis. 
J Biol Chem. 2002;277(33):29803-9. Epub 2002/06/18. doi: 10.1074/jbc.M204185200. PubMed 
PMID: 12065594. 
276. Rudolf K, Cervinka M, Rudolf E. Cytotoxicity and mitochondrial apoptosis induced by 
etoposide in melanoma cells. Cancer investigation. 2009;27(7):704-17. Epub 2009/06/03. doi: 
10.1080/07357900802653480. PubMed PMID: 19488905. 
277. Troy CM, Rabacchi SA, Hohl JB, Angelastro JM, Greene LA, Shelanski ML. Death in the 
balance: alternative participation of the caspase-2 and -9 pathways in neuronal death induced by 
nerve growth factor deprivation. The Journal of neuroscience : the official journal of the Society 
for Neuroscience. 2001;21(14):5007-16. Epub 2001/07/05. PubMed PMID: 11438576. 
278. Tran SE, Meinander A, Holmstrom TH, Rivero-Muller A, Heiskanen KM, Linnau EK, 
Courtney MJ, Mosser DD, Sistonen L, Eriksson JE. Heat stress downregulates FLIP and 
sensitizes cells to Fas receptor-mediated apoptosis. Cell Death Differ. 2003;10(10):1137-47. 

141



	  

Epub 2003/09/23. doi: 10.1038/sj.cdd.4401278. PubMed PMID: 14502237. 
279. Schett G, Steiner CW, Xu Q, Smolen JS, Steiner G. TNFalpha mediates susceptibility to 
heat-induced apoptosis by protein phosphatase-mediated inhibition of the HSF1/hsp70 stress 
response. Cell Death Differ. 2003;10(10):1126-36. Epub 2003/09/23. doi: 
10.1038/sj.cdd.4401276. PubMed PMID: 14502236. 
280. Milleron RS, Bratton SB. 'Heated' debates in apoptosis. Cellular and molecular life 
sciences : CMLS. 2007;64(18):2329-33. Epub 2007/06/19. doi: 10.1007/s00018-007-7135-6. 
PubMed PMID: 17572850. 
281. Harmon BV, Corder AM, Collins RJ, Gobe GC, Allen J, Allan DJ, Kerr JF. Cell death 
induced in a murine mastocytoma by 42-47 degrees C heating in vitro: evidence that the form of 
death changes from apoptosis to necrosis above a critical heat load. Int J Radiat Biol. 
1990;58(5):845-58. Epub 1990/11/01. PubMed PMID: 1977828. 
282. Allan DJ, Harmon BV. The morphologic categorization of cell death induced by mild 
hyperthermia and comparison with death induced by ionizing radiation and cytotoxic drugs. Scan 
Electron Microsc. 1986(Pt 3):1121-33. Epub 1986/01/01. PubMed PMID: 3099376. 
283. Sakaguchi Y, Stephens LC, Makino M, Kaneko T, Strebel FR, Danhauser LL, Jenkins 
GN, Bull JM. Apoptosis in tumors and normal tissues induced by whole body hyperthermia in rats. 
Cancer Res. 1995;55(22):5459-64. Epub 1995/11/15. PubMed PMID: 7585616. 
284. Hildebrandt B, Wust P, Ahlers O, Dieing A, Sreenivasa G, Kerner T, Felix R, Riess H. 
The cellular and molecular basis of hyperthermia. Crit Rev Oncol Hematol. 2002;43(1):33-56. 
Epub 2002/07/06. PubMed PMID: 12098606. 
285. Dewey WC. Failla memorial lecture. The search for critical cellular targets damaged by 
heat. Radiation research. 1989;120(2):191-204. Epub 1989/11/01. PubMed PMID: 2694212. 
286. Beere HM. "The stress of dying": the role of heat shock proteins in the regulation of 
apoptosis. J Cell Sci. 2004;117(Pt 13):2641-51. Epub 2004/06/01. doi: 10.1242/jcs.01284. 
PubMed PMID: 15169835. 
287. Beere HM. Death versus survival: functional interaction between the apoptotic and 
stress-inducible heat shock protein pathways. The Journal of clinical investigation. 
2005;115(10):2633-9. Epub 2005/10/04. doi: 10.1172/JCI26471. PubMed PMID: 16200196; 
PubMed Central PMCID: PMC1236700. 
288. Yatvin MB, Dennis WH, Elegbede JA, Elson CE. Sensitivity of tumour cells to heat and 
ways of modifying the response. Symposia of the Society for Experimental Biology. 1987;41:235-
67. Epub 1987/01/01. PubMed PMID: 3332486. 
289. Toivola DM, Strnad P, Habtezion A, Omary MB. Intermediate filaments take the heat as 
stress proteins. Trends in cell biology. 2010;20(2):79-91. Epub 2010/01/05. doi: 
10.1016/j.tcb.2009.11.004. PubMed PMID: 20045331; PubMed Central PMCID: PMC2843093. 
290. Petrosyan A, Cheng PW. Golgi fragmentation induced by heat shock or inhibition of heat 
shock proteins is mediated by non-muscle myosin IIA via its interaction with glycosyltransferases. 
Cell Stress Chaperones. 2013. Epub 2013/08/31. doi: 10.1007/s12192-013-0450-y. PubMed 
PMID: 23990450. 
291. Anderson P, Kedersha N. RNA granules. J Cell Biol. 2006;172(6):803-8. Epub 
2006/03/08. doi: 10.1083/jcb.200512082. PubMed PMID: 16520386; PubMed Central PMCID: 
PMC2063724. 
292. Mailhos C, Howard MK, Latchman DS. Heat shock protects neuronal cells from 
programmed cell death by apoptosis. Neuroscience. 1993;55(3):621-7. Epub 1993/08/01. 
PubMed PMID: 8413925. 
293. Simon RP, Niiro M, Gwinn R. Prior ischemic stress protects against experimental stroke. 
Neuroscience letters. 1993;163(2):135-7. Epub 1993/12/12. PubMed PMID: 8309618. 
294. Warrick JM, Chan HY, Gray-Board GL, Chai Y, Paulson HL, Bonini NM. Suppression of 
polyglutamine-mediated neurodegeneration in Drosophila by the molecular chaperone HSP70. 
Nat Genet. 1999;23(4):425-8. Epub 1999/12/02. doi: 10.1038/70532. PubMed PMID: 10581028. 

142



	  

295. Jaattela M, Wissing D. Heat-shock proteins protect cells from monocyte cytotoxicity: 
possible mechanism of self-protection. J Exp Med. 1993;177(1):231-6. Epub 1993/01/01. 
PubMed PMID: 8418204; PubMed Central PMCID: PMC2190854. 
296. Mathew A, Morimoto RI. Role of the heat-shock response in the life and death of 
proteins. Ann N Y Acad Sci. 1998;851:99-111. Epub 1998/07/21. PubMed PMID: 9668611. 
297. Daugaard M, Rohde M, Jaattela M. The heat shock protein 70 family: Highly homologous 
proteins with overlapping and distinct functions. FEBS Lett. 2007;581(19):3702-10. Epub 
2007/06/05. doi: 10.1016/j.febslet.2007.05.039. PubMed PMID: 17544402. 
298. Duff GW. Is fever beneficial to the host: a clinical perspective. Yale J Biol Med. 
1986;59(2):125-30. Epub 1986/03/01. PubMed PMID: 3488618; PubMed Central PMCID: 
PMC2590130. 
299. Kluger MJ, Kozak W, Conn CA, Leon LR, Soszynski D. Role of fever in disease. Ann N Y 
Acad Sci. 1998;856:224-33. Epub 1999/01/26. PubMed PMID: 9917881. 
300. Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell death and inflammation. Nat 
Rev Microbiol. 2009;7(2):99-109. Epub 2009/01/17. doi: 10.1038/nrmicro2070. PubMed PMID: 
19148178; PubMed Central PMCID: PMC2910423. 
301. Mosser DD, Caron AW, Bourget L, Meriin AB, Sherman MY, Morimoto RI, Massie B. The 
chaperone function of hsp70 is required for protection against stress-induced apoptosis. Mol Cell 
Biol. 2000;20(19):7146-59. Epub 2000/09/13. PubMed PMID: 10982831; PubMed Central 
PMCID: PMC86268. 
302. Milleron RS, Bratton SB. Heat shock induces apoptosis independently of any known 
initiator caspase-activating complex. J Biol Chem. 2006;281(25):16991-7000. Epub 2006/04/19. 
doi: 10.1074/jbc.M512754200. PubMed PMID: 16618700. 
303. Bouchier-Hayes L, Oberst A, McStay GP, Connell S, Tait SW, Dillon CP, Flanagan JM, 
Beere HM, Green DR. Characterization of cytoplasmic caspase-2 activation by induced proximity. 
Mol Cell. 2009;35(6):830-40. Epub 2009/09/29. doi: 10.1016/j.molcel.2009.07.023. PubMed 
PMID: 19782032; PubMed Central PMCID: PMC2755603. 
304. Shelton SN, Dillard CD, Robertson JD. Activation of caspase-9, but not caspase-2 or 
caspase-8, is essential for heat-induced apoptosis in Jurkat cells. J Biol Chem. 
2010;285(52):40525-33. Epub 2010/10/28. doi: 10.1074/jbc.M110.167635. PubMed PMID: 
20978129; PubMed Central PMCID: PMC3003351. 
305. Zermati Y, Mouhamad S, Stergiou L, Besse B, Galluzzi L, Boehrer S, Pauleau AL, 
Rosselli F, D'Amelio M, Amendola R, Castedo M, Hengartner M, Soria JC, Cecconi F, Kroemer 
G. Nonapoptotic role for Apaf-1 in the DNA damage checkpoint. Mol Cell. 2007;28(4):624-37. 
Epub 2007/11/29. doi: 10.1016/j.molcel.2007.09.030. PubMed PMID: 18042457. 
306. Ferraro E, Pesaresi MG, De Zio D, Cencioni MT, Gortat A, Cozzolino M, Berghella L, 
Salvatore AM, Oettinghaus B, Scorrano L, Perez-Paya E, Cecconi F. Apaf1 plays a pro-survival 
role by regulating centrosome morphology and function. J Cell Sci. 2011;124(Pt 20):3450-63. 
Epub 2011/10/11. doi: 10.1242/jcs.086298. PubMed PMID: 21984814. 
307. Shyu YJ, Liu H, Deng X, Hu CD. Identification of new fluorescent protein fragments for 
bimolecular fluorescence complementation analysis under physiological conditions. 
BioTechniques. 2006;40(1):61-6. Epub 2006/02/04. PubMed PMID: 16454041. 
308. Hu CD, Chinenov Y, Kerppola TK. Visualization of interactions among bZIP and Rel 
family proteins in living cells using bimolecular fluorescence complementation. Mol Cell. 
2002;9(4):789-98. Epub 2002/05/02. PubMed PMID: 11983170. 
309. Schmidt C, Peng B, Li Z, Sclabas GM, Fujioka S, Niu J, Schmidt-Supprian M, Evans DB, 
Abbruzzese JL, Chiao PJ. Mechanisms of proinflammatory cytokine-induced biphasic NF-kappaB 
activation. Mol Cell. 2003;12(5):1287-300. Epub 2003/11/26. PubMed PMID: 14636585. 
310. Anghileri LJ, Marchal C, Matrat M, Crone-Escanye MC, Robert J. Hyperthermia inhibition 
of tumor cells growth in the presence of ruthenium red. Neoplasma. 1986;33(5):603-8. Epub 
1986/01/01. PubMed PMID: 2431329. 

143



	  

311. Shellman YG, Howe WR, Miller LA, Goldstein NB, Pacheco TR, Mahajan RL, LaRue SM, 
Norris DA. Hyperthermia induces endoplasmic reticulum-mediated apoptosis in melanoma and 
non-melanoma skin cancer cells. J Invest Dermatol. 2008;128(4):949-56. Epub 2007/11/09. doi: 
10.1038/sj.jid.5701114. PubMed PMID: 17989736. 
312. Jones EL, Oleson JR, Prosnitz LR, Samulski TV, Vujaskovic Z, Yu D, Sanders LL, 
Dewhirst MW. Randomized trial of hyperthermia and radiation for superficial tumors. J Clin Oncol. 
2005;23(13):3079-85. Epub 2005/04/30. doi: 10.1200/JCO.2005.05.520. PubMed PMID: 
15860867. 
313. Coffey DS, Getzenberg RH, DeWeese TL. Hyperthermic biology and cancer therapies: a 
hypothesis for the "Lance Armstrong effect". JAMA : the journal of the American Medical 
Association. 2006;296(4):445-8. Epub 2006/07/27. doi: 10.1001/jama.296.4.445. PubMed PMID: 
16868303. 
314. Voellmy R. Feedback regulation of the heat shock response. Handbook of experimental 
pharmacology. 2006(172):43-68. Epub 2006/04/14. PubMed PMID: 16610354. 
315. Powers MV, Workman P. Inhibitors of the heat shock response: biology and 
pharmacology. FEBS Lett. 2007;581(19):3758-69. Epub 2007/06/15. doi: 
10.1016/j.febslet.2007.05.040. PubMed PMID: 17559840. 
316. Jego G, Hazoume A, Seigneuric R, Garrido C. Targeting heat shock proteins in cancer. 
Cancer Lett. 2013;332(2):275-85. Epub 2010/11/17. doi: 10.1016/j.canlet.2010.10.014. PubMed 
PMID: 21078542. 
317. Powers MV, Clarke PA, Workman P. Dual targeting of HSC70 and HSP72 inhibits HSP90 
function and induces tumor-specific apoptosis. Cancer Cell. 2008;14(3):250-62. Epub 
2008/09/06. doi: 10.1016/j.ccr.2008.08.002. PubMed PMID: 18772114. 
318. Massey AJ, Williamson DS, Browne H, Murray JB, Dokurno P, Shaw T, Macias AT, 
Daniels Z, Geoffroy S, Dopson M, Lavan P, Matassova N, Francis GL, Graham CJ, Parsons R, 
Wang Y, Padfield A, Comer M, Drysdale MJ, Wood M. A novel, small molecule inhibitor of 
Hsc70/Hsp70 potentiates Hsp90 inhibitor induced apoptosis in HCT116 colon carcinoma cells. 
Cancer Chemother Pharmacol. 2010;66(3):535-45. Epub 2009/12/17. doi: 10.1007/s00280-009-
1194-3. PubMed PMID: 20012863. 
319. Zhang T, Inesta-Vaquera F, Niepel M, Zhang J, Ficarro SB, Machleidt T, Xie T, Marto JA, 
Kim N, Sim T, Laughlin JD, Park H, LoGrasso PV, Patricelli M, Nomanbhoy TK, Sorger PK, Alessi 
DR, Gray NS. Discovery of potent and selective covalent inhibitors of JNK. Chem Biol. 
2012;19(1):140-54. Epub 2012/01/31. doi: 10.1016/j.chembiol.2011.11.010. PubMed PMID: 
22284361; PubMed Central PMCID: PMC3270411. 
320. Han J, Goldstein LA, Hou W, Rabinowich H. Functional linkage between NOXA and Bim 
in mitochondrial apoptotic events. J Biol Chem. 2007;282(22):16223-31. Epub 2007/03/22. doi: 
10.1074/jbc.M611186200. PubMed PMID: 17374615. 
321. Son JK, Varadarajan S, Bratton SB. TRAIL-activated stress kinases suppress apoptosis 
through transcriptional upregulation of MCL-1. Cell Death Differ. 2010;17(8):1288-301. Epub 
2010/02/20. doi: 10.1038/cdd.2010.9. PubMed PMID: 20168333; PubMed Central PMCID: 
PMC3638721. 
322. Xie X, Zhao X, Liu Y, Zhang J, Matusik RJ, Slawin KM, Spencer DM. Adenovirus-
mediated tissue-targeted expression of a caspase-9-based artificial death switch for the treatment 
of prostate cancer. Cancer Res. 2001;61(18):6795-804. Epub 2001/09/18. PubMed PMID: 
11559553. 
323. Chigancas V, Miyaji EN, Muotri AR, de Fatima Jacysyn J, Amarante-Mendes GP, Yasui 
A, Menck CF. Photorepair prevents ultraviolet-induced apoptosis in human cells expressing the 
marsupial photolyase gene. Cancer Res. 2000;60(9):2458-63. Epub 2000/05/16. PubMed PMID: 
10811124. 
324. Fuentes-Prior P, Salvesen GS. The protein structures that shape caspase activity, 
specificity, activation and inhibition. Biochem J. 2004;384(Pt 2):201-32. Epub 2004/09/29. doi: 

144



	  

10.1042/BJ20041142. PubMed PMID: 15450003; PubMed Central PMCID: PMC1134104. 
325. Wagner KW, Engels IH, Deveraux QL. Caspase-2 can function upstream of bid cleavage 
in the TRAIL apoptosis pathway. J Biol Chem. 2004;279(33):35047-52. Epub 2004/06/03. doi: 
10.1074/jbc.M400708200. PubMed PMID: 15173176. 
326. Troy CM, Ribe EM. Caspase-2: vestigial remnant or master regulator? Science signaling. 
2008;1(38):pe42. Epub 2008/09/25. doi: 10.1126/scisignal.138pe42. PubMed PMID: 18812565. 
327. Richter K, Haslbeck M, Buchner J. The heat shock response: life on the verge of death. 
Mol Cell. 2010;40(2):253-66. Epub 2010/10/23. doi: 10.1016/j.molcel.2010.10.006. PubMed 
PMID: 20965420. 
328. Bratton SB, MacFarlane M, Cain K, Cohen GM. Protein complexes activate distinct 
caspase cascades in death receptor and stress-induced apoptosis. Experimental cell research. 
2000;256(1):27-33. Epub 2000/03/31. doi: 10.1006/excr.2000.4835. PubMed PMID: 10739648. 
329. Mosser DD, Caron AW, Bourget L, Denis-Larose C, Massie B. Role of the human heat 
shock protein hsp70 in protection against stress-induced apoptosis. Mol Cell Biol. 
1997;17(9):5317-27. Epub 1997/09/01. PubMed PMID: 9271409; PubMed Central PMCID: 
PMC232382. 
330. Vigh L, Torok Z, Balogh G, Glatz A, Piotto S, Horvath I. Membrane-regulated stress 
response: a theoretical and practical approach. Advances in experimental medicine and biology. 
2007;594:114-31. Epub 2007/01/09. doi: 10.1007/978-0-387-39975-1_11. PubMed PMID: 
17205680. 
331. Calamini B, Morimoto RI. Protein homeostasis as a therapeutic target for diseases of 
protein conformation. Current topics in medicinal chemistry. 2012;12(22):2623-40. Epub 
2013/01/24. PubMed PMID: 23339312. 
332. Shi Y, Mosser DD, Morimoto RI. Molecular chaperones as HSF1-specific transcriptional 
repressors. Genes Dev. 1998;12(5):654-66. Epub 1998/04/16. PubMed PMID: 9499401; PubMed 
Central PMCID: PMC316571. 
333. Morimoto RI, Santoro MG. Stress-inducible responses and heat shock proteins: new 
pharmacologic targets for cytoprotection. Nature biotechnology. 1998;16(9):833-8. Epub 
1998/09/22. doi: 10.1038/nbt0998-833. PubMed PMID: 9743115. 
334. Davis RJ. Signal transduction by the JNK group of MAP kinases. Cell. 2000;103(2):239-
52. Epub 2000/11/01. PubMed PMID: 11057897. 
335. Kyriakis JM, Avruch J. Mammalian mitogen-activated protein kinase signal transduction 
pathways activated by stress and inflammation. Physiological reviews. 2001;81(2):807-69. Epub 
2001/03/29. PubMed PMID: 11274345. 
336. Tsuruta F, Sunayama J, Mori Y, Hattori S, Shimizu S, Tsujimoto Y, Yoshioka K, 
Masuyama N, Gotoh Y. JNK promotes Bax translocation to mitochondria through phosphorylation 
of 14-3-3 proteins. Embo J. 2004;23(8):1889-99. Epub 2004/04/09. doi: 
10.1038/sj.emboj.7600194. PubMed PMID: 15071501; PubMed Central PMCID: PMC394248. 
337. Stankiewicz AR, Lachapelle G, Foo CP, Radicioni SM, Mosser DD. Hsp70 inhibits heat-
induced apoptosis upstream of mitochondria by preventing Bax translocation. J Biol Chem. 
2005;280(46):38729-39. Epub 2005/09/21. doi: 10.1074/jbc.M509497200. PubMed PMID: 
16172114. 
338. Tournier C, Hess P, Yang DD, Xu J, Turner TK, Nimnual A, Bar-Sagi D, Jones SN, 
Flavell RA, Davis RJ. Requirement of JNK for stress-induced activation of the cytochrome c-
mediated death pathway. Science. 2000;288(5467):870-4. Epub 2000/05/08. PubMed PMID: 
10797012. 
339. Chauhan D, Li G, Hideshima T, Podar K, Mitsiades C, Mitsiades N, Munshi N, Kharbanda 
S, Anderson KC. JNK-dependent release of mitochondrial protein, Smac, during apoptosis in 
multiple myeloma (MM) cells. J Biol Chem. 2003;278(20):17593-6. Epub 2003/04/01. doi: 
10.1074/jbc.C300076200. PubMed PMID: 12665525. 
340. Wiggins CM, Johnson M, Cook SJ. Refining the minimal sequence required for ERK1/2-

145



	  

dependent poly-ubiquitination and proteasome-dependent turnover of BIM. Cell Signal. 
2010;22(5):801-8. Epub 2010/01/16. doi: 10.1016/j.cellsig.2010.01.004. PubMed PMID: 
20074640. 
341. Cai B, Xia Z. p38 MAP kinase mediates arsenite-induced apoptosis through FOXO3a 
activation and induction of Bim transcription. Apoptosis. 2008;13(6):803-10. Epub 2008/05/10. 
doi: 10.1007/s10495-008-0218-5. PubMed PMID: 18465250; PubMed Central PMCID: 
PMC2442769. 
342. Lu J, Quearry B, Harada H. p38-MAP kinase activation followed by BIM induction is 
essential for glucocorticoid-induced apoptosis in lymphoblastic leukemia cells. FEBS Lett. 
2006;580(14):3539-44. Epub 2006/05/30. doi: 10.1016/j.febslet.2006.05.031. PubMed PMID: 
16730715. 
343. Gabai VL, Mabuchi K, Mosser DD, Sherman MY. Hsp72 and stress kinase c-jun N-
terminal kinase regulate the bid-dependent pathway in tumor necrosis factor-induced apoptosis. 
Mol Cell Biol. 2002;22(10):3415-24. Epub 2002/04/25. PubMed PMID: 11971973; PubMed 
Central PMCID: PMC133785. 
344. He L, Lemasters JJ. Heat shock suppresses the permeability transition in rat liver 
mitochondria. J Biol Chem. 2003;278(19):16755-60. Epub 2003/03/04. doi: 
10.1074/jbc.M300153200. PubMed PMID: 12611884. 
345. Beere HM, Green DR. Stress management - heat shock protein-70 and the regulation of 
apoptosis. Trends in cell biology. 2001;11(1):6-10. Epub 2001/01/09. PubMed PMID: 11146277. 
346. Samali A, Robertson JD, Peterson E, Manero F, van Zeijl L, Paul C, Cotgreave IA, Arrigo 
AP, Orrenius S. Hsp27 protects mitochondria of thermotolerant cells against apoptotic stimuli. 
Cell stress & chaperones. 2001;6(1):49-58. Epub 2001/08/30. PubMed PMID: 11525243; 
PubMed Central PMCID: PMC434383. 
347. Paul C, Manero F, Gonin S, Kretz-Remy C, Virot S, Arrigo AP. Hsp27 as a negative 
regulator of cytochrome C release. Mol Cell Biol. 2002;22(3):816-34. Epub 2002/01/11. PubMed 
PMID: 11784858; PubMed Central PMCID: PMC133538. 
348. Polla BS, Kantengwa S, Francois D, Salvioli S, Franceschi C, Marsac C, Cossarizza A. 
Mitochondria are selective targets for the protective effects of heat shock against oxidative injury. 
Proceedings of the National Academy of Sciences of the United States of America. 
1996;93(13):6458-63. Epub 1996/06/25. PubMed PMID: 8692837; PubMed Central PMCID: 
PMC39045. 
349. Pandey P, Saleh A, Nakazawa A, Kumar S, Srinivasula SM, Kumar V, Weichselbaum R, 
Nalin C, Alnemri ES, Kufe D, Kharbanda S. Negative regulation of cytochrome c-mediated 
oligomerization of Apaf-1 and activation of procaspase-9 by heat shock protein 90. Embo J. 
2000;19(16):4310-22. Epub 2000/08/16. doi: 10.1093/emboj/19.16.4310. PubMed PMID: 
10944114; PubMed Central PMCID: PMC302037. 
350. Bruey JM, Ducasse C, Bonniaud P, Ravagnan L, Susin SA, Diaz-Latoud C, Gurbuxani S, 
Arrigo AP, Kroemer G, Solary E, Garrido C. Hsp27 negatively regulates cell death by interacting 
with cytochrome c. Nat Cell Biol. 2000;2(9):645-52. Epub 2000/09/12. doi: 10.1038/35023595. 
PubMed PMID: 10980706. 
351. Beere HM, Wolf BB, Cain K, Mosser DD, Mahboubi A, Kuwana T, Tailor P, Morimoto RI, 
Cohen GM, Green DR. Heat-shock protein 70 inhibits apoptosis by preventing recruitment of 
procaspase-9 to the Apaf-1 apoptosome. Nat Cell Biol. 2000;2(8):469-75. Epub 2000/08/10. doi: 
10.1038/35019501. PubMed PMID: 10934466. 
352. Saleh A, Srinivasula SM, Balkir L, Robbins PD, Alnemri ES. Negative regulation of the 
Apaf-1 apoptosome by Hsp70. Nat Cell Biol. 2000;2(8):476-83. Epub 2000/08/10. doi: 
10.1038/35019510. PubMed PMID: 10934467. 
353. Li CY, Lee JS, Ko YG, Kim JI, Seo JS. Heat shock protein 70 inhibits apoptosis 
downstream of cytochrome c release and upstream of caspase-3 activation. J Biol Chem. 
2000;275(33):25665-71. Epub 2000/05/12. doi: 10.1074/jbc.M906383199. PubMed PMID: 

146



	  

10806214. 
354. Steel R, Doherty JP, Buzzard K, Clemons N, Hawkins CJ, Anderson RL. Hsp72 inhibits 
apoptosis upstream of the mitochondria and not through interactions with Apaf-1. J Biol Chem. 
2004;279(49):51490-9. Epub 2004/09/17. doi: 10.1074/jbc.M401314200. PubMed PMID: 
15371421. 
355. Gabai VL, Meriin AB, Mosser DD, Caron AW, Rits S, Shifrin VI, Sherman MY. Hsp70 
prevents activation of stress kinases. A novel pathway of cellular thermotolerance. J Biol Chem. 
1997;272(29):18033-7. Epub 1997/07/18. PubMed PMID: 9218432. 
356. Volloch V, Mosser DD, Massie B, Sherman MY. Reduced thermotolerance in aged cells 
results from a loss of an hsp72-mediated control of JNK signaling pathway. Cell Stress 
Chaperones. 1998;3(4):265-71. Epub 1999/01/08. PubMed PMID: 9880239; PubMed Central 
PMCID: PMC312972. 
357. Yaglom JA, Gabai VL, Meriin AB, Mosser DD, Sherman MY. The function of HSP72 in 
suppression of c-Jun N-terminal kinase activation can be dissociated from its role in prevention of 
protein damage. J Biol Chem. 1999;274(29):20223-8. Epub 1999/07/10. PubMed PMID: 
10400639. 
358. Meriin AB, Yaglom JA, Gabai VL, Zon L, Ganiatsas S, Mosser DD, Zon L, Sherman MY. 
Protein-damaging stresses activate c-Jun N-terminal kinase via inhibition of its 
dephosphorylation: a novel pathway controlled by HSP72. Mol Cell Biol. 1999;19(4):2547-55. 
Epub 1999/03/19. PubMed PMID: 10082520; PubMed Central PMCID: PMC84047. 
359. Park J, Liu AY. JNK phosphorylates the HSF1 transcriptional activation domain: role of 
JNK in the regulation of the heat shock response. J Cell Biochem. 2001;82(2):326-38. Epub 
2001/08/31. PubMed PMID: 11527157. 
360. Park SY, Lee H, Hur J, Kim SY, Kim H, Park JH, Cha S, Kang SS, Cho GJ, Choi WS, 
Suk K. Hypoxia induces nitric oxide production in mouse microglia via p38 mitogen-activated 
protein kinase pathway. Brain research Molecular brain research. 2002;107(1):9-16. Epub 
2002/11/05. PubMed PMID: 12414118. 
361. Lei K, Nimnual A, Zong WX, Kennedy NJ, Flavell RA, Thompson CB, Bar-Sagi D, Davis 
RJ. The Bax subfamily of Bcl2-related proteins is essential for apoptotic signal transduction by c-
Jun NH(2)-terminal kinase. Mol Cell Biol. 2002;22(13):4929-42. Epub 2002/06/08. PubMed PMID: 
12052897; PubMed Central PMCID: PMC133923. 
362. Luft JC, Benjamin IJ, Mestril R, Dix DJ. Heat shock factor 1-mediated thermotolerance 
prevents cell death and results in G2/M cell cycle arrest. Cell Stress Chaperones. 2001;6(4):326-
36. Epub 2002/01/25. PubMed PMID: 11795469; PubMed Central PMCID: PMC434415. 
363. Shim EH, Kim JI, Bang ES, Heo JS, Lee JS, Kim EY, Lee JE, Park WY, Kim SH, Kim HS, 
Smithies O, Jang JJ, Jin DI, Seo JS. Targeted disruption of hsp70.1 sensitizes to osmotic stress. 
EMBO Rep. 2002;3(9):857-61. Epub 2002/08/22. doi: 10.1093/embo-reports/kvf175. PubMed 
PMID: 12189176; PubMed Central PMCID: PMC1084228. 
364. Wang S, Diller KR, Aggarwal SJ. Kinetics study of endogenous heat shock protein 70 
expression. J Biomech Eng. 2003;125(6):794-7. Epub 2004/02/28. PubMed PMID: 14986403. 
365. Chen YR, Meyer CF, Tan TH. Persistent activation of c-Jun N-terminal kinase 1 (JNK1) in 
gamma radiation-induced apoptosis. J Biol Chem. 1996;271(2):631-4. Epub 1996/01/12. PubMed 
PMID: 8557665. 
366. Gillings AS, Balmanno K, Wiggins CM, Johnson M, Cook SJ. Apoptosis and autophagy: 
BIM as a mediator of tumour cell death in response to oncogene-targeted therapeutics. Febs J. 
2009;276(21):6050-62. Epub 2009/10/01. doi: 10.1111/j.1742-4658.2009.07329.x. PubMed 
PMID: 19788418. 
367. Gong WJ, Golic KG. Loss of Hsp70 in Drosophila is pleiotropic, with effects on 
thermotolerance, recovery from heat shock and neurodegeneration. Genetics. 2006;172(1):275-
86. Epub 2005/10/06. doi: 10.1534/genetics.105.048793. PubMed PMID: 16204210; PubMed 
Central PMCID: PMC1456155. 

147



	  

368. Tobiume K, Matsuzawa A, Takahashi T, Nishitoh H, Morita K, Takeda K, Minowa O, 
Miyazono K, Noda T, Ichijo H. ASK1 is required for sustained activations of JNK/p38 MAP 
kinases and apoptosis. EMBO Rep. 2001;2(3):222-8. Epub 2001/03/27. doi: 10.1093/embo-
reports/kve046. PubMed PMID: 11266364; PubMed Central PMCID: PMC1083842. 
369. Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME. Opposing effects of ERK and 
JNK-p38 MAP kinases on apoptosis. Science. 1995;270(5240):1326-31. Epub 1995/11/24. 
PubMed PMID: 7481820. 
370. Kamata H, Honda S, Maeda S, Chang L, Hirata H, Karin M. Reactive oxygen species 
promote TNFalpha-induced death and sustained JNK activation by inhibiting MAP kinase 
phosphatases. Cell. 2005;120(5):649-61. Epub 2005/03/16. doi: 10.1016/j.cell.2004.12.041. 
PubMed PMID: 15766528. 
371. Li P, Furusawa Y, Wei ZL, Sakurai H, Tabuchi Y, Zhao QL, Saiki I, Kondo T. TAK1 
promotes cell survival by TNFAIP3 and IL-8 dependent and NF-kappaB independent pathway in 
HeLa cells exposed to heat stress. International journal of hyperthermia : the official journal of 
European Society for Hyperthermic Oncology, North American Hyperthermia Group. 
2013;29(7):688-95. Epub 2013/09/14. doi: 10.3109/02656736.2013.828104. PubMed PMID: 
24028082. 
372. Walczak H. TNF and ubiquitin at the crossroads of gene activation, cell death, 
inflammation, and cancer. Immunological reviews. 2011;244(1):9-28. Epub 2011/10/25. doi: 
10.1111/j.1600-065X.2011.01066.x. PubMed PMID: 22017428. 
373. Gerlach B, Cordier SM, Schmukle AC, Emmerich CH, Rieser E, Haas TL, Webb AI, 
Rickard JA, Anderton H, Wong WW, Nachbur U, Gangoda L, Warnken U, Purcell AW, Silke J, 
Walczak H. Linear ubiquitination prevents inflammation and regulates immune signalling. Nature. 
2011;471(7340):591-6. Epub 2011/04/02. doi: 10.1038/nature09816. PubMed PMID: 21455173. 
374. Rieser E, Cordier SM, Walczak H. Linear ubiquitination: a newly discovered regulator of 
cell signalling. Trends Biochem Sci. 2013;38(2):94-102. Epub 2013/01/22. doi: 
10.1016/j.tibs.2012.11.007. PubMed PMID: 23333406. 
375. Rahighi S, Ikeda F, Kawasaki M, Akutsu M, Suzuki N, Kato R, Kensche T, Uejima T, 
Bloor S, Komander D, Randow F, Wakatsuki S, Dikic I. Specific recognition of linear ubiquitin 
chains by NEMO is important for NF-kappaB activation. Cell. 2009;136(6):1098-109. Epub 
2009/03/24. doi: 10.1016/j.cell.2009.03.007. PubMed PMID: 19303852. 
376. Lo YC, Lin SC, Rospigliosi CC, Conze DB, Wu CJ, Ashwell JD, Eliezer D, Wu H. 
Structural basis for recognition of diubiquitins by NEMO. Mol Cell. 2009;33(5):602-15. Epub 
2009/02/03. doi: 10.1016/j.molcel.2009.01.012. PubMed PMID: 19185524; PubMed Central 
PMCID: PMC2749619. 
377. Holmberg CI, Hietakangas V, Mikhailov A, Rantanen JO, Kallio M, Meinander A, Hellman 
J, Morrice N, MacKintosh C, Morimoto RI, Eriksson JE, Sistonen L. Phosphorylation of serine 230 
promotes inducible transcriptional activity of heat shock factor 1. Embo J. 2001;20(14):3800-10. 
Epub 2001/07/12. doi: 10.1093/emboj/20.14.3800. PubMed PMID: 11447121; PubMed Central 
PMCID: PMC125548. 
378. Dai R, Frejtag W, He B, Zhang Y, Mivechi NF. c-Jun NH2-terminal kinase targeting and 
phosphorylation of heat shock factor-1 suppress its transcriptional activity. J Biol Chem. 
2000;275(24):18210-8. Epub 2000/04/05. doi: 10.1074/jbc.M000958200. PubMed PMID: 
10747973. 
379. Akerfelt M, Morimoto RI, Sistonen L. Heat shock factors: integrators of cell stress, 
development and lifespan. Nat Rev Mol Cell Biol. 2010;11(8):545-55. Epub 2010/07/16. doi: 
10.1038/nrm2938. PubMed PMID: 20628411; PubMed Central PMCID: PMC3402356. 
380. Bain JR, Schisler JC, Takeuchi K, Newgard CB, Becker TC. An adenovirus vector for 
efficient RNA interference-mediated suppression of target genes in insulinoma cells and 
pancreatic islets of langerhans. Diabetes. 2004;53(9):2190-4. Epub 2004/08/28. PubMed PMID: 
15331526. 

148



	  

381. Bain J, Plater L, Elliott M, Shpiro N, Hastie CJ, McLauchlan H, Klevernic I, Arthur JS, 
Alessi DR, Cohen P. The selectivity of protein kinase inhibitors: a further update. Biochem J. 
2007;408(3):297-315. Epub 2007/09/14. doi: 10.1042/BJ20070797. PubMed PMID: 17850214; 
PubMed Central PMCID: PMC2267365. 
382. Birkenkamp KU, Tuyt LM, Lummen C, Wierenga AT, Kruijer W, Vellenga E. The p38 
MAP kinase inhibitor SB203580 enhances nuclear factor-kappa B transcriptional activity by a 
non-specific effect upon the ERK pathway. Br J Pharmacol. 2000;131(1):99-107. Epub 
2000/08/26. doi: 10.1038/sj.bjp.0703534. PubMed PMID: 10960075; PubMed Central PMCID: 
PMC1572293. 
383. Li GC, Mivechi NF, Weitzel G. Heat shock proteins, thermotolerance, and their relevance 
to clinical hyperthermia. Int J Hyperthermia. 1995;11(4):459-88. Epub 1995/07/01. PubMed 
PMID: 7594802. 
384. Riley T, Sontag E, Chen P, Levine A. Transcriptional control of human p53-regulated 
genes. Nat Rev Mol Cell Biol. 2008;9(5):402-12. Epub 2008/04/24. doi: 10.1038/nrm2395. 
PubMed PMID: 18431400. 
385. Vousden KH, Lane DP. p53 in health and disease. Nat Rev Mol Cell Biol. 2007;8(4):275-
83. Epub 2007/03/24. doi: 10.1038/nrm2147. PubMed PMID: 17380161. 
386. Erlacher M, Michalak EM, Kelly PN, Labi V, Niederegger H, Coultas L, Adams JM, 
Strasser A, Villunger A. BH3-only proteins Puma and Bim are rate-limiting for gamma-radiation- 
and glucocorticoid-induced apoptosis of lymphoid cells in vivo. Blood. 2005;106(13):4131-8. Epub 
2005/08/25. doi: 10.1182/blood-2005-04-1595. PubMed PMID: 16118324; PubMed Central 
PMCID: PMC1895232. 
387. Nylandsted J, Gyrd-Hansen M, Danielewicz A, Fehrenbacher N, Lademann U, Hoyer-
Hansen M, Weber E, Multhoff G, Rohde M, Jaattela M. Heat shock protein 70 promotes cell 
survival by inhibiting lysosomal membrane permeabilization. J Exp Med. 2004;200(4):425-35. 
Epub 2004/08/18. doi: 10.1084/jem.20040531. PubMed PMID: 15314073; PubMed Central 
PMCID: PMC2211935. 
388. Kim MS, Kim SS, An CH, Yoo NJ, Lee SH. Frameshift mutation at mononucleotide repeat 
in Apaf-1 is rare in gastric carcinomas. Dig Liver Dis. 2008;40(7):599-600. Epub 2008/04/01. doi: 
10.1016/j.dld.2008.02.008. PubMed PMID: 18373966. 
389. Barry M, Heibein JA, Pinkoski MJ, Lee SF, Moyer RW, Green DR, Bleackley RC. 
Granzyme B short-circuits the need for caspase 8 activity during granule-mediated cytotoxic T-
lymphocyte killing by directly cleaving Bid. Mol Cell Biol. 2000;20(11):3781-94. Epub 2000/05/11. 
PubMed PMID: 10805722; PubMed Central PMCID: PMC85698. 
390. 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: PMC312722. 
391. Werneburg NW, Guicciardi ME, Bronk SF, Kaufmann SH, Gores GJ. Tumor necrosis 
factor-related apoptosis-inducing ligand activates a lysosomal pathway of apoptosis that is 
regulated by Bcl-2 proteins. J Biol Chem. 2007;282(39):28960-70. Epub 2007/08/10. doi: 
10.1074/jbc.M705671200. PubMed PMID: 17686764. 
392. Ruppert SM, Li W, Zhang G, Carlson AL, Limaye A, Durum SK, Khaled AR. The major 
isoforms of Bim contribute to distinct biological activities that govern the processes of autophagy 
and apoptosis in interleukin-7 dependent lymphocytes. Biochim Biophys Acta. 
2012;1823(10):1877-93. Epub 2012/06/26. doi: 10.1016/j.bbamcr.2012.06.017. PubMed PMID: 
22728771; PubMed Central PMCID: PMC3432704. 
393. Yamamoto A, Murphy N, Schindler CK, So NK, Stohr S, Taki W, Prehn JH, Henshall DC. 
Endoplasmic reticulum stress and apoptosis signaling in human temporal lobe epilepsy. J 
Neuropathol Exp Neurol. 2006;65(3):217-25. Epub 2006/05/03. doi: 
10.1097/01.jnen.0000202886.22082.2a. PubMed PMID: 16651883. 

149



	  

394. Hinds MG, Smits C, Fredericks-Short R, Risk JM, Bailey M, Huang DC, Day CL. Bim, 
Bad and Bmf: intrinsically unstructured BH3-only proteins that undergo a localized conformational 
change upon binding to prosurvival Bcl-2 targets. Cell Death Differ. 2007;14(1):128-36. Epub 
2006/04/29. doi: 10.1038/sj.cdd.4401934. PubMed PMID: 16645638. 
395. Adams JM, Huang DC, Puthalakath H, Bouillet P, Vairo G, Moriishi K, Hausmann G, 
O'Reilly L, Newton K, Ogilvy S, Bath ML, Print CG, Harris AW, Strasser A, Cory S. Control of 
apoptosis in hematopoietic cells by the Bcl-2 family of proteins. Cold Spring Harb Symp Quant 
Biol. 1999;64:351-8. Epub 2001/03/10. PubMed PMID: 11232307. 
396. Tse C, Shoemaker AR, Adickes J, Anderson MG, Chen J, Jin S, Johnson EF, Marsh KC, 
Mitten MJ, Nimmer P, Roberts L, Tahir SK, Xiao Y, Yang X, Zhang H, Fesik S, Rosenberg SH, 
Elmore SW. ABT-263: a potent and orally bioavailable Bcl-2 family inhibitor. Cancer Res. 
2008;68(9):3421-8. Epub 2008/05/03. doi: 10.1158/0008-5472.CAN-07-5836. PubMed PMID: 
18451170. 
397. Petros AM, Dinges J, Augeri DJ, Baumeister SA, Betebenner DA, Bures MG, Elmore 
SW, Hajduk PJ, Joseph MK, Landis SK, Nettesheim DG, Rosenberg SH, Shen W, Thomas S, 
Wang X, Zanze I, Zhang H, Fesik SW. Discovery of a potent inhibitor of the antiapoptotic protein 
Bcl-xL from NMR and parallel synthesis. J Med Chem. 2006;49(2):656-63. Epub 2006/01/20. doi: 
10.1021/jm0507532. PubMed PMID: 16420051. 
398. Bruncko M, Oost TK, Belli BA, Ding H, Joseph MK, Kunzer A, Martineau D, McClellan 
WJ, Mitten M, Ng SC, Nimmer PM, Oltersdorf T, Park CM, Petros AM, Shoemaker AR, Song X, 
Wang X, Wendt MD, Zhang H, Fesik SW, Rosenberg SH, Elmore SW. Studies leading to potent, 
dual inhibitors of Bcl-2 and Bcl-xL. J Med Chem. 2007;50(4):641-62. Epub 2007/01/30. doi: 
10.1021/jm061152t. PubMed PMID: 17256834. 
399. Park CM, Oie T, Petros AM, Zhang H, Nimmer PM, Henry RF, Elmore SW. Design, 
synthesis, and computational studies of inhibitors of Bcl-XL. J Am Chem Soc. 
2006;128(50):16206-12. Epub 2006/12/15. doi: 10.1021/ja0650347. PubMed PMID: 17165773. 
400. Wroblewski D, Mijatov B, Mohana-Kumaran N, Lai F, Gallagher SJ, Haass NK, Zhang 
XD, Hersey P. The BH3-mimetic ABT-737 sensitizes human melanoma cells to apoptosis 
induced by selective BRAF inhibitors but does not reverse acquired resistance. Carcinogenesis. 
2013;34(2):237-47. Epub 2012/10/23. doi: 10.1093/carcin/bgs330. PubMed PMID: 23087082. 
401. Sale MJ, Cook SJ. The BH3 mimetic ABT-263 synergizes with the MEK1/2 inhibitor 
selumetinib/AZD6244 to promote BIM-dependent tumour cell death and inhibit acquired 
resistance. Biochem J. 2013;450(2):285-94. Epub 2012/12/14. doi: 10.1042/BJ20121212. 
PubMed PMID: 23234544. 
402. Tagawa H, Karnan S, Suzuki R, Matsuo K, Zhang X, Ota A, Morishima Y, Nakamura S, 
Seto M. Genome-wide array-based CGH for mantle cell lymphoma: identification of homozygous 
deletions of the proapoptotic gene BIM. Oncogene. 2005;24(8):1348-58. Epub 2004/12/21. doi: 
10.1038/sj.onc.1208300. PubMed PMID: 15608680. 
403. Romano G, Acunzo M, Garofalo M, Di Leva G, Cascione L, Zanca C, Bolon B, Condorelli 
G, Croce CM. MiR-494 is regulated by ERK1/2 and modulates TRAIL-induced apoptosis in non-
small-cell lung cancer through BIM down-regulation. Proc Natl Acad Sci U S A. 
2012;109(41):16570-5. Epub 2012/09/27. doi: 10.1073/pnas.1207917109. PubMed PMID: 
23012423; PubMed Central PMCID: PMC3478630. 
404. Ouyang YB, Lu Y, Yue S, Giffard RG. miR-181 targets multiple Bcl-2 family members and 
influences apoptosis and mitochondrial function in astrocytes. Mitochondrion. 2012;12(2):213-9. 
Epub 2011/10/01. doi: 10.1016/j.mito.2011.09.001. PubMed PMID: 21958558; PubMed Central 
PMCID: PMC3250561. 
405. Mestre-Escorihuela C, Rubio-Moscardo F, Richter JA, Siebert R, Climent J, Fresquet V, 
Beltran E, Agirre X, Marugan I, Marin M, Rosenwald A, Sugimoto KJ, Wheat LM, Karran EL, 
Garcia JF, Sanchez L, Prosper F, Staudt LM, Pinkel D, Dyer MJ, Martinez-Climent JA. 
Homozygous deletions localize novel tumor suppressor genes in B-cell lymphomas. Blood. 

150



	  

2007;109(1):271-80. Epub 2006/09/09. doi: 10.1182/blood-2006-06-026500. PubMed PMID: 
16960149. 
406. Sale MJ, Cook SJ. That which does not kill me makes me stronger; combining ERK1/2 
pathway inhibitors and BH3 mimetics to kill tumour cells and prevent acquired resistance. Br J 
Pharmacol. 2013;169(8):1708-22. Epub 2013/05/08. doi: 10.1111/bph.12220. PubMed PMID: 
23647573; PubMed Central PMCID: PMC3753831. 
407. Tagawa H, Ikeda S, Sawada K. Role of microRNA in the pathogenesis of malignant 
lymphoma. Cancer Sci. 2013;104(7):801-9. Epub 2013/04/05. doi: 10.1111/cas.12160. PubMed 
PMID: 23551855. 
408. Marani M, Hancock D, Lopes R, Tenev T, Downward J, Lemoine NR. Role of Bim in the 
survival pathway induced by Raf in epithelial cells. Oncogene. 2004;23(14):2431-41. Epub 
2003/12/17. doi: 10.1038/sj.onc.1207364. PubMed PMID: 14676826. 
409. Dai DL, Wang Y, Liu M, Martinka M, Li G. Bim expression is reduced in human 
cutaneous melanomas. J Invest Dermatol. 2008;128(2):403-7. Epub 2007/07/20. doi: 
10.1038/sj.jid.5700989. PubMed PMID: 17637819. 
410. Wickenden JA, Jin H, Johnson M, Gillings AS, Newson C, Austin M, Chell SD, Balmanno 
K, Pritchard CA, Cook SJ. Colorectal cancer cells with the BRAF(V600E) mutation are addicted to 
the ERK1/2 pathway for growth factor-independent survival and repression of BIM. Oncogene. 
2008;27(57):7150-61. Epub 2008/09/23. doi: 10.1038/onc.2008.335. PubMed PMID: 18806830; 
PubMed Central PMCID: PMC2643813. 
411. Plotz M, Gillissen B, Quast SA, Berger A, Daniel PT, Eberle J. The BH3-only protein 
Bim(L) overrides Bcl-2-mediated apoptosis resistance in melanoma cells. Cancer Lett. 
2013;335(1):100-8. Epub 2013/02/14. doi: 10.1016/j.canlet.2013.02.005. PubMed PMID: 
23402819. 
412. Little AS, Balmanno K, Sale MJ, Newman S, Dry JR, Hampson M, Edwards PA, Smith 
PD, Cook SJ. Amplification of the driving oncogene, KRAS or BRAF, underpins acquired 
resistance to MEK1/2 inhibitors in colorectal cancer cells. Sci Signal. 2011;4(166):ra17. Epub 
2011/03/31. doi: 10.1126/scisignal.2001752. PubMed PMID: 21447798. 
413. Ley R, Ewings KE, Hadfield K, Howes E, Balmanno K, Cook SJ. Extracellular signal-
regulated kinases 1/2 are serum-stimulated "Bim(EL) kinases" that bind to the BH3-only protein 
Bim(EL) causing its phosphorylation and turnover. J Biol Chem. 2004;279(10):8837-47. Epub 
2003/12/19. doi: 10.1074/jbc.M311578200. PubMed PMID: 14681225. 
414. Little AS, Balmanno K, Sale MJ, Smith PD, Cook SJ. Tumour cell responses to MEK1/2 
inhibitors: acquired resistance and pathway remodelling. Biochemical Society transactions. 
2012;40(1):73-8. Epub 2012/01/21. doi: 10.1042/BST20110647. PubMed PMID: 22260668. 
415. Adam R, Majno P, Castaing D, Giovenardi R, Bismuth H. Treatment of irresectable liver 
tumours by percutaneous cryosurgery. The British journal of surgery. 1998;85(11):1493-4. Epub 
1998/11/21. PubMed PMID: 9823908. 
416. LeBlanc R, Catley LP, Hideshima T, Lentzsch S, Mitsiades CS, Mitsiades N, Neuberg D, 
Goloubeva O, Pien CS, Adams J, Gupta D, Richardson PG, Munshi NC, Anderson KC. 
Proteasome inhibitor PS-341 inhibits human myeloma cell growth in vivo and prolongs survival in 
a murine model. Cancer Res. 2002;62(17):4996-5000. Epub 2002/09/05. PubMed PMID: 
12208752. 
417. Bross PF, Kane R, Farrell AT, Abraham S, Benson K, Brower ME, Bradley S, Gobburu 
JV, Goheer A, Lee SL, Leighton J, Liang CY, Lostritto RT, McGuinn WD, Morse DE, Rahman A, 
Rosario LA, Verbois SL, Williams G, Wang YC, Pazdur R. Approval summary for bortezomib for 
injection in the treatment of multiple myeloma. Clin Cancer Res. 2004;10(12 Pt 1):3954-64. Epub 
2004/06/26. doi: 10.1158/1078-0432.CCR-03-0781. PubMed PMID: 15217925. 
418. Chauhan D, Hideshima T, Anderson KC. Proteasome inhibition in multiple myeloma: 
therapeutic implication. Annual review of pharmacology and toxicology. 2005;45:465-76. Epub 
2005/04/12. doi: 10.1146/annurev.pharmtox.45.120403.100037. PubMed PMID: 15822185. 

151



	  

419. Reginato MJ, Mills KR, Paulus JK, Lynch DK, Sgroi DC, Debnath J, Muthuswamy SK, 
Brugge JS. Integrins and EGFR coordinately regulate the pro-apoptotic protein Bim to prevent 
anoikis. Nat Cell Biol. 2003;5(8):733-40. Epub 2003/07/05. doi: 10.1038/ncb1026. PubMed PMID: 
12844146. 
420. Collins NL, Reginato MJ, Paulus JK, Sgroi DC, Labaer J, Brugge JS. G1/S cell cycle 
arrest provides anoikis resistance through Erk-mediated Bim suppression. Mol Cell Biol. 
2005;25(12):5282-91. Epub 2005/06/01. doi: 10.1128/MCB.25.12.5282-5291.2005. PubMed 
PMID: 15923641; PubMed Central PMCID: PMC1140593. 
421. Wang P, Gilmore AP, Streuli CH. Bim is an apoptosis sensor that responds to loss of 
survival signals delivered by epidermal growth factor but not those provided by integrins. J Biol 
Chem. 2004;279(40):41280-5. Epub 2004/08/05. doi: 10.1074/jbc.C400248200. PubMed PMID: 
15292207. 
422. Woods NT, Yamaguchi H, Lee FY, Bhalla KN, Wang HG. Anoikis, initiated by Mcl-1 
degradation and Bim induction, is deregulated during oncogenesis. Cancer Res. 
2007;67(22):10744-52. Epub 2007/11/17. doi: 10.1158/0008-5472.CAN-07-3148. PubMed PMID: 
18006817; PubMed Central PMCID: PMC2258556. 
423. Boisvert-Adamo K, Aplin AE. Mutant B-RAF mediates resistance to anoikis via Bad and 
Bim. Oncogene. 2008;27(23):3301-12. Epub 2008/02/05. doi: 10.1038/sj.onc.1211003. PubMed 
PMID: 18246127. 
424. Goldstein NB, Johannes WU, Gadeliya AV, Green MR, Fujita M, Norris DA, Shellman 
YG. Active N-Ras and B-Raf inhibit anoikis by downregulating Bim expression in melanocytic 
cells. J Invest Dermatol. 2009;129(2):432-7. Epub 2008/08/01. doi: 10.1038/jid.2008.227. 
PubMed PMID: 18668139. 
425. Webster J, Kauffman TL, Feigelson HS, Pawloski PA, Onitilo AA, Potosky AL, Cross D, 
Meier PR, Mirabedi AS, Delate T, Daida Y, Williams AE, Alexander GL, McCarty CA, Honda S, 
Kushi LH, Goddard KA. KRAS testing and epidermal growth factor receptor inhibitor treatment for 
colorectal cancer in community settings. Cancer Epidemiol Biomarkers Prev. 2013;22(1):91-101. 
Epub 2012/11/17. doi: 10.1158/1055-9965.EPI-12-0545. PubMed PMID: 23155138; PubMed 
Central PMCID: PMC3567775. 
426. Sanoudou D, Mountzios G, Arvanitis DA, Pectasides D. Array-based pharmacogenomics 
of molecular-targeted therapies in oncology. Pharmacogenomics J. 2012;12(3):185-96. Epub 
2012/01/18. doi: 10.1038/tpj.2011.53. PubMed PMID: 22249357. 
427. Tan XL, Moyer AM, Fridley BL, Schaid DJ, Niu N, Batzler AJ, Jenkins GD, Abo RP, Li L, 
Cunningham JM, Sun Z, Yang P, Wang L. Genetic variation predicting cisplatin cytotoxicity 
associated with overall survival in lung cancer patients receiving platinum-based chemotherapy. 
Clin Cancer Res. 2011;17(17):5801-11. Epub 2011/07/22. doi: 10.1158/1078-0432.CCR-11-1133. 
PubMed PMID: 21775533; PubMed Central PMCID: PMC3167019. 
428. Gulley ML, Shea TC, Fedoriw Y. Genetic tests to evaluate prognosis and predict 
therapeutic response in acute myeloid leukemia. J Mol Diagn. 2010;12(1):3-16. Epub 2009/12/05. 
doi: 10.2353/jmoldx.2010.090054. PubMed PMID: 19959801; PubMed Central PMCID: 
PMC2797712. 
429. Watanabe T, Kobunai T, Tanaka T, Ishihara S, Matsuda K, Nagawa H. Gene expression 
signature and the prediction of lymph node metastasis in colorectal cancer by DNA microarray. 
Dis Colon Rectum. 2009;52(12):1941-8. Epub 2009/11/26. doi: 
10.1007/DCR.0b013e3181b53684. PubMed PMID: 19934913. 
430. Bannerji R, Kitada S, Flinn IW, Pearson M, Young D, Reed JC, Byrd JC. Apoptotic-
regulatory and complement-protecting protein expression in chronic lymphocytic leukemia: 
relationship to in vivo rituximab resistance. J Clin Oncol. 2003;21(8):1466-71. Epub 2003/04/17. 
doi: 10.1200/JCO.2003.06.012. PubMed PMID: 12697868. 
431. Pepper C, Bentley P, Hoy T. Regulation of clinical chemoresistance by bcl-2 and bax 
oncoproteins in B-cell chronic lymphocytic leukaemia. British journal of haematology. 

152



	  

1996;95(3):513-7. Epub 1996/12/01. PubMed PMID: 8943893. 
432. Pepper C, Lin TT, Pratt G, Hewamana S, Brennan P, Hiller L, Hills R, Ward R, 
Starczynski J, Austen B, Hooper L, Stankovic T, Fegan C. Mcl-1 expression has in vitro and in 
vivo significance in chronic lymphocytic leukemia and is associated with other poor prognostic 
markers. Blood. 2008;112(9):3807-17. Epub 2008/07/05. doi: 10.1182/blood-2008-05-157131. 
PubMed PMID: 18599795. 
433. Loi S, Haibe-Kains B, Desmedt C, Wirapati P, Lallemand F, Tutt AM, Gillet C, Ellis P, 
Ryder K, Reid JF, Daidone MG, Pierotti MA, Berns EM, Jansen MP, Foekens JA, Delorenzi M, 
Bontempi G, Piccart MJ, Sotiriou C. Predicting prognosis using molecular profiling in estrogen 
receptor-positive breast cancer treated with tamoxifen. BMC genomics. 2008;9:239. Epub 
2008/05/24. doi: 10.1186/1471-2164-9-239. PubMed PMID: 18498629; PubMed Central PMCID: 
PMC2423197. 
434. Hayashi S, Yamaguchi Y. Estrogen signaling and prediction of endocrine therapy. Cancer 
chemotherapy and pharmacology. 2005;56 Suppl 1:27-31. Epub 2005/11/08. doi: 
10.1007/s00280-005-0096-2. PubMed PMID: 16273356. 
435. Hayashi S, Yamaguchi Y. Basic research for hormone-sensitivity of breast cancer. Breast 
cancer. 2006;13(2):123-8. Epub 2006/06/07. PubMed PMID: 16755105. 
436. Gerson R, Serrano A, Villalobos A, Sanchez-Forgach E, Sanchez-Basurto C, Murillo A, 
Ortiz-Hidalgo C. [Biomarkers in the prognosis and treatment response of breast cancer]. Gac 
Med Mex. 2002;138(1):15-24. Epub 2002/03/12. PubMed PMID: 11885126. 
437. Ahn HJ, Lee WJ, Kwack K, Kwon YD. FGF2 stimulates the proliferation of human 
mesenchymal stem cells through the transient activation of JNK signaling. FEBS Lett. 
2009;583(17):2922-6. Epub 2009/08/12. doi: 10.1016/j.febslet.2009.07.056. PubMed PMID: 
19664626. 
438. Gardier S, Pedretti S, Sarre A, Raddatz E. Transient anoxia and oxyradicals induce a 
region-specific activation of MAPKs in the embryonic heart. Mol Cell Biochem. 2010;340(1-
2):239-47. Epub 2010/03/23. doi: 10.1007/s11010-010-0423-8. PubMed PMID: 20306288. 
439. Yunta M, Oliva JL, Barcia R, Horejsi V, Angelisova P, Lazo PA. Transient activation of 
the c-Jun N-terminal kinase (JNK) activity by ligation of the tetraspan CD53 antigen in different 
cell types. Eur J Biochem. 2002;269(3):1012-21. Epub 2002/02/16. PubMed PMID: 11846804. 
440. Allen RT, Krueger KD, Dhume A, Agrawal DK. Sustained Akt/PKB activation and 
transient attenuation of c-jun N-terminal kinase in the inhibition of apoptosis by IGF-1 in vascular 
smooth muscle cells. Apoptosis. 2005;10(3):525-35. Epub 2005/05/24. doi: 10.1007/s10495-005-
1882-3. PubMed PMID: 15909115. 
441. Gabai VL, Yaglom JA, Volloch V, Meriin AB, Force T, Koutroumanis M, Massie B, Mosser 
DD, Sherman MY. Hsp72-mediated suppression of c-Jun N-terminal kinase is implicated in 
development of tolerance to caspase-independent cell death. Mol Cell Biol. 2000;20(18):6826-36. 
Epub 2000/08/25. PubMed PMID: 10958679; PubMed Central PMCID: PMC86215. 
442. Lotocki G, de Rivero Vaccari JP, Perez ER, Alonso OF, Curbelo K, Keane RW, Dietrich 
WD. Therapeutic hypothermia modulates TNFR1 signaling in the traumatized brain via early 
transient activation of the JNK pathway and suppression of XIAP cleavage. Eur J Neurosci. 
2006;24(8):2283-90. Epub 2006/11/01. doi: 10.1111/j.1460-9568.2006.05123.x. PubMed PMID: 
17074049. 
443. Krause D, Lyons A, Fennelly C, O'Connor R. Transient activation of Jun N-terminal 
kinases and protection from apoptosis by the insulin-like growth factor I receptor can be 
suppressed by dicumarol. J Biol Chem. 2001;276(22):19244-52. Epub 2001/03/30. doi: 
10.1074/jbc.M008186200. PubMed PMID: 11278392. 
444. Pechtelidou A, Beis I, Gaitanaki C. Transient and sustained oxidative stress differentially 
activate the JNK1/2 pathway and apoptotic phenotype in H9c2 cells. Mol Cell Biochem. 
2008;309(1-2):177-89. Epub 2007/12/07. doi: 10.1007/s11010-007-9658-4. PubMed PMID: 
18060575. 

153



	  

445. Shklyaev SS, Namba H, Mitsutake N, Alipov G, Nagayama Y, Maeda S, Ohtsuru A, 
Tsubouchi H, Yamashita S. Transient activation of c-Jun NH2-terminal kinase by growth factors 
influences survival but not apoptosis of human thyrocytes. Thyroid. 2001;11(7):629-36. Epub 
2001/08/04. doi: 10.1089/105072501750362691. PubMed PMID: 11484891. 
446. Bandschapp O, Girard T. Malignant hyperthermia. Swiss Med Wkly. 2012;142:w13652. 
Epub 2012/08/02. doi: 10.4414/smw.2012.13652. PubMed PMID: 22851008. 
447. Thomas J, Crowhurst T. Exertional heat stroke, rhabdomyolysis and susceptibility to 
malignant hyperthermia. Intern Med J. 2013;43(9):1035-8. Epub 2013/09/06. doi: 
10.1111/imj.12232. PubMed PMID: 24004393. 
448. Dutz S, Hergt R. Magnetic nanoparticle heating and heat transfer on a microscale: Basic 
principles, realities and physical limitations of hyperthermia for tumour therapy. Int J 
Hyperthermia. 2013. Epub 2013/08/24. doi: 10.3109/02656736.2013.822993. PubMed PMID: 
23968194. 
449. Miyagawa T, Saito H, Minamiya Y, Mitobe K, Takashima S, Takahashi N, Ito A, Imai K, 
Motoyama S, Ogawa J. Inhibition of Hsp90 and 70 sensitizes melanoma cells to hyperthermia 
using ferromagnetic particles with a low Curie temperature. Int J Clin Oncol. 2013. Epub 
2013/08/21. doi: 10.1007/s10147-013-0606-x. PubMed PMID: 23949287. 
450. Sadhukha T, Wiedmann TS, Panyam J. Inhalable magnetic nanoparticles for targeted 
hyperthermia in lung cancer therapy. Biomaterials. 2013;34(21):5163-71. Epub 2013/04/18. doi: 
10.1016/j.biomaterials.2013.03.061. PubMed PMID: 23591395. 
451. Shen S, Kong F, Guo X, Wu L, Shen H, Xie M, Wang X, Jin Y, Ge Y. CMCTS stabilized 
Fe3O4 particles with extremely low toxicity as highly efficient near-infrared photothermal agents 
for in vivo tumor ablation. Nanoscale. 2013;5(17):8056-66. Epub 2013/07/23. doi: 
10.1039/c3nr01447a. PubMed PMID: 23873020. 
452. Olshansky SJ, Passaro DJ, Hershow RC, Layden J, Carnes BA, Brody J, Hayflick L, 
Butler RN, Allison DB, Ludwig DS. A potential decline in life expectancy in the United States in 
the 21st century. N Engl J Med. 2005;352(11):1138-45. Epub 2005/03/24. doi: 
10.1056/NEJMsr043743. PubMed PMID: 15784668. 

 

  

154



 

Vita 

 

Indra Maria Mahajan was born in Brasilia, DF, Brazil. Indra Maria Mahajan 

obtained a Bachelor’s of Science (B.Sc.) degree as well as a Bachelor’s of 

Teaching (B.T.) degree in Biological Sciences, in 2001, from the University of 

Brasilia (UnB), Brasilia, DF, Brazil. Indra Maria Mahajan obtained a Master’s 

Degree in Molecular Biology, in 2004, from the University of Brasilia (UnB), 

Brasilia, DF, Brazil. In the spring of 2006, Indra Maria Mahajan enrolled the 

Pharmacology and Toxicology Ph.D. program at the College of Pharmacy, at the 

University of Texas at Austin, Austin, Texas. 

	  

155


	pre-text of thesis v5
	Copyright page
	Committee certfication Page INDRA
	Indra_dissertation_Titlepage
	Dedication of thesis
	Acknowledgementsv1

	Thesis combo v9 120313
	pre-text of thesis v4.pdf
	Copyright page
	Committee certfication Page INDRA
	Indra_dissertation_Titlepage
	Dedication of thesis
	Acknowledgementsv1





