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Figure |1.The Bcl-2 family.
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Figure 2. Cell death pathways. Two principal apoptotic execution programs follow
death receptor signals: the caspase pathway and mitochondrial dysfunction.Whether a

cell will live or die is determined by a balance of positive versus negative regulators 4,5, 2003
from the proximal death signals to the core apoptotic pathway.
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Figure 3. Detail of the mitochondrial apoptotic pathwa}f.

The BH3-only molecules Noxa, Puma, Bid, Bim and Bad all activate
and require the multidomain pro- apoptc:tsc protems Bax and Bak o

release cytochrome c and kill cells. In contrast, anti-apoptotic Bcl-2

or BCL-x sequesters BH3-only moiecuies and blocks the proapcp-

totic cascade.
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Aftar an apoptotic signal, Bax moves fram tha cytosol bo the mibechondria In some cal typas, Bax &
alrcady loomaly attached to the arganedlas and thi transkozation cannot ba detected. Aftar this, Bax
a conformatioral changa, oligoman 2 and irearts into the outar mitochandna

mambrane. This & mpidly lalowed by oytochmome-c raksa. b B possble that Bax nserts into

the membrana belane it oligomertees. All thess ovants can b induced by akher ful Jength Bid or
 apers- B - leaved Bid (tBid) and prevented by Bel-2 or Bd -k, prabably by dinect imteraction

with Ba"¥_a&nother Basdike protain, Bak, is actkatad through simibar mechanbrmes!t ™,
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During apoptosis induction pro-apoptotic Bcl-2 family members can translocate from an extra-mitochondrial to mitochondrial
membranes, causing their permeabilization. This applies to Bax, which translocates from the cytosol to mitochondria as a result of
cytosolic alkalinization. Bid is also normally found in the cytosol and translocates to mitochondria upon digestion by proteases (in
particular by caspase-8 butl also by calpain, cathepsin L, or granzyme B), yielding truncated Bid (t-Bid). Similar translocation reactions
have been described for Bad (which is cytosolic when phosphorylated, for instance by the pro-survival kinase Akt/PKB or other kinases
and mitochondrial when dephosphorylated), Bim (which is normally associated with the dynein light chain and hence associated with
microtubuli), Bmf (normally associated with the myosin V actin motor complex), as well as NoxA and PUMA (all transcriptionally
activated by p53, as Bax). Bak and BNIP3 (which is induced by hypoxia) are constitutively present in mitochondrial membranes.
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Kany death sigrak cawverge onto minchondria and are med ted through membars of tha Bzl-2
protein family called "BH3-only" proteing, such 2 Bid and Bad. These profeine are recuked to specific
patheays In some calk, binding of Fa ligand to ik racaptor Fas leads to the timenztion of Fas and
ta the farmatian of the death-indudng sigraling complas (DI5C) This comples & fomed by

amoc atian of the oytoplemic region of Fas, the adaptor proten FADD (Fas-msodating proten wih
daath domain] and procaspesa B, which & proteabticaly cleaved to genarate the activa sneyme’.
Coapora 8 than ceaves Bid, whose Ctermimal fragment (tBd) transkocatas to mito chondria, whara &
activatas Bax or Baid ke protens and results nopbochnome-c oyt o) ekae tBid might also act an =
own o irigger cybochroma - releasa. Onoz in the cytoeol, cyiochrome ¢ activaies cepea 9 by
binding to &paf-1 and dATP. The physickagical rekevance of this pathway bas recently bean shown by
the reskianca of Bid-defident mica 10 Fas hapat rtos e by, Capera B can abko intista a diract
sgnaling pathway that & indepandaent of mitochondria by claving and activating d csrsiream

cas pesge. Caath-ramepior-ndepandent stimul and growth-factor deprivation can triggar apoposts by
inducing translocation of Bax or Bad to mitochondria. In haatty cell, Bad can ba phosphongtated in
respans to sunival factors by severd Kimses, nchuding Ak, mibagen-acivated protain kinass (MARK,
Erk, protein binae & (PICA), Ads (MAFK-activated brasas) and p2l-acvatad bnase 1 (FaK]. Tha twa ]
wrind residues that ae phosphaondabed are ambedded ina 14-3-3 comanus ste. Fhosphondation of Trends in
akher rasce or both resulks in the saquestratian of Bad in the cytced through tis binding b 14-3-3, Cell Biology,
Caring apopbosty, Bad B daphoesphongbricd by the Ca?+-samitve phosphatase cadneunng or tha
praizin phephatse 1= (FP1a) and transhocaies to mitochondia, where it binds bo Bd-x . This displaces
Bol- from Bol-x -Bax hatarodirmears, therchy inhibtting the death reprasor actvity of Bolx.
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Figure 3. Decreased apoptosis caused by overexpression of Bcl-2
protein in a mouse model of plague. Wild-type mice (A) and mice
that overexpressed Bcl-2 in lymphocytes (B) were injected
intranasally with Yersinia pesfis. Thymuses were obtained at 72 h
postinfection and stained by using the terminal deoxynuclectidy!
(TUNEL) method as a marker of apoptotic cell death. Note the
decrease in apoptotic cells in the thymus of the Bel-2 transgenic
mouse (magnification x400).



e Mito
-? Fﬁ‘ﬁ A gyt C

> Bax/(i) Apoptosome
FL:MA cell death

Bax {}

Fig. 8. p73 induces apoptosis via PUMA-mediated Bax mito-
chondrial translocation. A schematic representation of the p73
downstream mediators of cell death is shown. p73 transcriptionally
regulates both Bax and PUMA. Although Bax induction is not sufficient
to trigger apoptosis, PUMA causes mitochondrial relocalization of Bax,
thus triggering mitochondrial cytochrome ¢ release and, in turn, lead-
ing to apoptotic cell death. The ANp73 protein (and, similarly, other
cancer-spectfic 1soforms with deletion of the transactivating domain),
regulated by a distinct promoter, inhibits TAp73 and p53 transcrip-

tional properties, hence having anti-apoptotic effects.
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2004
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FIGURE 5

Model of a survival signalling pathway involving the BH3-containing protein Bad.
Activation of the receptor for interleukin 3 (IL-3) mediates sequential activation of
phosphoinositide 3-kinase (Pl 3-K) and Akt, resulting in the phosphorylation (P) of Bad
at Ser136. Bad can also be phosphorylated in a regulated manner at Ser112, The
kinase(s) responsible for this phosphorylation have not been identified. Phosphorylated
Bad is sequestered by the phosphoserine-binding protein 14-3-3. In the absence of IL-3
receptor occupation, Bad is hypophosphorylated or dephosphorylated and binds to
Bcl-x,, thus antagonizing its function. Inactive Bcl-x, is unable to prevent the
translocation of cytochrome c (Cyt. ¢) to the cytosol. Cyt. crelease results in the
activation of a caspase cascade through Apaf-1 and caspase-9 (Apaf-3).
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Figure 1 The mitochondrial apoptosome route to apoptosis. Diverse cell death triggers
converge on mitochondria to promote release of proteins from the mitochondrial inter-

_ Nature Cell
membrane space, such as cytochrome c. In many instances, BH3-only members of the .

Bcl-2 family function as ligands for mitochondrial channels that facilitate the escape of BIO|09y, 5,
mitochondrial proteins. In the cytosol, cytochrome c functions as a cofactor for assem- 2003

bly of the apoptosome, which drives the activation of caspase-9 and several downstream

caspases. Bcl-2 and Bel-x, antagonize apoptosis by blocking the release of cytochrome
¢ and other mitochondrial constituents.
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Fig. 1. General apoptotic pathways and modulation by inhibitor of apoptosis protein {(IAP) family
members. Cell-death pathways can be initiated by ligation of death receptors (e.g. CD95), resulting
in activation of upstream caspase-8, or by release of mitochondrial cytochrome cin the cytoplasm.
Cross-talk between the two pathways is provided by caspase-8-dependent cleavage of the Bel-2
family member, Bid. The ability of IAP molecules to counteract the processing/function of
upstream caspase-9 and effector caspase-3 and -7 is shown. Smac, a mitochondria-released

protein, opposes |AP-dependent cytoprotection by releasing the bound caspase, favoring
downstream completion of apoptosis.
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Fig. 4. Phosphorylation on Thr34 as a crucial requisite for survivin-dependent cytoprotectionin
cancer. A potential pathway of survivin-dependent cytoprotection in cancer cells requires mitotic

phosphorylation on Thr34. At prometaphase, survivin complexes with the main mitotic kinase

p34cde?.cyclin B1 on the mitotic apparatus, and is phosphorylated during mitosis by p34¢@2-cyclin Trends in
B1on Thr34. Interference with survivin phosphorylation on Thr34 by expression of a MO'F:‘C!HG.I’
phosphorylation-defective survivin Thr34—Ala dominant-negative (DN} mutant or by treatment Medlcme, 7,

with a cyclin-dependent kinase inhibitor results in the dissociation of a survivin—caspase-9 12, 2001
complex, mislocalization of caspase-9 from the mitotic apparatus and caspase-dependent
apoptosis of cells traversing mitosis.
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Fig. 3. Molecular diagnosis of cancer by survivin detection. Potential diagnostic applications of
survivin in cancer patients includes immunohistochemical detection of survivin in tissue biopsies,
microarray-based gene-profiling studies, direct detection in biological fluids (e.g. urine, serum,

sputum), and determination of a cancer-specificimmune response by assaying circulating
antibodies to survivin.
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