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Apoptosis: Future directions in cancer therapy

D. RAVI, ~. R. PANIKKAR, M. KRISHNAN NAIR, M. RADHAKRISHNA PILLAI

ABSTRACT
Cancer as a multifactorial disease results in gain ofimmortality due
to defective apoptosis. The primary mode of cell death by apop-
tosis induced by various modes of treatment often failin vivo. The
in vitro environment is less complex while thein vivo environment
is influenced by various external regulatory signals besides the
existence of multiple, parallel and independent apoptotk path-
ways. Further, specific preference for an apoptotic pathway in a
certain cell type would significantly alter the apoptotic responses.
Identification of defects in preferred pathways and choosing
alternative and potentially inducible pathways would help in
deciding on apoptosis-based treatment protocols. Mechanisms
involved in the execution of apoptosls may also not be unique to
apoptotic pathways since similar events, possibly with strict
control, do occur during mitosis. Further evaluation may yield
new dimensions to apoptosis and apoptosis-based therapy.
Natl Med J India 2000; 13: 71-8

INTRODUCTION
Apoptosis is a complex network of biochemical pathways with
fine regulatory mechanisms controlling death events in a cell.
Apoptosis is an essential and fundamental phenomenon occurring
during various biological processes including growth, differen-
tiation, tissue remodelling and immunological development.'
Earlier concepts such as requirement of de novo transcription,
protein synthesis and cleavage of DNA into oligonucleosomal-
sized fragments now appear to be no longer mandatory in the
apoptotic process. Cell shrinkage, membrane blebbing, chroma-
tin condensation and DNA fragmentation are characteristic changes
observed during the execution phases of apoptosis (Fig. 1).
Apoptotic cells lose contact with neighbours and lose specialized
surface elements such as microvilli and intercellular junctions.'
Although these changes appear to be common to all forms of
apoptosis, this similarity may more likely be due to sharing of final
effectors involved in the death programme. The final effects
altering morphology can in turn induce secondary triggers to
ensure successful execution of the death programme.

In cancer biology, evaluation of growth control mechanisms
has identified that cells often fail to succumb to the death
programme and gain immortality. Apoptotic failure is either
genetically determined or the result of acquired deficiences in
regulation.' Extensive research evidence has emphasized that
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FIG 1. Drug-induced apoptosis showing characteristic morpho-

logical changes in Erlich ascites carcinoma cell line
1. Normal morphological appearance (x365) 2. Membrane
blebbing during early phases of apoptosis (x365)
3. Chromatin condensation (indicated by arrowhead; x365)
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apoptosis is a primary mode of cell death occurring during tumour
response to therapeutic modalities including chemotherapy or
radiotherapy at clinical doses. However, at higher doses, cell
death can be induced by other rneansv' and could cause undesir-
able effects during the management of systemic disease. Despite
availability of enormous data on apoptotic mechanisms and
introduction of newer apoptosis-inducing drugs, apoptotic resis-
tance by tumour cells continues to remain a challenging issue
(Table I). This review presents available data on newer or alternate
pathways, mechanisms involved in abrogating these pathways
and the possibility of bypassing such blockades. Targets for
induction of apoptosis cannot be chosen arbitrarily because of the
existence of multiple, parallel and possibly independent path-
ways. Further compounding the problem is the fact that apoptotic
sensitivity and response to stimuli show wide variations in differ-
ent cell types. It is, therefore, important to first decide on a
rationale for choosing an apoptosis-inducing drug based on
correct understanding of the select pathway that can potentially
activate the death programme.

APOPTOSIS: BIOMECHANICAL DISASSEMBLING OF
CELLULAR ARCHITECTURE
The process of apoptosis is triggered when there is a threat to

Apoptogenic factors
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cellular integrity. This process is active during development and
continues throughout life. It involves the elimination of superflu-
ous or damaged cells to maintain tissue morphology and size. The
dependence on extracelluar survival signals by the cells suggests
that this death by default mechanism ensures that a cell survives
only when and where it is required.' All nucleated cells except
blastomeres depend on survival signals to prevent execution of
the death programme. It is now established that the apoptotic
machinery is constitutively expressed and that survival signals
suppress its activation cascade." Moreover, de novo synthesis of
cell death proteins may occur during early events and possibly in
alternate pathways. The sequence of events involved in this
apoptotic commitment process appears to begin from the cyto-
plasm and gradually spreads to the plasma membrane and nucleus
(Fig. 2). The earliest event known to occur at the onset of apopto-
sis is the loss of mitochondrial membrane potential, leakage of
mitochondrial contents leading to decrease in intracellular pH,
vacuolation, and dilatation of cytoplasmic organelles giving a
transient blistered appearance to the cytoplasm." Activation of
cytoplasmic proteases and transglutaminases results in disruption
of cytoskeletal proteins such as cytokeratins and intermediate
filaments. Transglutaminases cause extensive cross-linking of
proteins. Alteration of structural proteins present in the plasma
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•••FIG 2. Intracellular events during apoptotic activation
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dynamic regulation of membrane asymmetry leading to mem-
brane bleeding. The loss of membrane integrity exposes phos-
phatidyl serine, which is normally found in the inner leaflet of the
membrane bilayer. The presence of phosphatidyl serine in the
outer leaflet serves as a signal to promote the clearance of apopto-
tic cells." Lamins, the structural proteins present in the nucleus,
are also modified by the proteases. DNA degradation occurs as the
result of action of various nucleases. The newly identified DNA
fragmentation factor activated by caspases causes chromatin
condensation and DNA fragmentation. Cleavage of the repair
enzyme, poly ADP ribose polymerase (PARP), by protease results
in the loss of catalytic domains. The DNA-binding domain of
PARP binds to broken ends of DNA and remains attached without
any function. This blocks the access of other DNA repair en-
zyrnes.? The pattern of DNA fragmentation appears as large
fragments (resolvable by Pulse Field Gel Electrophoresis) and
subsequently, in many but not all forms of apoptosis, into
oligonucleosomal-sized fragments of 180 base pairs and its multi-
ples (resolvable by Agarose gel). \0 The nuclear fragments are
found enclosed in membrane-bound apoptotic bodies dispersed
during the late stages of apoptosis. These apoptotic bodies are
rapidly cleared by adjacent cells and degraded within secondary
Iysosomes. These concerted damaging events drive the cells to a
point of no return forcing them to die.

A majority of the present approaches to apoptosis induction
are judged by their ability to induce one or a few of the character-
istic features observed during apoptosis. Most of these are suc-
cessful in vitro but often fail in vivo. A possible reason for this is
that many of the morphological features appearing during apoptosis
are similar to mitotic events such as chromatin condensation,
dissolution of nuclear membrane, depolymerization of structural
proteins by phosphorylation mechanisms and alterations in
cytoskeletal and membrane properties. I I These are all reversible
events and are regulated by extracelluar signals as well. It can
therefore be presumed that most of these morphological changes
are possibly reversible in vivo and an attempt to induce such
changes can be overridden or reversed by extracellular survival
signals. The regulation of apoptosis also shows similar events. For
example, blocking of apoptosis by bcl-2 also retards prolifera-
tion 12 and activation of apoptosis bybax enhances proliferation. 13

Possible roles of the terminal effectors of apoptosis in regulation
of mitosis needs special attention, since these effectors are ever-
existing in cells and it is most unlikely that they remain anticipat-
ing only cell death signals always. They may be manipulated by
finer regulation to help some ofthe mitotic events. Thus apoptosis
may be defined as a resultant process of an aborted attempt to
undergo cell division.

The events in mitosis can be described as controlled disassem-
bling of cellular architecture followed by reassembling at the end
of mitosis, while apoptosis is irreversible, uncontrolled disassem-
bling of the cellular architecture described as a mitotic catastrophy. 14

It is therefore essential to choose a target that could be damaged
irreversibly and is lethal to the cell. Mitochondria appear to be the
potential target, since they are the crossroads for several meta-
bolic pathways. Various regulatory signals converge onto the
mitochondria, which essentially are the 'power house' of the cell.
Mitochondria also play vital roles in regulating cell division. It is
thus appropriate to shut down the power house ofthe cell, thereby
disabling any chance of survival or continuing division. The
advantage of choosing mitochondria as targets is that in cancer
cells, the mitochondria are not under regular control of metabo-
lism, and pathways handled are preferably energy-yielding ones
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with the ultimate aim of sustenance and continuation of cell
division.

In cancer cells, differences in surface properties of mitochon-
dria have been observed. Cancer cells expressing anti-apoptotic
proteins such asbcl- 2 or cytokine response modifier A (crmA) are
mostly targeted to protect mitochondria and prevent damage to
the organelle, which would otherwise result in irreparable and
irreversible damage to the cell. Maintenance of mitochondrial
membrane integrity appears to be essential to escape or delay
apoptosis.'>" Mitochondria are essential for continuous supply of
energy to repair damaged targets. Extreme conditions of failure to
repair, would possibly induce stress on mitochondria resulting in
induction of cell death. The mitochondrial regulation of apoptosis
has gained attention since the discovery of the role ofp53 andbcl-
2 group of proteins in this aspect. Pathways independent of p53
also appear to converge on mitochondria. 17 It could therefore be
assumed that hurdles in signalling mitochondrial death are more
likely to contribute to apoptosis resistance in cells.

GENETIC AND NON-GENETIC SIGNALS CONTROLLING
MITOCHONDRIA-MEDIATED APOPTOSIS
Mitochondrial death appears to be a perfect and dynamic attempt
to induce efficient apoptosis. Results from findings such as the
ability of mitochondria to transfer apoptosis from apoptotic cells
to a cell free system" and induce apoptosis in non-nucleated
cells" substantiates the hypothesis that mitochondria are central
to apoptosis. In nulceated cells, mitochondrial death precedes
nuclear or cellular death. The possible mechanisms are the release
of apoptogenic factors, dissipation of metabolic fuels causing
gross alterations in the intracellular pH, release of ATP (the uni-
versal currency for energy) in large excess into cytosol to meet the
energy demands of the cell death machinery, aiding destruction to
the end. The role of p53 and bcl-2 group of proteins in regulating
mitochondria-mediated apoptosis is beginning to be understood.
The role of other signals from different pathways converging on
the mitochondria is currently not clear.

Role oJp53 and bcl-2 group oJproteins
The p53 protein is a product of wild type p53 tumour suppressor
gene. It is capable of sensing DNA damage, causes cell cycle
arrest by induction of cyclin kinase inhibitor p-2lfwaJ-l and
promotes DNA repair. In the event offailure or incomplete DNA
repair, the p53 protein triggers apoptosis by regulating gene
expression, inducing pro-apoptotic genes and repressing the
expression of anti-apoptotic genes. The most interesting discov-
ery is the direct role of p53 protein in triggering apoptosis by the
induction of a group of redox related genes and the products
involved in the formation of reactive oxygen species, resulting in
oxidative degradation of the mitochondria culminating in cell
death." During this process, bcl-2 protein is pulled out and bax
protein inserted in the mitochondrial membrane."

The central co-ordinating event in apoptosis is the change in
permeability transition pores located in the mitochondrial mem-
brane resulting in the collapse of mitochondrial membrane poten-
tial. This appears to be a significant event in almost all forms of
apoptosis." The main anti-apoptotic function of bcl-2 protein is
to protect mitochondrial membrane integrity by blocking alter-
ations in permeability transition pores and preventing the release
of apoptotic mediators such as apoptosis-inducing factor (AIF)
protease, cytochrome C, dATP and calcium ions.22-24 Other pos-
sible associated changes are the discharge of acidic metabolic
intermediates which decrease intracellular pH and thus favour the
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action of acidic endonuclease. Cytochrome C initiates the caspase
cascade by activating caspase 9. AIF has been found to exist in
sufficient quantities and does not require de novo synthesis at the
onset of apoptosis." AIF activates the preformed nuclear DNAses
to induce DNA fragmentation. Both these actions involved in
apoptosis do not require de novo protein synthesis. This is in
contrast to earlier reports on the requirement of de novo protein
synthesis considered to be essential for executing the death
programme. The protein synthesis inhibitor cyclohexamide and
transcription inhibitor actinomycin D are found to induce apoptosis.
Thus it is clear that cell death proteins are constitutively expressed
and their functions remain suppressed by survival signals. It has
been well established that all nucleated mammalian cells except
blastomeres depend on survival signals from other cells to protect
themselves from being executed by internal and ever-existing cell
death programmes."

Bax belongs to the bel-2 family but is pro-apoptotic in func-
tion. The expression of bax protein is inducible by p53 protein.
Though bel-2 and bax proteins form heterodimers, it now appears
that they function in an independent manner." This finding is
further substantiated by discovery of the movement of bax from
cytosol to mitochondria at the onset of apoptosis. bel-2 protein is
found to be localized to the outer membrane of mitochondria,
membranes of the endoplasmic reticulum and nucleus. Localiza-
tion of the bax protein analysed by tagging it with green fluores-
cence protein (GFP) shows bax to be dissolved in the cytoplasm.
The levels showed no marked changes with increase in co-
expression ofbel-2 or bel-XL proteins. Upon induction of apopto-
sis, bax-GFP showed a dramatic movement to a punctate distribu-
tion that is partially localized to mitochondria. Bax protein,
similar to perforins, forms channels facilitating the release of
mitochondrial contents." Binding of bax to a transition pore and
cooperation with adenine nucleotide translocator, a constitutively
expressed protein, is essential for triggering cell death." The
movement ofbax from cytosol to mitochondria occurs prior to cell
shrinkage or nuclear condensation."

The role of bC/-2 protein localized on the endoplasmic reticu-
lum has been found to prevent the efflux of calcium ions even if
the extracellular calcium levels are depleted. The endoplasmic
reticulum is a major organelle involved in the synthesis, packing
and sorting of proteins. Dilatation of the endoplasmic reticulum
has been observed at the onset of apoptosis associated with the
release of calcium ions." bel-2 protein plays no role in protecting
the nucleus at the onset of apoptosis. Thus the major function of
bel-2 appears to be protection of the mitochondria.

TABLE I. Apoptotic agents and common mediators involved in
apoptosis-based therapy

Apoptotic inducers Apoptosis mediators

Etoposides
Doxorubicin
Glucocorticoids
Cisplatin derivatives
Campothecin
Hydrogen peroxide
Synthetic ceramide derivatives
Interferons
Interleukin-I
Tumour necrosis factor

Death receptor family
Fas/CD95 receptor
Calcium ions, intracellular pH
Growth factor, cytokine receptors
p53 tumour suppressor protein

(in response to DNA damage)
bax protein
bcl-Z family (pro-apoptotic proteins)
Sphingomyelinase (in response to

membrane damage)
Tumour necrosis factor receptor

family
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The other bel-2 family of proteins include apoptosis inhibitors
bel-XL, bcl-w andMel-l while bak, bad and bid are promoters of
apoptosis. Proteins of the bel-2 group interact with each other to
form dimers antagonizing or enhancing each other's function
controlled by phosphorylation mechanisms regulated by extra-
cellular signals. The non-phosphorylated form of bad protein
heterodimerises with bel-2 and bel-XL to promote cell death,
while dephosphorylation of bad leads to extended survival."
BAG-l (bel-2 associated athanogene-I) is a bel-2 interacting
protein that promotes bel-2 function by inducing conformational
changes required for interaction with other bel-2 group of pro-
teins. Bax and Bak cooperate to open a voltage-dependent anion
channel (VDAC) required for the maintenance of membrane
potential and cytochrome release, which is inhibited by bel-XL.30

Other regulators oj mitochondria-mediated apoptosis
Mitochondrial membrane potential disruption is found to be an
obligatory step in early (pre-nuclear) apoptosis.? Inp53-indepen-
dent apoptotic pathways too, the status of the mitochondrial
membrane is critical. 17 Apoptosis-inducing agents such as doxo-
rubicin, etoposide and cerami de in the presence of mitochondrial
membrane-stabilizing agents such as N-benzyloxycarbonyl-val-
ala-asp fluormethyl ketone (Z-VAD.fmk) and bonkrekic acid,
fail to induce apoptosis. Cermaide is a second messenger in the
sphingomyelinase-mediated pathway of radiation, Jas-mediated
and TNFR-mediated pathway of apoptosis." Cytokine response
modifier A (crm A) overexpression prevents the disruption of
mitochondrial membrane protein. This essentially leads to apopto-
sis resistance inJas-mediated apoptotic cascade.

TERMINAL MEDIATORS OF APOPTOSIS
Signals arising from drug treatment, radiation, cytokines, hor-
monal treatment, withdrawal of survival signals and death signals
from mitochondria enter a final common pathway to convert a
group of inactive proteases, the procaspases, to active caspases
(cysteine aspartases). Upon activation, these proteases (preformed
and stored as proenzymes) cause specific and irreversible pro-
teolysis. The proteolytic action further amplifies the activation of
caspases by autocatalysis. The function of caspases is regulated by
feedback mechanisms and also by co-existing inhibitors of caspa-
ses." Capspases mediate apoptotic signals in both pre- and post-
mitochondrial pathways. Mitochondrial release of cytochrome C
serves as a signal for further activation of caspases. Radiation,
drugs and cytokines act as ligands for certain death receptors
associated with the apoptotic cascade. Some of the well-charac-
terized death receptors are CD951JaslApol and the tumour necro-
sis factor receptor (TNFR) family. The TNFR family include
TNFRl/p55 CD20a, DR3/Ap03/TRAMP, DR4 and DR5/Ap021
Killer. The distribution of these receptors vary among different
cell types. The CD95 receptor is distributed in T cells, virus-
infected cells, cancer cells, etc. and responds to apoptotic signals
by activating caspase 8. TNFR mediates signals by activating
caspase 9 and is distributed in macrophages and T cells." CD95
receptors interact with a cytoplasmic homologue known as 'death
effector domain' (DED) which in turn activates a death domain
present in FADD (jas associated death domain). The death do-
main is present in a pro-domain form as FLICE (FADD-like
Interleukin lbeta convertase enzyme) also known as caspase 8.
Activation of this caspase 8 triggers proteolyic events." DED
protein also responds to cytotoxic drugs regardless of the require-
ment of any receptors." The death receptors belonging to the
TNFR family have a cysteine-rich extracellular domain, a ho-
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mologous cytoplasmic death domain which engages the receptor-
to-cell death machinery. The pathway by which TNFR family
receptors act is similar to that of Jas; upon activation the death
domain binds to TNFR I-associated death domain (TRADD).
There exist antagonistic pathways which regulate apoptosis in
normal cells, such as TRAIT...or ap02L receptor opposed by TRID
protein." Signal transducers also repond to death receptors by
releasing ceramide through the sphingomyelinase pathway result-
ing in activation of stress-activated protein kinase C/jun nuclear
kinase, which in down-stream activates caspases.v-"

A basal level of intracellular ceramide serves as a signal to
activate mitogen-activated protein kinases promoting cellular
differentiation and proliferation. However, an increase in intra-
cellular levels of ceramide results in activation of potent apopto-
genic bad/bax proteins through a pathway mediated by KSR
(inhibitory kinase supressor of ras).14Activation of apoptogenic
factors results in disruption of the mitochondrial electron trans-
port chain and leads to production of reactive oxygen species."

Cyclin-dependant kinases (cdk) are enzymes activated during
cell proliferation and the action of these enzymes results in
characteristic morphological changes observed during mitosis.
Increase in cdk activation has been observed in apoptotic cells and
therefore could explain the morphological similarities observed
during both apoptosis and mitosis. Interestingly, cdk activation
(cdk2) and degradation of cdk inhibitor (p27kipI)is found to be
very well regulated by the most common apoptotic regulatory
proteins (p53, bax and bcl-2). The pro-apoptotic p53 tumour
supressor protein, in response to 'Yradiation and etoposides up-
regulate cdk2 activity and promotes degradation of cdk inhibitors.
Similar events are observed during glucocorticoid, radiation and
cytokine treatment resulting in increased bax expression. Dexa-
methasone-induced apoptosis by ap53-independent pathway also
shows similar changes in cdk activity. Roscovitine, an ATP
analogue, is an inhibitor of cdk and blocks apoptosis mediated by
these pathways. The anti-apoptotic bcl-2 protein on the other
hand, stabilizes cdk inhibitors and delays the activation of cdk
leading to a block in apoptosis pathway and also restrains cell
proliferation." Cells expressing CD95 (jas receptor) do not show
any increase in cdk activities and induction of apoptosis occurring
in the presence of cdk inhibitor roscovitine suggests that CD95
mediates apoptosis by a separate pathway.

Actions oj apoptotic enzymes result in characteristic Jeatures
oj apoptosis
Activated caspases induce DNA fragmentation, chromatin con-
densation, blocking of synthesis and repair mechanisms, leading
to the disruption of nuclear architecture. Caspase 3 cleaves a
45kDa heteromeric subunit of a DNA fragmentation factor to
generate an active factor that causes DNA fragmentation and
condensation. The function of DFF does not require any addi-
tional factors." Caspases block DNA repair by cleaving PARP;40
the cleaved fragment ofPARP binds irreversibly with the broken
ends of DNA and blocks the access of DNA repair enzymes."
Intact PARP is essential for DNA repair to maintain genomic
stability." Lamins A, B, C, and other major nuclear proteins are
altered by the action of these proteases." Proteases also disrupt
mRNA processing by inactivating proteins involved in splicing.
Gross alterations in cytoskeletal proteins occur as the result of
protease action producing characteristic morphological features
that can be visualized in apoptotic cells. Interleukin IB-convert-
ing enzyme (ICE protease) and AIF affect the function of amino-
phospholipid translocase and influence lipid scramblase activity
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leading to loss of membrane symmetry and exposes phospatidyl
serine in the outer leaflet of the membrane.v" ICE proteases
dephosphorylates EzerinlRadixinlMaerin-based protein and de-
taches from actin leading to loss of microvillar structures on the
surface." Dismantling cell-to-cell contact by active cleavage by
caspases of B cantenin results in loss of binding ability with a
cantenin." The caspase-activated myosin light chain kinases
phosphorylate myosin light chains and disrupt interaction with
actin resulting in membrane blebbing." The presence of a large
excess of dATP released by mitochondria may possibily be
required for these phosphorylating events. Keratin 8 and 18
components of intermediate filaments are cleaved and phospho-
rylated by caspases 3, 7, 6, at ser 53 residues and results in re-
organization of keratins to granular structures." Cytoskeletal
proteins such as gelsolin and focal adhesion kinases are also
altered by caspases." The anti-apoptotic bcl-2 protein is also
cleaved by the action of caspases." Apoptotic signal mediated by
fas activates caspase 8, which in turns cleaves the bid protein. The
C terminal fragment of bid protein binds to mitochondria and
results in clustering of mitochondria, mobilizing them around the
nucleus, followed by release of cytochrome C. The subsequent
loss of mitochondrial membrane potential results in activation of
downstream events in the apoptotic cascade."

MECHANISMS OF APOPTOSIS RESISTANCE
Attempts to induce apoptosis at the receptor level or by activation
of signal tranduction cascades or inducing damage to intracellular
targets such as microtubules, nucleus, etc. to achieve desirable
end-points needs certain rationale. All possible attempts cannot
be tried simultaneously. Similarly, any known inducer of apoptosis,
may not yield desirable results. The cells during embryonic
development encounter various apoptotic signals, yet they sur-
vive and continue to survive by altering the response. Therefore,
it appears that cells possess an intrinsic ability to choose or switch
pathways depending on specific requirements. Spontaneous
apotosis in colon cancer appears to be p53 independent, while
radiation induced apoptosis requires p53 protein. 50The presence
of multiple, interdependent or independent pathways, and pos-
sible preference for a pathway by a cell would complicate attempts
to induce apoptosis. The apoptotic sensitivity, consequent to
release of cytochrome C varies with cell types. 16Cells with strong
antioxidant defence can undermine the role of reactive oxygen
species (ROS) generated by thep53-mediated pathway and there-
fore release of apoptogenic proteins is considered to be more
important. 15However, the importance of the ROS pathway cannot
be totally disregarded since there may be preference for this
pathway in certain cell types. Some pathways may be deliberately
shut down while others may be kept ready to act, if necessary.
Under in vivo conditions, further evaluation with regard to strength
of extracellular survival signals that act to turn off apoptosis has
to be considered. If a cell has preference for an apoptotic pathway,
a defect in any of the components in the cascade could confer
resistance to apoptosis (Fig. 3).

Some such defects identified in apoptotic apthways include:

1. TruncatedJas molecule that lacks intracellular death signalling
domain protects the tumour cells from undergoingfas-mediated
apoptosis."

2. In colon cancer, tumour cells releaseJas ligand to destroy the
normal T lymphocytes and protect themselves from T cell-
mediated apoptosis.?

3. Mutation in death receptor (DR) gene associated with low
apoptosis has been reported in head and neck cancers. The DR
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FIG 3. Possible blockades in mitochondrial apoptotic pathway 1. Defect in receptor (mutation, shedding) 2. Defect in intra-

cellular sensors (example, mutant p53) 3. Inhibition of mediator pathways 4. Blocking of mitochondrial response
(bcl-2, crm A) 5. Defect in terminal mediators (mutation or inhibitors)

gene codes for a protein, which is a potential mediator ofp53-
dependent apoptosis.P-"

4. Mutations in the p53 gene have been widely reported and
could possibly lead to failure of the apoptotic machinery if the
cell utilizes the p53-mediated pathway. 50

5. Endogenous or exogenous inhibition ofp53 function will also
block apoptosis. Overexpression of endogenous mdm2 protein
or presence of exogenous E6 protein of human papilloma
virus binds to wild type p53 protein and the complex is
targeted for degradation by ubiquitin, which can lead to
failure of the apoptotic machinery. 55

6. Mutation in the bax gene has been identified in human
gastrointestinal tumours and leukaemia.v-"

7. Mutations in cdks block p53 and bax-induced apoptosis."
8. The existence of an apoptosis inhibitory signal transduction

pathway can also suppress apoptosis under certain conditions.
The sphingomyelinase mediated pathway to induce apoptosis
is countered by the existence of a parallel inhibitory diacyl
glycerol/protein kinase C pathway Y Overexpression ofNFkB
also blocks the sphingomyelinase cascade."

9. Apoptosis can also be blocked by extracellular survival signals
such as Interleukin-6, interferon-y and other cytokines. The

calcium-binding proteins also appear to alter the apoptotic
responses."

10. Drugs such as doxorubicin capable of inducing apoptosis by
causing DNA damage are efficiently pumped out of the cell by
a multidrug resistant P-glycoprotein, thereby decreasing the
ability of the drug to induce apoptosis. Recent reports suggest
possible interference infas-mediated apoptosis and functions
of caspases by P-glycoprotein as yet another attempt to block
apoptosis/"

11. The t(l4; 18) chromosomal translocation causes up-regulation
cf bcl-2 by juxtaposition to the constitutively activated
immunoglobulin heavy chain region on chromosome 14, and
results in malignant lymphocytes in Bvcell Iymphomas."

12. Overexpression of crm A and bcl-2 blocks the dissipation of
mitochondrial membrane potential thereby preventing the
most potent apoptotic machinery of the cell from being
carried out. Cleavage of bcl-2 by caspase 3 produces a car-
boxy terminal cleavage product, which shows bax-like pro-
apoptotic property. Mutations in cleavage sites of the bcl-2
gene leads to apoptotic resistance at the mitochondrial level."
The activation of caspases is also blocked by crmA.

13. The final execution pathways consist of an array of proteases;
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mutation in the gene of these enzymes would hinder the
efficiency of the apoptotic pathway. Mutation in caspase 9 has
been reported/"

14. The consequences of cytochrome C release is variable. Cells
with large endogenous inhibitors of caspases may fail to
induce apoptosis, however, due to loss of mitochondria such
a cell may proceed to necrotic cell death."

ALTERNATE PATHWAYS: SCOPE FOR INDUCING
APOPTOSIS
Understanding apoptosis resistance provides clues in choosing an
alternative strategy to induce apoptosis, feasible due to the pres-
ence of parallel and possibly independent apoptotic pathways.
Different signals finally converge on a common execution ma-
chinery. The cross-talk among various pathways can also be
utilized for induction of apoptosis. The efficiency of the selected
pathway to induce apoptosis with regard to cells under evaluation
needs verification. Thein vivo response depends on the prevailing
internal milieu. Thus consideration of intrinsic and extrinsic
regulators of apoptosis would enhance the success rate of treat-
ment with apoptotic agents. Radiation-induced DNA strand break-
ages are repaired very efficiently. This intrinsic property of the
cell would influence efficiency of apoptosis triggered by DNA-
damaging agents. The intensity of survival signals or increased
response to survival signals would keep the apoptotic pathway
suppressed. Based on the above considerations, alternate possi-
bilities to induce apoptosis should be exploited.

The constitutive expression of apoptogenic proteins such as
AIF, DFF and existence of preformed proteases and nucleases
provide possible targets for inducing apoptosis. DED proteins are
functional in the presence of bel-2 and can act independent of
receptors. Activation of DED proteins could thus be a better
alternative in the presence of bel-2 overexpression/" Asym-
metrically substituted polyamines can induce apoptosis through
known pathways of apoptosis causing release of cytochrome C,
activation of caspases and cleavage of PARP. However, in the
presence of high levels ofbel-2 proteins, they do induce apoptosis
without showing any of the above features. SAPKC (stress
activated protein kinase C) pathway in the presence of bax is
efficient in inducing apoptosis and this ability is unaffected in the
absence offunctionalp53 protein or blockade by bel-2. 8 Blocking
of mdr protein and NFkB can also augment apoptosis. Viral
protein-mediated apoptosis independent ofp53 offers the advan-
tage of apoptotic induction through alternate modes." The syn-
thetic induction of dimerization of caspases 3 and 1 was found to
trigger apoptosis in a bel-XL independent manner." Receptor
defects and subsequent blockage of the sphingomyelinase path-
way can be overcome with the use of synthetic ceramide."

Besides apoptosis resistance, an abnormal increase in apoptosis
has been reported in myelodysplastic syndromes, with levels of
fas ligand in the bone marrow leading to pathophysiological
complications. Use of solublefas Fe protein was found to repress
fas ligand expression and control apoptosis." Therefore, thera-
peutic strategies for treating such diseases need to be developed.

To conclude, understanding the cell's external and internal
milieu, identifying defects in existing active pathways, choosing
alternate inducible pathways and using specific apoptosis-induc-
ing agents are prerequisites to successful apoptosis-based treat-
ment protocols.
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Obituaries
Many doctors in India practise medicine in difficult areas under trying
circumstances and resist the attraction of better prospects in western coun-
tries and in the Middle East. They die without their contributions to our
country being acknowledged.

The National Medical Journal of India wishes to recognize the efforts of
these doctors. We invite short accounts of the life and work of a recently
deceased colleague by a friend, student or relative. The account in about 500
to 1000 words should describe his or her education and training and
highlight the achievements as well as disappointments. A photograph
should accompany the obituary.

-Editor


