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Abstract

Apoptosis, or programmed cell
death, is characterized by morpholog-
jcal and biochemical changes in the
cell and plays a decisive role in main-
taining cellular homeostasis in 2 nor-
mz! physiological  process. Many
unclarities persist with regard to the
molecular mechanisms that lead to
these changes and hence to cell death.

Genetic analysis’ of the nematode
Caenorhabditis elegans has led to the
description. of various genes and mol-
ecular mechanisms that are both
structurally and functionally homola-
gous to human proto-oncogenes.
Meanwhile, a variety of positive and
negative regulators of apoptosis have
been identified; only a few of the most
important can be described and dis-
cussed here.

Resumen

El apoptosis, o la muerte celular
programada, se caracteriza por cam-
bios morfolégicoes y bioquimicos en la
cefula y juega un papel decisivo en el
mantenimiento del homeostasis celu-
Jar en un proceso fisioldgico normal.
Se quedan muchas incertidumbres en
cuanto a los meeanismaos moleculares
que resultan en aguellos cambios y; en
consecuencia, a la muerte celular.

El andlisis genético del nemitodo
Caenorhabditis elegans lleva a la
descripcién de varios genes y inecanis-

_solamente

mos moleculares que son homélogos

estructuralmente y funcionalmente a los
proto-oncogenes hiimanos.: Entretanto, se
ba identificado una varedad de regu-
ladores positivos y negativos del apoptasis;
unos de los mds
-imPortants pueden describirse en este
articula. '

Introduction

In all higher life forms, the integrity
of the overall organism is intimately
related to the development ot mecha-
p;'is_ms that regulate cell proliferarion,
gf.iffcrentiacion, sencscence, -and  (wi-
mately} cell death. From time to time,
the elimination of some of he argan-
ism's own cells becomes inevitable, both
in the course of morphogenesis and dif-
ferentiation and in warding off noxae.
This regulared physiolagical destruction
of cells is also known as programmed
cell death or apoptosis (omonToOLC:
the falling of leaves in autumn).

The regulated process of apoprosis is
fundamentally different from cell necro-
sis or pathological cell death, which sets
in when the integrity of the cell is
destroyed under circumstances of
extreme mechanical force, hear, or
chemical influences, for example.

Apoptosis

The work of Kerr et 2f constitutes a
milestone in the process of distinguish-
ing berween pathological cell death
(necrosis) and regulated physiological
cell destruction, apoprosis.}
Morphologically, apoposis is delineated
by scveral characteristics: expansion of
the cell's surface, rapid loss of cell vol-
ume, and condensation of nuclear chro-
marin followed by disintegration of the
nucleus into multiple basophilic bodies

that are enclosed within the cell mem-
brane. B

On the moalecular level, a magne-
sium/caleium-dependent endonuclease
breaks down the DNA into fragments of
180-200 base pairs {bp) each. Without
releasing cyroplasm components, the
cell breaks down into membrane-
enclosed apoptotic bodies. Their modi-
fied surface scructure makes these bodies
recognizable to specific receprors on
neighboring macrophages or cpithelial
cells, which phagocytize them complete-
ly. Typicallv, no inflammatory reaction
occurs®  In concrast ta nefrosis, no
granulocytic  inflammatory reaction
occurs in programmed cell deach
because apoptotic cells are phagocytized
and removed within a very shorr time.

| Another imporranc difference is that in

apoptosis, membrane integrity is pre-
served until che final stage and the mem-
brane’s funcrion as a permeability barri-
er remains intact (Table 1, Figure 1).

Necrosis

A typical morphological characreristic
of necrosis is swelling of the cell caused
by damage to the plasma membrane.
Because of this damage, the cell is no
longer capable of maintaining osmotic
balance. As the process continues, fur-
ther breaching of the membrane soon
results, and the cell bursts open. No
characreristic alterations are observed in
the nucleus. During this phase when the
cell swells and bursts, chromatin
remains inract to a great extenr, bur i is
soon broken down by nucleases chas
have been refeased. The contents of the
eell move our into their surroundings
and the ensuing phagocytosis of cell
remnants is accompanied by signs of

inflammacion (Table 1, Figure 1).
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» No inflammatory reaction

Tab. 1: Differences between necrosis and apaptosis ( modified according to 4,5)

Modulators of Apoptosis

Ever since apoptosis, or programmed
cell death, was first described, a multi-
plicity of instigating factors have been
idencified. Tivo general groupings can be
dlsunguished One group includes posi-
tive trigger mechanisms that stimulare
apoprosis by means of posmvé mgnals,

while the second group contains negative ‘

wigger mechanisms that hinder the pro-
grammed implementation of apoprosis

(Figure 2).

As of now, the bischemical mecha-
nisms corresponding te the morphologi-
-cal phases of cell destruction have been
only partially cxplamcd However, a
decisive biochemical criterion of apopto-
sis is the appearance of breaks in double-

strand DNA at regular intervals (ca. 200
base pairs). An ' electrophoretogram
shows the fragmenis to be so-callec
- DNA ladder strucrures. The postulatec
cause of this is the activation of an
endonuclease which, after removal of the
Hi histone, cuts the DNA in the
exposed lefr-hand internucleosomal area,
thus bringing about the typical change:
in nuclear chromatin structure. Only
recently has there been any indicatior
that breakages in DNA strands can alsc
occur in other locations in the context o
apoptosis.® The patho-physiolagical sig-
nificance of DNA splu:tmg for apoprosi
is increasingly unclear in view of the evi
dence of suicidal cell destruction in enu:
cleate cells.- '

Regulation of Apoptosis

The concept of programmed cel
death implies the existence of genes tha
code for a cascade of proteins which i
turn are capable of inducing the destruc
tion of a cell. In eukaryoric cell system.
a great variety of genes can be identifie
that are direcely or indirectly involved i:
inducing apoptosis. The Hor¥iw tear
used the nematode Caenorbabditis el
gans as 2 model and made a significan
contribution to our understanding of th
genetic basis of apoptosis” A total of
genes are involved in the dévelopment
related destruction of 131 of the nems
tode’s 1,090 cells, wich special signif:
cance areributed to ced-3 and ced-4
positive regulators and ced-9 as a cel
death antagonisc.®

In 1984, in connection with eviden.
thar a translocation t(14,18) occurs
the breakage site in centroblasdc/cencr
cytic lymphoma, the location of the !
cell leukemia lymphoma II gene was d
covered on chromosome 18q2

although is funcdon was sdll unclear. -
1988 Vaux er al proved thar bc!
increased the lifespan of immarture pre
cells, thus decisively demonstrating b.
2's relationship to apoprosis. Bel-2 is ©
human gene homologous to ced;’
inhibits 2 number of different types
programmed cell death and seems w
especially effective against cell des

associated widh the development of 11
radicals,®
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Fig. I: Morpholagical changes in necrosis and apoptosis.

- This typical representative of the so-
called survivor gene is the protagonist of
a whole family of hormagenous proteins
that either inhibit or promote cell death.
In addidon to bd-2, -these include bel-
Xy bax, bad, bak, mel-1 and AL
Homodimer/ heterodimer linkage fine-
tunes this system. Thus the uldmare
deciding facror in whether a cell lives or
dies seems to be the degree of her-
erodimerization between bel-2 and bax,
its main antagonist* (Figure 3).

In contrast to ather oncoproteins, bel-
2 itself does not stimulate cell prolifera-
tion bur oiily serves to protect the cell
against induction of apoprosis. However,
since bel-2 protéin is capable of blocking
a great number of apoptosis inducers, its
area of effectivencess seems to lie near the
far end of the apoptosis cascade.” The
expressivity of bax protein, in turn, is
probably regulaced via a p53-dependent
transcription -conerol. Thus the expres-
sivity of bax and the mutually anragonis-

. tic reladionship beeween itand bel-Z pre-

sumably belong to the apoprosis metab-
olism conrrolled by p53. In any case,
p53 works in both directions. It codes
for a mulrifuncrional transcriprion factor
that guards the generic swbility of the
cell.”® In the wake of DNA fragmenta-
tion, p53 can cither activate individual
cell-cycle control’ points, causing the
arrest of G, or ir.can lead to apoprosis
induction. In the latter case, its interac-
tions with bcl-2/bax may be significant,
since p33 influences the transcription of
both genes* (Figuce 4),

Far its part, p53 expressivity seems to
be linked to activation of the enzyme
PAR? (poly-ADP ribosylpolymerase).
This makes it clear that the regulation of
apoprosis is a highly complex process.
The enzyme PART, activated by DNA
damage, is 2 catalyst for the formation of
ADP ribose polymers at the breakage
sire, splicting NAD into its ADP ribose
component and nicetinamide. This fim-
its uncontrolled access on the parc of
DNA-repairing enzymes and prevenis
premacure faulty wanscription. The neg-
ative aspect is the consumprion of NAD
and of the ATP needed to resynchesize ir.
The resulting energy deficiency is seen
by many authors as the cause of the uld-
mare death of the cefl.”?
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The enzyme PARP has recendy
attracted attention again because of its
connection to one of the essential execu-
tioners of programmed cell death, the
interleukin-1bf converting enzyme
(ICE). Although the proteolytic degrada-
tion of PARP in the context of apoprosis
was described long ago, ICE with its
homologs ICH-1/NEDD-2, ICH-
2/TX, and CPP32/YAMA has only
recendy been identified as the molecule
responsible for chis.”s Proof of its signif-
icance for cell death resulted from the
emergence of the homolagy of ICE to
the protein coded by ced-3 in the nema-
tode Caenorbabditis slegans. This protein
is known to be a positive regulator of
programmed cell death.”

The genes responsible for regulating
apoptosis are balanced by genes that are
significant for cell proliferation. A shift
in this balance leads ro malignant trans-
formations. This insizit is reflected in
the fact that the inci *2nce of murations
of the p53 gene are vy high in human
neoplasias. In addition, almost all p53
mutadons in human tmors that are
monitored by DNA sequencing affect
DNA linkage sites, thus preventing p33
protein from accumulating on specific
chromosomal DNA sequences. During
the normal development of a cell popu-
lacion, control of programmed cell deach
is almost independent of p53. In dam-
aped cells, in contrast; blockage of the
cell cycle and induction of apoptosis are
usually bound to p53 protein’s funcrion
as a transcription factor,

Other genes that are known to regu-
late proliferation, such as c-fos, cjun,
cdc-2 and especially c-myc, are also
involved in the descruceion of cells. The
alkaline DNA-linkage sites and leucin
zippers of fos and jun ar: motifs typical
of transcription factors. Both proteins
occur in preparations that can be isolat-
ed from promoters by means of affinity
chromatography via the AP1-DNA con-
sensus sequence. The AP1 sequence
transmits signals of protein kinase G,
whose activators include the phorbol
ester TPA. Thus che AP1 linkage
sequence is also described as a phorbol
ester response element and abbreviated

as TRE (TPA response element).

Fig. 2: Overview of the differentiation and growth factors, proto-gncogenes, and tumor-
suppressor genes that play a role in the posible modulation of apoptosis. C-myb, e-myc:
proto-oncogenes; pS3(we): p53 wild type; p53(mu): 53 mutany; bel-xs, belxl, bax, bel-
2, MCLI: B cell lymphoma oncogenes; ICE: IL1 converting enzyme; TPA: eumor pro-
mating phorbol ester.

Fig. 4: Molecular ﬁarking -mzcbanirmn of, p537. after DNA Jérﬁage, P53 Tﬁmar suppres-

sor, wild type; n-p53: tumor suppressor, mutant; p2I: gycle-dependent binase inhibitor,
| a.ka. WAFI, CIPI, or SDII; bax: member of the bl-2 family that promotes apaptasis.
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Fig.5: The role of AP1 in mediating between cell death and the cell cycle. IL-2: interlenki.
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2: TPA: tumor promoting phorbol ester; API: activator protein 1 PRC protein kinase C;

PTX protein tyrosine kinase; GR: glucocortico

As with all cranscription factors that
have leucin zippers and alkaline sites,
dimerization is a prerequisite of the
binding of DNA. The cfos and cjun
genes occupy a central position in
growth regulation. Their expressivity is
known to increase after activation of pro-
tein kinases (e.p., phorbel ester) or
growth factors (e.g., IL-2) that bind to
tytosine kinase receptors. These findings
canfrm the great significance of fos and
jun a5 cffecrors of factors influencing
growth, differentiaticty, and transforma-
tion.

Most recently, the protein kinase C

group in particular has been credited
with both restricting and inducing apop-

" tosis.” TPA-induced apoptosis, along

with programmed PKC activation, is
linked to increased expressivity of tran-

 scription facrors including c-fos, cjun,

and others (Figure 5).

Analysis of chromosomal anomalies,
especially in cases of leukemia, has
revealed a great deal about the regulation
of cell growth and how it is diseurbed in
rumor cells. In che cells of Burkics lym-
phoma, a recombination occurs beoween
the proto-oncogene c-myc on chromo-
some B and an immunoglobulin locus on
chromosome 14 (heavy chain), 2 {light
w-chain}, or 22 (light A-chain). This
rearrangement deregulates the expressiv-
ity of myc-protein, which is involved in
regulating the cell cycle in normal cells.*
The myc-family consists of at least seven
closely relared penes that code for
nuclear phosphaproteins with molecular

id receptor; fos, jun: manscription factors..
DNA-binding proteins that regulate the
expressivity of other genes via a tran-
scription control mechanism, thus regu-
lating normal cell proliferation, transfor-

martion, and differendarion. The over-

expressiviry of c-myc in many malignant
wifnors confirms the central role of this
proro-oncogene in oncogenesis.

B

'In untransformed cells, circumstances
unfavorable 1o growth lead 10 a decrease
in c-myc and proliferation comes to a
stop. In contrast, in tumor cells the com-
bination of c-mye overexpressivity and
the simulraneous opposite stimulus
blocks the way back to the G phase and
induces apoptosis.”  Thus, c-myc
induced apoprosis limits mitogenic fac-
tors. Although bdl-2 alone, in contrast to
other oncoproteins, does not stimulate
cell proliferation or cause rransforma-
tion, it does cooperate with c-myc and
the members of the ras-family, which are
capable of transforming cells® This
means that Bcl-2 expressivity must have
2 double functon in tumorigenesis: On
the one hand, it must extend the lifespan
of murated cells; on the other, it must
also divert the activity of c-myc in the
direction of proliferarion by blocking its
apoptotic funcrion, which could cause a
transfermarion 22

The Fas/APO-1 gene occupies a spe-
cial place in the regulation of apoprosis.
It codes for 2 membrane protein of the
TNF-receptor family thac activates the
cell death cascade after binding specific
antibodies. Therefore, it wo can be

%

death. The natural Fas figand Fas-L is to
some extent homologous to TNF (tumor
necrosis facror); lile the latter, it is pre-
senit in mermbranes in soluble form. The
receptor known as Fas/APO-1 was iden-
tified by means of monoclonal antibod-
ies (CD95) that induce apoprosis after
binding with lymphocytes.

" Fas/APO-1 is -produced not only by
lymphocytes buc also by epichelial cells
such as enterocytes and hepatocytes.
Thus, induction of apoptosis via the Fas-
L ligand associated with it is not restrict-
ed to the immune system.® Under cer-
tain circumstances, TNF receprors are
also mediarors of apoptosis. An-addicion-
al positive apoptosis signal is the negative
selection of thymocytes mediated by T-
cell receptors. The apoproric, effect of
glucacorticoids has long been pur to use
in the context of chemotherapy for
malignant diseases of the lympharic sys-
tem. Also, binding the T-cell receptors of
a cytotoxic T-cell to an MHC1-present-
ed viral pepride of an infecredweell is a

corresponding paositive apoprositTignal.

Conclusions

. The discovery that growth (especially
tumor growth) may be due not only o
cell proliferation but also to longer cell
life spans opens up completely new pe-
spectives for tumor research with regard
o both etiology and clinieal applica-
tions. Apoptosis and its inhibition help
us- berter undersrand the funcrion of
known oncogenes, twmor suppressor
genes, and cytogenes in the different
stages of tumorigenesis. Current interest
foruses on the regulatory mechanisms of
programmed cell death and proof of its
clinical significance for different tumor
processes.

We now know that oneological thera-
py of quickly proliferating tissues is
effective nort only because of its actual
cytotoxic effect bur also because it
induces apoptosis. This knowledge
should spur further research on apopro-
sis. In future, molecular markers may
help us make better choices in designing
successful and rational cancer choices for

weights of 60-68 kD. Myc-proteins are | counted among the mediators of cell | our patients.
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