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APOPTOSIS REGULATION BY INHIBITORS OF PROGRAMMED CELL DEATH
REGULACIJA APOPTOZE PREKO INHIBITORA PROGRAMIRANE ]ELIJSKE SMRTI
Danica Markovi}, Vidosava \or|evi}
Center for Medical Biochemistry, Clinical Center, Ni{, Serbia

Summary: Apoptosis is a form of cell death which is

important in many physiological processes. Four apoptotic
mechanisms have been identified but two have been well
examined: the intrinsic and the extrinsic mechanism. Due to
many pro/antiapoptotic factors, these processes take place
on a physiologically useful level. In cases of apoptosis
dysregulation, illnesses occur such as neurodegenerative diseases combined with an increased level of cell death or cancerogenesis associated with uncontrolled cell proliferation.
Apoptosis can be triggered by the activation of the first caspase in a series and stopped by its deactivation, which represents a new challenge: determining the »point of no return«.
Besides the antiapoptotic proteins (Bcl 2, Bcl XL), a family of
proteins called the Inhibitors of Apoptosis Proteins (IAPs) play
a key role in the regulation of apoptosis. Members of the IAP
family are: cIAP1, cIAP2, XIAP, Survivin, Livin and TsIAP.
Domain BIR is the most important in the IAP structure since
it determines their specificity for caspases. The interaction of
IAPs with caspases is complex and not completely understood, however, IAPs are considered to be important target
proteins in the therapy of tumor and autoimmune diseases.
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Kratak sadr`aj: Apoptoza predstavlja oblik }elijske
smrti i va`na je u mnogim fiziolo{kim procesima. Postoje
~etiri oblika }elijske smrti a dva su dobro prou~ena:
unutra{nji i spolja{nji. Zahvaljuju}i mnogim pro/antiapoptoti~kim faktorima, ovaj proces se odvija na fiziolo{ki korisnom nivou. U slu~aju disregulacije apoptoze nastaju bolesti
kao {to su neurodegenerativna oboljenja udru`ena sa
povi{enim nivoom }elijske smrti ili karcinogeneza udru`ena
sa nekontrolisanom }elijskom proliferacijom. Apoptozu
mo`e pokrenuti aktivacija prve kaspaze u nizu i prekinuti
njena deaktivacija, {to predstavlja novi izazov: odrediti
»ta~ku bez povratka«. Pored antiapoptoti~nih proteina (Bcl
2, Bcl XL), familija proteina nazvanih inhibitori apoptoze
(eng. Inhibitors of Apoptosis Proteins, IAPs) igra klju~nu
ulogu u procesu regulacije. Pripadnici familije IAP su:
cIAP1, cIAP2, XIAP, survivin, livin i TsIAP. Domen BIR je
najzna~ajniji u strukturi IAP budu}i da odre|uje
specifi~nost ka kaspazama. Interakcija IAP sa kaspazama je
kompleksna i nedovoljno istra`ena, me|utim, smatra se da
IAPs predstavljaju va`ne ciljne proteine u terapiji tumora i
autoimunih oboljenja.
Klju~ne re~i: IAP protein (apoptoza), kaspaze, programirana }elijska smrt I tipa

List of abbreviations: IAP, Inhibitors of Apoptosis Proteins;
NAIP, Neuronal Apoptosis Inhibitory Protein; RZF, RING zincfinger domain; cIAP, cellular IAP1; XIAP, X chromosome
linked IAP; TsIAP, Testis specific IAP; TNFR2, Tumor Necrosis
Factor Receptor 2; NFkB, Nuclear Factor kB; CARD, Caspase
Recruitment Domain; NOD, Nucleotide-binding and Oligomerisation domain; XAF1, XIAP-associated factor 1.

208 Markovi}, \or|evi}: Apoptosis and IAPs

Introduction
Apoptosis is a special form of cell death which
normally occurs during the growth and aging and as
a homeostatic mechanism maintains cell population
in tissues. It is considered to be a vital component of
various processes (1). Some authors refer to apoptosis simply as a form of cell death used by an organism to eliminate unwanted or harmful cells (2). It can
be a consequence of weakening/absence of positive
signals necessary for cell survival or receiving negative
signals. Apoptosis can be activated by external and
internal stimuli (3). Recent approaches are presented
with the aim to analyse mechanistic relationships
between human diseases, and dysregulated apoptosis
seems to be connected with the occurrence of certain
diseases. Thus, suppression of cellular apoptosis may
lead to the occurrence of tumor or autoimmune disease, while its increased activation contributes to neurological diseases pathogenesis (3–6).
The central dogma of the cell apoptosis is the
so-called »point of no return« determination, and for
a long period of time it was believed that it was
impossible to stop the apoptotic process after the first
caspase activation. Also, there were claims that the
caspase activation and apoptosis are the same
process and that caspases are the only proteins
involved in apoptosis. Later, however, it became clear
that caspases also participate in processes such as: T

and B lymphocyte proliferation and erythrocyte,
monocyte and epidermal cell differentiation and maturation. The research has, in fact, proved that caspases could be regulated, and that the Inhibitor of
Apoptosis Proteins (IAP) family members are the
main controllers of this process. The mechanism of
IAP action is well known, however, there are certain
variations in the pathways of caspase inhibition and in
the parts of specific proteins’ structure that still need
to be explored. The fact is that IAPs have a seemingly simple structure and a very complex function, and
this makes them central molecules in the future therapy research (7–9).

Function and Inhibition of Caspases
Caspases represent the central components of
the apoptosis initiation machinery, and other proteins
(caspases, IAP, Smac/DIABLO, etc.) are responsible
for the regulation of their activity. Caspases involved
in apoptosis are divided in two groups: the initiator
caspases (caspases 2, 8, 9 and 10) and the effector
caspases (caspases 3, 6 and 7). After their activation,
the initiation caspases cause cascade activation of
downstream caspases by proteolysis and this step is
difficult to block. Thereby, a complex of specific molecules is needed for the activation of initial caspases
and those molecules join only if there are extracellu-

Figure 1 Mechanism of apoptosis and the way IAPs can inhibit this process (author Danica Markovi}).
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lar and intracellular signals that induce the apoptotic
process. After the activation of effector caspases, they
degrade structural proteins of the cell and its vital elements (actin, proteins that build nuclear lamine, regulator proteins, deoxyribonuclease inhibitors (DFF45,
ICAD) as well as other proapoptotic proteins and caspases). Antiapoptotic control relies on antiapoptotic
proteins activation (Bcl 2, Bcl XL) and IAPs (c-IAP-1,
SURVIVIN, LIVIN, XIAP, etc.) (4, 10). There are certain proteins in the cell that inhibit initiator caspases,
but IAPs are the only known endogenous proteins
that regulate the activity of both initiator and effector
caspases (11). The specific position and function of
IAPs in apoptosis can be seen in Figure 1.
IAP Family
IAPs include a family of proteins which contain
one or more BIR domain in their structure and have
the function of an intrinsic regulator of the caspase
cascade (Table I). In modern medicine, IAPs are considered to be potential target molecules for the therapy of many human diseases. Their potential lies in the
fact that if they are overexpressed, a cell may become
resistant to apoptotic signals (therapy of neurodegeneration), and if they are overinhibited, an increased
activation of cell death (therapy of tumors) will appear.
They are also considered to be the only defence
against activated caspases and the only factors in the

Table I List of all the IAPs along with all the abbreviations
used in scientific literature and the specific caspases they
inhibit.
Inhibitor of
Apoptosis Protein

Synonyms

Caspases they
bind to and inhibit

XIAP

API3; BIRC4;
IAP-3; ILP1; MIHA;
XLP2; hIAP-3

Caspase 3
Caspase 7
Caspase 9

BIRC2; API1;
hIAP-2; MIHB;
RNF48

Caspase 9

cIAP-1

Caspase 9

cIAP-2

BIRC3; AIP1; API2;
HAIP1; HIAP1;
MALT2; MIHC;
RNF49

NAIP

BIRC1; NLRB1;
psiNAIP

Caspase 1

Survivin

BIRC5; API4;
EPR-1

Caspase 3
Caspase7

Livin

BIRC7; KIAP;
ML-IAP;
MLIAP; RNF50

Caspase 3
Caspase 7
Caspase 9

BIRC8; ILP2; hILP2

Caspase 9

TsIAP

saving of cells that have already entered apoptosis (3,
7, 8, 12, 13). However, there is a new question:
Should we »rescue« a cell which is damaged to such
an extent that it started the apoptotic process?
The gene that encodes IAP was firstly identified
in the baculovirus genome and its transcriptome function was to protect the infected cell from death and
thereby maintain virus replication inside the organism. Later studies in the field of biology have shown
that IAP genes are found in cells of many organisms
at different evolution stages. All IAPs contain one to
three BIR (Baillovirus IAP Repeats) domains, each of
which consists of approximately 70–80 amino acid
residues (3, 9, 13).
The first identified IAP homologue in mammals
was Neuronal Apoptosis Inhibitory Protein (NAIP),
which contains three BIR domains and a carboxyterminal RING zinc-finger domain (RZF). The NAIP
encoding gene was isolated during the study of spinal
muscular atrophy etiopathogenesis and the genes
that cause this disease. Although it has not been
proven as directly responsible, it appears that NAIP
still has an impact on the development of the disease.
After the NAIP discovery, other family members were
identified and are represented in the Table I: cellular
IAP1 (cIAP1), cIAP2, X chromosome linked IAP
(XIAP), Survivin, Livin, Testis specific IAP (TsIAP) (3,
7, 14).
After their identification, cell culture experiments showed that IAPs suppress cell death by binding to caspases and that they prevent apoptosis
caused by both external and internal signals (7).
Later, it was shown that the biological activity of these
proteins in the cell is far more complex and includes:
binding to caspases and apoptosis inhibition, cell
cycle regulation and signal transduction modulation
mediated by receptors such as TNFR 2 (Tumor Necrosis Factor Receptor 2) and NFkB (Nuclear Factor
kB) (3, 12, 15).

IAP Structure
There are four domains in the IAP structure:
BIR, RZF, CARD (Caspase Recruitment Domain) and
NOD (Nucleotide-binding and Oligomerisation domain) (8). All members of the IAP family have a BIR
domain in their structure, while other domains are
present only in some proteins. NAIP, c-IAP1, c-IAP2
and XIAP have only three BIR and one RZF domain.
Survivin contains one BIR and one carboxy terminal
»coiled coil« domain, while Livin and Ts-IAP contain
one BIR and one RZF domain (3, 7, 13, 16).
BIR domain
BIR domain represents a functional unit of IAPs
which has been most examined and its characteristic
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is binding of the zinc ion. This domain contains a
globular head and a tail of undefined structure that
develops out of an amino-terminal linker region located upstream of the BIR domain in the IAP gene. Also,
the BIR domain is responsible for most IAP functions
in the cell. Many hydrophobic regions and amino
acids can be found on the BIR domain surface and
they are well preserved in every molecule. This
domain is, thereby, considered to be actually responsible for IAPs interaction and binding to other proteins. Of course, there are certain structural differences between the BIR domains of different IAP
family members (6, 7, 12, 17).
In general, the rule is this: if an IAP contains
more than one BIR domain, the third BIR domain has
the function of caspase 9 inhibition while the second
BIR domain inhibits caspases 3 and 7 (3). In the case
of XIAP, which contains three BIR domains, the researches have shown that only the second BIR domain
is responsible for this protein’s binding to caspase and
later deactivation of the same molecule. BIR3-RING
fragment of this protein binds and inhibits caspase 9,
while the BIR 1 domain function is not yet known (3,
6, 7, 11, 12). IAPs that contain only one BIR domain
use this domain for their basic function. For example,
TsIAP (ILP 2) inhibits caspase 9 with its BIR domain,
while Survivin’s BIR domain inhibits caspases 3 and 8.
The interesting fact is that one BIR domain of the Livin
protein inhibits caspases 3, 7 and 9 and in this way its
BIR domain has greater function than any other (3, 6,
7, 12, 14).
RZF domain
RING zinc-finger domains are a subclass of zincfinger domains which bind two zinc ions. A protein
which contains RZF in its structure acts as an adapter
for the recruitment of target proteins, which leads to
the multicomponent complex formation and proteosomal degradation (3, 13, 17). The function of RZF
domain in the IAP structure is not completely understood, but since its discovery several theories, based
on scientific researches, have been set. Studies indicate that an RZF domain on XIAP and c-IAP1 provokes ubiquitination and degradation of IAPs in
response to apoptotic stimuli. Another explanation is
that IAPs actually trigger the ubiquitination process of
caspase 3 and 7 in the proteosome by the RZF
domain. It is also believed that proteins which contain
RZF ubiquitinate secondary mitochondrial caspase
activators, the antagonists of IAP function, with the
same mechanism. This then activates cell survival and
inhibition of apoptosis. It is expected that future
research will discover the real function of the RZF
domain within IAPs (3, 11, 13).
CARD and NOD domains
CARD domain takes part in the oligomerisation
process with other proteins which also contain CARD

in their structure and activates homodimerization.
The CARD domains of cIAP1 and cIAP2 proteins are
located between the BIR and carboxy terminal RZF
domain. Except the activation of the homodimerization process, other specific functions of the CARD
domain in cIAP1 and 2 have not been determined yet
(3, 11, 13).
NOD domain is characteristic for NAIP. In the
organisms of lower developmental stadium, only
NAIP has a role in the cellular response to bacterial
infection. It is assumed that during this response
oligomerisation of the NOD domain and exposure/
activation of the BIR domain are initiated. In this way,
NAIP prevents cell apoptosis by the inhibition of caspase 1, which is activated during the inflammatory
process (3, 11, 13).

Mechanism of Caspases Inhibition
A caspase is a tetramer that consists of two larger (a) and two smaller (b) subunits. It is made up of
two homodimers. A loop bundle includes L2 (intersubunits linker), L4 (Loop-3) and L29 (symmetryassociated intersubunit linker). This protein’s active
site is located on the C-terminal end of parallel b
chain. Caspase specificity is determined by the socalled pockets: S1 (accommodate aspartate side
chain), S2 (accommodate small aliphatic residues),
S3 (engaged in the main-chain hydrogen bonds with
the P3 residue), S4 (provide major specificity-conferring elements to the different subclasses), S5 (specific for caspase 2) and S1 pocket (still needs to be
explored).
The mechanism of caspase 3 and 7 inhibition
was discovered by the combination of structural and
biochemical analyses. XIAP is the most potent
inhibitor of these caspases in in vitro conditions, while
cIAP1 and 2 have about a hundred times weaker
inhibitory effects when compared to XIAP. XIAP binds
to caspase 3 and 7 by its BIR2 domain which has a
function to block the active caspase locus (13, 14,
17). It has been shown that Asp148 of XIAP protein,
which binds to the S4 caspase pocket with the same
mechanism as it binds to the P4 residue of covalent
peptide inhibitors, is critical for achieving caspase 3
inhibition. Val 146 binds with strong van der Waals’s
forces to the surrounding caspase residues including
P2. However, in this contact, the S1 caspase pocket,
which is responsible for caspase substrate selectivity,
remains free. Studies have shown that the linker
region between the BIR1 and BIR2 domain in the
XIAP protein has no function in caspase 3 and 7 inhibition as it was previously thought (7, 13, 17, 18).
Only XIAP inhibition of caspase 9 has been
proved in vitro. Thereby, the mechanism of caspase 9
inhibition by XIAP is the most explored and it differs
from the mechanisms of caspase 3 and 7 inhibition
(3).
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Procaspase 9 is activated after the release of
cytochrome c from mitochondria. Cytochrome c
binds to Apaf1 (Apoptosis Protease-Activating Factor1) in the cytosol and causes its oligomerisation or
apoptosome formation after attracting procaspase 9
and its autoactivation. Caspase 9 is activated by forming a homodimer and then it activates downstream
caspases. Caspase 9 can also undergo self-degradation in the linker region between p20 and p10 subunits on Asp315 but this process may also lead to
caspase 9 activation. This protein contains the internal IAP-binding tetrapeptide motif (Ala-Thr-Pro-Phe).
In the absence of proteolytical processing, caspase 9
is not able to form a stable complex with IAP because
the tetrapeptide motif does not have an exposed N
terminal. By the processing of procaspase 9 on
Asp315 the internal tetrapeptide motif is exposed,
which initiates XIAP inhibition of caspase 9 (13, 18).
Caspase 9 inhibition by XIAP requires a preserved surface and structure of the BIR3 domain in
the XIAP protein and the preserved IAP-binding tetrapeptide motif on caspase 9 (14). The point of
mutations (e.g. His343) on the BIR 3 domain can
induce a significant decrease in the level of XIAP caspase 9 binding (19). Recent research has also pointed out that the preservation of the other binding sites,
besides the tetrapeptide motif in caspase 9 and BIR3
domain in XIAP, is essential for the binding of these
two proteins. The mechanism of inhibition lies in the
formation of the XIAP caspase 9 heterodimer which
prevents the formation of an active caspase homodimer. If the heterodimer of caspase 9 is formed, there
is no possibility of forming a supportive sequential element (L2 loop) which is a characteristic of homodimerisation and is thereby inactive. It is interesting
that cIAP1 and cIAP2 cannot inhibit caspase 9 by
preventing homodimerisation as XIAP can, because
they do not contain the special sequence of four
amino acids (12, 13, 18).
In the case of caspase 9 self-activation by degradation, the BIR3 domain of XIAP binds to a newly exposed protein’s amino terminal. This interaction is further stabilized by the contacts of caspase 9 and XIAP.
When Apaf1 and cytochrome c are excluded from the
cell, this interaction prevents the homodimerisation of
caspase 9 and stabilizes this enzyme in an inactive
state, which is similar to its monomer form (12, 13).
Proteins XIAP, cIAP1 and cIAP2 can directly bind to
the activated caspases 3 and 7 and inhibit their further
activities. The research has also shown that these three
proteins can inhibit caspase 9 as well and prevent its
activation by apoptotic stimuli (12, 13).

IAPs AS Caspase Substrates
Previous experiments demonstrated that XIAP
and cIAP1 could serve as the caspase substrates. In
vitro studies suggest that caspase 3, 6, 7 and 8 can
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degrade the XIAP molecule. The significance of this
process is not known. Even in spite of molecule degradation, the BIR3-RING fragment of XIAP protein
seems long-lived and keeps the ability to inhibit caspase 9 and Bax-induced apoptosis. Some believe that
the degradation of the XIAP molecule results in the
separation of two functional regions of the protein
which can independently attack the caspases. However, it is more likely that XIAP protein degradation is
a characteristic of the cell death rather than a characteristic of its defense. cIAP1 protein can also be a
substrate for caspase 3 and thereby a carboxy terminal fragment (CARD and RING finger domain) and
an amino terminal fragment which contains three BIR
domains become apparent. The amino terminal end
degrades rapidly, while the carboxy terminal end
starts to act as a proapoptotic protein (7, 8).

Negative Regulators of IAP Function
There are three proteins which bind to IAPs and
suppress their activity: XIAP-associated factor 1
(XAF1), Smac and Omi (3).
The most important inhibitor of IAP function is
Smac. The newly synthesized Smac protein consists
of 239 amino acids. During the protein maturation,
removal of the mitochondrial target sequence
appears and four hydrophobic amino acids (Ala-ValPro-Ile) are exposed on the N terminal end. Such an
amino acid tetrade in the mature Smac molecule represents the IAP binding motif in mammals and fruit
flies (13). Further analyses have shown that the amino
acid alanine is the most responsible for this connection. Smac is present in the mitochondrion of a
healthy cell and is released in the middle of apoptotic
stress at a similar rate as cytochrome c. The mechanism of Smac molecule release from the mitochondrion is not yet fully understood, however, it is believed that, as a small molecule, Smac can pass
through the mitochondrial pores previously made by
Bax or Bak. Smac binds to all the members of the IAP
family and inhibits their function. This allows reactivation of the apoptotic process as well as the potentiation of caspase function. It is interesting that the same
motif in the IAP molecule causes a potentiation or an
inhibition of these proteins’ function whether it binds
to the tetrapeptide sequence of Smac or the same
sequence of caspase 9. Experiments have shown that,
although Smac is able to prevent the inhibition of IAP
(XIAP) function on caspase 9, it has no ability to
effectively and equally inhibit the same function of
XIAP on caspases 3 and 7. The tetrapeptide domain
on the Smac molecule fully corresponds to the only
BIR domain of XIAP, but it is not completely specific
for the BIR2 domain. BIR2 domain is responsible for
the inhibition of caspases 3 and 7. However, inhibition of caspase 3 by the XIAP molecule is possible if
the BIR2 domain sequences, which remain free due
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to incomplete specific binding, are covered with the
rest of the Smac molecules (3, 8, 11).
In vitro experiments have shown that it is possible for XAF1 to directly bind to XIAP and thus interfere with caspase 3 inhibition. Cell culture studies
have shown that XAF1 interferes with XIAP-mediated
protection against chemotherapeutic drugs (etoposide, cisplatin). XAF1 is located in the nucleus, while
XIAP is located predominantly in the cytosol. However, XAF1 can cause a transfer of XIAP from the
cytosol to the nucleus and enable their interaction.
XAF1 protein is normally expressed in healthy cells,
but in extremely small quantities (3).
Up to now, another IAP inhibitor has been identified and has been labeled as Omi (HtrA2, High
Temperature Requirement). Omi is released from the
mitochondrion at the same time as the Smac/DIABLO molecule. It is known that Omi plays a major role
in regulating the mitochondrial homeostasis, but its
target molecule and the molecules with which it can
interact are not yet defined. Omi binds to IAPs with its
N-terminal motif. It can cause caspase-independent
apoptosis through its protease activity as well as caspase-dependent apoptosis through its ability to interfere with the interaction between caspases and IAPs
(3, 8, 11, 20).

Control Points of Apoptosis
Apoptotic stress causes the activation of the Bcl2
protein family members. This family contains both
pro- and antiapoptotic members. The balance of proapoptotic (Bax, Bak) and antiapoptotic (Bcl 2, Bcl XL,
Mcl 1) Bcl 2 proteins represents the first control point
of apoptosis. If the signals leading to apoptosis are too

strong, proapoptotic Bcl2 proteins cause the release of
cytochrome c through pores formed in the mitochondrial membrane (3, 21). The release of cytochrome c
is the second control point at which the levels of IAP
and XAF1 determine the outcome. If the IAP suppression and caspase activation occur simultaneously, the
permeability of mitochondrial membrane increases
which makes possible the release of apoptosis inducing factor (AIF), Smac and Omi. AIF enters the nucleus where it can indicate chromatin condensation,
while Smac and Omi bind to IAP and inhibit their function. Also, IAPs could be degraded by caspases or
directed so as to activate continuous release of the
proapoptotic fragments (cIAP1). However, if the IAP
activation prevails, caspases could be inactivated and
therefore apoptosis might be stopped (3).

Conclusion
A large number of laboratory and research methods have been developed with the aim of detecting the
aberrant IAP expression. It is important to link specific
polymorphisms with the possible onset of certain diseases for the purpose of discovering new drugs (22).
It is also important to provide further research in the
field of apoptosis regulation through the interaction of
caspases and IAPs. As the IAPs can inhibit caspases
and stop or slow down the apoptotic process, these
proteins are considered to be target proteins in the
therapy of many diseases associated with an increased
level of apoptosis (3, 23).
Conflict of interest statement
The authors stated that there are no conflicts of
interest regarding the publication of this article.

References
1. Elmore S. Apoptosis: A review of programmed cell death.
Toxicol Pathol 2007; 2(7): 545–50.

6. Srinivasula SM, Ashwell JD. IAPs: What’s in a name? Mol
Cell 2008; 30(2): 123–35.

2. Bhola PD, Simon SM. Determinism and divergence of
apoptosis susceptibility in mammalian cells. J Cell Sci
2009; 122(23): 4296–302.

7. O’Riordan MXD, Bauler LD, Scott FL, Duckett CS.
Inhibitor of apoptosis (IAP) proteins in eukaryotic evolution and development: a model of thematic conservation. Dev Cell 2008; 15(4): 497–508.

3. Fulda S, Debatin KM. Targeting Inhibitor of Apoptosis
Proteins (IAPs) for Diagnosis and Treatment of Human
Diseases. Recent Pat Anticancer Drug Discov 2006; 1:
81–9.

8. Wei Y, Fan T, Yu M. Inhibitor of apoptosis proteins and apoptosis. Acta Biochim Biophys Sin 2008; 40(4): 278–8.
9. Li F, Ling X. Survivin study: an update of »What is the
next wave?«. J Cell Physiol 2006; 208(3): 476.

4. Denault JB, Eckelman BP, Shin H, Pop C, Salvesen GS.
Caspase 3 attenuates XIAP (X-linked inhibitor of apoptosis protein)-mediated inhibition of caspase 9. Biochem J
2007; 405(Pt 1): 11–19.

10. Yi CH, Yuan J. The Jekyll and Hyde functions of caspases. Dev Cell 2009; 16(1): 21–34.

5. Stegmaier P, Krull M, Voss N, Kel AE, Wingender E.
Molecular mechanistic associations of human diseases.
BMC Syst Biol 2010; 4: 124.

11. Hunter AM, LaCasse EC, Korneluk RG. The inhibitors of
apoptosis (IAPs) as cancer targets. Apoptosis 2007;
12(9): 1543–68.

J Med Biochem 2013; 32 (3)

213

12. Cartier J, Marivin A, Berthelet J, Dubrez L. IAPs: a central
element in the NF-kB activating signaling pathway. Med
Sci 2012; 28(1): 69–75.

18. Wen X, Lin ZQ, Liu B, Wei YQ. Caspase-mediated
programmed cell death pathways as potential therapeutic targets in cancer. Cell Prolif 2012; 45(3): 217–24.

13. Qin S, Yang C, Li S, Xu C, Zhao Y, Ren H. Smac: its role
in apoptosis induction and use in lung cancer diagnosis
and treatment. Cancer Latt 2012; 318(1): 9–13.

19. Cao L, Wang Z, Yang X, Xie L, Yu L. The evolution
domain and its containing proteins. FEBS Lett 2008;
582(27): 3817–22.

14. Dharmapatni AASSK, Smith M, Findlay DM, Holding
CA, Evdokiou A, Ahern MJ, et al. Elevated expression of
caspase-3 inhibitors, surviving and XIAP correlates with
low levels of apoptosis in active rheumatoid synovium.
Arthritis Res Ther 2009; 11: R13–14.

20. Grzybowska-Izydorczyk O, Cebula B, Robak T, Smolewski
P. Expression and prognostic significance of the inhibitor
of apoptosis protein (IAP) family and its antagonists in
chronic lymphocytic leukaemia. Eur J Cancer 2012;
46(4): 800–10.

15. Lopez RT, Meier P. To fight or die–inhibitor of apoptosis
proteins at the crossroads of innate immunity and death.
Curr Opin Cell Biol 2012; 22(6): 872–81.
16. Ma ACH, Lin R, Chan PK, Leung JCK, Chan LYY, Meng A,
et al. The role of surviving in angiogenesis during zebrafish
embryonic development. BMC Dev Biol 2007; 7: 50–9.
17. Smolewski P, Robak T. Inhibitors of apoptosis (IAPs) as
potential molecular targets for therapy of hematological
malignancies. Curr Mol Med 2011; 11(8): 633–49.

21. Fulda S, Gorman AM, Hori O, Samali A. Cellular Stress
Responses: Cell Survival and Cell Death. Int J Cell Biol
2010; 2010: 214074, doi: 10.1155/2010/214074.
22. Babi} N. Clinical pharmacagenomics and concept of
personalized medicine. Journal of Medical Biochemistry 2012; 31: 281–6.
23. Mita AC, Mita MM, Nawrocki ST, Glies FJ. Survivin:
Key Regulator of Mitosis and Apoptosis and Novel
Target for Cancer Therapeutics. Clin Cancer Res
2008; 14: 5000–5.

Received: May 3, 2012
Accepted: July 24, 2012

