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Molecular Circuits of Apoptosis Regulation and
Cell Division Control: The Survivin Paradigm
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Abstract The coupling of cell proliferation to cell death is thought to function as a pivotal crossroad, essential to
preserve normal homeostasis and to eliminate dangerous cells before they divide. Survivin is a prototypemolecule at this
crossroad, intercalated in protection against mitochondrial cell death and orchestrating various aspects of cell division.
Dramatically exploited in cancer and an unfavorable gene signature for disease outcome, the survivin pathway has now
provided tangible opportunities for targeted, rational cancer therapy. J. Cell. Biochem. 92: 656–663, 2004.
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OVERVIEW OF APOPTOTIC PATHWAYS

Apoptosis is generally defined as a genetic
program of cellular suicide with unique mor-
phologic characteristics that include chromatin
condensation, membrane blebbing, and forma-
tion of so-called apoptotic bodies [Kerr et al.,
1972]. This type of cell death is essential to
sculpt the developing organism during embryo-
nic and fetal growth [Meier et al., 2000], and is
critical in the adult life to maintain the homeo-
stasis of differentiated tissues [Hengartner,
2000]. Apoptosis is mediated by caspases,
intracellular cysteine proteases that become
activated in response to cell death stimuli, and
cleave a variety of cellular substrates involved
in DNA repair, cytoskeletal organization,
nuclear integrity, and cell survival [Goyal,
2001].

Two main apoptotic pathways have been
identified [Hengartner, 2000]. An ‘‘extrinsic’’
pathway critical for immune selection and
inflammation [Krammer, 2000] is initiated
by ligation of cell surface death receptors,
including the TNFa receptor and CD95 (Fas)
[Ashkenazi and Dixit, 1998]. This results in the
formation of a supramolecular complex asso-
ciated with the death receptors’ cytosolic tail
that promotes the activation of upstream cas-
pase-8. Conversely, various intracellular or
environmental stimuli converge on an ‘‘intrin-
sic’’ apoptotic pathway, which is characterized
by increased mitochondrial leakiness and a
global collapse of mitochondrial functions
[Kroemer and Reed, 2000]. The enhanced
mitochondrial permeability in turn results in
the cytoplasmic release of noxious factors,
including Ca2þ, reactive oxygen species, and
proteins that facilitate caspase activation
[Wang, 2001]. The apoptotic signal is then
relayed downstream via the assembly of a
cytoplasmic multimolecular complex, called
apoptosome that promotes the activation of
upstream caspase-9 by limited proteolysis or
allosteric rearrangement [Kroemer and Reed,
2000;Wang, 2001]. The two apoptotic pathways
exhibits extensive functional crosstalk, and
caspase-8 cleavage of a Bcl-2 protein, Bid,
amplifies cell death by activatingmitochondrial
apoptosis [Luo et al., 1998].
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Among the regulators of apoptosis, Bcl-2
proteins [Cory and Adams, 2002] act at the
mitochondria to decrease (anti-apoptotic) or
enhance (pro-apoptotic) permeability transi-
tion, typically by regulating cytochrome c re-
lease [Hengartner, 2000]. Thesemolecules form
homo- and hetero-dimers at the outermitochon-
drial membrane, and the composition of the
complex is thought to shift the balance between
cell survival and cell death [Hengartner, 2000].
Among pro-apoptotic Bcl-2 familymembers, the
‘‘BH3-only’’ molecules Bax and Bak may be
required to initiate most, if not all, mitochon-
drial-dependent apoptotic pathways [Wei et al.,
2001].
The inhibitors of apoptosis (IAP) proteins

comprise a second gene family of cell death
regulators [Salvesen and Duckett, 2002]. IAPs’
molecular signature is the presence of 1–
3 copies of a �70-amino acid zinc finger fold
designated Baculovirus IAP repeat (BIR),
which is conserved in related molecules from
yeast to humans. Certain IAPs also contain a
caspase-recruitment domain (CARD), a RING
finger, a ubiquitin-conjugating domain, and a
nucleotide binding P loop motif [Salvesen and
Duckett, 2002]. IAPs have been implicated in
two functions, protection from apoptosis and
regulation of cell division. In mammalian cells,
most, but not all, IAP proteins preserve cell
viability by acting as endogenous caspase
inhibitors [Salvesen and Duckett, 2002]. This
pathway has been elucidated in detail with
respect to kinetic of enzyme inhibition, struc-
tural coordinates of IAP-caspase complexes,
and mapping of residues implicated in caspase
binding [Shi, 2002]. Proteins released by mito-
chondria during permeability transition,
including Smac/DIABLO, and potentially Omi/
HtrA2, are thought to competitively bind to
IAPs, and relieve their inhibitory interactions
with caspases [Shi, 2002]. The anti-caspase
activity of IAPs is evolutionary conserved, and
Drosophila IAP-like proteins are essential
regulators of cell survival in flies [Yoo et al.,
2002]. Other cytoprotective functions of IAPs
independently of caspase inhibition have been
proposed includingmodulation of TGF-b signal-
ing, SMAD-dependent transcription, and c-Jun
amino-terminal kinase (JNK) activity [Birkey
Reffey et al., 2001; Sanna et al., 2002]. Secondly,
certain IAPs function as essential regulators of
cell division. This is likely their ancestral role,
as judged from the multiple meiotic/mitotic

defects, chromosome missegregation, and poly-
ploidy observed in genedeletionandknockdown
experiments of IAP-like molecules in yeast
[Uren et al., 1999; Li et al., 2000; Morishita
et al., 2001] and C. elegans [Fraser et al., 1999;
Speliotes et al., 2000].

SURVIVIN STRUCTURE–FUNCTION

Survivin is a structurally unique IAP protein
[Salvesen and Duckett, 2002], organized as a
stable dimer [Verdecia et al., 2000], and con-
taining a single BIR and a –COOH terminus
coiled-coil, but no other identifiable domain(s)
[Ambrosini et al., 1997]. Survivin is a mitotic
gene, whose expression at cell division is tightly
transcriptionally-controlled [Kobayashi et al.,
1999; Li and Altieri, 1999], and further regu-
lated by rapid changes in protein stability
mediated by polyubiquitination and proteaso-
mal destruction in interphase [Zhao et al.,
2000]. After cell cycle-dependent expression at
mitosis, survivin localizes to various compo-
nents of the mitotic apparatus [Li et al., 1998;
Skoufias et al., 2000; Fortugno et al., 2002],
including centrosomes, microtubules of the
metaphase and anaphase spindle, and midbo-
dies. A subcellular pool of survivin also localizes
to kinetochores of metaphase chromosomes
[Skoufias et al., 2000], potentially recruiting
and regulating the function of molecules like
Aurora B kinase involved in central spindle
formation and cytokinesis [Wheatley et al.,
2001]. The various mitotic pools of survivin are
immunochemically distinct, suggesting that
separate post-translational modifications may
contribute to epitope accessibility and subcel-
lular trafficking [Fortugno et al., 2002]. In this
context, phosphorylation of survivin on Thr34
by p34cdc2-cyclin B1 [O’Connor et al., 2000a] or
Thr117 byAuroraB [Wheatley et al., 2004] have
been implicated in regulating protein stability
and subcellular targeting to mitotic structures.
In addition to thewild type survivinmRNA, two
survivin isoforms are generated by insertion of
an alternative exon 2 (survivin-2B, 165 amino
acids) or removal of exon 3 (survivin-DEx-3, 137
amino acids) [Mahotka et al., 1999]. In survivin-
DEx-3, the splicing event introduces a frame
shift that generates a unique –COOH terminus
[Mahotka et al., 2002] containing a bipartite
nuclear localization signal [Rodriguez et al.,
2002]. Intriguingly, a viral homolog of survivin-
DEx3 has been described that localizes to
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mitochondria and inhibits apoptosis via asso-
ciation with Bcl-2 and BIR-dependent suppres-
sion of caspase-3 activity [Wang et al., 2002].

DUAL FUNCTIONOF SURVIVIN IN APOPTOSIS
INHIBITION AND CONTROL OF MITOSIS

Three lines of experimental evidence support
a role of survivin in suppressing cell death.
First, over-expression of survivin inhibits apop-
tosis initiated via the extrinsic or intrinsic
apoptotic pathways [Ambrosini et al., 1997;
Kobayashi et al., 1999; Mahotka et al., 1999;
Islam et al., 2000; Kasof and Gomes, 2000;
Suzuki et al., 2000; Hoffman et al., 2001; Mirza
et al., 2002; Zaffaroni et al., 2002]. Second,
genetic manipulation of survivin in vivo caused
phenotypes consistent with cytoprotection,
either by enhancing cell viability in transgenic
mice [Grossman et al., 2001a] or resulting in
increased cell death after conditional allele
inactivation [Okada et al., 2004]. Thirdly,
molecular antagonists of survivin, including
antisense, ribozymes, siRNA oligonucleotides
or dominant-negative mutants caused caspase-
dependent cell death, and enhancement of
apoptotic stimuli [Li et al., 1999; Kasof and
Gomes, 2000; Olie et al., 2000; Kanwar et al.,
2001; Shankar et al., 2001; Xia et al., 2002;
Yamamoto et al., 2002; Zhou et al., 2002; Choi
et al., 2003; Pennati et al., 2003; Williams et al.,
2003; Beltrami et al., 2004]. Recent evidence
suggests that survivin cytoprotection may be
more selective than that of other IAPs, and
targeted at the upstream initiation ofmitochon-
drial apoptosis. This is consistent with the
formation of a complex between survivin and
caspase-9 in vivo [O’Connor et al., 2000a], the
ability of survivin to prevent caspase-9 activa-
tionwithin a functional apoptosome [Marusawa
et al., 2003], and its modulation by binding to
mitochondrially-released Smac/DIABLO [Song
et al., 2003]. Moreover, cell death induced by
survivin antagonists has the hallmarks of mito-
chondrial apoptosis with cytochrome c release
[Mesri et al., 2001; Liu et al., 2004], apoptosome-
dependentcaspase-9activation [O’Connoretal.,
2000a], and loss of mitochondrial membrane
potential [Beltrami et al., 2004].

In addition to cell death inhibition, survivin
has also an essential role in mitosis. This first
surfaced in targeting experiments using anti-
sense or dominant-negative mutants, which
resulted in a dual phenotype of spontaneous

cell death (see above) and aberrant mitotic
progression, with supernumerary centrosomes,
multipolar mitotic spindles, failed cytokinesis,
and multinucleation [Li et al., 1999]. Similar
findings were obtained after inactivation of the
survivin gene, in vivo following homozygous
deletion [Uren et al., 2000], or tissue-specific
conditional allele inactivation [Okada et al.,
2004]. Recent datahave suggested that survivin
may contribute to multiple phases of cell
division, including targeting of essential com-
ponents of the central spindle midzone, Aurora
B kinase and INCENP [Wheatley et al., 2001;
Bolton et al., 2002; Honda et al., 2003],
enhanced microtubule stability in metaphase
spindle formation [Giodini et al., 2002; Tran
et al., 2002], and regulation of the spindle
assembly checkpoint [Li et al., 1998; Lens
et al., 2003].

TRANSLATIONAL TARGETING OF THE
SURVIVIN PATHWAY IN CANCER

One of the most significant features of
survivin is its differential expression in cancer
versus normal tissues [Ambrosini et al., 1997].
Reminiscent of ‘‘onco-fetal’’ antigens, survivin is
strongly expressed in embryonic and fetal
organs [Adida et al., 1998; Kobayashi et al.,
1999], but undetectable or found at very low
levels in most terminally differentiated normal
tissues [Ambrosini et al., 1997], with the
exception of thymocytes [Ambrosini et al.,
1997], CD34þ bone marrow-derived stem cells
[Fukuda and Pelus, 2001], and intestinal basal
crypt epithelial cells [Zhang et al., 2001]. By
contrast, dramatic over-expression of survivin
was demonstrated in most human tumors by
in situ hybridization, RT-PCR, Western blot-
ting, and immunohistochemistry [Altieri,
2003]. The selective over-expression of survivin
in cancer appears to reflect a global deregula-
tion of survivin gene transcription in trans-
formed cells. This is consistent with the cancer-
specific transcription of the survivin promoter
[Bao et al., 2002], and the several oncogenic
pathways that converge to up-regulate survivin
gene expression in transformed cells. These
include growth factor receptor signaling [Tran
et al., 1999; O’Connor et al., 2000b], STAT
activation [Aoki et al., 2003], PI3 kinase/Akt
signaling [Dan et al., 2004] oncogene (Ras) ex-
pression [Sommer et al., 2003], and loss of tumor
suppressor molecules, p53 [Hoffman et al.,
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2001; Mirza et al., 2002], APC [Zhang et al.,
2001; Kim et al., 2003], and PML [Xu et al.,
2003].
Fromatranslationalstandpoint, several retro-

spective studies have demonstrated that survi-
vin expression in cancer is frequently associated
with unfavorable disease outcome, abbreviated
overall survival, increased rates of recurrences,
resistance to therapy, and reduced apoptotic
index, in vivo [Altieri, 2003]. Accordingly, profil-
ing studies identified survivin as a ‘‘risk-asso-
ciated’’ gene signature for unfavorable outcome
in breast cancer [van ’t Veer et al., 2002], large
cell non-Hodgkin’s lymphoma [Kuttler et al.,
2002], and colorectal cancer [van de Wetering
et al., 2002; Williams et al., 2003].
Because of its differential expression in

cancer and critical roles in mitotic progression
and cell viability, survivin is being intensely
investigated as a new rational target for cancer
treatment [Altieri, 2003]. Three approaches
have recently emerged to interfere with the
survivin pathway that showed promising re-
sults as potential anti-cancer strategies. First,
survivin has been used for novel cancer vaccina-
tion protocols [Andersen and Thor, 2002].
Several studies have now demonstrated that T
cells mount a vigorous cytolytic and antibody
response to survivin peptides, in vitro and
in vivo [Rohayem et al., 2000; Schmitz et al.,
2000; Andersen et al., 2001; Yagihashi et al.,
2001; Hirohashi et al., 2002; Schmidt
etal., 2003].Accordingly,HLAClassI-restricted
cytolytic T cells against survivin peptides are
found in cancer patients [Andersen et al., 2001;
Schmidt et al., 2003], and exert strong anti-
tumor activitywhen tested inpreclinicalmodels
[Casati et al., 2003; Pisarev et al., 2003; Siegel
et al., 2003]. Secondly, molecular antagonists of
survivin, including antisense, ribozymes,
siRNA, or dominant negative mutants have
shown reproducible anti-tumor efficacy in vitro
and various tumor models, in vivo inducing
tumor cell apoptosis, suppression of cell prolif-
eration, and collapse of tumor-associated angio-
genesis [Grossman et al., 2001b; Kanwar et al.,
2001; Yamamoto et al., 2002;Blanc-Brude et al.,
2003; Williams et al., 2003; Ansell et al., 2004;
Pennati et al., 2004]. Thirdly, molecular [Mesri
et al., 2001] or pharmacologic [O’Connor et al.,
2002c] antagonists of survivin phosphorylation
on Thr34 have also shown promising results
in suppression of tumor growth in mice, and
enhancement of taxane-based chemotherapy.

A novel aspect of survivin cytoprotection in
cancer has recently emerged with its link to the
molecular chaperone Hsp90 [Fortugno et al.,
2003]. Tumor cells are known to develop
effective countermeasures to grow and dissemi-
nate in highly unfavorable microenvironments.
This is mainly achieved via up-regulation of the
cellular stress response, an evolutionary con-
served process centered on expression/function
of heat shock proteins (Hsps). Hsps are molec-
ular chaperones that survey protein folding
quality control, maturation, and subcellular
trafficking of client proteins [Nollen and
Morimoto, 2002], thus enabling cellular adapta-
tion to environmental challenges [Helmbrecht
et al., 2000]. Hsps, particularly Hsp70 and
Hsp90 are also thought to have a function in
protection from apoptosis, and are commonly
up-regulated in various cancers [Neckers,
2002]. Binding to Hsp90 preserves survivin
levels in cells and disruption of this inter-
action results in proteasomal degradation of
survivin and a dual phenotype of spontaneous
apoptosis and mitotic defects [Fortugno et al.,
2003]. This is consistent with the notion that
sudden changes in IAP levels brought about by
ubiquitination and proteasomal destruction
[Joaziero and Weissman, 2000] result in spon-
taneous apoptosis and enhancement of cell
death stimuli [Yang et al., 2000; Li et al.,
2002]. In this context, selective disruption of
the survivin–Hsp90 interaction could be envi-
sioned as an additional mean to destabilize
the survivin pathway in cancer, promoting pro-
teasomal degradation of survivin and enhanced
caspase-9 activation [Fortugno et al., 2003].

CONCLUDING REMARKS

Despite its relatively recent discovery in 1997,
survivinhasattractedconsiderable interest from
several viewpoints of biomedical sciences. Its
dual implication in cell death regulation and
mitotic progression, its deep wiring with funda-
mental checkpoints of genomic fidelity and its
transcriptional regulation by a plethora of
signaling pathways have positioned survivin at
the crossroad of several fields of investigation in
biology. With the elucidation of key molecular
requirements of the survivin pathway, rational
approaches to dismantle this signaling network
in cancer cells have emerged, thus opening new
translational opportunities for targeted cancer
treatment in the near future.

The Survivin Paradigm 659



REFERENCES

Adida C, Crotty PL, McGrath J, Berrebi D, Diebold J,
Altieri DC. 1998. Developmentally regulated expression
of the novel cancer anti-apoptosis gene survivin in
human and mouse differentiation. Am J Pathol 152:
43–49.

Altieri DC. 2003. Validating survivin as a cancer ther-
apeutic target. Nat Rev Cancer 3:46–54.

Ambrosini G, Adida C, Altieri DC. 1997. A novel anti-
apoptosis gene, survivin, expressed in cancer and
lymphoma. Nat Med 3:917–921.

Andersen MH, Thor SP. 2002. Survivin—A universal
tumor antigen. Histol Histopathol 17:669–675.

Andersen MH, Pedersen LO, Becker JC, Straten PT. 2001.
Identification of a cytotoxic T lymphocyte response to the
apoptosis inhibitor protein survivin in cancer patients.
Cancer Res 61:869–872.

Ansell SM, Arendt BK, Grote DM, Jelinek DF, Novak AJ,
Wellik LE, Remstein ED, Bennett CF, Fielding A. 2004.
Inhibition of survivin expression suppresses the growth
of aggressive non-Hodgkin’s lymphoma. Leukemia 18:
616–623.

Aoki Y, Feldman GM, Tosato G. 2003. Inhibition of STAT3
signaling induces apoptosis and decreases survivin
expression in primary effusion lymphoma. Blood 101:
1535–1542.

Ashkenazi A, Dixit VM. 1998. Death receptors: Signaling
and modulation. Science 281:1305–1308.

Bao R, Connolly DC, Murphy M, Green J, Weinstein JK,
Pisarcik DA, Hamilton TC. 2002. Activation of cancer-
specific gene expression by the survivin promoter. J Natl
Cancer Inst 94:522–528.

Beltrami E, Plescia J, Wilkinson JC, Duckett CS,
Altieri DC. 2004. Acute ablation of survivin un-
covers p53-dependent mitotic checkpoint functions and
control of mitochondrial apoptosis. J Biol Chem 279:
2077–2084.

Birkey Reffey S, Wurthner JU, Parks WT, Roberts AB,
Duckett CS. 2001. X-linked inhibitor of apoptosis protein
functions as a cofactor in transforming growth factor-
beta signaling. J Biol Chem 276:26542–26549.

Blanc-Brude OP, Mesri M, Wall NR, Plescia J, Dohi T,
Altieri DC. 2003. Therapeutic targeting of the survivin
pathway in cancer: Initiation of mitochondrial apoptosis
and suppression of tumor-associated angiogenesis. Clin
Cancer Res 9:2683–2692.

Bolton MA, Lan W, Powers SE, McCleland ML, Kuang J,
Stukenberg PT. 2002. Aurora B kinase exists in a
complex with survivin and INCENP and its kinase
activity is stimulated by survivin binding and phosphor-
ylation. Mol Biol Cell 13:3064–3077.

Casati C, Dalerba P, Rivoltini L, Gallino G, Deho P, Rini F,
Belli F, Mezzanzanica D, Costa A, Andreola S, Leo E,
Parmiani G, Castelli C. 2003. The apoptosis inhibitor
protein survivin induces tumor-specific CD8þ and
CD4þ T cells in colorectal cancer patients. Cancer Res
63:4507–4515.

Choi KS, Lee TH, Jung MH. 2003. Ribozyme-mediated
cleavage of the human survivin mRNA and inhibition of
antiapoptotic function of survivin in MCF-7 cells. Cancer
Gene Ther 10:87–95.

Cory S, Adams JM. 2002. The Bcl2 family: Regulators of the
cellular life-or-death switch. Nat Rev Cancer 2:647–656.

DanHC, Jiang K, Coppola D, Hamilton A, Nicosia SV, Sebti
SM, Cheng JQ. 2004. Phosphatidylinositol-3-OH kinase/
AKT and survivin pathways as critical targets for
geranylgeranyltransferase I inhibitor-induced apoptosis.
Oncogene 23:706–715.

Fortugno P, Wall NR, Giodini A, O’Connor DS, Plescia J,
Padgett KM, Tognin S, Marchisio PC, Altieri DC. 2002.
Survivin exists in immunochemically distinct subcellular
pools and is involved in spindle microtubule function.
J Cell Sci 115:575–585.

Fortugno P, Beltrami E, Plescia J, Fontana J, Pradhan D,
Marchisio PC, Sessa WC, Altieri DC. 2003. Regulation of
survivin function by Hsp90. Proc Natl Acad Sci USA 100:
13791–13796.

Fraser AG, James C, Evan GI, Hengartner MO. 1999.
Caenorhabditis elegans inhibitor of apoptosis protein
(IAP) homologue BIR-1 plays a conserved role in cyto-
kinesis. Curr Biol 9:292–301.

Fukuda S, Pelus LM. 2001. Regulation of the inhibitor-of-
apoptosis family member survivin in normal cord blood
and bone marrow CD34(þ) cells by hematopoietic growth
factors: Implication of survivin expression in normal
hematopoiesis. Blood 98:2091–2100.

Giodini A, Kallio M, Wall NR, Gorbsky GJ, Tognin S,
Marchisio PC, SymonsM, Altieri DC. 2002. Regulation of
microtubule stability and mitotic progression by survi-
vin. Cancer Res 62:2462–2467.

Goyal L. 2001. Cell death inhibition: Keeping caspases in
check. Cell 104:805–808.

Grossman D, Kim PJ, Blanc-Brude OP, Brash DE, Tognin
S, Marchisio PC, Altieri DC. 2001a. Transgenic expres-
sion of survivin in keratinocytes counteracts UVB-
induced apoptosis and cooperates with loss of p53. J Clin
Invest 108:991–999.

Grossman D, Kim PJ, Schechner JS, Altieri DC. 2001b.
Inhibition of melanoma tumor growth in vivo by survivin
targeting. Proc Natl Acad Sci USA 98:635–640.

Helmbrecht K, Zeise E, Rensing L. 2000. Chaperones in cell
cycle regulation and mitogenic signal transduction. Cell
Prolif 33:341–365.

Hengartner MO. 2000. The biochemistry of apoptosis.
Nature 407:770–776.

Hirohashi Y, Torigoe T, Maeda A, Nabeta Y, Kamiguchi K,
Sato T, Yoda J, Ikeda H, Hirata K, Yamanaka N, Sato N.
2002. An HLA-A24-restricted cytotoxic T lymphocyte
epitope of a tumor-associated protein, survivin. Clin
Cancer Res 8:1731–1739.

HoffmanWH, Biade S, Zilfou JT, Chen J, Murphy M. 2001.
Transcriptional repression of the anti-apoptotic survivin
gene by wild type p53. J Biol Chem 277:3247–3257.

Honda R, Korner R, Nigg EA. 2003. Exploring the
functional interactions between aurora B, INCENP,
and survivin in mitosis. Mol Biol Cell 14:3325–3341.

Islam A, Kageyama H, Takada N, Kawamoto T, Takayasu
H, Isogai E, Ohira M, Hashizume K, Kobayashi H,
Kaneko Y, Nakagawara A. 2000. High expression of
Survivin, mapped to 17q25, is significantly associated
with poor prognostic factors and promotes cell survival in
human neuroblastoma. Oncogene 19:617–623.

Joaziero CAP, Weissman AM. 2000. RING finger
proteins: Mediators of ubiquitin ligase activity. Cell
102:549–552.

Kanwar JR, Shen WP, Kanwar RK, Berg RW, Krissansen
GW. 2001. Effects of survivin antagonists on growth of

660 Altieri



established tumors and b7-1 immunogene therapy. JNatl
Cancer Inst 93:1541–1552.

Kasof GM, Gomes BC. 2000. Livin, a novel inhibitor-of-
apoptosis (IAP) family member. J Biol Chem 276:3238–
3246.

Kerr JF, Wyllie AH, Currie AR. 1972. Apoptosis: A basic
biological phenomenon with wide-ranging implications
in tissue kinetics. Br J Cancer 26:239–257.

Kim PJ, Plescia J, Clevers H, Fearon ER, Altieri DC. 2003.
Survivin andmolecular pathogenesis of colorectal cancer.
Lancet 362:205–209.

Kobayashi K, Hatano M, Otaki M, Ogasawara T, Tokuhisa
T. 1999. Expression of a murine homologue of the
inhibitor of apoptosis protein is related to cell prolifera-
tion. Proc Natl Acad Sci USA 96:1457–1462.

Krammer PH. 2000. CD95’s deadly mission in the immune
system. Nature 407:789–795.

Kroemer G, Reed JC. 2000. Mitochondrial control of cell
death. Nat Med 6:513–519.

Kuttler F, Valnet-Rabier MB, Angonin R, Ferrand C,
Deconinck E, Mougin C, Cahn JY, Fest T. 2002. Relation-
ship between expression of genes involved in cell cycle
control and apoptosis in diffuse large B cell lymphoma:
A preferential survivin-cyclin B link. Leukemia 16:
726–735.

Lens SM, Wolthuis RM, Klompmaker R, Kauw J, Agami R,
Brummelkamp T, Kops G,Medema RH. 2003. Survivin is
required for a sustained spindle checkpoint arrest in
response to lack of tension. Embo J 22:2934–2947.

Li F, Altieri DC. 1999. Transcriptional analysis of human
survivin gene expression. Biochem J 344(Pt 2):305–311.

Li F, Ambrosini G, Chu EY, Plescia J, Tognin S, Marchisio
PC, Altieri DC. 1998. Control of apoptosis and mitotic
spindle checkpoint by survivin. Nature 396:580–584.

Li F, Ackermann EJ, Bennett CF, Rothermel AL, Plescia J,
Tognin S, Villa A, Marchisio PC, Altieri DC. 1999.
Pleiotropic cell-division defects and apoptosis induced
by interference with survivin function. Nat Cell Biol 1:
461–466.

Li F, Flanary PL, Altieri DC, Dohlman HG. 2000. Cell
division regulation by BIR1, a member of the inhibitor of
apoptosis family in yeast. J Biol Chem 275:6707–6711.

Li X, Yang Y, Ashwell JD. 2002. TNF-RII and c-IAP1
mediate ubiquitination and degradation of TRAF2.
Nature 416:345–349.

Liu T, Brouha B, Grossman D. 2004. Rapid induction of
mitochondrial events and caspase-independent apoptosis
in Survivin-targeted melanoma cells. Oncogene 23:39–
48.

Luo X, Budihardjo I, Zou H, Slaughter C, Wang X. 1998.
Bid, a Bcl2 interacting protein, mediates cytochrome c
release frommitochondria in response to activation of cell
surface death receptors. Cell 94:481–490.

Mahotka C, Wenzel M, Springer E, Gabbert HE, Gerharz
CD. 1999. Survivin-deltaEx3 and survivin-2B: Two novel
splice variants of the apoptosis inhibitor survivin with
different antiapoptotic properties. Cancer Res 59:6097–
6102.

Mahotka C, Liebmann J, Wenzel M, Suschek CV, Schmitt
M, Gabbert HE, Gerharz CD. 2002. Differential sub-
cellular localization of functionally divergent survivin
splice variants. Cell Death Differ 9:1334–1342.

Marusawa H, Matsuzawa S, Welsh K, Zou H, Armstrong R,
Tamm I, Reed JC. 2003. HBXIP functions as a cofactor of

survivin in apoptosis suppression. Embo J 22:2729–
2740.

Meier P, Finch A, EvanGI. 2000. Apoptosis in development.
Nature 407:796–801.

Mesri M, Wall NR, Li J, Kim RW, Altieri DC. 2001. Cancer
gene therapy using a survivin mutant adenovirus. J Clin
Invest 108:981–990.

Mirza A, McGuirk M, Hockenberry TN, Wu Q, Ashar H,
Black S, Wen SF, Wang L, Kirschmeier P, Bishop WR,
Nielsen LL, Pickett CB, Liu S. 2002. Human survivin is
negatively regulated by wild-type p53 and participates in
p53-dependent apoptotic pathway. Oncogene 21:2613–
2622.

Morishita J, Matsusaka T, Goshima G, Nakamura T,
Tatebe H, Yanagida M. 2001. Bir1/Cut17 moving from
chromosome to spindle upon the loss of cohesion is
required for condensation, spindle elongation and repair.
Genes Cells 6:743–763.

Neckers L. 2002. Hsp90 inhibitors as novel cancer
chemotherapeutic agents. Trends Mol Med 8:S55–S61.

Nollen EAA, Morimoto RI. 2002. Chaperoning signaling
pathways: Molecular chaperones as stress-sensing ‘‘heat
shock’’ proteins. J Cell Sci 115:2809–2816.

O’Connor DS, Grossman D, Plescia J, Li F, Zhang H,
Villa A, Tognin S, Marchisio PC, Altieri DC. 2000a.
Regulation of apoptosis at cell division by p34cdc2 phos-
phorylation of survivin. Proc Natl Acad Sci USA 97:
13103–13107.

O’Connor DS, Schechner JS, Adida C, Mesri M, Rothermel
AL, Li F, Nath AK, Pober JS, Altieri DC. 2000b. Control
of apoptosis during angiogenesis by survivin expression
in endothelial cells. Am J Pathol 156:393–398.

O’Connor DS, Wall NR, Porter AC, Altieri DC. 2002c. A
p34(cdc2) survival checkpoint in cancer. Cancer Cell 2:
43–54.

Okada H, Bakal C, Shahinian A, Elia A, Wakeham A, Suh
WK, Duncan GS, Ciofani M, Rottapel R, Zuniga-Pflucker
JC, Mak TW. 2004. Survivin loss in thymocytes triggers
p53-mediated growth arrest and p53-independent cell
death. J Exp Med 199:399–410.

Olie RA, Simoes-Wust AP, Baumann B, Leech SH, Fabbro
D, Stahel RA, Zangemeister-Wittke U. 2000. A novel
antisense oligonucleotide targeting survivin expression
induces apoptosis and sensitizes lung cancer cells to
chemotherapy. Cancer Res 60:2805–2809.

Pennati M, Binda M, Colella G, Folini M, Citti L, Villa R,
Daidone MG, Zaffaroni N. 2003. Radiosensitization of
human melanoma cells by ribozyme-mediated inhibition
of survivin expression. J Invest Dermatol 120:648–654.

Pennati M, Binda M, Colella G, Zoppe M, Folini M, Vignati
S, Valentini A, Citti L, De CesareM, Pratesi G, GiaccaM,
Daidone MG, Zaffaroni N. 2004. Ribozyme-mediated
inhibition of survivin expression increases spontaneous
and drug-induced apoptosis and decreases the tumori-
genic potential of human prostate cancer cells. Oncogene
23:386–394.

Pisarev V, Yu B, Salup R, Sherman S, Altieri DC,
Gabrilovich DI. 2003. Full-length dominant-negative
survivin for cancer immunotherapy. Clin Cancer Res 9:
6523–6533.

Rodriguez JA, Span SW, Ferreira CG, Kruyt FA, Giaccone
G. 2002. CRM1-mediated nuclear export determines the
cytoplasmic localization of the antiapoptotic protein
Survivin. Exp Cell Res 275:44–53.

The Survivin Paradigm 661



Rohayem J, Diestelkoetter P, Weigle B, Oehmichen A,
Schmitz M, Mehlhorn J, Conrad K, Rieber EP. 2000.
Antibody response to the tumor-associated inhibitor of
apoptosis protein survivin in cancer patients. Cancer Res
60:1815–1817.

Salvesen GS, Duckett CS. 2002. Apoptosis: IAP proteins—
Blocking the road to death’s door. Nat Rev Mol Cell Biol
3:401–410.

Sanna MG, da Silva Correia J, Ducrey O, Lee J, Nomoto K,
Schrantz N, Deveraux QL, Ulevitch RJ. 2002. IAP
suppression of apoptosis involves distinct mechanisms:
The TAK1/JNK1 signaling cascade and caspase inhibi-
tion. Mol Cell Biol 22:1754–1766.

Schmidt SM, Schag K, Mueller MR, Weck MM, Appel S,
Kanz L, Gruenebach F, Brossart P. 2003. Survivin is a
shared tumor associated antigen expressed in a broad
variety of malignancies and recognized by specific
cytotoxic T-cells. Blood 102:571–576.

Schmitz M, Diestelkoetter P, Weigle B, Schmachtenberg F,
Stevanovic S, Ockert D, Rammensee HG, Rieber EP.
2000. Generation of survivin-specific CD8þ T effector
cells by dendritic cells pulsed with protein or selected
peptides. Cancer Res 60:4845–4849.

Shankar SL, Mani S, O’Guin KN, Kandimalla ER, Agrawal
S, Shafit-Zagardo B. 2001. Survivin inhibition induces
human neural tumor cell death through caspase-inde-
pendent and -dependent pathways. J Neurochem 79:
426–436.

Shi Y. 2002. Mechanisms of caspase activation and
inhibition during apoptosis. Mol Cell 9:459–470.

Siegel S, Wagner A, Schmitz N, Zeis M. 2003. Induction of
antitumour immunity using survivin peptide-pulsed
dendritic cells in a murine lymphoma model. Br J
Haematol 122:911–914.

Skoufias DA, Mollinari C, Lacroix FB, Margolis RL. 2000.
Human survivin is a kinetochore-associated passenger
protein. J Cell Biol 151:1575–1582.

Sommer KW, Schamberger CJ, Schmidt GE, Sasgary S,
Cerni C. 2003. Inhibitor of apoptosis protein (IAP)
survivin is upregulated by oncogenic c-H-Ras. Oncogene
22:4266–4280.

Song Z, Yao X, Wu M. 2003. Direct interaction between
survivin and Smac/DIABLO is essential for the anti-
apoptotic activity of survivin during taxol-induced apop-
tosis. J Biol Chem 278:23130–23140.

Speliotes EK, Uren A, Vaux D, Horvitz HR. 2000. The
survivin-like C. elegans BIR-1 protein acts with the
Aurora-like kinase AIR-2 to affect chromosomes and the
spindle midzone. Mol Cell 6:211–223.

Suzuki A, Ito T, Kawano H, Hayashida M, Hayasaki
Y, Tsutomi Y, Akahane K, Nakano T, Miura M,
Shiraki K. 2000. Survivin initiates procaspase 3/p21
complex formation as a result of interaction with Cdk4
to resist Fas-mediated cell death. Oncogene 19:1346–
1353.

Tran J, Rak J, Sheehan C, Saibil SD, LaCasse E, Korneluk
RG, Kerbel RS. 1999. Marked induction of the IAP family
antiapoptotic proteins survivin and XIAP by VEGF in
vascular endothelial cells. Biochem Biophys Res Com-
mun 264:781–788.

Tran J, Master Z, Yu JL, Rak J, Dumont DJ, Kerbel RS.
2002. A role for survivin in chemoresistance of endothe-
lial cells mediated by VEGF. Proc Natl Acad Sci USA 99:
4349–4354.

Uren AG, Beilharz T, O’Connell MJ, Bugg SJ, van Driel R,
Vaux DL, Lithgow T. 1999. Role for yeast inhibitor of
apoptosis (IAP)-like proteins in cell division. Proc Natl
Acad Sci USA 96:10170–10175.

Uren AG, Wong L, Pakusch M, Fowler KJ, Burrows FJ,
Vaux DL, Choo KH. 2000. Survivin and the inner
centromere protein INCENP show similar cell-cycle
localization and gene knockout phenotype. Curr Biol 10:
1319–1328.

van ’t Veer LJ, Dai H, van de Vijver MJ, He YD, Hart AA,
Mao M, Peterse HL, van der Kooy K, Marton MJ,
Witteveen AT, Schreiber GJ, Kerkhoven RM, Roberts
C, Linsley PS, Bernards R, Friend SH. 2002. Gene
expression profiling predicts clinical outcome of breast
cancer. Nature 415:530–536.

van de Wetering M, Sancho E, Vervweij C, de Lau I,
Hurlstone A, van der Horn K, Batlle E, Coudreuse D,
Haramis A-P, van den Born M, Soete G, Pals S, Eilers M,
Medema R, Clevers H. 2002. The b-catenin/TCF-4
complex imposes a crypt progenitor phenotype on color-
ectal cancer cells. Cell 111:241–250.

VerdeciaMA, HuangH, Dutil E, Kaiser DA, Hunter T, Noel
JP. 2000. Structure of the human anti-apoptotic protein
survivin reveals a dimeric arrangement. Nat Struct Biol
7:602–608.

Wang X. 2001. The expanding role of mitochondria in
apoptosis. Genes Dev 15:2922–2933.

Wang HW, Sharp TV, Koumi A, Koentges G, Boshoff C.
2002. Characterization of an anti-apoptotic glycoprotein
encoded by Kaposi’s sarcoma-associated herpesvirus
which resembles a spliced variant of human survivin.
Embo J 21:2602–2615.

Wei MC, Zong WX, Cheng EH, Lindsten T, Panoutsako-
poulou V, Ross AJ, Roth KA, MacGregor GR, Thompson
CB, Korsmeyer SJ. 2001. Proapoptotic BAX and BAK: A
requisite gateway to mitochondrial dysfunction and
death. Science 292:727–730.

Wheatley SP, Carvalho A, Vagnarelli P, Earnshaw WC.
2001. INCENP is required for proper targeting of
Survivin to the centromeres and the anaphase spindle
during mitosis. Curr Biol 11:886–890.

Wheatley SP, Henzing AJ, Dodson H, Khaled W,
Earnshaw WC. 2004. Aurora-B phosphorylation
in vitro identifies a residue of survivin that is
essential for its localization and binding to inner centro-
mere protein (INCENP) in vivo. J Biol Chem 279:5655–
5660.

Williams NS, Gaynor RB, Scoggin S, Verma U, Gokaslan T,
Simmang C, Fleming J, Tavana D, Frenkel E, Becerra C.
2003. Identification and validation of genes involved
in the pathogenesis of colorectal cancer using cDNA
microarrays and RNA interference. Clin Cancer Res 9:
931–946.

Xia C, Xu Z, Yuan X, Uematsu K, You L, Li K, Li L,
McCormick F, Jablons DM. 2002. Induction of apoptosis
in mesothelioma cells by antisurvivin oligonucleotides.
Mol Cancer Ther 1:687–694.

Xu ZX, Zhao RX, Ding T, Tran TT, Zhang W, Pandolfi PP,
Chang KS. 2003. PML4 induces apoptosis by inhibition of
survivin expression. J Biol Chem 279:1838–1844.

Yagihashi A, Asanuma K, Nakamura M, Araya J, Mano Y,
Torigoe T, Kobayashi D, Watanabe N. 2001. Detection of
anti-survivin antibody in gastrointestinal cancer
patients. Clin Chem 47:1729–1731.

662 Altieri



Yamamoto T, Manome Y, NakamuraM, TanigawaN. 2002.
Downregulation of survivin expression by induction of
the effector cell protease receptor-1 reduces tumor
growth potential and results in an increased sensitivity
to anticancer agents in human colon cancer. Eur J
Cancer 38:2316–2324.

Yang Y, Fang S, Jensen JP, Weissman AM, Ashwell JD.
2000. Ubiquitin protein ligase activity of IAPs and their
degradation in proteasomes in response to apoptotic
stimuli. Science 288:874–877.

Yoo SJ, Huh JR, Muro I, Yu H,Wang L, Wang SL, Feldman
RM, Clem RJ, Muller HA, Hay BA. 2002. Hid, Rpr, and
Grim negatively regulate DIAP1 levels through distinct
mechanisms. Nat Cell Biol 4:416–4124.

Zaffaroni N, Pennati M, Colella G, Perego P, Supino R,
Gatti L, Pilotti S, Zunino F, Daidone MG. 2002.

Expression of the anti-apoptotic gene survivin correlates
with taxol resistance in human ovarian cancer. Cell Mol
Life Sci 59:1406–1412.

Zhang T, Otevrel T, Gao Z, Ehrlich SM, Fields JZ, Boman
BM. 2001. Evidence that APC regulates survivin expres-
sion: A possible mechanism contributing to the stem cell
origin of colon cancer. Cancer Res 61:8664–8667.

Zhao J, Tenev T, Martins LM, Downward J, Lemoine NR.
2000. The ubiquitin-proteasome pathway regulates
survivin degradation in a cell cycle-dependent manner.
J Cell Sci 113(Pt 23):4363–4371.

Zhou M, Gu L, Li F, Zhu Y, Woods WG, Findley HW. 2002.
DNA damage induces a novel p53-survivin signaling
pathway regulating cell cycle and apoptosis in acute
lymphoblastic leukemia cells. J Pharmacol Exp Ther 303:
124–131.

The Survivin Paradigm 663


