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Abstract

Survivin is a novel member of the inhibitor of apoptosis (IAP) protein family, and its aberrant
expression in cancer cells has been shown to be associated with tumorigenesis, cancer progression,
radiation/drug resistance and shorter patient survival. Survivin is also expressed in certain human
adult tissues and cells, and has been shown to play a role in physiology. Interestingly, targeting
survivin for cancer treatment did not show obvious toxicity to normal tissues and cells. This suggests
that the mechanism for the regulation and function of survivin may actually be different in cancer
cells as compared to normal cells. This review intends to summarize the most important information
about the transcriptional and/or posttranscriptional controls of survivin in cancer cells. Further studies
along this line may find essential interfaces for the development of novel approaches for cancer
therapeutics.
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Introduction

Survivin is a bifunctional protein that has been implicated in the control of apoptosis and the
regulation of mitosis (1,2). Survivin is a 16.5 kDa protein that is cell cycle-regulated with a
robust increase in the G2/M phase in cancer cells (1,3). Many important gene products
including signaling molecules, transcription factors and other ligands appear to modulate
survivin expression and/or function in cancer cells through transcriptional and/or
posttranscriptional mechanisms. The posttranscriptional regulation of survivin expression also
takes place at the pre-mRNA splicing level. The differential splicing of survivin pre-mRNA
results in several known survivin splice variants which appear to have differential functions in
tumorigenesis (4) or other functions (2). Several new survivin splice variants were also recently
described (2). Therefore, the elucidation of both transcriptional and posttranscriptional
regulations of survivin will be important for cancer prevention and treatment. This review will
summarize the most important information about the transcriptional and posttranscriptional
controls of survivin in cancer cells. Several recent studies have also revealed a role for survivin
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in the regulation of gene transcription by acting as either a transcription activator or a
transcription co-activator. In addition, we will discuss possible differences in the mechanism
that governs the regulation and function of survivin in cancer cells as compared to normal cells.

Methylation and genetic alteration/polymorphism of the survivin gene

One of the major strategies for the modulation of survivin expression is through the regulation
of its gene transcription. Several studies have indicated that the survivin gene promoter is
essential for the regulation of its gene transcription. Analysis of the survivin gene promoter
from humans (5) and mice (6) reveals that the core promoter region lacks a TATA box motif
but contains a typical CpG island, which harbors several cell cycle dependent elements (CDE)
and one cell cycle homology region (CHR).

The expression of survivin in human cancer is correlated with an unmethylated CpG island in
the survivin core promoter. It was initially shown that the survivin gene CpG island is not
methylated in both normal and cancerous tissues (5). Studies from normal and cancerous
ovarian tissues, however, have indicated that the Hpa Il sites located in the core promoter region
as well as in exon 1 of the survivin gene were methylated in most normal ovarian tissues but
demethylated in most ovarian cancer tissues (7). Recent studies have shown that there was no
methylation for the survivin gene in oral tumor tissues, while only 4 of the 9 normal oral tissues
without survivin expression showed methylation of the survivin gene (8), suggesting that
silencing of survivin in survivin negative tissues or cells may not be necessarily attributed to
methylation. Examinations of 17 genes including survivin have consistently displayed a
uniformly unmethylated pattern in all the astrocytoma and non-astrocytoma tissues examined
(9). Furthermore, methylation was not found in advanced ovarian cancer after chemotherapy
and DNA damage (10) nor could 5-aza-dC treatment increase the expression of survivin in
Colo-320 and SW1116 colon cancer cells (11). These observations suggest that the survivin
gene was not methylated in both cancer tissues and cell lines. However, studies of the
methylation status of the CpG island and the exon 1 of the survivin gene in DMBA-induced
hamster buccal-pouch squamous-cell carcinomas showed that all the untreated and mineral-
oil treated control samples had a survivin-methylated allele, whereas the DMBA-treated
cancerous tissues showed no evidence of survivin methylation, determined by a PCR-based
methylation assay (12). Together, these observations suggest that survivin is unmethylated in
cancer but may be selectively methylated in normal tissues with individual variations.
Nevertheless, methylation of the survivin gene promoter appears to be involved in the wild
type p53-induced downregulation of survivin transcription in cancer cells (13). P53 interacted
with DNA-methyltransferase 1 (DNMT1) and stimulated DNMT1-mediated methylation in
vitro. Doxorubicin-induced p53 upregulation resulted in the methylation of the survivin
promoter in wild type p53 HCT116 cells but not in DNMTZX null or p53 null cells (13).
Endogenous survivin gene repression was relieved by introduction of DNMT1- or p53-specific
small inhibitory RNA (siRNA) (13), suggesting a role of methylation in the p53-mediated
suppression of survivin transcription.

The survivin gene appears to be a gene with rare mutations in cancer. However, a search for
mutations in the survivin promoter from —510 to 40 bp (A in the survivin ATG codon as +1)
in various cancerous and normal cell lines by PCR plus sequencing revealed a frequent C to
G mutation at the —31 bp position in various cancer cell lines but not in normal cells (14). This
mutation is within a CDE motif and involved in the alteration of the DNA-protein interaction
in the CDE DNA region that was shown to be associated with increased survivin promoter
activity and its endogenous gene expression (14). However, whether the “C to G” mutation at
—31 also exists in various cancer tissues is currently unclear and warrants further investigation.

J Exp Clin Cancer Res. Author manuscript; available in PMC 2010 February 11.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

Regulation of survivin expression by various stimuli

Survivin expression appears to be regulated by growth factors, cytokines, hormones, anticancer
agents and kinase inhibitors. The antiapoptotic properties of VEGF and IL-11 appear to mediate
the induction of survivin in endothelial cells (1). It has been shown that VEGF is strongly
associated with the expression of survivin in hepatocellular cancer (15) and breast cancer
(16). Furthermore, the induction of survivin expression by VEGF employs a PI3K/Akt pathway
in neuroblastoma cells (17). In addition, NVP-LAQ824, a histone deacetylase inhibitor,
reduced VEGF and survivin expression as well as angiogenesis in prostate and breast xenograft
tumor growth (18). It will be important to determine whether the effect of NVP-LAQ824 on
survivin expression takes place through the direct modulation of the histone acetylation on the
survivin promoter or in an indirect manner through the reduction of VEGF.

EGFR, a member of the ErbB family of receptor tyrosine kinases, could increase the
proliferation, angiogenesis and invasive potential of cancer cells. Studies of the expression of
survivin, EGFR and ErbB2/HER?2 in invasive breast cancer revealed a strong coexpression
(19). The coexpression of HER2 and EGFR were shown to upregulate survivin and increase
resistance to etoposide-induced apoptosis in breast cancer cells, whereas the HER2-specific
inhibitor, Herceptin has been shown to decrease survivin expression and apoptosis resistance,
apparently through a PI3K/AKkt, rather than a MEK/Erk signaling pathway (19). Similarly,
activated EGFR has been shown to increase survivin expression through the PI13K but not the
Erk signaling pathway (20). However, taxol-mediated rapid induction of survivin appeared to
employ both PI3K/Akt and MEK/Erk signaling pathways (21), which appear to be associated
with taxol-mediated phosphorylation of EGFR (22). These studies provide new perspectives
on controlling of survivin expression in cancer cells by inhibiting the important protein kinases
that are involved in cell signaling pathways.

Several studies focused on the regulation of survivin expression by hormones in cancer cells.
Consistent with a role of estrogens in enhancing breast cancer cell survival and resisting
apoptosis, estradiol (E2) has been shown to upregulate survivin expression in MCF-7 breast
cancer cells and to prevent these cells from etoposide-induced apoptosis (23). Mechanistically,
E2-activated estrogen receptor (ERa) physically interacted with p53 and inhibited the p53
suppression of survivin transcription at the p53 binding site of the survivin promoter in MCF-7
cells (24). Intriguingly, after re-expressing ERa in ERa-negative MDA-MB-231 breast cancer
cells, E2 did not stimulate but suppressed survivin expression and cell proliferation (25). These
observations suggest that the function of E2 and its receptor ERa in the regulation of survivin
expression and cancer cell proliferation is also dependent on the presence or absence of other
protein factors in the particular breast cancer cells. Identification of these differences may lead
to novel approaches for cancer treatment. In addition, survivin appears to play a role in
androgen receptor (AR)-dependent and AR-independent drug resistance. Androgen has been
shown to upregulate the expression of survivin in both AR-positive LNCaP and AR-negative
PC-2 and DU145 prostate cancer cells (26). In AR-positive LNCaP cells, upregulation of
survivin occurs likely through AR since the anti-androgen therapeutic drug Flutamide could
diminish this effect. In AR-negative PC-2 and DU145 cells, upregulation of survivin occurs
likely through androgen-mediated activation of Akt and thus is resistant to Flutamide. These
studies, as well as others (2), indicate that the upregulation of survivin by various ligands
appears to be a universal drug resistant factor, although the mechanism for the control of
survivin upregulation by various stimuli may vary. Thus, various approaches to inhibit survivin
expression might be developed for cancer treatment.

J Exp Clin Cancer Res. Author manuscript; available in PMC 2010 February 11.
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STAT3 signaling and the constitutive expression of survivin

Based on current information, one possible mechanism for the aberrant expression of survivin
in cancer cells is that various events, such as virus infection, p53 mutation, APC mutation,
signaling protein activation/mutation or gene amplification, may result in the direct or indirect
activation of transcription factors to maintain survivin transcription (1). Growing evidence
supports this notion. A strong association between survivin expression and STAT3 activation/
phosphorylation was found in cancer tissues (27,28). Inhibition of constitutive activation of
STAT3 signaling in gastric cancer cells by ectopic dominant-negative STAT3 or Janus Kinase
inhibitor, tyrphostin AG490 markedly reduced survivin expression and induced apoptosis,
whereas forced expression of survivin rescued cancer cells from apoptosis induced by STAT3
inhibition (29). Knockdown of STAT3 expression by siRNA downregulated survivin
expression and induced apoptosis in several astrocytoma cell lines as well, while there was no
effects in primary human astrocytes (30). Importantly, while IGF-1-mediated activation of Akt
and NF-«B upregulated many antiapoptotic proteins including survivin in multiple myeloma,
IL-6 could not activate NF-xB and only weakly activated Akt. However, IL-6 specifically
upregulated survivin expression (31), suggesting that a specific effect of the IL-6/STAT3
pathway on survivin transcription was involved. Consistent with the association of survivin
expression with COX-2 expression and cancer recurrence (32), overexpression of COX-2
increased STAT3 phosphorylation and apoptosis resistance in non-small cell lung cancer cells,
while siRNA-mediated silencing of STAT3 or IL-6 downregulated survivin and triggered
apoptosis in A549 lung cancer cells (33). COX-2 stabilized survivin and made non-small cell
lung cancer cells resist apoptosis (34). Elevated levels of phosphorylation of STAT3 were
found in many invasive breast tumors, which were significantly associated with the increased
expression of survivin as well as other STAT3 target genes in invasive breast cancer tissues
(35). Celecoxib, a COX-2 inhibitor, induced malignant mesothelioma cell apoptosis and
decreased Akt phosphorylation and survivin expression (36), suggesting a potential inhibition
of the Akt-survivin pathway (1). The derivatives of Indirubin, an active component of a
traditional Chinese herbal medicine, inhibited constitutive STAT3 signaling and
downregulated survivin as well as Mcl-1 expression, followed by induction of apoptosis in
human breast and prostate cancer cells (37). Recently, the survivin gene has been identified
alternatively as a direct downstream target for STAT3 by microarray, ChIP assays and survivin
promoter-reporter assays (38). Similarly, the direct inhibition of STAT3 signaling blocked
survivin expression and induced apoptosis in breast cancer cells. Importantly, increased
survivin expression has been shown to be strongly associated with elevated STAT3 activity
and chemotherapeutic resistance in primary breast tumor specimens (38). These studies may
provide important information for the development of novel approaches for cancer treatment.

NF-kB signaling and survivin expression

RC3renal clear cell carcinomas cells, lacking the von Hippel-Lindau tumor suppressor protein,
showed an activation of NF-xB and an upregulation of antiapoptotic proteins including survivin
(39). SCH 66336, a Ras farnesyltransferase inhibitor, inhibited NF-xB and downregulated
survivin as well as other NF-xB-regulated gene products (40). Angiotensin Il activated NF-
kB and subsequently increased the production of anti-apoptotic molecules including survivin
(41). Transient transfection assays have shown that the survivin promoter was transactivated
by HTLV-I Tax via activating NF-kB. On the other hand, the pharmacological inhibition of
NF-«kB has resulted in the suppression of survivin expression in CTLL-2 cells, a mouse T-cell
line expressing HTLV-1 Tax (42). Interestingly, while NF-«xB activation contributed to both
survivin and Bcl-2 expression, the expression of these two markers was mutually exclusive in
the vast majority of B-cell lymphomas (43), suggesting their distinct roles. Together, survivin
appears to be a downstream target for NF-xB. However, the molecular mechanism for NF-
kB-mediated upregulation of survivin remains to be determined.

J Exp Clin Cancer Res. Author manuscript; available in PMC 2010 February 11.
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P53 and survivin gene transcription

It has been shown that survivin expression is closely associated with mutant p53 accumulation
in cancer cells, and the introduction of wild type p53 into p53-null human cancer cells has
resulted inasignificant decrease of survivin expression. P53 protein can bind to the p53 binding
site in the survivin core promoter to repress its transcription and expression (1). Recent studies
have also showed that the expression of survivin is negatively regulated by wild type p53 in
non-small lung cancer cells (44) and positively regulated by mutant p53 in laryngeal squamous
cell carcinoma (LSCC) (45) and breast cancer cells (46). Certain tumors without p53 mutation,
however, also showed high-level expression of survivin, suggesting that other signaling
pathways also contribute to the expression of survivin. For example, as we mentioned above,
ERoa interacted with p53 and neutralized p53’s role in survivin transcription suppression (24).
Interestingly, the expression of survivin and its splice variants, survivin-2B and survivin-
AEX3, can be differentially regulated by doxorubicin-induced stabilization of p53. Survivin
and survivin-AEx3 were downregulated by p53, whereas survivin-2B was upregulated by p53
(47), suggesting that the modulation of survivin gene expression by p53 may include both
transcriptional and post-transcriptional mechanisms. Survivin-2B has been shown to play a
negative role in cancer cell growth and appears to offer a good prognosis for cancer patients
(2). Therefore, the differential modulation of survivin and survivin-2B expression by
chemotherapeutic agents or other approaches may represent a novel strategy for cancer
treatment. Intriguingly, survivin could differentially regulate p53 gene family proteins as well
(48), although the detailed mechanism remains to be elucidated.

APC/B-catenin/TCF-4 signaling and survivin gene transcription

Transcriptional disruption of survivin expression in cancer cells would represent an important
and unique approach for cancer therapeutics, if the differential mechanism for survivin
expression in cancer cells, when compared with survivin-positive normal tissues, could be
defined. In colorectal cancer, APC mutation represents the initiating genetic alteration. It has
been shown that wild type APC progressively represses survivin expression and limits
proliferative cell populations in the lower crypt in normal colonic epithelium. The mutant APC,
however, lost this function resulting in tumorigenesis. Wild type APC downregulates survivin
transcription in colorectal cancer cells via the APC/B-catenin/TCF-4 pathway. The survivin
gene appears to be an important target gene for the TCF-4/B-catenin signaling pathway since
substantial evidence shows that survivin expression is modulated by this pathway [see review
(4)]- Recent studies revealed that CREB binding protein (CBP) is a crucial coactivator for TCF/
B-catenin to upregulate survivin transcription (49). Treatment of colon cancer cells with
ICG001, a B-catenin/CBP interaction-specific inhibitor, has been shown to downregulate
survivin gene transcription and expression (49). Mechanistically, ICG-001 disrupted CBP/j3-
catenin physical interaction, recruited p300 to the survivin promoter and in turn led to the
concomitant recruitment of several transcription repressors, including SUMO-1, HDAC6 and
PML, to the protein complex on the survivin promoter (49). These observations suggest distinct
roles for CBP and p300 in the control of survivin gene transcription. Together, modulation of
survivin expression in colorectal cancer cells by inhibition of this pathway may result in cancer
therapeutic values.

Differential regulation of survivin in cancer cells versus normal cells

Previous studies, using the 6.4 kb survivin gene promoter region as a probe to perform the
DNA-protein interaction using Southwestern blots, showed that the survivin promoter DNA
differentially interacts with nuclear proteins isolated from cancer cells versus normal tissues
and cells (1). This observation highlights the possibility that the mechanism for the regulation
of survivin expression in cancer tissues and cells might be different from that in normal tissues

J Exp Clin Cancer Res. Author manuscript; available in PMC 2010 February 11.
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and cells. Consistent with this notion, some ligands such as progesterone may play opposing
effects on the regulation of survivin expression in cancer cells versus normal ones [see recent
review (50)]. To further explore whether the regulation of survivin promoter activity is different
in normal cells compared to cancerous cells, a series of transcription factors was determined
for the involvement of the transcriptional regulation of survivin promoter activity. These
studies resulted in the finding that the regulation of survivin promoter activity by Ap-2
transcription factors is different in cancer cells versus normal cells. While Ap-2 strongly
inhibited survivin promoter activity in tumor-derived cell lines, including MCF-7 breast cancer
cells, HCT-116 colon adenocarcinoma cells and HeLa cells, Ap-2 protein had no significant
inhibitory effects on, or even slightly up-regulated, survivin promoter activity in non-
transformed breast epithelial MCF-10A and fibroblast NIH3T3 cells (51). These findings point
to the likelihood for the differential regulation of the survivin promoter in tumor-derived
compared to non-transformed cells, and evoke new perspectives and may represent
opportunities for the development of novel approaches for low toxicity cancer-specific
treatments.

Modulation of survivin transcription and cancer therapeutics

Previous reports revealed that Sp-1 transcription factor plays an essential role in the constitutive
expression of the survivin gene in cancer cells. Mutagenesis of Sp1 sequence at —171 and —151
in the survivin core promoter significantly diminished survivin promoter activity (5).
Consistently, tetra-O-methyl nordihydroguaiaretic acid (M4N) was shown to inhibit Sp1-
dependent survivin expression and activated the mitochondrial apoptotic pathway in C3
carcinoma cells (52). Similarly, Hedamycin, a GC-rich DNA binding agent, was shown to
downregulate survivin expression by abrogating the binding of Sp1 protein to a 21-bp cis-
acting DNA element in the human survivin core promoter, and mutagenesis of this region
consistently diminished survivin promoter activity (53). These studies suggest that abrogation
of Sp1 binding to the survivin core promoter region may represent a novel approach for the
control of survivin expression for cancer treatment. These studies also point to a general
principle for cancer therapeutics by the control of survivin transcription.

Regulation of survivin at the pre-mRNA splicing level

Alternative splicing of survivin pre-mRNA derives several known survivin-related splice
variants (survivin-AEXx3, survivin-2B, survivin-3B, survivin-2a and survivin-image).
Moreover, several new survivin splice variants (survivin-AptEx2/3, survivin-AptEx1/2,
survivin-AptEx1/2G/T and survivin-AptEx2) were recently described as well (2). Limited
studies indicated that survivin splice variants may differentially be regulated and have different
roles in tumorigenesis (4) and/or cell cycle/mitosis controls (2).

Recently, it was found that survivin-AEx3 could associate directly with survivin by means of
heterodimerization. The coexpression of survivin with survivin-AEx3 caused alterations of
subcellular localization of the protein complexes and synergistically inhibited mitochondrial-
dependent apoptosis (54). In contrast, survivin-2B disrupted the mitochondrial membrane
potential and induced DNA fragmentation (55). Survivin and survivin-2B immunoprecipitated
chromosomal passenger proteins Aurora-B and Borealin, while survivin-AEx3 did not interact
with borealin (56). The expression of survivin and its isoforms appears to be different in cancer
cells as compared to normal tissues and cells. In gastric carcinomas and pediatric
medulloblastomas, the expression of survivin, survivin-AEx3 and survivin-2B was detected
by immunohistochemistry and quantitative PCR. When compared with normal tissues, survivin
was the dominant transcript (57,58). Survivin-AEx3 and survivin-2B were detected in lung
cancer cells (55), breast tumor cell lines and breast carcinoma (59) and medulloblastoma
(58), but not in adjacent normal tissues (60). The question is, should we conclude that
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survivin-2B and survivin-AEx3 are better specific markers for malignancy than survivin itself?
While this remains to be investigated, it appears that the expression of survivin-2B in cancer
is a favorable prognostic parameter (2,4). Survivin-3B expression was more frequent in high-
grade carcinomas while survivin-2B expression was lower in large tumors than in small ones
(59). Interestingly, after neoadjuvant chemotherapy, the expression of survivin and survivin-2B
was significantly reduced, while no change is found for survivin-AEx3 and survivin-3B (59).
In human colorectal carcinomas, while the ratio of survivin-AEx3/survivin has shown no
difference between tumor and normal samples, the relative expression level of survivin-2B to
survivin (survivin-2B/survivin) was significantly higher in the tumor tissue samples than in
the normal ones (61), which may indicate that there is a negative feedback loop to counter
cancer progression by increasing the expression of survivin-2B. This notion is consistent with
the observation that the ratio of survivin-2B/survivin in stage 111 and IV tumors was lower than
these in stage I and Il tumor, and a higher ratio of survivin-2B/survivin significantly correlated
with a better prognosis (61). Finally, a new survivin splice variant, survivin-AEx3-3B1, was
recently identified (Fig. 1) from five human cancer cell lines (HeLa, Caco-2, MCF-7, NB4 and
ZR-75; corresponding GenBank accession No: DQ310375, DQ310375, DQ310375,
DQ310375 and DQ310375). Survivin-AEx3-3B has 78 amino acids (aa), the first 74 aa is
identical to the known survivin splice variant, survivin-2a followed by additional 4 aa (RELC)
at the C-terminal end (Fig. 1C). It was reported that survivin-2o expressed in human
malignancies and overexpressed survivin-2a localized on certain subcellular structures (62).
It would be interesting to determine whether there are similarities or differences between
survivin-AEx3-3B and survivin-2a in terms of their functions and subcellular localizations. In
sum, while the mechanism for the regulation and function of various survivin splice variants
in apoptosis and cell proliferation controls remains to be elucidated, limited observations imply
that exploring the regulation and function of survivin splice variants may become an interesting
research area in the future and may lead to novel approaches for cancer treatment.

Regulation of survivin at the protein level

Phosphorylation of survivin is important for its biological activity and function. The
mechanism for survivin to gain or lose its biological function through phosphorylation or
dephosphorylation has been extensively studied. Phosphorylation on survivin Thr34 by Cdc2-
cyclinB1 was shown to be critical for survivin function in preserving cell viability during cell
division (63). Grossman et al. confirmed this result by using a dominant negative mutant
(Thr34Ala) survivin, which could trigger apoptosis in vitro and in vivo (64). Purvalanol A or
Flavopiridol, cyclin-dependent kinase inhibitors, inhibited Cdc2-mediated survivin Thr34
phosphorylation, which resulted in cancer cell growth inhibition, apoptosis and tumor
suppression in vitro and in vivo (65,66).

Furthermore, at least in some examples, survivin has been shown to interact competitively with
the Cdk4/p16 (INK4a) complex. Survivin interacted with Cdk4 and formed survivin/Cdk4
complex, which enhances procaspase-3/p21 formation and results in the suppression of cell
death signaling (67). Recently, it has been found that the Thr117 residue phosphorylation status
and the K63-linked ubiquitination status on survivin are important for controls of the dynamic
association/dissociation of survivin and Aurora B to/from centromeres for normal mitosis in
cancer cells [see recent review (2)]. Together, these studies may provide clues for the control
of survivin and the development of novel strategies for cancer therapeutics.

1The current nomenclature for survivin splice variants reflects the survivin exon used. Survivin-AEx3-3B is consistent with this rule.
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Modulation of survivin stability/function by other proteins

Several studies have shown that the interaction of survivin with its cofactor proteins would
modify survivin stability or function. The chaperon protein Hsp90 could stabilize survivin
protein and prevent protease from its degradation. The inhibition of Hsp90 function or the
disruption of the survivin/Hsp90 complex has resulted in survivin degradation (68). The
hepatitis B X-interacting protein (HBXIP) was found to be a cofactor for survivin. HBXIP
existed in both cancer and nonmalignant liver tissues of human with chronic HBV infection,
and formed a complex with survivin. The HBXIP/survivin complex interacted with and
prevented precaspase-9 recruitment to Apafl, and selectively suppressed apoptosis initiated
by cytochrome C release (69). Survivin cooperated with X-linked IAP (XI1AP) via BIR domain.
XIAP stability could be protected in survivin-XIAP complex from ubiquitination/proteasomal
degradation, and caspase-9 activity could be more efficiently suppressed by the complex
(70). CIAP1, another IAP family member, was shown to interact with survivin in mitotic cells
(71). Given that survivin and clAP1 were colocalized on midbody microtubules at telophase
and interacted with each other during mitosis, cytokinesis defects might be resulted from the
interference of both the function and proper localization of survivin after cl AP1 overexpression
(71). Recent studies have shown that, while introduction of Smac, a mitochondrial activator
of caspase, did not cause apoptosis in normal ovarian surface epithelial cells, it did induce
apoptosis in ovarian cancer cells (72). Interestingly, Smac interacted with both survivin and
XIAP, but it only downregulated survivin via ubiquitination and proteasomal degradation in
ovarian cancer cells despite the fact that RNA interference experiments failed to reveal a role
of survivin in the inhibition of Smac-mediated apoptosis (72). The later finding is somehow
inconsistent with the previous finding that direct interaction between survivin and Smac was
essential for the anti-apoptotic activity of survivin during taxol-induced apoptosis (73).
Recently, it was also reported that Aurora C, a member of Aurora kinase family, was directly
associated with survivin and Aurora B in vivo and bound to survivin but not Aurora B in
vitro (74). Interferences in the function of Aurora C resulted in a cytokinesis defective
phenotype identical to that which results from the silencing of Aurora B. In contrast to survivin,
Aurora C was not only highly expressed in the testis, but also in a broad-spectrum of other
normal human tissues (74). Given that the biological function and protein stability of survivin
could be modulated by many other partner proteins, further studies of their protein-protein
interactions and the function associated with these protein interactions may reveal additional
clues for the development of new strategies for cancer treatment.

Survivin as a transcription activator or co-activator

Early studies indicated that survivin and telomerase, an enzyme that plays a critical role in
telomere length maintenance and cell immortalization, co-overexpressed in human
glioblastoma (75) and head and neck cancers (76). Recent studies revealed that the
overexpression of survivin and telomerase was also found in colon cancer and that the forced
expression of survivin in LS180 colon cancer cells increased telomerase activity via the
upregulation of human telomerase reverse transcriptase ("nTERT) (77). Survivin increased the
phosphorylation of Sp1 and c-Myc proteins and enhanced the binding of these phosphorylated
proteins on the hnTERT core promoter while the silencing of survivin by siRNA in SW480 cells
decreased Sp1 and c-Myc phosphorylation (77). There are examples in non-mammalian species
as well. The siRNA-mediated silencing of BIR-1, the homologue of human survivin in C.
elegans, decreased the expression of several gfp transgenes as well as the endogenous genes
dpy-7 and hlh-1 (78). BIR-1 could phosphorylate histone H3 in connection with aurora kinase
AIR-2 and regulated the RNA Polymerase 11-mediated transcription during transcription
activation process. Moreover, in a heterologous transfection system, BIR-1 increased thyroid
hormone-regulated transcription and has been shown to have an additive effect with SKIP, a
factor involved in transcription (78). These observations suggest that BIR-1 functions as
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transcription activator or co-activator during C. elegan development. Interestingly, SIX, the
Xenopus counterpart of human survivin, interacted with RXRa, a nuclear receptor/
transcription factor, through the AF2 domain of RXRa in the absence of ligand, which was
weakened in the presence of ligand (79). This observation suggests that SIX may act as a co-
factor for RXRa and involved in RXRa-mediated gene transcription. Together, these studies
point to a role for survivin in gene transcription control. These findings would further expand
our understanding of the functional diversity for survivin in cancer as well as other
pathophysiology.

Last remarks

The transcriptional and posttranscriptional regulation of survivin is summarized in Table 1.
Survivin appears to be aberrantly expressed in cancer cells and plays important roles in
antiapoptosis and promotion of cell division (1,2). Survivin is also expressed in certain normal
human adult tissues or cells, however, and plays a role in physiology (50). While this fact raises
concerns as to the toxicity to normal human tissues or cells when targeting the survivin gene
for cancer treatment, studies have showed that the interference of survivin in vitro and in
vivo for cancer treatment induces little toxicity to normal tissues or cells (2,50). This low risk
of toxicity may be partially attributable to the fact that most adult human tissues do not express
survivin and that the expression of survivin in certain normal human tissues or cells shows a
very low level and is strictly controlled. Growing evidence suggests different mechanisms for
the regulation and function of survivin in cancer versus normal cells (2,50). For example, the
survivin gene is the downstream target for many survival signal molecules including STAT3
and Akt in cancer, but these survival signals are usually very weak in normal human adult
tissues or cells. On the other hand, in contrast to many cancer cells with mutant p53 that
upregulates survivin expression, normal cells possess the wild-type p53 gene that
downregulates survivin expression. Moreover, downregulation of survivin by wild-type p53
in cancer cells may also be different from that in normal cells. In addition, many survivin
associated proteins including Hsp90 and XIAP may preferably interact with survivin in cancer
cells but not in normal cells that express survivin. It is highly possible that the DNA-protein
interactions involving the control of survivin transcription and the protein-protein interactions
that involve the control of survivin function as well as the signaling upstream of these actions
in cancer cells are qualitatively and/or quantitatively different from those in normal cells.
Investigation of the mechanisms for transcriptional and post-transcriptional controls of
survivin in cancer cells would reveal clues for the development of novel approaches for cancer-
specific treatment.
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Fig. 1.

Structural comparison of the new survivin variant, survivin-AEx3-3B with survivin and
survivin-2a is shown. A. Survivin pre-mRNA structure showing the organization of exons and
introns. E1, exon 1; E2, exon 2; 2a, hidden exon 2a; 2b, hidden exon 2b; 3b, hidden exon 3b;
and E4, exon 4. B. Comparison of the survivin-AEx3-3B mRNA structure with those for
survivin and survivin-2a. “—"” represents the translation start codon ATG, and “V” represents
the translation stop codon. C. Comparison of the survivin-AEx3-3B protein structure with those
for survivin and survivin-2a.
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Table 1

Summary of the transcriptional and posttranscriptional regulation of survivin

Mechanism Pathway Key information and current status
Epigenetic Methylation, The survivin gene is not methylated in cancer and in most normal
Genetic base mutation | tissues; it is rarely mutated. C to G mutation at —31 in various cancer

cell lines but unknown for cancer tissues

Transcription Various Survivin expression could be regulated by growth factors, cytokines,
Posttranscription pathways hormones, anticancer agents and kinase inhibitors. Detailed
mechanisms for most findings remain to be determined
Transcription STAT3 IL-6-induced survivin production is likely transcriptional through
Posttranscription Cox-2 STAT3 activation; but Cox-2 modulation of survivin is more complex
Transcription NF-xB NF-«xB appears to regulate survivin but remains to be investigated
Transcription P53 P53 transcriptionally downregulates survivin. Survivin also
posttranscriptionally modulates p53 family proteins
Transcription APC/ APC downregulates survivin by inhibiting -catenin/TCF-4. It is not
B-catenin/ clear whether survivin expression in normal epithelial cells vs. cancer
TCF-4 cells employs different approaches involving p-catenin/TCF-4
Transcription Protein-DNA The survivin promoter DNA interacts differentially with cancer nuclear
proteins vs. normal cell nuclear proteins; Some ligands appear to
differentially regulate survivin in cancer vs. normal cells
Transcription Sp1-DNA Disruption of Sp1-survivin promoter interaction downregulates
survivin, which may have therapeutic values
Posttranscription Pre-mRNA Survivin pre-mRNA splicing produces five known survivin variants
splicing and several new variants have been described recently
Posttranscription Protein Dynamic phosphorylation and ubiquitination of survivin is important
modification for survivin stability and function properly
Posttranscription Protein- Several partner proteins (Hsp90, HBXIP, XIAP, clAP1, Smac) interact
protein with survivin and modulate survivin stability and/or function
Transcription Protein-DNA Survivin may act as a transcription activator or a transcription

co-activator to control gene transcription
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