
163

Chapter 7
Optimization of Photodynamic Therapy 
Response by Survivin Gene

Viviana A. Rivarola and Ingrid Sol Cogno

© Springer International Publishing Switzerland 2015
V. Rapozzi, G. Jori (eds.), Resistance to Photodynamic Therapy in Cancer,  
Resistance to Targeted Anti-Cancer Therapeutics 5, DOI 10.1007/978-3-319-12730-9_7

V. A. Rivarola () · I. S. Cogno
Departamento Biología Molecular, Facultad de Ciencias Exactas, Universidad  
Nacional de Río Cuarto, Ruta 8 Km 601, Río Cuarto, Argentina
e-mail: vrivarola@exa.unrc.edu.ar

Abstract Cancer is typically a consequence of imbalance between cell death and 
proliferation in a way favorable to cell proliferation and survival. Most conven-
tional cancer therapies are based on targeting rapidly growing cancerous cells to 
block growth or enhance cell death, thereby, restoring the balance between these 
processes. In many instances, malignancies that develop resistance to current treat-
ment modalities, for example photodynamic therapy (PDT), often present the great-
est challenge in subsequent management of the patient. In this context, the role 
of survivin in resistance to anti-cancer therapies has become an area of intensive 
investigation. Survivin is a member of the inhibitor of apoptosis (IAP) family that 
correlates inversely with patient prognosis. The application of PDT resulted in an 
over-expression of survivin in tumor cells and, moreover, survivin has a specific 
role in modulating PDT-mediated apoptotic response. Tumor cells which present 
downregulated survivin and then are treated with PDT exhibit increased apoptotic 
indexes and cytotoxicity when compared to single agent-treated cells. There are 
several strategies under investigation to target survivin that include of molecular 
antagonists, small molecules and immunotherapy. The translation of these findings 
to the clinic is currently ongoing with a number of phase I/II clinical trials targeting 
survivin that are in progress. Therefore, combining PDT with a survivin inhibitor 
may attribute to a more favorable clinical outcome than the use of single-modality 
PDT.
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Photodynamic therapy ( PDT) · Survivin

Abbreviations

CPC Chromosomal passenger complex
IAP Inhibitor of apoptosis protein
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IC Irradiated cells
MAL Delta-aminoleavulinic acid methyl ester hydrochloride
PDT Photodynamic therapy
pSil_1 Plasmid silencer against survivin

Introduction

The resistance of human tumors to cancer therapies is attributed to mutations, 
amplifications of genetic and epigenetic changes that influence in the take, trans-
port and metabolism of the drug and a great network of survival and proliferation 
mechanisms. In this context, PDT-mediated oxidative stress induces a transient 
increase in the downstream early-response genes ( c-fos, c-jun, c-myc and egr-l) 
and stress genes (coding for heat shock proteins [Hsp], glucose-regulated pro-
teins and heme oxygenase) in mammalian cells [1–6]. The early-response genes 
function as transcription factors and act by regulating the expression of a variety 
of genes via specific regulatory domains. PDT appears to stimulate several dif-
ferent signaling pathways, some of which lead to cell death, by caspase-depen-
dent [7] and –independent [8] apoptosis, whereas others mediate cell survival 
such that the ultimate survival of a given cell results from the combined action 
or interaction (or both) of these different pathways [9]. Therefore, survival cells 
may cooperate in tumor recurrences following PDT and underline the need to 
more fully understand the molecular responses initiated by PDT. In this context, 
there have been reports that showed that PDT induces the expression of heat-
shock proteins (HSPs) such as HSP70 [10], HSP47 [11] and HSP60 [4], as well 
as other stress-inducible proteins [12]. HSPs are abundant. HSP70 and HSP90 
correlate with a poor prognosis in acute myeloid leukemias and myelodysplastic 
syndromes [13, 14].

Conversely, it was observed that PDT induces overexpression and phosphoryla-
tion of a protein called “Survivin” in human cancer cells and tumors [15, 16]. Re-
cently, there has been increasing clinical interest in this protein, because it possesses 
inherent properties that make it an ideal tumor marker and a potential therapeutic 
target [17–19].

Overview of Survivin

Survivin is the smallest member of the inhibitor of apoptosis protein (IAP) family 
[20], containing a single Baculovirus IAP Repeat (BIR), which is the hallmark of 
these molecules. The survivin gene encodes a 16.5 kDa protein consisting of an N-
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terminal Zn2+-binding BIR domain linked to a 65 Å amphipathic C-terminal-helix 
[21]. Survivin can function as a monomer for at least some protein–protein interac-
tions, as well as mechanisms of subcellular localization [22]. The control of sur-
vivin gene expression at the tip of chromosome 17 in humans (17q25) is complex, 
and involves scores of positive and negative regulators. Several oncogenic tran-
scription factors stimulate expression of the survivin gene, whereas multiple tumor 
suppressors actively repress the survivin gene [23]. A survivin protein is exten-
sively post-translationally modified by degradative and non-degradative cycles of 
ubiquitylation and de-ubiquitylation, as well as phosphorylation [24], which control 
protein stability, binding to molecular partners and trafficking to various subcellular 
compartments.

Alternative splicing of survivin pre-mRNA from chromosome 17q25 produc-
es five different mRNAs, which potentially encode distinct proteins, survivin, 
survivin DEx3 [25], survivin 3B [26] and survivin 2α [27]. Full-length survivin 
is derived from exons 1–4. Survivin 2B is also derived from exons 1–4 but re-
tains an additional 69 bp from intron 2 as a cryptic exon. Survivin DEx3 is de-
rived from exons 1, 2 and 4, as a frameshift read-through leads to exclusion 
of exon 3 [25]. Survivin 3B is derived from exons 1, 2, 3 and 4, and includes 
a new sequence of 165 bp from intron three [25]. Acquisition of an in-frame 
TGA stop codon within the novel exon 3B results in an open reading frame of 
363 nucleotides, predicting a truncated 120 amino acid protein [25]. Survivin 2α 
comprises exons 1 and 2 of the survivin gene as well as a 30,197 bp region of 
intron 2 [26]. The acquisition of an in-frame stop codon within intron 2 results in 
an open reading frame of 225 nucleotides and predicts for a truncated 74 amino 
acid protein. The survivin 3B protein is predicted to have 120 aa, while survivin 
DEx3, full length survivin and survivin 2B are predicted to have 137, 142 and 
165 aa, respectively.

There are on-going interests in identifying the molecular functions of sur-
vivin since it is an interesting molecule that interferes with a variety of cellular 
process. It is known that survivin is a multifunctional protein and is essential, in 
that constitutive or conditional deletion of the survivin gene is incompatible with 
tissue or organism viability [24]. Orthologs of survivin have been found in lower 
organisms, such as yeast, worms, and flies, suggesting evolutionary conserva-
tion of this pathway. In mammalian cells, survivin participates in at least three 
homeostatic networks: the control of mitosis (1), the regulation of apoptosis and 
autophagy (2), and the cellular stress response (3) (Fig. 7.1). This classification 
is not restrictive, as novel functions of survivin are continuously proposed, as 
well as new roles for known properties. Even within the same network, survivin 
plays multiple roles.
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The Role of Survivn in Cell Division

Some investigators have suggested that the primary function of survivin is in con-
trolling cell division, rather than apoptosis inhibition [28–30]. During mitosis, 
survivin exists as a multi-protein complex, known as the chromosomal passenger 
complex (CPC) [31–33]. The CPC is a key regulator of mitosis, and this complex 
is composed of survivin, Borealin, and INCENP and Aurora B kinase. Structurally, 
the BIR domain of survivin can bind to the phosphorylated Thr3 site of histone H3 
[34]. Upon CPC complex formation at the G2/M phase of cell cycle, survivin reads 
phosphorylated histone H3 and subsequently activates the mitotic kinase Aurora 
B [35–37] (Fig. 7.2). The formation of CPC and the interaction between CPC and 
Aurora B kinase through survivin’s BIR domain are both crucial for the completion 
of mitosis. In fact, it has been shown that survivin-depleted cells could exit mitosis 
prior to completion of sister chromatid segregation. An alternative possibility is 
that survivin promotes mitosis by acting as an interphase between the centromere/
central spindle and the CPC [32, 33]. Coincident with its role in cell proliferation, 
survivin expression is predominantly regulated by a cell cycle-dependent and cell 
cycle homology region within the promoter, which leads to maximum expression 
during the G2/M phase of the cell cycle [38]. Interestingly, survivin may interfere 
with the dynamic formation of microtubules. Over-expression of survivin has been 

Fig. 7.1  Functions of survivin. Survivin is implicated in the control of mitosis, the regulation of 
apoptosis and autophagy, and the cellular stress response
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shown to reduce centrosomal microtubule nucleation and suppress both microtubule 
dynamics instability in mitotic spindles and bidirectional growth of microtubules in 
midbodies during cytokinesis [39]. It has been proposed that the splice variants 
function to modulate the function of full-length survivin [40]. While this may be 
true for apoptosis inhibition, where survivin and survivin DEx3 interact within the 
mitochondria to inhibit mitochondrial-dependent apoptosis [40], recent evidence 
suggests that the splice variants cannot modulate survivin’s function during cell 
division [41]. Structural comparison studies have supported this finding [22].

The Role of Survivin in Apoptosis and Autophagy

Multiple in vitro and in vivo studies have shown that survivin inhibits cell death, es-
pecially apoptosis [42–45]. Survivin interferes with the process of apoptosis by in-
hibiting the activity of different caspases in cancer cells [43–46]. It is not surprising 
that survivin can interfere with the activity of caspases, given that survivin contains 
a single BIR domain and that the presence of the BIR domain was widely shown to 
be important in targeting caspases in various IAP family members [21]. Survivin, 
like all other IAPs except XIAP [20], does not directly inhibit caspases, but interacts 
with protein partners, most notably XIAP [47]. This complex promotes increased 
XIAP stability against degradation, activates multiple signaling pathways, includ-
ing NF-κB, synergistically inhibits caspase-3 and -9, suppresses apoptosis, and ac-
celerates tumor progression, in vivo (Fig. 7.3). Other mechanisms of survivin cyto-
protection have been proposed, including the ability of mitochondrial localized pool 
of survivin to sequester pro-apoptotic Smac away from XIAP [48], or altogether 
prevent its release from the mitochondria [49] (Fig. 7.3).

Furthermore, survivin play a role in inhibiting the caspase-independent apoptosis 
of cancer cells. Translocation of the apoptosis-inducing factor (AIF) from the cyto-
plasm to the nucleus is a molecular indicator of the caspase-independent apoptosis 

Fig. 7.2  Function of suvivin in cell division. a Structure of the chromosomal passenger complex 
(CPC). b Survivin regulates microtubule dynamics at kinetochores via the CPC. Aurora B phos-
phorylation promotes spindle formation
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of cells. Down-regulation of survivin by siRNA induces the translocation of AIF 
from the cytoplasm to the nucleus in various cancer cells [50]. A study carried out 
by Pavlyukov et al. further showed that monomeric survivin (not dimeric survivin) 
prevents AIF release from the mitochondrial intermembrane space, protecting hu-
man fibrosarcoma HT1080 cells from caspase-independent apoptosis [51]. On the 
other hand, AIF knockout was shown effective in reversing the pro-apoptotic effect 
caused by the dominant-negative survivin in acute lymphoblastic leukemia (ALL) 
cells in vitro [52]. Taken together, these studies suggest that AIF plays critical roles 
in survivin-mediated caspase-independent apoptosis (Fig. 7.3).

Conversely, multiple evidences indicate that survivin interferes with the process 
of cell autophagy and down-regulation of survivin may induce apoptosis through 
autophagy-dependent mechanisms. First of all, an interaction between the autoph-
agy regulator, Beclin 1, and survivin has been shown in human glioma cells in re-
sponse to TRAIL [53]. Second, results from Roca et al.’s study showed that CCL2 
(Chemokine (C–C motif) ligand 2) protected human PC3 prostate cancer cells from 
autophagic cell death via the phosphatidylinositol 3-kinase/Akt/survivin pathway 
[54]. Induction of autophagy-dependent apoptosis has further been shown in pros-
tate cancer cells treated by the survivin suppressant YM155 [55]. Taken altogether, 
these studies showed that up-regulation of survivin inhibit autophagy, whereas 
downregulation of survivin promotes cell autophagy. However, the mechanisms by 
which survivin regulates autophagy remains to be determined.

Fig. 7.3  Survivin’s function in apoptosis. Survivin binds to XIAP, this complex promotes increased 
XIAP stability against degradation and synergistically inhibits caspase-3 and -9 and suppressing 
apoptosis. Also, a pool of survivin localized in the mitochondrial sequesters pro-apoptotic Smac 
away from XIAP. Moreover, survivin prevents AIF release from the mitochondrial intermembrane 
space and inhibiting the caspase-independent apoptosis
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The Role of Survivin in the Cellular Stress Response

A third function of survivin in the cellular stress response is beginning to emerge, 
and involves the association of survivin with various molecular chaperones, includ-
ing the aryl hydrocarbon receptor-interacting protein (AIP) [56], Hsp60 [57], and 
Hsp90 [58]. These interactions may promote adaptation under conditions of cellular 
stress by maintaining survivin protein stability, folding, and subcellular trafficking.

For instance, HSP90 associated with survivin is overexpressed in cancers with 
roles in mitotic control and apoptosis inhibition. The cytoprotection mechanism of 
survivin–HSP90 association is centred on the mitochondrial pathway, where sur-
vivin has a role in the regulation of mitochondrial apoptosis specifically in tumors 
[58]. However, the possible disruption of the survivin–HSP90 complex destabilizes 
survivin leading to mitochondrial apoptosis and ultimately cell growth suppression 
[58]. HSP90 interaction with survivin enables stabilization of cofactors such as 
AKT, human epidermal growth factor receptor (Erb-2) and HIF-1a, which can lead 
to tumor progression [59].

As we saw so far, because of its nodal properties, and over-expression in virtu-
ally every human tumor, survivin has been intensely pursued as a drug target for 
novel cancer therapeutics [24, 60, 61]. Moreover, the ability of survivin to counter-
act apoptotic stimuli enhances cell survival, which in turn facilitates cell prolifera-
tion, including the proliferation of mutant cells. This proliferation may ultimately 
give rise to malignancy. The failure to execute apoptosis also renders malignant 
cells resistant to various forms of therapy including photodynamic therapy [15].

Photodynamic Therapy and Survivin Expression

PDT uses non-toxic dyes and harmless visible light in combination with oxygen 
to produce highly reactive oxygen species that kill cells. Our laboratory studies 
conducted on PDT-treatment using delta-aminoleavulinic acid methyl ester hydro-
chloride (MAL), such as a photosensitizer in T47D breast cancer cells, revealed 
increased both expression of survivin and its phosphorylated form [15]. Our results 
were in accordance with another study that observed increased survivin expression 
after PDT [62]. This suggests the possibility of interfering with the cellular response 
to photochemical therapy. Moreover, there are many signaling molecules up-regu-
lated by PDT, including phosphatidylinositol 3-kinase/Akt, mitogen-activated pro-
tein kinase, hypoxia inducible factor-1a, activator protein-1, and nuclear factor-κB, 
all of which are inducers of survivin expression [63]. Similarly, inflammatory cyto-
kines, vascular endothelial growth factor, vascular injury, and hypoxia are associ-
ated with increased expression and/or stability of survivin and these responses are 
also increased following PDT.

PDT stimulate several different signaling pathways, some of which lead to cell 
death, whereas others mediate cell survival such that the ultimate survival of a giv-
en cell results from the combined action or interaction (or both) of these different 
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 pathways. Our experience demonstrates that before treatment, the population of 
T47D cells has a level of survivin expression that is similar in all cells (Fig. 7.4). 
We argued that the increased expression observed on irradiated cells (IC) and cells 
treated with MAL alone (MAL) is attributed to some stressing condition given to 
the cells. But it is clear that only after treatment, a certain percentage of these cells 
could trigger signaling pathways which lead to cell survival involving survivin 
overexpression (Fig. 7.4).

Enhanced survivin after PDT in T47D cells led us to hypothesize that this anti-
apoptotic protein would be potentially relevant to the PDT outcome in sensitized 
cells. In an attempt to demonstrate the crucial role of survivin on moderate PDT re-
sponse in metastatic breast cancer cells, we targeted specifically mRNA survivin by 
siRNA technology (pSil_1). Indeed, growth-inhibitory effects in T47D cells in the 
absence of any further cytotoxic stimulus was observed when survivin was down-
regulated, and this agrees with results previously reported [50]. Moreover, we per-
formed a dose–response curve by combining treatment of T47D cells with MAL-
PDT and survivin downregulation. We found the condition to sensitize T47D cells 
to PDT synergistically, suggesting a survivin specific role in modulating PDT. The 
synergistic combination increased apoptosis and cytotoxic effect when compared 
with single treatments (Fig. 7.5). We could observe that this procedure also led to 
enhanced PARP- and caspase-3 cleavage, a strong decrease in the Bcl-2/Bax ratio 
and activation of caspase-8. Furthermore, to confirm the specific role of survivin 
in the modulation of PDT, we overexpressed survivin. We observed the increase of 
cell viability and the reduction of cell death in breast cancer cells treated with PDT. 
Therefore, we suggest that survivin plays an important role in modulating cancer 
cell survival by PDT treatment during cancer therapy.

It has been proposed that survivin may inhibit apoptosis through suppression 
of caspase activity [43], but we have previously observed that silencing survivin 
in T47D cells by siRNA triggered apoptosis in a caspase-independent manner, 

Fig. 7.4  Survivin and 
phosphorylated survivin 
expression after PDT treat-
ment. Tumor cells were 
incubated with MAL and 
then exposed to ligth. After 
24 h of light treatment, whole 
extracts from non-treated 
cells ( NC), irradiated cells 
( IC), cells treated with MAL 
alone ( MAL) and PDT-treated 
cells ( PDT) were prepared 
and analyzed by Western 
blot to determine survivin, 
phosphorylated survivin 
(Phospho-Survivin), and 
GAPDH (internal control) 
levels
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Fig. 7.5  Evaluation of cytotoxicity and apoptosis rate on PDT-treated tumor cells with survivin 
down-regulated. Cells were pre-transfected with pSil_1 for 72 h and then incubated with MAL and 
exposed to light. a Tumor cells viability was measured using MTT assay 24 h after MAL-PDT. 
Values are expressed as means ± SDs of eight separate experiments. A statistically significant dif-
ference in the level of viability between cells treated with pSil_1/PDT combination therapy and 
pSil_1 or PDT monotherapy is denoted by ‘‘*’’ ( p < 0.05). b Apoptotic indexes were measured 24 h 
after MAL-PDT using the Cell Death Apoptosis Detection ELISA Plus kit. Values are expressed 
as means ± SDs of two separate experiments. A statistically significant difference in the level of 
apoptosis between cells treated with pSil_1/PDT combination therapy and pSil_1 or PDT mono-
therapy is denoted by ‘‘*’’ ( p < 0.05)

 

Fig. 7.6  Analysis of Bcl-2/
Bak relation in MAL-PDT 
apoptotic cells. Cell lysates 
from control (Control), 
photosensitizer alone ( MAL), 
pSil_1 alone ( pSil_1), and 
PDT-treated cells in the 
absence ( PDT) or presence 
of pSil_1 ( pSil_1 + PDT) 
were collected 24 h after 
light exposure. Expressions 
of survivin, Bcl-2, Bak, and 
GAPDH (internal control) 
were determined by Western 
blot analysis. Staurosporine 
( STS)-treated tumor cells 
were used as positive control 
of apoptosis

 

 involving nuclear translocation of mitochondrial AIF [50]. Interestingly, when the 
combined treatment was applied, apoptosis was triggered in a caspase-dependent 
manner. Therefore, our results demonstrated that in PDT protocols survivin directly 
or indirectly could interfere with caspase-3 activity.

Curiously, as a consequence of survivin downregulation, with or without PDT, 
a diminished Bcl-2/Bax ratio was observed (Fig. 7.6). It has been suggested that an 
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alternatively spliced survivin variant, called survivin-DEx-3, which localizes in the 
mitochondria, interacts with Bcl-2 [64]. Since anti-apoptotic Bcl-2 proteins func-
tion as inhibitors of mitochondrial permeability transition, this recognition would 
position survivin, or at least one of its spliced variants, in the regulation of mito-
chondrial membrane integrity. Alternatives of this pathway have been suggested, 
involving hyperphosphorylation of Bcl-2, and a reduced activation of proapoptot-
ic Bax by survivin, potentially upstream of caspase activation [65], thus, further 
dampening mitochondrial permeability. Furthermore, survivin-DEx-3 was recently 
shown to maintain mitochondrial membrane potential and to control the production 
of reactive oxygen species in response to cell-death stimuli [66]. Since the siRNA 
that we used for our experiments targets exon 1 of the human survivin mRNA, sur-
vivin-DEx-3 was blocked that would explain how survivin modulates the response 
of cancer cells to PDT (Fig. 7.7).

In summary, the intricate relationship between programmed cell death and cell 
survival may directly or indirectly be dependent on survivin. Since this protein is 
overexpressed in MAL-PDT treated cells, this could result in aggressive tumor be-
havior yielding a poor survival rate and resistance to cancer therapies. Moreover, 
down-regulation of survivin sensitizes breast cancer cells to PDT-induced cyto-
toxicity. Since a number of different strategies are now employed to treat meta-
static breast cancer, it is promising to demonstrate that a combined modality and 
sequential therapy can prove beneficial to treatment. Therefore, our data suggest 
that emerging strategies in targeting protective proteins may increase the clinical 
effectiveness of cancer treatments.

Fig. 7.7  Role of survivin in modulating PDT-mediated apoptotic response. a An alternatively 
spliced survivin variant, called survivin-DEx-3 which localizes in mitochondria, interacts with 
Bcl-2 and Bax. Survivin-DEx-3 hyperphosphorylated Bcl-2, and reduced activation of proapop-
totic Bax. Furthermore, survivin-DEx-3 maintains mitochondrial membrane potential and controls 
the production of reactive oxygen species in response to cell-death stimuli, like in PDT. b Absence 
of survivin-DEx-3 mitochondrial permeability change. The expression of Bak and ROS increases, 
proapoptotic proteins are released from the mitochondria and all these manifestations produce 
apoptosis
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Targeting Survivin: Which is the best option?

As survivin is not a cell surface protein and does not have an intrinsic enzymatic 
activity, targeting of survivin for therapeutic purposes might be expected to be dif-
ficult. In addition, crystallographic data have revealed few potential drugable sites 
on the survivin protein [21]. Despite these problems, several research groups have 
attempted to target survivin using different strategies (Table 7.1), which are dis-
cussed below.

Molecular Antagonists

The first described molecular antagonist of survivin is a phosphorothioate antisense 
oligonucleotide [67], which suppressed survivin mRNA and protein expressions, 
and produced a strong anticancer activity in preclinical models. Sponsored by Ely 
Lilly and Co., this agent designated LY2181308 showed a favorable toxicity pro-
file with evidence of survivin downregulation in a phase I trial in patients with 
advanced cancers [68]. LY2181308 (also called ISIS23722 and Gataparsen) is a 
survivin-specific second generation antisense oligonucleotide with 2´-O-methoxy-
ethyl modified 18-mer structure (5´-TGTGCTATTCTGTGAATT-3´) [69, 70]. The 
major mechanism of action of LY2181308 is relatively straightforward: it selec-
tively binds to the 3´-untranslated region of the survivin transcript by Watson–Crick 
base pairing, resulting in the destruction of survivin RNA by RNase H [69–71]. 
In the first-in-human dose (FHD) study performed by Talbot et al. [72], patients 
with advanced solid tumors (gastrointestinal, melanoma, lung and breast cancers) 

Table 7.1  Ongoing clinical trails targeting survivin
Type of 
agent

Compound name Developed by/at Clinical trail phase

Molecular 
antagonist

LY2181308 Elli Lilly and company Phase II
SPC3042(or ENZ3042) Santaris pharma; ENZON 

pharmaceuticals
Phase I

siRNA Preclinical studies
Small 
molecules

YM155 Yamanouchi pharmaceuti-
cals; astellas pharma

Phase II

Terameprocol Erimos pharmaceuticals Phase I
Immuno-
therapy

Survivin peptide Julius-Maximilians 
University

Phase I
Phase II

Mage-3, MelanA and 
surviving
Peptide vaccine

Dermatologische Klinilk
MIT Poliklinik

Phase I
Phase II

Survivin peptide vaccine 
+IL-2

Herlev hospital Phase I
Phase II
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were treated with LY2181308 using the following schedule: daily i.v. infusion on 
day 1–3, then weekly infusion. The most common symptoms observed in patients 
treated with LY2181308 were shown to be fatigue, fever, vomiting and thrombocy-
topenia, and the recommended dose of LY2181308 was suggested as 750 mg [72]. 
In another study, Japanese patients with advanced solid tumors (lung, pancreatic, 
and breast cancers) were administered with the drug, and the maximum tolerated 
dose (MTD) of LY2181308 determined was shown to be 750 mg (daily i.v. infusion 
on day 1–3, then weekly infusion), which is similar to the MTD reported in Talbot 
et al.’s study [72]. Pharmacokinetic analysis of LY2181308 in the same clinical 
study revealed that the terminal half-life, distribution clearance and Vss were 21 
days, 2.0 L/h and 2.05–105 L, respectively. Thrombocytopenia and fatigue were 
reported as common reversible grade ½ toxicities related to the therapy, similar to 
those reported in Talbot et al.’s study [72]. It is worth noting that a study carried 
out by Gurbuxani et al. [73] has found that murine survivin plays a role in hema-
topoietic cell development [73]. Therefore, human survivin may also play a role in 
erythropoiesis. However, further investigations are needed to determine whether 
thrombocytopenia is a mechanism-based toxicity induced by LY2181308.

Santaris Pharma, and, more recently, ENZON Pharmaceuticals [74] have also de-
veloped an agent that showed excellent safety in a phase I clinical, called SPC3042 
(or ENZ3042 [75]. SPC3042 is an antisense 16-mer locked nucleic acid (LNA) oli-
gonucleotide (5´-CTCAATCCATGGCAGC-3´) that targets exon 4 of the survivin 
transcript [74]. A study published in 2010 revealed that treatment with SPC3042 
alone induced 60 % down-regulation of survivin mRNA in tumors and 37–45 % 
tumor growth inhibition (TGI) in the A549 and Calu-6 lung xenograft models [76].

Additional strategies to acutely lower survivin levels in tumor cells involved 
small interfering RNA (siRNA) or hammerhead ribozymes [19]. In preclinical 
studies, these agents consistently showed anticancer activity, alone or in combina-
tion with chemotherapy, with no detectable systemic toxicity [19]. The delivery of 
siRNA in vivo is challenging, but the apparent success of recent studies [77] sug-
gests that survivin-directed gene silencing may at some point be evaluable in cancer 
patients.

Small Molecules

Small molecules that directly target survivin have been developed [24], and several 
clinical trials with these agents have been completed, with more underway. YM155 
monobromide(1-(2-methoxyethyl)-2-methyl-4,9-dioxo-3-(pyrazin-2-ylmethyl)-
4,9-dihydro-1Hnaphtho [2,3-d] imidazolium bromide) is a small molecule survivin 
gene suppressant, and it is the most functionally evaluated survivin inhibitor in both 
pre-clinical and clinical studies so far [29]. Originally developed by Yamanouchi 
Pharmaceuticals, and, more recently, by Astellas Pharma [78]. At the molecular 
level, YM155 binds to the Sp1 rich region of the promoter of survivin, and inhibits 
the transcription of survivin in cells [79, 80].
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Two phase I studies of YM155 in heavily-pretreated cancer patients have been 
published. The trial conducted in the US reported impressive responses, with tu-
mor shrinkage and durable remissions in patients with advanced prostate cancer, 
large cell non-Hodgkin’s lymphoma and non-small cell lung cancer [81]. The Ja-
pan phase I trial of YM155 also provided evidence of disease stabilization in nine 
patients [78]. Importantly, both studies showed a favorable toxicity profile with 
minimal and rapidly reversible side effects.

Despite various pre-clinical and phase I clinical studies indicating that YM155 
could be an effective anti-cancer reagent [78], phase II clinical trials showed disap-
pointing results. In a phase II clinical trial, 34 patients with un-resectable stage III or 
IV melanoma were infused with YM155 according to the following schedule: 168 h 
(7 days) continuous infusion at a dosage of 4.8 mg/m2/day, followed by a 14 rest 
period, for 6 cycles [19]. The most common adverse events of YM155 monotherapy 
reported in this study were fatigue, nausea, pyrexia, headache, arthralgia and back 
pain. The same study also reported that one patient developed Grade 3 acute renal 
failure during Cycle 1 of therapy and four patients (11.8 %) developed cardiac ad-
verse events (AE). However, the development of cardiac adverse events was not 
likely related to YM155. The objective tumor response rate (ORR) of patients with 
the YM155 treatment was approximately 3 % in such study [19]. On the other hand, 
Giaccone et al.’s study[82] reported that YM155 only exhibited modest single-agent 
activity in patients, and the ORR to YM155 treatment (similar dosage schedule 
as the abovementioned study) was approximately 5.4 % in patients with advanced 
refractory nonsmall-cell lung carcinoma [82]. Notably, a recent study showed that 
YM155 is a substrate of the multi-drug resistant protein (MDR1/ABCB1/P-gp), 
suggesting that YM155 treatment may not be useful in treating cancer patients with 
MDR1-related drug resistance after prolonged chemotherapy [83].

Another direct small molecule inhibitor of survivin is tetra-O-methyl nordihy-
droguaiaretic acid (M(4)N), which also acts as a transcriptional repressor of the sur-
vivin promoter, potentially by antagonizing Sp1-dependent gene expression [84]. 
This compound, designated Terameprecol (EM-1421) [85], has shown good pre-
clinical activity with an impressive 88 % bioavailability, in vivo [86]. Terameprecol 
has been formulated for systemic delivery to cancer patients, and a phase I study in 
patients with advanced solid malignancies has shown favorable safety and disease 
stabilization in 8 out of 25 evaluable patients [85]. Another phase I study of Terapre-
mecol in 16 heavily pretreated patients with adult myelogenous leukemia (AML) 
has also shown a favorable safety, one partial response and disease stabilization in 
five patients [87]. In addition, Terameprecol has been formulated as a 1 % or 2 % 
vaginal ointment for local application in women with papillomavirus- or herpes 
simplex virus-associated carcinogenesis. Two phase I studies with Terameprecol 
ointment have shown excellent safety, no adverse events and no systemic absorp-
tion of the agent [88, 89].
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Cancer Vaccine/Immunotherapy

Immunotherapy is the use of the immune system to either cure a disease or to avoid 
the development of a disease. Several studies have reported successful applica-
tion of cell-based immunotherapy as cancer treatment [90–92]. Cell-based cancer 
immunotherapy involves the use of immune cells such as the natural killer cells, 
dendritic cells, and cytotoxic T lymphocytes, which are isolated from the patient, 
activated in vitro and transfused back to the patient to target cancer cells. Because 
of its differential expression in cancer, as opposed to normal tissues, it has been 
hypothesized that cancer patients may recognize survivin as a non-self protein, 
and mount an immune response to it [93]. This concept has been validated in the 
clinic, and sera from cancer patients contained antibodies [94], and cytolytic T cells 
against survivin [95]. This immune recognition has been mapped in detail [96, 97], 
and dendritic cells pulsed with survivin peptides, survivin-containing tumor lysates 
or transduced/transfected with survivin, elicit cytolytic T cell responses and MHC-
restricted anticancer activity in vitro [98, 99] and in preclinical models [100]. Sever-
al phase I/II trials of survivin-directed immunotherapy have been reported [101]. In 
these studies, survivin-based vaccination was invariably safe, devoid of significant 
side-effects, and associated with antigen-specific immunologic responses. Although 
no objective responses were noted, two phase I/II trials with infusion of dendritic 
cells pulsed with survivin showed durable (> 6 months) disease stabilization in 24 % 
of melanoma patients [102], and 50 % of renal cell carcinoma patients [103]. A 
phase I/II trial of systemic delivery of protamine-protected survivin mRNA in mela-
noma was also safe, produced detectable T cell responses, and achieved one com-
plete response out of seven evaluable patients [104]. Anecdotal reports also suggest 
that survivin-based vaccination may be effective against metastatic disease [105]. 
Based on these encouraging findings, several additional phase I and II clinical trials 
using survivin-based immunotherapy are ongoing (Table 7.1). Currently, studies 
are focusing on the specific epitopes that elicit the most potent immunodominant, 
immunoprevalent T cell responses against survivin, with the likelihood that those 
inducing both a CD8+ and CD4+ response will be most effective [106].

Conclusion

PDT induces considerable stress within the tumor microenvironment. This includes 
both oxidative stress produced by the photochemical generation of reactive oxygen 
species and hypoxia resulting from the rapid vascular damage produced by PDT 
and/or by the photochemical consumption of oxygen [107]. A consequence of PDT-
mediated stress is the induction of a survival phenotype associated with increased 
expression of angiogenic growth factors, cytokines, proteinases, and antiapoptotic 
molecules. Our increasing knowledge of PDT responses at a molecular level pro-
vides significant opportunities to further improve the therapeutic effectiveness of 
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PDT. In particular, over the last period, it has become increasingly clear that sur-
vivin may have an important role in the survival phenotype observed in PDT treat-
ments [15–108]. Survivin has many functions involved in cell survival including 
complex intracellular signaling, stabilizing mitosis and facilitating cellular adapta-
tion. So, it is clinically relevant that inhibitors of survivin expression may enhance 
PDT responsiveness.

Survivin antagonists may function not as single protein inhibitors, but rather as 
global pathway inhibitors that may disable multiple signaling circuits in tumors. 
Clinical trials have highlighted the problems with attempts to correlate survivin ex-
pression with clinical outcome. Small sample numbers, nonuniform treatments, the 
presence of multiple alternatively spliced survivin mRNAs with differing effects on 
apoptosis and the different methods of detection of survivin, all lead to difficulties 
in trial interpretations. Further efforts are required to achieve a greater understand-
ing of the biology of survivin and the other IAPs and more effectively exploit strate-
gies that target this protein in cancer.
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