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Abstract

Survivin (also named BIRC5) is a well-known cancer therapeutic target. Since its discovery more than two decades
ago, the use of survivin as a target for cancer therapeutics has remained a central goal of survivin studies in the
cancer field. Many studies have provided intriguing insight into survivin's functional role in cancers, thus providing
promise for survivin as a cancer therapeutic target. Despite this, moving survivin-targeting agents into and through
the clinic remains a challenge. In order to address this challenge, we may need to rethink current strategies in
order to develop a new mindset for targeting survivin. In this Review, we will first summarize the current survivin
mechanistic studies, and then review the status of survivin cancer therapeutics, which is classified into five
categories: (i) survivin-partner protein interaction inhibitors, (i) survivin homodimerization inhibitors, (iii) survivin
gene transcription inhibitors, (iv) survivin mRNA inhibitors and (v) survivin immunotherapy. We will then provide our
opinions on cancer therapeutics using survivin as a target, with the goal of stimulating discussion that might
facilitate translational research for discovering improved strategies and/or more effective anticancer agents that

target survivin for cancer therapy.

immunotherapy
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Background

Drs. Wheatley and Altieri recently summarized the
major accomplishments achieved with survivin studies
that have taken place over the past 21 years [1]. This
authoritative summary of survivin studies will be useful
for directing future studies on the basic biology and
molecular mechanism of action of survivin, and thus will
allow the survivin research community to renew and
reconsider our approaches to certain sub-areas of survi-
vin studies in the coming decade.

Drs. Wheatley and Altieri’s final conclusion in their
review article expressed that in the wake of the 21st
anniversary of its discovery, our knowledge of survivin has
expanded exponentially, yet we still do not have a survi-
vin-specific anticancer agent [1]. The most advanced
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survivin cancer therapeutic agents, survivin antisense oli-
gonucleotides and YM155, were halted after multiple clin-
ical trials due to either low antitumor efficacy and/or over
toxicity issues. In this review, we will focus on this key
challenge area. We will review and update the publications
relevant to survivin, as well as provide our opinions based
on existing observations in literature that are relevant to
targeting survivin for drug discovery and molecular cancer
therapeutics.

Current status of survivin studies

Survivin lies at the crossroads of a number of cancer cell
signaling networks. Specifically, many upstream cellular
signaling molecules control and regulate survivin and its
functions. These upstream signaling molecules consti-
tute survivin’s incoming networks. The upstream
molecules include: binding protein, protein regulator,
various enzymes (protease, kinase, phosphatase), tran-
scription factor, miRNA, transporter and channel pro-
tein, receptor with or without kinase activity, and their
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corresponding ligands (Table 1). Survivin is also able to
control and regulate many of the upstream molecules
listed above and/or other molecules to form its outgoing
network (Table 2). While the findings in Tables 1 and 2
cover a broad area of past and current investigations
into survivin’s mechanisms of action, further study is
needed in many of the identified subareas in order for
the findings to be of practical use for molecular cancer
therapeutics. For example, in the survivin incoming net-
work (Table 1), many of these findings need further inves-
tigation to confirm the significance of their interaction
and consequences in cancer before being used for cancer
therapeutic strategy design. A similar situation exists for
the survivin outgoing network, as shown in Table 2. In
this regard, while a great deal of knowledge about survivin
has been accumulated over the past two decades [1], there
is still much more work that needs to be done on survivin
mechanistic studies in many aspects of the subareas listed
in Tables 1 and 2. Further in-depth studies would
strengthen the foundation for designing better survivin-
relevant cancer therapeutics.

Cancer therapeutics using survivin as a target

We previously reviewed survivin-selective inhibitors and
also summarized the generalized survivin inhibitors that
were found to inhibit survivin expression during their
mechanistic studies [2]. An example of such generalized
survivin inhibitors is the recently reported brexpipazole
that was found to sensitize glioma stem cells to osimerti-
nib via reducing survivin expression [3]. This type of
generalized survivin inhibitors will not be reviewed in
this article. Instead, based on the findings from the basic
studies on survivin biology and molecular mechanism of
action summarized in Tables 1 and 2, we will review the
current cancer therapeutic strategy using survivin as a
target, which can be classified into five categories: (i)
Inhibitors that disrupt survivin interactions with its part-
ner proteins; (ii) Inhibitors that disrupt survivin homodi-
merization; (iii) Inhibitors that decrease survivin gene
transcription; (iv) Inhibitors that induce survivin mRNA
degradation; and (v) Survivin or its peptide for immuno-
therapy. We will then summarize each of these survivin
therapeutic strategies for facilitating future translational
research related to drug discovery and cancer therapeu-
tics by using survivin as a target.

Inhibitors that disrupt survivin interactions with its
partner proteins

Shepherdin and AICAR

The survivin inhibitors in this category must be based
on a clearly defined molecular mechanism of survivin
interaction with a partner protein. Shepherdin is the first
example of this type of survivin inhibitors and was ra-
tionally designed in 2005 [4]. Shepherdin, a survivin
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7"KHSSGCAFL®  (minimum: “°KHSSG®) peptidomi-
metic agent, interrupts heat shock protein (Hsp) 90 in-
teractions with survivin [4, 5]. Alternatively, shepherdin
was incorporated into cancer cells using adenovirus-me-
diated expression systems, thus demonstrating a proof of
principle for use of agents that disrupt survivin-Hsp90
binding as an anticancer agent [6, 7]. Since the peptide-
mimetic approach has the inherent weaknesses of stabil-
ity and delivery issues, a small molecule inhibitor,
AICAR (Figure 1la), was identified and found to disrupt
multiple Hsp90 client proteins including survivin [8].
These peptidomimetics occupy the Hsp90 ATP pocket
to prevent survivin from binding to Hsp90. In this re-
gard, shepherdin and AICAR may more appropriately be
classified as Hsp90 inhibitors instead of as survivin in-
hibitors. In addition, AICAR is also known to be a weak
AMPK and p53 activator [9, 10]. Nevertheless, although
many promising Hsp90 inhibitors have been put on the
shelf after extensive preclinical and clinical studies (e.g.
17-AAG, 17-DMAG, AUY922, KW-2478, STA-9090) in
the past 20 vyears, recent studies demonstrated that
Hsp90 inhibitors might still be useful for bolstering im-
munotherapy [11]. Therefore, further studies are needed
and Hsp90-survivin inhibitor reposition may be possible,
although the effect will likely not be specific to survivin.

Deazaflavin analog compound 1 and UC-112

The other examples in this category of survivin inhibi-
tors are those that disrupt survivin interactions with
Smac (also called DIABLO in mice) to induce apoptosis
and cancer cell death. Several early studies indicated the
importance of survivin-Smac interactions for cancer cell
survival [12-16]. A screening of identifying small mole-
cules based on an assay that disrupts survivin interac-
tions with Smac or INCENP resulted in the finding of a
small molecule of a 5-deazaflavin analog (Compound 1,
Figure 1b) that can disrupt survivin-Smac interactions
[17]. However, follow-up studies will be needed to iden-
tify the potential of Compound 1 antitumor efficacy if
the authors intend to move Compound 1 and/or an ana-
log into clinical trials.

By using the Smac N-terminus AVPI tetrapeptide as a
template through a shape-based virtual screening against
a drug-like compound library, a small molecule Smac
mimetic named UC-112 (Figure 1c) was identified [18].
While it remains to be demonstrated as to whether UC-
112 is able to disrupt survivin-Smac interactions, func-
tional studies indicated that UC-112 is able to induce
the activation of caspases 3, 7 and 9, and is able to
selectively inhibit survivin protein in most of the cancer
cell lines that were tested. The effect could be blocked in
the presence of proteasome inhibitor MG-132 [18], sug-
gesting that the UC-112 effects work through a prote-
asome degradation pathway. Follow-up studies identified
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Table 1 Survivin incoming signal network®: molecules that regulate survivin (drugs’ effects on survivin not included)

Mechanism and Effects

Classified Factors/Molecules

1. Binding to survivin for activation

2. Phosphorylation of survivin for activation
3. Deubiquitination of survivin for activation
4. Transportation of survivin for activation

5. Transcriptional upregulation of survivin
for activation

6. Influence on survivin expression for
activation

7. Binding to survivin for inhibition
8. Ubiquitination of survivin for inhibition
9. Cleavage of survivin for inhibition

10. Transcriptional regulation of survivin
for inhibition

11. Effect-unspecified inhibition

12. Influence on survivin expression for
inhibition

13. Competition with survivin for inhibition

14. miRNA binding to survivin transcript
for inhibition

15. Homodimerization for survivin
stabilization

16. Binding to survivin with unspecified
effects

17. Phosphorylation of survivin with
unspecified effects

18. Deubiquitination of survivin with
unspecified effects

19. Transcription regulation of survivin with
unspecified effects

20. Influence on survivin expression with
unspecified effects

21. miRNA binding to survivin transcript
with unspecified effects

Binding protein: Beclin 1, CDCA8, CUGBP1, DBC1, ELAVL1 (HuR), FAT10, HBXIP, HSP60, HSP90, MKLP2,
NETT (TSPAN1), VIL2 (ezrin). Protein: C6orf176; Enzyme: cIF2C2 (Argonaute-2), PARP6, RecQL4, SFRS1
(SF2). Regulator: Evi5. Protease: UFD1.

Kinase: Aurora-B, Casein Kinase Il alpha chains, CDK1 (p34), PLK1.
Enzyme: JAB1.
Transporter: CRM1.

Transcription factor: AR, b-Myb, c-Myb, c-Myc, CREB1, DEC1 (stra13), E2F1, E2F3, EPAST, ESRT,
FBI-1(Pokemon), FOXM1, GATA-1, HIF-1, HIFTA, JunB, KLF5, Lef-1, N-Myc, NF-kB, NF-kB p50/p65, NUR77,
PPAR-y, RBP-Jk (CBF1), NF-kB Rel A/p65, NF-kB Rel B, RUNX2, SOX2, SOX4, SP1, SP3, STAT1, STAT3, TBXS5,
Tcf (Lef), TCF7L2 (TCF4), TEF-1, TEF-4, TFAM, THAP1, ZFX, EBNAT (HHV4), NOTCH1 (NICD).

Binding protein: 3-arrestin1, 3-catenin, LIN-9, MBD3, YAP1 (Yap65,). Enzyme: CBP, HDAC3, LSD1,
WHSCT. Protein: LANA (HHVS).

Kinase: AKT2, JNK (MAPK8-10). Receptor ligand: Angiopoietin1, Angiopoietin 2, Angiotensin Il, Apo-2L
(TNFSF10), BMP6, BMP7, CCL2, Choriogonadotropin, CTGF, EGF, Epo, FGF10, FGF19, FGF2, FLT3 ligand,
FSH, G-CSF, Gastrin 17-Gly, GM-CSF, HDGF, IFN-y, IGF-1, IL-1q, IL-2, IL-22, IL-3, IL-33, IL-5, Jagged1, Leptin,
MGF, TGF-B, Thrombopoietin, TNF-a, VEGF-A, WNT3A. Transcription factor: ARNT, FOXK1, HoxC10, ID1,
NANOG, SIP1 (ZFHX1B), SNAIL1, SP4, STAT5A, STATSB, TCF8. Receptor: CD44, RAGE. Binding protein:
COMP, CRP, Galetin-3, Mucin 16. Receptor kinase: ErbB2, TIE2. Receptor: FN14 (TNFRSF12A), FZD7,
IL6RA, LMP1 (HHV4), TLR4. Protein: HCV NS5A, TCR a/.

Binding protein: PARC, Smac (Diablo), Ubiqutin. Enzyme: Pin1. Protein: Rhbdf2.
Binding protein: FBXL7, XIAP.
Protease: Granzyme M.

Transcription factor: NF-kB c-Rel, CDX2, E2F4, EGR1, FKHR, FOXO3A, GCR, HNF1-a, HNF4-q,
HOXA4, KLF4, p53, p63, PDEF, RUNX3, YY1. Binding protein: BMI-1, p130, p21, PML.
Enzyme: DNMT1, G9a, HDACS, Sirtuin'.

Enzyme: SSAT

Receptor ligand: Adiponectin, BMP4, DLL4, IL-1(3, IL-24. Transcription factor: C/EBPS, ESR2, IRF1,
NRSF, SOX7, VDR. Receptor: CD30 (TNFRSF8), Dopamine D2 receptor, TLR3, TLR9. Receptor kinase:
DR5 (TNFRSF10B,). Phosphatase: FHIT. Binding protein: RPS29, SUMO-1.

Receptor kinase: RET

miRNA: miR-130-3p, mir-138-5p, miR-143-3p, miR-145-5p, miR-146a-5p, miR-150-5p, miR-16-5p,
miR195-5p, miR-203-3p, miR-214-3p, miR-218-5p, miR-222-3p, miR-320-3p, miR-320c, miR-335-5p,
miR-338-5p, miR-34a-5p, MiR-3613-3p, miR-483-3p, miR-485-3p, MiR-494-3p, miR-497-5p,
miR-542-3p, MiR-542-5p, miR-548d-3p, miR-552-3p, miR-634, miR-708-5p, MiR-96-5p.

Binding protein: survivin

Binding protein: AIP, APG5, clAP1, clAP2, FMIP, GSPT1, GSPT2, INCENP, TPX2, TRAP-1. Kinase: Aurora-C,
GSK3[. Enzyme: Dicer. Protein: elF3, GAS2L3, TD-60. Receptor: HLP-DRB1. Channel: Kir3.2.
Transporter: SLC5A8. Regulator: p120GAP. Phosphatase: PP1-caty. Protein: RED.

Transcription factor: SFRS10, USF2, HBV-C X protein.

Kinase: CDK5, PRPK.
Protease: USP9X.

Transcription factor: AHR, AML1 (RUNX1), AP-2, AP-2q, ATF-2, E2F2, E2F5, E2F6, E2F7, E2F8, ETST,
GABP-a, HNF1-3, LMO2, MAD, Max, MTF-1, Mxi1, MYOG, NF-Y, NFAT-90, Oct-2, RARq, RARB, STAT6, TAL1,
TCF7/TCF1, TCF7L1/TCF3, ZNF143, ZNF42/MZF1, hASH1, HCF1, NRB54. Binding protein: CXXC4, INGT1,
ING2, Rb protein, Sin3a. Enzyme: DPY30, HDAC1, HDAC4, JMJD2A, JMJD3, p300, PLU-1, PRMT1, RBB2.

Receptor ligand: TGF-betal.

miRNA: miR-1225-3p, miR-1226-3p, miR-125s-3p, miR-135a-3p, miR-17-5p, miR-182-5p, miR-192-5p,
miR-199a-5p, miR-19b-3p, miR-200a-3p, mMiR-206-3p, miR-27a-3p, miR-31-5p, miR-3127-5p, miR-320-5p,
miR-338-3p, miR-449a-5p, MiR-512-5p, miR-574-3p, miR-600, miR-669d-3p, miR-762, miR-764,
miR-92a-3p, miR-let-7a-5p, miR-let-7f-5p

?Information was retrieved from the GeneGo database at https://portal.genego.com/ and organized by the authors. Relevant references for individual findings can
be found in the database from the corresponding molecule under the “link info”.


https://portal.genego.com/

Li et al. Journal of Experimental & Clinical Cancer Research

(2019) 38:368

Table 2 Survivin outgoing signal network®: molecules that are regulated by survivin

Page 4 of 22

Mechanism and Effects

Classified Factors/Molecules

1. Survivin binds to the molecule for activation

2. Survivin transcriptionally regulates the
molecule for activation

3. Survivin affects the molecule expression
for activation

4. Survivin binds to the molecule for inhibition

5. Survivin transcriptionally regulates the
molecule for inhibition

6. Unspecified inhibition

7. Survivin affects the molecule expression

Transporter: ABCG2. Kinase: Aurora-B, CDK1 (p34), CDK4, DNA-PK.
Phosphatase: CDC258. Binding protein: INCENP, NET1 (TSPANT), XIAP.

Receptor kinase: c-kit. Kinase: IKK-beta.

Binding protein: Cyclin D1, Cyclin E. Transcription factor: HIF1A.
Protease: MMP-9. Receptor ligand: VEGF-A.

Protease: Caspase-3, Caspase-7, Caspase-9. Transcription factor: STAT3.

Enzyme: Dicer.

Protease: Caspase-8.
Receptor-kinase: DR5 (TNFRSF10B).

for inhibition
8. Homodimerization for survivin stabilization

9. Survivin binds to the molecule with
unspecified effects

Binding protein: survivin

Binding protein: AIP, Bcl-2, Birc6, C7orf59k, CARD5, CDCAS, Clathrin heavy chain,
Cyclin B1, Eps15, Histone H2AX, Histone H3, HSP90q, Ku70, MED18, MED29, MEDS,

MEDS, NFBD1, p53BP1, Rb protein, Smac (Diablo), SRB7, SURF5, TRAP170, TRAP18,
TRAP25, TRAP8O, TRFP, TRG20, Tubulin, Tubulin-3, VDRIP. Kinase: Aurora-A, CDK2.
Protein: CCDC102A. Transcription factor: E2F4, E2F5, TRIP2. GTPase: G-protein a-i3,
Ran. Transporter: HBZ. Protease: HtrA2, p17 CASP3. Protein: JTB. Receptor: SSC5D.

10. Survivin transcriptionally regulates the
molecule with unspecified effects

Transcription factor: BLIMP1 (PRDI-BF1), p53. miRNA: miR-520b. Binding protein: p21.

?Information was retrieved from the GeneGo database at https://portal.genego.com/ and organized by the authors. Relevant references for each finding can be

found in the database from the corresponding molecule under the “link info”.

a UC-112 analog 4g (Figure 1d) that exhibited 4-times
better than UC-112 in the average IC50 (0.5 pM vs. 2.2
uM) tested in the NCI-60 panel cell lines. The 4g com-
pound selectively degraded survivin at >1 puM in A375
and PC-3 cells, while XIAP, cIAP1, CIAP2 and Livin
were largely unaffected [19]. Recently, this group re-
ported the extensive chemical modification of UC-112
and found that the replacement of the benzyloxy moiety
in UC-112 with an indole moiety was preferred to other
moieties [20]. These authors identified additional 4 UC-
112 analogs (10f, 10h, 10k, 10n, Fig. le, f) that main-
tained their unique selectivity against survivin among
the IAP family members. In vivo study using 10f in a hu-
man A375 melanoma xenograft model revealed that 10f
effectively inhibited melanoma tumor growth without
observable acute toxicity [20]. These findings suggest
that UC-112 is likely a good platform for deriving Smac
mimetics survivin inhibitors. However, it would be intri-
guing to see whether the efficacy of these compounds is
associated with the disruption of survivin-Smac inter-
action potential, which would strongly strengthen the
mechanism of action for these compounds.

Additionally, computational molecular docking studies
also identified other survivin inhibitors that were de-
signed to disrupt survivin-Smac interactions. This in-
cludes withanone (Fig. 1g) [21] and piperine derivatives
(Fig. 1h) [22]. However, experimental studies to verify
the binding nature and property as well as the antitumor

activity will be needed for a critical evaluation of these
compounds.

Finally, just prior to submission of this article, a new
small molecule PZ-6-QN (Fig. 1i) was identified, and
shown to bind survivin similarly to the known Smac
peptide, AVPI [23]. Cell-based mechanistic studies indi-
cated that PZ-6-QN enters mitochondria to inhibit the
survivin-Smac interaction and promotes the release of
Smac and cytochrome c from mitochondria into cytosol;
and importantly, PZ-6-QN exhibits good anticancer
activity against various cancer cells including HeLa,
A549, HCT116 and MCF-7 [23].

Inhibitors that disrupt survivin homodimerization

Abbott 8, LLP3 and LLP9

Crystal structure analysis of both human and mouse sur-
vivin revealed that survivin forms a homodimer through
a symmetric interaction of two survivin monomers along
the molecular dyad axis [24-26], which is required for
survivin protein stabilization for its function. This find-
ing lays a foundation for designing compounds to dis-
rupt survivin homodimerization for possible cancer
therapeutics. The first set of compounds that bind to
survivin at its dimerizing interface were identified in Ab-
bott Laboratories, and a lead small molecule compound
8 (Abbott 8, Figure 1j) was identified [27]. Analogs were
developed using computational modeling of the molecu-
lar interactions along the survivin dimerization interface
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[28]. This approach has led to promising survivin
dimerization modulators. The two most potent survivin
modulators, LLP3 and LLP9 (Figure 1k, I) caused major
mitotic defects including delay of mitotic progression in
proliferating human umbilical vein endothelial cells
(HUVEC) and PC-3 prostate cancer cells at the concen-
tration range of 50 nM to 100 nM [28]. However, al-
though LLP3 was designed to bind to survivin at
survivin homodimerization interface, in vitro binding
studies indicated that LLP3 could disrupt the interaction
of survivin with the small GTPase Ran, a critical regula-
tor of bipolar mitotic spindle assembly, but not the sur-
vivin homodimer [29]. While this is consistent with the
fact that LLP3 and LLP9 cause major mitotic defects
[28], further studies will be needed to better understand
the molecular mechanism of action. Additionally, a re-
cent study indicated that LLP3 might be used in drug
combination for treatment of colorectal cancer and the
mechanism of action for LLP3 at least partially depends
on XAF1 and p53 status [30]. Again, it is clear that fur-
ther studies are needed to better understand the

mechanism of action for Abbott 8 and LLP3-related
compounds.

S12

A small molecule named S12 (Figure 1m) that targets the
specific cavity adjacent to the survivin dimerization sur-
faces was identified through computational in silico
screening, followed by chemical and biology studies [31].
S12 binding to survivin was confirmed by isothermal titra-
tion Calorimetry (ITC). Although it is unclear whether
S12 disrupts survivin dimerization or disrupts a partner
protein interaction with survivin monomer, S12 does alter
spindle formation, cause mitotic arrest and cell death, and
inhibit tumor growth [31].

Indinavir

Additionally, a virtual computational screen of database
compounds was performed using a model built on the
survivin dimerization/survivin-borealin interaction inter-
face key residues; the authors identified the HIV protease
inhibitor, indinavir (Figure 1n) as a potential compound
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that binds to survivin interface. However, indinavir may
not actually bind to survivin, as the data shown in their re-
port indicated that indinavir has no effect on survivin pro-
tein expression even at 510 pM for 48 hours, which is the
IC50 of MDA-MB-231 breast cancer cell growth [32].

LQZ-7 and LQZ-7F

The most well documented survivin dimerization inhibi-
tors were recently reported from Dr. Jian-Ting Zhang'’s
research group [33]. By using UCSF DOCK 6.0 Program
[34], they performed an in silico dock screening of 200,
000 compounds from the SPECS’s library (www.specs.
net), to target the critical dimerization core residues
Leu®® and Phe!® in the survivin dimeric interface [33].
One hundred compounds were selected on the basis of
their GRID and AMBER score, Lipinski’s rule of five
(drug likeness), and maximizing different clusters of
compounds. Among the 100 selected compounds, 49
commercially available compounds were tested for cyto-
toxicity using Dul45 and PC3 cells. They found that com-
pounds 4, 7, 9, 12, 21, 36 and 42 are able to inhibit >50%
survival in both cell lines at 20 pM. Importantly, com-
pound 7 (named LQZ-7, Fig. lo) exhibited a dose-
dependent binding to survivin and disrupting survivin
dimerization, while LQZ-7 had no effect on 14-3-38 pro-
tein dimerization (control) [33]. These authors found that
LQZ-7 accelerates proteasome-dependent degradation of
survivin, without affecting survivin mRNA. However,
LQZ-7's IC50 in Dul45 and PC3 cells is relatively high
(~25 uM).

To improve LQZ-7 potency and reduce cytotoxicity,
they searched the SPECS database and identified 6 com-
mercially available LQZ-7 analogs (named LQZ-7A to
F). Among these 6 new compounds, 5 have much lower
IC50s than LQZ-7 [33]. Although LQZ-7B, LQZ-7C and
LQZ-7F demonstrated similar abilities when it came to
inducing survivin degradation, LQZ-7F (Fig. 1p) had a
superior drug-like feature with a smaller molecule
weight. Thus, the authors chose LQZ-7F for further in-
depth studies and demonstrated that LQZ-7F binds to
and degrades survivin through proteasome-dependent
pathway [33]. Furthermore, they showed that LQZ-7F
inhibits cell growth in a panel of cancer cell lines with
IC50s of 0.4 — 4.4 pM, and induces 50-65% PC3 cell
apoptosis at 5-10 uM in 24 hours [33]. LQZ-7F also
disrupts microtubule structure and causes mitotic arrest
[33]. Most importantly, these authors showed that by
using 25mg/kg LQZ-7F via intraperitoneal injection
once every 3 days for a total of eight treatments, LQZ-
7F significantly inhibits PC3-established xenograft tumor
growth by inhibiting survivin without inducing mouse
body weight loss [33]. Again, this is the most convincing
study among this category of survivin homodimerization
inhibitors so far reported. However, the correlation of
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survivin expression level with LQZ-7F cytotoxicity
among a panel of cancer cell lines was not very strong.
This may have been due to the fact that different cancer
cell types may require different amounts of survivin.
Nevertheless, based on the current antitumor efficacy of
LQZ-7F, the combination of LQZ-7F with other distinct
mechanism-targeted drugs or other chemotherapeutic
drugs warrants further studies. Alternatively, since LQZ-
7F has the potential for further modification, LQZ-7F
may serve as a platform for developing even better
survivin homodimerization inhibitors.

One point that should be mentioned here is that survi-
vin homodimerization for function is not always needed.
A good example of this would be the survivin monomer
interaction with the chromosomal passage protein,
Borealin during mitosis. Borealin replaces one survivin
monomer to become a survivin-Borealin heterodimer
protein complex [35]. In fact, survivin homodimers pre-
vent apoptosis, whereas the survivin monomer inter-
action with Borealin-INCENP during mitosis contributes
to the control of cell division [36]. This may also be true
for the survivin-ran interaction [29, 37]. However, this is
not always the case, as most recent studies have indi-
cated that during non-muscle myosin II (NMII)-medi-
ated cytokinesis, only the survivin homodimer binds to
NMII, attesting to the biological importance of survivin
homodimerization [38]. Nevertheless, it would be intri-
guing to discover whether the currently identified survi-
vin homodimerization inhibitors such as LQZ-7 and
LQZ-7F could also disrupt survivin-Borealin or survivin-
ran interactions. Theoretically speaking, it should, as
Borealin occupies the survivin monomer dimerization
site. This notion is also consistent with the finding that
LQZ-7F also disrupts microtubule structure and causes
mitotic arrest [33].

Inhibitors that decrease survivin gene transcription

We have thoroughly reviewed the general term of agents
that inhibit survivin expression [2]. We will now focus
on reviewing the studies that used survivin promoter/
regulatory sequence-driven reporter system to find
survivin inhibitors through high throughput screening
(HTS) of compound library. Thus, we could generally
define the survivin inhibitors discovered in this way are
inhibitors that downregulate the survivin gene transcrip-
tion as the major mechanism.

YM155

YM155 (Fig. 1q) is the first small molecule that was dis-
covered via HTS of in-house chemical compound librar-
ies owned by Astellas Pharma (Japan) using the 2767bp
survivin promoter (-2810 to -44, +1ATG translation
site)-driven luciferase reporter system transfected in
HeLa cells [39]. YM155 emerged as a small molecule


http://www.specs.net
http://www.specs.net

Li et al. Journal of Experimental & Clinical Cancer Research

that strongly inhibits survivin expression at both the
protein and mRNA levels when used at 10-100 nM
levels [39]. Inhibition of survivin by YM155 appeared to
be highly selective, since YM155 did not inhibit the ex-
pression of cIAP2, XIAP, Bcl-2, Bcl-XL, Bad [39], or
cIAP1, p53 and Stat3 [40] at the concentrations up to
100 nM. Another study revealed that YM155 strongly
inhibited survivin promoter activity at >10 nM, while it
showed only a minor inhibitory effect on the gene pro-
moter activity of p219PY™* " dihydrofolate reductase
(DHFR), human thrombin receptor (HTR), and thymi-
dine kinase (TK) at the same concentration [41].
Additionally, a systematic analysis of appropriate trun-
cated survivin promoter-luciferase constructs plus DNA
gel shift assay (EMSA) revealed that one mechanism by
which YM155 inhibits survivin expression involves the
abrogation of Sp1 function in the maintenance of consti-
tutive survivin expression [41]. However, YM155 failed
to decrease Spl protein expression or to interact with
Spl DNA-binding elements. Instead, it was found that
YM155 treatment is able to change Spl protein subcel-
lular localization. This suggests that after YM155 treat-
ment, the Spl protein is unable to access its DNA
binding sites to maintain survivin transcription. Studies
also revealed that the transcription factor, ILF/NF110, is
a physiological target for YM155 [42]. YM155 treatment
disrupted ILF3/p54nrb interaction and translocated ILF3
from the nucleoplasm to the nucleolus [43]. The inter-
esting thing is that the subcellular re-localization of ILF3
is very similar to Spl re-localization after YM155 treat-
ment [41, 43]. Therefore, there is a possibility that Spl
and ILF3 may interact with each other to maintain
survivin expression. In this scenario, YM155 treatment
relocates the ILF3-Spl protein complex from the nu-
cleoplasm to the nucleolus. This would result in both Sp1
and ILF3 being unable to access their DNA binding sites
on the survivin promoter and thus diminishing survivin
transcription. It will be intriguing to see the ultimate fate of
YM155-targeted cells. For example, it remains unknown
whether these YM155-targeted cells irreversibly enter apop-
tosis or whether any of them can survive after removal
YM155. This question arises as there is no evidence to indi-
cate that YM155 can decrease Spl or ILF3/p54nrb expres-
sion. It is unlikely that the Spl and ILF3/p54nrb stories
reflect the entire mechanism of action for YM155.
Interestingly, later studies indicated that YM155 is able to
inhibit Mcl-1 expression in PC-3 (prostate), H28 (meso-
thelioma), U251 and D37 (glioblastoma) cancer cells [44].
However, in pancreatic cancer cell lines, YM155 inhibits
both survivin and XIAP without affecting the expression of
Mcl-1 and Bcl-XL [45]. These findings suggest that the ef-
fect of YM155 on some of its targets in the IAP and Bcl-2
families could be cancer cell type-dependent. Interestingly,
a study demonstrated that both YM155 and its structural
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analog NSC80467 induce a DNA damage response [46];
and a recent study even showed that YM155 inhibits topo-
isomerase 2o decatenation and topoisomerase 1 (Topl)-
mediated cleavage of DNA, suggesting that YM155 inhibits
the Topl enzyme activity [47]. Nevertheless, YM155 was
much better than NSC80467 in terms of its potential to
inhibit the expression of survivin [46]. Together, it is likely
that YM155 exerts its anticancer effects through multiple
mechanisms.

A major concern for YM155 is its chemical stability.
The studies in the initial report used YM155 via a 3-day
continuous infusion per week for 2 weeks or via intra-
venous routes five times per week for 2 weeks; YM155
in such schedules significantly delay tumor growth with
tumor regression as compared with control [39]. The re-
ported experiment lasted for two weeks; it is unclear
whether the tumor will be inhibited continuously with-
out further YM155 treatment. It was shown that as soon
as the 3-day infusion of YM155 stopped, YM155 in
plasma and tumors rapidly decreased [39]. Nevertheless,
these authors demonstrated that YMI155 treatment
decreases survivin expression in the tumor at both Day 3
and Day 7 time points tested when administrating via
the 3-day continuous infusion at 10 mg/kg [39].

Additional preclinical studies indicated that YM155 was
also shown to increase the sensitivity of human non-small
cell lung cancer (NSCLC) to gamma-radiation. Combin-
ation of YM155 with gamma-radiation significantly de-
layed the growth of NSCLC tumor xenografts in nude
mice than either treatment modality alone [40]. Similarly,
using YM155 in combination with platinum compounds
(CDDP or CBDCA) [48] or with docetaxel [49] via 3-day
continuous infusion for 2 weeks or 7-day continuous infu-
sion therapy significantly delayed the growth of NSCLC
[48] and melanoma [49] xenograft tumors compared to ei-
ther treatment modality alone. Additionally, YM155 re-
duced spontaneous metastases and significantly prolonged
the survival of animals with metastatic tumors in an
MDA-MB-231-Luc-D3H2-LN orthotopic model [50].
Similar results were obtained through combination of
YM155 with rituximab in a human B-cell non-Hodgkin
lymphoma [51] or through combination of YM155 with
gemcitabine in human pancreatic cancer [52].

Although the outcome from YM155 pre-clinical studies
appears to support moving YM155 into clinical trials as a
single agent or in combination with other therapeutic
agents as reviewed above, multiple Phase I and Phase II
clinical trials demonstrated that YM155 exhibits very lim-
ited antitumor efficacy when used alone [53-58] or in com-
bination with other cytotoxic therapeutic agents [59-62].

It is our view that the failure of YM155 in clinical tri-
als could be due to the chemical instability of YM155;
this instability in turn could have resulted in limited
antitumor efficacy. Evidence of this was indicated in the
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pharmacokinetic (PK) studies. These studies showed that
after the end of YM155 treatment of YM155, a rapid de-
crease of YM155 occurs in both serum and tumors [39].
Additionally, we do not know whether the YM155 inhib-
ition of its targets was long lasting or whether the targets
recovered as soon as YM155 was cleared from the body.
For example, YM155 downregulated survivin through
blocking Spl and ILF3/p54nrb-mediated constitutive ex-
pression of survivin [41-43]; this appears to remove the
transcription factors (Spl, ILF3/p54nrb) from the nu-
cleoplasm to the nucleolus [43], instead of degradation
of them; this could give cancer cells an opportunity to
recover quickly after removal of YM155.

FL118
FL118 (Figure 1r) is another promising small molecule
for cancer treatment that was discovered through HTS,
followed by in vitro and in vivo hit-to-lead analyses [63].
Differing from the discovery of YMI155 using the
2767bp (-2810 to -44, +1ATG) survivin promoter with
co-transfection of a selection marker plasmid in HeLa
cells [39], the 4080bp human survivin promoter from —
4079 to +1ATG translation site of survivin was cloned
upstream of the luciferase reporter gene in a vector con-
taining a pre-made neomycin gene cassette (selection
marker). This manipulation resulted in a new vector of
pNeoHScyc4.08-luc [64]. Cancer cells from colon
(HCT116), lung (A549), breast (MCF7), prostate (PC-3)
and ovary (2008) origins were then transfected with
pNeoHScyc4.08-luc, and individual stable cancer cell
clones were obtained via G418 selection [64]. Individual
clones were then tested for luciferase modulation using
the previously confirmed model ligands, hedamycin [65]
and Hoechst 33342 [66] to validate individual cancer cell
models. The validated cell models were expanded for
both library preservation and compound library screen-
ing [64]. The advantage of these screening assay models
are: (i) addition of the -43 to +1 regulatory sequence is
important for finding versatile survivin inhibitors that
can not only inhibit survivin transcription, but can also
inhibit survivin cell cycle-regulation, mRNA stability and
translation efficiency. This is because the -43 to +1 regu-
latory sequence has cell cycle regulatory DNA elements
and is transcribed into survivin mRNA as 5-untransla-
tional sequence. These DNA elements are important for
cell cycle-regulation of survivin expression [67], and the
5’-untranslational sequence in the survivin mRNA is im-
portant for the regulation of survivin mRNA stability
and translation efficiency [64]. Additionally, the use of
one vector (of note, DNA was linearized before transfec-
tion) including both reporter system and selection
marker would result in more predictable cancer cell
models after transfection and selection [64]. Finally, the
use of multiple cancer cell type assay models [64]
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increases the chances of finding versatile survivin inhibi-
tors by using them in series to avoid cell type-specific
potential candidates of survivin inhibitor during the hit-
to-lead selection process.

Initially, more than 3,000 structurally diverse com-
pounds representing about 200,000 compounds were
screened at a concentration of 1 pM in one cell model
(HCT116-luc). About 250 hit compounds were further
cross-tested at a series of concentrations from 0.001 to
1,000 nM in the other four cell models described above
(A549-luc, MCF7-luc, PC-3-luc, 2008-luc). This resulted
in 20 top-hit compounds, which showed inhibition of
luciferase activity at a concentration range of 1 nM to
100 nM within 24 hours of treatment [63]. A total of
207 chemical structure analogs relevant to the 20 hit
compounds were then analyzed for their inhibition of
survivin promoter activity in the generated model cells
in parallel with determination of cancer cell growth in-
hibition by each compound in vitro via MTT assay.
These studies resulted in five compounds (FL113,
FL118, FL155, FL174 and FL199) that showed strong in-
hibition of survivin promoter activity, survivin expres-
sion, and cancer cell growth. The five compounds were
then tested using mouse models of human tumor (colon,
head-&-neck). It turned out that while each of the five
compounds show significant antitumor activity, FL118
was the top compound, possessing exceptional efficacy to
eliminate human xenograft tumor without relapse over a
period of 60 days in a high percentage of human tumors
in animal models [63, 68]. Interestingly, 3-dimentional
(3D) cell models were recently developed for testing
FL118 and several of the FL118 analogs [69, 70]. However,
whether the 3D cell models could replace the early stage
in vivo animal testing for cost-effectiveness and selection
of the future FL118 analogs remains to be investigated.

Several interesting features of FL118 are worth
highlighting here. First, FL118 is structurally similar to
irinotecan, SN-38 (active metabolite of irinotecan) and
topotecan (Figure 1s, t, u). All of these compounds are
camptothecin (CPT, Figure 1v) analogs. It is well known
that the mechanism of action for camptothecin (CPT)
compounds, including the two United States Food and
Drug Administration (FDA)-approved drugs topotecan
and irinotecan, use topoisomerase I (Topl) as their
therapeutic target [71-75]. However, the concentration
required for FL118 to show its Topl inhibition activity is
100 to 1,000 fold higher than the concentration required
for FL118 to inhibit both survivin promoter activity and
cancer cell growth [63]. Furthermore, in contrast to the
fact that CPTs show loss of antitumor activity when
cancer cells reduced or lost Topl expression/catalytic
activity [71, 72, 76], the sensitivity of human xenograft
tumors to FL118 is irrelevant to Topl expression; FL118
shows high antitumor sensitivity and efficacy in human
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cancer with low/negative Topl expression [77]. This is
consistent with our findings that FL118 inhibition of
cancer cell growth occurs at the high pM to low nM
range; whereas its effects on Topl activity require pM
levels [63]. Therefore, while Topl inhibition by FL118
may occur it is not the primary mechanism of action
for FL118.

Second, while FL118 showed no inhibitory effects on
the gene promoters of p21“P/** dihydrofolate reduc-
tase, human thrombin receptor, and thymidine kinase,
FL118 selectively inhibits the expression of not only sur-
vivin, but also Mcl-1, XIAP and cIAP2 [63]. In contrast,
SN-38 and topotecan exhibited 10-100 fold weaker to
inhibit these proteins [63, 78]. Genetic silencing or over-
expression of survivin, Mcl-1, XIAP and cIAP2 revealed
their role in FL118 effectiveness [63, 68]. DNA micro-
array studies showed that FL118 does not inhibit the
expression of cIAP1, Bcl-2, Bcl-XL, Bcl-2, Bcl2A1, Bcl-w,
Bcl-B, Bcl2L12, Bcl2L13, Bcl-G and Bcl2L15 (unpub-
lished data), indicating additional selectivity of FL118 in
its molecular targets. Furthermore, FL118 also inhibits
MdmX/Mdm4 [79], a critical oncogenic protein involved
in p53 pathway, and ERCC6 [80], a critical regulator in
DNA repair. Importantly, while FL118 downregulation
of MdmX induced senescence in cancer cells with wild
type p53, FL118 exhibits even higher efficacy to inhibit
cell growth and induce apoptosis in cancer cells without
functional p53 (mutated or null) [79]. Additionally,
siRNA silencing of survivin showed no effects on the ex-
pression of Mcl-1, XIAP, and cIAP2 [63], suggesting that
FL118 inhibition of survivin expression is independent
of its role in the inhibition of Mcl-1, XIAP and cIAP2.
The independent inhibition of multiple antiapoptotic
gene products (survivin, Mcl-1, XIAP, cIAP2) is import-
ant as various combinations of these proteins are known
to be simultaneously overexpressed in various stages of
resistant cancers. While the entire mechanism will need
further investigation, one strategy for FL118 to control
the expression of multiple oncogenic proteins is that
these gene promoters are controlled by a panel of tran-
scription factors that highly overlap with those from the
survivin promoter [81]. Recently, it was reported that in
MDA-MB-231 breast cancer cells, FL118 suppressed the
expression of vimentin while enhancing the expression
of E-cadherin [82], suggesting that there was the poten-
tial for FL118 to inhibit epithelial-mesenchymal transi-
tion (EMT) and cancer cell invasion and metastasis.
Together, these findings indicate that FL118 is likely a
unique and versatile small molecule for various types of
cancer treatment.

Third, irinotecan, SN-38 and topotecan are the sub-
strates of efflux pump proteins ABCG2/BCRP [83-87]
and Pgp/MDRI1 [88-92]. In contrast, FL118 is not a sub-
strate for them, and can bypass their resistance [78, 93].
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Consistently, FL118 has a favorable pharmacokinetics
(PK) profile (accumulated in tumor and rapidly cleared
in blood stream) after intravenous administration [78]
and is orally available [77]. It is the new trend of research
to find anticancer agents that are not ABCG2 substrates
instead of using ABCG?2 inhibitor for combinational treat-
ment [94] and FL118 possesses these features.

Fourth, FL118 both before and/or after formulation is
highly stable and can be stored at room temperature or
4°C without issue. FL118 can be put in high tempera-
tures such as at 50-80°C for the spray-dry process for at
least a period of time without any issue. Finally, FL118
also overcomes a number of other common resistance
factors such as cancer cells with mutated p53, mutated
APC and/or overexpression of HdmX/MdmX ([79] or
Kras gene mutation (unpublished observation). Again,
FL118 is orally available [77], accumulates in human
tumors in animal model, and effectively overcomes
irinotecan and topotecan-resistant human tumors in
animal models [78].

Along with the versatile and unique features of FL118
summarized above, FL118 has shown striking antitumor
activity in human tumor animal models [63, 68, 78, 80,
95, 96]. FL118 exhibited significantly superior antitumor
activity when compared with FDA-approved anticancer
drugs commonly used in clinical practice (irinotecan,
topotecan, doxorubicin, 5-FU, gemcitabine, docetaxel,
oxaliplatin, cytoxan and cisplatin) [63]. Additionally,
FL118 is able to eliminate small and large human tumors
without relapse in a high percentage of mice within the
two-month experimental period [63, 68].

Recent studies indicate that FL118 targets cancer stem
cells (CSCs) by inhibiting a number of CSC markers and
drug resistant proteins in lung cancer [97]. FL118 prefer-
entially targets and Kkills cisplatin-resistant pancreatic
cancer cells, and inhibits spheroid formation of pancre-
atic cancer stem cells [80]. Studies from the In vivo ani-
mal models of human pancreatic cancer patient-derived
xenograft (PDX) tumors indicated that alone, FL118
effectively eliminated PDX tumors, while FL118 in com-
bination with gemcitabine (a first line pancreatic cancer
drug) eliminated PDX tumors that showed resistance/
non-sensitivity to FL118 and gemcitabine treatment [80].
Consistently, FL118 appears to use multiple mechanisms
to induce pancreatic cancer killing as well [80, 98].
Furthermore, toxicity studies with FL118 at low, middle
and high doses in beagle dogs indicated that at only the
high dose, some of the 39 hematopoietic and biochem-
ical parameters tested slightly changed without other
FL118-related clinical observations including dog behav-
ior, food consumption and body weights [80].

In summary, FL118 has a number of attractive drug-
like properties and is a versatile small molecule against
cancer through multiple mechanisms of action (Fig. 2).
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Fig. 2 Summary of the experiment-supported FL118-relevant mechanisms of action: FL118 was demonstrated to (1) inhibit multiple cancer-
associated survival and treatment-resistant proteins (survivin, Mcl-1, XIAP, clAP2, MdmX, ERCC1/6); and (2) bypass additional treatment resistant
factors (efflux pump proteins ABCG2 and Pgp, mutated Kras, mutated p53 and mutated APC)

Based on the current research progress and outcomes,
FL118 will go into clinical trials with the indication of
colorectal and pancreatic cancers in a year or so
(personal communication).

SF002-96-1

Through use of the colorectal cancer cell line Colo320
transfected with the 1092bp (-1102 to -11, +1ATG) sur-
vivin promoter-driven luciferase report system to screen
~200 strains of imperfect fungi, a drimane sesquiterpene
lactone (named SF002-96-1, Fig. 1w) was isolated in the
fermentations of an Aspergillus species [99]. SF002-96-1
exhibited dose-dependent inhibition of survivin pro-
moter-driven luciferase activity with a IC50 of 3.42 uM
in parallel with the inhibition of survivin mRNA and
protein expression, while showing no inhibitory effects
on CMV or TOPFLASH promoter-driven luciferase ac-
tivity [99]. Chromatin immunoprecipitation (ChIP) assay
revealed that SF002-96-1 abrogates IL6-induced Stat3
activation or TNF-induced NF-«kB activation-induced
binding of their DNA sites in the survivin promoter in
Colo320 cells. Finally, these authors demonstrated that
SF002-96-1 inhibits Colo320 cell growth with an IC50
between 10.52 and 18,42 uM and induce apoptosis [99].

WMm-127

The authors used a unique survivin transcription-con-
trolled luciferase reporter system [100] when they discov-
ered WM-127 (Fig. 1x). Specifically, the PCR-amplified
1097bp (-1097 to -1, +1ATG) survivin promoter was
cloned into upstream of the EGFP ¢DNA reporter, and
the PCR-amplified non-translated region of ~315bp from
survivin exon IV immediately after the TGA stop codon
was cloned into downstream of the EGFP ¢cDNA reporter
to make the survivin promoter/regulatory sequence-driven
EGEFP reporter system that at least partially mimic en-
dogenous survivin gene regulation [100]. This vector was

then cloned into lentiviral expression system and then
using the lentiviral system-infected liver cancer HepG2
cells as a screening model containing Sur5P-EGFP-Sur3U
reporter system for drug screening [100]. This is an im-
proved survivin inhibitor selection system. Theoretically,
this drug selection system would find survivin inhibitors
that affect miRNAs or proteins that regulate survivin
mRNA stability and translation by interacting with the
survivin mRNA non-translated regions at the 5- and/or
3-ends. However, for making an ideal drug selection sys-
tem, the system may include a > 4kb survivin promoter,
because initial studies [101] and also later investigation
(unpublished observation) indicated that up to 4kb survi-
vin promoter is important for the regulation of survivin
expression. Additionally, the system may also include the
entire 1.15kb survivin mRNA 3’-non-translated region, be-
cause this would find survivin inhibitors that affect
miRNA and/or proteins that act on the entire 1.15kb sur-
vivin non-translated region for survivin mRNA stability
and translation control. Nevertheless, by using this novel
survivin inhibitor selection system, these authors screened
over one hundred structurally modified matrine deriva-
tives, the WM-127 was found to have the strongest ability
to inhibit EGFP expression. Their studies indicated that
WM-127 inhibits survivin protein and cell viability in a
dose-dependent manner [100]. WM-127 has an IC50
about 52 pg/ml (of note, based on the WM-127 deriva-
tives” structure-calculated molecular weight, 52 pg/ml is
about 122 pM) in HCC and induced HCC cell cycle arrest
and apoptosis, and delayed HCC xenograft tumors in
nude mice [100]. Mechanistic studies showed that WM-
127 suppressed the activity of survivin/B-catenin pathway
and induced the expression of Bax [100]. Overall, WM-
127 is a prototype molecule with moderate anti-HCC
tumor activity. Further improvement of WM-127 antitu-
mor activity via chemical modification is required before
moving forward for clinical trials.
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Additionally, the human survivin 303bp core promoter
(-300 to ATG translation site)-driven EGFP reporter
vector was stably transfected into mouse embryonic
stem cells D3 (ATCC CRL-1934) as a survivin expres-
sion reporter model for embryonic toxic drug screen
[102]. Given the survivin promoter-relevant cancer cell
models discussed above, this model requires considerable
improvement before being reliably used for compound
screening. Nevertheless, use of survivin promoter/regula-
tory sequence-driven reporter systems as an important
strategy to discover versatile anticancer drugs that inhibit
survivin as well as other important oncogenic targets,
might gradually earn more attention and/or recognition in
the coming years.

Inhibitors that degrade survivin mRNA

Specific degradation of survivin mRNA for controlling
survivin expression is a practical approach in modern
technology and is important for cancer research as a
useful tool for protein function analysis and also for
potential cancer therapeutics.

For degradation of survivin mRNA, survivin antisense
oligonucleotides (e.g. ISIS 23722) were used from the
initial survivin studies that began two decades ago [103],
followed by the use of ribozyme approach [104—106]
and then the use of small interfering RNA (siRNA)
[107-110]. However, after review of this specialized area,
we found that while the ribozyme approach was used for
some time in research [111-113], further studies toward
the use of this approach for cancer therapeutics were
not progressing; this is likely due to the much easier ap-
proach of siRNA technology being available. Consistent
with this notion, the survivin siRNA approach was used
throughout the history of survivin studies [114—118]; the
survivin siRNA studies in recent years show a clear trend
of developing and using various new delivery technolo-
gies of survivin siRNA with or without combination of a
cancer drug for therapeutics in vitro [119-123] and in
vivo [124-131]. Although clinical trials using a type of
nanotechnology to deliver survivin siRNA with or with-
out combination of a cancer therapeutic drug remain to
be seen, survivin siRNA formulated in a novel delivery
system as an anticancer product will likely come into
clinical trials in the near future.

In contrast to the survivin ribozyme and siRNA ap-
proaches, there are two survivin antisense oligonucleo-
tides, ISIS 23722/LY2181308 and SPC3042/EZN-3042
that have moved into clinical trials.

ISIS 23722/LY2181308

The survivin antisense DNA oligonucleotide ISIS 23722
(5-TGTGCTATTCTGTGAATT-3, the bolded bases are
the 2’-O-methoxyethyl nucleosides) was initially identified
as the most active oligonucleotides by screening of 40 2’-
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O-methoxyethyl chimeric phosphorothioate oligonucleo-
tides for inhibition of survivin mRNA in T24 bladder car-
cinoma cells using real-time qRT-PCR [103]. ISIS
23722 was demonstrated to induce myeloid leukemia
cell proliferation defects and cell death involving
mitochondrial pathway [132].

ISIS 23722 was subsequently acquired by Eli Lilly and
renamed LY2181308. LY2181308 was subsequently dem-
onstrated to inhibit survivin expression, induce caspase-
3 activation and apoptosis, and inhibit tumor growth in
vivo [133]. The first-in-human PK studies of LY2181308
indicated that among 40 patients treated with
LY2181308 at doses of 100 to 1000 mg, 26 patients were
evaluated at the recommended Phase 2 dose (750 mg),
and demonstrated that LY2181308 accumulated in
tumor tissue, reduced survivin mRNA and protein
expression by 20%, and restored apoptotic signaling in
tumor cells in vivo and exhibited rapid tissue distribu-
tion and terminal half-life of 31 days [134]. A subse-
quent Phase I study in Japan indicated that when 14
patients with solid tumors unmanageable with standard
therapy received LY2181308 at 400, 600 or 750 mg as a
3-h intravenous infusion for 3 consecutive days and
thereafter once a week, the studies revealed common re-
versible grade 1/2 toxicities of a flu-like syndrome, pro-
longed prothrombin time, thrombocytopenia and fatigue
[135]. The dose-limiting toxicity was reversible grade 3
elevation of ALT/AST/gamma-GTP in 1 patient treated
at the 750-mg dose. PK analysis showed a terminal half-
life of 21 days and an extensive tissue distribution of
LY2181308 [135]. In 12 evaluable patients, one patient
had stable disease, while the remaining 11 patients had
progressive disease [135]. More clinical trials of
LY2181308 also indicated a kidney injury risk [136] and
that LY2181308 exhibited moderate tumor uptake with
an up to 40% decreased tumor metabolism, and the
highest uptake is in kidney and liver [137]. Although
additional phase I clinical trials of LY2181308 alone or
in combination did not exhibit exciting or promising re-
sults [138], two Phase II clinical trials of LY2181308
were still conducted in patients with NSCLC in combin-
ation with docetaxel [139] and in patients with castra-
tion-resistant prostate cancer (CRPC) in combination
with docetaxel [140]. In the first Phase II study, com-
parison of the antitumor activity of LY2181308 plus do-
cetaxel (n=108) with docetaxel alone (n=54) indicated
that no improvement in antitumor activity between the
two arms for progression-free survival (PFS) (2.83
months with LY2181308/docetaxel and 3.35 months
with docetaxel) [139]. In the second Phase II study,
patients with metastatic CRPC were randomly assigned
to receive docetaxel (control arm, #=56) or the combin-
ation of LY2181308 with docetaxel (experimental arm,
n=98). The study revealed that the median PFS of
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treated patients for the experimental arm was 8.64
months versus 9.00 months in the control arm. The me-
dian overall survival (OS) for the experimental arm was
27.04 months compared with 29.04 months in the con-
trol arm [140]. In the experimental arm, patients had a
numerically higher incidence of grades 3-4 neutropenia,
anemia, thrombocytopenia, and sensory neuropathy
[140]. The outcomes from the two Phase II trials were
very disappointing, leading to the discontinuation of
clinical studies using LY2181308.

It is important to consider why the clinical trials of
LY2181308 resulted in failure. While nobody can really
know for certain, there are two reasons that may be con-
sidered. First, while the modified oligonucleotide in-
creases oligonucleotide stability, the modification may
result in higher toxicity in vivo due to its difficulty to be
detoxified and eliminated from the body. If this is indeed
one of the reasons, this is unlikely to be observed by
using in vitro cell cultural studies (see below). Second,
after the DNA oligonucleotide modification, its effi-
ciency to induce survivin mRNA degradation may be
compromised. This decrease of survivin mRNA degrad-
ation efficiency may be compensated or even hidden by
the increased toxicity of the modified oligonucleotide
itself to cancer cells. While the in vitro studies may not
recognize these issues, head-to-head comparative clinical
studies in cancer patients would make the hidden issue
appear. Of course, there are other possibilities that may
also exist.

SPC3042/EZN-3042

SPC3042 was initially developed by Santaris Pharma and
is a 16-mer oligonucleotide (5-CTCAATCCAT
GGCAGC-3) with a fully phosphorothiolated gapmer
containing 7 locked nucleotides in the flanks (bolded).
The first study showed that the stability of SPC3042 in
mouse plasma is similar to LY2181308, but SPC3042 ex-
hibited higher potency for survivin mRNA inhibition com-
pared with LY2181308 [141]. Functional studies indicated
that SPC3042-mediated downregulation of survivin leads
to cell cycle arrest, pronounced cellular apoptosis, and a
moderate downregulation of Bcl-2 [141]. It was also
shown that SPC3042 is a sensitizer of prostate cancer cells
to Taxol treatment in vitro and in vivo [141]. SPC3042
was subsequently acquired by Enzon Pharmaceuticals and
renamed EZN-3042.

In a chemical-induced liver regeneration model, treat-
ment with a mouse homolog of EZN-3042 resulted in
80% down-modulation of survivin mRNA [142]. In A549
and Calu-6 lung xenograft models, treatment with EZN-
3042 single agent induced 60% inhibition of survivin
mRNA in tumors and 37-45% tumor growth inhibition
[142]. In Calu-6 model, when EZN-3042 was combined
with paclitaxel, an 83% tumor growth inhibition was
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obtained [142]. It was also shown that knockdown of
survivin using EZN-3042 in combination with chemo-
therapy eliminated drug-resistant acute lymphoblastic
leukemia cells [143]. Subsequently, a Phase I study of
EZN-3042 in pediatric patients with second or greater
bone marrow relapses of B-lymphoblastic leukemia was
conducted [144]. EZN-3042 was administered as a single
agent on days 2 and 5, and then in combination with a
4-drug re-induction platform on days 8, 15, 22, and 29.
At the dose level 1 (EZN-3042 2.5 mg/kg/dose, n=6), 1
patient developed a grade 3 of y-glutamyl transferase
elevation, and another patient developed a grade 3 of
gastrointestinal bleeding [144]. Decreased survivin
mRNA and protein expression was observed in 2
patients after EZN-3042 dosing from the assessed 5
patients [144]. The authors concluded that although
some biological activity was observed, the combination
of EZN-3042 with intensive re-induction of chemother-
apy was not tolerated at a dose that led to consistent
downregulation of survivin expression [144]. Therefore,
the trial was terminated following the completion of
dose level 1 and further clinical development of EZN-
3042 was halted. However, in a canine lymphoma and
osteosarcoma studies, it was shown that EZN-3042 in-
hibits growth, induces apoptosis and enhances chemo-
sensitivity in canine lymphoma and osteosarcoma cells,
and inhibits survivin transcription and protein produc-
tion in orthotopic canine osteosarcoma xenografts [145].
These authors suggested that EZN-3042 might be
further evaluated in dogs with cancer.

The failure of EZN-3042 appeared to be mainly due to
toxicity. Whether the toxicity came from the unique
locked modification of the EZN-3042 oligonucleotides, as
discussed in the case of LY2181308, is unknown.
Nevertheless, a breakthrough to find survivin mRNA in-
hibitors may come from the siRNA approach in combin-
ation with the development of nanotechnology for
delivery [119-131], since survivin siRNA design in the
coming years might take inspiration from various
miRNA-mediated survivin mRNA inhibition. Currently
miRNA regulation of survivin mRNA/transcripts is a hot
research area, which has room for further in depth, ex-
tended studies (see Table 1) [146—149]. The current status
of study in this area is that, while many miRNAs were
found to bind to survivin mRNA/transcripts with defined
inhibitory effects, many other miRNAs were found to bind
to survivin transcripts/mRNAs without defined effects
(Table 1), which calls for further investigation.

Survivin or its peptides that are used for immunotherapy
Survivin-based cancer immunotherapy is also a research
area of continuous interest; such research started closely
following the initial survivin discovery and characterization
[150-153] [for the details of the early work, see review



Li et al. Journal of Experimental & Clinical Cancer Research

[154]. The sustained interests of survivin immunotherapy
originate from the observation that survivin is undetectable
in all non-proliferative normal tissue and shows much
lower level expression in proliferative normal tissues in
comparison with the expression of survivin in cancer tissue
[154]. Here, we update the cases that have been developed
into survivin immunotherapy-related clinical trials. Studies
on survivin epitope characterization in vitro will not be
reviewed here.

Survivin-2B80-88

Following their initial finding [153], the survivin-2B80-88
(AYACNTSTL) vaccination-based phase I clinical study
was conducted to assess patients with advanced or recur-
rent colorectal cancer that expresses survivin [155]. Vacci-
nations with survivin-2B80-88 were given subcutaneously
six times to 15 patients at 14-day intervals; 3 suffered
slight toxicities (anemia, grade 2; general malaise, grade 1;
fever, grade 1). No severe adverse events (SAEs) were ob-
served in these patients. Tumor marker levels (CEA and
CA19-9) decreased transiently in 6 patients during the
period of vaccination. Slight reduction of the tumor vol-
ume was observed in one patient. No changes were noted
in three patients, while the other eleven patients experi-
enced progressive disease (PD). Analysis of peripheral
blood lymphocytes of one patient revealed an increase in
peptide-specific cytotoxic T lymphocytes (CTLs) fre-
quency from 0.09% to 0.35% of CD8+ T cells after 4 vacci-
nations. The authors conclude that survivin-2B80-88-
based vaccination is safe and should be considered further
for potential immune and clinical efficacy in HLA-A24-
expression patients with colorectal cancer [155].

A Phase I clinical study of survivin-2B80-88 peptide vac-
cination in 9 patients with metastatic urothelial cancer
(MUC) was subsequently conducted to further assess
safety and efficacy [156]. A total of 46 vaccinations were
carried out. There were no SAEs. HLA-A24/survivin-
2B80-88 peptide tetramer analysis revealed a significant
increase in the peptide-specific CTL frequency in five pa-
tients, after the vaccination was given. A slight reduction
in tumor volume was observed in one patient [156]. The
authors indicated that survivin-2B80-88 peptide-based
vaccination is safe and should be considered further for
potential immune and clinical efficacy in urothelial cancer
patients as well [156]. This group then started another
phase I clinical trial of survivin-2B80-88 vaccination in
combination with interferon a (IFN-«a) for MUC patients
[157]. The studies indicated that a significant increase in
the frequency of the peptide-specific CTLs was observed
after vaccination, and of the enrolled 21 patients, 6 pa-
tients had stable disease and no SAEs were observed in
any patients [157]. These authors summarized that the 30
MUO patients received survivin-2B80-88 vaccination in
the 2 trials above had significantly better overall survival
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than a comparable control group of MUO patients with-
out vaccination (P = 0.0009) and thus, survivin-2B80-88
vaccination may be a promising therapy for selected pa-
tients with MUC refractory to standard chemotherapy
[157].

This group also ran a phase I clinical study to evaluate
the safety and the efficacy of survivin-2B80-88 peptide
vaccination in HLA-A24-positive patients with advanced
or recurrent oral cancer [158]. From 11 enrolled pa-
tients, 10 patients that completed the vaccination proto-
col reported no adverse events (AEs). In two patients,
the levels of serum squamous cell carcinoma (SCC) anti-
gen decreased transiently during vaccination. Tumor
regression compatible with a partial response (PR) was
noted in one patient and the remaining nine patients ex-
perienced PD [158]. An increase of the peptide-specific
CTL frequency was immunologically detected in six of
the eight patients. These authors concluded that survi-
vin-2B80-88 peptide vaccination was safe and had thera-
peutic potential for oral cancer patients [158].

Since the use of survivin-2B80-88 peptide alone for
immunotherapy was unable to elicit enough effects for
routine clinical use, these authors assessed survivin-
2B80-88 plus incomplete Freund's adjuvant (IFA) versus
survivin-2B80-88 plus IFA and IFN-« for clinical trials
in patients with advanced colon cancer [159]. The trial
indicated that although the effect of survivin-2B80-88
plus IFA was not significantly different from that with
survivin-2B80-88 alone, treatment with survivin-2B80-88
plus IFA and IFN-a resulted in clinical improvement
and enhanced immunological responses from patients,
and survivin-2B80-88 peptide-specific CTLs increased at
least twofold in four of eight patients [159]. Subsequent
studies of single-cell clone separation by cell sorting of
peptide-specific CTLs showed that each CTL clone was
not only peptide-specific but also cytotoxic against
human cancer cells in the context of the expression of
both HLA-A24 and survivin molecules [159]. Based on
these observations, this group then performed another
Phase I clinical trial of survivin-2B80-88 plus IFA and
IFN-a in patients with advanced pancreatic cancer. The
studies indicated that more than 50% of the patients had
positive clinical and immunological responses, while no
obvious increase of the frequency of survivin-2B80-88-
specific CTLs were observed in patients administrated
only IFN-« [160].

Based on these promising results, a multicenter
randomized phase II study in patients with advanced pan-
creatic adenocarcinoma was conducted [161]. Specifically,
patients after gemcitabine and/or tegafur-gimeracil-otera-
cil (TS-1) were randomly assigned into 3 groups and
treated with (i) survivin-2B80-88 plus IFNP (n=30), (ii)
survivin-2B80-88 only (n=34), or (iii) placebo (#=19) until
the patients showed disease progression. The studies



Li et al. Journal of Experimental & Clinical Cancer Research

revealed that no significant improvement in PFS was ob-
served for the patients who were vaccinated with survivin-
2B80-88 plus IFN-B. However, survivin-2B80-88-specific
CTLs were significantly increased in the survivin-2B80-88
plus IEN-B group. Additionally, some patients participated
in a subsequent round of 4 treatments with survivin-
2B80-88 plus IFN-B (Step 2). Those patients who had re-
ceived survivin-2B80-88 plus IFN-P in Step 1 and Step 2
showed better overall survival (OS) compared with those
who had received placebo in Step 1 [161]. Based on this
result, a longer survivin-2B80-88 plus IFN-f vaccination
protocol might confer survival benefit.

In summary, in comparison with the promising Phase I
studies with survivin-2B80-88 plus IFN-a vaccination
reviewed above, the Phase II outcomes somewhat indi-
cated that additional Phase II studies would be needed for
a clear conclusion. However, it is unclear why in the Phase
IT clinical trial, survivin-2B80-88 plus IFN-P replaced sur-
vivin-2B80-88 plus IFN-a used in Phase I clinical trials.
Whether this may play a role for outcomes is unclear.

SurVaxM

SVN53-67 contains multiple HLA-A*02 epitopes and
antigen-binding motifs for various HLA-A or HLA-B
[162]. Preclinical studies identified a KLH-conjugated
survivin peptide mimic SVN53-67/M57-KLH (SurVaxM)
that stimulates immune response against murine glioma
in vivo and human glioma cells in vitro was used to test
safety, immunogenicity and clinical effects in glioma pa-
tients in a clinical study [162]. Recurrent malignant gli-
oma patients with survivin-positive tumors and having
either HLA-A*02 or HLA-A*03 MHC class I allele-posi-
tivity were given subcutaneous injections of SurVaxM
(500 pg) in Montanide ISA 51 with sargramostim (100
pg) at 2-week intervals [162]. The trial indicated that
SurVaxM is well tolerated with mostly grade 1 AEs and
no SAEs attributable to the study drug. Six patients ex-
perienced local injection site reactions; three patients re-
ported fatigue (grades 1 and 2), and two patients
experienced myalgia (grade 1). Six of eight immuno-
logically evaluable patients developed both cellular and
humoral immune responses to vaccine. The vaccine also
stimulated HLA-A*02, HLA-A*03 and HLA-A*24-re-
stricted T cell responses. Three patients maintained a
PR or stable disease (SD) for more than 6 months. Me-
dian PFS was 17.6 weeks, and median OS was 86.6
weeks from study entry with seven of nine patients sur-
viving more than 12 months [162].

In the American Society of Clinical Oncology (ASCO)
Annual Meeting (June 2019), results were presented from
a five center single-arm Phase II clinical trial of the im-
munotherapy vaccine SurVaxM in combination with
standard therapy (craniotomy, radiation, and treatment
with temozolomide both before and after surgery) that
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was conducted in patients with newly diagnosed glioblast-
oma (nGBM) [163]. Specifically, 63 nGBM patients (ages
20-82, median 60) underwent craniotomies with near-total
resection (<lcm?® residual contrast enhancement), temozo-
lomide chemoradiation, adjuvant temozolomide and Sur-
VaxM. Patients received 4 doses of SurVaxM (500 pg) in
Montanide with sargramostim (100 pg) biweekly, followed
by maintenance SurVaxM with adjuvants every 12 weeks
until tumor progression. The median time to first
immunization was 3.0 months (range 1.9-4.0) from diag-
nosis. Survivin expression in nGBM tumor ranged from 1-
40% (median 12%) by immunohistochemistry. The studies
revealed that there is no regimen limiting toxicity or grade
> 3 SAE attributable to SurVaxM. The most common AE
was grade 1-2 injection site reactions. 12-month OS
(OS12) was 86% from first immunization and 93.4% from
diagnosis. OS12 for methylated O (6)-methylguanine-
DNA-methyltransferase (MGMT, associated with temozo-
lomide sensitivity) was 93.1% and un-methylated MGMT
(associated with temozolomide resistance) was 78% from
first immunization. The median time to tumor progres-
sion (i.e. mPFS) was 13.9 months from diagnosis. The me-
dian OS remains to be reached. SurVaxM produced an
increase in survivin-specific IgG titer from pre-vaccine
baseline to > 1:10,000 in 67% of patients and > 1:100,000
in 27%. CD8+ T cell responses were observed. Anti-survi-
vin IgG and OS were correlated [163]. Based on the results,
these authors concluded that SurVaxM immunotherapy
generated encouraging efficacy and immunogenicity in
nGBM and has minimal toxicity [163].

Here, we should mention that survivin peptide immu-
nogen-reactive antibodies should be considered as an
additional advantage for survivin immunotherapy. The
potential of this concept has been recently demonstrated
in a couple of studies explored from different angles
[164, 165].

Other survivin peptides in cocktail

Based on the findings from the initial studies [151, 152],
vaccination of 3 modified cocktail peptides [FTELTLGEF
(HLA-A1), LMLGEFLKL (HLA-A2) and EPDLAQCEY
(HLA-B35) using 3 vaccination regimens against survivin
in 61 HLA-A1/-A2/-B35-positive patients with treat-
ment-refractory stage-IV metastatic melanoma were
conducted in a Phase II trial; 55 patients were evaluable
for response and survival, and 41/55 for survivin-specific
T-cell reactivity (SSTR). Patients achieving progression
arrest [complete response (CR) + PR + SD] more often
showed SSTRs than patients with disease progression (p
= 0.0008). Patients presenting SSTRs revealed a pro-
longed OS (median 19.6 vs. 8.6 months; p = 0.0077);
multivariate analysis demonstrated SSTR as an inde-
pendent predictor of survival (p = 0.013). The induction
of SSTRs was associated with gender (female vs. male; p
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= 0.014) and disease stage (Mla/b vs. Mlc; p = 0.010),
but not with patient age, HLA type, performance status,
or vaccination regimen [166]. These authors concluded
that survivin-specific T-cell reactivity strongly correlates
with tumor response and patient survival [166], indicat-
ing that vaccination with survivin-derived peptides is a
promising treatment strategy.

EMD640744 is a 5-peptide cocktail of equal weight
from different regions of the survivin protein polypep-
tide, which bind HLA-A1, A2, A3, A24, or B7. This sur-
vivin peptide cocktail in Montanide ISA 51 VG
promotes anti-survivin T-cell responses in patients with
solid cancers [167]. Among the 49 patients who received
>2 EMD640744 injections with available baseline and >1
post vaccination samples, 31 patients (63%) obtained
vaccine-activated peptide-specific T-cell responses. No
dose-dependent effects were observed. In the majority of
patients (61%), anti-survivin responses were detected
only after vaccination, providing evidence for de novo
induction. The best overall tumor response was SD
(28%). EMD640744 was well tolerated; local injection-
site reactions constituted the most frequent AE [167].
The authors concluded that vaccination with EMD640744
elicited T-cell responses against survivin peptides in the
majority of patients [167], demonstrating the immuno-
logic efficacy of EMD640744.

Using the previously reported survivin peptide cocktail
[166, 167], the authors formulated the survivin peptide
cocktail in a novel and strongly immunogenic vaccine
platform called DepoVax™ to form DPX-Survivac [168].
A Phase I clinical trial to test the safety and immune po-
tency of DPX-Survivac in combination with immune-
modulator metronomic cyclophosphamide in ovarian
cancer patients was conducted [168]. All of the patients
receiving the therapy produced antigen-specific immune
responses; higher dose vaccine and cyclophosphamide
treatment generated significantly higher magnitude re-
sponses [168]. Strong T cell responses were associated
with differentiation of naive T cells into central/effector
memory (CM/EM) and late differentiated (LD) polyfunc-
tional antigen-specific CD4+ and CD8+ T cells [168].
Based on the Phase I outcome, the authors indicated that
this approach enabled rapid de novo activation/expansion
of vaccine antigen-specific CD8+ T cells and provided a
strong rationale for further testing to determine clinical
benefits associated with this immune activation, and that
their data represent vaccine-induced T cell activation in a
clinical setting to a self-tumor antigen [168].

Using the previously identified survivin peptide epi-
tope SurlM2 (LMLGEFLKL) [151, 152] and an indolea-
mine 2,3-dioxygenase (IDO) peptide (ALLEIASCL) as
epitopes for vaccination in combination of the chemo-
therapy temozolomide, a Phase II study was conducted
in metastatic melanoma patients [169]. Specifically,
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HLA-A2 positive patients with advanced malignant mel-
anoma were treated biweekly with 150 mg/m? temozolo-
mide daily for 7 days followed by subcutaneous
vaccination with 250ug/250ug of SurlM2/IDO peptides
in 500 uL. Montanide solution at day 8. GM-CSF cyto-
kine was used as an adjuvant, and 5% topical imiquimod
cream was applied prior to vaccination. Treatment was
repeated biweekly for a period of up to 6 months.
Patients still benefiting from treatment would continue
temozolomide biweekly and vaccination injections every
4 weeks until disease progression. The studies indicated
that a total of 17 patients treated resulted in a clinical
benefit rate of 18% including one patient with partial
tumor regression [169]. Immune analyses revealed a vac-
cine specific response in 8 (67%) of 12 patients tested, a
significant decrease in the frequency of CD4+ T-cells
during treatment, a tendency towards decreasing fre-
quencies of naive CD4+ and CD8+ T-cells, and increas-
ing frequencies of memory CD4+ and CD8+ T-cells.
Based on these results, the authors concluded that vac-
cine-induced immunity towards survivin and IDO-de-
rived peptides can be achieved in combination with
temozolomide in patients mainly suffering from grade
M1lc melanoma including patients with brain metastases.
However, at the same time, these authors also indicated
that significant clinical activity could not be proven in
this small cohort study and a larger setup is needed for a
more proper assessment [169].

Additionally, a study of an HLA-DR restricted survivin-
derived CD4+ T cell epitope in a multi-peptide cocktail
immunotherapy trial for prostate carcinoma patients
indicated that the survivin peptides are promiscuously
presented by several human HLA-DRB1 molecules, and
they are naturally processed through dendritic cells. In
vaccinated patients, it was able to induce frequent, robust
and multifunctional CD4+ T cell responses [170]

Finally, based on the previous finding of the survivin
or survivin peptide-derived HLA class I-restricted CD8+
T-cell epitopes [150, 152, 171, 172], 3 long survivin pep-
tides, 17-34 (18aa), 84-110 (27aa) and 122-142 (21las)
that cover all of the previously identified epitopes were
used as a cocktail for vaccination [173]. Studies in
healthy individuals showed that CD4+ and CD8+ T-cell
immunogenicity of the survivin peptide cocktail hap-
pened in humans, irrespective of the individual's HLA
types. High frequencies of spontaneous T-cell precursors
specific to the survivin peptide cocktail were also de-
tected in the blood of various cancer patients [173],
demonstrating the absence of tolerance against these
peptides. These authors further showed that the survivin
peptide cocktail vaccine has high therapeutic efficacy
against four different murine tumor models established,
and is associated with vaccine capacity to generate both
specific cytotoxic CD8+ and multifunctional Thl CD4+
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T-cell responses [173]. When tumors were eradicated,
generated memory T-cell responses protected against re-
challenge, allowing long-term protection against relapses
[173]. Treatment with the survivin peptide cocktail vac-
cine was also found to reshape the tumor microenviron-
ment by increasing the tumor infiltration of both CD4+
and CD8+ T cells but not Treg cells, therefore tipping
the balance toward a highly efficient immune response
[173]. These authors highlighted that this survivin long
peptide cocktail-based survivin vaccine appears to be a
promising cancer vaccine strategy and warrants further
clinical development [173].

Is there a strategy that leads to a breakthrough in
survivin therapeutics?

The expression pattern and the multiple important func-
tions of survivin through diverse mechanisms of action
[1] (Tables 1 and 2) supports the targeting of survivin
for cancer therapy. As reviewed above, we may find that
each of the five survivin-therapeutic strategies has its
advantages and disadvantages. We would like to discuss
the 5 strategies below. Our ideas and/or opinions on
these topics may contain bias and may be incorrect, but
we hope that this would encourage a broad discussion of
relevant topics in the field to form a revised mindset for
the benefit of future translational research that is aimed
at finding superior survivin-relevant antitumor agents
for cancer therapeutics.

In order to discover survivin-partner protein interaction-
disruptive inhibitors and survivin homodimerization-dis-
ruptive inhibitors, we have many modern technologies to
create computational docking models for in silico selection
of such inhibitors. This would allow us to find good drugs
economically. The inhibitors discovered in this way could
be highly specific with few off-target effects. Such inhibitors
have a better possibility of becoming useful research tools
that can be used to enrich our knowledge of survivin biol-
ogy, even if we eventually discover that the inhibitors do
not possess sufficient antitumor efficacy for cancer mono-
therapy. Nevertheless, the potential low toxicity features of
such survivin inhibitors have a great potential for combin-
ation treatment with other therapeutic drugs that have dis-
tinct or overlapped mechanisms of action. An important
question that we asked ourselves is whether we would be
able to find small molecules that have both high antitumor
efficacy and high specificity to disrupt survivin homodimer-
ization or interactions with other partner proteins. It re-
mains to be seen whether this can be achieved. We
acknowledge that some degree of luck always plays a role
in achieving such success. However, the success of past ef-
forts on Bcl-2 inhibitors encourages further studies. This
includes the discovery of Bcl-2 inhibitors ABT-737 in 2005,
Obatoclax in 2007, Navitoclax in 2008 and Venetoclax
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(ABT-199/GDC-0199) in 2013. Importantly, such drugs
can be moved relatively quickly into the clinic, once discov-
ered. For example, Venetoclax was approved by the FDA
for treatment of chronic lymphocytic leukemia (CLL) in
2016 [174].

When it comes to the task of finding survivin gene
transcription inhibitors, it is our view that it would be
nearly impossible to find a small molecule that exclu-
sively inhibits survivin transcription, although we do
know now that selectively inhibiting survivin is possible.
As reviewed earlier, by the use of survivin promoter/
regulatory sequence-driven reporter system for HTS of
compound libraries, it is highly possible to find small
molecules that selectively inhibit not only survivin
transcription, but also additional important cancer-asso-
ciated proteins that share similar transcription control
mechanisms. In this regard, YM155 and FL118 are the
typical examples; both of them inhibit survivin as well as
other oncogenic proteins. Of course, whether a promis-
ing candidate can successfully become a drug for cancer
treatment would depend on many factors. This includes,
but is not limited to, drug stability, PK profiles, in vivo
availability, toxicity profiles and so on. It is our view that
two important factors would affect the success of finding
high efficacy inhibitors through this approach. One fac-
tor would be the use of the right survivin promoter/
regulatory sequence to generate the reporter system to
be transfected into multiple cancer cell types for com-
pound selections. The other factor would be the use of
the right compound libraries, which have the right struc-
tural diversity and a sufficient number of compounds for
HTS. If these factors are present, then the chance of
finding good hits will significantly increase. Of course,
the type of reporter used would be another factor; both
luciferase reporter and EGFP reporters were used. While
EGFP could provide a convenient method for detection,
luciferase could provide much more sensitivity and a
wider dynamic range for compound identification. For
these reasons, we prefer to use a luciferase reporter in-
stead of EGFP for the HTS processes. Finally, another
advantage of using the survivin promoter/regulatory se-
quence-driven reporter system to discover anticancer
agents is that this strategy provides the possibility of
finding unique and versatile small molecule inhibitors.
These small molecule inhibitors may not only inhibit
survivin transcription but also interact and inhibit pro-
tein regulators that control survivin mRNA stability and
even translation processes, given that appropriate
survivin promoter/regulatory sequence-driven reporter
systems are used. Again, luck always plays some role in
drug discovery and development.

When it comes to finding survivin mRNA inhibitors,
the use of survivin DNA oligonucleotide to specifically
degrade survivin mRNA has not led to good outcomes
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in clinic trials, primarily due to low efficacy and/or high
toxicity. These disappointing results may be due to many
different factors. As discussed earlier, one possibility
may arise from the special modification of the oligonu-
cleotides, which causes a decrease in efficacy and in-
crease in toxicity in clinical trials (due to its difficulty to
be cleared from the body, for example). The failure may
also be resulted in part from the only partial inhibition
of survivin mRNA by survivin antisense oligonucleotide,
which may exhibit insufficient efficacy. Nevertheless,
based on the siRNA reviewed earlier and the study
status of miRNA presented in Table 1, we believe that
nanotechnology delivery-mediated siRNA therapeutics
may give us hope for this type of survivin inhibitory
drugs to be developed in the coming decade. As an en-
couraging example, the US FDA and European Commis-
sion (EC) recently approved a siRNA drug, ONPATTRO
(Patisiran) developed in Alnylam Pharmaceuticals for
the treatment of patients with the polyneuropathy of
hereditary amyloid transthyretin (hATTR)-mediated
amyloidosis [175]. It is likely that the survivin siRNA
and miRNA studies will have further developments in
the coming years. It is possible that we could obtain in-
spiration from the miRNA regulation of survivin
mRNA studies. Thus, we can design versatile siRNA
that could selectively degrade not only survivin mRNA,
but also degrade other oncogenic protein mRNA. This
is likely the case for most (if not all) miRNAs that were
found to inhibit survivin mRNAs/transcripts (Table 1),
as reviewed earlier.

We reviewed the major findings of survivin immuno-
therapy in detail by focusing on those that have been
moved into clinical trials. Survivin immunotherapy will
continue to be a busy area of research in the coming
years. This is mainly due to its potential nontoxic nature,
as well as its unique cancer treatment approach of
stimulating the immune system and inducing CTL pro-
duction to kill cancer cells. Based on the current out-
come, while survivin immunotherapy alone may not be
sufficient to effectively manage cancer, this approach
provides a great opportunity for combination treatment
not only with standard therapies, but also potentially
with targeted precision medicine as well.

Conclusions

Survivin remains a promising target and biomarker for
drug discovery and cancer therapeutics. The approach to
discovering inhibitors that disrupt survivin-partner pro-
tein interactions or disrupt survivin homodimerization
would derive small molecules that specifically disrupt
survivin protein-protein interactions and thus, inhibiting
survivin function and/or inducing survivin protein
degradation. Similarly, survivin mRNA inhibitors, such
as survivin antisense oligonucleotide or siRNA could
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specifically degrade survivin mRNA. Such survivin-spe-
cific inhibitors are expected to have low toxicity in vivo
models and in human. Nevertheless, while it remains to
be seen whether the inhibitors that specifically disrupt
survivin protein-protein interactions could exhibit suffi-
cient antitumor efficacy when used alone, the success of
the Bcl-2 inhibitor [174] and siRNA [175] drugs for hu-
man disease treatment gives us encouragement, despite
the fact that clinical trials of survivin antisense oligonu-
cleotides obtained disappointing results, which may stem
from irrelevant reason(s) as discussed early. In the case
of survivin immunotherapy, it has been demonstrated
that survivin peptide-mediated immunotherapy exhib-
ited low toxicity in clinical trials and can increase survi-
vin peptide-specific CTLs for patients to kill cancer cells.
Based on the outcomes from the updated studies, it ap-
pears that survivin immunotherapy alone might be in-
sufficient for effective cancer management. However,
there is a great potential for survivin immunotherapy in
combination either with standard therapy or possibly
with targeted precision medicine. In contrast, since sur-
vivin is a great target and biomarker, the use of cancer
cell-based survivin promoter/regulatory sequence-driven
reporter system has the potential to provide a better
possibility to find unique and versatile small molecules
beyond only inhibition of survivin and thus, such small
molecules may exhibit high anticancer efficacy with low
toxicity to normal tissue due to cancer-associated or fo-
cused inhibition. Additionally, if the right reporter sys-
tem and right compound libraries are used in the initial
HTS step, this approach has the potential to find small
molecule inhibitors that not only downregulate survivin
transcription but also affect survivin mRNA stability and
translation process through inhibiting the protein regu-
lators that control survivin mRNA stability and/or trans-
lation processes.

Abbreviations

AE: Adverse event; BIRCS: Baculoviral IAP repeat-containing protein 5;
CPT: Camptothecin; CR: Complete response; CRPC: Castration-resistant
prostate cancer; CTL: Cytotoxic T lymphocyte; FDA: Food and Drug
Administration; Hsp: Heat shock protein; HTS: High throughput screening;
IAP: Inhibitor of apoptosis protein; IFA: Incomplete Freund's adjuvant;
IFN: Interferon; miRNA: micro-RNA; MUC: Metastatic urothelial cancer;
NSCLC: Non-small cell lung cancer; OS: Overall survival; PFS: Progression-free
survival; PK: Pharmacokinetics; PR: Partial response; SAE: Severe adverse
event; SCC: Squamous cell carcinoma; SD: Stable disease; siRNA: Small
interfering RNA; SVN: Survivin

Acknowledgements

We sincerely express our apology to those colleagues whose cancer
therapeutics-relevant work was not cited due to space limitation. The authors
thank our research team members for their cooperation during preparation
of this work. The authors also thank Ms. Amanda Hess for editorial check of
the manuscript before submission and publication.

Authors’ contributions
The review scope, content and structure were discussed among FL, IA and
XL before writing. FL wrote the review. IA and XL read, commented on and



Li et al. Journal of Experimental & Clinical Cancer Research

revised the review. FL finalized the review for submission and publication. All
authors read and approved the final manuscript.

Funding

This work is supported in part by the National Cancer Institute (NCI) grants
(R44CA176937, R43CA221389, P30CA016056) and a grant from Roswell Park
Alliance Foundation.

Availability of data and materials

The summarized information presented in Tables 1 and 2 was retrieved from
the GeneGo database at https://portal.genego.com/ (This is not a free
website, access need to make a payment or institutional licensing) and
organized by the authors. Relevant references related to the summarized
information can be found in the database from the corresponding
molecules under the “link info".

Ethics approval and consent to participate

This review article contains both animal model data and human clinical data.
However, these data were performed in published papers with appropriate
ethics approval. For the ethics approval is not applicable.

Consent for publication
The unpublished observations or data mentioned in this review article are
from the Authors’ research team. Consent form is available upon request.

Competing interests

FL118 and FL118 core structure-based analogs will be further developed in
Canget BioTekpharma LLC (www.canget-biotek.com), a Roswell Park Compre-
hensive Cancer Center-spinoff company. FL and XL are two of the eighteen
initial investors of Canget for development of FL118 and FL118 core
structure-relevant anticancer agents.

Author details

'Department of Pharmacology & Therapeutics, Roswell Park Comprehensive
Cancer Center, Elm and Carlton Streets, Buffalo, New York 14263, USA.
’Department of Cellular & Molecular Biology, Roswell Park Comprehensive
Cancer Center, Elm and Carlton Streets, Buffalo, New York 14263, USA.
*Developmental Therapeutics Program, Roswell Park Comprehensive Cancer
Center, Elm and Carlton Streets, Buffalo, New York 14263, USA. *Canget
BioTekpharma LLC, Buffalo, New York, USA.

Received: 18 July 2019 Accepted: 6 August 2019
Published online: 22 August 2019

References

1. Wheatley SP, Altieri DC. Survivin at a glance. J Cell Sci. 2019;132(7).

2. LiF. Discovery of Survivin Inhibitors and Beyond: FL118 as a Proof of
Concept. Int Rev Cell Mol Biol. 2013;305:217-52.

3. Suzuki S, Yamamoto M, Sanomachi T, Togashi K, Sugai A, Seino S, et al.
Brexpiprazole, a Serotonin-Dopamine Activity Modulator, Can Sensitize
Glioma Stem Cells to Osimertinib, a Third-Generation EGFR-TKI, via Survivin
Reduction. Cancers (Basel). 2019;11(7).

4. Plescia J, Salz W, Xia F, Pennati M, Zaffaroni N, Daidone MG, et al.
Rational design of shepherdin, a novel anticancer agent. Cancer Cell.
2005;7(5):457-68.

5. Gyurkocza B, Plescia J, Raskett CM, Garlick DS, Lowry PA, Carter BZ, et al.
Antileukemic activity of shepherdin and molecular diversity of hsp90
inhibitors. J Natl Cancer Inst. 2006;98(15):1068-77.

6.  Xiaojiang T, Jinsong Z, Jiansheng W, Chengen P, Guangxiao Y, Quanying W.
Adeno-Associated Virus Harboring Fusion Gene NT4-Ant-Shepherdin Induce
Cell Death in Human Lung Cancer Cells. Cancer Invest. 2010;28(5):465-71.

7. Zhu A Ren Y, Wang N, Jin Q, Zhang D, Yang G, et al. Adeno-associated
virus mediated gene transfer of Shepherdin inhibits gallbladder carcinoma
growth in vitro and in vivo. Gene. 2015;572(1):87-94.

8. Meli M, Pennati M, Curto M, Daidone MG, Plescia J, Toba S, et al. Small-
molecule targeting of heat shock protein 90 chaperone function: rational
identification of a new anticancer lead. J Med Chem. 2006:49(26):7721-30.

9. LiuC Liang B, Wang Q, Wu J, Zou MH. Activation of the AMP-activated
protein kinase alpha 1 alleviates endothelial cell apoptosis by increasing the
expression of anti-apoptotic proteins BCL-2 and survivin. J Biol Chem. 2010.

(2019) 38:368

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Page 18 of 22

Krzesniak M, Zajkowicz A, Matuszczyk I, Rusin M. Rapamycin prevents strong
phosphorylation of p53 on serine 46 and attenuates activation of the p53
pathway in A549 lung cancer cells exposed to actinomycin D. Mech Ageing
Dev. 2014;139C:11-21.

Mbofung RM, McKenzie JA, Malu S, Zhang M, Peng W, Liu C, et al. HSP90
inhibition enhances cancer immunotherapy by upregulating interferon
response genes. Nat Commun. 2017;8(1):451.

Song Z, Yao X, Wu M. Direct interaction between survivin and Smac is
essential for the anti-apoptotic activity of survivin during Taxol-induced
apoptosis. J Biol Chem. 2003;278(25):23130-40.

McNeish IA, Lopes R, Bell SJ, McKay TR, Fernandez M, Lockley M, et al.
Survivin interacts with Smac/DIABLO in ovarian carcinoma cells but is
redundant in Smac-mediated apoptosis. Exp Cell Res. 2005;302(1):69-82.
Sun C, Nettesheim D, Liu Z, Olejniczak ET. Solution structure of human survivin
and its binding interface with Smac/Diablo. Biochemistry. 2005:44(1):11-7.
Kim JY, Chung JY, Lee SG, Kim YJ, Park JE, Yoo KS, et al. Nuclear interaction
of Smac/DIABLO with Survivin at G2/M arrest prompts docetaxel-induced
apoptosis in DU145 prostate cancer cells. Biochem Biophys Res Commun.
2006;350(4):949-54.

Ceballos-Cancino G, Espinosa M, Maldonado V, Melendez-Zajgla J.
Regulation of mitochondrial Smac/DIABLO-selective release by survivin.
Oncogene. 2007,26(54):7569-75.

Oikawa T, Unno Y, Matsuno K, Sawada JI, Ogo N, Tanaka K; et al. Identification
of a small-molecule inhibitor of the interaction between Survivin and Smac/
DIABLO. Biochem Biophys Res Commun. 2010;393(2):253-8.

Wang J, Li W. Discovery of novel second mitochondria-derived activator of
caspase mimetics as selective inhibitor of apoptosis protein inhibitors. J
Pharmacol Exp Ther. 2014;349(2):319-29.

Xiao M, Wang J, Lin Z Lu Y, Li Z, White SW, et al. Design, Synthesis and
Structure-Activity Relationship Studies of Novel Survivin Inhibitors with
Potent Anti-Proliferative Properties. PLoS ONE. 2015;10(6):¢0129807.

Wang Q, Arnst KE, Xue Y, Lei ZN, Ma D, Chen ZS, et al. Synthesis and
biological evaluation of indole-based UC-112 analogs as potent and
selective survivin inhibitors. Eur J Med Chem. 2018;149:211-24.
Wadegaonkar VP, Wadegaonkar PA. Withanone as an inhibitor of survivin: A
potential drug candidate for cancer therapy. J Biotechnol. 2013;168(2):229-33.
Sattarinezhad E, Bordbar AK, Fani N. Piperine derivatives as potential
inhibitors of Survivin: An in silico molecular docking. Comput Biol Med.
2015,63:219-27.

Shin I, Park SH, Shin I, Park SH, Kim ND. An inhibitor of the interaction of
survivin with Smac in mitochondria promote apoptosis. Chem Asian J. 2019.
Chantalat L, Skoufias DA, Kleman JP, Jung B, Dideberg O, Margolis RL.
Crystal structure of human survivin reveals a bow tie-shaped dimer with
two unusual alpha-helical extensions. Mol Cell. 2000;6(1):183-9.

Muchmore SW, Chen J, Jakob C, Zakula D, Matayoshi ED, Wu W, et al.
Crystal structure and mutagenic analysis of the inhibitor-of-apoptosis
protein survivin. Mol Cell. 2000;6(1):173-82.

Verdecia MA, Huang H, Dutil E, Kaiser DA, Hunter T, Noel JP. Structure of the
human anti-apoptotic protein survivin reveals a dimeric arrangement. Nat
Struct Biol. 2000;7(7):602-8.

Wendt MD, Sun C, Kunzer A, Sauer D, Sarris K, Hoff E, et al. Discovery of a
novel small molecule binding site of human survivin. Bioorg Med Chem
Lett. 2007;17(11):3122-9.

Chettiar SN, Cooley JV, Park IH, Bhasin D, Chakravarti A, Li PK; et al. Design,
synthesis and biological studies of survivin dimerization modulators that
prolong mitotic cycle. Bioorg Med Chem Lett. 2013,;23(19):5429-33.
Guvenc H, Pavlyukov MS, Joshi K, Kurt H, Banasavadi-Siddegowda YK,
Mao P, et al. Impairment of glioma stem cell survival and growth by a
novel inhibitor for Survivin-Ran protein complex. Clin Cancer Res. 2013;
19(3):631-42.

Steigerwald C, Rasenberger B, Christmann M, Tomicic MT. Sensitization of
colorectal cancer cells to irinotecan by the Survivin inhibitor LLP3 depends
on XAF1 proficiency in the context of mutated p53. Arch Toxicol. 2018;
92(8):2645-8.

Berezov A, Cai Z, Freudenberg JA, Zhang H, Cheng X, Thompson T, et al.
Disabling the mitotic spindle and tumor growth by targeting a cavity-
induced allosteric site of survivin. Oncogene. 2012;31(15):1938-48.
Sarvagalla S, Cheung CHA, Tsai J-Y, Hsiehd HP, Coumar MS. Disruption of
protein—protein interactions: hot spot detection, structure-based virtual
screening and in vitro testing for the anti-cancer drug target — survivin. RSC
Advances. 2016;6(38):31947-59.


https://portal.genego.com/
http://www.canget-biotek.com

Li et al. Journal of Experimental & Clinical Cancer Research

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

Qi J, Dong Z, Liu J, Peery RC, Zhang S, Liu JY, et al. Effective Targeting of
the Survivin Dimerization Interface with Small-Molecule Inhibitors. Cancer
Research. 2016;76(2):453-62.

Lang PT, Brozell SR, Mukherjee S, Pettersen EF, Meng EC, Thomas V, et al.
DOCK 6: combining techniques to model RNA-small molecule complexes.
RNA. 2009;15(6):1219-30.

Bourhis E, Hymowitz SG, Cochran AG. The mitotic regulator Survivin binds
as a monomer to its functional interactor Borealin. J Biol Chem. 2007;
282(48):35018-23.

Jeyaprakash AA, Klein UR, Lindner D, Ebert J, Nigg EA, Conti E. Structure of a
Survivin-Borealin-INCENP core complex reveals how chromosomal
passengers travel together. Cell. 2007;131(2):271-85.

Xia F, Canovas PM, Guadagno TM, Altieri DC. A survivin-Ran complex regulates
spindle formation in tumor cells. Mol Cell Biol. 2008;28(17):5299-311.

Babkoff A, Cohen-Kfir E, Aharon H, Ronen D, Rosenberg M, Wiener R, et al. A
direct interaction between survivin and myosin Il is required for cytokinesis.
J Cell Sci. 2019;132(14).

Nakahara T, Takeuchi M, Kinoyama I, Minematsu T, Shirasuna K, Matsuhisa A,
et al. YM155, a novel small-molecule survivin suppressant, induces
regression of established human hormone-refractory prostate tumor
xenografts. Cancer Res. 2007,67(17):8014-21.

Iwasa T, Okamoto |, Suzuki M, Nakahara T, Yamanaka K, Hatashita E, et al.
Radiosensitizing effect of YM155, a novel small-molecule survivin
suppressant, in non-small cell lung cancer cell lines. Clin Cancer Res. 2008;
14(20):6496-504.

Cheng Q, Ling X, Haller A, Nakahara T, Yamanaka K, Kita A, et al.
Suppression of survivin promoter activity by YM155 involves disruption of
Sp1-DNA interaction in the survivin core promoter. Int J Biochem Mol Biol.
2012;3(2):179-97.

Nakamura N, Yamauchi T, Hiramoto M, Yuri M, Naito M, Takeuchi M, et al.
ILF3/NF110 is a target of YM155, a suppressant of survivin. Mol Cell
Proteomics. 2012;11(7):M111.013243.

Yamauchi T, Nakamura N, Hiramoto M, Yuri M, Yokota H, Naitou M, et al.
Sepantronium Bromide (YM155) induces disruption of the ILF3/p54(nrb)
complex, which is required for survivin expression. Biochem Biophys Res
Commun. 2012;425(4):711-6.

Tang H, Shao H, Yu C, Hou J. Mcl-1 downregulation by YM155 contributes
to its synergistic anti-tumor activities with ABT-263. Biochem Pharmacol.
2011;82(9):1066-72.

Na YS, Yang SJ, Kim SM, Jung KA, Moon JH, Shin JS, et al. YM155 Induces
EGFR Suppression in Pancreatic Cancer Cells. PLoS ONE. 2012,7(6):e38625.
Glaros TG, Stockwin LH, Mullendore ME, Smith B, Morrison BL, Newton DL.
The "survivin suppressants" NSC 80467 and YM155 induce a DNA damage
response. Cancer Chemother Pharmacol. 2012;70(1):207-12.

Hong M, Ren MQ, Silva J, Paul A, Wilson WD, Schroeder C, et al. YM155
inhibits topoisomerase function. Anticancer Drugs. 2017;28(2):142-52.

Iwasa T, Okamoto |, Takezawa K, Yamanaka K, Nakahara T, Kita A, et al.
Marked anti-tumour activity of the combination of YM155, a novel survivin
suppressant, and platinum-based drugs. Br J Cancer. 2010;103(1):36-42.
Yamanaka K, Nakahara T, Yamauchi T, Kita A, Takeuchi M, Kiyonaga F, et al.
Antitumor activity of YM155, a selective small-molecule survivin
suppressant, alone and in combination with docetaxel in human malignant
melanoma models. Clin Cancer Res. 2011;17(16):5423-31.

Yamanaka K, Nakata M, Kaneko N, Fushiki H, Kita A, Nakahara T, et al. YM155,
a selective survivin suppressant, inhibits tumor spread and prolongs survival
in a spontaneous metastatic model of human triple negative breast cancer.
Int J Oncol. 2011;39(3):569-75.

Kita A, Mitsuoka K, Kaneko N, Nakata M, Miyoshi S, Jitsuoka M, et al.
Sepantronium Bromide (YM155) Enhances Response of Human B-cell non-
Hodgkin Lymphoma to Rituximab. J Pharmacol Exp Ther. 2012,343(1):178-83.
Yoon DH, Shin JS, Jin DH, Hong SW, Jung KA, Kim SM, et al. The survivin
suppressant YM155 potentiates chemosensitivity to gemcitabine in the human
pancreatic cancer cell line MiaPaCa-2. Anticancer Res. 2012,32(5):1681-8.
Tolcher AW, Mita A, Lewis LD, Garrett CR, Till E, Daud Al, et al. Phase | and
Pharmacokinetic Study of YM155, a Small-Molecule Inhibitor of Survivin. J
Clin Oncol. 2008;26(32):5198-203.

Satoh T, Okamoto |, Miyazaki M, Morinaga R, Tsuya A, Hasegawa Y, et al.
Phase | study of YM155, a novel survivin suppressant, in patients with
advanced solid tumors. Clin Cancer Res. 2009;15(11):3872-80.

Giaccone G, Zatloukal P, Roubec J, Floor K, Musil J, Kuta M, et al. Multicenter
phase Il trial of YM155, a small-molecule suppressor of survivin, in patients

(2019) 38:368

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

Page 19 of 22

with advanced, refractory, non-small-cell lung cancer. J Clin Oncol. 2009;
27(27):4481-6.

Lewis KD, Samlowski W, Ward J, Catlett J, Cranmer L, Kirkwood J, et al. A
multi-center phase Il evaluation of the small molecule survivin suppressor
YM155 in patients with unresectable stage Ill or IV melanoma. Invest New
Drugs. 2011;29(1):161-6.

Tolcher AW, Quinn D, Ferrari A, Ahmann F, Giaccone G, Drake T, et al. A phase
II'study of YM155, a novel small-molecule suppressor of survivin, in castration-
resistant taxane-pretreated prostate cancer. Ann Oncol. 2011;23(4):968-73.
Cheson BD, Bartlett NL, Vose JM, Lopez-Hernandez A, Seiz AL, Keating AT, et
al. A phase Il study of the survivin suppressant YM155 in patients with
refractory diffuse large B-cell lymphoma. Cancer. 2012;118(12):3128-34.
Kelly RJ, Thomas A, Rajan A, Chun G, Lopez-Chavez A, Szabo E, et al. A
phase I/1l study of sepantronium bromide (YM155, survivin suppressor) with
paclitaxel and carboplatin in patients with advanced non-small-cell lung
cancer. Ann Oncol. 2013;24(10):2601-6.

Kudchadkar R, Emnst S, Chmielowski B, Redman BG, Steinberg J, Keating A, et
al. A phase 2, multicenter, open-label study of sepantronium bromide
(YM155) plus docetaxel in patients with stage Ill (unresectable) or stage IV
melanoma. Cancer Med. 2015;4(5):643-50.

Clemens MR, Gladkov OA, Gartner E, Vladimirov V, Crown J, Steinberg J, et
al. Phase II, multicenter, open-label, randomized study of YM155 plus
docetaxel as first-line treatment in patients with HER2-negative metastatic
breast cancer. Breast Cancer Res Treat. 2015;149(1):171-9.

Papadopoulos KP, Lopez-Jimenez J, Smith SE, Steinberg J, Keating A, Sasse
C, et al. A multicenter phase Il study of sepantronium bromide (YM155) plus
rituximab in patients with relapsed aggressive B-cell Non-Hodgkin
lymphoma. Leuk Lymphoma. 2016;57(8):1848-55.

Ling X, Cao S, Cheng Q, Keefe JT, Rustum YM, Li F. A Novel Small Molecule FL118
That Selectively Inhibits Survivin, Mcl-1, XIAP and clAP2 in a p53-Independent
Manner. Shows Superior Antitumor Activity. PLOS ONE. 2012,7(9):e45571.

Li F, inventor; Health Research Inc, Roswell Park Cancer Institute, assignee.
Compositions and methods for identifying agents that alter expression of
survivin (Patent US7569221). USA patent US 7,569,221 B2. 2009.

Wu J, Ling X, Pan D, Apontes P, Song L, Liang P, et al. Molecular mechanism of
inhibition of survivin transcription by the GC-rich sequence selective DNA-
binding antitumor agent, hedamycin: evidence of survivin downregulation
associated with drug sensitivity. J Biol Chem. 2005;280(10):9745-51.

Wu J, Apontes P, Song L, Liang P, Yang L, Li F. Molecular mechanism of
upregulation of survivin transcription by the AT-rich DNA-binding ligand,
Hoechst33342: evidence for survivin involvement in drug resistance. Nucleic
Acids Res. 2007;35(7):2390-402.

Li F, Ambrosini G, Chu EY, Plescia J, Tognin S, Marchisio PC, et al. Control of
apoptosis and mitotic spindle checkpoint by survivin. Nature. 1998;
396(6711):580-4.

Zhao J, Ling X, Cao S, Liu X, Wan S, Jiang T, et al. Antitumor activity of FL118, a
survivin, Mcl-1, XIAP, clAP2 selective inhibitor, is highly dependent on its
primary structure and steric configuration. Mol Pharm. 2014;11(2):457-67.
Weng Q, Zhou L, Xia L, Zheng Y, Zhang X, Li F, et al. In vitro evaluation of
FL118 and 9-Q20 cytotoxicity and cellular uptake in 2D and 3D different cell
models. Cancer Chemother Pharmacol. 2019.

Zhou L, Weng Q, Zheng Y, Zhou Y, Li Q, Li F. Uptake and efflux of FL118
and two FL118 derivatives in 3D cell model. Cytotechnology. 2019.

Kapoor R, Slade DL, Fujimori A, Pommier Y, Harker WG. Altered
topoisomerase | expression in two subclones of human CEM leukemia
selected for resistance to camptothecin. Oncol Res. 1995;7(2):83-95.

Liao Z, Robey RW, Guirouilh-Barbat J, To KK, Polgar O, Bates SE, et al.
Reduced expression of DNA topoisomerase | in SF295 human glioblastoma
cells selected for resistance to homocamptothecin and diflomotecan. Mol
Pharmacol. 2008;73(2):490~7.

Kotoh S, Naito S, Yokomizo A, Kumazawa J, Asakuno K, Kohno K, et al.
Increased expression of DNA topoisomerase | gene and collateral sensitivity
to camptothecin in human cisplatin-resistant bladder cancer cells. Cancer
Res. 1994,54(12):3248-52.

Sakai A, Kasahara K, Ohmori T, Kimura H, Sone T, Fujimura M, et al. MET
increases the sensitivity of gefitinib-resistant cells to SN-38, an active
metabolite of irinotecan, by up-regulating the topoisomerase | activity. J
Thorac Oncol. 2012;7(9):1337-44.

Smith PJ, Makinson TA, Watson JV. Enhanced sensitivity to camptothecin in
ataxia-telangiectasia cells and its relationship with the expression of DNA
topoisomerase I. Int J Radiat Biol. 1989;55(2):217-31.



Li et al. Journal of Experimental & Clinical Cancer Research

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Sugimoto Y, Tsukahara S, Oh-hara T, Isoe T, Tsuruo T. Decreased expression
of DNA topoisomerase | in camptothecin-resistant tumor cell lines as
determined by a monoclonal antibody. Cancer Res. 1990;50(21):6925-30.

Li F, Ling X, Harris DL, Liao J, Wang Y, Westover D, et al. Topoisomerase |
(Top1): a major target of FL118 for its antitumor efficacy or mainly involved in
its side effects of hematopoietic toxicity? Am J Cancer Res. 2017,7(2):370-82.
Ling X, Liu XJ, Zhong K, Smith N, Prey J, Li F. FL118, a novel camptothecin
analogue, overcomes irinotecan and topotecan resistance in human tumor
xenograft models. Am J Transl Res. 2015;7(10):1765-81.

Ling X, Xu C, Fan C, Zhong K, Li F, Wang X. FL118 Induces p53-Dependent
Senescence in Colorectal Cancer Cells by Promoting Degradation of MdmX.
Cancer Res. 2014;74(24):7487-97.

Ling X, Wu W, Fan C, Xu C, Liao J, Rich LJ, et al. An ABCG2 non-substrate
anticancer agent FL118 targets drug-resistant cancer stem-like cells and
overcomes treatment resistance of human pancreatic cancer. J Exp Clin
Cancer Res. 2018;37(1):240.

Li F. Anticancer drug FL118 is more than a survivin inhibitor: Where is the
Achilles' heel of cancer? Am J Cancer Res. 2014:4(3):304-11.

Yang Z, Ji L, Jiang G, Liu R, Liu Z, Yang Y, et al. FL118, a novel camptothecin
analogue, suppressed migration and invasion of human breast cancer cells
by inhibiting epithelial-mesenchymal transition via the Wnt/beta-catenin
signaling pathway. Biosci Trends. 2018;12(1):40-6.

Houghton PJ, Germain GS, Harwood FC, Schuetz JD, Stewart CF,
Buchdunger E, et al. Imatinib mesylate is a potent inhibitor of the ABCG2
(BCRP) transporter and reverses resistance to topotecan and SN-38 in vitro.
Cancer Res. 2004,64(7):2333-7.

Su'Y, Hu P, Lee SH, Sinko PJ. Using novobiocin as a specific inhibitor of breast
cancer resistant protein to assess the role of transporter in the absorption and
disposition of topotecan. J Pharm Pharm Sci. 2007;10(4):519-36.

Su Y, Lee SH, Sinko PJ. Inhibition of efflux transporter ABCG2/BCRP does not
restore mitoxantrone sensitivity in irinotecan-selected human leukemia CPT-
K5 cells: evidence for multifactorial multidrug resistance. Eur J Pharm Sci.
2006;29(2):102-10.

Yoshikawa M, lkegami Y, Sano K, Yoshida H, Mitomo H, Sawada S, et al.
Transport of SN-38 by the wild type of human ABC transporter ABCG2 and its
inhibition by quercetin, a natural flavonoid. J Exp Ther Oncol. 2004:4(1):25-35.
Shishido Y, Ueno S, Yamazaki R, Nagaoka M, Matsuzaki T. ABCG2 inhibitor
YHO-13351 sensitizes cancer stem/initiating-like side population cells to
irinotecan. Anticancer Res. 2013:33(4):1379-86.

Kruijtzer CM, Beijnen JH, Rosing H, ten Bokkel Huinink WW, Schot M, Jewell
RC, et al. Increased oral bioavailability of topotecan in combination with the
breast cancer resistance protein and P-glycoprotein inhibitor GF120918. J
Clin Oncol. 2002;20(13):2943-50.

de Vries NA, Zhao J, Kroon E, Buckle T, Beijnen JH, van Tellingen O. P-
glycoprotein and breast cancer resistance protein: two dominant
transporters working together in limiting the brain penetration of
topotecan. Clin Cancer Res. 2007;13(21):6440-9.

Takeba Y, Sekine S, Kumai T, Matsumoto N, Nakaya S, Tsuzuki Y, et al.
Irinotecan-induced apoptosis is inhibited by increased P-glycoprotein
expression and decreased p53 in human hepatocellular carcinoma cells. Biol
Pharm Bull. 2007;30(8):1400-6.

Tagen M, Zhuang Y, Zhang F, Harstead KE, Shen J, Schaiquevich P, et al. P-
glycoprotein, but not multidrug resistance protein 4, plays a role in the
systemic clearance of irinotecan and SN-38 in mice. Drug Metab Lett. 2010;
4(4):195-201.

Filipski E, Berland E, Ozturk N, Guettier C, van der Horst GT, Levi F, et al.
Optimization of irinotecan chronotherapy with P-glycoprotein inhibition.
Toxicol Appl Pharmacol. 2014;274(3):471-9.

Westover D, Ling X, Lam H, Welch J, Jin C, Gongora C, et al. FL118, a novel
camptothecin derivative, is insensitive to ABCG2 expression and shows
improved efficacy in comparison with irinotecan in colon and lung cancer
models with ABCG2-induced resistance. Mol Cancer. 2015;14:92.

Westover D, Li F. New trends for overcoming ABCG2/BCRP-mediated
resistance to cancer therapies. J Exp Clin Cancer Res. 2015;34:159.

Ling X, Li F. An intravenous (i.v.) route-compatible formulation of FL118, a
survivin, Mcl-1, XIAP, and clAP2 selective inhibitor, improves FL118 antitumor
efficacy and therapeutic index (Tl). Am J Trans| Res. 2013;5(2):139-54.

Holthof LC, van der Horst HJ, van Hal-van Veen SE, Ruiter RWJ, Li F, Buijze
M, et al. Preclinical evidence for an effective therapeutic activity of FL118, a
novel survivin inhibitor, in patients with relapsed/refractory multiple
myeloma. Haematologica. 2019.

(2019) 38:368

97.

98.

99.

105.

106.

107.

108.

109.

112.

115.

118.

Page 20 of 22

Wang J, Liu Z, Zhang D, Liu R, Lin Q, Liu J, et al. FL118, a novel survivin
inhibitor, wins the battle against drug-resistant and metastatic lung cancers
through inhibition of cancer stem cell-like properties. Am J Transl Res. 2017;
9(8):3676-86.

Rabi T, Li F. Multiple mechanisms involved in a low concentration of FL118
enhancement of AMR-MeOAc to induce pancreatic cancer cell apoptosis
and growth inhibition. Am J Cancer Res. 2018;8(11):2267-83.

Felix S, Sandjo LP, Opatz T, Erkel G. SF002-96-1, a new drimane
sesquiterpene lactone from an Aspergillus species, inhibits survivin
expression. Beilstein J Org Chem. 2013;9:2866-76.

. Yin H, Que R, Liu C, Ji W, Sun B, Lin X, et al. Survivin-targeted drug

screening platform identifies a matrine derivative WM-127 as a potential
therapeutics against hepatocellular carcinoma. Cancer Lett. 2018;425:54-64.

. Li F, Altieri DC. Transcriptional analysis of human survivin gene expression.

Biochem J. 1999;344(Pt 2):305-11.

. Zang R, Xin X, Zhang F, Li D, Yang ST. An engineered mouse embryonic

stem cell model with survivin as a molecular marker and EGFP as the
reporter for high throughput screening of embryotoxic chemicals in vitro.
Biotechnol Bioeng. 2019;116(7):1656-68.

. Li F, Ackermann EJ, Bennett CF, Rothermel AL, Plescia J, Tognin S, et al.

Pleiotropic cell-division defects and apoptosis induced by interference with
survivin function. Nat Cell Biol. 1999;1(8):461-6.

. Pennati M, Colella G, Folini M, Citti L, Daidone MG, Zaffaroni N. Ribozyme-

mediated attenuation of survivin expression sensitizes human melanoma
cells to cisplatin-induced apoptosis. J Clin Invest. 2002;109(2):285-6.

Choi KS, Lee TH, Jung MH. Ribozyme-mediated cleavage of the human
survivin mRNA and inhibition of antiapoptotic function of survivin in MCF-7
cells. Cancer Gene Ther. 2003;10(2):87-95.

Pennati M, Binda M, Colella G, Zoppe M, Folini M, Vignati S, et al. Ribozyme-
mediated inhibition of survivin expression increases spontaneous and drug-
induced apoptosis and decreases the tumorigenic potential of human
prostate cancer cells. Oncogene. 2004;23(2):386-94.

Kappler M, Bache M, Bartel F, Kotzsch M, Panian M, Wurl P, et al.
Knockdown of survivin expression by small interfering RNA reduces the
clonogenic survival of human sarcoma cell lines independently of p53.
Cancer Gene Ther. 2004;11(3):186-93.

Ning S, Fuessel S, Kotzsch M, Kraemer K, Kappler M, Schmidt U, et al. siRNA-
mediated down-regulation of survivin inhibits bladder cancer cell growth.
Int J Oncol. 2004;25(4):1065-71.

Uchida H, Tanaka T, Sasaki K, Kato K, Dehari H, Ito Y, et al. Adenovirus-mediated
transfer of siRNA against survivin induced apoptosis and attenuated tumor cell
growth in vitro and in vivo. Mol Ther. 2004;10(1):162-71.

. Ling X, Li F. Silencing of antiapoptotic survivin gene by multiple approaches

of RNA interference technology. Biotechniques. 2004;36(3):450-4 6-60.

. Pennati M, Binda M, De Cesare M, Pratesi G, Folini M, Citti L, et al.

Ribozyme-mediated down-regulation of survivin expression sensitizes
human melanoma cells to topotecan in vitro and in vivo. Carcinogenesis.
2004;25(7):1129-36.

Liu H, Guo S, Roll R, Li J, Diao Z, Shao N, et al. Phi29 pRNA Vector for
Efficient Escort of Hammerhead Ribozyme Targeting Survivin in Multiple
Cancer Cells. Cancer Biol Ther. 2007;6(5):697-704.

. Fei Q, Zhang H, Fu L, Dai X, Gao B, Ni M, et al. Experimental cancer gene

therapy by multiple anti-survivin hammerhead ribozymes. Acta Biochim
Biophys Sin (Shanghai). 2008,40(6):466-77.

. Fuessel S, Herrmann J, Ning S, Kotzsch M, Kraemer K, Schmidt U, et al.

Chemosensitization of bladder cancer cells by survivin-directed antisense
oligodeoxynucleotides and siRNA. Cancer Lett. 2006;232(2):243-54.

Paduano F, Villa R, Pennati M, Folini M, Binda M, Daidone MG, et al.
Silencing of survivin gene by small interfering RNAs produces supra-additive
growth suppression in combination with 17-allylamino-17-
demethoxygeldanamycin in human prostate cancer cells. Mol Cancer Ther.
2006;5(1):179-86.

. Yonesaka K, Tamura K, Kurata T, Satoh T, lkeda M, Fukuoka M, et al. Small

interfering RNA targeting survivin sensitizes lung cancer cell with mutant
p53 to adriamycin. Int J Cancer. 2006;118(4):812-20.

. Yang CT, Li JM, Weng HH, Li YC, Chen HC, Chen MF. Adenovirus-mediated

transfer of SiRNA against survivin enhances the radiosensitivity of human
non-small cell lung cancer cells. Cancer Gene Ther. 2010;17(2):120-30.
Shao Y, Liu Y, Shao C, Hu J, Li X, Li F, et al. Enhanced tumor suppression in
vitro and in vivo by co-expression of survivin-specific SiRNA and wild-type
p53 protein. Cancer Gene Ther. 2010;17(12):844-54.



Li et al. Journal of Experimental & Clinical Cancer Research

119.

120.

122.

123.

124.

125.

126.

127.

128.

130.

132.

133.

134.

136.

137.

Becker AL, Orlotti NI, Folini M, Cavalieri F, Zelikin AN, Johnston AP, et al.
Redox-Active Polymer Microcapsules for the Delivery of a Survivin-Specific
SIRNA in Prostate Cancer Cells. ACS Nano. 2011;5(2):1335-44.

Montazeri Aliabadi H, Landry B, Mahdipoor P, Uludag H. Induction of
Apoptosis by Survivin Silencing through siRNA Delivery in a Human Breast
Cancer Cell Line. Mol Pharm. 2011:8(5):1821-30.

. Salzano G, Riehle R, Gemma N, Federico P, De Rosa G, Torchilin VT.

Polymeric micelles containing reversibly phospholipid-modified anti-survivin
SIRNA: A promising strategy to overcome drug resistance in cancer. Cancer
letters. 2014;343(2):224-31.

Wu Z, Xu XL, Zhang JZ, Mao XH, Xie MW, Cheng ZL, et al. Magnetic
Cationic Amylose Nanoparticles Used to Deliver Survivin-Small Interfering
RNA for Gene Therapy of Hepatocellular Carcinoma In Vitro. Nanomaterials.
2017;7(5).

Parmar MB. K CR, Lobenberg R, Uludag H. Additive Polyplexes to Undertake
SIRNA Therapy against CDC20 and Survivin in Breast Cancer Cells.
Biomacromolecules. 2018;19(11):4193-206.

Ghosh SK; Yigit MV, Uchida M, Ross AW, Barteneva N, Moore A, et al.
Sequence-dependent combination therapy with doxorubicin and a survivin-
specific small interfering RNA nanodrug demonstrates efficacy in models of
adenocarcinoma. Int J Cancer J Int Cancer. 2014;134(7):1758-66.

Martin DT, Steinbach JM, Liu J, Shimizu S, Kaimakliotis HZ, Wheeler MA, et
al. Surface modified nanoparticles enhance transurothelial penetration and
delivery of survivin siRNA in treating bladder cancer. Mol Cancer Ther. 2014;
13(1):71-81.

Lee YK Lee TS, Song IH, Jeong HY, Kang SJ, Kim MW, et al. Inhibition of
pulmonary cancer progression by epidermal growth factor receptor-
targeted transfection with Bcl-2 and survivin siRNAs. Cancer Gene Ther.
2015;22(7):335-43.

Salzano G, Navarro G, Trivedi MS, De Rosa G, Torchilin VP. Multifunctional
polymeric micelles co-loaded with anti-survivin siRNA and paclitaxel
overcome drug resistance in an animal model of ovarian cancer. Mol
Cancer Ther. 2015;14(4):1075-84.

Liu HY, Yu X, Liu H, Wu D, She JX. Co-targeting EGFR and survivin with a
bivalent aptamer-dual siRNA chimera effectively suppresses prostate cancer.
Sci Rep. 2016;6:30346.

. Xu C, Tian H, Wang P, Wang Y, Chen X. The suppression of metastatic lung

cancer by pulmonary administration of polymer nanoparticles for co-delivery
of doxorubicin and Survivin SiRNA. Biomater Sci. 2016:4(11):1646-54.

Chen X, Zhang Y, Tang C, Tian C, Sun Q, Su Z, et al. Co-delivery of paclitaxel
and anti-survivin siRNA via redox-sensitive oligopeptide liposomes for the
synergistic treatment of breast cancer and metastasis. Int J Pharm. 2017,
529(1-2):102-15.

. Cao Y, Huang HY, Chen LQ, Du HH, Cui JH, Zhang LW, et al. Enhanced

Lysosomal Escape of pH-Responsive Polyethylenimine-Betaine
Functionalized Carbon Nanotube for the Codelivery of Survivin Small
Interfering RNA and Doxorubicin. ACS Appl Mater Interfaces. 2019;11(10):
9763-76.

Carter BZ, Wang RY, Schober WD, Milella M, Chism D, Andreeff M. Targeting
survivin expression induces cell proliferation defect and subsequent cell
death involving mitochondrial pathway in myeloid leukemic cells. Cell
Cycle. 2003;2(5):488-93.

Carrasco RA, Stamm NB, Marcusson EG, Sandusky GE, Iversen P, Patel BK.
Antisense Inhibition of Survivin Expression as a Cancer Therapeutic. Mol
Cancer Ther. 2011;10(2):221-32.

Talbot DC, Ranson M, Davies J, Lahn M, Callies S, Andre V, et al. Tumor
survivin is downregulated by the antisense oligonucleotide LY2181308: a
proof-of-concept, first-in-human dose study. Clin Cancer Res. 2010;16(24):
6150-8.

. Tanioka M, Nokihara H, Yamamoto N, Yamada Y, Yamada K, Goto VY, et al.

Phase | study of LY2181308, an antisense oligonucleotide against survivin, in
patients with advanced solid tumors. Cancer Chemother Pharmacol. 2011;
68(2):505-11.

Herrington WG, Talbot DC, Lahn MM, Brandt JT, Callies S, Nagle R, et al.
Association of Long-term Administration of the Survivin mRNA-Targeted
Antisense Oligonucleotide LY2181308 With Reversible Kidney Injury in a
Patient With Metastatic Melanoma. Am J Kidney Dis. 2011;57(2):300-3.
Saleem A, Matthews JC, Ranson M, Callies S, Andre V, Lahn M, et al.
Molecular Imaging and Pharmacokinetic Analysis of Carbon-11 Labeled
Antisense Oligonucleotide LY2181308 in Cancer Patients. Theranostics. 2011;
1:290-301.

(2019) 38:368

138.

139.

141.

142.

145.

146.

148.

149.

153.

154.
155.

157.

Page 21 of 22

Erba HP, Sayar H, Juckett M, Lahn M, Andre V, Callies S, et al. Safety and
pharmacokinetics of the antisense oligonucleotide (ASO) LY2181308 as a
single-agent or in combination with idarubicin and cytarabine in patients
with refractory or relapsed acute myeloid leukemia (AML). Invest New
Drugs. 2013;31(4):1023-34.

Natale R, Blackhall F, Kowalski D, Ramlau R, Bepler G, Grossi F, et al.
Evaluation of Antitumor Activity Using Change in Tumor Size of the Survivin
Antisense Oligonucleotide LY2181308 in Combination with Docetaxel for
Second-Line Treatment of Patients with Non-Small-Cell Lung Cancer: A
Randomized Open-Label Phase Il Study. J Thorac Oncol. 2014;9(11):1704-8.

. Wiechno P, Somer BG, Mellado B, Chlosta PL, Cervera Grau JM, Castellano D,

et al. A Randomised Phase 2 Study Combining LY2181308 Sodium (Survivin
Antisense Oligonucleotide) with First-line Docetaxel/Prednisone in Patients
with Castration-resistant Prostate Cancer. Eur Urol. 2014;65(3):516-20.
Hansen JB, Fisker N, Westergaard M, Kjaerulff LS, Hansen HF, Thrue CA, et al.
SPC3042: a proapoptotic survivin inhibitor. Mol Cancer Ther. 2008;7(9):2736-45.
Sapra P, Wang M, Bandaru R, Zhao H, Greenberger LM, Horak ID. Down-
modulation of survivin expression and inhibition of tumor growth in vivo
by EZN-3042, a locked nucleic acid antisense oligonucleotide. Nucleosides
Nucleotides Nucleic Acids. 2010;29(2):97-112.

. Park E, Gang EJ, Hsieh YT, Schaefer P, Chae S, Klemm L, et al. Targeting

survivin overcomes drug resistance in acute lymphoblastic leukemia. Blood.
2011;118(8):2191-9.

. Raetz EA, Morrison D, Romanos-Sirakis E, Gaynon P, Sposto R, Bhojwani D, et

al. A Phase | Study of EZN-3042, a Novel Survivin Messenger Ribonucleic
Acid (mRNA) Antagonist, Administered in Combination With Chemotherapy
in Children With Relapsed Acute Lymphoblastic Leukemia (ALL): A Report
From the Therapeutic Advances in Childhood Leukemia and Lymphoma
(TACL) Consortium. J Pediatr Hematol Oncol. 2014;36(6):458-63.
Shoeneman JK, Ehrhart EJ 3rd, Charles JB, Thamm DH. Survivin inhibition via
EZN-3042 in canine lymphoma and osteosarcoma. Vet Comp Oncol. 2016;
14(2):e45-57.

Wang B, Li X, Zhao G, Yan H, Dong P, Watari H, et al. miR-203 inhibits
ovarian tumor metastasis by targeting BIRC5 and attenuating the TGFbeta
pathway. J Exp Clin Cancer Res. 2018;37(1):235.

. Lyu H, Wang S, Huang J, Wang B, He Z, Liu B. Survivin-targeting miR-542-3p

overcomes HER3 signaling-induced chemoresistance and enhances the
antitumor activity of paclitaxel against HER2-overexpressing breast cancer.
Cancer Lett. 2018;420:97-108.

Wang M, Cai WR, Meng R, Chi JR, Li YR, Chen AX, et al. miR-485-5p
suppresses breast cancer progression and chemosensitivity by targeting
survivin. Biochem Biophys Res Commun. 2018;501(1):48-54.

Yun S, Kim WK, Kwon Y, Jang M, Bauer S, Kim H. Survivin Is a Novel
Transcription Regulator of KIT and Is Downregulated by miRNA-494 in
Gastrointestinal Stromal Tumors. Int J Cancer. 2018;142(10):2080-93.

. Schmitz M, Diestelkoetter P, Weigle B, Schmachtenberg F, Stevanovic S,

Ockert D, et al. Generation of survivin-specific CD8+ T effector cells by
dendritic cells pulsed with protein or selected peptides. Cancer Res. 2000;
60(17):4845-9.

. Andersen MH, Pedersen LO, Becker JC, Straten PT. Identification of a

cytotoxic T lymphocyte response to the apoptosis inhibitor protein survivin
in cancer patients. Cancer Res. 2001;,61(3):869-72.

. Andersen MH, Pedersen LO, Capeller B, Brocker EB, Becker JC. thor Straten P.

Spontaneous cytotoxic T-cell responses against survivin-derived MHC class |-
restricted T-cell epitopes in situ as well as ex vivo in cancer patients. Cancer
Res. 2001,61(16):5964-8.

Hirohashi Y, Torigoe T, Maeda A, Nabeta Y, Kamiguchi K, Sato T, et al. An
HLA-A24-restricted Cytotoxic T Lymphocyte Epitope of a Tumor-associated
Protein. Survivin. Clin Cancer Res. 2002;8(6):1731-9.

Li F. Survivin Study: What is the next wave? J Cell Physiol. 2003;197(1):8-29.
Tsuruma T, Hata F, Torigoe T, Furuhata T, Idenoue S, Kurotaki T, et al. Phase |
clinical study of anti-apoptosis protein, survivin-derived peptide vaccine
therapy for patients with advanced or recurrent colorectal cancer. J Transl
Med. 2004;2(1):19.

. Honma 1, Kitamura H, Torigoe T, Takahashi A, Tanaka T, Sato E, et al. Phase |

clinical study of anti-apoptosis protein survivin-derived peptide vaccination
for patients with advanced or recurrent urothelial cancer. Cancer Immunol
Immunother. 2009;58(11):1801-7.

Tanaka T, Kitamura H, Inoue R, Nishida S, Takahashi-Takaya A, Kawami S, et
al. Potential Survival Benefit of Anti-Apoptosis Protein: Survivin-Derived
Peptide Vaccine with and without Interferon Alpha Therapy for Patients



Li et al. Journal of Experimental & Clinical Cancer Research

with Advanced or Recurrent Urothelial Cancer-Results from Phase | Clinical
Trials. Clin Dev Immunol. 2013;2013:262967.

158. Miyazaki A, Kobayashi J, Torigoe T, Hirohashi Y, Yamamoto T, Yamaguchi A, et
al. Phase | clinical trial of survivin-derived peptide vaccine therapy for patients
with advanced or recurrent oral cancer. Cancer Sci. 2011;102(2):324-9.

159. Kameshima H, Tsuruma T, Torigoe T, Takahashi A, Hirohashi Y, Tamura Y, et
al. Immunogenic enhancement and clinical effect by type-I interferon of
anti-apoptotic protein, survivin-derived peptide vaccine, in advanced
colorectal cancer patients. Cancer Sci. 2011;102(6):1181-7.

160. Kameshima H, Tsuruma T, Kutomi G, Shima H, Iwayama Y, Kimura Y, et al.
Immunotherapeutic benefit of IFNalpha in survivin2B-derived peptide vaccination
for advanced pancreatic cancer patients. Cancer Sci. 2013;104(1):124-9.

161. Shima H, Tsurita G, Wada S, Hirohashi Y, Yasui H, Hayashi H, et al.
Randomized phase I trial of survivin 2B peptide vaccination for patients
with HLA-A24-positive pancreatic adenocarcinoma. Cancer Sci. 2019.

162. Fenstermaker RA, Ciesielski MJ, Qiu J, Yang N, Frank CL, Lee KP, et al. Clinical
study of a survivin long peptide vaccine (SurVaxM) in patients with
recurrent malignant glioma. Cancer Immunol Immunother. 2016,65(11):
1339-52.

163. Ahluwalia MS, Reardon DA, Abad AP, Curry WT, Wong ET, Belal A, et al.
SurVaxM with standard therapy in newly diagnosed glioblastoma: Phase I
trial update. J Clin Oncol. 2019;37(suppl):2016 (poster No).

164. Fenstermaker RA, Figel SA, Qiu J, Barone TA, Dharma SS, Winograd EK; et al.
Survivin Monoclonal Antibodies Detect Survivin Cell Surface Expression and
Inhibit Tumor Growth In Vivo. Clin Cancer Res. 2018;24(11):2642-52.

165. Kurosawa N, Wakata Y, Ida K, Midorikawa A, Isobe M. High throughput
development of TCR-mimic antibody that targets survivin-2B80-88/HLA-A*A24
and its application in a bispecific T-cell engager. Sci Rep. 2019;9(1):9827.

166. Becker JC, Andersen MH, Hofmeister-Muller V, Wobser M, Frey L, Sandig C,
et al. Survivin-specific T-cell reactivity correlates with tumor response and
patient survival: a phase-Il peptide vaccination trial in metastatic melanoma.
Cancer immunology, immunotherapy : Cll. 2012;61(11):2091-103.

167. Lennerz V, Gross S, Gallerani E, Sessa C, Mach N, Boehm S, et al.
Immunologic response to the survivin-derived multi-epitope vaccine
EMD640744 in patients with advanced solid tumors. Cancer Immunol
Immunother. 2014;63(4):381-94.

168. Berinstein NL, Karkada M, Oza AM, Odunsi K, Villella JA, Nemunaitis JJ, et al.
Survivin-targeted immunotherapy drives robust polyfunctional T cell
generation and differentiation in advanced ovarian cancer patients.
Oncoimmunology. 2015;4(8):21026529.

169. Nitschke NJ, Bjoern J, Iversen TZ, Andersen MH, Svane IM. Indoleamine 2,3-
dioxygenase and survivin peptide vaccine combined with temozolomide in
metastatic melanoma. Stem Cell Investig. 2017;4:77.

170. Widenmeyer M, Griesemann H, Stevanovic S, Feyerabend S, Klein R, Attig S, et
al. Promiscuous survivin peptide induces robust CD4(+) T-cell responses in the
majority of vaccinated cancer patients. Int J Cancer. 2012;131(1):140-9.

171. Reker S, Meier A, Holten-Andersen L, Svane IM, Becker JC, Straten Pt P, et al.
Identification of Novel Survivin-derived CTL Epitopes. Cancer Biol Ther. 2004;
3(2):173-9.

172. Andersen MH, Soerensen RB, Becker JC, Thor SP. HLA-A24 and survivin:
possibilities in therapeutic vaccination against cancer. J Transl Med. 2006:4:38.

173. Onodi F, Maherzi-Mechalikh C, Mougel A, Ben Hamouda N, Taboas C,
Gueugnon F, et al. High Therapeutic Efficacy of a New Survivin LSP-Cancer
Vaccine Containing CD4(+) and CD8(+) T-Cell Epitopes. Front Oncol. 2018,8:517.

174. Croce CM, Reed JC. Finally, An Apoptosis-Targeting Therapeutic for Cancer.
Cancer Res. 2016;76(20):5914-20.

175. Weng Y, Xiao H, Zhang J, Liang XJ, Huang Y. RNAI therapeutic and its
innovative biotechnological evolution. Biotechnol Adv. 2019;37(5):801-25.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

(2019) 38:368

Page 22 of 22

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Current status of survivin studies
	Cancer therapeutics using survivin as a target
	Inhibitors that disrupt survivin interactions with its partner proteins
	Shepherdin and AICAR
	Deazaflavin analog compound 1 and UC-112

	Inhibitors that disrupt survivin homodimerization
	Abbott 8, LLP3 and LLP9
	S12
	Indinavir
	LQZ-7 and LQZ-7F

	Inhibitors that decrease survivin gene transcription
	YM155
	FL118
	SF002-96-1
	WM-127

	Inhibitors that degrade survivin mRNA
	ISIS 23722/LY2181308
	SPC3042/EZN-3042

	Survivin or its peptides that are used for immunotherapy
	Survivin-2B80-88
	SurVaxM
	Other survivin peptides in cocktail


	Is there a strategy that leads to a breakthrough in survivin therapeutics?
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

