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Abstract: Alterations in the expression of apoptosis-related proteins, like the inhibisgroptosis (IAP) protein family,
display a pivotal pathway by which cancer cells acquire resistancerap#utic treatment. Among this family, survivin,
the smallest and structural unique member, deserves growing attention due toeitsalimver-expression in human tu-
mors, and its prominent role in disparate networks of cellular divisiomceltular signaling and apoptosis. Several pre-
clinical studies have demonstrated that targeting survivin expression by the usalloihtwrfering RNAs, dominant
negative mutants, antisense-oligonucleotides and small molecule repressiiizesetumor cells towards chemotherapy
and irradiation and reduced tumor growth potential. Due to these propsutieisin has been proposed as a molecular
target for anticancer therapies. Recent studies further revealed that radio-sensit@goadaby survivin inhibition
seems to be multifaceted and involves caspase-dependent and caspaselémiepechanisms. In general, an enhanced
rate of apoptosis, and pronounced cell cycle arrest have been observed. Mahg eebempered DNA-damage response
has been noted, indicating a distinct role of the protein in radiation-induced dtn#vld break repair. These properties
were linked to a nuclear import and physical interrelationship with members of theO@®Arepair machinery such as
phospho-histone H2AX and DNA dependent Protein Kinase (DNA-PKcs). The apjtycab#urvivin-driven strategies

in clinical practice is currently under investigation as the first siminhibitors successfully entered phase I/l tri#it.
though these trials do not include radiation therapy at present, survivin inhibitorspneserg a novel type of molecular
antagonists to improve the effectiveness of radiation therapy or chemdteatiapy.

Keywords: Apoptosis, caspases, DNA-repair, radiooncology, radiosensitization, survivin.

1. INTRODUCTION 2. SURVIVIN STRUCTURE AND FUNCTION

Evasion from apoptotic cell death is critical for tumor Since its discovery in the late nineties survivin, the
growth and is reported to be a hallmark of cancer cells [1]smallest and structurally unigue member of the IAP family,
and a pivotal mechanism in the resistance to anticancehas attracted growing interest for both biologists and physi-
treatment. Thus targeting the apoptotic pathways by interfercians due to its unique properties and clinical relevance. The
ing with anti-apoptotic factors may display a promising human survivin gene (BIRC5) encodes a 16,5 kD protein of
strategy to counteract resistance, and sensitize cancer cells 1812 amino residues [7] that is organized as a monomer [8, 9]
anticancer modalities including radiation therapy [2]. Among or stable homodimdt0, 11]. On contrary to the other mem-
these anti-apoptotic factors, survivin, the smallest member obers of the family, survivin only contains a single baculovi-
the inhibitor of apoptosis protein (IAP) family, deserves rus IAP repeat (BIR) domain, a structural characteristic of all
growing attention due to its universal over-expression inlAPs [10], and an extended carboxy-terminalhelical
human tumours, and its prominent role in the regulation of acoiled-coil domain [12]. Moreover, survivin harbours a vari-
variety of cellular networks, including tumor cell prolifera- ety of phoshorylation sites and interacts with a large number
tion and adaption to an unfavourable environment [3]. In lineof different protein partners, thus facilitating its multiple
with this, it became increasingly clear that the role of sur-activities (Fig.1).
vivin in cellular response to anticancer treatment far exceeds
a simple inhibition of apoptosis. As a variety of excellent
reviews on survivin biology are available [3-6], this review
focuses on the role of survivin as a molecular marker an
therapeutic target for radiooncological strategies and on th
role of survivin in radiation response.

In non-cancerous cells, expression of survivin is tran-
scriptionally controlled in a sharp cell cycle-dependent man-
er, with a markeéhcrease in the ¢M phase and peak ex-
ression in mitosis, that involves CDE/CHR (cell-cycle-
ependent/cell-cycle gene homology region) elements lo-
cated in the survivin promoter [13, 14]. In malignant cells,
however, there is evidence that beside cell cycle dependent
regulation, survivin may be unregulated independently of
*Address correspondence to this author at the Department of Radiationn’"t“)s.l.s [1.5’ 16] by a Var!ej[y of mechanisms. These include
Therapy and Oncology, University of Frankfurt, Theodor-Stern-Kai 7, amplification of the survivin locus on chromosome 17925

60590 Frankfurt, Germany; Tel: 0049 696301-6637; Fax: 0049 696301-[17], demethylation of the survivin promoter and exons [18],
5091; E-mail: franz.roedeli@u.de and increased promoter activity [13]. The latter is mediated
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by a variety of oncologic factors such as c-H-RAS [19], c- localization pattern and to display distinct function in apop-
Myc [20], the developmentally regulated canonical wingless-tosis regulation [38, 39]. Where as surviviix3 and sur-
type MMTV integration site family member WNT/ vivin-3 are cytoprotective [40, 41] or modulate the balance
catenin/transcription factor 4 (TCF4) [21] or Notch [22]. between proliferation and cell death by heterodimerization
Furthermore, signal transduction and activator of transcrip-with wt-survivin [42], survivin-2 and survivin-2 display
tion 3 (STAT3), a transcription factor involved in cytokine pro-apoptotic properties [35].

signaling [23, 24] and a group of E2F transcription factors
[25], which function in the G1/S transition of the cell cycle
activate survivin transcription. Moreover, survivin displays a
downstream target of nuclear factor-kappa B [26] which, in
turn, can be activated by growth factors like insulin like
growth factor/mammalian target of rapamycin (mTOR) [27]
via the phosphatidylinositol 3-kinase/Akt pathway.

Beside its transcriptional regulation, survivin protein is
post-translationally regulated by cycles of ubiquitylation [43]
and de-ubiquitylation [44], and by multiple phosphorylatlon
events. Known phosphorylation sites comprise Thr34 (cyclin
dependent kinase 1), Thr117 (aurora kinase B) and Ser20
(protein kinase A and polo-like kinase 1) [45-48]. These
post-translational mechanisms have been largely implicated

Besides its transcriptional activation, wild type tumor in survivin protein stability (Thr34, Ser20), and in control-
suppressor gene p53, non mutated adenomatous polypodiag protein traffickihng among various subcellular compart-
coli gene (APC) [28], or phosphatase and tensin homolog ments. Finally, binding of survivin to the chaperon heat
deleted from chromosome ten (PTEN) [29] have been showrshock protein (Hsp) 90 stabilizes the protein and prevents its
to decrease survivin expression on the level of transcriptiondegradationvia the ubiquitin-proteasome pathway [43, 49].
The exact mechanisms of this repression is not entirely cleaiOn the contrary, inhibition of Hsp90 function or the disrup-
it may, however, include binding to the promoter region in tion of the survivin/Hsp90 complex resulted in survivin deg-
the case of p53 [30], changes in chromatin structure proradation in acute myeloid leukemia cells [50] where as in
moter accessibility [31], and epigenetic modifications in- other malignant cells (A549, HONE-1 and HT29) Hsp90
volving DNA cytosine methyltransferase 1 [32]. PTEN sup- inhibition by 17AAG increases the amount of survivin pre-
pression is reported to be mediated by direct occupancy o$ent [51]. Therefore, it seems that inhibition of Hsp90 may
the survivin promoter by forkhead box O1 (FOXO1) and not down regulate survivin in certain tumor cells.
forkhead box O3 (FOXO3a) transcription factors [29] and
APC via the R-catenin/TCF4 pathway [33]. Moreover, sur-
vivin gene expression was recently linked to main tumor
suppression networks in breast cancer involving breast can
cer 1 (BRCA1l) mediated de novo transcription of silent
mating type information regulation 2 homolog 1 (SIRT1), a
NAD-dependent histone deacetylase. In turn, SIRT1 bounc€
to the survivinpromoter shutting off transcriptiovia epige-
netic chromatin modifications involving histone H3 [34].

Although survivin was primary described to be an bi-
functional protein implicated in the regulation of cell prolif-
eration and apoptosis [52], it has now become evident that
survivin displays a multifunctional protein that interplays at
a crossroad of disparate molecular networks of cellular divi-
ion, apoptosis, intracellular signaling, and adaption to unfa-
orable surroundings [3, 9]. In this context, one of the signa-
ture features of survivin is its interrelationship with a high
number of molecules, including tubulin and various nuclear

The complexity of survivin regulation is further increased proteins, Heat shock proteins, a variety of kinases and other
by the presence of alternative splicing of survivin pre- members of the IAP family (Figl). A survivin X-
MRNA, resulting in at least four survivin variants: survivin- chromosome linked IAP (XIAP) complex for example was

Ex3, survivin-2 [35], survivin-2 [36], and survivin-3 recently shown to directly participate in intracellular signal-
[37]. While wild type survivin is often the predominant tran- ing by activation of the transcription factor NB- [64]. NF-
script, these variants have been reported to differ in cellular B activation in turn leads to increased fibronectin gene ex-

Smac (64; B?} *’—.-
oo e @)
b A Mt
—D— 520 T34 T117
XIAP (15-38) Hspg0 Microtubules (99-142)
{?97

[ INCENP/ Borealin

(6-10 & 92-102)

Fig. (1). Schematic representation of survivin protein structure.Functional domains, phosphorylation sites and binding sites for known
protein partners are depicted with their correlative residues. BIR: Baculo#iPuspeat; INCENP: inner centromere proteife N nuclear
export signal; PKA: protein kinase A; PLK1: Polo-like kinase 1; XIAP: X-linked inhilbfoaipoptosis protein; Smac: second mitochondria-
derived activator of caspase; Hsp90: 90-kDa heat shock protein.
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pression, signaling by betal integrins, and activation of cellposed to be involved in radiation response. Indeed, Asanuma
motility kinases focal adhesion kinase (FAK) and Src to in- et al were the first toreport on an inverse relationship be-
creases tumor cell migration and metastatic disseminatiortween survivin mMRNA expression and sensitivity to ionizing
[64]. radiation. In addition, survivin expression was increased by
§ublethal doses of irradiation, suggesting a function as an
Inducible radioresistance factor [68]. A role of survivin as
eterminant of radiation response was further confirmed in
colorectal cancer cell lines of different intrinsic radiosensi-
tivities [69], showing an inverse correlation between survivin

sis [14, 55, 56]. Survivin has been implicated in binding to te#pre§3|oln and %pOptOtt'ﬁ rtespons_e t(itlrradltatlon. M?tr%oyer,
microtubules of the mitotic spindle, centromeres, kinetocho- ere Is clear evidence that survivin attenuation resutted in a

res and intracellular midbodies, enabling coordinated ceIIuIaJ1Igher amount of cancer cells arrested in G2/M and thus a

division and is therefore unanimously recognized as an inimore radioresponsive phase of the cell cycle [82], indicating

dispensable regultor of cell duision 9. 14]. Accoringy, 2 b 1 it n apoposisand regulaon of cel it
inhibition of survivin expression or disruption of survivin y : :

interaction with microtubules induces defective cytokinesis;further demonstrated that survivin expression was much

. . . L higher in two radioresistant glioblastoma multiforme cell
with hyperploidy and multipolar mitotic spindles [57, 58]. Iinges (GM20 and GM21) as gompared with two radiation

Over-expression or targeting of survivin in various cellu- sensitive cell lines (GM22 and GM23). Additionally, a pan-
lar systems was clearly associated with inhibition or en-cell cycle expression of survivin in the radioresistant cell
hancement of apoptotic cell death [59]. Although convincing lines was observed upon radiation exposure [70].

evidence exists that survivin inhibits apoptosis, the exact An inducti f | dothelial tosis has b
mechanisms are not entirely clear and may result from an- h induction ot vascu'ar endothelial apoptosis has been

agonizaton Upsvam of efector caspases The curerf 22115 06 8 Talor St nant o overel ey esporee
thinking is that survivin, in line with most IAPs, except for py [71]. ' P

X-chromosome linked AP (XIAP), blocks apoptosis b may also contribute to tumor radiation resistance by promot-
’ pop y ing survival of tumor vascular endothelial cells. Radiation is

mechanisms other than direct effector caspase inhibition [601eported to induce tumor cells secretion of cytokines such as

due to the lack of a second BIR domain, which in fact is ablevascular endothelial growth factor (VEGF) [72], which in

to bind caspase 7/9 [10]. Moreover, Survivin associates Wlthturn could inhibit vascular endothelial cells apoptosis by up

the hepatitis B X-interacting protein (HBXIP), and this com- : o
plex binds pro-caspase 9 and prevents the recruitment 0rfegulz.;mng of survivin, as has already been demonstrated for
drug-induced apoptosis [73].

apoptotic protease-activating facto(Apaf-1) to the apopto-
some [61]. Additionally, survivin complexes with XIARa
its conserved BIR domain and protects it from proteasomaft. SURVIVIN AS A NUCLEAR-CYTOPLASMIC-
degradation, resulting in a more efficient suppression ofMITOCHONDRIAL SHUTTLE PROTEIN: IMPLICA-
caspase-9 activity [62]. Current evidence further suggestd|ON FOR RADIATION RESPONSE

that only a pool of survivin compartmentalized in mitochon- ] ) o

dria and released in the cytosol in response to cell-death A recentadvance in the understanding of survivin's func-
stimuli has the ability to associate with XIAP, and this rec- tion has arisen from the observation that survivin is present
ognition is inhibited by survivin phosphorylation on Ser20 at distinct subcellular pools including the nucleus, the cyto-
by protein kinase A [9, 46]. Thus survivin-XIAP interaction Plasm, and the mitochondrion [46, 74, 75]. It is widely ac-
could be of enormous relevance in the regulation of irradia-ceéPted that the subcellular distribution of survivin plays a
tion induced apoptosis. The survivin-XIAP complex may distinct role in the ability of the molecule to regulate cell
also reciprocally control survivin stability, as an XIAP- division and survival. While the localization of survivin in
associated molecule, XAF-1, promotes RING-mediatedthe cytoplasm and release from the mitochondrion is consid-

polyubiquitination and proteasomal degradation of survivin €réd to be cytoprotective due to its anti-apoptotic activities
[63]. [5], nuclear localisation of survivin is linked to cell division

) , ) . . as a subunit of the CPC [76] (Fig). In line with this, a

A further mechanism by which mitochondria localized |gycine-rich nuclear export signal (NES) was described and
survivin may inhibit apoptosis is by interacting with second yecent data further indicate that the interaction of the NES
mitochondria derived activator of caspase (Smac/Diablo).ith the nuclear export receptor chromosome region mainte-
thus preventing the displacement of bound IAPs frompance protein 1 homolog (Crm1) is critically involved in
caspases [65]. Interestingly, Smac interacts with both surgyryivin intracellular localization and cancer-relevant func-
vivin and XIAP, but it only down regulates survivia  tjons [77-79]. Importantly, subcellular compartmentalization
ubiquitination and proteasomal degradation [66]. The re-qf the protein also plays a role in radiation response, as ex-
leased IAPs may then bind to and inhibit specific caspasegort-deficient NES-mutants failed to protect tumor cells

In the nucleus, survivin acts as an essential member o
the chromosomal passenger complex (CPC) composed of th
mitotic kinase aurora-B, borealin/dasraB [53] and the inner
centromere protein (INCENP) [54]. The CPC plays a key
role in coordinating chromosome segregation and cytokine

[65]. againstadiation-induced apoptosis [80]. Finally, DNA dam-
age by ionizing radiation stimulates a rapid discharge of the

3. SURVIVIN AS DETERMINANT OF RADIATION mitochondrial pool of survivin in the cytosol that preserves

RESPONSE the viability of tumor cells during a protracted Glock by

Considering a major role of proliferation and apoptosis antagonizing DNA damage-induced apoptosis [81]

induction [67] in radiation biology, survivin was early sup-
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5. NOVEL FUNCTION OF SURVIVIN IN RADIATION models implicate that the heterodimeric ku proteins rapidly
RESPONSE bind to double stranded DNA ends and recruit DNA protein
kinase (PK), generating a DNA-PK holoenzyme complex.
Although there is large evidence that survivin displays aAn early step in DNA-DSB repair further comprises serine
radiation resistance factor in a variety of human malignan-139 phosphorylation of the histone variantH2AX, by
cies, the underlying molecular mechanisms seem to be multimembers of the PIKK-family, like ataxia telangiecta-
faceted an involve caspase-dependent and caspaseia-mutated protein (ATM), ataxia telangiectasia and Rad3
independent pathways. Chakravagti al were the first to  related protein (ATR), and DNA-PKcs [86FH2AX, visual-
report on novel, caspase-independent mechanisms by whiciBed as foci at the sites of DNA damage, facilitates recruit-
survivin may enhance tumor cell survival upon radiation ment of additional proteins, such as the mediator of DNA
exposure [70]. Using an adenoviral vector containing adamage checkpoint protein 1 (MDC1) [87] or p53 binding
dominant-negative survivin T-34A mutant, this group report proteinl (53BP1) implicated in further signal transduction
on an impaired DNA repair capacity upon radiation exposureand regulation of DNA-damage checkpoints [86].
as measured by a comet assay. This was most evident in ra-
diation-resistant primary human glioblastoma cells. More
recently, by usingphospho-histone-H2AX detection as a
marker of radiation induced DNA-double strand breaks we.
and others confirmed a higher incidence of DNA-damage
after irradiation in colorectal- and non-small cell lung cancer
cell lines after treatment with survivin siRNA or transcrip-
tional repressor YM155, respectively [82, 83].

Recently, we could show a nuclear accumulation of sur-
vivin following irradiation that was mechanistically linked to
DNA-DSB repair. Co-immunoprecipitation analyses and
immune- fluorescence co-localisation revealed an interaction
between survivin, Ku70,-H2AX, MDC1 and DNA-PKcs in
nuclear foci. Moreover, survivin knock-down by siRNA con-
firmed animpaired DNA-DSB repair, as demonstrated by an
increased detection ofH2AX foci/nucleus at 60 min and a

In - mammalian cells, radiation-induced DNA double higher amount of residuatH2AX foci at 24 hrs post irradia-
strand breaks (DSB) are mainly repairéid homologous tion. Although the function of survivin in the repair complex
recombination (HR) or nonhomologous end joining (NHEJ) is not explored in details at present, it may, at least in part
[84]. The latter mechanism directly rejoins the two brokenresult from a hampered Ser2056 autophosphorylation of
DNA ends using the key components Ku70/Ku80, the cataDNA-PKcs and a significantly decreased DNA-PKcs kinase
lytic subunit of the DNA-dependent protein kinase (DNA- activity [88]. These data were the first to indicate survivin is
PKcs), and the ligase IV-XRCC4 complex [85]. Current linked to DNA-DSB-repair by interaction with members of

lonising Radiation
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Fig. (2). Schematic presentation of the role of survivin in radiation resptse.Enhanced expression of survivin mediates radiation resis-
tance of tumor cells through suppression of apoptosis by interfering with caspase. adtwignti-apoptotic activity of summ is dependent

on a CRM1-mediated pathway of nuclear export, as export-deficient survivin mutardsdgimtect tumor cells against raibatinduced
apoptosis. Besides its role as an inhibitor of apoptosis, survivin asasaa cell cycle regulatory protein, enabling cvaigd cellular divi-
sion. Accordingly, depletion of survivin alters cell cycle distributiosuheng in a G and mitotic arrest. In addition, survivin appears to be
involved in the regulation of DNA-Damage repair by interfering with DNA repairgimst thereby enhancing tumor cell surviugbn ra-
diation exposure. Please refer to the text for abbreviations.
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the DNA-DSB repair machinery, thus regulating DNA-PKcs combined with radiation [104]. Similar results were reported
activity (Fig.?2). in the pancreatic cancer cell line AsPC-1 showing that sur-
vivin attenuation by siRNA diminished the radio-resistance

6. SURVIVIN AS A PREDICTIVE FACTOR FOR of AsPC-1 cells [105]. Equally, SiRNA or ASO mediated
TREATMENT RESPONSE TOWARDS RADIO- attenuation of survivin in colorectal-, hepatocellular-, non
THERAPY AND RADIOCHEMOTHERAPY small lung cancer- or epidermoid carcinoma cells increased
apoptosis and caspase 3/7 activity after irradiation, which
A high expression of survivin in tumor tissues (biopsies resulted in decreased cell viability and clonogenic survival
or surgical specimens) is commonly associated with an envitro and decreased tumor growth in xenograft transplant
hanced proliferative index, more aggressive clinicopa-models [82, 106-110]. More recently, Khat al further
thologic features and a higher likelihood of tumor recurrencefeported that down regulation of survivin by the che-
and impaired survival rates in most studies (reviewed in [89-motherapeutic drug oxaliplatin diminished radioresistance of
91]). head and neck squamous carcinoma cells [111].

In patients treated with pre-operative chemoradiation or ~ Finally, the imidazolium-based small-molecule survivin
short-course radiotherapy for rectal adenocarcinoma, sursuppressant YM155 selectei a high-throughput screening
vivin expression was inversely correlated with the level of using a survivin promoter luciferase-assay [112], is reported
spontaneous apoptosis and was significantly associated witip sensitize non NSCLC cells to radiation bathvitro and
a higher risk of tumor recurrences [92] and inferior survival delayed the growth of NSCLC tumor xenografts in nude
[93]. Comparable results were obtained from patients withmice to a greater extent than did either treatment with
cervical cancers treated with definitive radiotherapy. A high YM155 or irradiation alone [83]. In summary, these preclini-
survivin expression was correlated to inferior local control cal data clearly strengthen the hypothesis that survivin is a
rates and worse overall survival [94, 95]. As tumor-specific Suitable molecular target for radiosensitization and display a
expression of survivin is increased by hypoxia [96], the ex-Prerequisite for the clinical application of survivin antago-
pression of survivin was further investigated in cervical can-nists in the clinical setting.
cer for its relationship to hypoxia parameters. In this context,
an inverse correlation with the haemoglobin level and ang. CLINICAL APPLICATION OF SURVIVIN INHIBI-
association with expression of hypoxia-inducible factors 1 TORS
(Hif-1 ) was observed [94].

A correlation of elevated survivin expression with in- The translation of the pre-clinical findings to the clinic is

creased risk of recurrences, lymph node metastases, anaicrrrently performed with a number of phase I/ll clinical tri-

- ; - targeting survivin. These include, among others, the use
shorter survival following radio(chemo)therapy was further S : o .
confirmed in renal cell cancer [97], non small cell lung car- of 2-O-methoxy-methyl modified ASOs (LY2181308, Eli-

cinoma (NSCLC) [98], T1 bladder carcinoma [99], Lilly and Company, Indianapolis, USA) and the low molecu-

menigiomas [100], locally advanced prostate cancer [1Ol]l?rkwe|tht molecule inhibitor YM155 (Astellas Pharma Inc.,
and in nasal and paranasal sinus carcinoma [102]. More re-9¥Y0: apan).
cent data indicate that intratumoral survivin expression sig- Preliminary evidence on the clinical activity of
nificantly decreased during preoperative chemoradiation inLY2181308 ASO derived from a phase | study in which
oesophageal and rectal cancer [103]. On the contrary, elewenty-four patients with advanced tumors, including breast-
vated postoperative survivin levels were highly associatedor colon cancer and melanoma, were treated with three con-
with a higher tumor stage, poor histopathological responsesecutive daily 3-hr intravenous loading doses (750 mg) fol-
and shortened overall survival. lowed by weekly maintenance doses [113, 114]. In these
patients, 10 % stable disease was reported. Ly2181308 ASO
7. SURVIVIN AS A THERAPEUTIC TARGET FOR preferentially accumulates in tumor tissue as proven by his-
RADIATION SENSITIZATION tochemistry and [11C] Ly2181308 positron emission
tomography (PET) resulting in a 20-50 % reduction of
Due to its differential expression in cancerous and nor-survivin protein. Supported by a favorable safety profile, a
mal tissue and its potential requirement for regulating apopPhase Il study of LY2181308 in combination with docetaxel
tosis and maintaining cancer-cell viability, survivin was sup- in prostate cancer patients is currently under way [115].
posed to be a suitable target for molecular tumor therapy [4, To|cher et al recently published a phase | study on
90]. Thus during the last decade, multiple strategies have/y155 including 41 patients with different advanced malig-
been employed to target survivin. These strategies compriSgancies. In this trial one complete and two partial responses
molecular antagonisation by the use of antisense oligonu, three patients with non-Hodgkin's lymphoma, a prostate-
cleotides (ASO), ribozymes and small interfering RNAS specific antigen response in two patients with hormone-
(SIRNAs), suppression of survivin function using small refractory prostate cancer, and one minor response in a pa-
molecule inhibitors and survivin peptidomimetics, interfer- tient with NSCLC were observed [116]. In another phase |
ing with survivin function by the use of survivin dominant- sy, Satotet al, reported on 9 stable disease, and 5 minor
negative mutants and survivin-based immunotherapy. responses in 33 evaluable patients [117]. The favorable
A radiosensitization by ASO directed against survivin safety profile with an absence of severe toxicities and the
was reported in the H460 lung cancer céllsvitro and by ~ compelling antitumor activity prompted further disease-
increased tumor growth delay of H460 xenografts whendirected studies of this compound. In these phase I clinical
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trials modest single agent activity has been observed with
two partial responses and 14 stable diseases in 37 patients
with previously treated advanced non-small-cell lung cancer,[l !
resulting in a disease control rate of 43 % [118]. On the con-
trary, only one partial response was reported in 34 patientgi13]
with unresectable stage Il or IV melanoma [119] thus failing

to meet its pre-specified primary end-point of two responderd4]
in 29 evaluable patients. [15]

CONCLUSIONS AND FUTURE DIRECTIONS [16]

Even though clinical trials targeting survivin for the
treatment of cancer are still in their early stage, there is clear
evidence that survivin inhibition may not only improve the
objective response rates but also possibly circumvent indi{17]
vidual treatment resistance. Thus, survivin antagonists may
represent a novel type of molecular antagonists to be incor-
porated in oncological practice either as a single agent or,
more likely in combination with established modalities like
radiation therapy or chemoradiation. Due to yet not resolvedz18]
difficulties of drug stability, tumor cell targeting and uptake,
it is difficult to predict at present, which therapeutic anti-
survivin approach (RNA-Interference, ASO or small mole- 19]
cule inhibitors) will be superior in future clinical strategies.
Considering this approaches, however, strategically design-
ing clinical trials and selecting patients that may probably(20]
most benefit from survivin inhibition will hopefully improve
the therapeutical window by improving tumor response
while minimizing tissue side effects.

[21]
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Background and purpose: Gliomas display prime examples of ionizing radiation (IR) resistant tumors. The
IAP Survivin is reported to be critically involved in radiation resistance by anti-apoptotic and by caspase-
independent mechanisms. The present study aimed to elucidate an interrelationship between Survivines
cellular localization and DNA damage repair in glioma cells.

Material and methods: Cellular distribution and nuclear complex formation were assayed by immunoblot-
ting, immuno’uorescence staining and co-immunoprecipitation of Survivin bound proteins in LN229

gim\z;ds glioblastoma cells. Apoptosis induction, survival and DNA repair following IR were assayed by means
Glioblastoma of caspase3/7 activity, clonogenic assay, C-H2AX/53BP1 foci formation, single cell gel electrophoresis
DNA-repair assay, and DNA-PKcs kinase assay in the presence of Survivin siRNA or over expression of Survivin-GFP.
DNA-PKcs Results: Following irradiation, we observed a nuclear accumulation and a direct interrelationship
Apoptosis between Survivin, MDC1, C-H2AX, 53BP1 and DNA-PKcs, which was con“rmed by immuno”uorescence

Phospho-histone H2AX co-localization. Survivin downregulation by siRNA resulted in an increased apoptotic fraction, decreased
clonogenic survival and increased DNA-damage, as demonstrated by higher amount of DNA breaks and
an increased amount of C-H2AX/53BP1 foci post irradiation. Furthermore, we detected in Survivin-
depleted LN229 cells a hampered S2056 (auto)phosphorylation and a signi“cantly decreased DNA-PKcs
kinase activity.

Conclusion: Nuclear accumulation of Survivin and interaction with components of the DNA-double-
strand break (DSB) repair machinery indicates Survivin to regulate DSB damage repair that leads to a sig-

ni“cant improvement of survival of LN229 glioblastoma cells.

2011 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 101 (2011) 51...58

Despite aggressive surgical resections followed by modern radi-
ation therapy and chemotherapeutical protocols, the prognosis for
high grade glioma patients still remains poor. The most malignant
glioma entity, glioblastoma multiforme, exhibits poor median sur-

vival rates in the range of 12...14 months after diagnosis [1,13,25].

The molecular mechanisms underlying therapy resistance in gli-

oma cells remain elusive, however, mounting evidence suggests
that preferential activation of DNA damage response checkpoints
as well as increased DNA double-strand repair capacity may sub-
stantially contribute to this phenomenon [5].

Although Survivin was primarily described to be a bifunctional
protein implicated in the regulation of mitosis and apoptosis, it has
now been elucidated that Survivin is a multifunctional eenodalee
protein that intersects fundamental crossroads of cellular homeo-
stasis including viability and stress response to genotoxic agents
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[2,3]. Moreover, due to its universal over expression in human tu-
mors and its prominent role in the regulation of a multiplicity of
cellular networks, Survivin deserves growing attention as a target
of molecular tumor therapy [26,28,29] . Survivin knock down ren-
ders tumor cells more sensitive to chemotherapeutic and irradia-
tion treatment [10,20,24,30,42]. In line with this, it became
increasingly clear that the role of Survivin in response to ionizing
radiation far exceeds a simple inhibition of apoptotic pathways,
but involves broader cellular adaptation processes within separate
subcellular compartments, possibly including also DNA-damage
repair [10,16,17,30] .

Exposure to ionizing radiation induces the formation of DNA
double-strand breaks (DSBs), resulting in the activation of a com-
plex damage recognition, repair and response machinery [14]. In
mammalian cells, DSBs are mainly repaired by two mechanisms,
homologous recombination (HR) or non homologous end-joining
(NHEJ)[15,39] . Current models of the NHEJ mechanism implicate
a rapid binding of the heterodimeric Ku proteins (Ku70/Ku86) to
double-stranded DNA ends, and the recruitment of DNA dependent
protein kinase (DNA-PKcs), generating a DNA-PK holoenzyme
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complex [12,14]. The initial step in DSB repair further comprises
phosphorylation of the histone variant  C-H2AX at residue serine
139, by members of the phosphoinositol-3-kinase like kinase
(PIKK)-family, e.g. ataxia telangiectasia-mutated protein (ATM),
ataxia telangiectasia and Rad3-related protein (ATR) and DNA-PKcs
[6,9]. Phospho-H2AX (C-H2AX), focally expressed at the sites of DNA
damage and repair, facilitates the recruitment of supplemental
repair factors, including the mediator of DNA damage checkpoint
protein 1 (MDC1) [36], p53 binding protein 1 (53BP1), and breast
cancer 1 protein (BRCAL) implicated in further signal transduction,
regulation of DNA damage checkpoints and apoptosis [14,35] .

In the present study, we aimed to elucidate the interrelationship
between radiation exposure, Survivines subcellular localization, its
interaction with components of the DNA repair machinery, and a
possible mechanistic role in the process of DNA...DSB repair. We
demonstrate that Survivin physically interacts with the NHEJ DNA
repair complex, thus modulating the repair of radiation-induced
DSBs.

Material and methods

Cell culture

Human glioblastoma cells LN229 were purchased from the
American Type Culture Collection (LGC-Promochem, Wiesbaden,
Germany) and cultivated in Dulbeccoes Modi“ed Eagless Medium
(DMEM, Invitrogen, Karlsruhe, Germany) supplemented with 10%
bovine serum (FBS Superior, Biochrom, Berlin, Germany) and
2 mM glutamine at 37 C, 5% C® and 95% humidity.

Transfection with siRNA and plasmids and irradiation procedure

Transfection of cells with 5nM (“nal concentration) Survivin
speci“c siRNA (Ambion, Darmstadt, Germany) as described in de-
tail before [30] and with a control non-silencing siRNA (Qiagen,
Hilden, Germany) was performed using the Roti-Fect protocol (Carl
Roth, Karlsruhe, Germany). Experimental over expression of Survi-
vin in LN229 cells was conducted by transfection with the plasmid
pC3-Surv-GFP coding for a Survivin green "uorescence protein
(GFP) construct and control pC3-GFP plasmid at a “nal concentra-
tion of 2 | g/ml using the Roti-Fect protocol. Forty-eight hours after
transfection, LN229 cells were irradiated at room temperature with
single doses of X-rays ranging from 2 to 8 Gy using a linear accel-
erator (SL 75/5, Elekta, Crawley, UK) with 6 MeV photons/100 cm
focus...surface distance with a dose rate of 4.0 Gy/min.

Subcellular fractionation and immunoblotting

For western-blotting, cells were either lysed in radioimmuno-
precipitation assay (RIPA) buffer as previously described [30] or
cytoplasmic and nuclear extracts were prepared according to the
Nuclear Complex Co-IP kit (Active Motif, Rixensart, Belgium). Equal
amounts of protein (10...35 | g) as determined using the micro-
BCA-protein assay (Pierce, Rockford, USA) were separated on either
12% SDS polyacrylamide gels or 4...15% gradient gels (Biorad,
Munich, Germany) and transferred to a nitrocellulose membrane
(Hybond C, Amersham, Freiburg, Germany). Membranes were
incubated with either anti-Survivin (AF886, R&D Systems, Wiesba-
den, Germany), anti-MDC1 (Novus Biologicals, Littleton, CO, USA),
anti-DNA-PKcs (clone 4F10C5, Becton Dickinson, Heidelberg,
Germany), phospho-speci‘c S2056 DNA-PKcs (ab18356, Abcam,
Cambridge, UK), anti-Ku70 (clone 15/Ku70, Becton Dickinson),
anti-53BP1 (Novus Biologicals) and phospho-speci‘c S139 H2AX
(Upstate Biotechnology, Lake Placid, NY, USA) antibodies followed
by appropriate HRP-conjugated secondary antibodies (Santa Cruz,
Heidelberg, Germany). Next, blots were developed by an enhanced

chemo luminescence detection system (Perkin Elmer, Waltham,
USA) and autoradiography (Biomax R Film, Kodak, Rochester,
USA). To con“rm equal protein loading and subcellular fraction-
ation, membranes were subsequently reprobed with anti-calnexin
(cytoplasm) (Santa Cruz Biotechnology, Heidelberg, Germany) or
anti-lamin B1 (nucleus) antibodies (Biozol, Eching, Germany).

Cell cycle analysis

Adherent and detached LN229 cells (1 108/ml) were collected
by trypsinization and washed with PBS and resuspended in a stain-
ing solution containing 1 | g/ml propidium iodide, 4 mmol/L so-
dium citrate, 1 mg/ml RNAseA (Boehringer, Mannheim, Germany)
and 0.1% Triton X-100. FACS analysis was performed with a FAC-
Scan apparatus (Becton Dickinson, Heidelberg, Germany) and data
were analyzed using the ModFit LT 3.2 software (Verity Software
House, Topsham, ME).

Quanti“cation of apoptosis and, caspase-3/7 assay

For quanti“cation of apoptotic LN229 cells, FITC-labeled recom-
binant chicken AnnexinV (Boehringer Mannheim, Germany) was
used in combination with Propidium lodide to discriminate necrotic
cells. In brief, 48 h after irradiation 10 ° cells were resuspended in
500 | | Ringer solution, incubated for 30 min at 4 C in the dark with
11 g AxV-FITC/1| g Propidium lodide (PI), subsequently analyzed
by a FACScan apparatus and CELLQuest" software (Becton Dickin-
son). Caspase-3/7 activity was analyzed in a 96 well microplate-for-
mat using the CASPASE GLOM-assay (Promega, Mannheim,
Germany) according to the manufactureres recommendations and
guantitated in a luminometer (Berthold, Bad Wildbad, Germany).

Clonogenic survival assay

Following transfection with either Survivin siRNA/control sSiRNA
or pc3-Surv-GFP, LN229 cells were plated in complete DMEM-
Medium into culture dishes and irradiated as described above.
After 10...14 days, colonies were stained with methylene-blue solu-
tion for 30 min and counted. Calculation of survival fractions (SF)
was performed using the equation SF = colonies counted/cells see-
ded (PE/100), taking into consideration the individual plating
efciency (PE).

Immunoprecipitation

Co-immunoprecipitation of nuclear extracts (500 | g diluted to
500 | | IP Incubation Buffer) was performed using the Nuclear Com-
plex Co-IP kit (Active Motif, Rixensart, Belgium) utilizing Protein A
or G Sepharose Fast Flow (GE Healthcare Bio-Sciences AB; Uppsala,
Sweden) with anti-Survivin (AF886, R&D Systems), anti-MDC1
(AHP 799, AbD Serotec, Dusseldorf, Germany) and phospho-spe-
ci“c H2AX antibodies (Upstate Biotechnology, Lake Placid, USA).
Appropriate isotype control antibodies (Southern Biotech, Birming-
ham, USA) were used as controls.

Immuno”uorescence and quanti“cation of phospho-histone H2AX and
53BP1 foci formation

LN229 cells were cultured on 8-well slides (Thermo Fisher Sci-
enti“c, Schwerte, Germany) and irradiated with a dose of 2 Gy to
assure a discrimination of individual nuclear foci in immuno”uo-
rescence staining. Next, slides were “xed with either ice cold
methanol or with 3% paraformaldehyde (15 min, RT) as described
in [7]. Permeabilization was performed by addition of 0.1% Triton
in PBS for 15 min, followed by blocking with Image IT (Invitrogen)
and incubation with: anti-Survivin (clone 1ZC4, DAKO, Hamburg,
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Germany), phospho-speci‘c T2609 DNA-PKcs (clone 10B1, Abcam,
Cambridge, UK), anti-MDC1 (Novus Biologicals, Littleton, CO, USA),
anti C-H2AX (Upstate Biotechnology) and anti 53BP1 (NB100...304,
Novus Biologicals). Primary antibodies were visualized by incuba-
tion with appropriate Alexa-labeled secondary antibodies (Invitro-
gen, Darmstadt, Germany), nuclei were counterstained with DAPI
solution (Invitrogen) and coverslips were mounted with Vecta-
shield (Vector Laboratories, Peterborough, UK). Images were taken
using an Axiolmager Z1 microscope and Axiovision 4.6. software
(Zeiss, Gottingen, Germany). In order to quantify C-H2AX or
53BP1 foci formation for each data point 100...200 nuclei were
evaluated.

Single cell gel electrophoresis (comet assay)

Comet assay was performed as described previously [38].
Briey, at indicated time periods after irradiation, LN229 cells were
trypsinized and washed with ice-cold PBS. Next, cells (1 104
101 1) were embedded in 120 |1 of low-melting point agarose
(0.5% in PBS at 37 C) onto agarose-coated (1.5% in PBS) slides that
were submersed for 1 h in precooled lysis buffer [2.5M NacCl,
100 mM EDTA, 10 mM Tris...HCI, and 1% Na-laurylsarcosine (pH
7.5), 1% Triton X-100 and 10% DMSO)]. Slides were denatured for
25min at 4 C in precooled electrophoresis buffer [90 mM Tris...
HCI, 90 mM boric acid, 2 mM EDTA] and run at 25V (300 mA) for
15min at 4 C. The ethanol-“xed and dried slides were stained
with propidium iodide (50 | g/ml) and analyzed using an image
analysis system (Kinetic Imaging Ltd.; Komet 4.0.2; Optilas), deter-
mining the Olive Tail Moment (OTM), which represents the per-
centage of DNA in the tail multiplied by the length between the
center of the head and tail of 50 cells per sample [27].

DNA-PKcs activity assay

In order to assess kinase activity, DNA-PKcs-dependent phos-
phorylation of a biotinylated p53-derived peptide was measured
in the presence of [ *2P-C]-ATP using a Signa TECT DNA-PK assay
kit (Promega, Heidelberg, Germany). Brie"y, cells were irradiated,
cellular extracts were prepared and incubated with a human
Tp53 oligopeptide as substrate in the presence or absence of acti-
vated calf thymus. Samples were spotted on a SAM2 biotin capture
membrane in duplicates and subsequently read on a phospho-im-
ager (FLA3000, Fuji, Dusseldorf, Germany) and analyzed by an Ad-
vanced Image Data Analyzer (AIDA ™)-software (Raytest,
Germany).

Statistical evaluation

Experimental data are presented as mean + standard deviations
from three or more independent experiments. Levels of signi“-
cance were calculated using the Student ‘s t-test (Excel program,
Microsoft, UnterschleiBheim, Germany).

Results

To analyze whether Survivin expression affects radiation-in-
duced survival and apoptosis, siRNA speci“c for Survivin and green
"uorescence protein (GFP)-tagged Survivin was used to transiently
knock down and over express the protein in LN229 glioblastoma
cells, respectively. Western blot analysis of total cellular extracts
48 h after transfection revealed a markedly reduced Survivin pro-
tein expression in LN229 cells compared to mock- or control-siRNA
transfected controls. Overexpression of a Survivin-GFP-construct
was proven by the detection of a 43 kDa fusion protein ( Supple-
mentary Fig. 1). To analyze whether Survivin inhibition affects
spontaneous and radiation-induced apoptosis, we analyzed

caspase 3/7 activity and the extent of AnnexinV positive cells
48 h after irradiation. As shown in  Fig. 1la and Supplementary
Fig. 2, Survivin siRNA transfection resulted in a signi“cant increase
(p < 0.05) of caspase 3/7 activity and AnnexinV positive LN229 cells
as compared to mock- or control-siRNA treated cells and, more
pronounced, in cells irradiated with a dose of 2 or 8 Gy. On the con-
trary, Survivin-GFP over expression caused a signi“‘cant ( p < 0.05)
decrease in caspase-3/7 activity irrespective of the dose of irradia-
tion, indicating that elevated amounts of Survivin are capable to
ef‘ciently suppress caspase-3/7 mediated apoptosis.

Cell cycle analyses performed at 48 h after siRNA transfection
and Survivin GFP-over expression (i.e. the time of irradiation in
the other sets of experiments) and 8 h after irradiation with a dose
of 4 Gy revealed an increased percentage of cells in the G2/M-
phase in Survivin siRNA treated LN229 cells ( Supplementary
Fig. 3), indicating a larger amount of cells in a more radiosensitive
stage of the cell cycle.

To further establish a correlation of Survivin expression and
radiation responsiveness, clonogenic survival assays were per-
formed in the presence of Survivin-siRNA and Survivin-GFP. Atten-
uation of Survivin by siRNA shifted down the survival curves for
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Fig. 1. (a) Analyses of Caspase-3/7 activity following transient transfection with
Survivin-speci“c siRNA oligonucleotides and GFP-tagged Survivin in LN229 glio-
blastoma cells. At 48 h after transfection cells were irradiated with a dose of 2 or
8 Gy and caspase activity was analyzed 48 h after irradiation. Data are displayed as
mean = SD from three experiments. Asterisks indicate signi“‘cant differences
(*p<0.05, ¥*p < 0.01 as compared to mock-treated cells. (b) Clonogenic survival of
LN229 cells transfected with either Survivin-speci“‘c siRNA or Survivin-GFP
expression plasmid pC3-Surv-GFP. Twenty-four hours later the cells were irradiated
with the indicated doses. After 12...14 days, colonies greater than 50 cells were
counted and survival curves with survival fractions (SF) normalized to the plating
ef‘ciency were “tted according to the linear quadratic equation: SF = exp [ a D
b D? with D=dose. Data are displayed as the mean+SD from three
independent experiments ( *p < 0.001 versus mock treated cells).
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LN229 signi“cantly, whereas Survivin over expression did not sig-
ni“cantly increase survival ( Fig. 1b). The 50% and 10% survival
rates were signi“cantly reduced ( p <0.001) in Survivin siRNA trea-
ted LN229 cells, resulting in a calculated radiation-induced cyto-
toxicity enhancement factor of 1.6 and 1.8, respectively.

A recent advance in the understanding of Survivines biology has
arisen from the observation that Survivin is a nuclear-cytoplasmic/
mitochondrial shuttling protein  [2,3,34] . In tumor interphase cells,
Survivin location is predominantly cytoplasmic, which may, at
least in part, depend on the presence of a nuclear export signal
(NES), that facilitates an active chromosome region maintenance
1 (CRML1) dependent nuclear export [21,34]. In accordance to this,
immunoblottings from subcellular fractionation experiments and
immuno”uorescence staining in non-irradiated LN229 cells re-
vealed a predominant detection of Survivin in the cytoplasm
(Fig. 2). By contrast, 20, 40 and 60 min after irradiation, we ob-
served a nuclear accumulation of Survivin in parallel to a decreased
detection in the cytoplasm as demonstrated by immunoblotting
(Fig. 2a) and nuclear staining ( Fig. 2b).

In order to elucidate and con“rm a role of nuclear Survivin in
DSB repair, we analyzed whether Survivin may physically interact
with members of the DNA damage repair machinery in LN229 cells.
Nuclear extracts, obtained at 0, 20, 40 and 60 min after irradiation
were co-immunoprecipitated with anti-Survivin antibodies and
associated proteins were detected by immunoblotting. As shown
in Fig. 3a, DNA-PKcs, MDC1, 53BP1, Ku 70 andC-H2AX co-immu-
noprecipitated with Survivin. Exemplary reverse precipitation
using either antibodies to MDC1 or C-H2AX revealed co-immuno-
precipitation of Survivin, which further con“rmed a complexation.
LN229 glioma cells were next subjected to dual immuno”uores-
cence staining, using antibodies to Survivin, DNA-PKcs, MDC1
and C-H2AX, respectively. Analysis of the merged images by
"uorescence microscopy con‘rmed a co-localization of nuclear

Survivin with these proteins in congruent nuclear foci at sites of
DNA repair following IR treatment ( Fig. 3b).

We next asked whether the shift in cellular compartmentaliza-
tion of Survivin and complexation with factors of the NHEJ DNA-re-
pair machinery is of mechanistic signi“‘cance. Therefore, we
performed immuno”uorescence analysis of C-H2AX and 53BP1 foci
per nucleus at early (0, 20, 40, 60 min) and later time points (2, 6,
12, 24 h) after irradiation in Survivin knockdown LN229 cells. Data
are displayed in Fig. 4 and Supplementary Fig. 4, indicating a signif-
icant (p < 0.05) increase of the amount of C-H2AX and 53BP1 foci
per nucleus in Survivin-depleted cells with maximum values at
60 min after irradiation, and signi“cantly persisting levels at 2...
12 h. As depicted in Fig. 4b, compared to mock or siRNA control
treated cells, a higher incidence of residual DNA damage was fur-
ther con“rmed by a signi“cant (p < 0.01) increase of mean residual
C-H2AX foci per nucleus at 24 h after irradiation. On the other
hand, although the data did not reach the level of statistical signif-
icance, Survivin-GFP over expression resulted in a lower level of
C-H2AX foci at 2, 8, 12 and 24 h after irradiation. As the  C-H2AX
repair foci assay is accepted to prove for DSBs and collapsed repli-
cation forks, it may be in"uenced by chromatin condensation.
Therefore, we next performed an independent assessment of DSB
induction and repair by the use of the neutral single cell gel elec-
trophoresis (comet) assay. Again, we observed a signi“cantly
(p = 0.02) higher incidence of non-repaired DSB in cells pre-treated
with Survivin siRNA ( Fig. 4c).

To understand mechanistically how attenuation of the nuclear
Survivin level may impair DNA repair, we next investigated
DNA-PKcs S2609 (auto)phosphorylation and DNA-PKcs kinase
activity. LN229 cells were exposed to a single dose of 4 Gy in
the presence of Survivin siRNA or non-speci‘c control siRNA.
Western blot analysis performed without previous irradiation
and 20, 40 and 60 min after irradiation with 4 Gy indicated that
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Fig. 2. (a) LN229 cells were irradiated with a dose of 4 Gy. Survivin was detected in cytoplasmic or nuclear extracts by Western blotting (WB) at the indicated time points post
irradiation. To con“rm equal protein loading and subcellular fractionation, membranes were subsequently reprobed with anti-calnexin or anti-lamin B1 antibodies. b)
Fluorescence microscopy analysis of Survivin localization in LN229 cells, mock-irradiated (upper panel) and 60 min after irradiation with 4 Gy (lower panel) using anti-
Survivin and Alexa-488 labeled secondary antibodies (green). DNA was counterstained with DAPI (blue). Displayed is one representative out of three repeated experiments

(original magni“cation 630 , bars 10 | m).



S. Reichert et al./Radiotherapy and Oncology 101 (2011) 51...58 55
a IP: Survivin  Iso
sty | 50 woct
Survivin | - - - -16.5 kDa
Survivin - - - e
DNA'PKCS .--. ~ 450 kDa
0 20 40 60 min
MDCL| w « ™ @ - 250 kDa after irradiation
Iso  [P:y-H2AX
53BP1 [ b e pm e | - 250KDa s
— Antibody
Ku70 —;; -70kDa
Survivin - -
TH [~ -—o-. | 0 20 40 60 min
. after irradiation
0 20 40 60 min
after irradiation
Survivin DNA-PKcs DAPI

Survivin MDC1

Survivin

|H2AX
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MDC1 and anti-phospho histone C-H2AX antibodies were used for reverse IP and WB for de
for Survivin and Alexa-594 conjugated secondary antibody (red), DNA-PKcs (upper panel), MDC1 (middle panel) and
secondary antibody (green) and DNA (DAPI staining, blue) 40 min after irradiation of LN229

Survivin attenuation by siRNA resulted in a reduced level of
S2056 (auto)phosphorylation of DNA-PKcs ( Fig. 5a), indicating a
distinct role of Survivin in the regulation of DNA-PK enzymatic
activity. To further proof this, DNA-PKcs dependent phosphoryla-
tion of a biotinylated p53-derived peptide was measured in the
presence of [*2P-C]-ATP using a Signa TECT DNA-PK assay. In
mock-treated or siRNA-control transfected LN229 cells DNA-PK
activity gradually increased with time, reaching the highest va-
lue at 40 min after irradiation. By contrast, in Survivin-siRNA
treated LN229 cells a signi“‘cantly ( p<0.001) lower DNA-PK
activity was observed ( Fig. 5b). Notably, Survivin-GFP overex-
pression did not further increase DNA-PK kinase activity, indicat-
ing a putative saturation effect.

merged

irradiation with 4 Gy and co-immunoprecipitation (IP) was performed utilizing
antibodies (Iso) served as a control. To con“rm an association, exemplary anti-
tection of Survivin. (b) Immuno”uorescence images of representative cells stained
C-H2AX (lower panel) and Alexa-488 conjugated
cells with 4 Gy. (Original magni“cation 630 , bars 101 m).

Discussion

Survivin was primary described as a bifunctional protein impli-
cated in the regulation of cell proliferation and apoptosis [4]. Now,
however, it becomes evident that Survivin possesses multifunc-
tional properties that interplay at a crossroad of various molecular
networks of cellular division, apoptosis, and stress adaption to
unfavorable exposures [2,3]. One of the most important features
of Survivin is its interrelationship with a growing number of mol-
ecules, including tubulin and various nuclear proteins. Moreover,
a recent advance in the understanding of Survivines function
and biology has arisen from the observation that Survivin is
present at distinct pools including the nucleus, the cytoplasm,
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Fig. 4. (a) Detection of serine 139 phosphorylated histone  C-H2AX following
treatment with Survivin-speci“c siRNA and GFP-tagged survivin. Forty-eight hours
after transfection, cells were irradiated with a dose of 2Gy to assure foci
discrimination and subsequently stained using C-H2AX antibodies, Alexa-594
secondary antibody and DAPI for nuclear counterstaining. Data are given as
mean + SD from three repeated experiments ( *p < 0.05 versus mock-treated cells).
(b) Residual DNA damage at 24 h after irradiation was visualized by using
Each bar represents the mean + SD of residual repair foci per cell nucleus. For each
data point 50...100 nuclei were evaluated. ( *p < 0.01 versus mock treated cells). (c)
At the indicated times after irradiation LN229 cells were subjected to a single cell
gel electrophoresis (comet) assay. Data are given as the Olive Tail Moment (OTM)
(*p = 0.02 versus mock treated cells).

the mitochondrion [2,34] and, more recently, the extracellular
space [19]. The localization of Survivin in the cytoplasm is
suggested to be cytoprotective because of its anti-apoptotic
function, whereas its nuclear localization controls cell division as
a subunit of the chromosomal passenger complex (CPC) implicated
in chromosome segregation and cytokinesis [3,32].

In the present study, we con“‘rmed nuclear accumulation and
complexation of Survivin with the DNA repair proteins MDC1,
DNA-PKcs and Ku70 as well as the phosphorylated histone H2AX,

C-H2AX.

Survivin linked to DNA damage repair

suggesting a role or involvement of Survivin in DSB repair following
exposure to ionizing radiation [7]. Survivin is reported to structur-
ally contain a nuclear export signal (NES) that facilitates an active
CRM1-dependent nuclear export implicated in the predominant
cytoplasmic localization of Survivin in tumor cells [21,34] . On the
contrary, no nuclear localization signal (NLS) is present in the Survi-
vin sequence to facilitate a karyopherin receptor mediated nuclear
import [40]. Moreover, the rapid kinetic of nuclear accumulation is
unlikely to arise from a passive diffusion of the 16.5 kDa protein,
but may be mediated by a more speci“c and active shuttle mecha-
nism. Notably, recent studies revealed a complex of Survivin with
Glycogen Synthase Kinase 3beta (GSK3R) that facilitates a nuclear
shuttling following stress-induced translocation of GSK3[3 to the nu-
cleus [22] . Thus GSK3R may also display one putative nuclear shut-
tling partner for Survivin following irradiation.

Although it has been convincingly shown in preceding experi-
ments that Survivin is a radiation resistance factor in a variety of
cancer cells, including glioblastoma [10], the underlying molecular
mechanisms are complex and far exceed a simple inhibition of irra-
diation-induced apoptotic cell death  [8,31]. In line with this, Chak-
ravarti et al. were the “rst to report on caspase-independent
mechanisms by which Survivin may enhance tumor cell survival
upon radiation exposure [10] . Using an adenoviral vector containing
a dominant-negative Survivin T-34A mutant, this group reported on
an impaired DNA repair capacity upon radiation exposure as ana-
lyzed by a neutral comet assay. Using the C-H2AX foci formation as-
say, a hampered DNA damage repair was recently con“rmed in
colorectal cancer [7,30] and in non-small cell lung cancer cell lines
in the presence of Survivin speci“c siRNA or YM155, a small mole-
cule inhibitor of Survivin expression  [16] . It remains, however, elu-
sive whether Survivin is directly or indirectly involved in the
complex repair processes following radiation therapy.

Here we propose a direct function of nuclear Survivin in DNA
damage repair by physical interaction with the NHEJ repair pro-
teins MDC1, DNA-PKcs and Ku70. Interestingly, we also found Sur-
vivin interacted with  C-H2AX, a histone modi“cation that supports
the recruitment of repair proteins to the site of damage. Exposure
to ionizing radiation induces the formation of DSBs, resulting in the
activation of a complex damage recognition, repair and cellular
response machinery [14]. Upon irradiation-induced DNA damage,
MDCL1 is rapidly re-located to sites of DSB acting as a scaffold for
the recruitment and accumulation of additional repair proteins,
thereby mediating ampli“cation of DNA damage signaling. MDC1
is reported to directly bind C-H2AX and DNA-PKcs and to facilitate
DNA-PKcs dependent repair processes by regulating its (auto)
phosphorylation [23,37]. We, therefore, speculated that C-H2AX-
MDC1-Survivin-Ku70-DNA-PKcs complexation may facilitate DNA-
PKcs enzymatic activity following irradiation. Indeed, we observed
a lower level of S2056 (auto)phosphorylation of DNA-PKcs and a
signi“‘cantly decreased DNA-PKcs kinase activity in Survivin
knockdown LN229 cells. These data suggest a hew function of Sur-
vivin, i.e. besides its well-characterized role as caspase inhibitor
and indispensable subunit of CPC [32,33] regulating DSB repair
by stimulating non-homologous end-joining. The protective role
of Survivin in IR-induced cell death, which was con“rmed in this
work as well, may thus be explained both by caspase inhibition
and by stimulation of DNA repair. The exact molecular mecha-
nism(s) of the interaction of Survivin with players of the NHEJ
machinery, however, remains to be established. It may originate
from a direct Survivin-DNA-PKcs association that has impact on
DNA-PKcs kinase activity or indirectly by interfering with early
processes involved in DNA damage repair, e.g. the formation of
C-H2AX foci, the assembly of the MRE11-RAD50-NBS1 (MRN) com-
plex or activation of the ATM kinase.

Notably, there are some parallels to the role of Survivin in the
CPC[32,41] . In this complex, the protein localizes to the catalytic
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Fig. 5. (a) Nuclear extracts were prepared from LN229 cells at the indicated time points and Survivin, DNA-PK total protein and S2056 phoshorylated DNA-PK were assayed

by western blotting after transfection with survivin-speci“c siRNA and irradiation with 4 Gy. Mock-treated and non speci“c-siRNA treated cells served as a control, lamin B1

for equal protein loading. (b) To assess kinase activity, DNA-PK-dependent phosphorylation of a biotinylated p53-derived peptide was measured in the presence of [32P- cl-
ATP using a Signa TECT DNA-PK assay. Data are presented as meart2P-activity + SD from three repeated experiments. ( *p < 0.001 versus mock-treated cells).

domain of the mitotic kinase Aurora-B, enhancing its kinase activ-

ity both in vitro and in vivo, and targets Aurora-B to its substrate
histone H3 [11] . On the contrary, Survivin knock down cells display
lower Aurora-B kinase activity. More recently, an evolutionary con-
served binding pocket in the baculovirus inhibitor of apoptosis
(BIR) domain of Survivin was reported to recognize phosphorylated
histone H3, thus mediating recruitment of the CPC to chromo-
somes and activating its kinase subunit Aurora B [18] . Thus, Survi-
vin may play a putative analogical axillary function for DSB-repair

by interfering with  C-H2AX and kinase DNA-PKcs.

In conclusion, our data support the view that Survivin displays a
radiation resistance factor in glioblastoma. This is, at least in part,
explained by its role as a factor that stimulates radiation-induced
DNA damage repair. This may well contribute to the senodalss prop-
erties of Survivin [3] and may impact on the regulation of disparate
networks of cellular adaption to genotoxic stress. Moreover, our
data indicate that attenuated DNA repair following down regula-
tion or inhibition of Survivin goes along with a sensitisation in glio-
blastoma cells that are otherwise resistant to killing by irradiation.
This concept further suggests that targeting Survivin in high grade
gliomas may be a promising strategy to increase the therapeutic
ratio of radiation therapy in future clinical trials.
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Background and purpose: Novel strategies to overcome an irradiation resistant phenotype may help to
increase therapeutic ef“cacy in glioblastoma multiforme. The present study aimed to elucidate radiation
sensitizing properties of artesunate, a semi synthetic derivate of artemisinin and to assess factors

Materials and methods: LN229 and U87MG cells were treated with various concentrations of artesunate
and radiation response was determined by a colony forming assay. Cell numbers, apoptosis induction, cell
cycle distribution, and DNA repair following combined modality treatment were monitored by MTT-, cas-
pase 3/7 assay, cyto”uorometry, and C-H2AX foci formation. Expression of survivin, survivin...GFP fusion
protein, XIAP, cellular (c)IAP1 and clAP2 was monitored by Western immunoblotting.

Results: Treatment of glioma cells with artesunate and irradiation resulted in an increased apoptotic frac-

tion, pronounced G2/M arrest and increased DNA damage as demonstrated by an elevated amount of C-

H2AX foci/nucleus. Incubation with artesunate lowers survivin expression in a time and dose-dependent

manner, whereas expression of XIAP, clAP1 and clAP2 was not affected. In clonogenic assays, treatment

with artesunate revealed a signi“cantly reduced surviving fraction, whereas stable over expression of a

survivin...GFP protein reversed artesunate-mediated radiosensitization.

Conclusion: Artesunate selectively down regulates survivin that contributes to a radio-sensitization of gli-

oma cells by an increased induction of apoptosis, cell cycle arrest, and a hampered DNA damage response.
2012 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 103 (2012) 394...401

Despite aggressive surgical procedures followed by radiation
and chemotherapy, the prognosis for glioblastoma multiforme
(GM) patients still remains poor with median survival rates in
the range of 12...14 months after diagnosis [1,21,35]. From a thera-
peutical point of view, glioblastoma displays a prime example of a
therapy resistant tumor which may be explained by the presence
of tumor cells with a radiation- and chemo-resistant phenotype
in line with an increased DNA repair capacity [7]. Thus, there is a
critical need to develop new anticancer drugs to increase respon-
siveness of glioma tumors.

Artesunate is a semisynthetic derivate of artemisinin, a sesqui-
terpene lactone which was isolated from the plant  Artemisia annua
and used in traditional Chinese medicine to treat fever and chills
[29] . During the last decades, however, artemisinin and its deriva-
tives have gained considerable interest as a new generation of anti
malarial drugs [41] and have been proven to display distinctive
cytotoxic activity in a variety of tumor cells [16,17,33,47] . Moreover,
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artemisinin in vivo suppresses the growth of human tumor cells in
xenograft models in rats and mice [13,14,25,30,36] and has been
con‘rmed to be bene“cial in controlling disease progression and
prolonging survival in clinical case reports and trials ~ [9,42,48].

Despite its growing impact in therapy, molecular mechanisms
and sequence of events underlying artesunatees anti cancer ef‘cacy
are still not resolved in full detail. However, mounting evidence
has been accumulated, that generation of reactive oxygen species
(ROS) or carbon-centered radicals and subsequent protein alkyl-
ation and downstream mechanisms like induction of apoptotic/ne-
crotic cell death are involved in these processes (reviewed in  [16]).
Moreover, using microarray expression analysis, a variety of genes
have been identi“ed to signi“cantly affect the response of tumor
cells to artemisinin  [15,20] . These genes comprise factors involved
in the oxidative stress response, including DNA damage and repair
genes, apoptosis regulating genes, proliferation-associated genes,
oncogenes, tumor suppressor genes, and angiogenesis-related
genes [4,15].

Alterations in the expression of apoptosis-regulating proteins,
like the family of inhibitor of apoptosis proteins (IAPs), display a
hallmark of cancer cells for acquired resistance to therapeutic
treatment [2,22]. Among this group, the smallest member survivin
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deserves growing attention due to its prominent role in disparate
networks of cellular division, intracellular signaling and apoptosis
[3]. Several preclinical studies have demonstrated that targeting
survivin expression by RNA interference, antisense-oligonucleo-
tides (ASO) and small molecule repressors sensitized tumor cells
toward irradiation and reduces tumor growth potential [27,40].
Recent data further indicate that a radiosensitizing effect of survi-
vin inhibition seems to be multifaceted and involves increased
apoptosis and caspase-independent mechanisms. The latter com-
prise induction of a G2/M cell cycle arrest and a distinct role of sur-
vivin in the regulation of radiation-induced double-strand break
repair [11,12,26,37] .

In the present study, we aimed to investigate radiation sensitiz-
ing properties of artesunate on glioblastoma cells and to assess
possible mechanisms and factors involved in this effect. Our results
show that artesunate down regulates the IAP survivin and en-
hances radio-responsiveness of glioma cells by an increased level
of apoptosis, a hampered DNA damage repair and as a consequence
decreased clonogenic survival.

Materials and methods

Cell culture

Human glioblastoma cell lines LN229 and U87MG were obtained
from the American Type Culture Collection (LGC-Promochem, Wie-
sbaden, Germany), and were either cultured in Dulbeccoes Modi“ed
Eagless Medium (DMEM: LN229) or Minimum Essential Medium
(MEM: U87MG) (both, Sigma...Aldrich, Munich, Germany) supple-
mented with 10% or 20% fetal bovine serum (PAA, Coelbe, Germany),
1 mM glutamine and 1% penicillin/streptomycin (Biochrom, Berlin,
Germany). The environmental conditions were 37  C, 5% C@ and
95% humidity.

Treatment with artesunate and irradiation procedure

LN229 and U87MG cells were plated in cell culture "asks 24 h
before treatment to reach a con”uence of 80...90%. Artesunate (Sig-
ma...Aldrich, Munich, Germany) was dissolved in DMSO and a stock
solution of 50 mg/ml was prepared. Artesunate was added to the
cell culture medium at a “nal concentration ranging from 1 to
64 | g/ml and incubated continuously for 24 h. Irradiation was per-
formed at room temperature with single doses of X-rays ranging
from 2 to 10 Gy using a linear accelerator (SL 75/5, Elekta, Crawley,
UK) with 6 MeV photons/100 cm focus...surface distance with a
dose rate of 4.0 Gy/min.

Quanti“cation of apoptosis and caspase-3/7 assay

For quanti“cation of apoptotic LN229 and U87MG cells, subG1
content was analyzed following staining of the cells with 1 | g/ml
propidium iodide, 4 mmol/l sodium citrate, 1 mg/ml RNaseA
(Boehringer, Mannheim, Germany) and 0.1% Triton X-100 by a
FACScalibur apparatus and CELLQuest’ software (Becton Dickin-
son, Heidelberg, Germany). Caspase-3/7 activity was analyzed in
a 96 well microplate-format using a CASPASE GLO’-assay (Prome-
ga, Mannheim, Germany) according to the manufacturerss recom-
mendations and quantitated using a luminometer (Berthold, Bad
Wildbad, Germany).

3-(4,5-Methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
assay

Cells were plated at a density of 2...10  10°cells/200 | | in a
96-well microplate, grown for 6 h and subsequently exposed to
artesunate (24 h) and irradiation. After an additional 48 h of

incubation at 37 C, MTT (Applichem, Darmstadt, Germany) was
added (20 | I/well of a 5 mg/ml solution in PBS) for 4 h. Solubiliza-
tion of the converted purple formazan dye was accomplished by
adding 50 | l/well of 0.01 N HCI/20% SDS and incubation overnight
at 37 C. The reaction product was quanti“ed by measuring the
absorbance at 570 nm using an ELISA reader (VIKTOR' 1420, Wal-
tham, MA, USA).

Cell cycle analysis

Adherent and detached LN229 and U87MG cells (1 108/ml)
were collected by trypsinization, washed twice with PBS and
resuspended in a staining solution containing 1 | g/ml propidium
iodide, 4 mmol/l sodium citrate, 1 mg/ml RNaseA and 0.1% Triton
X-100. FACS analysis was performed with a FACScalibur apparatus
(Becton Dickinson) and quanti“cation was performed using CELL-
Quest’ software (BD).

Immuno”uorescence and quanti“cation of phospho-histone C-H2AX
foci formation

Glioblastoma cells were cultured on 8-well slides (BD Falcon,
Heidelberg, Germany), treated with artesunate and irradiated with
a dose of 2 Gy to assure a discrimination of individual nuclear foci
in immuno”uorescence staining. Slides were next “xed with either
ice cold methanol or with 3% paraformaldehyde (15 min, room
temperature: RT) as described in [11]. Permeabilization was per-
formed by addition 0.1% of Triton in PBS for 15 min, followed by
blocking with 5% BSA, 0.05% Triton X-100, 1 | g/ml mouse/rabbit
serum and incubation with anti  C-H2AX (Upstate Biotechnology,
Lake Placid, USA) primary antibodies. Next, binding was visualized
by incubation with appropriate Alexa-labeled secondary antibod-
ies (Invitrogen, Darmstadt, Germany), nuclei were counterstained
with DAPI solution (Invitrogen) and coverslips were mounted with
Vectashield (Vector Laboratories, Peterborough, UK). Images were
taken using an Axiolmager Z1 microscope and Axiovision 4.6. soft-
ware (Zeiss, Goéttingen, Germany). In order to quantify C-H2AX foci
formation for each data point 150...200 nuclei were evaluated from
three independent experiments.

Immunoblotting

For Western immunobilotting, cells were washed with PBS and
lysed in radioimmuno-precipitation assay (RIPA) buffer supple-
mented with protease inhibitors as previously described  [11] . Equal
amounts of protein (10...35 | g) as determined by a micro BCA-pro-
tein assay (Pierce, Rockford, USA) were separated on 12% SDS poly-
acrylamide gels and transferred to a nitrocellulose membrane
(Hybond C, Amersham, Freiburg, Germany). Membranes were next
incubated with either anti-Survivin (AF886, R&D Systems, Wiesba-
den, Germany), anti-XIAP, anti-GFP (Abcam, Cambridge, UK), anti-
clAP1 (R&D Systems) or anti-clAP2 (Epitomics, Burlingame, USA)
antibodies followed by appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies (Santa Cruz, Heidelberg, Germany).
Next, membranes were developed by using an enhanced chemo
luminescence detection system (ECL, Perkin Elmer, Waltham, USA)
and Kodak “Ims (Biomax , Rochester, USA) for autoradiography.
To con“rm equal protein loading, membranes were subsequently
reprobed with anti-B-actin antibodies (Sigma Aldrich, Munich,
Germany). Individual bands were quanti“ed using the ImageJ 1.41
software package (National Institutes of Health, Bethesda, USA).

Clonogenic survival assay

The clonogenic colony formation assay was performed on single
cell suspension as described previously [38]. Briey, cells were
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treated with artesunate for 24 h, plated into 6-well plates (BD Bio-
sciences) and after an additional 4 h, cells were irradiated at room
temperature as described above. After 11...14 days, colonies were
stained with methylene-blue solution for 30 min and counted. Cal-
culation of survival fractions (SF) was done using the equation
SF = colonies counted/cells plated  (PE/100), taking into consider-
ation the individual plating ef‘ciency (PE). Survival variables aand
b were “tted according to the linear quadratic equation
(SF=exp[ @ D R D? with D=dose using EXCEL software
(Microsoft, UnterschleiBheim, Germany). Radiation enhancement
ratios at 50% and 10% survival were calculated by transforming
the above mentioned equation using aand b values of the individ-
ual survival curves.

Survivin...GFP expression construct and transfection

For the expression of survivin...GFP fusion protein, a human sur-
vivin cDNA was ampli“ed with speci“c primers (Surv-fw: 5 2g0-
ggtacc-ggcggc-ATGGGTGCCCCGACGTTGE-Surv-rev: 5 2cg-ggatce-
cg-ATCCATGGCAGCCAGCTGCT®;3anked with Kpnl and BamHI
restriction sites, from an expression plasmid kindly provided by
R.H. Stauber (University Hospital of Mainz, Mainz, Germany).
Subsequently, PCR fragments digested with Kpnl and BamHI (New
England Biolabs, Frankfurt am Main, Germany) were inserted into
Kpnl/BamHI sites of pEGFP-N1 expression vector (Clontech, Saint-
Germain-en-Laye, France). LN229 cells were stably transfected with
pEGFP-N1 (GFP) or pEGFP-survivin (survivin...GFP) expression
constructs using Roti-Fect PLUS transfection reagent (Carl Roth,
Karlsruhe, Germany) according to manufactureres instructions.
After selection with G418 (PAA), clones were isolated and expres-
sion of GFP or survivin...GFP was veri“ed by "uorescence micros-
copy and Western blotting.

Statistical analysis

Experimental data are presented as mean + standard deviations
from at least three or more independent experiments. Levels of sig-
ni“‘cance were calculated using Studentes t-test (EXCEL program).

Results

To “rst evaluate a cytotoxic effect of artesunate on glioma cells,
we treated LN229 and U87MG cells with varying concentrations of
the drug and measured cell numbers 48 h after treatment by a col-
orimetric MTT-assay. The results displayed in  Supplemental Fig. 1
revealed that as compared to mock or DMSO treated controls,
artesunate reduced cell numbers in a dose-dependent manner with
a signi“cant reduction at doses above 8 | g/ml (LN229) and 16 | g/
ml (U87MG), resulting in an IC 5, of 12.1 and 21.34 | g/ml,
respectively.

To explore an effect of artesunate (24 h) and irradiation on cell
numbers and apoptosis at 48 h following combined modality treat-
ment we performed MTT and caspase 3/7 assays and determined
the fraction of cells in a subG1 phase. As depicted in  Fig. 1A, pre-
incubation with 4 | g/ml artesunate for 24 h and irradiation with
a dose of 2 and 8 Gy reveal a signi“cantly decreased number of
LN229 cells (p <0.001) and U87MG cells (8 Gy, p<0.01) as com-
pared to mock-treated controls. In parallel, caspase 3/7 activity in-
creased after combined artesunate and irradiation treatment
(Fig. 1B) in an additive manner with signi“‘cant values ( p <0.01)
at 2 and 8 Gy for LN229 and at 8 Gy for U87MG. An elevated num-
ber of apoptotic cells was further con“rmed by an increased detec-
tion of cells in a subG1l fraction by cyto’uorometric analysis
(Fig. 1C). Notably, the cell lines differ in their responsiveness to-
ward artesnuate/irradiation treatment by apoptosis induction with
a more pronounced effect in the line LN229.

Cell cycle analyses performed at 48 h after irradiation of LN229
and U87MG cells pre-treated with 4 | g/ml artesunate for 24 h re-
vealed an increased percentage of cells in the G2/M-phase of the
cell cycle in artesunate- and irradiation-treated glioma cells, indi-
cating that a larger amount of cells were blocked in a more radio-
sensitive phase of the cell cycle ( Table. 1). As compared to a
marginal increase in the line U87MG, induction of a G2/M arrest
was signi“‘cant as compared to mock-treated cells ( p <0.005) in
the line LN229. Notably, combined treatment with 16 | g/mi
artesunate and irradiation also resulted in a signi“cant reduction
of cells in S and G1 phases, probably due to increased cell death
by apoptosis.

Following knock down of the IAP Survivin, a sensitization of tu-
mor cells to ionizing irradiation has been described, which is med-
iated by increased apoptosis and caspase-independent
mechanisms like increased G2/M growth arrest and an impaired
DNA damage response [12,37,40]. Thus, we next asked, whether
an increase of apoptotic cell death and increased fraction of cells
in the G2/M phase of the cell cycle following artesunatef/irradiation
treatment may be modulated by impairment of members of the
IAP family. Western blot analysis of total cellular extracts gener-
ated at 0...48 h after artesunate incubation indicated a markedly re-
duced survivin protein expression in LN229 cells at 24...48 h after
treatment ( Fig. 2A) and artesunate ranging from 2 to 32 | g/ml
(LN229 and U87MG, Fig. 2B and C). Densitometric analysis further
yielded a 60...90% reduction of survivin protein expression at 36
and 48 h after treatment and incubation with 4...32 | g/ml artesu-
nate. On the contrary, the expression of the IAPs X-linked inhibitor
of apoptosis protein (XIAP), cellular IAP1 (clAP1) and cellular IAP2
(clAP2) was not affected by artesunate treatment, indicating a
selective down-regulation of survivin ( Fig. 2A).

Recent data indicate an impact of artesunate on DNA damage
induction and repair by homologous recombination (HR) and non
homologous end-joining (NHEJ) [31]. To further explore putative
underlying mechanisms, we next analyzed whether artesunate
treatment may interfere with irradiation-induced double-strand
break repair. For this purpose, LN229 and U87MG cells were trea-
ted with artesunate and irradiation, and subjected to C-H2AX
immuno”uorescence analysis at early (0, 20, 40, 60 min) and later
time points (2, 6, 12, 24 h). As compared to mock or DMSO-control
treated cells we detected signi“‘cant (LN229: p <0.003; U87MG:
p <0.02) increased C-H2AX foci per nucleus in artesunate-treated
cells with maximum values at 60 min after irradiation ( Fig. 3B)
and persisting signi“cantly ( p < 0.05) elevated levels at 24 h after
combined modality treatment compared to sole irradiated and
artesunate treated and non-irradiated (baseline, 0 h) controls ( Fig
3A).

To further establish a correlation of artesunate treatment and
radiation response, clonogenic survival assays were performed.
Pre-incubation of LN229 and U87MG cells with 4 and 8 | g/ml
artesunate signi“cantly reduced basic clonogenic survival in com-
parison to mock-treated controls ( Fig. 4A). Moreover, pre-treat-
ment with both artesunate concentrations signi“‘cantly
radiosensitized the cell lines ( Fig. 4), resulting in a calculated radi-
ation-induced cytotoxicity enhancement factor of 1.65 (LD  go) for
LN229 and 1.30 (LDsp) for US7MG after treatment with 8 | g/ml
artesunate ( Table 2). By contrast, clonogenic survival assays per-
formed after pre incubation for 24 h with 8 | g/ml artesunate in
LN229 cells stably over expressing a survivin...GFP fusion protein
(Fig. 5A) reversed artesunate-induced radiosensitization as com-
pared to GFP-control-transfected LN229 cells ( Fig. 5B). Moreover,
as compared to parental cells, a signi“cantly decreased caspase3/
7 activity was observed in survivin...GFP transfected LN229 cells
following treatment with artesunate and irradiation with a dose
of 2 and 8 Gy, respectively ( Fig. 5C).
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Fig. 1. (A) LN229 and U87MG glioblastoma cells were treated with artesunate (4 | g/ml) for 24 h and subsequently irradiated with a dose of 2 or 8 Gy. Forty-eight hours after
treatment cells were subjected to a colorimetric MTT-assay. (B) Analysis of caspase 3/7 activity at 48 h following treatment with artesunate (24 h) and subsequent irradiation.

(C) Analysis of apoptotic cells as determined by "ow cytometry of the fraction of cells in a sub-G1 phase. Data are displayed as mean + SD from three experiments. Asterisks
indicate signi“cant differences ( *p < 0.03, *p <0.001) as compared to mock-treated controls.

Table 1

Increased percentage of cells in the G2/M-phase in artesunate and irradiation treated glioma cells. At 24 h after treatment with artesunate (4 and 16 | g/ml) and irradiation (2 Gy)
LN229 and U87MG glioma cells were labeled with propidium iodide (PI) and "ow cytometry was used to measure DNA content. Data are displayed as the mean + SD from at least
six to seven independent experiments (individual ~ p values versus mock-treated cells are depicted in the table).

Treatment LN229 U87MG
% Cells in G1 % Cells in S % Cells in G2/M % Cells in G1 % Cells in S % Cells in G2/M
Mock-treated 50.5 +2.9 19.6+ 1.6 147+1.8 36.6+1.4 15.7+3.6 20.4%0.6
+2 Gy 46.6+2.1 185+ 2.4 17.1+1.1 36.3x1.2 109+1.4 22307
Arte (4 | g/ml) 449338 16.5+2.1 18.5+2.0 36.1+1.5 8813 23.0£0.4
Arte (4 | g/ml) +2 Gy 44.7+2.7 14.4+15 229+1.4 38.8:0.7 79+1.4 24105
p <0.005
Arte (16 | g/ml) + 2 Gy 30.7+1.9 86+1.1 27.1+17 394138 53+1.8 25.3+0.8
p <0.002 p <0.002 p <0.002 p <0.05 p <0.05
Discussion did not focus on radical production in our present investigation,
it has convincingly been shown that ROS production contributes
In the present study, we show that artesunate and X-irradiation to the cytotoxic effect of artesunate in tumor cells  [8,18,19,28].
dose-dependently suppress clonogenic survival in both LN229 and Kim et al. reported that a radiosensitization achieved by treatment
U87MG glioma cells ( Fig. 4). Moreover, we report that combined of U373 cells with dihydroartemisinin was blocked signi“cantly by
modality treatment induces caspase-dependent apoptosis (  Fig. 1), the free radical scavenger N-acetyl cysteine (NAC) indicating an
increases G2/M cell cycle arrest ( Table 1), modulates DNA-damage association between radiation response and artemisinin induced
response (Fig. 3) and attenuates expression of the inhibitor of ROS generation [28] . More recently, Berdelle et al. [8] further con-
apoptosis protein survivin ( Fig. 2). These results suggest that “rmed that artesunate treatment results in oxidative DNA damage,
artesunate displays a promising candidate as an adjuvant drug to resulting in an increased number of DNA double stand breaks
radiation therapy in glioma cancer that is in line with an estab- (DSB) as proven by phosphohistone C-H2AX and 53BP1 foci in
lished radiosensitizing effect reported by dihydroartemisinin in LN229 glioblastoma cells, which is in line with our investigations
U373 glioblastoma cells [28] . (Fig. 3). In addition, a ROS-dependent induction of apoptosis by a
Cellular response to ionizing radiation has been shown to be lysosome-dependent mitochondrial outer membrane permeabili-
mediated by the production of radicals and reactive oxygen species zation or oxidative DNA damage has been reported to contribute
(ROS) [23,34] that in turn target a variety of macromolecules to artesunatees anti cancer effect [8,16,18,24]. An involvement of
including DNA and proteins. The active moiety of artesunate is apoptosis is further strengthened by our present results, indicating
an endoperoxide bridge [45] which is cleaved in a ferrous ion that artesunate increases caspase 3/7 activity and the fraction of
dependent manner to result in the formation of reactive oxygen cells in a subG1 status that is augmented by combined treatment

species (ROS), and carbon-centered radicals [10,32] . Although we with ionizing radiation ( Fig. 1).



398

Survivin

clAP1

clAP2

XIAP

B-Actin

Artesunate and radiosensitization in glioblastoma

LN229
4 ug/ml Artesunate

g D W —

1 09 09 07 04 01

1 1 0.9 1 1 11

1 1 09 09 1 11

1 1 09 09 11 11

— — — — — —

0 6 12 24 36 48

Time after treatment (h)

B

Survivin

XIAP

B-Actin

C

Survivin

XIAP

B-Actin

LN229

1 1.2 1 0.8 1 0.9
e S — - S —
- < E E
s § ¢ ¥ F 3
S §d N v 9 &
Artesunate
U87MG

1 08 07 06 02 0.1

D e S S —— —
09 09

1 09 09

Artesunate

Fig. 2. Down regulation of survivin protein in LN229 and U87MG glioblastoma cells treated by artesunate. Western immunoblots from total cellular proteins extracted at the
indicated time points (A) or concentrations (B) after treatment with artesunate for 24 h using antibodies against survivin, XIAP, clAP1, clAP2 and actin for loading control.

Data are displayed as one representative out of three independent experiments. Numbers indicate reduction of protein expression as compared to

determined by densitometric analysis using the ImageJ software package.

(€]

IS

y-H2AX Foci/Nucleus >
g o - N w

W

%
o
L

40

v-H2AX Foci/Nucleus

LN229
—
W Mock
0O DMSO
OArte
0Gy 2Gy

--e--Mock

—=—DMSO
\ -A-Arte

y-H2AX Foci/Nucleus

y-H2AX Foci/Nucleus

o B N W B~ U
: L L L L J

o))
o
J

%
o
L

40 4 0

B Mock
0O DMSO
O Arte

b-actin control as

U87MG

0Gy 2Gy

--+--Mock
—=—DMSO

-A-Arte

Time after 2Gy (h)

Fig. 3. Residual damage at 24 h (A) and (B) kinetics of serine 139 phosphorylated histone

U87MG glioma cells were cultured on 8-well slides, treated with 4
nuclear foci in immuno-"uorescence staining using

5 10 15 20 25
Time after 2 Gy (h)

C-H2AX foci detection per nucleus after combined modality treatment. LN229 and

| g/ml artesunate for 24 h and irradiated with a dose of 2 Gy to assure a discrimination of individual
C-H2AX primary, Alexa-594 secondary antibody and DAPI for nuclear counterstaining. Data are given as mean + SD from

three repeated experiments ( *p < 0.05 versus mock-treated cells). For each data point 150...200 nuclei were evaluated.

In search of genes involved in the cytotoxic effect of artemisi-
nin, microarray expression analysis revealed a variety of factors
that affect cellular response to the drug including apoptosis regu-
lating genes [4,15,20]. Here we further propose that a selective
down regulation of the multifunctional protein survivin contrib-
utes to artesunatees anti-cancer effects. During the last decade,

survivin deserves growing attention due to its universal over
expression in malignant cells, its prognostic relevance and its
prominent role in the regulation of a variety of cellular networks,
including apoptosis, tumor cell proliferation and adaption to an

unfavorable environment

[3] . Due to these unique properties, the

protein has been proposed as an attractive molecular target for
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Fig. 4. Clonogenic survival of LN229 and U87MG cells pretreated for 24 h with artesunate at a concentration of 4 and 8 | g/ml and irradiated with the doses indicated. Mock or
DMSO treated cells served as a control. (A) After 12...14 days, colonies greater than 50 cells were counted and basal clonogenic survival was determined. (B) Survival curves
with surviving fractions (SF) normalized to the plating efciency were “tted according to the linear quadratic equation: SF = exp|[ a D b D?with D=dose. Data are
displayed as the mean + SD from three independent experiments (  *p < 0.04, versus mock- or DMSO treated cells).
Table 2
Radiation response variables of LN229 and U87MG cells after combined modality treatment with artesunate (4 and 8 | g/ml). Radiation-induced cytotoxicity enhancement factors

at 50% survival (LDsp) and 10% survival (LD 10) were calculated by transforming the linear quadratic equation using a and b values of the individual survival curves.

Cell line treatment Plating ef“ciency (%) aGy Y b (Gy ?) LDso (Gy) Radiation enhancement ratio LD 10 (Gy) Radiation enhancement ratio
LN229
Mock-treated 37.2 0.2061 0.0184 271 6.91
Arte (4 | g/ml) 18.6 0.3641 0.0104 1.81 1.50 5.47 1.26
Arte (8 | g/ml) 13.2 0.4105 0.0075 1.64 1.65 5.13 1.35
U87MG
Mock-treated 25.3 0.2595 0.0055 2.53 7.63
Arte (4 | g/ml) 10.0 0.3521 0.0017 1.95 1.29 6.35 1.20
Arte (8 | g/ml) 7.8 0.3426 0.0068 1.95 1.30 6.00 1.27
anticancer therapies. Indeed, several preclinical studies have dem- DNA damage response. We have recently shown that a nuclear
onstrated that targeting survivin expression and function by RNA accumulation of survivin is associated with DNA damage repair
interference, antisense oligonucleotides (ASO) and small molecule in both colorectal and glioblastoma cells  [11,37] by a direct inter-
repressors sensitized tumor cells toward irradiation and reduces relationship with members of the NHEJ repair machinery (e.g.
tumor growth potential [27,40]. Notably, it now became increas- H2AX, MDC1 and DNA-PKcs). A survivin knockdown by siRNA or
ingly clear that the role of survivin in cellular response to antican- ASO resulted in signi“‘cant increased C-H2AX foci detection at
cer treatment far exceeds a simple inhibition of apoptotic cell 40...60 min and persisting elevated levels at 12...24 h after irradia-
death but also involves regulation of the cell cycle and DNA-dam- tion [38,39] similar to the data in the present study ( Fig. 3). It is
age response [2,40] . This functionality may well “t to the nodes of therefore tempting to speculate, that at least in part, radiosensiti-
action exerted by treatment of cancer cells with artesunate. zation achieved by artesunate treatment in LN229 and U87MG gli-
In order to further explore underlying mechanisms of artesu- oma cells is mediated by a survivin attenuation. To further
natees cytotoxic effect in combination with ionizing radiation, re- investigate a causal impact of survivin in artesunate sensitivity, a
cent reports indicate, that the drug induces the formation of LN229 clone stably over expressing a survivin...GFP fusion protein
DNA-DSBs that in turn trigger a DNA damage response (DDR) as was established and treated with or without artesunate and irradi-
proven by phosphorylation of Ataxia telangiectasia mutated ation ( Fig. 5). As a survivin over expression in artesunate treated
(ATM), Ataxia telangiectasia and Rad3 related (ATR), checkpoint ki- LN229 signi“cantly partly restored an apoptosis resistant pheno-
nase 1 (Chk1) and Chk2 [8]. Moreover, knockdown of Rad51 by siR- type (Fig. 5C) and reversed artesunate-mediated radiosensitization
NA and inactivation of DNA-dependent protein kinase (DNA-PK) (Fig 5B), our data favor a direct and causal role of survivin in
strongly sensitized LN229 glioma cells to artesunate treatment artesunate cytotoxic activity.
indicating that both homologous recombination (HR) and non- An involvement of survivin in artesunate-mediated anti-cancer
homologous end joining (NHEJ) may be involved in the repair of effects is further supported by a report from Xu et al., indicating
artesunate-induced DSB [8,31]. From these data, however, it is that survivin expression in human osteosarcoma cells was dimin-

not clear whether artesunate directly or indirectly interferes with ished after artesunate treatment in a dose-dependent manner,
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both in vitro and in a xenograft tumor model [46] . Moreover, upon
treatment with artesunate, TNF-related apoptosis-inducing ligand
(TRAIL)-induced cytotoxicity in HeLa cells was enhanced by sup-
pressing pro-survival proteins, such as survivin and XIAP in a nu-
clear factor kappa B (NF-j B) and PI3 K/Akt signaling pathway-
dependent manner [43]. These data are in part contradictory to
our results, as we do not see a down regulation of XIAP in LN229
and U87MG cells. However, they con‘rm the involvement of
anti-apoptotic molecules in artesunatees anti-tumor activity and
foster proceeding experiments on the underlying mechanisms.

As reported for a variety of tumor cell lines [17,20,28], our
investigations further revealed a different response of glioma cells
to artesunate with a more pronounced effect in LN229 cells. In line
with this, the expression of genes that signi“cantly correlate to the
IC50 values for artesunate was evaluated in a panel of 55 cell lines
from the US National Cancer Institute (NCI) [17,20]. By using phar-
macogenetic and molecular pharmacological approaches a variety
of candidate genes were identi“ed. Among these factors, apoptosis
regulating genes including Bcl2, and NF- j B were reported to con-
tribute to artesunate resistance [15]. In line with that, a more re-
cent report further demonstrated that an artesunate resistant
phenotype in MDA-MB-231 breast cancer cells is associated with
the up regulation of the transcription factor NF-  j B and activating
protein (AP-1) that in turn increase the expression of anti-apopto-
tic Bcl-2 and reduce the expression of pro-apoptotic bax [6].
Although a role of NF- j B in the regulation of survivin is well estab-
lished [5,44], whether a differential regulation of NF- j B and AP-1
contributes to therapeutic effect of artesunate if combined with
ionizing radiation, requires ongoing investigations.

In conclusion, our data support the view that artesunate sensi-
tizes glioma cells to ionizing irradiation by multiple mechanisms
including attenuation of survivin expression, increased apoptosis,
and a hampered DNA damage repair. Although a radiosensitizing
effect of fractionated irradiation still has to be con“rmed in pro-
ceeding preclinical and especially in continuative animal models,
these data further suggest that combined modality treatment
including artesunate may increase the therapeutic effectiveness
of radiation therapy in glioblastoma.

| g/ml and irradiated with the doses indicated. Mock artesunate treated GFP expressing LN229 served
*p < 0.05). (C) Analysis of caspase 3/7 activity at 48 h following pre-treatment with

*p < 0.05 as compared to
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10 Abstract
One of the main challenges in radiation oncology is to overcome the resistance of cancer cells against
treatment by molecular targeted approaches. Among the most promising targets is the inhibitor of
apoptosis protein survivin, known to be associated with increased tumour aggressiveness and therapy
resistance. The objective of this study was the development of a human serum albumin-based nanoparti-

15 culate carrier system for plasmid-mediated RNA interference (miRNA) and the investigation oinitgitro
efficacy on survivin knockdown and cellular toxicity in SW480 colorectal cancer cells. The results demon-
strate a robust nanoparticulate system of a size around 220 nm with a plasmid incorporation efficacy
of about 90%. Moreover, treatment of carcinoma cells with survivin-miRNA nanoparticles resulted in reduc-
tion of survivin expression by 50% and increased cytotoxicity if combined with ionising irradiation.

20 These nanoparticles comprise a promising option to enhance the response of carcinoma cells to therapy
with ionising irradiation.

Keywords: nanoparticles, survivin, miRNA, ionising radiation

Introduction

which were claimed to be part of the main problems of
vector based gene therapy (Nishikawa et al., 2005). NPs

25 Nanoparticles (NPs) as drug carrier systems were first intro- are capable to target cancer cells via the enhanced perme-
duced by Speiser and co-workers in the late 1960s. Since  ation and retention effect (Maeda, 2001; Greish, 2010) as
then, the interest in NPs in many fields of research has the NPs are able to enter the tumour tissue through leaky 45
grown exponentially. Following Speiser’s work, Marty and vessels and are retained because of reduced lymphatic
Oppenheim have developed human serum albumin (HSA)- drainage.

30 NP employing the method of desolvation (Kreuter, 2007). Alternative carriers such as viral vectors (Gardlik et al.,
HSA as the basic component for NPs production shows a  2005) show a good DNA transfection efficiency, but are
number of advantages, such as a good tolerance in humans  afflicted by high costs or increased toxicity (Boulaiz et al., 50
and a variety for surface modification using its functional 2005). Moreover, a multitude of NP-based trials in gene
groups (Weber et al., 2000; Zensi et al., 2009). Promising therapy operate with cationic polymers such as polyethy-

35 results were obtained with HSA-NP used for the delivery of lenimine yielding a positive surface charge in order to
plasmid DNA to cells, as they showed a superior therapeu- attain a lysosomal escape (Zhang et al., 2008). These cat-
tic effect on cancer cells (Rhaese et al., 2003; Steinhauser ionic polymers, however, again appear to increase the 55
et al., 2009) These NPs were able to overcome restricting  toxicity of the preparation (Godbey et al., 1999; Hunter,
problems of gene therapy with naked DNA by preventing 2006). Furthermore, some groups showed that gene ther-

40 degradation by nucleases, and increasing cellular uptake apy with NPs may lead to significant therapeutic
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improvements which are comparable to polycationic vec-
tors without showing the risks associated with the polyca-
tions (Mo et al., 2007; Steinhauser et al., 2009).

Due to its universal overexpression in human cancerous
tissues and its prominent nodal role in disparate networks
of cellular division, intracellular signalling and apoptosis,
the inhibitor of apoptosis protein survivin deserves growing
interest as a suitable target of a molecular targeted tumour
therapy (Altieri, 2008). In line with that, several preclinical
studies have demonstrated that targeting survivin expres-
sion by the use of RNA interference, antisense-oligonucleo-
tides and small molecule repressors sensitised tumour
cells towards chemotherapeutic drugs and irradiation
and reduced tumour growth potential (Reichert et al.,
2011; Ralel et al., 2011). Moreover, NPs loaded with survi-
vin siRNA have already proven efficacy in enhanced che-
mosensitivity of MCF-7 breast cancer cells to adriamycin
invivo (Yang et al., 2010), but to the best of our knowledge,
a radiosensitising effect of survivin-miRNA plasmid-loaded
NPs has yet not been reported. Thus, the purpose of this
study was to develop and characterise a survivin-miRNA
plasmid-loaded HSA-NP system to efficiently knockdown
survivin expression and to increase radiation responsive-
ness in SW480 colorectal adenocarcinoma cells.

Materials and methods
Chemicals and reagents

HSA (fraction V; purity 96—99%; 65 000 Da; batch 028K7550)
was purchased from Sigma—Aldrich Chemie GmbH
(Steinheim, Germany). Glutaraldehyde solution (25%) was
purchased from VWR International GmbH (Darmstadt,
Germany) and was used as an 8% solution, prepared with
purified water. Proteinase K was obtained from Applichem
GmbH (Darmstadt, Germany). Ethidium bromide and
agarose were purchased from Roth GmbH (Karlsruhe,
Germany).

Survivin and negative control miRNA plasmid

The human survivin-specific miRNA plasmid was gener-
ated by insertion of a double-stranded oligo (Eurofins
MWG Operon, Ebersberg, Germany) containing the target
pre-miRNA sequence (top strand: $TGCTGAAGGATTTA

GGCCACTGCCTTGTTTTGGCCACTGACTGACAAGGCAG

TCCTAAATCCTT-8 bottom strand: 5°CCTGAAGGATTTA

GGACTGCCTTGTCAGTCAGTGGCCAAAACAAGGCAGTG

GCCTAAATCCTTC-3 in the pcDNA6.2-GW/EmGFP-miR
expression vector (Invitrogen, Karlsruhe, Germany)
according to the manufacturer’s instructions. The reverse
complement of the 21-nucleotide sense target sequence
(mature miRNA sequence) is as follows: SAAGGATT
TAGGCCACTGCCTT3and corresponds to the human
survivin-specific SiRNA sequence $GGCAGUGGCCUAAA
uccuutt-P(sense; siRNA ID #121296; Applied Biosystems,
Darmstadt, Germany). To increase knockdown efficiency,
the survivin-specific pre-miRNA sequence including #and

(TMNC) [INVALID Stage]

3°miR flanking regions was duplicated by miRNA chaining
according to the manufacturer’s protocol. For controls, the
non-specific pre-miRNA sequence (Top Strand: 8TGCTG

AAATGTACTGCGCGTGGAGACGTTTTGGCCACTGACTGA 115

CGTCTCCACGCAGTACATTT%of the pcDNA™6.2-GW/
EmGFP-miR-neg control plasmid (Invitrogen, Karlsruhe,
Germany) including 5° and 3° miR flanking regions was
duplicated as described above.

Cell culture

Human colorectal adenocarcinoma cells SW480 were
purchased from the American Type Culture Collection

(LGC-Promochem, Wiesbaden, Germany) and cultivated
in Dulbecco’s Modified Eagle’s Medium (Invitrogen,

Karlsruhe, Germany) supplemented with 10% bovine
serum (FBS Superior), and 2mM glutamine, 100 U/mL
penicillin and 100 ng/mL streptomycin (all supplements

from Biochrom, Berlin, Germany) at 37 C, 5% CQ and

95% humidity.

Preparation of plasmid-HSA-NP

Plasmid-HSA-NP preparation was performed by modifica-
tion of a previously described desolvation method
(Steinhauser et al., 2009). In brief, HSA (40 mg) was dis-
solved in 1mL of 10mM sodium chloride solution.
This solution was adjusted to a pH between 6 and 8.
Afterwards, the albumin solution was filtered through a
0.2mm sterile filtration unit (Whatman GmbH, Dassel,
Germany). The plasmid-solution was diluted to 500mL
with purified water to concentrations ranging between
0 and 300nmg/mL and mixed with 500 ni of the previously
prepared albumin solution for 15min using a magnetic
stirrer at 550 rpm at room temperature. Then, NPs were
formed by the addition of 2.7mL of ethanol (96%) at a
flow rate of 1 mL/min using a peristaltic pump (Ismatec
IPN, Glattbrugg, Switzerland). After this desolvation step,
11.8m of 8% glutaraldehyde solution was added drop-
wise, in order to form stable NPs by crosslinking
the amino-groups of the HSA. The NPs were next stirred
at 550rpm at 22 C over night or at least 12 h to achieve a
sufficient crosslinking. After this process, the NPs were
purified by centrifugation (3 16000 g, 8 min) and redis-
persion of the NP pellet in purified water under sonication
(Sonorex Super RK102H, Bandelin, Berlin, Germany) and
vortexing.

Characterisation of plasmid-HSA-NP: particle size,
polydispersity, surface charge and particle yield

For the photon correlation spectroscopic (PCS) determina-
tion of the mean particle size, the polydispersity index
of the size distribution and the zeta potential, a Malvern
Zetasizer 3000HSA (Malvern Instruments Ltd, Malvern,
UK) at a scattering angle of 90, at room temperature
was used. The sample was diluted 1:400 times with puri-
fied water prior to measurement. The zeta potential
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measurements were carried out with dip-cells fitting to the

Zetasizer. The efficacy of the desolvation process was
determined by microgravimetry (Kufleitner et al.,

2010). For this purpose, 50 of the NP suspension

concentrated to a volume of 1mL was filled in a pre-

weighed aluminium weighing dish (VWR, Darmstadt,

Germany). After 2h of desiccation at 80C, the pans

were allowed to cool down in an excicator for 0.5h.

The weighing dishes were weighed again with a micro-
balance (Sartorius Supermicro, Gttingen, Germany).

From the difference of the two measurements, the par-
ticle yield was calculated.

Determination of plasmid amount loaded into the NPs

For the determination of the plasmid amount that was
incorporated into the NPs, agarose gel electrophoresis
was used. Before electrophoresis, NPs (2 mg) were digested
with 2 ng/mL proteinase K in phosphate buffer pH 7.5
(Langer et al., 2008). These samples were incubated at
37 C under a constant shaking at 250 rpm (Eppendorf
Thermomixer 5436, Eppendorf AG, Hamburg, Germany),
and plasmids were purified by phenol/chloroform extrac-
tion. The plasmid concentration was determined in the
digested NPs.

Release and stability analysis

To test the stability of plasmid-HSA-NPs, particles were
prepared as described in “Preparation of plasmid-HSA-
NP’ section at a pH of 6.5 and the plasmid was used at a
concentration of 100ng/500nL. The produced NPs were
divided into aliquots of 1 mL with a particle content of
5mg. One-half of the particles was stored at 4C and the
other half at 22 C. At the start and 1, 2, 4, 8, 10, 16 and
24 weeks later, one aliquot of each group was analysed
for particle size, polydispersity index and zeta potential.
The particle suspensions were centrifuged, and the super-
natants tested for released plasmids. In the beginning and
at the end of this study, one aliquot of the NPs was digested,
and the incorporated amount of plasmid was analysed as
described above.

The determination of the released plasmids from
the NPs was performed using a method for PLGA-NP
(Basarkar et al., 2007) which was optimised for the HSA
system. In brief, an aliquot of 10 mg of NPs was separated,
centrifuged and redispersed in 1 mL phosphate-buffered
saline (PBS). These samples were shaken at 37 for
14 days at 550rpm on a thermomixer. After defined
times, samples were centrifuged (16000 g; 8 min) and
the supernatant was stored at 20 C. The pellet was redis-
persed in 1 mL fresh PBS under sonication and vortexing,
and further shaken. The sampled supernatants as well as
the remaining pellet after digestion were then analysed
for plasmid content.

DNAse stability of loaded DNA

Plasmids incorporated into NPs are supposedly protected
against external influences, especially nucleases DNAse 1
and DNAse 2. For this purpose, the influence of DNAse 1
was measured using the method of Niu et al. (2009). Briefly,
5 mg of NPs were incubated at 37C for 30 min with DNAse
1 at three different concentrations (0.25, 0.5 and 1.0 Ufg
DNA) in Mg? digestion buffer (50 mM, Tris—=HCI, pH 7.6
and 10 mM MgCl,). Naked plasmids with the same concen-
tration served as a control. After incubation, DNAse 1 was
inhibited with EDTA solution (50 mMol), the NPs were
digested with proteinase K and plasmids were extracted.
The resulting plasmid solutions were separated by gel elec-
trophoresis in a 1.5% (w/v) agarose gel in TAE buffer
(0.04 M Tris—HCI, 0.01M EDTA, 0.02M HAC and pH 8.5)
and the plasmid conformation as well as the amount
were analysed with ethidium bromide-staining on the
agarose gel.

Scanning electron microscope pictures

The NPs were additionally investigated using a field emis-
sion electron microscope (Hitachi S-4500, Tokio, Japan).
For this purpose, 10nL of freshly prepared NPs diluted in
ultrapure water were placed on an aluminium sample plate
and allowed to dry at 22 C for 24 h. Then, the dryed NPs
were sputtered with gold for 55s under inert gas
(Agar sputter coater, Agar Scientific, Stansted, England).
Pictures were taken and analysed using a photosystem soft-
ware (Point Electronic, Halle, Germany).

In vitro knockdown of Survivin by HSA-NP

To investigate thein vitro efficacy of the survivin-miRNA
plasmid incorporated NPs, SW480 cells were seeded in
six well plates at a cell count of 2 10° per well to reach

a confluence of 50-70%. NPs with different amounts of
incorporated plasmids (0, 10, 50, 100, 200 and 30fy)
or scrambled plasmid controls (200ng/mL NPs) were
diluted with cell-culture media without antibiotics.
Subsequently, the cells were washed with PBS, and freshly
prepared NP suspensions were added, incubated for 24 h
and replaced by culture medium. After 96 h, cells were
harvested and cell lysates were prepared in RIPA-
buffer (50mM Tris, 150mM NaCl, 0.1% SDS, 0.5%
Na-Deoxycholate, 1% Triton X-100 or NP-40). Protein
concentrations were determined using a microBCA-test
(Thermo-Fisher, Waltham, MA) and 50ng of total protein
was loaded on a 12% SDS-polyacrylamide gel. The separa-
tion took place in a Biorad Mini-Protean Tetra System
(Bio-Rad, Munchen, Germany). Subsequently, the proteins
were transferred to a nitrocellulose membrane (GE
Healthcare, Munchen, Germany) and probed either with
anti-survivin antibodies (Rabbit anti-Human Survivin
Affinity Purified Polyclonal Ab 1gG, #AF886, R&D Systems,
Heidelberg, Germany) or anti- -actin (Monoclonal
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antibody; A5441-clone AC-15; Sigma-Aldrich, Munich,
Germany) as a loading control. Horseradish-peroxidase
coupled appropriate secondary antibodies (Santa Cruz,
Heidelberg, Germany) and a chemiluminescence detec-
tion system (ECL, Thermo-Fisher, Waltham, MA) were
used for development, and luminescence X-ray films (GE
Healthcare, Munchen, Germany) and Optimax Type-RX
(MS-L GmbH; 69234 Dielheim, Germany) apparatus
for detection.

Colorimetric MTT assay and irradiation procedure

The cytotoxicity of the NPs and of the NPs in combination
with radiation was determined using the MTT-assay.
In brief, SW480 cells were cultivated in 96-well plates for
24 h at a density of 2500 cells/well in a volume of 10@rL in
full medium. After that, the medium was replaced with the
same volume of media without antibiotics. NPs with differ-
ent amounts of incorporated survivin-miRNA plasmids
or scrambled plasmids in concentrations ranging from 0
to 300ng were diluted with antibiotic free cell-culture
media to reach final concentrations of: 400, 200, 100, 50,
25, 12.5, 6.25 and @g/mL, respectively. After 24 h of incu-
bation, the media was collected and cells were washed
with PBS. After washing, 20@L of full medium was
added to the cells. After 48h, the cells were irradiated
at room temperature with a single dose of 2 or 8 Gy using
a linear accelerator (SL75/5, Elekta, Crawley, UK), with
6 MeV photons/100 cm focus-surface distance and a dose
rate of 4 Gy/min. Another 48 h later, 20nL of MTT reagent
(Applichem, Darmstadt, Germany) dissolved at a concen-
tration of 5mg/mL in PBS was added to each well. After 4 h
of incubation, 50nL of 20% SDS 0.01mol HCI solution
was added to the cells and incubated over night. The
amount of the violet formazan was determined spectro-
photometrically at a wavelength of 570nm in an ELISA
reader (Victor Wallac Multilabel-reader, Perkin-Elmer,
Waltham, MA). The cell viability (%) was calculated using
the equation:

viability &b 1/OD570<3SampIe5p 100

Pt otk el
ODs7gccontrolp

Statistical methods

All measurements were performed at least three times.
Data are given as mean SD. To determine statistical

differences between two groups p5 0.05), paired and

unpaired student t-tests were used (Sigmaplotll, Systat
Software, Chicago, IL).

Results and discussion
HSA-NPs with incorporated plasmids were prepared at dif-

ferent pH values and increasing amount of plasmid DNA.
These preparations were characterised with respect to size,

(TMNC) [INVALID Stage]

polydispersity, zeta potential, particle yield and drug load-
ing. An optimal preparation regarding high encapsulation
yield and a narrow size distribution with a mean around
220 nm was selected, and further investigated concerning
storage stability, DNAse protection and drug release.

Preparation of NPs

NPs showed a pH-dependent size distribution. The mean
particle diameter and the zeta potential of unloaded parti-
cles (NP-E) as well as plasmid-loaded particles (NP-P)
decreased with increasing pH (Figure 1; Table 1). This is
to be expected for albumin NPs as the increased amount
of negative charges as a result of the higher pH reduces
agglomeration of albumin molecules during desolvation
due to increased repulsive forces. The reduced agglomer-
ation tendency in turn leads to smaller NP sizes (Langer
et al.,, 2003). In the presence of incorporated plasmids,
the size of the NPs decreased as compared to the empty
particles. As mentioned above, a higher amount of negative
charges decreased size of the NPs that was more
pronounced in the presence of equally negatively charged
DNA-plasmids.

Thus, the influence of the amount of incorporated DNA
on particle size was analysed at pH 6.5 indicating that an
increase in the DNA amount reduces both the NP size and
the particle yield (Figure 1; Tables 1 and 2). Additionally,
plasmid loading efficiency also displays a pH-dependency,
with the most efficient incorporation at pH of 6.5 and 7.5
(Table 1). Dose Kkinetic experiments further revealed
an incorporation efficiency between 10 and 501g of
90-100%. The efficiency decreased for 10@ to 85% and
200ng to about 80%. At 300rg, only 65% of the plasmid was
entrapped (Table 2).

Storage stability and release characteristics of
plasmid-HSA-NP

Storage stability is a prerequisite for a future therapeutic
application of NPs in clinical use. Therefore, changes
in particle size, zeta potential and polydispersity were
monitored over a period of 24 weeks at 4C and at 22 C.
As depicted in Figure 2, storage conditions did not change
particle size significantly. Zeta potential fluctuated slightly
over time around a mean of 35mV, but always displayed
sufficient surface charge to avoid a particle agglomeration
(Langer et al., 2003). Polydispersity did also not change in a
significant manner, with a narrow size distribution with
a polydispersity index below 0.1 (Figure 2A) except
for one outlier at week 16. By contrast, as compared to
freshly prepared NPs, plasmid DNA content significantly
decreased over time at both conditions, with a more
pronounced effect after storage at room temperature
(Figure 2B). Under both conditions, plasmids showed sim-
ilar conformations and molecular weights as compared to
native (stock) plasmids. This indicates that the DNA can be
considered to be stable. Another important factor for
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Figure 1. Influence of pH on size (A) and zeta potential (B) and of plasmid content at a pH of 6.5 on size (C) and zeta potential (D) of HSA-miRNA-plasmid
NPs (n%3; mean SD).

Table 1. Characterisation of NPs with different pH values at desolvation (n%43).

NP formulation Size (nm) Polydispersity index Zeta potential (mV) Particle yield (mg) Plasmid load ( ng/mg)
NP-P pH 6 308 6 0.06 0.01 27 2 16.2 0.2 4.4 14
NP-P pH 6.5 246 20 0.07 0.02 29 9 16.8 0.9 53 05
NP-P pH 7.5 200 21 0.04 0.02 36 7 13.1 0.5 7.3 0.6
NP-P pH 8 179 26 0.02 0.01 38 7 4.4 2.7 4.9 0.9
NP-E pH 6 427 18 0.07 0.03 16 11 154 0.2 -

NP-E pH 6.5 355 38 0.09 0.05 32 7 15.7 0.7 -

NP-E pH 7.5 234 20 0.01 0.01 38 7 10.6 0.3 -

NP-E pH 8 190 4 0.05 0.00 39 9 6.2 1.9 -

Table 2. Characterisation of NPs with different plasmid amounts prepared at a pH of 6.5 (n%3).

NP formulation ( ng) Size (nm) Polydispersity index Zeta potential (mV) Particle yield (mg) Plasmid load (ng/mg)
0 356 5 0.09 0.05 31 7 16.1 0.7 -

10 326 4 0.03 0.01 38 5 156 0.8 0.7 0.3

50 248 5 0.04 0.01 42 6 16.7 1.1 2.7 05

100 214 10 0.04 0.03 43 3 142 1.6 58 0.7

200 185 10 0.05 0.02 42 3 101 1.7 16.5 3

300 174 10 0.04 0.01 43 5 92 1.1 21.2 3.2

the therapeutical use is a sufficient plasmid release from affect the release of the plasmids. In our storage experi-
the particles. On the one hand, the DNA is protected ments, no plasmids were detectable in the supernatants
370 in the matrix of the NPs (Arnedo et al., 2004), on the for 2 weeks (data not shown). This may be due to strong
other hand a high binding efficiency may negatively interactions of the polymer with the plasmids, which are 375
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Figure 3. Amount of plasmid entrapped in NPs at days 1 and 14 of the
release study. Representative agarose gel electrophoresis for entrapped
plasmid is shown in the inset (n%3; mean SD).

assumed to be higher at pH 6.5 near the isoelectric point of
HSA at which the polymer lost most of his negative charge
(Langer et al., 2003). In the release study at 3&, the
amount of plasmid inside NPs decreased significantly
over the 2 weeks. This decrease was higher than in our
stability test after 24 weeks storage at £ or at room
temperature (Figure 3). However, in both cases more
than 50% plasmid was still intact.

Protection against DNAse

To achieve an efficient delivery of the plasmid DNA by
NPs, protection of the incorporated DNA is mandatory.

120 | == Plasmid remaining [%]

Remaining plasmid DNA [%]

Figure 4. DNAse stability: naked DNA (left columns) was degraded
in a DNAse 1 concentration-dependent manner whereas the NPs
(right columns) protected the incorporated DNA from a degradation
by DNAse 1 (1 ¥3; mean SD).

Therefore, the stability of NP encapsulated plasmids as
well as naked plasmids were investigated. After the treat-
ment with DNAse 1, an enzyme concentration-dependent

degradation of free plasmids was observed whereas plas-
mids entrapped in NPs appear to be stable (Figure 4).
These results indicate that encapsulated plasmids
were protected against degradation by DNAse 1. Hence,
this stability problem can be solved by the employment

of NPs.
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Scanning electron microscope

The scanning electron microscope (SEM) pictures
confirmed the results from PCS. Three exemplary pictures
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Figure 5. Exemplary SEM pictures taken from different NP preparations: (A) NPs without incorporated plasmids, (B) NPs with 100ng incorporated plasmid,
(C) NPs with 300ng plasmid. A size-reducing effect of the incorporated drug is visible.

from NPs loaded with increasing plasmid concentrations
are shown in Figure 5 with an obvious size reducing effect
at higher plasmid concentrations. At a plasmid content of
300nyg not only very small particles but also a pretty narrow
size distribution is visible indicating that all NPs probably
have comparable amounts of plasmid entrapped. This
interrelationship was further confirmed in plasmid quanti-
fication experiments. Results from these experiments
underline this hypothesis, as at plasmid concentrations of
300ng not all DNA was incorporated into the particles,
leading to a homogeneous saturation of the albumin NPs
with plasmid DNA. These pictures also indicate that
NPs with encapsulated plasmids have a smaller diameter
than NPs without incorporated DNA. One other important
factor determining the size of albumin NPs is the pH value
(Langer et al., 2003) due to its influence on the amount
of negative surface charges in the molecule that in turn
govern the repulsive forces. During preparation of NPs,
the albumin molecules and the plasmid DNA precipitate
together and form NPs (Steinhauser et al., 2009). As
described above, negative charges reduce the agglomera-
tion of the macromolecules because of resulting repulsive
forces between the molecules. This effect leads to smaller
particles during their formation. These charges are lower
near the isoelectric point of albumin leading to larger
micro- or macro-particles. In a mixture of albumin and
plasmids, the negatively charged plasmids interact with
the albumin molecules and inhibit the agglomeration and
formation of larger particles.

Knockdown of survivin expression by miRNA HSA-NP

As shown in Figure 6, a clear correlation between the
amount of incorporated survivin-miRNA plasmid and the

reduction of the survivin protein expression was evident.
At a concentration of 300ng plasmid, the survivin expres-
sion is reduced to 50% of the protein level compared to
controls. A significant reduction was further evident

between 200 and 0 (p¥0.013) and between 300 and
Onmg (p%0.001). In contrast, the scrambled plasmid
loaded NPs exhibit no clear trend in the down regulation

of survivin with no obvious reduction at the highest

plasmid content of 300mmg.

Figure 6. Toxicity of survivin-miRNA plasmids in NPs as well as
scrambled plasmids (200ng/mL). Only a slight difference is evident indi-
cating that there is only a minor effect of the plasmids ( n¥3; mean SD).

Figure 7. Reduction of survivin expression with survivin-miRNA NP (A) as
well as NPs with scrambled plasmids (B) a significant decrease between
300mg survivin-miRNA plasmid and 300mgsc scrambled plasmid
(p¥40.029) is visible. In (A), a significant reduction between 0 and
200mg (p¥0.013) and between 0 and 300 mg § ¥40.001) and 10 and
300mg (E¥0.007) of survivin-miRNA plasmids is evident.
Representative western blots show survivin level (bottom) and -actin
(top) for standardization (n%23; mean SD).
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Figure 8. Viability of SW480 cells after treatment with different NPs in varying concentrations and radiation doses. A, B and C denote survivin miRNA
plasmid NPs and D, E and F scrambled plasmid incorporated NPs (0 ¥23; mean SD).

Toxicity of survivin HSA-NP

Previous studies (Kratz, 2008; Wagner et al., 2009) indicated
that HSA or HSA-derived NPs display no toxicity and are
well tolerated in animal models. By contrast, toxicity may
arise from incorporated plasmids by down regulation of
survivin or by unspecific effects in the cells. Therefore,
HSA-NP formulations were tested at different concentra-
tions containing survivin miRNA and scrambled control
plasmids.

The results illustrate a well tolerability of the NPs.
A slight difference between the two formulations was
observable (Figure 7), which indicated that there was
a minor apoptosis inducing effect of the survivin miRNA
without ionising radiation or any further treatment.
An induction of apoptosis was also reported for survivin

antisense (Lladser et al., 2011). In addition to the survivin
effect, we observed a slight reduction in viability compared
to untreated cells at the highest NP concentration in both
cases, that may be due to unspecific effects on the cells.

Increased toxicity of HSA-NP if combined with ionising
radiation

Accordingly, NP preparations with 0, 100 and 300y
survivin-miRNA plasmids were irradiated with single
doses ranging from 0 to 8Gy and subjected to MTT
assays. As displayed in Figure 8, just a light difference
in cellular viability was observed in cells treated with
scrambled or survivink miRNA carrying NPs in non-
irradiated SW480 cells. Irradiation with a dose of 2Gy
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in the survivin miRNA treated cells decreased viability
to 60% as compared to scrambled control or non-
irradiated cells, where as a 8Gy exposure resulted
in a significant reduction of viability in all tests,

again with the highest effect in survivin miRNA NP
treated cells.

These results indicate the important role of survivin
in cancer therapy. Cells without downregulated survivin
status showed a decreased response to irradiation com-
pared to cells with a partly reduced survivin expression.
This effect has been reported in many previous stud-
ies ex vivo and in vivo, as well (Ralel et al., 2005).
Furthermore, overexpression of survivin in cancer cells is
associated with increased malignancy and a poor response
to therapy (Capalbo et al., 2007).

Basic principle of most chemotherapeutics and ionising
irradiation is the generation of DNA-damage and subse-
quent cell death by apoptosis. Survivin not only coun-
teracts apoptosis but also promotes cell proliferation,
regulates cell division and ensures cell survival and
response to unfavourable surroundings (Altieri, 2008).
Moreover, survivin is reported to be an inducible radia-
tion resistance factor (Asanuma et al., 2000) and a
therapeutic attenuation of the protein by siRNA, anti-
sense-oligonucleotides or small molecule suppressors
is shown to sensitise tumour cells towards irradiation
(Rodel et al., 2011). The underlying molecular mechanisms
of this sensitisation exceed a simple inhibition of apoptotic
pathways and also involve caspase-independent mecha-
nisms like regulation of the cell cycle and modulation
of DNA-damage repair (Reichert et al., 2011). These char-
acteristics in line with a prominent overexpression of
survivin in cancerous tissue pinpoint the importance
of the protein as a suitable target for a molecular based
therapy of cancer.

Conclusion

In this proof-of-principle study, we show that it is possible
to produce a stable and monodisperse HSA-based NP drug
carrier system for survivin-specific miRNA constructs. Data
from cell culture experiments suggest that this NP-delivery
system could be used to down regulate the expression of
survivin and as a consequence to increase the sensitivity
of tumour cells, that are otherwise resistant to ionising radi-
ation. Another positive property is the lack of toxicity of
these NPs against non-radiated cells and their easy
handling and fabrication.

These results suggested that survivin-miRNA NPs could
be an efficient and safe gene carrier system for RNAI ther-
apeutics in tumour therapy.
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