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ABSTRACT
*OLREODVWRPD PXOWLIRUPH *%0 LV D KLJKO\ DJJUHVVLYH WXPRXU RI

QHUYRXV V\VWHP DQG LV DVVRFLDWHG ZLWK DQ H[WUHPHO\ SRRU SURJQRYV
H[LVWV D VXESRSXODWLRQ Rl FHOOV JOLREODVWRPD LQLWLDWLQJ FHOOV

WKH FKDUDFWHULVWLFV RI SURJHQLWRU FHOOV KDYH WKH DELOLW\ WR LQLW!I
UHVLVW WR FXUUHQW WUHDWPHQW VWUDWHJLHV :H DLPHG DW LGHQWLI\LQJ QR)
Rl *,& H[SDQVLRQ WKURXJK XVH RI D ODUJH VFDOH FKHPLFDO VFUHHQ RI DS
PROHFXOHV +HUH ZH UHSRUW WKH LGHQWL:;FDWLRQ RI WKH QDWXUDO FRPS
VHOHFWLYH LQKLELWRU RI *,& YLDELOLW\ ,QGHHG A HVFLQ ZDV VLJQL¢FDQWC
SDWLHQW GHULYHG *,& ZKLOVW H[KLELWLQJ QR VXEVWDQWLDO HIIHFW RQ WKH
RU FRQWURO FHOO OLQHV WHVWHG ,Q DGGLWLRQ A HVFLQ ZDV PRUH HIIHFW
JURZWK WKDQ FXUUHQW FOLQLFDOO\ XVHG F\WRWR[LF DJHQWV :H IXUWKHU \
WULJJHUV FDVSDVH GHSHQGHQW FHOO GHDWK FRPELQHG ZLWK D ORVV RI VWH
+RZHYHU EORFNLQJ DSRSWRVLV FRXOG QRW UHVFXH WKH A HVFLQ LQGXFHG UH
IRUPDWLRQ RU VWHPQHVV PDUNHU DFWLYLW\ LQGLFDWLQJ WKDW A HVFLQ GL
VWHP LGHQWLW)\ Rl *,& LQGHSHQGHQW RI WKH LQGXFWLRQ RI FHOO GHDWK
KDV UHSRVLWLRQHG A HVFLQ DV D SURPLVLQJ SRWHQWLDO FDQGLGDWH WR VF

DJJUHVVLYH SRSXODWLRQ RI LOQLWLDWLQJ FHOOV ZLWKLQ *%0

INTRODUCTION

Glioblastoma multiforme (GBM) is the most
frequent primary tumour of the central nervous system
(CNS) in adults [1]. GBM is characterised by a diffuse and
aggressive phenotype that is associated with rapid cellular
proliferation, angiogenesis and necrosis. Current standard
treatment for GBM is palliative in nature, typically
involving de-bulking surgery followed by radiotherapy
and DNA-alkylating chemotherapeutic agents to eliminate
the remaining cells. The recent introduction of the Stupp
protocol combining radiation therapy with adjuvant
chemotherapeutic agent temozolomide (TMZ) has
improved GBM 5 year survival from 2% to approximately
10% [2, 3]. However, prognosis for GBM patients remains
extremely poor despite these advances, with median
survival reported at 14.6 months [2, 4]. The poor long-
term survival rates in GBM have been in part attributed
to the uncontrolled recurrence of the primary disease
following initial therapy.

*%0 LV DVVRFLDWHG ZLWK VLJIQLF
KHWHURJHQLW\ DQG DV VXFK WKH JH
has been well characterised [5]. It is widely recognised
WKDW WKHUH DUH VXEW\SHV RI *%0
WUDQVFULSWLRQDO SUR¢{¢OHV FODVV
and proneural [6]. The classical GBM subtype is
associated with a higher frequency of EGFR mutations
and the absence of mutations in TP53 [6]. In contrast,
mesenchymal GBM exhibit frequent mutations in NF1,
PTEN and TP53 tumour suppressor genes, and correlates
ZLWK D KLJKHU SHUFHQWDJH RI QHFUR\
Neural GBM shares many of the mutations associated with
WKH RWKHU VXEW\SHV EXW LV FKDUDF
more similar to that of normal neurons [6]. The fourth
subtype, proneural, features mutations in TP53 as well as
frequent mutations in IDH1 and PDGFRA. This subtype
occurs particularly in younger patients and is associated
with a trend towards prolonged survival compared to the
other subtypes of GBM [6]. Interestingly, approximately

Rl ORZHU JUDGH JOLRPDV DUH LGH
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and as such are associated with a better prognosis [6, 9]. RESULTS
In contrast, patients with poorer prognosis are found to

belong to mesenchymal and classical subsets [9]. $ VPDUW FKHPLFDO OLEUDU\ VFUHH

initiating properties remains largely unaffected by initiating cells

conventional therapies, and as such has been implicated

in tumour recurrence [10, 11]. Glioblastoma-initiating To identify new compounds with cytotoxic activity

cells (GIC) share a number of characteristics with normal  jn human GIC, we screened a library of 1280 FDA-

neural stem cells such as self-renewal, the ability to  approved small molecules on one human GIC long-term
PLJUDWH DQG LQ¢OWUDWH WKH EU&KRR. Sisidkha b PhefesVtubblidshelds/ TS) in

the potential for differentiation [12—14]. Additionally, it HQULFKHG GH¢QHG PHGLXP ZHUH WUHD'
has been well documented that GIC are more resistantto of each compound, and the fraction of viable cells
radiation [15, 16] and chemotherapy [11, 17, 18]. Indeed, measured at 48 hours in a 96-well format (Table 1, Figure

GIC possess characteristics that favour the evasion and 1A-1B). Thresholds were set to detect compounds that
resistance to current treatment strategies. Chemotherapy | QGXFHG D SRWHQW DQG VLIJQL¢{¢FDQW L
and radiotherapy target cycling, highly proliferative LQ FHOO YLDELOLW\ 7KLV OHG W
cancer cells whereas, GIC are comparatively quiescent 3,759 of candidates from the initial screen as potentially

and slow cycling and allowed to survive to repopulate the  |ethal in GIC. A secondary screen conducted in both
tumour post-treatment [17]. Additionally, the ability of GIC#1 and GIC#9, from mesenchymal and classical

GIC to asymmetrically divide further contributes to the  subtypes, respectively (Table 1, Figure 1C) allowed us to
recapitulation of the tumour after treatment. Asymmetric  exclude 33 molecules, as they exhibited no effect on GIC

cell divisions allow cells to concurrently self-renew  viability, and were therefore considered as false positives

and produce cells destined for differentiation pathways |URP WKH SULPDU\ VFUHHQ )RXU FRPS]|
[19, 20]. In the case of GBM, asymmetric cell division  as frequent hitters that previously demonstrated toxicity
following treatment would allow the maintenance of the  in other cancer cell lines screened in our laboratory (our

GIC population, while simultaneously producing more  unpublished data and [28]). Additionally, eight compounds
differentiated and proliferative daughter cells to rebuild  were cytotoxic in only one of the GIC tested, leaving three

the tumour. Hence, there is evidence to suggest thatcurrent UHPDLQLQJ PROHFXOHYV WKDW VLJQL¢FI
clinical treatments enrich the GIC subpopulation, with the  of viable cells in both subtypes of GIC (Figure 1D).

ability to regenerate the tumour. For all these reasons,

identifying novel therapeutics that directly targets GIC is HVFLQ LV PRUH WR[LF WR JOLREOI

of considerable importance in order to improve prognosis  ¢g|ls than perhexiline maleate or chlorprothixene
for GBM patients.

Considering the potential of anti-GIC therapies to The three common hits from the secondary screen
advance GBM treatment, we employed a chemical screen ZHUH LGHQWL{;HG DV SHUKH[LOLQH PI
of currently FDA- and EMA- approved small molecules in DQG HVFLQ )LJXUH % $ ¢QDO YLD
order to identify a selective inhibitor of GIC expansion with  performed on these three compounds in both GIC#1 and
known bio-safety in humans. We conducted this screen in ~ GIC#9, using a 24-well format, in order to exclude for a
a well-characterised panel of patient-derived, long-term  GHQVLW\ HIIHFW $00 WKUHH FRPSRXQ
GIC cultures, including GIC derived from each of the four  cell viability in GIC#1, however the natural compound
genetic subtypes of GBM [21-26]. These GIC retained the HVFLQ GHPRQVWUDWHG WKH PRVW S
ability to expancdex vivoas spheres (tumourspheres, TS) WKH *, & WHVWHG )LJXUH % 7KXV I
LQ GH¢QHG PHGLXP WR H[SUHVV SURIZHQHY RUWRY UN BriliiQ WKROHLQVW *,&
able to differentiate and also initiate tumour formation
experimentallyin vivo [23, 25, 27]. The cytotoxic effect HVFLQ VHOHFWLYHO\ WDUJHWYV JO
of the compounds was initially evaluated in two patient-  ¢g|ls
GHULYHG *,& JURZLQJ DV VSKHUHVY DQG LGHQWL¢HG HVFLQ D
mixture of triterpenoid saponins isolated from the seeds Due to the large scale of the preliminary screening
of horse chestnuts. Subsequent studies demonstrated the process, no control cell lines were employed. Thus to
VHOHFWLYH LQKLELWLRQ RI *, & YLDEUWOMNKWH LE\L QNWHNVIWL JIDIWIHK \QRH VHOHFW
toxicity evident in the multiple differentiated GBM, cancer ZH QH[W DSSOLHG 0 RI WKH FRPSR!
and control cell lines tested. Accordingly, we demonstrated 20 human cancer and control cell lines (Figure 3A). This
D VSHFL¢{F HIIHFW RI HVFLQ RQ LQGKNFWDRGO RIWKIRSWRIWIAML @ @I G QRW G
modulation of stemness properties of nine individual GIC,  toxic effect in the endothelial, epithelial, keratinocyte
LQGLFDWLQJ WKH SRWHQWLDO RI H&fheugal Rl ey EsSdddetlv EMftHeh@Qr§ tBiRR dgde @IW
inhibitor of GIC. HVFLQ ZDV XQDEOH WR LQGXFH WRJL
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Table 1: GIC characterisation

# Age Gender Histology = Sub-Type (Verhaak) Tumour Initiation Differentiation
#1 68 M GBM IV Mes + +
#4 76 F GBM Mes +

#5 66 M GBM IV Proneural + +
#7 49 M GBM IV Mes + +
#8 79 M GBM IV Classic + +
#9 68 F GBM IV Classic + +
#13 59 M GBM Neural + +
#15 70 F GBM Mes + +
#16 72 M GBM IV Classic + +

Tumour initiation was monitored in ectopic xenografts, as described in methods. Differentiation was induced by switching
cells from mitogen-containing media to DMEM supplemented with 10% FBS. Differentiation was considered as positive
according to morphological changes of adherent cells.

head and neck, primary effusive lymphoma, colorectal, FRPSDUHG WR *, & DW ERWK $ DQG
prostate, ovarian, lung or breast cancer cell linestested.In $GGLWLRQDOO\ HVFLQ ZzDV WKH PRVW
GLUHFW FRQWUDVW HVFLQ VLJQ Lie#ubityWed VidbilityGiX EIC&E dbmpaied @LalV btHeW
this concentration in all 9 GIC tested (Figure 3A). Of note,  treatments assessed, but demonstrated no effect on U87

HVFLQ GLPLQLVKHG WKH YLDEL O L WhyiaBility: >StdNapyV ab 48Chduis/ theFdaie standard
lines indicating a potential effect on the T cell lineage,  chemotherapeutic agent for GBM, TMZ, demonstrated no
in agreement with previous studies [29]. Hence, our data  overt toxic effect in GIC#1 and GIC#9, but a 20% reduction
VXJIJHVW WKDW  HVFLQ LV D VHO HFWhLcEIH/idbt In EUB W RArd4BY. .1& oddéRd ddfnine

,Q RUGHU WR GHWHUPLQH WKH RHBM HPOROWEHRDWH. RRd RH¥RPELOHG WKHUDS

dose response assay was performed in nine patient-derived gose response using low doses of TMZ in combination with
GIC to include the four subtypes of GIC [6] (Table 1, HVFLQ ZDV SHUIRUPHG ,Q ERWK *,& HJI
JLIXUH % *,& H[SDQVLRQ ZDV UH G Xdt iz kB Rd R & bid2eldepbhtfdnt-diect on cell viability
WUHDWPHQW LQ D GRVH GHSHQGHQWRPRPYHE wRWKPFYBIBBRARWKDW zr
UHGXFWLRQ DW 0 RFFXUULQJ LQy tPeQH@hegt SmBivey ('ﬂ)ye\gggi re 48, Furthermore, at
PRUH VSHFL¢{FDOO\ WHVW WKH HIIHRWN& fosellof TitAsE Ad? m&% &1 Rtofted

the human adult neural stem cell line HFT13 and human IXUWKHU UHGXFWLROV LQ FHOO YLDELO

QHXURQDO OLQH 6. 1 6+ ZHUH H[SRMHGWR crVvVHERWKHVEL LIXUH ' 7
compound in parallel to GIC#1 and GIC#9 for 48 hours Q)

JLIXUH & HVELQ GHPROVWUDWH QR LRk ek BV HF YRR, oo bo

the percentage of viable neural cells compared to DMSO

FRQWUROV GHVSLWH VLIJQL¢(¢FDQW W | * D \Y/

GRVH ,Q RUGHU WR FRQ:UP WKDW ﬁ&ﬁ'—é &Wﬂﬁ%@d&Rﬁ%ﬂzh\W'—Q JC

GIC, a dose response was performed in the differentiated INitiating cells

KXPDQ SULPDU\ *%0 FHOO OLQHV 8 /1 Vv H V

in GIC#1 and GIC#9 sister cells in which differentiation QR LPG H%J . 6‘)/ g R( UWKHU HYDOX D WH

was induced by addition of serum to the culture media reduces GIC expansion, cell death was assessed with
JLIXUH $ ' > @ HVFLQ QR &R 4 3ERELHBLXP ,RGLGH 3, V'

toxicity in the GBM lines assessed or differentiated GIC at ~ cytometry in GIC#1. In keeping with the Uptiblue viability

any concentration, further supporting the potential of this DVVD\ UHVXOWV DGPLQLVWUDWLRQ

compound as a selective inhibitor of GIC maintenance. increased the number of apoptotic cells compared to
DMSO treated controls, while the percentage of necrotic

&RPSDULVRQ RI HVFLQ WR FXUUH&8Gengineieen GigiraiAk Bapgptent with these
cQGLQJYV ZH REVHUYHG D UREXVW FO

7R DVVHVV WKH HI{FDF\ RI HVFXEVIVOQU PR/PHSBEAIVRQ KRXUV IROORZL(

to current standard treatments for GBM, GIC#1 and (Figure 5B). Finally, pre-treatment of cells with the pan-

GBM line U87 were treated with temozolomide (TMZ), FDVSDVH LQKLELWRU 49" SULRU WR

HWRSRVLGH 93 FLVSODWLQ &3 rRasly entivelyl apolisiped cell Demth qEigure 5C-5D).

assessed. Consistent with the literature and chemo-resistant 2YHUDOO WKLV GDWD GHPRQVWUDWE

potential of GIC [30], TMZ was more toxic in U87 through caspase-dependent cell death.
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HVFLQ DOWHUV WKH VWHPQHYVYVGEUIRS lddvanng ith¥ fagrlmolecular GBM subtypes
glioblastoma-initiating cells JLIXUH & 7DEOH bDv ZHOO DV D V
in the self-renewal capabilities and TS size of GIC#1
‘H QH[W LQYHVWLIJDWH WKH HITHEWXBH 'HVFLQ@RQVMWRHHQW ZLWK WK
stem properties of GIC. Firstly, our confocal analysis QRWDEO\ UHGXFHVY WKH SHUFHQWDJH
RI WKH LPPXQRAXRUHVFHQFH VW DdoRpaged td RMSOVdémirol. VT bhRe@sely Mo changes
PDUNHUV 62; DQG 1HVWLQ UHY HDR MK HD$ /V4+ BRISOFDIMLRQ ZHUH REVH
decrease in these markers in both mesenchymal GIC#1 WUHDWPHQW ZLWK WKH HVFLQ LQG
DQG QHXUDO *,& IROORZLQJ H VactivQy WeihthiDedl RireQ s¥mbjried XvithHTMZ (Figure
6A—6B). A similar impairment in tumoursphere (TS) ) 7TKHVH UHVXOWY VXJIJHVW WKDW F
formation was observed in seven additional human WKH VWHP SUR¢{OH RI * &

JLIXUH $ YLDELOLW\ VFUHHQ LGHQWL{HV WKUHH FRRAS R @&MicksR4gLF IRU
chemical library was employed in order to identify molecules with cytotoxic activity in human @)ds.the primary screen, 1280 small

molecules were tested on mesenchymal GIC#1 and viability assessed at 48 hours. Thresholds were set to detect compounds that induced «
SRWHQW DQG VLIQL,FDQW LQFUHDVH RU GHFUHDVH LQ FHOO YLDELOLW\
that fell above (0.46%) and below (3.75%) the thresholtls. fJROORZLQJ WKH SULPDU\ VFUHHQ FDQGLGDWEF
both mesenchymal GIC#1 and classical GICE9. (Q WKH VHFRQGDU\ VFUHHQ WKUHH PROHFXOHV ZHUH
* & DQG DQG ZHUH FODVVL¢{¢HG DV IROORZV QRQ WR[LF JUH\ EDUV WR[LF LQ R
GIC, but frequent hitters (red bars) and toxic in the two tested GIC (green bars).
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3UHYHQWLQJ DSRSWRVLV GRHV QRSCUSBIOW HVFLQ DFWLRQ
on glioblastoma-initiating cells
Despite considerable research focus and accelerated
7R QH[W DVVHVV ZKHWKHU W K HprbtkddresMorRclinicaH tddid. @urR/& rates for GBM
TS maintenance is a direct consequence of cell death, remain extremely poor. Glioblastoma-initiating cells
49' ZDV DGPLQLVWHUHG LQ FRPELQBICY R BdeMithplicdled i GBNP Riation, as well
TS formation assessed. Importantly, blocking caspase- as resistance to current therapies and tumour recurrence
GHSHQGHQW DSRSWRVLV ZLWK 49' @llowinQtRAMmdntIAS St Wey rdprédeht@ promising
from reducing TS formation in GIC#1 (Figure 7A). cellular target to improve outcome for GBM patients. This
6LPLODUO\ 76 VL]H ZDV VLJQL¢FD QNEP3soUdi fo XértfpandrépesRahla@éw compound
HVFLQ WUHDWPHQW DQG SUHVHU YHaGcdRdOsIEEVeR Jargdd theWritibkiagVdopLiin
with  QVD (Figure 7B). Consistent with this, the of cells within GBM. We employed a chemical screen
percentage of cells exhibiting high levels of activity of  of chemically and pharmacologically diverse small
$/'+ ZDV UHGXFHG LQ *,& IROORZLQPREMEXQOMUKERPWRHXWRZQ HI¢{¢FDF\ DQC
FRPSDUHG WR '062 DQG UHPDLQHG ORZHUY) LHHPRQWWEFDLWHG VLIQL,FDQW W
was combined with QVD (Figure 7C-7D). Taken together g panel of human cancer and normal cell lines, suggesting
WKHVH UHVXOWY LQGLFDWH WKDW j\Wdfedtively lthtdeW GRJ. More¥vel. R ddr&ndt réduce
maintenance is not a passive consequence of cell death. the expansion of more differentiated GBM cells, such as
Instead, our data strongly support the hypothesis that cell lines or differentiated adherent sister GIC. This natural
HVFLQ VHOHFWLYHO\ WDUJHWYV W Kkénpoimd! R4 Hnéé éffecthv@ \MAn\Eluriert tytdtoxic
independent of the induction of cell death. DQWL FDQFHU GUXJV LQFOXGLQJ W

JLIXUH HVFLQ LV PRUH WR[LF WR JOLREODVWRPD LQLWLDWAR)QHeeHOOV
FRPSRXQGV HVFLQ SHUKH[LOLQH PDOHDWH DQG FKORUSURWKL[HQH BHEIH LGHQW
YLDELOLW\ IROORZLQJ WUHDWPHQW ZLWK HVFLQ SHUKH[LOLQH PDOHDWH RU FKOF
at 48 hours. Data are representative of 3 independent experiments, each in tripica@G%, ***p < 0.001 compared to the DMSO

control of each GIC.
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JLIXUH HVFLQ LV D VHOHFWLYH LQKLELWR® RI H\OAILREIO/DYRWR WR [L Q WARL BD
panel of 20 human cancer and normal cell lines, and in the adherent differentiated sister cells of mesenchymal GIC#1 and classical GIC#9
(Adh GIC). 8 $W KRXUV HVFLQ UHGXFHV *,& YLDELOLW)\ LQ D GRW+0.C5HB BIQBAH QW PDQ
**p<0.01 GIC#7 and #16, *13< 0.001 GIC#1, #4, #5, #8, #9 and #13). Please see Table 1 for information on Verhaak molecular subtypes
foreachGIC.C 7UHDWPHQW ZLWK 0 Rl HVFLQ GRHV QRW GHPRQDWUBDWH @ QV VORVHPOHI
inhibitor of GIC, and does not affect the viability of GBM lines or the adherent differentiated sister cells of GIC (Adh GIC). Data are
representative of 3 independent experiments, each in triplicate <6*001 compared to DMSO control for each cell line.
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etoposide (VP16) and cisplatin, in reducing GIC viability. 2XU VWXG\ LGHQWL¢{HV HVFLQ D
$GGLWLRQDOO\ FRPELQHG WUHDWPRHOWFRMLYMH= LIEXGELWWRRL®I! *,& YLDELO
UHVXOWHG LQ D VLIQL¢{FDQW UH G XéhWduRdQisdla@edF frb® GheY tdeds L @ LtAFSculvsK D W

was greater than either treatment alone. From a molecular hippocastanunthorse chestnut) plant. Escin is a natural
VWDQGSRLQW ZH IRXQG WKDW H VAFLL[QV XJUHHG RF HWU E WO O SYHLDHE VDIS\RQ LQV W
via the induction of apoptosis, which can be halted by the RlI ZKLFK HVFLQ LV WKH DFWLYH FF
pan-caspase inhibitor QVD. However, QVD was unable  been well established that this plant extract has potent

WR UHVFXH HVFLQ LQGXFHG FKDQJIHYWLQLW KB P\WP\WB WMR $\U RBHWMWHBWPDWR X'
RI *,& VXJIJHVWLQJ WKDW HVFLQ D Qrapettieyamd Kadsague it lasinelde® positige results as
independent of the induction of apoptosis. Our results thus a treatment for post-operative edema and chronic venous
LQGLFDWH WKDW HVFLQ LV D SRWHQ®Q\LXIQ FALIH@GE L G D ¥W HAW RQVISHFH @ WD\®IOWU V

target GIC within GBM. LGHQWL¢{HG HVFLQ DV D SRWHQWLDO
J)LIXUH HVFLQ LV D VHOHFWLYH LQKLELWR®@) Resehéhynial E10£) ¥nd/GBN DhelUY7L W L D W
ZHUH WUHDWHG ZLWK WHPR]JRORPLGH RU 0 70= HWRSRVLGH 0 93 FLV

assessedB) Viability following TMZ treatment was assessed in U87, mesenchymal GIC#1 and classical @CA9ose response of
HVFLQ ZDV FRPELQHG ZLWK 70= WR DVVHVV WKH SRWHQWLDO FIR Pé&ske@bpohReU\ DFWL

ZLWK KLJKHU GRVHV RI 70= FRPSDUHG WR HVFLQ LQ *,& DQG 'DWD DUH LQGL
*p<0.05,*p<0.01, **p FRPSDUHG WR WKH '062 FRQWURO $+% RU FRUUHVSRQGLQJ GR\
“p < 0.05,%p 0 70= FRPSDUHG WR UHODWLYH GRVH RI HVFLQ

www.impactjournals.com/oncotarget 7 Oncotarget



WR RXU UHVXOWY LQ -XUNDW DQG 02/7 '"HNGSDWH. QWR/H = D B B VD QRS HVFLQ
FROOHDJXHVY UHSRUWHG WKDW HVFaf@d sDBgUEM IndDQiBrS ¥ Rall LdéathQin@icarewV i
leukaemia T cells via induction of the intrinsic cell death  multiple cell lines, there is currently no consensus on the
SDWKZD\ > @ ,Q DGGLWLRQ HVFLRH KRN QENIPQRU DFRUWRIDG WRKDV EHHQ
induce apoptosis in a number of cancer cell lines, including induces cancer cell death through the mitochondrial
pancreatic carcinoma [38], lung adenocarcinoma [39], FDVSDVH GHSHQGHQW SDWKzZD\ > @
cholangiocarcinoma [40, 41] and gastric adenocarcinoma VLJQDOOLQJ > @ DQG *6. FDWH (
[42] via a reduction in cellular proliferation and induction indicating that the mechanism of action may be cell type

of apoptosis. However, we did not detect any obvious action dependent. As such, further analysis is required to clearly

Rl HVFLQ RQ PRUH GLIIHUHQWLDWHGHKEXBEUWWRRXRGEHOO DEWHRQ RI HV
invitro D UHVXOW ZKLFK GLIITHUV |UR Rxgedhevit ROV YV XaBdratiovy have nonetheless

may be due to the possible heterogeneity and percentage of H[FOXGHG ERWK D SRVVLEOH WUDQVFU
tumour initiating cells in cell culture. as a gene array analysis did not return any validated hits,

JLIXUH HVFLQ LOQGXFHY DSRSWRVLMALGGIROAIOREZ® D MWLIRFRODRIL Q LW L DHW EQQ \FLH
the number of viable mesenchymal GIC#1, and increased early stage apoptosis compared to DMSO treateB BARHs1 (Cleavage

ZDV HYLGHQW KRXUV IROCRZ LYUH WVYHDWWHRDYWRMXWVKH SDQ FDVSDVH LQKLELW
UHVFXHG HVFLQ LQGXFHG DSRSWRVLV 'DWD DUH UHSUHYVHQWDWIL\bmfRded td Q GHSH
DMSO control,*p FRPSDUHG WR HVFLQ WUHDWPHQW
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and the possibility that the compound exerts a paracrine UHGXFHV *, & YLDELOLW\ LQGXFHV DSR
DFWLRQ ZLWK HVFLQ FRQGLWLRQMRG EXHOWW K H \PWMKER )SRIRBRHMW WLHV RI *,.
VXI¢FLHQW WR DOWHU *,& YLDELOLW)\ BRXbbXepatioiE atVpke-tr@atthehy With Vi \pan-
IRQHWKHOHVV RXU GDWD FOHDUO\ lcgspalsé MlibiorWKahly to khMIbitL poptesisy Hud WoO \

JLIXUH HVFLQ DOWHUV WKH VWHPQHVYV SURRSHI SOX-2 &hi N&stin &xpreRich@&e/ WR P L
DVVHVVHG IROORZLQJ HVFLQ WUHDWPHQW XVLQJ FRQIRFDO PLFURVFRS\ DQG WRMW
neural GIC#13.¢ $GPLQLVWUDWLRQ RI 0 R HVFLQ LPSDLUHG 76 IRUPDWLRQ LQ QLQH
QXPEHU RI WXPRXUVSKHUH SHU Dy B8IC#H W6 seeBdd dtlaHiEnsity ©f 126l per well the self-renewal ability
assessedatdayE( HVFLQ LQGXFHG GHFUHDWHMD@\AMLVIRH LIQVFIKQ DQG 70= LQGXFHG FKLC
E\ ARZ F\AWRPHWU\ 'DWD DUH UHSUHVH Q W<0W3, ¥k RO, *i*x®.AE dothGare@tavDM$SO EbdttoRH Q W V
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alterations to self-renewal support the hypothesis that $/'+ $ H[SUHVVLRQ LV DVVRFLDWHG Zl1

HVFLQ GLUHFWO\ WDUJHWYVY WKH addVitd PveseddReSdibbh Witrdd & pRedictdr &f TMZ
independent of the induction of apoptosis. Previous studies resistance [51]. Moreover, enrichmentAlfDH family
UHSRUWHG WKDW HVFLQ LV SURWH BavésYinl @A DasQoeed dbs8rirgd. [B2]L. GGhé FreGent
alterations [43, 44]. It is well documented that GIC reside VW X G\ HVFLQ WUHDWPHQW GHFUHD
in hypoxic niches, which maintains GIC in a quiescent $/'+ DFWLYLW\ LQ *,& FRQVLVWHQW Z|
state, and may protect the GIC from chemo- and radiaton WKDW HVFLQ LQKLELWYVY $/'+ DFWLYI
therapy [45, 46]. As such, alterations in this hypoxic  lung cancer cells [39]. Furthermore, we demonstrate
microenvironment may make the GIC more susceptibleto WKDW WUHDWPHQW ZLWK 70= DORQH |
DSRSWRVLY DQG FRQYHQWLRQDO W KIHRMDISY.IHW\ [D QB VA HQ H ® PVGIPRQ IRMW H U |

HVFLQ LQ WKLV FRQWH[W ZLOO QHIBPG WHUBEMKIK U WK RAUQFK@®XORHZ G FUHD \
,QWHUHVWLQJO\ QRW RQO\ GLG FR WSWHEY WPH QWD R IE HHWF DQ ZNLM&E WR HVKH U
pan-caspase inhibitor QVD result in alterations to stem VWHP FHOOV WR FKHPRWKHUDS\ FRPS
activity, the combination of these compounds also appears activity may present an opportunity to target tumour
WR LPSDFW RQ 66& LQ WKH $/'+ DVYV Dpopul&ivng resistirtt 0 Curréi Eh&nfoherapeutic agents.
is a well-documented early feature of apoptosis, with The ineffectiveness of chemotherapy in
alterations in cell size reported to occur independently GBM has in part been attributed to GIC within the
of caspase activation in response to certain apoptotic tumour. Consequently, agents that sensitize GIC to
stimuli. Indeed, it has been described that treatment with  chemotherapeutic agents are of great interest to improve
apoptotic agents in the presence of pan-caspase inhibitors prognosis for GBM patients. Combination therapies
have failed to inhibit apoptotic cell shrinkage [47-49] in in GBM have numerous advantages, particularly as
some cell lines. Thus, the observed effect on granularity in ~ combining drugs that work by different mechanisms or
WKH SUHVHQW VWXG\ PD\ UHAHFW L QUDNMLIHW. Y@ HRALWRHSRBMODWWRQWVRI F
Rl DSRSWRWLF FDVFDGH XSRQ HYVFacQieveWgrRgOtherapeRiz YesUBsWhahFditiad \drug
upstream of activation of the caspases. alone. Furthermore, the dose of cytotoxic drugs such as

Along with other stemness markers, aldehyde TMZ cannot be limitlessly increased without associated

GHK\GURJHQDVHV $/'+ KDYH EHHQ intheat&s iwadvdraeRidezfédts [B3) HhRs, combination
OLNH FHOOV > @ $/'+ EHORQJV WR therbpyP hrésenis| theQ tphbBunit/Ot® Xchibvd higher
enzymes that play an important role in cellular oxidatve @~ WKHUDSHXWLF HI,{FDF\ DW ORZHU GU
processes, including chemoresistance. In GBM, high LQGLFDWH WKDW FRPELQHG WUHDWPHQ

JLIXUH 3UHYHQWLQJ DSRSWRVLV GRHV QRW KD O WA)Rre\réatn@nidifridéénBrgn&R Q JO L
* & ZLWK WKH FDVSDVH LQKLELWRU 49' GRHV QRW D OBNTSsize h VeBhoRse t® QUOFaHEG G H F U

HVFLQ WICHDV$BIEQWLRQ RI 49' LQ FRPELQDWLRQ ZLWK HVFLQ GLG QRW UHVFEXH V
$/'+ DFWLYLW\ 'DWD DUH UHSUHVHQW DNMEIOYS *R k 0.01Q"8-kDTL GdrhPanéd tb] BMBD LeniiasW V
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improves TMZ action in GIC. Indeed, previous studies  pan caspase OPH inhibitor, QVD was used to inhibit
KDYH LQGLFDWHG WKDW HVFLQ Vapbaidsis KRR Wysidm$). HIY ebbhpare\EsGtX durrent
resistance [38, 40]. In the present study, we observed chemotherapeutic agents, Temozolomide (TMZ,
differences in the degree of sensitivity to combined + 0 6LIJPD $OGULFK (WRSRVLGH ¢
WUHDWPHQW EHWZHHQ *,& DQG *,@LIPDLIWOKGVLBRLPRIBQALYVSODWLQ 0
reductions in cell viability only observed in GIC#9 at
100 uM of TMZ. Given these two GIC are derived from Cell culture
mesenchymal and classical GBM respectively, these
results may indicate that sensitivity to TMZ is subtype The patient derived GIC utilised in this study
dependent and should be explored further in subsequent have been chosen so all four subtypes are represented
VWXGLHV 1RQHWKHOHVV WKH VL J@=bleH Dndpaticwad @exnaw foRuged bipmeseaichymal
viability with combined treatment supports the potential ~ GIC#1 and classical GIC#9. These two subtypes have
R HVFLQ DV DQ DGMXYDQW W K H U DisenLagsociated with a poorer prognosis when compared
The results of this study strongly suggest that to the other GBM subsets [9]. GIC were isolated

HVFLQ LV D SURPLVLQJ SRWH Q Wfram(atighksHas preyiaushy describRdU[2IWaAR H24-27].
VHOHFWLYH LQKLELWLRQ RI *,& ,@0DGHAW MWXPRXHV¥EDBSOWHW ZHUH JHQV
currently approved and safety-tested natural compound for the MACsDissociator (Miltenyi) and the initiating cell
clinical use in a number of disorders. In order to further  population characterised by their self-renewal properties,
LOQYHVWLIJDWH WKH SRWHQWLDO R celHsurface) amiyend, gereHcUsysaturer and+* algility to
more in-depth pharmacological analysis is required to differentiate [21] (Table 1). GIC and HTF13 neural stem
GHWHUPLQH WKH HI¢FDF\ RI HV F L Celly Wik \rom\PR osaur, RGtitE CDchiQ, Paris,
barrier (BBB), as well am vivoanalysis of the effect of France) [54] were maintained as spheres in DMEM/F-12

HVFLQ RQ *,& ERWK DORQH DQG L QaRRPEpeRiOINU lardCstizptavhicim (RS) (Gibco) with

,Q VXPPDU\ WKHVH GDWD HVWDEOLIVKDOQXHHIYXBB\ORPHQWY /LIH 7H

HVFLQ DV D VHOHFWLYH LQKLELWRXYURIEDWD ® PH®WBQOLOQHFAWHFKQRORJL
in vitro HVFLQ ZDV DEOH WR LQGXFH BPBERSWRXWDVPD] *%H& VXSSOHPHQW DQ
IROORZLQJ D UHGXFWLRQ LQ VHOI UKIRwth bddition@l @ragvth fadboFswRGFL(20 ng/ml) and
YXUWKHUPRUH HVFLQ DSSHDUV WR/SRW HQWR O WHGTHHGD HIW.RRSRQ D QHR XV (
GIC, resulting in a greater effect on viability than either  induce differentiation in GIC, these three supplements
GUXJ DORQH $FFRUGLQJO\ H V F L QuezeDamittgx @uivd \L0% Re@\chlGsarund (RGSR @lded to
for further development as a selective and adjuvant the medium.

treatment for GBM. $00 FHOO OLQHV ZHUH SXUFKDVH(
Standards) or DSMZ. U87-MG and SK-N-SH was
MATERIALS AND METHODS FXOWXUHG LQ 0(0 *LEFR )&6 DQG
+&7 6&& +89(& +H/D DQG +D&DW |
Ethical statement PDLQWDLQHG LQ '0(0 J / JOXFRVH *|
DQG 36 $ 0&) 6.29 02/7 -XU
Prior to sample collection for diagnostic purposes, =~ THP1 and MDA-231 cell lines were cultured in RPMI
informed written consent was obtained from all patients. *LEFR )&6 DQG 36 6LPLODUO\

This study was approved by the respective institutional ~BC3 were maintained in RPMI with 20% FBS, 1% PS.
ethics committees (Sainte Anne Hospital, Paris, France &D&R FHOOV ZHUH FXOWXUHG LQ '0(0
DQG /DHQQHF +RVSLWDO 1DQWHYV )se R BES @nt e @54 Rrostatecgnqer cell line

rules of the Helsinki Protocol. PC3 was cultured in DMEM F12, with 1% glUtamaX,
1% PS and 10% FBS. Immortalized human cerebral
Pharmacological agents microvascular endothelial cells (hCMEC [25]) were

FXOWXUHG LQ (QGRWKHOLDO %DVDO OH

For the initial screen, a smart chemical library  containing 5% FBS, 1% P/S, HEPES, hydrocortisone
ZDV REWDLQHG IURP 3UHVWZLFN &KHPQFDDWFRKE WS DFZZ PJ PO DQG |
prestwickchemical.com/prestwick-chemical-library.html).  growth factor (1 ng/ml) (Sigma).
The library consisted of 1280 small molecules and
natural compounds approved by the FDA, EMA &HOO YLDELOLW\ DVVD\V
andother agencies. These compounds were chemically
DQG SKDUPDFRORJLFDOO\ GLYHUVH ZLQekviabiiyRrrsgspansior ceffls\wasested using the .
ELR VDIHW\ LQ KXPDQV 7R FRQ¢UPSWWHWIXHFUWHRIHQW FLQWHUFKLP D A
REVHUYHG LQ WKH VFUHHQ VXEV H T yiawhindigatprbaseHon the etectionofn@tabaloastivity.
from an alternate source (Sigma Aldrich, E-1378). The  Optimal seeding density was determined in a pilot study,
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and 2 x 10cells per well were plated in a 96 well plate in
triplicate and the relevant treatment administered. UptiBlue
was added at a concentration of 10% v/v and cells maintained
at 37°C 5% CQuntil analysis. Absorbance was measured 48
hours following treatment at 570 and 600 nm on a FluStar
2SWLPD %O0* /daEeWekdek and the percentage
of cell viability calculated relative to the vehicle control
conditions, according to the manufacturers instructions.

Cell survival in adherent cells was evaluated
using the MTT assay (1-(4,5-dimethylthiazol-2-yl)-3,5-
diphenylformazan, thiazolyl blue formazan, Sigma-
Alrich), which is reduced to formazan based on the
mitochondrial activity of living cells. Cells were seeded
in a 96-well plate in triplicate at a density of 5 ¥ pér
well and treatments administered 24 hours after seeding.
The day of analysis, cells were incubated with MTT (25%,
v/v) in culture medium for four hours following which

IRUPD]DQ FU\WWDOV ZHUH GLVVROYHIAH GHFKQRORJIBHEV
Absorbance values were read at 590 nm and expressed as WKH 7&6 63

a percentage of cell viability relative to basal conditions.

Tumoursphere formation assay

7R WHVW WKH HIIHFW RI
IRUPDWLRQ
maintaining media as previously described [23]. Cells
were manually dissociated each day and a single cell
suspension maintained for 3 more days. TS were counted
LQ ¢YH UDQGRP ¢HOGV RI YLHZ
the triplicate of each condition calculated from three
independent experiments.

IRY

$QDO\VLV RI $/'+ DFWLYLW\ ZDV SHU
$/'()/825 DVVD\ NLW 6WHP FHOO WHFKQ
FHOOV ZHUH LQFXEDWHG ZLWK $/'()/825

ZLWK DQ $/'+ DFWLYLW\ LQKLELWRU

45 minutes. Samples were analysed on FACSCalibur (BD
Bioscience) according to the manufacturers instructions.

,PPXQRAXRUHVFHQFH

,Q SUHSDUDWLRQ
TS were dropped on poly-lysine coated slides (Thermo
JLVKHU 6FLHQWL¢F DQG ¢([HG LQ

IRU LPPXQRAXR

3%6

,PPXQRAXRUHVFHQFH ZDV SHUIRUPH

described [23], cells were incubated with SOX-2 or Nestin

OLOOLSRUH SULPDU\ DQWLERGLHYV
DOWLERGLF

FRQMXJDWHG VHFRQGDU\
and mounted with DAPI-containing mounting medium

Paris).

&RQIRFDO LPDJ}
/IHLFD FRQIRFDO PLFURVER

7R FDOFXODWH WKH WRWDO FRUUH

RI 62; DQG 1HVWLQ ZH XVHG
An outline was drawn around each TS and area, mean

(TCCF) = integrated density — (area of selected cell x mean

,PDJH-

HVFLQARK® WHXYFRIQPAHS PIYEHVHBEHUDO DGMDFH
*& —/ ZHUH SODWHGRARHDWXUBGLFDRNH WRWOIOHFRUUHFWHG

AXRUHVFHQFH Rl EDFNJURXQG UHDGLC(

previously described [55].
DQG WKH PHDQ
Western blot

IURP

,Q RUGHU WR H[DPLQH WKH HIIHFWF8&lpowingisfirwaiorRvgth $1¥ teldvant treatment,

self-renewal, GIC#1 was seeded at a density of 1 cell per
well in a 96 well plate, and the number of TS per well
counted at 7 days.
To calculate the TS size in response to treatment,

GIC#1 were plated and maintained as described for the
TS assay. Representative images for each well were taken
on a light microscope for analysis. TS area was calculated
IURP
(v1.48, NIH) software.

Flow cytometry

cells were collected and washed in PBS before lysis at
4°C with TNT buffer (50mM Tris pH 7.4, 15(nM NacCl,

2 mM EDTA, 1% Triton X-100, 1% Igepal) supplemented
with protease inhibitors (Sigma-Aldrich). Equal amounts
of protein were loaded on Tris-glycine gels and transferred
onto nitrocellulose membranes (GE Healthcare).
$QWLERGLHY DJDLQVW 3%$53 DQG

LPDJHV SHU ZHOO IRU HDFK WaeaseHiDowbRtedQukh tiev menbrammeDayernight at 4°C

and followed by incubation with the relevant secondary
antibodies (Southern Biotech) for one hour at room
temperature. Membranes were revealed using a chemi-
luminescent HRP substrate (Millipore) and visualised

7R DVVHVV DSRSWRWLF SRSXODWVRQV WREBORYLRQ® LANMFLQI VI\VWHP

treatment, the AlexaFluor 488 Annexin V/Dead cell
$SRSWRVLV LW ZDV XVHG
IROORZLQJ KRXUV RI HVFLQ
treatment, cells were harvested, washed in cold PBS and
incubated with Annexin V/ Pl probes for 15 minutes at
room temperature. Following the incubation period,
binding buffer was added to the samples on ice. Sample
analysis was performed on the Accuri (BD Biosciences)
and analysed using the associated software (CFlow plus,
BD Bioscience).

ILITH 7 HtatiQiBaPerdlydisV

%ULHA\

RU FRPELQHG
All data are representative of three independent
experiments unless otherwise stated, and expressed as
mean + SEM. Data were analysed using a one-way or
two-way analysis of variance (ANOVA), followed by
Bonferroni multiple comparisions tests or unpairéeists,
as appropriate. A value of less than 0.05 was deemed
VLIQL,;FDQW LQ DOO H[SHULPHQWYV

49"
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=KDQJ = *DR - &DL ; =KDR < :DQJ < lifesindu&edby beta-escin through mitochondrial caspase-
Zhang S, Cao P. Escin sodium induces apoptosis of GHSHQGHQW SDWKZD\ 3K\WRWKHU 5HYV

KXPDQ DFXWH OHXNHPLD -XUNDW 7 FHOQMHBKEWRWdﬁJHU-(SH.YP (- .LP 6+ (VFLQ V

* PLJUDWLRQ DQG LQYDVLRQ LQYROYLQJ W

=KDQJ < :DQJ 6; 0D -: /L +< <Hb-& ;LH &XCRE axis in human gastric adenocarcinoma AGS cells.
=KRQJ ;< (*&* LQKLELWV SURSHUWLHV 1R JOLREOH Y WHP +
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'DQJ < ;X ; =KDR 3 7RQJ % :HL = 'DL SRWIU\MLXP HIAX[ GXULQJ )DV DQG 89 LQC

suppresses the metastasis of triple-negative breast cancer - %LRO &KHP +
by inhibiting epithelial-mesenchymal transition via down- 0D, $00DQ $/ 7KH UROH RI KXPDQ DOGH
UHJXODWLQJ /2;/ H[SUHVVLRQ 2QFRWDUJHWRUPDO DQG FDQFHU VWHP FHOOV
44. Montopoli M, Froldi G, Comelli MC, Prosdocimi M, +
&DSDUURWWD / $HVFLQ SURWHFWLRQsFKDKXPBQ7NRMFXODYLQIHO ) %HWWV
endothelial cells exposed to cobalt chloride mimicked 5DVSHU 0 *HPSW - .RHULW]HU - 6FKPLG
K\SR[LD DQG LQADPPDWRU\ VWLPXOL &PRRWR3OHEBKOHJIHO - $OGHK\GH GHK\GL
t mediator of resistance to temozolomide in glioblastoma.
45. Ishii A, Kimura T, Sadahiro H, Kawano H, Takubo K, 1HXUR 2QFRO +
Suzuki M, lkeda E. Histological Characterization of the ODR 3 -RVKL . /L - .LP 6+ /L 3 6DQWI

7XPRULJHQLF *3HUL 1HFURWLF 1LFKH  +XWKRADL@J 4KblbGRIDOWVE5 %HQRV 39 6P

6WHP /LNH 7XPRU &HOOV LQ *OLREODVWHR®D ¢&kPR6 BLHHW DO OHVHQFK\PDO JOL
H maintained by activated glycolytic metabolism involving

=HQLRX 0 )HYH 0 ODPHUL 6 'RQJ - 6D O RldeHyd: déhidrbQenase 1A3. Proc Natl Acad Sci U.S.A.

(O +DEU ($ %RXVVRQ ) 6\ 0 2EW]\QVNL - %RK $ 900D

$VVDG .DKQ 6 HW DO &KHPLFDO /LEUBXY 6FUHBQU®RBQGH ;: 5HQ & <XDQ <:

Structure-Function Relationship Studies Identify Bisacodyl SDWLHQWY GHULYH DQ\ WKHUDSHXWLF E
as a Potent and Selective Cytotoxic Agent Towards FXPXODWLYH GRVH RI WHPR]JRORPLGH
4XLHVFHQW +XPDQ *OLREODVWRPD 7XPRW BHANP VL IHGEHPOY H

3OR6 RQH H 54. Weiss N, Deboux C, Chaverot N, Miller F, Baron-
ODHQR ( 7VXEDWD 7 2NDGD < $SRSWRWQPJRAMRH RRAUHP $H s RXUDXG 32 &D]D>
is independent of mitochondrial dysfunction and inititator &: &/ DUH SRWHQW FKHPRNLQHV IRU W
FDVSDVH DFWLYDWLRQ &HOOV #human neural precursor cells across brain endothelial cells.
%RUWQHU &' &LGORZVNL -$ &DVSDVH LQGHISXORBIHPW GRHEHQGHQW +

regulation of K(+), cell shrinkage, and mitochondrial OF&OR\ 5% 5RJHUV 6 &DOGRQ$&( /RUF
PHPEUDQH SRWHQWLDO GXULQJ O\PSKHRiuigasd D pHEaWifhbitioh of GkiRi® G 2 phase

&KHP t overrides the SAC and decouples mitotic events. Cell Cycle

9X && %RUWQHU &' &LGORZVNL -$ 'LIIHUHGWUDBOWRZ@ OFYHHPHQW +

of initiator caspases in apoptotic volume decrease and
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