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ABSTRACT

We have [discovered that a small cationic molecule, GW4869, is cytdtoxcsubset of
myeloma cell'lines and primary myeloma plasma cells. Biochemical analysis revealed that
GWw4869 binds to anionic phospholipids such as phosphatidylseradipid normally
confined to the intracellular side of the cell membrane. Howevegrestingly,
phosphatidylseringvasexpressed on the surface of all myeloma cell lines tested (n=12) and
9/15 primary myeloma samples. Notably, the level of phosphatidylserine expression
correlatedwell with sensitivity to GW4869. Inhibition of cell surfagghosphatidylserine
exposure with brefeldin A resulted in resistance to GW4869. Finally, GW4869 was shown t
delay the growth of phosphatidylserihggh myeloma cellsn vivo. To the best of our

knowledge, this is the first example of using a small molecule to target phdgfgeaine on
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malignant cells. This study may provide the rationale for the development of
phosphatidylserinéargeting small molecules for the treatment of surface phosphatidytserine

expressing cancers.

Key words: GW4869/ multiple myeloma/ phosphatidylserine/ smadlecule

INTRODUCTION

Multiple myeloma (MM) is a malignancy characterised by the infiltration of clonotypic
plasma cells in the bone marrow. Despite recent advances in treatment, MM remains
incurable and there is still anunmet need for novel therapeutic compountié¢hen
identifying potential therapeutic targets in cancer, the majority of researclocuesed on
proteins,such as signalling enzymes and integral membrane proteins. However, there is a
growing appreciation thdipids may also represent attractive targets for cancer therapies. For
example, glycolipidssuch as various types of gangliosidasd Lewis antigens have been
tested as“targets in a clinical settifigingjan et al 2015, Soliman et al 2017) and the
phosphocholine analoguesielfosine and perifosine, which are specific for lipid rafts and
lead to alterations in cell surface recemigmalling, have also been assessed in clinicds tria
(Mollinedo_and Gajate 201Hitulescy et al 2016) Furthermore, phosphatidylserine (PS), a
lipid normally confined to the cytoplasmic side of cell membranes, has emerged as a potential
therapeutic target. For example, the novel-BStitargeting therapeutmonodonal antibody

(mAb), bavituximab,has beerevaluated in a number of clinical trials for solid tumours
(DeRoseetal 2011,Digumarti, et al 2014) This is based on the finding that endothelial cells
lining tumour blood vessels express cell surface (exoplasmic) PS. Thus, targetingaire tum
vasculatureswith-an arBS mADb is a potential mechanism to inhibit the growth of malignant
cells (DeReseet'al 2011) In addition, it has been reported that some types of cancer cells
including_glieblastoma, melanoma and various types of carcinomas, as well as lrioed ca
cell lines of'myeloid and T cell leukaemia origin, express PS on their siBaonkovig et al
2013,Riedl, et al 2011, SchrodeBorm, et al 2005, Utsugiet al 1991) Moreover, in some of

these studies, cationic peptides have been proposed as potential therapeutics for their ability
to preferentially bind to and lyse cell membranes enriched in anionic phospholipidas
PS(Bankovig et al 2013, SchrodeBorm, et al 2005).
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While screening for antlM compounds, we discovered that tmall molecule GW4869,
was cytotoxic to a subset of MM cell lines and primary samples and exhib& growth of
RPMI-8226 cells in a xenograft model of MM. GW4869 is highly cationic and hydrophobic,
and upon further analysisye determinedthat GW4869 binds to membranes enriched in
negatively/ charged lipids. This le&d the discovery that all MM cell lines and MM cells
from approximately 60% of patients, express sdewel of cell surface PS. Interestingly,
GW4869 has been described as an inhibitor of neutral sphingomyelifaSdiase? also
termed sphingomyelin phosphodiesterase (SMPD3] (Clarke and Hannun 2006
Marchesinjet alf2003) however we did not find evidence that GW4869 mediates MM cell
cytotoxicity'through this pathwaynstead we found that the specific binding of GW4869 to
PS led to gross cell membrane deformjtesch as membrane ruffling, clustering of integral
membrane proteins and reduced membrane flyigityich may havecontributed to the
cytotoxic effects of the compad.

This study.is.the first to show that a large proportion of MM cells and cell lines express
exoplasmic,PS. Moreover, we also show, for the first time, that targeting PS wmtialb
cationicmolecule can lead to selective cell death of malignars. Gellerefore, our study
provides the rationale for the development of-&8i small molecules as novel therapies for

surface P&xpressing cancers.

METHODS

Cédll linesand primary samples

Daudi, HL:60, K562, Molt4, NC-H929 and RPMB226 cell lines were obtained from the
American TLype.Culture CollectioATCC; ManassasyA, USA). JIN3, Jurkat, LR, OPM2

and U266 cell lines were obtained frahee German Collection of Microorganisms and ICel
Cultures GmbHDSMZ; Braunschweig, GermahyNo Short Tandem RepeéTR) analysis

was performed on these cell lines as they were obtained directly from the suppliers. ANBLS6,
Balm and Nalr6 were obtained from Prof. Leonie Ashman (University of Newcastle
NSW). JIM1, KMS11 and MM.1S were obtained from Prof. Andrew Spencer (Monash
University, Melbourne). W2 was obtained from Prof. Douglas Joshua (RPA, Sydmey)
KMS-18 was from Prof. Junia Melo (SA Pathology, Adelaide). The identities of KMS
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MM.1s and Nalm6 were confirmed by STR analysis performed by the DNA Analysis
Facility at Yale University(New Haven, CT, USA)No STR analysis was performed on
ANBLS6, Balm, JIM1, KMS18 and WI-2, as at the time of the study, there was no available
STR data to mtch these cell lines against. All cell lines were routinely tested for
mycoplasmarcontamination. Peripheral blood mononuclear B8I8IC9 were purified from

the buffy €oats of normal donors, provided by the Australian Red Cross Blood Service
(Alexandrig "NSW," Australia) by the Ficoll-Paque purification method. Primary bone
marrow samples were collected, with informed consent, from randomly seletisdg@aith

newly diagnosed symptomatic MM, seen at the Royal Adelaide Hospital and Mater Adult
Hospital, Brisbane. Aspirates @one marrow were isolated from posterior superior iliac
spine andsbone marrow mononuclear ctMMNCSs) were recovered by density gradient
centrifugation and used fresh or were cryopreserved for use at another timd.dpihiosal

for this study was obtained from the Royal Adelaide Hospital and Mater Adult Hiospit

Brisbane institutional ethics review committees.

Flow cytometry

Flow cytometry. was performed on an LSR Il (BD Biosciencgan Jose, CA, USA
GW4869specific fluorescence was detected uarg05 nm excitation filter and 450/50 nm
emission filter(GW4869 spectra shown in Figuig. For PS staining of cell lines, cells were
stained with antPS mAb (clone 1H6; MercKiillipore, Bayswater, VIC, Australjgor IgG2a
isotype control (clone UPC1&igmaAldrich, Castle Hill, NSW, Australipfollowed by anti
mouse lgG AlexaFluor 488 or 64THermo Fisher ScientifiiScoresby, VIC, Australja For
primary MM samples, cell surface PS was assesse@B8 /CD138 plasma cells by
multicolour_flow _cytonetry usingant-PS mAb or IgG2a isotype control followed by anti
mouse IgG2a fluorescein isothiocyanad®T(C; Southern BiotechBirmingham, AL, USA,
CD38-PECyZ (HIT2; BioLegendSan Diego, CA, USA) and CD138exaFluor 647(B-B4;
Bio-Rad, Raleigh, NC,USA) mAbs. Data wasassessed using FCS Express (De Novo
Software Glendale, CA, USA

Cytotoxicity‘assays

Cells were incubated with serial dilutions of GW4869 or dimethyl sulphokiS0O) under
normal tissue culture conditions. At 72 h, cells were harvested and then stained with
propidium iodide and assessed for viability by flow cytometry. It should be noted that
GW4869 is excited at violet and UV wavelengths (GW4869 spectra shown in Figyre S
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however this does not interfere with the channel usedteriddead cells which uses a 488

nm laser (Figure &. For thein vitro treatment of BMMNCs from MM patients, samples
were treated with the indicated concentrations of GW4869 or vehicle (DM3Q4 W cells

were harvested and then stained with-@i138 FITC (clone MI15; BD Biosciences) and
aminoactinemyein o excludedead cells. The proportion of CDI3&lls relative to non
CD138 cells was determined by flow cytometFor detection of active caspase 3/7, RPMI
8226 or OPM2 cells were incubated witin/d GW4869 or equivalent DMSO control. At 8 h

and 24 h, eells were harvested and stained with a Viybcaspase 3 and 7 assay Kihérmo

Fisher Scientific). Cells were then assessed by flow cytometry to calculate the proportion of

viable, dead.and caspase 3#ells in the samples.

CD122"-depleted NOD/SCID MM mouse model

All experimental work involving animals was approugdthe University of Queensland and
QIMR Berghofer Medical Research Institute Animal Ethics Committ€es. work was
compliant with the approved protocols as well as guidelines set out byatiomal Health

and MedicalgResearch Couh¢Australia). CD122-depleted NOD/SCID MMbearing mice

were produced/Hnouse using established protocfseemanet al 2011 Sanchezet al

2013) Successful engraftment gireen fluorescent proteirGEP-expressing RPM8226

cells was confirmed through the detection of human serum lambda light withiran
enzymehnked immunosorbent assa)EL(ISA) (Bethyl Laboratories Montgomery, TX,

USA). Twe weeks after engraftment, mice were treated with id§ GW4869 or 2.5%
DMSO (vehicle) in 200ul phosphatdsuffered saline RBS per day. After 14 days of
treatment mice were humanely killed and serum lambda light chain levels determined by
ELISA. In_addition, the proportion of bone marrow G&Rpressing RPM8226 cells in

tibiae, femora.and lumbar vertebrae was determined by flow cytometry. The sample sizes
choserfortherassessment of serum lambda light chain levels as well as the degree of RPMI
8226 bone marrow engraftment were based on previous experiences with this model
(Freemanetal 2011 Sanchezet al 2013) The effects of GW4869 on lotigrm survival

was assessed by treating mice daily until mice either succumbed to disease or were humanely
killed due to the acquison of hind limb paralysis or culled at the end (Day 60) of the
experiment. The sample size was estimated usingeatdgsample size estimgieachin and
Foulkes 198pbased on our previous experiences with this model. We assumed that all mice

in the control group would be dead with a treated group showing 35%auith power of
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0.8 and the probability of a type | error of 5%. Moreover, to minimise subjective bias, mice
were randomly allocated to the control and treatment group, were kept in the sama room i
isolated cages, and the studies were performed bli(alednvestigator gave the mice a
treatment that was not known to them at the time of administration). The ability of GW4869
to incorporatesinto MM cellsn vivo was assessed after 10 days of treatment of myeloma
bearing mice with 1.25 pg/g GW4869 or 2.5% DMSO (vehicle) in 200 pl PBS per day. Bone
marrow cells“were harvested and GARPMI-8226 myeloma cells were assessed for
GW4869specific fluorescence by flow cytometry. For PS expression on” ®PRI-8226
myeloma cells; bone marrow cells were stained waih-PS mAb or IgG2a isotype control
followed by.anti-mouse IgG AlexaFluor 647 and then assessed by flow cytometry.

Assessment of "SM ase2 expression

For Western bhlot detection of nSMase2, cells were washed and then lysed with
radioimmunoprecipitatiomssay RIPA) buffer in the presence dfierce Protease Inhibitors
(Thermo Fisher Scientific)Cell lysates were then separated by redusiogium dodecy!
sulphate polyacrylamide gel electrophoreS®$PAGE) and transferred to a nitrocellulose
membrane., le.membrane was probed with rabbit at8Mase2 (AbcamCambridge, UK
followed by antirabbit IgG horseradish peroxidag&igmaAldrich) and then assessed by
chemilumineseence. Imag@dttps://imagej.nih.gov/i))was used to calculate density for the
shRNA ‘experiment. Forreakttime polymerase chain reactiofgPCR determination of
SVIPD3 mRNA expression, total RNA was purified from cells using an RNeasy Plus Mini
Kit (Qiagen Hilden, Germany) and then synthesised into cDNA using Superscript Ill reverse
transcriptase (Thermo Fisher ScientjficDNA was amplified using SYBR Green gqPCR
SuperMix with_primer pairs specific f@PD3 (5-ACTTTGATAACTGCTCCTCTGAG3'

and 53 TTCGTGTCCAGCAGAGTACG3) and the reference gen®PL36AL (5'-
GTTAGGCGAGAGCTGCGAAAGG3 and 3GGTTCTTCGGGTTTTAGGTACGTT3).

Gene amplification was performed on a Mastercycler EP realfidppendorf, Hamburg,
Germany, "and-felative expression levels were calculated by usingtfé @ethod Livak

and Schmittgen 2001

Sphingomyelin and ceramide quantification

Lipid extraction was performed according to the method of Matgtaaln(2008).In brief, 2.5

x 10° cells, suspended in methanol, were added to a 2.0 ml glass vial containipg 750
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methyl tert-butyl ether, 20Qul methanol and 1@l internal standard m{xeramide 17:0 and
dihydrosphingomyelin 12:0, both at 201 concentratiop In order to improve detection of
sphingomyelin, hydrolysis of fatty acyl esters was induced by addition of a mild(lbase
Lay, et al 2009).Sodium hydroxide was added to a final concentration of 0.7 Mu(05 10

M). Vials*were-rotated overnight at’@. Ammonium acetate (200! of 150 mM) was added
and the tubes were vortexed for 30 s and centrifuged at @®@05 min to induce phase
separation. The upper organic layer was removed to a malnglass vial, and stored &0

°C until analysis. Extracts were dilutedfdd into methanol:chloroform (2:1 v/v) containing

5 mM ammonium acetate prior to mass spectrometric analysis.

Mass spectra‘'were acquired using a d4laped nanelectrospray ionization source (TriVersa
Nanomat&, Advion, Ithaca, NY, USA) coupled to a hybrid linear ion ttdple quadrupole
mass spectrometer (QTRAP5500, SCIEX, Framingham, MA, $A) as described
previously Montgomery et al 2016) In brief, 10ul of extract was aspirated from a sealed
96-well plate (Eppendorf TwhTec) and delivered into the mass spectrometer via a-nano
electrospraysionization (ESI) chip with an orifice diameter of 4.1 um. Eheetly gas was
N, at a pressure of 0.4 psi and a spray voltage of 1.2 kV was used for positive ionzThe
184.1 precursor ion scan detected choline containing species (sphingomyelins) avid the
264.4 precursor ion scan detected d18:1 sphingaakbor® ceramide species. Experimental
conditions were a declustering potential of 100 V, entrance potential of 10 V aad etz

of 200 Da/s. Data were analysed with LipidVi@wsoftware (SCIEX), including smoothing,
identification, removal of isotope contution from lower mass species and correction for
isotope distribution. Quantification was achieved.ipidView® softwareby comparison of
the peak area of individual lipids to their clagecific internal standards after isotope

correction.

shRNA lentiviral knockdown of nSMase2

Predesigned"pGFE-shLenti plasmids encoding 4 unique shRNA targeting huS\&irRD3
(nSMase2);as well as a scrambled shRNA control, were purchased from OiRéekeil(e,
MD, USA; catalogue numberTL301492). For expression of lentiviral ShRNA constructs in
293T cells, 1lug of the pGFRC-shLenti shRNA constructs were-t@nsfected with 5.hg

of VSV-G/pMD2.G and 8.25ug pCMV-dR8.91 using FUGENEG6 transfection reagent
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(PromegaMadison, WI, USA) in a 10 cm plate. The media was then replaced 4 h later, and

then the virusontaining media was harvested at 24 and 48 h, and stored’@t u€l use.

For lentiviral transduction and stable expression of shRNAs1( RPMI-8226 cells were
transferred“to“6vell plates precoated with recombinant human retronectin fragment
(TaKaRa Mountain View, CA, USA) in 25Qul fresh media containing polybrene (final
concentration of gug/ml after addition of lentiviral medium). Lentiviral medium ifil) was
added to the cells, and the plate was centrifuged ag 8030 min and then transferred to an
incubator. Aften2 h, 2nl of fresh media was added, and the cells were then subcultured as
required overthe subsequent days. At day 4, cells were assessed for transduction efficiency
by flow cytometry analysing for GFP expression. Cells were then sorted by flow cgtomet
into a pure GFPpopulation with stable expression of the shRNAs. Tagman probes against
SVIPD3 (Hs00920354 m1) an@APDH (402869;Thermo Fisher Scientificwere used to
assess genesknockdown by qPCR. The pGHBLenti construct TL301492C showed the
lowest expression oSMPD3/nSMaseZ2relative to the scrambled control, which was

subsequently'used in all knockdown experiments.

Survival/grewth competition assay

The compeitition assay was an adaption of a previously described pi@iaoglet al 2009).

Briefly, RPMI-8226 cells were transduced with shRNA targettMPD3/nSMase2 or a
scrambledy control. At 72 h after transduction, a sample was takensaedgsad by flow
cytometry to.measure the proportion of shREXpressing GFPcells to GFPnonshRNA-
expressing. cells, The ratio of GF® GFP cells was calculated and normalised to 1, then
every subsequent 24 h, cells were assessed to monitor for changes in the proportion of GFP

to GFP cells.over time relative to the samples at 72 h.

Fluor escence micr oscopy

The staining reagents used in this study were-@Dti38 FITC (clone MI15) and anti
CD120hgbiotin (clone hTNFRA1) from BD Biosciences, anthouselgG AlexaFluor 488
(cablogue numbeA-11001) and streptavidin AlexaFluor 488 (catologue nunihi223),
from Thermo Fisher Scientific. In some experiments, cells were pretreated wifid 5
GW4869 for 8 h before staining. For surface staining, cells were stained on stedwaith
1% bovine serum albumirBSA) PBS, coated onto polylysine slides and then fixed in 4%
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paraformaldehyde before analysis by confocal microscopy. For intracellulangtaiells

were coated onto polylysine slides, fixed anthen permeabilised with 100M digitonin

for 10 min. Cells were then washed with PBS 1% BSA 0.1% Tween and stained with primary
and secondarantibodies Images were acquired on a Nikon Al confocal microscope and
analysed using'NI&lements (NikonTokyo,Japa.

Fluorescencerecovery after photobleaching (FRAP) experiments

OPM2 and RPMB226 cells were stained with the cell membrane dye Thefmo Fisher
Scientifig andsthen treated with GW4869 or DMSO control for 4 h under normal tissue
culture condibns. Cells were then loaded onto poHysine coated slides and allowed to rest

for 10 minfat'37°C. The samples were then analysed on a Nikon Al confocal microscope
using a 100X objective. FRAP experiments were established in three phases usiaggeme

data acquisition (500 ms per frame). Phase 1 was thblgmeh acquisition at an arbitrary

laser intensity of 3 (laser 561 nm). Images were recorded over 3 s. Phase 2 was the bleaching
acquisition.with laser intensity raised to 100 for 8 s. Phase 3h&gsostbleach acquisition

at a laser jintensity of 3. Pdsleach images were taken over a period of 40 s to allow for
fluorescence ‘recovery of the cell membrane. The-tapses images were then analysed by
NIS-Elements software (Nikon). Three regions of interest (ROIs) were used to generate
arbitrary fluorescence units over time. ROl 1 measured fluorescence of the bleached region of
the cell membrane, ROl 2 measured background fluorescence and ROI 3 measured an
unbleached region of the cell membranelfRk@ere then entered into the program easyFRAP
using full scale normalisation with a double exponential fitting equation to cadtialf

life and the mobile fraction for each set of imaffRapsomanikiet al 20129).

GW 4869 phospholipid binding studies

The phosphelipids egg phosphatidic acid (PA), -di#eoylsn-glycero-3-
phosphatidylchaline (PC), -palmitoyl-2-oleoylsn-glycero-3-phosphatidylethanolamine
(PE), egg phoesphatidylglycerol (PG), soy phosphatidylinositol (Rpglthitoyl-2-oleoylsn-
glycero-3phosphatidylserine (PS) and egg sphingomyelin were purchased from Avanti Polar
Lipids (Alabaster, AL, USA) while soy phosphatidylinositol (PI) was purchased from
SigmaAldrich. The immobilised binding study was an adaption of previous studies
performed in our laboratoryHutchinson et al 2013, Hutchinsonet al 2010) Briefly,
phospholipids were dissolved in ethanol (EtOH) and coated onto hydrophobic PolySorp 96
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well plates and\,-dried overnight. Plates were then blocked with 1% BSA PBS for 1 h
followed by incubation with 1M GW4869 or DMSO vehicle control for 3 h at 3C.

After three washes with 0.3% BSA PBS, the plates were then read on an Infinite 200 plate
reader (TecanMannedorf, Switzerlandmeasuring GW4869 fluorescence at excitation and

emission‘wavelengths of 368 nm and 492 nm, respectively.

To test binding of GW4869 to liposomes, mixtures of lipids were dissolved in chloroform
then rotary. evaporated to deposit a thin film of dried lipid on the glass bulb. Lipidsheere
freezedried.overnight and resuspended in PBS at a concentration of 211l foliwwed by
extrusion through 100 nm filte($lutchinson et al 2013, Hutchinsonet al 2010) GW4869

was then @added to the liposome mixture at a final concentration aMlth an 850l
volume and incubated for 2 h at 3. The samples were washed twice withmllZPBS with
liposomes pelleted by ultracentrifugation at 120,§00he bottom Iml (liposome) fraction

was then collected and GW486pecific fluorescence measured at excitation and emission of

368 nm and.492 nm, respectively.

Brefeldin Ay(BEA) treatment of MM cells

MM cellsswere treated with ag/ml BFA (SigmaAldrich) or EtOH vehicle for 4 h. Cells
were thensharvested and immediately stained for PS or treated with 6W4869 (or
DMSO vehicle) for 12 h to measure uptake of GW4869 by flow cytometry. Samples were

also assessed for cell viability by propidium iodide staining, as described above.

Statistical analysis

Statistics were=performed using GraphPad Pris(@@dphPad Software Inc., La Jolla, CA,
USA), and thestests used are indicated in the corresponding figure legends. Onethat not
tests were used when thdata was assumed to be normally distributed, and Mann Whitney
tests were used,for to assess the levels of ®FMI-8226 cell engraftment and serum light
chain because the data did not pass the D'Agoatid®earson omnibus normality test. The
varianceswas not compared between each group of data anadyBedalue of < 0.05 was

used to define statistical significance

RESULTS
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GW4869 is cytotoxicto MM cells

During a screen for small molecule aktM compounds, we discovered that thmall
molecule GW4869 (Clarke and Hannun 200®&/archesinj et al 2003; see Figuré&3 for
chemical structufewas cytotoxic to a panel of MM cell lines but not to #div cell lines or
PBMCs."AllFMM cell lines in this panel were sensitive to GW4869, withekeeption of
U266, which was largely resistant (Figure,B). For some MM cell lines, such as OPM2,
cell death ‘'was rapid, as a large proportion of dead cells assvedispase 3/¢ells could be
detected as early as 8 h after treatment (Figure 1C). Subsequently, we expanuaulier

of MM cell lines and notMM cells used in our cytotoxicity panel to 12 MM cell lines and 8
non-MM cell types, in order to determiné particular genotypes or cell types were more
susceptible"to GW4869 than othéfablel, Table ). Six of12 MM cell lines and 1of 8
nonMM cell'types were found to show some level of sensitivity to GW4869. Classification
of MM cell linesbased otheir translocations and expression of oncogenes did not find any
association between genetic abnormalities and GW4869 sensitivity. To cdmdir@W4869

was also cytotoxic to primary MM cells, we cultured BMMNCs from MM patients with
various coneentrations of GW4869 or DMSO vehicle control for 24 h. In 2/3 samples, we
observed that.GW4869 at 6240 uM reduced the proportion of CD138M cells within
primary‘cell"cultures (representative shown in Figure 2), suggesting specifioxayity of
GW4869 to CD138MM cells.

GW4869 delaysMM tumour growth in a xenogr aft model

We next set out to determine whether GW4868ld suppress the growth of a MM cell line

in vivo. In these experiments we used an established MM xenograft model that replicates
human disease, with growth of MM cells within the bone mar(Breemanet al 2011,
Sanchezet.al 2013) Briefly, GFRexpressing RPM8226 cells were injected i.v. intp
irradiated; .€D122depléged NOD/SCID mice. At day 9, mice that were successfully
engrafted (determined by detection of human lambda light chain in serum) were treated daily
with i.p. injections of 1.25.9/g GW4869 or DMSO vehicle control. After two weeks of
treatmentymice wereumanely killed and serum lambda light chain levels and the proportion
of GFP RPMIE8226 cells in bone marrow aspirates were assessed. The GWd&8&2l

group showed reduced levels of lambda light chain (mearvs0179 ug/ml for GW4869 and
vehicle, respectively; Figure 3A). There was also a decrease ihFFRRAI-8226 cells in the

GW4869+reated group in the femur/tibia as well as the lumbar spine which was not
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significant (Figure 3B); however, when both tissues were comb{Bé#869treated mice
showed a significant decrease in the levels of GRIPMI-8226 cells relative to the vehicle
control (Figure 3C). Finally, we performed a letggm survival experiment where mice were
treated daily with GW4869 or vehicle. The GW486&hted group survived longer than the
vehicle contreitreated group with the median survival time of 38 and 28 days, respectively
(hazard ratio: 2:61, 95% confidence interval: 19137; Figure 3D). These findings confirm
that GW4869 is capable of suppregsMM growthin vivo.

NSM ase2 expr ession does not correlate with sensitivity to GW4869

In order to,understand the mechanism by which GW4869 is cytotoxic to MM cells, we
initially tested the expression of its presumed target, nSM@3k2ke and Hannun 2006
Marchesinj et al 2003, Shamseddinet al 2015),in MM cell lines and in GW486%esistant
non-MM cells. nSMase?2 and its ger@MPD3) were detected in all cell lines byestern blot

and gqPCR, respectively (Figure 4B). However, there was no association between nSMase2
expression, and sensitivity to GW4869 as one of the most GWei@&dtive cell lines,
OPM2, had.¢lese to undetectable levels of nSMada&thermore, two GWA486&esistant
nonMM cell lines, Jurkat and K558 displayed similar levels of nSMase2 to the GW4869
sensitive MM cell lines NGH929 and JIN3.

To ascertain whether GW4869 suppresses the turnover of sphingomyelin to ceramide, and
thus inhibits nSMase2 in MM cells, we treated RFBAR6 and OPM2 cells ith GW4869

for 4, 9 and 24 h and then measured total sphingomyelin and ceramide speciedvs. ESI
contrast t0 the expected effects of nSMase2 inhibition, the molar levels afjsptyelin
decreased while ceramide increased in treated cells suggéstingWw4869s not inhibiting
nSMase2 in MM cells (Figure 4C). We then used a shRNA specif@M&D3 (the gene that
encodes.nSMase?2) and delivered by a @®Kpressing lentiviral vector, to knockdown the
expression‘ofithe enzyme in GW4869 sensitive RBR26 cells. We achieved a knockdown

of SMPD3/nSMase2 expression of approximatelyjold at the mRNA level £3.5% of the
scrambledscontrolFigure 5A), however there was only a modest, but not convincing
knockdown“of,nSMase2 byestern blot(~20% knockdown ofmSMase2 compared to
control; Figure B). Nevertheless, wehen assessed the effects 8PD3 shRNA
knockdownon cellular survival and proliferation by using a competition assay. This assay
measures the relative abundance of G&fRNA-expressing cells in partially transduced

population over time. GFReells that express an shRNA that confers a survival disadvantage
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and/or inhibits proliferation will be outgrown by the natvansduced GFRells (Jiang et al

2009. We found that the GFPtransduced cells grew at the same rate as ®BR-
transduced cells for both the scrambled &wWPD3 shRNA samples (Figure 5C).hiE
suggests that reduce8MPD3 mRNA expression has no effect on RRBR26 cell
survival/proliferation. Finally, we tested the ability of GW4869 to induce cytatgxin
RPMI-8226 cells with reducedSMPD3 mRNA expressionWe found that there was no
differencein'the amount of cell death between the scramblef\iAD3 shRNA-expressing
cells. Given that nSMase2 protein levels were not convincingly knocked dov@viBR3
shRNAs, we cannot conclude with confidence that the cytotoxic effects of GW4869 on MM
cells is independent of nSMase?2 inhibition. However, when combined with the fact that
GW4869 does not inhibit the turnover of sphingomyelin to ceramide in these celisl] as

there being no’correlation between nSMase2 expression and GW4869 sentigviyisno

evidence to support that the cytotoxic effects of GW4869 is due to direct nSMiaketiom.

GW4869 localizes and defor ms the cell membrane of MM cells

GW4869 shews'an excitation and emission peak at 368 nm and 492 nm, respectively (Figure
S3 which ‘makes it suitable to use in fluorescence applications. We used these properties of
GWw4869 to define its subcellular localisation MM cells, andfound that GW4869 co
localised withsthe cell membrane markers CD138 and CD120b on P24 cells(Figure

6). Importantly, there was no bleed through of GW4868cific fluorescencmto the green
channel (Eigures4). Another observation was that tieell membranes athese GW4869

treated cells were grossly deformed and ruffled, with both CD138 and CD120b clustered
alongside GW4869 in the same region of the cell. Thisiwaontrast to vehicle control
treated cells where both CD138 and CD1®2@we more uniformly disiiouted around the cell
membrane.(Figure 6). These results suggest that GW4869 interacts with a cdangpdinen

cell membrane.and causes distortions in regions where it accumulates.

In order tosassess other morphological changes in the cell membraned@63iéated MM

cells, we_performed FRAP experiments to measure the effects of the compound on cell
membrane fluidity, which is a critical aspect of cellular func{icolson 2014 GW4869

treated OPM2 cells were found to have significantly reduced membrane fluiditiveetio
vehicletreated cells, with a mean hdife of 4.87 s versus 2.67 s for DMSO (Tablég.
Furthermore, the mobile fraction, a measure of how many moleades a fluid state as

opposed to solid state in the cell membrane (1.0 being all molecules fluid and 0.0 being no

This article is protected by copyright. All rights reserved



molecules fluid), had a mean value of 0.91Bd1SO-treated cells versus 0.64 fG\W4869-
treated cells (Tabld, Figure 7. Similar resultsnvere also observed with RPMNP26 cells

(mean thalf-life of 4.40 s and 7.10 s, and mean mobile fraction of 0.85 and 0.69 for DMSO
and GW4869, respectively; Tallg. This data clearly shows that GW4869 rigidifies the cell
membrane ‘of*MM cells and provides further evidence that this compound induces gross cell

membrane deformities.

GW4869 binds to anionic phospholipids

The fact that GW4869 localises to the cell membrane of MM cells as well as being very
hydrophobic_suggested that the molecuhgght bind directly to the bilayer through
associating” with, cell membrane lipids. To test this hypothesis, we assessed the ability of
GW4869 to interact with different classes of phospholipid species immabdis® 96well
hydrophobic plates. Interestingly, GW4869 showed high levels of binding to the anionic
phospholipids PS, PA and PG. In contrast, little to no binding of GW4869 was observed for
sphingomyelin, PC, PE and PI (Figure 8A). To confirm that GW4869 interacts with anionic
phospholipidss«=We synthesised liposomes composed of different ratios of anionic to
zwitterionic,lipid'species. In this assay, the zwitterionic phospholipid PC was used as the base
lipid asthis forms stable liposomes. PC was used alone or mixed in a 3:1 ratio with the
anionic phospholipids PS or PA. Liposomes were then incubated witM1BW4869 for 2

h and washed extensively to remove unbound GW4869. The liposome fraction was then
assessed for GW4869 uptake by measuring direct fluorescence of the compound. GW4869
bound strongly to PS/PC and PA/PC liposomes and showed low levels of binding to PC only
liposomes, which confirmed that GW4869 preferentially binds to anionic phospholipids
(Figure 8B).

MM cellsexpress surface exposed PS

The fact that"GW4869 binds to anionic phospholigdsvell as being incorporated into the
membrane of*MM cells suggests that the cytotoxic effects of the compound may be due to the
presence.of'cell surface anionic phospholipids. In order to investigate this, we initially tested
the ability forr\GW4869 to béaken up into the cell membranes of GW4&gasitive MM

cells and GW486%esistant noftMM cells. Cells were treated for 4 h withy 1 GW4869

and then assessed by flow cytometry to assess GWaggdfic fluorescence. Interestingly,

the MM cells incorporad high levels of GW4869 into their cell membranes with U8B,

This article is protected by copyright. All rights reserved



which are resistant to GW4869, showing the least amount of uptake. In contrast,-NM&inon
cells showed only low levels of GW4869 uptake (Figure 9ACB We also assessed the
ability of GW4869 to be incorporated into MM celis vivo. After 10 days of treatment,
approximately 25% of bone marrow GFRPMI-8226 cells had taken up GW4869, thus
confirming that'the small cationic molecule can interact with MM dallgvo (Figure 9D).

As GW4869 bound strongly to PS, the major anionic phospholipid found in eukaryotic cell
membranegLeventis and Grinstein 20LGve stained MM cell lines and néviM cells with

an antiPSymAb to determine if sensitivity to GW4869 MM cells could result from the
presence of anionic phospholipids on the cell surface. All MM cell lines testexdfaund to
express cell surface PS, with 6/12 MM cell lines expressing high levels of cell surface PS
(Tablel). In"addition, RPMi8226 cells engrafted into the bone marrow of CDi®pleted
NOD/SCID 'mice were also found to express high levels of surface PS (Figure Ih0A)
contrast, PBMCs and the majority of abtM cell lines tested did not express calirface PS
(Figure 10B, Table S1). The sensitivity of cells to GW4&@@relatedclosely with PS
expression, For exampl®, out of the6 high PS expresing cell lineswere sensitive to
GWwW4869, and.for the modera@Sexpresig cell lines 2/5 were sensitive (this includes the
B-ALL cellline,.Nalm6). In contrast, all cell types with either low or no PS expression were
found ta be resistant to GW4869 (Tab, Table 3). Therefore, these results show ttret
levels ofPS expression correlateell with sensitivity to GW4869.

Extracelldar exposure of PS is normally synonymous with dead or dying, selth as in
apoptosis. However, MM cell lines were not found to be apoptotic, as thdid apt show
any increase in basal caspase” 3i¢tivity over nonMM cell lines (FigureS5), and 2)
induction of apoptosis using mitomycini@duceda two order of magnitude increase in cell

surface PS,.compared with untreated MM cells (Figure 10C).

Given that"extracellular PS was expressed on MM cell lines, we also stained MM CD138
primary cellsstorascertain whether they also exposéi®. out of 15 sampleshowedsome

level of externalised PS on CD38D138 MM plasma cells. Of these PS positive samples,
five were found to express moderate to high levels of PS with the otherh&wimg
detectable but low levels on tearface (Figure 10LE; Table ). Two of the three primary
patient samples tested for GW48§®ecific cytotoxicity (Figure 2, above) were also assessed

for cell surface PS expression. Interesting, the GW486Btant patient was a néd
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expressor, whereas the GW48&hsitive patientested was found to express high levels of
cell surface PS (Patient 3 and Patient 15, respectively).

Secretion isresponsible for PS exposureon MM cells

It has been-found that excited neuronal cells and activated mast cells cautflpS onto

the exracellular face, which is thought to be as a result of the fusion of intracellula
compartmentssuch' as secretory vesiclegith the cell membranéLeventis and Grinstein
2010, Oryget al 2013) Given that MM cells are highly secretory due to synthesis of
immunoglobulin we set out to determine whether PS exposure is related to secretion in these
cells. MM ‘cell_lines were treated with the wélhown secretion inhibitor BFA or vehicle
control for4 hand then stained for PS as before. All cell lines were found to down regulate
the levels of PS on their surface by approximately 25 to 50% with BFA treasoggesting

that secretion 1S at least partly responsible for this phenomenon (Figure 11Ahewe t
incubated the same cells with GW4869 for 12 h and found that-tBfated samples
accumulated 505% lower amounts of GW4869 compared with vehicle comteaited cells
(Figure 11A).-ln"addition to this, we also assessed the ability for BFA to inhibt88%
specific cytotaxicity. As BFA is cytotoxic within 248 h, we conducted our experiment over

a shorter time period (16 h total). RPBR26 cells and OPM2ells were prdreated with

BFA or EtOH.vehicle control for 4 h followed by incubation with GW4869 or DMSO vehicle
control for 12 h before assessment of cell viability. As expected, celtseated with EtOH
vehicle control were susceptible to GW4869 vétiproximately 25% more cytotoxicity than
DMSO for both cell lines. However, there was no difference in viability éetmDMSO and
GW4869 for the BFA préreated samples (Figure 11B). Given that Bifdated cells became
resistant to_the effects of GW4868ur results suggest that PS exposure and subsequent

cytotoxicity.to GW4869 may be attributed to secretion by MM cells.

DISCUSSION

We demonstrate that a large proportion of MM cells and cell lines express exoplasmic PS.
Moreover, targeting PS with a small cationic molecule can induce cytotoxicity in high surface
PSexpressing MM cells and inhibit the growth of MM celsvivo. PS isnormally confined

to the intracellular side of the cell membrane in healthy cells through an active process that is

regulated by the activity of ATBriven flippases. It is weknown that dead or dying cells
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lose the ability to regulate cell membrane asyatry resulting in the exoplasmic expression

of PS(Leventis and Grinstein 20LHowever in our studies, cell surface-8&ressing MM

cells were not found to be apoptotic. Cell surface PS has also been described forllother ce
types, suclas activated platelets, mast cells and neuronal @edieentis andGrinstein 2010

Ory, et aF 2013) Additionally, it has also been shown that a number of cancer,types
including glioblastoma and melanopzs well as endothelial cells in tumour vasculature can
express exoplasmic RBeRoseet al 2011,Riedl, et al 2011) The mechanisms that induce

PS exposure on the surface of these aaksnot well understood. One theory posits that
activated cells,incase cytoplasmic Galevels which, in turn, activate scramblagesding

to PS translocation to the cell surfa@@iedl, et al 201]). It has also been proposed that
exocytosisfof/secretory vesicles can lead to the transient exposure of PS as a consequence of
local perturbations from membrane fusion, or the presence of PS on the oflétroea
secretory vesicle membran@dartin, et al 2000,Zwaal and Schroit 1997In relation to our
studies, we_present evidence that at least some of the PS exposure on MM cells may be
attributed to secretion. Indeed, MM cells are considered a secretory cell given that they
synthesise.and/secrete large amountsnofiunoglobulin Therefore PS exposure may be a

general property of cells actively involved in secretion.

The small cationic molecule GW4869 is the mosinmonlyused inhibitor of nSMasei
cell-based assays$hamseddinest al 2015) In our studkes, wedid not find evidence that the
cytotoxic effects of GW4869 in MM cells could be attributed to inhibition of nSMdsa2.
example,cells of the OPM2 cell line, which is one of the most sensitive cell lines to
GW4869, showd low to undetectabléeves of nSMasezxpression. Furthermor#he ratio

of sphingomyelin to ceramide remains unchanged or actually decreaS¥g4i@69treated

MM cell lines which is in contrast to the expected effects of nSMase2 inhibition.
Unfortunately,we were unable to defitely rule out nSMase2 in the cytotoxic pathway as
specific knockdown with shRNAs only resulted in a modest and unconvincing knockdown at
the protein=level (despitSMIPD3 mRNA levels being ~25% of control). Therefore
subsequentrstudies may need to useeneffiectiveknockdown strategiesuch as the use of
Clustered regularly interspaced short palindromic repd@RISPR/Cas9 to disrupt
expression all togetheand confirm that GW486Hhduced cytotoxicity is independent of
nSMase2
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Our results suggesensitivity to GW4869 is dependent upon surface expression of PS. This
was based on the observation that GW4869 binds to anionic phosphalimiisas PS, that

the levels of surface PS expression are well correlated with segditivid\W4869, and that
reduction in exoplasmic PS levels using BFA causes a lower uptake of GW4869 and reduced
cytotoxicity=of=the compound. Interestingly, PS &s co-factor for nSMase2 activity
(Marchesinj et al 2003 Shamseddineet al 2015) Therefore,the GW4869 inhibition of
nSMase2 ‘'observed in other studies may occur indirectly, through binding and séquestra

of PS Nevertheless, the fact that GW4869 binds to anionic phospholipids suggests that the
inhibitor is not,as specific to nSMase2 as previously tholrgults using GW4869 should

be interpreted with caution unless supported by other inhibitors, such as sdRtbkgeted

gene disruption, complexes, confirming that phenotypic changes are due to inhibition of
nSMase2 andnot through interaction with anionic phospholipids. On that note, we have
reported phenotypic changes in MM cells treated with GW4869 in a prior @tudghinson

et al 2010) This was assumed to be due to nSMase?2 inhibition; however, the end point of
these experiments was at 48 h, a time that the many of these cells are dead or dyitngs Thus i
possible that.pherypic changesvere due taytotoxic effects of the compoundrgeting cell
surface P3ather than through nSMase2 inhibititutchinson et al 2010).GW4869 isalso
frequently_used as an inhibitor of exosome secretmch is attributed to nSMase2
inhibition (Colombo et al 2014) However, exosomes display PS on both sides of the
membrane Nlatsumoto et al 2017) Thereforeinhibition of exosome secretidny GW4869

may be due to binding to PS on the exosome membrane rather than through nSMase2

inhibition, which should be explored in subsequent studies.

There are_a_number of possible mechanisms to explain the cytotoxic effects induced by
GW4869 binding to PS. GW4869 was found to grossly deform thenealibranewhich led

to significant.changes in fluidity as well as clustering of integral membraneinsofhe
regulation=ofeell membrane fluidity is an essential aspect of cellular fun@imolson

2014) andsthesrigidifying effects of GW4869 may have disrdptetical pathwayssuch as

the transpertation of nutrients or disruption of cell signalling, whigdkrequired for cell
survival. On“the other hand, the clustering of integral membrane proteins, which was also
observed in our study, can lead to abercadit signalling and subsequent cell de@®ajate

and Mollinedo 2007 Sessleret al 2013) That said, caspase 8 is aokvn inducer of the
extrinsic (cell membrane) apoptotic pathwfyavrik, et al 2005, Sessler et al 2013).
However, we found no evidence of caspase 8 activathom were we able to block
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cytotoxicity using a specific inhibitor of caspase 8 (Fig8f9. We also assessed caspase 9
activation to see if there is any evidence that the intrinsic apoptosis pathwaivasedc
however similar to caspase 8, there was no detectable increase in caspase 9 activity (Figure
S7). Alternatively, GW4869 may disrupt cell membrane integrity. For example, the
compound iistlarge and highly cationic (predictéd, pf 9.68), whichprobablymediates its
interaction’ with anionic phospholipids, and in many ways it resembles a cationidepept
such as a"defensin. Cationic peptides are cytolysins that preferentially interact with anionic
membranegBankovic et al 2013 Ganz 2003Liu, et al 2016, SchrodeBorm, et al 2005)

Thus it is possible that GW4869 acts in a similar manner to these peptidesubykatng

on the surface.©f anionic phospholipids and eventually disrupting cell membrane integrity
leading tocell death.

The levels oPS expressioareassociatedvith sensitivity to GW4869. For example, 5/6 high

PS expressing cell lines are sensitive to GW4869, whereas only 1/4 moderate PS expressing
MM cell lines showed susceptibility to GW4869. Thus small molecules targetingrd®S
likely to be.maest effective ithis high PS expressing subgroup. In relation to MM patients,
our resultsisuggest that high cell surface PS expression is a feature of MM plasma cells from
a subset opatients(2/15 samples analysedjurthermore, it appears that MM primary cells

with high PS.expression are sensitive at relatively low concentrations of GW486&ydrow
dose responses remain to be defjreedd it is also not known if primary MM plasma cells
expressing moderate levels of PS might be sensitive to GW48t6h will need to be
addressed n subsequent studikbhough high levels of PS expression is characteristic of
only a small subgroup of MM patients, this is still significant given the cunremd towards
personalised, MM subtypgpecific therapies. For example, thading that 4% of MM
patients express activating mutations in the oncogé&#¢- (Chapmanet al 2011),led to the

clinical testing. oBBRAF inhibitors in this subgroup of patientdyman et al 2015).

Another avenue to explore is whetlseirface PS expression is related to the stage of disease,
and whether it could be used aprognostic marker for MM. Although not the purpose of
this study, tisiinteresting to notthere does not appear to be any correlation between surface
PS expression and the stage of MM (according to Itlternational Scoring System
classification). Howeer, of the moderate to high PS expressing samplbsre there is
information on survival, only 1/4 patients were still alivef@atow-up as opposed to 6/8

patients with low to no PS expression. This suggests that the levels of PS erpreghi be
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negdively correlated with survivawhich could be confirmed using a larger pool of patient
samples.

GW4869 is only a “proof of concept” first generation compoandthere isprobablymuch

room tofimprove its potency and pharmacokinetics. For example,aafti@iday treatment

with GW4869, approximately 25% of RPMR26 cells had takeump the compoundh vivo.

This was modest, however it was enough to delay the growth of these cells in this model.
Thereforeg subsequent medicinal chemistry studies should focus on improving the
pharmacokinetics and potency of second generatiorP&ttompounds to enhance their
efficacy in'vivo,.@s well as testing them for synergistic effects with other types of therapies,
especiallysthose that are already approved for the treatment of MM. Finallyrdefinig

small molecules should be assessed on other types of cancers gifemt that the BALL

cell line, Nalm6, was found to express PS and was also sensitive to GW4869. This includes
PSexpressing cancersuch as glioblastoma and melano(®aed|, et al 2011,Utsugi et al

1991). Moreoverthere are only a small number of studies reporting the surface expression of
PS on malignant cell@Bankovic et al 2013 Ried|, et al 2011, SchrodeBorm, et al 2005),

so subsequent. studies will be required to determine the PS expression profitentypes

of cancers as well as their sensitivity to PS targeting agents.

To the best of our knowledge, this is the first study to demetesthata smallmolecule
targeting PS can lead to the selective cytotoxicity of surfacexB&ssing malignant cells

and inhibiting the growth of MM cells vivo. Moreover, exoplasmic PS has been considered

a potential therapeutic target for a varietyother cancergBankovic et al 2013,Ried|, et al

2011, SchrodeBorm, et al 2005) It is al® found on the surface of vasculature endothelial
cells within,_solid tumours. This has led to the preclinical and clinicahtesti novel PS
targeting..moleculessuch as cationic peptides and @8 mAbs(Bankovic et al 2013,
DeRoseetal2011, SchrodeBorm, et al 2005) however, a small molecule approach has yet

to be assessed. Given the findings of our study, we arguenakat PS targeting small
moleculessshould also be evaluated as an alternative therapeutic strategy for the treatment of

surface P&xpressing tumours.
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GW4869 Characteristics PS
Cell'line | sensitivity' | Translo Target RAS TP53 | status’
cation

JIN3 Yes t(14;16) MAF mut abn High
RPMI-8226 Yes t(14;16) MAF mut abn High
NCI-H929 Yes t(4;14) | NSD2FGFR3 | mut | wt High
OPM2 Yes t(4;14) | NSD2/FGFR3 wt abn High
ANBL6 Weak t(14;16) MAF wit abn High
LP1 Weak t(4;14) NSD2/FGFR3 wit abn | Moderate
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KMS18 No t(4;14) NSD2/FGFR3 n.a. abn High
U266 No t(11;14) CCND1 wit abn | Moderate
MM.1S No t(14;16) MAF mut wit Moderate
KMS11 No t(4;14) NSD2/FGFR3 wit abn | Moderate
JiM1 No t(4;14) NSD2/FGFR3 n.a. n.a. Low
WL-2 No n.a. n.a. n.a. n.a. Low

Table |. Summary.of surface PS expression and GW4869 sensitivity for MM céll lines.
'GW4869 'sensitive cell lines are those that show more than 50% cell death (sedniali
vehicle control) when treated withyBV1 GW4869 for 72 h. Cell lines with weak sensitivity

are those that show between 25 and 50% cell death, and insensitive cell lines display less than
25% GW4869dependent cell death. Data for cell line characteristics is derivedTieoimet

al (2014), Moreaux et al (2011)and Ronchettj et al (2001).%PS status: geometric mean
fluorescence intensityalues > 1000 = High, 1001000 = Moderate, 25100 = Low, 0-25

= None.

abn, abnormal; mut, mutated; n.a., not available; PS, phosphatidylserine; wt, wildtype.

n t half (s) p-value Moabile p-value
OPM2
DMSO 36 | 2.67[1.53] 0.91[0.15]
GW4869 41 | 4.87[4.12] | 0.0035** 0.64 [0.31] | <0.0001****
RPM[-8226
DMSO 49 | 4.40[2.48] 0.85 [0.21]
GW4869 50 | 7.10[5.49] | 0.0023** 0.69 [0.31] | 0.0036**

Tablell. FRAP valuesfor OPM 2 and RPM1-8226 cell lines.

Values in guarebrackets denote standard deviatiotvatues calculated using a tvailed t
test.

DMSO, dimethy! sulphoxide; FRAP, Fluorescence recovery after photobleaching

FIGURE LEGENDS

Figure 1. GW4869 is selectively cytotoxic to multiple myeloma (MM) cell lines. (A) MM

cell lines and (B) noMM cells were incubated with serial diluted concentrations of
GW4869 or equivalent levels of dimethyl sulphoxi@SO, vehicle control). After 72,
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cells were harvested, stained with propidium iodide and assessed for celtyiapiflow
cytometry. Values are normalised to the no treatment control sample (data points are mean of
n=3 replicates, error bars are + SEM) (C) RFB2R6 and OPM2 cellries were treated with

5 uM GW4869 or DMSO for 8 and 24 h then assayed for caspase 3/7 activity (column

heights are'mean of n=3, error bars are £+ SEM).

Figure 2. GW4869 depletes CD138" MM cellsin BMMNC primary cell cultures. Bone
marrow menonuclear cel[BMMNCSs) derived from a patierwith multiple myeloma (MM)
were culturedsfor 24 h with medium alone or the indicated concentratioasmethyl
sulphoxidey(DMSQvehicle) or GW4869. The proportion of viable CD1g8asma cells was

then determined by flow cytometry.

Figure 3. GW4869 delays multiple myeloma (MM) cell growth in a xenograft model.
CD12Z depletedMM-bearing NOD/SCID mice were treated daily with i.p. injections of
1.25ug/g GW4869 (n=8) or dimethyl sulphoxig@MSO) vehicle control (n=7). After two
weeks, micerwere culled and assessed for (A) serum lambda light chain leesizyhye-
linked immunesorbent assagr (B) the proportion of GFPRPMI-8226 cells in the
femur/tibia.and lumbar spine (**palue<0.01, n.s. naignificant, twetailed ManaWhitney
test). (C)_Gombined proportion of GFFRPMI-8226 cells (DMSO normalised, #*p
value<0.05, twetailed ManaWhitney). (D) KaplanAMeier plots showing survival of MM
bearing mice treated daily with GW4869 (n=10) or DMSO Jehtontrol (n=9) until they
succumbed to hinrtimb paralysis or death (*palue<0.05, twetailed logrank test, error
bars are £ SEM).

Figure 4..nSMase? expression and correlation with GW4869-induced cytotoxicity. (A)
Westernsbletsassessing nSMase?2 artth axpression iimultiple myeloma M) and non

MM cell lines.(B) gPCR analysis &MPD3 (NSMASE2) mRNA expression in MM and
nonMM cells’™Solid black columns represent nbtM cells and chequered columns
representsMM cell linegcolumn heighd are mean of n=3 replicates, error bars are £+ SEM)
(C) RPME8226nand OPM2 cells were treated wiimethyl sulphoxide (DMSO, vehicle
contro) or GW4869 for the indicated time periods. Cells were then harvested and then

assessed for sphingomyelin and cedarievels (column heights are mean of n=3 replicates,

This article is protected by copyright. All rights reserved



error bars are + SEM, %palue <0.05, ***pvalue<0.001, twdailed ttest). PBMCs,

peripheral blood monoclonal cells.

Figure 5. Reduced expression of nSMase2 and its effects on GW4869 mediated
cytotoxicity=(A)"gPCR measuring the relathn@PD3 mRNA levels between RPMB226
stably expressing an shRNA specific 8PD3 and a scrambled shRNA control (column
heights are memaof n=4 replicates, error bars are + SEM). (B) -a®Mase2 and and anti
actin Western blot of control anBVIPD3 shRNA stable transfectants. Numbers denote
normalized.densitometry values as calculated by ImagedJ. (C) Growth competition assay
measuring theatio of GFP shRNA-expressing cells versus ntnansduced GFRells over
time. (D) RPMI8226 cells stably expressing an shRNA specificdPD3 or a scrambled
control, were treated with pM GW4869 or vehicle contrddimethyl sulphoxidgfor 48 h,

then assessed for cell viability by propidium iodide staining and flow cytometry (column
heights are_mean of n=3 replicates, error bars are + SEM, n.s. not significatdjléad
test).

Figure 6. GW4869 localizes to the cell membrane of multiple myeloma cells. Confocal
microscopy analysis of RPMI226 cells. (A) Cells were piteeated with dimethyl
sulphoxide PMSO; top panel) or GW4869 (bottom panel) for 8 h and then stained for
CD138 (green channel). Blue channel shows GW4gg&&ific fluorescence. (B}ells were
pretreated. with DMSO (top panel) or GW4869 (bottom panel) and then stained for CD120b

(green channel). Blue channel denotes GW4g&kific fluorescence.

Figure 7. GWA4869-treated cells show reduced membrane fluidity. (A) Meanfluorescence
recvery after photobleachingFRAP) curves for dimethyl sulphoxiddDMSO)- and
Gw4869treated OPM2 cells calculated using EasyFRAP software as described in the
Methods section. (B) Representative images ofsBhlned OPM2 cells at various times

points during®FRAP acquisition.

Figure 8. GW4869 binds to anionic phospholipids. (A) Phospholipid binding assay testing
the ability of GW4869 to be absorbed onto monolayers of various lipid species (column
heights are mean of n=3 replicates, error bars are ) $BMI'esting of GW4869 binding to

liposomes composed of PC only, as well as mixed liposomes composed of PC and PS or PC
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and PA (3:1 ratio of PC to anionic lipid; column heights are mean of n=3 replicatas, er
bars are + SEM)PA, phosphatidic acid; PQ,2-dioleoylsn-glycero-3-phosphatidylcholine;
PE, Xpalmitoyl-2-oleoylsn-glycera3-phosphatidylethanolamine; PG, phosphatidylglycerol;
Pl, phosphatidylinositol; PS, 1-palmitoyl-2-oleayl-glycera3-phosphatidylserine.

Figure 9. Multiple myeloma (MM) cellsincor por ate higher levels of GW4869 than non-

MM cells.«Cells were incubated with pM GW4869 or dimethyl sulphoxide (DMS@)der
normal tissue eulture conditions. After 4 h, cells were harvested and then assessed by flow
cytometry ‘for GW4869 uptake. (A) OPM2 and (B) Daudi histogram overlays. Continuous
line represents GW486a@eated cells and solid grey histogram represents Difi&ded

cells. (C) Geometric mean fluorescence intenggoMFI) for cells treated with GW4869.
Solid black columns represembnMM cells and chequered columns represent MM cell lines
(column heights. are mean of n=3 replicates, error bars are £+ SEM) (D) NOD/SCID mice
bearing GFP RPMI-8226 myeloma, were treated daily with DMSO or GW4869. At day 10
of treatmentybone marrow cells were harvested and @PRI1I-8226 cells were assessed for
GW4869specific fluorescence by flow cytometrPBMCs, peripheral blood monoclonal

cells.

Figure 10. Multiple myeloma (MM) cells express cell surface phosphatidylserine (PS).

(A) MM cells propagatedh vitro or in NOD/SCID mice bearing GFRRPMI-8226 myeloma

and (B) noAMM cells were stained with arRBS mAb (continuous line) or IgG2a isotype
contol (solid grey histogram) and then assessed by flow cytometry. (C) OPM2 cedls wer
treated with,25.g/ml mitomycin C(mito. C)or vehicle control for 18 h and then assessed for
surface PS,expression. Continuous line represents vehicle emeateld cellsdashed line
represenis=mitomycin -@eated cells and the solid grey histogram represents the isotype
control. (O E) Cell surface PS expression on primary MM cells from two patients (D as an
example of"‘a“high expressor and E as a low expressor). MMvwaiés gated according to

dual expression of CD38 and CD138 and then analysed for cell surface PS. Continuous line

represents an®S stained cells and solid grey histogram denotes IgG2a isotype control.

Figure 11. Brefeldin A reduces exoplasmic PS levels and inhibits GW4869 cytotoxicity.
(A) MM cells were prereated with BFA or EtOH vehicle control for 4 h and then stained for
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PS (left panel) or treated with BM GW4869 for 12 h (right panel) before assessment by
flow cytometry. Data shows geometric meffuorescence intensity values expressed as a
percentage of the vehicle control (column heights are mean of n=3 replicates, error bars are *
SEM, *p-value<0.05, **pvalue<0.01, twetailed one sample-test). (B) RPMi8226 cells

and OPM2cells were piieeaked BFA or EtOH vehicle control for 4 h, and then treated with

5 uM GWA4869 or DMSO for 12 h. Cells were then harvested and cell viability was
determined by flow cytometry. Parent viability was normalised to the DMSO control
samples (€olumn heights are mean of n=3 replicates, error bars are + Skdl € 0.05,

ns: not significant, twdailed ttest). BFA, brefeldin A; DMSO, dimethyl sulhoxide; EtOH,

ethanol; geeMFl, geometric mean fluorescence intensity; PS, phosphatidylserine.
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