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50 KEY POINTS:

51

52 X HyperBALL shosva delayin early mitosis @ometaphase asgated talefects in

53 chromosome alignmentsagglegation

54 x Impairedandesin completeadsto defective AURKiBggering chromatid cohesion
55 defectand mitotic slippage of HypéitDblasts.

56

57

58 ABSTRACT

59

60 B-cell acute lymphoblastic leukemfiaL(Bis the most common pediatric cartérgh

61 hyperdiploidy (Hypedentifies the most comsustypef pediatric-BLL DespitéHyperD

62 is an initiating oncogenimnewadfiliated to childhocALB the mitotic and chromosomal

63 defects associated to HypeADRLB(HyperBLL) remain poorly charactetiazd, whave

64 used54 primary pediatfBALL sample® characterizéhe cellulamolecular mechanisms

65 underlyinghe mitotichromosomeefectspredicated to lesarly pathogenic contributors in

66 HyperBALL.WereporthatHyperBALL blasts are low proliferative and show a ekallgy in

67 mitosisat prometaphasessociated to chromosome alignment detbetsnetaphase plate

68 leading toobust chromosome segregation dafdcisnrmodal karyotypadechanistically,

69 biochemical, functional and -spestrometry assays revealedcoimaliesin corplexis

70 impaired iMyperBALL cellsleadingo chromosome hypocondensation, loss of centromere
71 stiffness anohislocalization of the chromosome passenger complex proteins Aurora B Kinase
72 (AURKB) and Survivin in early mitgperBALL cellshow chromatid cohesion defects and
73 impaired spindle assembly checkpointi{8au@pdergmgmitotic slippage due to defective

74 AURKB and impaired SAC gctigitpnstream of condensin complex défecisnosome

75 structure/condensation defects hyerdiploidy were reproduced in healthy CD34+
76 stem/progenitor cells upon inhibition of AURKB and/or SAC. iGgikchipteid-ALLis

77 associated ttefective condensin complex, AURKB and SAC
78
79

80



81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

INTRODUCTION

B-cell acute lymphoblastic leuk@wiaL)is characterized by the accumulation of abnormal
immature -Bellprecursors (BCP) in the bone marrovarfBig)the most common pediatric
cancer BALL is a heterogeneous disease with distigitaipiagnostic subgroups
classified according tioe stage at whicBCRB are stalled in differentiateord
cytogenetic/molecular mackienportantly, different biological subtyp&kloh8ve distinct

causal mechanisms anowdifferent clinical outcorfes

High hyperdiploieABL(HyperBALL)is the most common subtype of childkddcaBdis
characterized by the presence -6 Thromosomes in leukemic*’cetyperfALL
comprisesB0% of pediatri@ALLandusually has favourablelinical outcof#é. Of note

the distribution of chromosome gains is not eambpreferentially shogains of
chromosomes§ 4, 6, 10, 14, 17, 18 and°2dyperdiploidy is an initiating oncogenic event in
B-ALL and secondary alterations necessary for @lbicadcBumate subclonally and
postnatafly1112  Despitehyperdiploidg the mostommon BLLin childrervery little is
known about gfiology and pathogenesisl mnyquestions about the biotddyyperidLL
remain unansweredespitets favourable clinical outcomereciseknowledgeof the
physiopathogenic mechanismderlyingHyperBALL is necessary because in absolute

numberghemobidty/mortalitysaociated to HypekDL stilepresent dinicathallage

HyperBALL is proposed to arise in aiBQero However, tltusamoleculamechanisms
of hyperdiplojdin BCRB remainelusive In this sensdaithfulchromosome segregation is
essential fanaintaininthe genomimtegrity of eukaryotic cells, and deflmientosome
segregation leado aneuploidy and caféer Three ain and nemutually exclusive

mechanismsnterconnected wititosi¥, underlie chromosome missegregatidefestin



106 bipolar spdle formatipi) defects in chromosome structuteatorand (iii) defects in the
107 spindle assembly checkpoint (@#€}) contrglsopemitosis until chromosomes are properly
108 attached to the spittie Indeed SAC defectbavebeenproposed to ken underlying
109 pathogenic mechaniamare cases &TV6/RUNXB-ALL with netetraploitaryotypés

110 Therefore, abnormal mitetitrol in BCP could be at the origin of hyperdipiditly in B

111

112 Herewe use@ large cohastprimary pediatricABLsample$n=54}o gain insights irttze
113  cellular and molecular mechanisms unaeitlyilmhromosome defectedicated to s
114 the origin gbediatric HypeALL.Our data reve#that HyperBLL blasts shombust
115 condensin comphiefects rrd defectiv&urora B kinas&RKBactivityeading to abnormal
116 mitotic progressiand chromosomassegregatioRunctionainhibition of AURKB &mel
117  SACin normal hematopoietic stem/progenitor cells (HSPCs) hypedijcled karyotypes
118 with abnormal chromosome strudtereonclude thagfects inondensin compl&JRKB
119 and SAG@re associatedHyperBALL likely representing a pathogenic mechanism
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METHODS

Pediatric BALL leukemic samples and cell lines

Diagnostic BM samples frgxhlBpediatrpatients were obtained frollaborating hospitals.

B-ALL diagnosis was based-ABand WHOclassificatiohsTable Slsummarizemain
clinicebiological data of the pati€etstissue was collected from developing embryos aborted

at 18 to 22 weeks of pregnancy, obtained from the MRC/Wellcome Trust Human Development:
Biology Resource upon informed consent and approval by our local ethidseBofhrittee.

cell lines SEM, RBRd MH¥CALE2 (DMSZ, Germanyere usefbr confirmatory studies

This study was approved by our InstitutionalBReege\Board (Barcelona GHimgpital,

HCB/2014/068@nd patient samples were accessed upon informed consent.

In vivoexpansion of B\LL blasts

All experimental procedures were approved by the Animal Care Committee of the Barcelonze
Biomedical Research Park (DAAMPaaRry blastbx1®) were expanded vivoin

sublethally irradiatetb-84weekold norobese diabetic/Li82dIL-2Ry- mice (NSGupon

intraBM transplantai®nPB was monitored by FAZ3eukemia engraftm@nimografts

were sacrificed whengraftment reached-1B% in PBtypically rementing >80%
engraftment in BBlasts werigolated from BM and splsedensitgradient centrifugation

for downstream analys@FACS analysi$ leukemic engraftm@&BMCs were stained with

antthuman HL-ABCFITC, CDIBE and CD45PC antibodies (Bidsciences)and

analysedsinga FACS Cantbcytometer.

Indirect immunofluorescence
B-ALL cells were spun ontipblginecoatectoverslips (50@min) before fixatiQells were
fixed and permeabilized Witon XOGcontaining buffer (9mi@ellswereblockedwith

permeabilizatibnffe containing3¥BSA (hour37°C)and incubated overnight at 4°C with

5



160 primary antibodidsaple Sp Cells were washed with permeabitizdiigon and incubated

161 (45mih with fluoropherenjugated secondary antibodies (Jackson Labs). All antibodies were
162 dilutedin blockinguffer.Slides were mounted with VectadbAgRi(VectorLabpPetailsof

163 chromosome spreadorgmmunofluorescence are provigepglementarylethods

164

165 Confocamicroscopy andnage acquisition

166  Microscope images were captured udigg@uipped Zeiss LSM880 ssmmning spectral

167 confocal microscogmpuipped with an Alserver Z1 inverted microsbayel, Alex488,

168 Alexa Flué&s55 and\lexa Flug€i47images were acquired sequentially using 405, 488, 561 and
169 633 lasers, dichroic beam splittessi@mdetection ranges of48Dhm, 56850nm, 571

170 625nm and 64680nm, respectively, and the confocal pinhole was set at 1 AinAninits (AU)
171 acoustic optical beam splitter was used santbenission detection rang&pectral

172  detection was perfedusing twaghotomultipliers and one central GaAsP detectothésed for
173 acquisition of Ale47. Imges were acquired in a 1024x388 fonat, zoom was set at 2

174  pixel size at 53x53nm and dwell timepse0.stacks were acquired at a 300nm step size
175 to reconstruct the entire nucleiezdlamunofluorescence signal quantificasigrerformed

176 using Fldmagd (NIH. Details ofmagequantificatisnare praded inSupplementary

177  Methods

178

179 Details fomivitroculture/expansion oAIR. cells and HSPCs, chromofamsdon and

180 cytogeneti@nalysisfluorescence quantificativasters#blot and protein analysigss

181 spectometrgMS)assaysgcell cycle and phospH8610 quantificati®i-PCR, chromatin

182 immunoprecipitataomd RNAequencing are providesuipplementary MethodadTables

183 S3andS4

184
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187

188

189

190

191

Statistical analysis

Statistical comparisons were pedarsing Graphpad Prigl@an values and their standard

error of the mean (s.e.m) were calculated for each variable. All da¢al \masoadelgzto

thetest indicated in the appropriate figure legends on the indicated number of experiments. Non

HyperD were comparedhyfierB-ALLs. R0.05 was considered statistically significant.



192 RESILTS

193 HyperDALLcellsare lowproliferativeand showadelay inearly mitosis

194  Aneuploid cells typicdlgplaya gene signature characterized by-@guwlption of genes
195 involved ioxidative stress respemeembrane functiomsd immune response regulation
196 coupled to a dovagulation of genes involved in cell pirlif@nat nucleic acid metabiglism
197 21 Wefirst analysihe transcriptomic signature of Hiperblasts usiadRNASeq dataset
198 fromHyperBALL patients (n=58) andHyperB-ALLpatientgn=3, noraneuploidcsuppl

199 method¥2 A Gene Ontology analysis oR@t89enesdiferentially expresseetween
200 primaryHyperBALL and nonHyperDB-ALls confirmed aaneuploidyke gene expression
201 signatureharacterized by thgregulation of pathways associated with oxidative stress, protein
202 turnover cell deathmnune system activatéod membrane functi(phg 1ab), and down
203 regulation of pathways assatio nucleic acid metabadisdtRNADbiology(Fig lec).

204  Consistent with thrge found thtdteaneuploigediatri&-ALL cell line CARI(doubledip

205 hypodiploi¢taryotype: 51XX,+X,+18,+der(18)t(15;28)32dxhibg a significantly lower
206 proliferative temthan the naétyperBALL cellines SEM and RBHg(1d). Mechanistlly,

207 CALE2 cellgevealed a-foldincrease in apoptosis coupled aoccmulation in G2 (
208 1le,),indicatingell divisiamitoticdefectsnaneuploiB-ALL cells.

209

210 Tofurther characterize the mitotic prograssigperALL cellsye stained CAL2, SEM

211 and REH for DAPI, tubpknicentriandthe antcentromere antibo&ZCAYo unequivocally
212 idenfy the different mitotic plds€Big 1g). Consistent with the FACS data,
213 immunofluorescendE) @nalysisevealed that CAZLcells accumwddtin eagl mitosis
214  specifically at pretaphase/metaphase, with a concomitant delay in Id&eydtitdsis (

215

216 Chromosomalignmentefects in prometaphaseaderlie the mitotic delay of Hyp&il.

217  primary blasts
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Cancercell line do notphenocopyaithfullythe molecular complexity of the disease.
Furthermoyelespite CALL is the only childhood HypétDcell linavailableit actually
representsa doubledip hypodiploi8-ALL cell lin&® We thusaimed toanalysethe
proliferation/mitotic defetthildhoodHyperBALL primary blasBecauséeukemic primary
cellsfail toexpanaex viver27, wecoculturd B-ALLblasts with nestifetalBM (FBMjerived
MSCswhictsupport sharm proliferatiorpoinarB-ALLblastavithout compromisohanal
compositiéh(Fig 2a,Fig S1a,b. Similar to cell linesnpHyperBALL primary cefjsowron
Nestin+ FBMSCsxpande8-fold over ad@ay periodhileHyperBALL primary blagided
toexpand at ak vivdFig 2b). FACS analysissing BM diagnostic samgilesshowedn
increase ihothapoptosiand frequency of G2/M aeltsimary HypeADL cellgFig 2¢d).

To further ligkoliferativienpairmentithmitdicdefectswe analysed thaitotic progression
dividing3-ALL primatylasts expanded vivan NSG micd~{g 2e, S2p Xenograftelblasts
were preessed andistaind forthe DNAinetochot8pindle stainirtg unambiguolys
identifyeach mitotic phagiéig 2f). Consistent with cell lines, Hypekprimaryblasts
accuralated in early mitosis, amptaphase/metaphas#th a concomitant delay in late

mibsis(telophase and cytokinésg2g, FigS2h).

Because lcomosomes aligit the metaphase plate in the t@phasdéo-metaphase
transitionvwe theninspected dividiogllsin early mitosis distinguish betwgeometaphase
(nonaligned chromosomesiimetaphasg@ligned chromosoineals We observedrabust
decreasef HyperALL blasts widtigned metaphase pl#t@s2h), confirminghromosome
alignmentlefectsn early mitosis HyperALL cellsChromosomalignment relies tre
dynamics @hromosomaorentatioto the spindle pdfed\e thusanalysethedynamics of
chromosome biorientatiomprimaryB-ALL blastdy generatingnonopolar spindles and

prometaphase arresth monastr@ spindle bipolarity inhibfigwed blyeatment withe
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244

245
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247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

proteasome inhibitor MGMBRhfurtherarress dividing cells in metapPageig 2i).
StrikinglynonHyperBALLprimarplastproperly aligned chromosomes at the metaphase plate
in @0% of the metaphage®m 2jk). HoweverdyperBALL sampleshoved amassive
decrease in tlmeimbebf cells with aligned chromosomes at the metaphaa&spdteg

2jK). Noteworthy, the defective chromosome biorientationAbHgp#sDvere confirmed in
B-ALL cell lineBi§g S3&). Thustheimpaired proliferatadflyperBALL blastsayresult from
mitoticdefectsin prometaphaseetaphaseiue toaberranthromosome alignmantthe

metaphase plate

Chromosome misalignment defects results hromosomemissegregationand non
modalkaryotypesn HyperBALL blasts

Because defects imamosomalignmenoftenresult ichromosommissegregatitéén we

next analysetierates othromosomsegregatiodefectsmainly lagging chromosomes and
anaphase bridg@sB-ALLblastsKig3d. To overcome thecumulation of HypAtL cells

in early mitosB-ALLprimaryplastsvere treated witte cydkinesis inhibitor Blebbistaiife
foundthat HyperBLL primary blas@isplayed significantad-fold higher number of late

mitosis witthromosome segregation d€fagt8h.

Sine diromosomenissegregatidead to aneuploigywe analysed the modal karyotype
distribution in 12 diagnd3#d L sample®Ve found high chromosome stabilitgom

HyperIB-ALL samples, with a matlabmosome number oind8B0% othe metaphases
analysedFig 3cd, Fig S4. However, HypeADL blastsshowedan increasekaryotype
instabilitgefined by the presence of a major clone (40% of the cells) and minor elones with non
modal chromosome distribuffigs8c, d Fig S4. These results were confirimgBISH

analysiforchromosomes 12 andrR2d.3e, f). Chromosaoainstability in Hype&DL cells was

10
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285
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288

289

290

201

further confirmed WABL cell line§ig S®,0. Collectivel)ghromosome alignmeéetects
result ichromosome segregation defedtsubsequambtrmodal karyotypesHyperidLL

blasts

HyperDALL blasts show chromosomeéiypocondensation and loss of centromere
stiffness due to condensin complex defects

We next investigdtine mechanisms leadintpésemitoti@hromosome defedEs analysis

of the spindlesing théNAKinetochot8pindle staining showedildy lowfrequency of
mitoticblastswith spindle abnormalities such as muttightarganized spindiasnon
Hyperband HyperBLL(Fig4d. Moreover, defects in bipolar spindle formation fiesgiently
to cytokinesis delts andetraploidizati@nSince ng¢neartetraploid cells were observed in
anyHypeb-AL LpatientFig 3c,d Fig S4, weruled outlefect inspindle formatiorHypeb-

ALLblasts

We next assessed whether chromosome structure and function unietibdsféuts
observed in HypehDL. We first examinedhe chromosonmaorphologgpf Carnoyfixed
pediatri-ALLblasts(TableS1). WhilenonrHyperBALL metaphases moshHgwecdhormal
rodshaped chromosomes®0% of HypeLL metaphasesdisplayed curly
shapediypocondensed chromosomél irregulaborders Kig 4b S®). Importantly,
intrapatieromparisoof diploid normal hematopoieticveefiasypebd blasts confirméuhat
chromosome hypocondensgpiecificallgccursn HyperBALL cell§10% vs PO, Fig SS).
Chromosomeg/pocondensatidefectsverefurtheconfirmed in&LL cell lineki¢ S5c). We
nextscored formaldehyoedB-ALL samplefor chromosome structure/condensation, and

found significanthyoremetaphases containing hypocondensed and unstructugatt fuzzier

11



292 widerchromosomes in HypAtDthan imonHyperBALLblasts (80% vs 20%,p<0.B0,

293 4c,d, S5) excluding an impafihe fixative airomosome structcoadensatialefects

294

295 Condensircomplexs are major canponesst of the chromosome scaffdltht regulate

296 chromosome compactaord highesrder chromatin organizationng mito8#s6 The

297 chromosome strucfooadensation defects observed in H\dsyprompted us to analyse
298 in chromosome spreads from prirfdty Bamplethe binding pattern of SMQO2agr

299 component ebndensiocomplexeNonHyperBALLblasts showed a normal beaded pattern
300 for SMCZXpreathgalong thehromatglwith acentromere enrichm@ig 4). In contrast

301 SMC2was hardly detectable in neither chromatids nor centromeres, and showed an abnormal
302 staining pattern in Hyp&tD blasté-ig 4). Indeed3Dimage quantificatioisbMC2 staining
303 revealed significantlpwerolume 'oSMC2n chromosomes frétyperBALL blast§ig 4,

304 FigS5g¢.

305

306 To further characterize the defects in condensin complexeélin ldgpwies, apalysed

307 by WB ifPDXexpanded-BLL cellghe distinct protein members specific for each of the two
308 humarcondensin compex(complex | and II), which pifegential contribution to mitotic
309 chromosome organizé&egregatio(Fig 49. Protein analystenfirmed the lower levels of
310 SMC2nHyperEALL blastsaand revealed that bmihdensin compés(CAPD2 and CAPD3)
311 were similaraffectedRig 4h). Strikingljhowevemodifferences were obsemtethe RNA

312 level for any of the condensin complex members betweghlHgpdrDearyperBALL

313 samples(Fig S5f suggesting that pwanslational modificati¢RI M) may underlie
314 condensin complex defeckdyperBLL blasts.

315
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340

Compelling data strongly suggest that PTMs are essential for regulating condensin loading tc
chromosom&88 We thus performedS analysedor bothSMC2 acetylation and CAPD2
phosphorylation levels aftenunoprecipitation of dbedensin complexes athiSMC2

(Fig S5, and found increased levels of both SMC2 aeetgl&@i®RD2 phosphorylation in
HyperBALL samplessi§ 4il), suggestinthat PTMs regulatiogndensin activatioray

represent a mechanisiderlyingondensidefectsn HyperALL blasts.

Condensin complexestBetstiffness of the centrorohrmmatin required for withstand the
spindle pulling forces during metédphasel SMC2 depletion results in increased
intercentromerictdizces in metaphase chromo8#héko analyse centromere stiffness in
HyperBALL blasts, we measured the intercentromeric distances betkieetoctister
pais in metaphaserested blastbig 4m). For thisB-ALL blastgeveremetaphasarrested

with chromosomes under tensiome{agad length) or without tension (rest length) from the
spindle, by usir@ther the proteasome inhibitor MG132 or tebuhecrdepolymeriser
colcemid,respectivelyHyperBEALL blasts consistently dieglay significant longer
intercentromeric distance thamHyperBALL blastsF{g 4,0. CollectivelyPTMs of
condensin members may induce a defectiiensin complevhich leadsto higkorder
chromosome organization defadimpaired centromere stiffness/stretchmetaphasm

HyperBALL blasts

Kinetochoresrenormal irHyperRALL blasts

The kinetochore binds microtubules at centamuieezgulateshromosome segregation

CENPA (centromerspecific histone H3) NIACBMUF2 are key centromere chromatin

markers of the inner and outer kinetpthgrteU HV SHFWLYHO\ ZKLFK FRQWU

assemblyfCENPA overlaps withecondensioompleand it is flanked the heterdwomatin

13



341 histone mark$3K9me3 and H3K27#E3Me thusprompted to studhether theondensin
342 defects observedHigperPALLblastsare associated ¢entraericchromatin defeasd
343 destabilization tie kinetochor€hlPgPCRassaysshowd no difference®f CENFRA,
344 H3K9medr H3K27me®velsat centromeres diyperBALL blasts as oapared tmon
345 HyperBALL blastg=ig S@). Moreover, quantitatgafocal microscopy anatgsisaled very
346 similatevels of NIFbetween HypeALLand no#dyperBALL blastd-{g S@,c), indicating
347 thatdespite impaired centromere stiffnessntiechromatsinoepigeneticalijmpaireand
348 the kinetochore forms normally in Hilpgetidasts

349

350 The tromosome passenger complex (Cp@eins AURKB and Survivame mis
351 localizedrom the innecentromere in early mitotic Hyp&L blasts

352 We nexaimed t@nalyseahe cellulamechanisms by whichitheaired condensin complex
353 leads tanitotichromosondefectsn HyperALLblastsWe first analysed @G a protein
354 commx composed BYRKBandtheaccessory subwfurvivinBorealin and INCENRe
355 CPCregulatethe SAGo ensure proper kinetochoeceotubule attachmantdwas shown
356 mislocalized from ethinnecentromere in cells wdfectivecondensin compeERe,
357 Prometphasearrested nétyperBALL primaryblasts revealed normal chromosomal
358 distribution bbthAURKEand Survivimainlyconcetrated in the inreantromerg-ig 5a,b).
359 However, HypeADL blastshowean aberrant chromosomal distribubioth&tURKEnd
360 Survivindiffusely distributed throughout the chromosora¢harntisanoncentrated in the
361 innercentromergig5a,b). Quantification of both AURKdBSurvivatthe innecentromeres
362 confirmed signifent decrease of both @R&eins inentromeres diyperBALL blast$-{g
363 5c,d, S@b). To further characterize the localization of AURKB and Survivin, we analysed the
364 frequency of chromosomes showirg @&intromeric or scattéwedlizatiorig 5e), and

365 confirmed that Hyp&dD. blastpreferentiallghoved scatteredocalizatiothroughout the

14



366 chromosome arnisg(sf,g). These results were reprodusied BALL cell lineBig Src,d).

367 Of notethe overall chromosesite expression levelbathAURKEBndphosphdiistone H3
368 at Serinel0 H3S10p)the majorreadouiof AURKEactivity were significantlyeducedn

369 HyperBALL blasts-{g %,). Finally, wgeneratedondensin compledefectivaorHyperb

370 ALL cell lindsy knocking down CARID® confirmebemislocalization of AURIK@N the

371 innercentromerd-ig S7e)f Taken togethenislocalizatioaf the CPC proteins AURKB and
372  Surviviin early mg® represents major mechanism linlefgctive condensin comgahelx
373 chromosonaignmergégregatiamefects in HypeADLblasts.

374

375 Defective AURKB is associateith loss ofchromatidcohesion andBAC impairmernh

376  HyperPALL blasts

377 Theconfined localization of AURKEBe innarentromers essentidiorchranatid cohesion
378 and prope3ACactivit§ps0sl, Indeedanalysis ahromosome spreaegealethat 75%f the

379 metaphsesfrom HyperBLL blastdisplayedd UD R® G F K U R drivhBrigheindtypeD
380 reflecting premature chromatid separation (PCS)rathieerchromatidcohesion at
381 centromerdBig5j, S8a). These results were reproduced using &Il lineBi§ S&).

382

383 AURKB controls chromosome obientation/alignment at the metaphase plate through
384 phosphorylation differenSACproteini=05253 We thus reasoned thEIVRKB defects may
385 underliethe progression towardste mitosis of HyperLL blasts with misligned
386 chromosomdsy preventing SACtivationTo test this, we-colturedB-ALL primografs

387 Nestint FBMSC in the presence of nocodahaih generates persistently unattached
388 kinetochores leading to S&@vatiorand mitotic accumulatibiy bk), andfound that
389 nocodazdteaédHyperBALL blasts did not accumulate in mitosis asyetin@rtyperb

390 ALL blastérig 5I,m Theseresults were reproduced-ALB cell line&ig S8§. Cell cycle
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analysisfurtherconfirmed thadyperBALL blastslo notarrest in G2/Mfter nocodazol
treatment but they accumulate in @Bif>5,0), strongly suggestingtotic slippage
Apoptosis was not differeatween HypeAbLL and nedyperBALL blastgFig S&).

Noteworthythe metaphasw-anaphasg@romoting relgior MAD2L2, whose loss leads
accelerated mitoargdmitotic aberratiéfiwasfound downregulated in HypetDblast@-ig

5p). Collectively, HypekDL cells show chromatid cohesion defecturadetgo mitotic
slppage most likeldue to defective AURKB and impairecacBi€y downstream of

condensin complex defects.

Inhibition ofAURKB and SAG CD34+ HSP@sproduceshromosome structure defects
andhyperdiploid karyotypes

We next prompted to functiomaltiewhether defective)RKB and impaired SAC activity
couldreproduce the phenotype obsentyperBPALLprimary blastBecauseyiperRALL
wasshown to have a prenatal origin ateLipeenidiyperdiploid precursors are found at
birth556, weexposedetal BMlerivedCD34HSPG tothe AURKB inhibifdM4743%nd/or

to theSAC inhibitor Reversine forat@ithenprocessedellsfor cytogenesanalysigFig

6a,b). BothAURKBand SAC inhibition CD34+ HSP@sproducedhromosome structure
defects obsexen HyperBLL(Fig b, S%). They botHrastically increasedmpared to
controlsthe frequency of CD34+ HSRKi@snicronucles bona fidenaker of chromosome
instability={g 6¢), hypocondensed chromosdRigsl), andmetaphases with P@8ecting

loss of chromatid coheiam &).Suchchromosome structure defects were maintained and/or
slighted potentiated when both AURKB and SAC were simultaneously @abi@fd (
note despitave could not reliably assess the karyotgwessoftreated CD34+ HSRIDg

to massive chromosome danf@d®KB inhibition resulted3d% of the CD34+ HSPCs

displayindnyperdiploid karyotydEsgy 6, SO9b,&. In addition, cell cycle analysis revealed
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420

massive alterations in DNA ploahfirmop genomic imbalances CD34+ cellgpon
treammentwith AURKB or SAC inhibitegs ). The chromosome structure defects and
hyperdiploid karyotypgsroduced @D34+ cells reinfodedectivédURKB and SAsS an

underlyig cellular/molecular mechanisyperdiploidg-ALL.
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DISCUSSION

This is the most comprehensive study to ttheteetinlar mechanisms underlying the mitotic
andchromosome defectstributing to the ppthysiologyf pediatric HypeALL. Here, we

have developed robustvitroassays using nestin+ fetalVEB8@s andn vivoPDX to
successfully expand primakizIBleukemic samples. Sxchivandin viveexpansion of B

ALL leukemigamples provided enough mitotic/dividing primary blasts for addressing many
biological questiansa large cohortSdfprimary B\LL samples, thiighlightinthe clinical

relevance of our wdrke only availaligperBALLcell line CAE2was used throughout the

study for confirmatory and-gffimction studies, and consistently phendbepidgata

generated using primary HyfketDprimary cells. This cell line originates from aiploubled
hypodiploid-BLI23 suggesting that the same mitotic/chromosomal defects here reported may
underlie the pathogenesis of-digfmd B\LL patients. Future studiesjevershould be

done in HypeA&LL patients who are rare but clinically dismal.

We demustrate that in dmast to ndtyperBALL HyperBALL blasts show reduced
proliferative rates coupled telay in early mitosis anptaphase. Such a delay in early
mitosis is associated to chromosome alignmenatdibfeatsetaphase plate which, jn fact
lead tochromosome segregation defects antiodah karyotype®espitekaryotype
heterogenejtyHyperfBALL primary blasthowa major lonethatmost likelyepresestthe
fittest loneafte cell adaptation to aneuploitiese datasupports previous studies showing

the presence of cytogenetically different subclones-ALBE8ferD

MechanisticallyperBALL primary blasts and cell lines did not show abnormalities in bipolar
spindle and kinetochore formation. However, theyidipplagetichromosome structure and
function defects, a major mechanism regulating chreegosgatien which is esisé for

maintaining the genomtiegrity of céf>. HyperBALL cells showed robust defestseral
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464

465

466

467

468

469

470

members of tkendensin compésxincldingSMCZlevels reduced at chromosome scaffolds),
CAPD2 and CAPB®chemical, functional Bfthssays revealed tRatMsof condensin
complex proteimsay represent a mechanism undetéfexgive andensin complexes in
HyperBALL cellSOf noteno mutations were found in condensin eemgeing genes in
HyperBALL patients, ruling out genomic mutations as the cause of treordidastive

complex in HypeADL patients.

Consequentlyhighorder chromosome architecture defects are notorious, and include
chromosome hypocondensation and loss of cenigdigreevealed by increased
intercentromeric distan@mnsistently, a recent shalreported chromosome architecture
defects and lower expression of CTCF in-Alypex@nplés FurthermorddURKBthe
catalytisulunitof the CPC, and Survivenraidocalized from the incemtromere in early
mitosisfurther linking defective condensahmeithosomegregation defects in HygdrD
blasts.According to the esserndtiallization of AURKB at the -ter@romere to protect
chromatid cohesion émdproper SAC actiipl, HyperD blasts sholromatid cohesion
defectss observed BACS and impaired SAC, leading to mitotic $figueoed SAC activity
explaia why HyperBLL blasts proceed to late mitosis with misaligned chromosomes at the
metaphase plate, thus leading to chromosome segregatiémpietantyy hoomosome
hymcondensatioand hyperdiploidy were fumaity reproduced in CD34+ H$RO
inhibition of AURKB and/or 8&@orcindefectiveondensinomplexAURKB and SAE
underlying cellular and molecular mechakigpesBALL Figure . Although they are likely
instrumental in the pathophysiology of the-Alypenbether these findings are causal or

consequential to hyperdipteidgins an open question under investigation.
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This is the first cellular and molecdéptincharacteriion of the mitotic and chromosomal
defects of HypefDL using a cohort of 34LB primary samplésrepresents laghly
relevanstudybecause BLL is the most common pediatric catumbes in monozygotic

twins with concordant HypélDand retrospective analysis of HyperD clones in cord blood
indicated that HyperD clones arise prératdlithat hyperdiploidy is an initiating oncogenic
event generating a preleukemic clone which then requires secondary mutations to trigger a ful
blown leukerftaTherefore, a better mechanistic understandingpyqfehdiploidyccurs

and how sendaryalterations are acquired becomes crucial not molyosenovel
therapeutiargetdut also to prevené progression/relapseygerbBALL. Thesealefects in
condensin compidRBKSAC axisopen up new avenues for modellipgrBALL by
genetically engineering of HSPCs, which will be fentloéd aoldredsetcausatontribution

of theselefectso the origin Bifyperin BALL

From a diagnostimical standpoittie higlorder chromatthromosome structural defects

observed in HypehDL explains very well the difficulties that clinical agtsgbaes

historically encountered to obtain metaphases of standard quality from these patients, thus
challenging the cytogenetic diagnbstaddition, despite the favourable clinical outcome of
HyperEBALL unravellinthephysiopathogemmechanisms underlying HyfetDs necessary

because in absolute numbers, the morbidity/mortality associatedlLio stjipeivesent a
clinichchallege In sum, this studgeds light on theechanismsnderlying the mitotic and
chromosome defertgolved in the pathogeneditypérBALL andffersmolecular targets

(Condensin complex membé&BC membersAURKB or the SAQ for potential

pharmacological interventithreimost frequent molecular subtype of pediatric acute leukemia.
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FIGURE LEGENDS:

FIGURE 1HyperPALL cells are low proliferative and show a delay in early mig)sis
Heat map of the topgedes more different@dgressed between Hyder8) andon
HyperD (n=30}ARL samplegb-c) Top 20 statistically significanégipatedb) or down
regulatedc) biological pathways identified usingf@3Bd&yenes differentially expressed in
HyperDversusionHyperALLpatierd. Coloured bars repres@mnalized enrichment scores
(NES). palues are show(u) 16day proliferation curvestlier indicated cell lines3
independent experimg@sSubG0/SubGpaptotitevels identified by FACS for the indicated
cell lines, n=3 independent experiffie@tl cycle analy$is thandicated cell liné#ft,
representativeell cycle FACS analyRght fregiency of cells in G2/M analysed, n=3
independent experimefgsRepresentative DKilvetochorgpindle IF stainifgNA ACA,
tubulin, and pericentii@ntifyinghe diffeent mitotic phases iRABL cell lineSheSAC
identifies the transition femarly to late mitosR: Prophase, PM: Prometaphase, M:
Metaphase, A: Anaphase, T: Telophase, CK: Cytskaleslzar=1Qm. (hj) Mitosis
progression irAA L cell linesrdgression from early to late n{itgpsasd frequency of cells
at the indicated mitotic phé$en=4 independent experim&rsphs represent the mean,

and error bars represent the s.e.m. *p<0.05, *p<@.ay} AN@VA).

FIGURE 2HyperRALL prmary blasts show a delay in early mitosis associated with
chromosome alignment defects in prometapi{a$(&chematic depicting the experimental
design forex vivogrowth of primaryABL blasts onto nestiBBMMSCs.(b) Left
representative images of prinawyperD and HypeéBiALLex vivacultureson nestin+
hBMMSCs at the indicated -poiats Right absoluteountsof BALLprimanpblass at the
indicated timmoints, n=4c,d) Frequency apoptotic (SubGO/Sub@Land G2/Md) nonr
HyperD ahHyperfALLprimary cellkom BM samples=3patientof each(e) Schematic
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depicting theDXmodel used to expamananB-ALL blasts vivo(f) Representative DNA
(blueXinetochor@gurplespindldredgreen)F staining identifying the different mitotic phases
in PDXexpanded-BLLsThe SAC identifies the transition from early to laty)yMitssss
progression of PBXpanded-BLLprimary celleft progression from early to late mitosis.
Right flequency of cells at the indicated mitotig, phalenHyperD and n=5 HyperD-PDX
expanded-BLLs.(h) Left representativmages of mitotic cells withkahgned and aligned
chromosomes the metaphase pldRight frequency &DXexpanded-BLL primary blasts
showinghromosome aligent ghrometaphaseétaphasen=4 onHyperD ana=4 HyperD
PDXxexpanded -BLLs (i) Schematic depicting the chromosome biorientatiorj) assay.
Representative imagefsthe DNKinetochorgpinde staining imonastraiG132reated

cells with 0 (left),(thiddle) andg2 (right) misaligned chromosotkeuantification of
metaphase cells showimgaligned chromosomes3 noi#lyperD and n=3 HyperD-PDX
expanded -BLLs.Graphs represdiie mean, and error bars represent the s.e.m. *p<0.05,

**p<0.01; ***p<0.0001 (Mayp ANOVA). Scale bargsd0

FIGURE 3Xhromosome segregation defects andmodal karyotypes in HypeADL

blasts. (a) Representative DitAueXKinetochorégreengpindlgred)IF staining identifying
lagging and bridge chromosoivekow arrowheads depie indicated chromosome
segegation defedb) Frequency of blebbistiéated mitotic PBXpanded primary blasts
withlagging and bridge chromosamé&§, mitosis from 3 AdyperD and 96 mitosis from 3
HyperBALLs.(c) Comparison of modal karyotyped@ronetaphases from prirkiyperD

(n=6) and netyperD (n=6)}A_Lsamples(d) Frequency of cells showing modal karyotype.
(ef) FISH analysis using Dptdbes for chromosomes 12 (green) and 21 (red) of 200
interphase nlec from n=3 nélyperD and 4 Hyp&@L primary samplés Frequency of

cells representing the modal ekmseaminor clone¢f) Representative FISH analysis for a
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primary nedyperD and a Hyp&dL .Graphs represent the mean and error bars represent the

s.e.m. *p<0.05, **p<0.01; ***p<0.00044y WOIOVA). Scale bargmi0

FIGURE 4: HypeALL blasts show chromosome hypocondensation, loss of centromere
stiffness, and defextin the condensin complg®) Analysis of spindle abnormalities in B
ALL primary blasteft representative DNietochorgpindle IF staining of mitotic cells with
bipolar, multipolar and disorganized sjitighgfrequency of mitotic abiplaying spindle
defects, n=3 nbtyperBALLs (n=251 mitosis) and n=3 H{peD(n=251 mitodrHXx
expanded samplés) Frequency of metaphases with hypocondensed chromosomes in primary
B-ALL blasti=200 metaphases from 4HyperCandn=250 metapses from 5 HyperD
ALLsprimary sampldseft representative images of normal and hypocondensed metaphase
chromosomes. Insets represent 3x magnifica@imemsome structure of formaldehyde
crosslinkeBDXexpande®&-ALLsamples.eft representaé images of metaphase cells with
hypocondensedhromosome#nttACA staining is shown in greRight frequency of
formaldehyd&osslinkedmetaphases showing hypocondeaseldypocondenseavith
unstructured chromosomé&ALLprimary samplesgOmetaphasdsom3 ronHyperD and
n=57metaphasdsom3 HyperfALLs(d) Chromosome arm width uBDgexpanded-BLL
samples from n=191 chromosomes fronorgHgperD and=143 chromosomes from 3
HyerDALLSs (e) Representative IF images of metaPpiaé&xpanded-BLL blaststained

with DAPI, at8MC2 and am®tCA (f) Quantification of the SMC2 total volumetaphase
chromosomésme, n=3 metaphases fr@nonHygerD and 3 HypeADLs(g) Schematic
cartoorof the two human condensin compllex@#B analysis of the indicated condensin
members iwholecell lysatefrom PDXxpanded-BLL samplegi) Quantification of WB
bands fronm normalized to act{j). Representative HFESIMS chromatograms of the

indicated peptidies Hyper@nd no#dyperOPDXxexpanded-BLLs (k) Acetylatiolevelsof
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SMC2 peptide SQAASILTK (m/z=48)D.8hosphorylatiolevels of CAPD2 peptide
GPAASTQEK (m/z=524.7). Releylisthe average of the peak areas from indepdBdent
experimentsom 2 neklyperD and 2 Hyp&iL PDxxpanded blas{sn) Representative
linescan measurements of individual centromeres in thdiAdicamecharsamplesDAPI

and ACA are depicted as a blue and rede8ipestivelyfellow arrowheads point to the
analysed chromoso(mgIntercentromeric distance M@&@t32reated®DXexpanded-BLL
blastsn=155 centromeres fromr8HyperD ana=119 centromeres from 3 HyxdrEX0)
Intercentromeric distance framicemitteaéd PDXexpanded -BLL blasts, n=130
centromeres from@hlyperD ana=111 centromeres from 3 HyxdrBGraphs represent
the mean aretror bars represent the s*er0.05, **p<0.01; **p<0.001; **** p<Ba@O01

way ANOV@,J or tStudenfa,d,f,h)i Scale bars=uf.

FIGURE :5MislocalizedAURKB and Survivin from the inner centrorasack loss of
chromatid cohesion and SAC impairmenidyperBALL blasts.(ab) Representative IF
staining for CEMPand AURKB(a) or Survivinb) in PDXexpanded -BLL blasts(cd)
Quantification of tABIRKHEc) andSurvivin(d) fluorescence sigm@althe inner centromere,
n=30 metaphases fr@nonHyperD anc=30 metaphases frasn HyperfALL (€
Representative dkowing either centronarascattered localizatadPAURKB, Survivin and
CENPA (fg) Frequency of PEXpanded nétyperD (n=3) and Hyp&kD (n=3) blasts
showing centromerarsusscatteredocalization of AURKB 797 chromosomes from non
HyperD and n=676 chromosomeblyparD({f), and Survivi{im=964 chromosomes from non
HyperD and n=814 chromosomes from HgpefD) Quantification of total AURKB
fluorescence signal from samplesAURKB lels are expressed relativeoteHgperD
blasts, which aaebitrarily set to 10QLeff representative FA&&iningf H3S10MRight,

MFlof H3S10P in 3 AdyperD and 3 Hyp&IL sample§) Left,representative images of
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normal or raibad shaped chromosarmReghtfrequency of metaphases showinglit&ted
number of chromosomesR@BEN=200 metaphases flomnHyperDn=250 metaphases
fromb5 HyperBALLssampleqk) Schematic depicting the workflow for functional analysis of the
SAC.(I) Representative FAGEmitoti®®DXexpande®-ALLblasts(H3S10R3D19+ cells,
greenin the presenceatassence of nocodaz(h) Foldchange of mitoti¢3S10P-Hlasts in
nocodazdteatedrelative to DM$@ated) nadyperD (n=3) aklyperBALL (n=3) primary
blasts(n) RepresentativCS cell cycle distribution of nocadagotbMSGreated® DX
expanded-BLLblasts(0) Quantification of tlell cyclgphasesn nocodazelersudDMSO
treatedPDXexpanded -BLL blasts, n=3 néfyperD and n=3 Hyp&LL (p) gRTPCR
analysis @AC proteins BALL primary samples9nonHypeb anch=11 HpeD. Graphs
represent the meard agrror bars represent the s.gpr0.05, **p<0.01; **p<0.001; ****

p<0.0001 (tweay ANOVA eBtudent)Scale bars=10n.

FIGURE :6Inhibition of AURKB and SAC in CD34+ HSPCs reproduces chromosome
structure defects and hyperdiploid karyotyga¥ Schematic depicting the workflow for
AURIB and SAC inhibition in CD33RCH (b) Representative images of metaphase
chromosomes treatednaiscatedc-f) Frequency ehetaphasesithmicronuclei (n=500 cells

per experimerft), hypocondensed chromosdd)eBCSe)andhyperdiploidy karyot{fpe

(g) RepresentatileACS analysis showing Pl stginafdes ilCD34+ HSPQGeeated as
indicatedn=150 metaphasegre analyseuer treatment from 3 independent experiment

*p<0.05, *p<0.01 (DeiktStudent).

FIGURE 7Proposedwodelofthecellular mechanisms underlying the mitaticcemadsome

defects contributingn® pathophysiologpediatric HypeADL.
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