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Chapter 1

General Introduction
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Breast! cancer!is! the! most! frequent! cause! of ! cancer! related! death! occurring! among!
women!(World! Cancer!Report,!2008)!in! both! developed!and! developing! countries.!It!
affects!approximately! 1!in!8!'womenl!in!the! Western!world! with! a!total' of 'more! than!
one! million! new! cases! worldwide! per!year,! of 'which! 35" will! eventually! die.! Breast!
cancerlislalheterogeneous!and!complex!disease!with!several!histological'and!molecular!
characteristics!within!tumors!and!between!patients![1].!Invasive!ductal!carcinoma!(IDC)!
is! the! most! common! form! of ! breast! cancer! (~80"),! While! 10'-15'! of ! patients!
present!with!invasive!lobular!carcinomal!(ILC),!and!the!rest/comprises!rare!subtypes![2,!
3].'Lobularland!ductallcarcinomas!differlfrom!each!otherlinlterms!of Imolecular!features,!
histology!and!response!to!therapy! (detailed!information!in! Chapter! 2).!Histologically,!
classicllLCslare!characterized!by!smallland!round!shaped!cells!that!in®ltrate!individually!
orlin! strands,! with! frequently! intracytoplasmic! vacuoles! and! small! to! intermediate!
size!nuclei.! The!discohesive!tumor!cells!are!highly!dispersed!and!locally!very!invasive,!
making!diagnosis!with!physicallexamination!and!mammography!diffcult![4].'Therefore,!
ILClis!relatively!oftenlanlincidental!’nding!on!albreast!biopsy!taken!for!other!clinicallor!
radiological!mild'abnormalities.!

ILCs!do!morelfrequently! express!hormonel!receptors!than!IDCs!do![5]!and!generally!
respond!tolendocrineltherapy.'However,!ILCs!with!high!histological'grade!usually!loose!
the'hormonel!receptor!expression!and!therefore!becomelresistant!to!endocrine!therapy!
[6].! Compared!to! IDC,!ILC! more! frequently! shows! low/absent! EGFR! and! HER-2!
expression![2]!resultinglin!allower!eligibility!forlanti-EGFR!family!monoclonallantibody!
or!small'!molecule!based!therapies! (e.g.CetuxiMab,! Lapatinib,! Herceptin)![7,!8].!It'has!
been!reported!severalltimes!that!ILC!has!alworse!prognosis!than!IDC!and!thislis!alclear!
sign!oflinadequate!success!rate!of lcurrent!treatment!strategies!against!this!malignancy!
[5,19,I10].! ILCs! exhibit! certain! molecular! aberrations! such! as! loss! of ! chromosome!
16q!and!lack! of ! E-cadherin! expression! which! are! characteristic! to! this! subtype![11].!
Nevertheless,!therelis!a!lack! of lfurther!understanding!in!the!molecular! pathways!and!
abnormalities!associated!with!lobular!cancer!etiology.!

Aim of the thesis

Alcomprehensive! understanding! of  the! molecular! pathways! and! aberrations! leading!
to!ILC!development!and!progression!is!required!tolimprove!the!existing!strategies!and!
to!develop!novel'therapies.!Several!signaling! pathways!which!play'alkey!role!inlnormal!
mammary! gland! development! and! homeostasis! have! been!identi'ed,! and! increasing!
evidencelindicates!that!the!same!pathways!are!often!deregulated!in!breast!cancer.! The!
aimlof lthislthesis!was!tolstudy!thelinvolvementlof Isomelof ltheselkey!pathwayslinllobular!
breast! cancer! growth! and! maintenance!to! gain! a! better!insight! in! this! breast! cancer!
subtype.!Eventually,!'this!investigation!could!reveal! attractive! candidates!for! additional!
treatment!options!forlindividualized!treatment!regimens!of Ipatients!with!ILC.

Scope of the thesis
In! Chapter 2, molecular,! pathological! and! clinical! characteristics! of! lobular! breast!
cancerlare! extensively!reviewehapter 3!an!overview! of lthe! current!literature!



on!thelrole!of Imammary!stem!cellslis!given!inlthe!context!of Inormal!breast!and!breast!
cancer! development.! This! review! offers! broad! information! on! the! key! molecular!
pathways!controlling!normal!'mammary'homeostasis!and!playing!alrolelin!breast!cancer!
progression,! with! emphasis! on! the! NOTCH! pathway! which! is! frequently! altered!
in'human! breast! canc@hlapter 4investigates!the!role! ofINOTCH! signaling! as!a!
possible!therapeutic!target!in!the!growth!and!maintenance!of llobular!breast!cancer.!In!
this! chapter,!frequent! NOTCH! activation!in!lobular! breast! carcinomas! and! response!
to!NOTCH/!inhibitors!is!described.!In!addition,!welinvestigated! associations!between!
NOTCH!and!HIF-1$!signaling!in’lhuman!breast! cancer! specimens!and! metastases!in!
Chapter 5. These!two!highly!conserved!signaling! pathways!are!known!to!play!a!role!
in'normal! development!and! breast! cancer! and! show! interpiiivhere! hypoxia!
induced!NOTCHl!activation!through!HIF!transcription!factors.!

Chapter 6is!devoted!tanvestigating! mutations!in!the!tumor! suppressor! p53!in!two!
different!subtypes!of !lobular!breast!cancer;!classic!and!pleorirofpingter 7!we! —
investigated! copy!number!changes!of tumor!suppressor!and!oncogenes!in!classig!and!
lobularlbreastlcancer!cases.!Ficdipiter 83ummarizes!and!discusses!all!the!'!ndingsg_

reported!linlthis!thesis. 5
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Abstract

Lobular!breast!cancer!is!a!subtype!of lbreast!cancerlcomprising! 10-15!"!of lall' breast!
cancer!cases.!Thel!clinicalldiagnosis!of Ithis! subtype!remains!to!be!diffcult!whereas!its!
incidence! has! been! ihcreasing.! The! histopathological! characteristics! of ! this! disease!
have! probably! been! better! de'ned! than!its! biological! features.! Here,! we! review! the!
pathologicalland!molecular!features!of !lobular!cancer.



1. Introduction

1.1 Terminology & History

Lobular!carcinomalaccounts!for!10-15'of lall'breast!cancer!cases![1]!and!is!the!second!
most!common!histological'type!of!breast!cancer.! Two!microphotographs!documented!
by!Ewing!in!1919!were!the!'rst!documentation! of I this! subtype! (Ewing!J.! Neoplastic!
diseases:!altextbook!on!tumors).!Twoldecades!later,!in!1932,lit'was!Broders!'wholdened!
lobular!”carcinomalin!situ”!(LCIS)!for!the!"rst!time!(Broders,!A.!C.ICarcinomalin!Situ!
Contrasted! with! Benign! Penetrating! Epithelium.! J.! Am,! Med.! Assoc,!99:!11670-1674,!
1932.).ILater,!in! 1942 ! Foote! and! Stewart! described! this! form! of ! breast! cancer! as! a!
population!of Ismall!'monomorphic!cells!!lling!and!distending!from!the!terminal!ducto-
lobularlunit!(wherelearly!progenitor!cells!determinelthelhistologicallfate)![2]!spreading!in!
alpagetoid'manner'through'the!ductallsystem.!Inltime,!less!extensive!lesions!within!LCIS!
were!noticed!and!called!as!atypical!lobularlhyperplasia!(ALH)!(Muir!R.!Thelevolution!of!
carcinomalof!the!mamma.!J.!Pathol.!Bacteriol.!1941).!The!term!lobular!neoplasiagi.N)!
Was!introduced!onIy!Iater!by!Haagensen![3]!Who!used!this!word!to!cover!the!spectruﬁl!of !
disease;!from!ALH!to!LCIS.!Solfar,!LN!has!been!described!notlonly!as!oftenlassocfgted!
with!invasive!IobuIar!breast!cancer!but!also!as!a!risk!factor!for!subsequent!develop@ent!
of linvasivelcancer![4-6].!This!hypothesis!is!supported!by!increasing!molecular!evidence!
which!show!that!LCIS!is!allikely!precursor!oflinvasive!lobular!cancer!(ILC),'which!will!
be!discussed!laterlin!this!review![7]. 15
1.2 Subtypes & Morphology

1.2.1 Lobular neoplasia

Aslit! has! been! described! by! Rosen! et! al.! (Rosen! PP,! Oberman! H.! Tumors! of ! the!
Mammary!gland.!Washington,!DC,!Armed!Forces!Institute!of |Pathology,!1993),! ALH!
is! as! an!intralobular! proliferation! of ! discohesive! fairly! monotonous! small! cells! with!
scant!cytoplasm!and!often!clear!cellular!borders,!with!often!vacuoles!in!the!cytoplasm!
(to! form! “signet! (ring)! cells™),! mildly! distending! the! individual! acinar! structures! but!
not!completely! solidifying! them! (often!less!than! half! of Ithe!acinar! structures! of I the!
lobule).!'Thelnucleilarelfairly!monotonous,!small,!rounded,'have!bland!chromatin!and!no!
or!'small'nucleoli.!Necrosislis!labsent!and!mitoses!and!apoptosis!are!rare.!LCIS!isImore!
outspoken!with!regard!to!these!criteria:!more!monotonous!and!completely!solidifying!
more!than!half!of 'thelacinar!structures.!

In!view! of I the! problems! with! differentiating! between! ALH! and! LCIS! and! the! wide!
overlap'inilmolecular!features,!ALH!and!LCIS!are!nowadays!grouped!as!LN!(Figure!1A!
*IB).!Although!usually!located!in!the!lobuli,!LN!cells!may!spread!to!the!ductal!system,!
denoted!“Pagetoid!spread”![4,!8,!9].! Very!often,!LN!is!diffusely!found!in!the! affected!
breast.!High!grade!variants!of ILN!are!pleomorphic!LCIS!with!verylatypical'nucleiland!
sometimes! apocrine! differentiation,! and! the! macroacinar! type! with! hugely! distended!
acini'that!tend!to!become! necrotic!in!the! center!because! of | severe!hypoxia,!and!may!
contain!microcalci'cations![11]!(Figure!2).! These!high!grade!forms!of ILCIS!are!more!
diffcult!to!discern!from!ductal! carcinoimasitiy( DCIS)!and!tend!to! behave!more!as!
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DCIS!in!the!senselthat!they!usually!form!more!localized!disease!that!is!easier!treatable!
with!surgery.

A) B)

Figure!1Representative images of atypical lobular hyperplasia (A) and lobular carcinoma in situ (B

Alternatively,!LN! (here:!lobular!intraepithelial! neoplasia! (LIN))!has!been!divided!into!
threelgroups!based!on!different!degrees!of latypia;!LIN1,!LIN2!and!LIN3![10].!LIN1!
islcomparable!to!ALH,!LIN2!to!classic!(low!grade)!LCIS,!and!LIN3!to!pleomorphic!or!
macroacinar!LCIS.
Therelislincreasing!molecular!evidence!showing!that!LCIS!is!allikely!precursor!of!ILC.!
Forlexample,!conventional!cytogeneticland!comparative!lgenomic!hybridization!(CGH)!
analysis!revealed!recurrent!genomic!gains!on!chromosome!lg!and!loss!of Ichromosome!
16q!in!ALH,!ILCIS!and!ILC!highlighting!their'common!origin!(see!further!below)![11-

15].!

Figure!2.!Macroacinar LCIS with central
necrosis, surrounded by ILC

1.2.2 Invasive lobular cancer

The! classic! type! of! ILC! is! characterized! by! small! regular! cells! with! frequently!
intracytoplasmiclvacuoles,!small'rounded!nuclei'with!no!or!smalllnucleoli,!discohesively!
intltrating'as!single!cells!orlone!layer!thick!(“indian”)!"leslinlaltargetoid!pattern!around!
uninvolved!ducts!(Figure!3!A!*IB).IThe!mitotic!rate!is!low!and!there!are!few!apoptotic!
cells.!



A) B)

Figure!3Representative images of classic type invasive lobular cancer (A) and invasive lobular ¢
targetoid growth (B).

Somel!lLClvariants!have!been!described!which!have!aldifferent!architecture!but!classic!
lobular! cytonuclear! appearance! (the! alveolar! and! solid! subtypes),! or! which! h&e! a!
classic!architecture!but!different!cytonuclear!appearance!(the!pleomorphic,!myoidtand!
histiocytic! subtypes).! The! alveolar! type!is! de'ned! by!its! typical! lobular! cytology!%ut!
architectural!patternlof Iroundlaggregates!of!20!or!more!cells!(Figure!4A).! 5

A) B)
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Figure! 4 Representative images of ILC with alveolar architecture (A) and ILC with apocrine ce
differentiation (B!

Solid!ILC!shows!solid!sheets!of llobular!type!cells!with!little!intervening!stroma.! This!
variantloften!exhibits!more!mitoses!and!more!nuclear!atypia.! The!pleomorphic!variant!
of ' ILC! displays! cells! with! polygonal,! highly! atypical! nuclei! and! also! more! frequent!
mitoses,lintltratinglin'!alclassic!lobular!pattern![16].
The!myoid,'histiocyticland!apocrine!subtypes! (Figure!4B)!are!composed!of Ipolygonal!
larger! cells! with! distinct! eosinophylic! cytoplasm! resembling! striated! muscle! cells,!
histiocyt-like!cells!and!apocrine!cells,!respectively.!

1.3 Incidence

LCIS!lis!foundlin!labout!5'of lalllcancer!excision!specimens![17,!18].! Thelincidence!of !
LCIS!appears!to'havelincreased!inlthe!last!two!decades![19]'as!stated!by!alstudy!based!



18

on!Surveillance,!Epidemiology,!and!End!Results!(SEER)!data.! This!increase!is!likely!to!
beldue!to!thelimprovement!of Iscreening!methods!and!lits!widespread!use!together!with!
thelincreased!consciousness!of!the!pathologists!about!this!lesion![20,!21].!
ILC!is!known!to! comprise! approximately! 10-15' of ! all! breast! cancers;! the! study! of !
Orvietolet!al.!gives!anlidealabout!the!frequency!of lILC!subtypes![22].!In!theirlreport,!
thelinvestigated!530! patients!and!observe8itheltissic,! 19 alveolar,!11'solid,!
and!13'Ipleomorphic,!signet!ring!cell,!histiocytoid,!or!lapocrinelfeatures.!

Figure!5ILC with complete loss of E-cadherin
expression surrounding a pre-existent duct with
normal expression

2 Molecular Features
2.1 Immunophenotype

LN!and!most! of lits! variants!have! a! similar!immunophenotype.! They!usually! express!
thelestrogen!(ER)!and!progesteronelreceptors!(PR),!and!only!rarely!overexpress!HER2.!
They!lack! cytokeratin! (CK)5,! CK14!and! EGFR!expression,!usually! negative! for! p53,!
but!express!CK18![1,!34,!35].!Exceptions!are!pleomorphic!LN!and!ILC!that!'are!more!
often!lER/PR!negative!but!HER2!and!p53!poqi#i8¢iand!apocrine!LN!and!ILC!that!
are!more!often! ER/PR!negative! but' HER2! positive,!and!express! GCDFP15!and!the!
androgen!receptor!(AR).!E-cadherinlexpressionlislvery!often!lost!or!at!least!diminished!
(seelfurtherlbelow)!(Figure!5).!Thereby,!most!LN!and!ILCs!are!considered!to!be!“luminal!
A’llesions,!pleomorphicland'apocrine!LN!and!ILC!being'exceptions!belonging!rather!to!
the!lHER2!driven!or!Luminal!B!type!spectrum.!

2.2 Genetic changes

Overlthellastidecades,linvestigationslonimolecularfeaturesithatlarelcharacteristicltolcertain!
subtypes!of!breast!cancer!have!led!tolincreased!understanding!on!molecular!evolution!
and!progression!of !breast!cancer.!Genetic!data!based!on!conventional!cytogenetic!and!
comparative! genomic! hybridization! (CGH)! analysis! showed! no! signi'cant! difference!
between!ALH!and!LCIS.IFurthermore,!these!dataldemonstrated!that!LCIS/ILC!harbor!
recurrent!genomic!gains!on!chromosome!l1q!and!loss!of ! 16q!which!are!also!features!
of llow!grade!DCIS/in'ltrating!ductallcancer!(IDC)![11-14,!24].'These!reports!revealed!
LCIS!as!aldirect! precursor!to! ILC.! Moreover,! the!l results! also! supported! al common!
evolutionary!link!between!LCIS!and!low!grade!DCIS/IDC![25].! Thelrecurrent!loss!of !
chromosome!16qlin!ALH,!LCIS!and!ILC!supports!thelcommon!evolutionary!origin!of!



theselthree!conditions![15,!26].!
The!E-cadherin!gen€H1)!is!located!on!chromosome!16q!and!mainly!known!by!its!
rolelin!cellladhesion.!Hum@mIH1'was!cloned!and!characterized!by!Bussemakers!et!
al.![27]!'whollater!identi’ed!inactivating! somatic! mutatid@BHi! in! lobular! breast!
carcinomas! [28,! 29].! Interestingly,! Guilford! et! al.! identiled! a! germline! mutation! in!
CHD1,thel!locus!for!E-cadherin,!as!alhereditary!factor!in!/families!with!both!gastric!and!
breast!cancer![30].lIn!lcases!where!LCIS!and!ILC!co-existed,!similarltruncating!mutation!
have!beenlobserved!inlboth!of lthem,!which!is!morelevidence!supporting!theirlcommon!
origin![31,!32].
DCIS!(especially'high!grade)!seems!to!develop!through!divergent!molecular! pathways!
than! LN/ILC! since! it! harbors! very! distinct! genetic! changes! compared! to! LN/ILC!
such!as!chromosomal! alterations!in! 6q,!8qg,! 11g!and!17q![33,! 34].! Low! grade! DCIS!
and!LN!appear!to'have!alstronger!evolutionary!association!and!high!grade!DCIS!seem!
to!be!the! most! distinct! one.! Interestingly,! several! reports!indicated! that! pleomorgfic!
variant! of | LN/ILC! show! similar! characteristics! to! high! grade! DCIS! which! certaingy!
added!to!the! complex!nature! of ! evolutionary! associations! of | breast! cancer! subfgpes!
[35-37].! Eusebi! et! al.! reported! the! presence! of ! apocrine! differentiation! in! a! grgup!
of ' pleomorphic! ILC! cases! based! on! the! positive! expression! of | gross! cystic! diddase!
+#uid!protein! 15! (GCDFP-15)!inlthese! cases.! GCDFP-15!is!encodeIBydtred.!
Moreover,! ampli'cations/overexpression! of HER2! and! accumulation/mutations! of T
p53linipleomorphicllLCwerelreported![35].!Partial'gains!and!deletions!of lchromosonges!
(1p,'8p,'12p,'14q,'18q,!19p<q)'and!gain!of loncogenes!(e.g.!c-myc,'HER2)!arelamong!
the!similarities! of ! pleomorphic! LN/ILC!and!high!grade! DCIS![38].!However,!recent!
reports! demonstrated! that! only! al very! small! percentage! of ! genes! were! differentially!
expressed! between! classic! and! pleomorphic! ILC,! indicating! that! pleomorphic! LN/
ILC!are! different! from! DCIS/IDC! [39,! 40].! Pleomorphic! ILC! cases! showed! a! lack!

of E-cadherin! and!=-catenin! expression! and! gain! of! 1g! and!loss! of ! 16q,! which! are!
characteristics!of!ILC!but!not!IDC.!

In! conclusion,! these! results! point! to! the! concept! of ! pleomorphic! variant! emerging!
vial al common! genetic! pathway! shared! by! DCIS/IDC! and! LN/ILC! [41].! Allred! et!
al.lalso!reveal!that! ILC!has!an! exclusive! genetic! pro'le! compared!to! their! grade! and!
molecular!subtype!matched!IDC,!mostly!on!geneslinvolved!in!processes!like!ladhesion!
and!cytoskeletallsignaling.!Considering!thelcharacteristic'morphology!of ILN/ILC,!this!
was!notlan!lunexpectedlobservation.!Today,'the!most!characteristic!lmolecular!feature!of!
LN!and!ILC!remains!thelfrequent!loss!of |E-cadherin![32,!42]!(see!below).!
Together,ltheseldata!support'the!progressionlroutes!described!in!Figure!1.lILClisImainly!
thought!to!derive!from!normallbreast!through!stages!of !ALH!and!LICS.!Columnar!cell!
lesionslarelalsolthought!to!progress!to!ILC!through!stages!of ICCL!with!hyperplasialand!
atypia.!Thirdly,!also!'some!forms!of llow!grade!DCIS!may!be!precursors!of ILC!(Figure!
6).
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Figure!8Schematic representation of progression routes from normal breast to ILC
3 Clinical Diagnosis

LNlislusuallytoo!smallland'too!scattered'to!presentlaslalpalpablellesion,land!similarly!does!
not!show!uplonlimaging!(exceptiforlcalci'ed!macroacinar!LN).!Pure!LN!lislthereby'almost!
alwayslanlincidental'nding,!madelafter!pathologicallexaminationlof lalbreastbiopsy'taken!
forlother!clinicallorlradiological'abnormalities.This!makeslit/dif!cultitolestimatelthelexact!
incidencelof ltheldiseaselsinceltherelarelcertainlylwomeniwho!do!not!show!any!lsymptoms.!
According!to!studies!reporting!the!clinical,! pathological! and!mammographic! features!
of ' LN,! various! types! of | microcalci'cations! with! additional! opacities! suggestive! of!
malignancy!arelassociated!with!LCIS![43-46].!Microcalci'cations!werelobserved!usually!
around! the! areas! of ! adenosis! and! apocrine! metaplasia! near! the! tumor! area! but! not!
inside!it!(exceptlfor!the!macroacinar!type).!Inladdition,!frequent!presence!of !sclerosing!
adenosis! of! mastopathy,! and! lobular! hyperplasia! was! observed.! Fibroglandular!
type! density! was! detected! in! the! breasts! of! patients! with! LN.! Multifocality! in!
thelipsilateral! breast!is! observed!in! more! than! 50'! of ! the! patients! diagnosed! with!
LCIS!and! 30" of Ithese! cases! develop! LCIS!in!the! contralateral! breast! as! well! [47].
The! diagnosis! of  ILC! with! physical! examination,! mammography,! sonography,! MRI!
and!PET!scanning!is!also!often!dif'cult!due!to!the!lack! of | characteristic! radiological!
abnormalitiesland'thelfactithat'also!ILCloften!does!notlpresentlaslalpalpablellump![48-52].!
MRI!'has!been!shown!to!have!the!highest!sensitivity!of lcurrent!imaging!techniques!for!
ILC.!NIn'almorel!recent!study,'Brem!et!al!(2009)!investigated!and!compared!the!sensitivity!
of Imammography,!sonography,!MRI,!'and!breast-speci'clgammalimaging!(BSGl)!in'the!



detection!of lILC![53]'and!concluded!that!there!was!nol!statistically!signifcant!difference!
among'thesel!technigues.
Inlcomparison!to!IDC!patients,!ILC!patients!are!more!likely!to!be!older,!and!the!ILC!
tumorsltendltolbellargerlinisize![1].!Moreloften!than!in!IDC, !therelis!diffuselor!multifocal!
in'ltration,! therefore! breast! conserving! surgery! and! heat! ablation! strategies! [54]! are!
morellikely'to!belirradical.!

4 Prognosis
4.1. Lobular neoplasia

Thelrelative!risk!to!develop! subsequent!invasive! cancer!was!originally! estimated!to! be!
4-5lfold!for! of ' ALH!and!8-10!fold! for! LCIS,!which!is!in!the! same! order! as! atypical!
ductal'hyperplasia!(ADH)!and!DCIS,!respectively![55].

Multifocality! in! the! ipsilateral! breast! is! observed! inl more! than! 50'! of ! the! patients!
diagnosed!by!LCIS!'and!30" of Ithese! cases!develop! LCIS!in!the! contralateral! bregst!
as!well! [47].! The! latter! case! is! stilll a! point! of ! discussion! since! there! are! con-iging!
reports! on! the! risk! of ! contralateral! breast! cancer! associated! with! LCIS! [56,! 578 In!
these!two!studies!based!on!a! SEER!data;! Chuba!et!al.!reported!an!equal' number! of !
contralateralland!ipsilateral'invasive!cancers!occurring!inlwomen!with! LCIS;! how%{/er,!
Litet'al.Ireported!thatlipsilaterallcancers!were!the!most!frequently!observed.!Irrespective!
of I'their! con+icting! 'ndings,!both! studies! showed!that! a! large! proportion! of 'women!
with!alhistory!of |LCIS!developed! ILC.!Althird! study! observed!that!the!incidence 2!
contralateral!breast!cancerlin'women!with!ILC!was!higher!thanlinlwomen!with!IDC![1].
Arpino!etlal.![58]!did!a! survey!on! core!biopsies!which!were! diagnosed! with! LCIS! or!
ALH!to!determinelthelincidence!of!breast!carcinomalin!these!patients.! The!follow-up!
excisional!biopsies! of lthese!women!were!investigated!and!invasive! disease! was!found!
in!14'of lthoselthat!werelinitially!diagnosed!with!LN!only.! Therefore!thelinvestigators!
concluded!that!surgical'biopsylis'needed!forlestablishing!the!presence!of ILCIS.!Inlview!
of lthelabove!described!multifocality!land!high!rate!of lipsilaterallinvasive!recurrences, !the!
proper!surgicalltreatment!for! LN!would!be!bilateral!mastectomy,!but! this!is! generally!
considered!massivelovertreatment.

There!are!relatively!few!validated! prognostic!factors!for!LN.!Bodian!at!el.!stressed!the!
importance!of!age!at!diagnosis!of lalbenign!lesion!or!LCIS!and!family!history!as!reliable!
prognosticlfactors.!Theselfactorslappeared!to!re#ect!poor!prognosis!forlthisimalignancy!
[59].!Both!of Ithese!factors!were!previously!reported!by!London!and!Haagensen!et!al.!
as!well![3,!60].!Furthermore,!the!number! of llobules!with! LCIS!on!the! specimen!and!
nuclear!size!were!shown!to!be!signitcantly!related!with!recurrence!of !the!disease![61].!

4.2 Invasive lobular cancer

Reported!comparisons!between!the!prognosis!of ILC!vs.!IDClarelinconsistent;!some!
studies! report! that! ILC! has! a! better! prognosis! [62],! some! conclude! that! there!is! no!
difference![63]!'and!some!states!it! has!worse!prognosis![64,!65].!However!in!all' these!
studies,!only!very!smalllgroups! of I patients! werelincluded.! Recently,! Arpino! et!al.! [1]!
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con'rmed!the!lack!of ! prognostic! difference! between! these!two! biologically! different!
entitieslinlalvery!large!group!of!4140!cases!with!ILCland!45169!cases!with!IDC.
Hormone! receptor! positivity! is! a! prognostic! factor! in! ILC!{@&]éto! et! al.! [23]!
pointed!out!the!prognostic!role!of 'histopathologic!subtyping!of lILC!since!non-classic!
subtypes!of!ILC!had!poorer!prognosis.

5 Treatment
5.1. Lobular neoplasia

In!lthe! past,! mastectomy!was! a! frequently! applied! management! strategy! for! the! case!
of ILCIS!(Ewing!J.!Neoplastic! diseases:!altextbook! on! tumors.! Philadelphia,! PA:! WB!

Saunders;!1919)![67].!Bilateral'mastectomy!waslalso!suggested!aslalpossiblelmanagement!

strategy!with!the! claim!that! LCIS!gives!rise!to!invasive! cancer!in!both!breast!with!an!
equallrisk![68,!69].!However,lin!the!light!of Irecent!investigations!showing!only!alsmall!
percentage! of ' women! being! diagnosed! with! invasive! carcinoma! in! the! contralateral!
breast,!the! management! of I this! malignancy! has! shifted! towards!a! more! conservative!
approach![20].!Anlexception!to!this!more!conservative!attitude,lis!the!high!grade!forms!
of 'LN,!which! are! more! often! segmentall in! distribution,! have! a! relatively! high! local!
recurrencelrateland!should!therefore!lbeltreated!with!surgery!(like!DCIS)![70].!Alstrict!
conservative! trend!in!thelmanagement! of | LN!has! been!favored! by! some!authors!to!
follow!the!principle!of lavoiding!unnecessary!surgery.!In'this!lapproach!the!patients!are!
justlexamined!annually!and!monitored!regularly!by!mammography![71,!72].!
LN!has!usually! been! managed! non-operatively.! However,! the! criteria! for! the! choice!
of I surgical! excision! or! another! approach! is! sill' under! discussion! and! different! for!
different! clinical! centers.! There! are! certain! arguments! put! forward! for! choosing!
performing!surgicallexcision'after!diagnosis!with!LN!such!as;!signi'cant!risk!of linvasive!
cancer! (controversiall reports! exist)! [9,! 73],! the! limitations! of! core! needle! biopsy!
therefore! possible! underestimation! of 'the! diagnosis![74,! 75],! existence! of | suspicious!
microcalci’cations![76,!77]!land!certain'histopathological!features!(discussed!above).!
As!we!mentioned!before![56,!57],!there!are!controversiallreports!on!the!risk! of ILCIS!
diagnosis!on!contralateral! cancers!but! overall! the! diagnosis! of | LN!is! not!a! suf'cient!
reason'to!perform!surgery!of!thelipsilaterallor!contralateral!breast.!

Radiation! therapy!is!usually! not! recommended!in! the! treatment! of ! classic! LCIS! due!
to!its!low! radio-sensitivity,! but! radiotherapy! could! be!an! option! for! the! pleomorphic!
variant!'which!has!alhigher!!proliferation!rate!and!high-grade!cytology![78,!79].
Systemic!treatments!arelalso!used!for!the! prevention!of ! progression!into! ILC.!It'has!
previously!been!shown!bothlpre-land!postmenopausal'women!with!LCIS!bene'ts!from!
tamoxifen! treatment! in! terms! of ! prevention! of ! invasive! disease! [80,! 81].! Raloxifene!
treatmentlislanother!option!but!'suggested!only!forlpostmenopausallwomen![81].!
Inlterms! of I choices! as! adjuvant! therapy,!at!the!moment,!there!is! limited! veri’cation!
existing!forladjuvant!therapies!since!surgicallexcision'has!not!been!the!primary!choice!
of'many! surgeons! so!far.! Routine! use! of  tamoxifen! has! been! suggested! before! [80]!
however!withoutla!supportivelargument.!Adjuvant!radiotherapy!has!been!suggested!as!



anleffective!method!when!performed!together!with!surgery![82].!!
5.2. Invasive lobular cancer

Surgerylistusually!the!rst! choice! of l treatment! for! the! patients! with! ILC! (wide! local!
excision!forlthelarealof Icancerland!surrounding!healthy!tissue).!Since!the!disease!might!
have!spread!to!multiple!areas!within!the!breast,!al mastectomy!might! be! offered.! ILC!
regularly!metastasizesl!to'thelaxillaryllymph!nodesland'alsentinel'node!biopsy!'isitherefore!
routinelylin!place![83]'generally!followed!by!axillary!lymph!node!dissection!only!in!case!
of Imacrometastases!to!the!sentinel!node.
Radiation!therapy,!chemotherapy,!endocrine!therapy'is!also!applied!individually!or!as!a!
combination!therapy![Ref;!breastcancer.org].
ILClcan!metastasize!tolany!distant!site,!but!therelis!alpreference!for!thelgastrointestinal!
tract,!the!ovaries!and!the!bone.!Systemic!treatmentlin! case!of | distant! metastases!is!as!
usually!based!on!hormone!and!HER2!receptor!status,!preferentialIy!assessed!in!bigpsies!
of lthelmetastases![84]. =

6 Conclusion

apter

Lobular!breast!cancer!differs!from!ductal!breast!cancer!in!terms!of! bioIogy,!histo@gy!
prognosis! and! response! to! therapy.! Although! there! are! key! molecular! aberrations!
associated! with! this! disease! (such! as! loss! of ! E-cadherin! expression),! investigations!
regarding! the! molecular! events! underlying! lobular! cancer! etiology! is! limited.! This! is!
especially!applicable!to!men!where!hardly'any!'knowledge!on!lobular!disease! hasbeen!
gained.!Albetterlunderstandinglof theImolecularlpathways!governingtumor!development!
and!progression!are!needed!to!provide!new!opportunities!for!therapeuticlintervention.
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Abstract

The!mammary!gland!is!alhighly! regenerative! organ!that! can!undergo! multiple! cycles!
of I proliferation,!lactation!and!involution,!a! process! controlled! by!stem!cells.! The!last!
decade!much!progress!has!been!made!in!the!identi’cation! of signaling! pathways!that!
functionlin!these!stem!cells!to!control!self-renewal,!lineage!commitment!and!epithelial!
differentiation! in! the! normal! mammary! gland.! The! same! signaling! pathways! that!
control! physiologicall mammary! development! and! homeostasis! are! also! often! found!
deregulated! in! breast! cancer.! Here! we! provide! an! overview! on! the! functional! and!
molecular!identitcation!of Imammary!stem!cells!in!the!context!of Iboth!normallbreast!
development! and! breast! cancer.! We! discuss! the! contribution! of ! some! key! signaling!
pathways! with! an! emphasis! on! Notch! receptor! signaling,! a! cell! fate! determination!
pathway!often!deregulated!in!breast!cancer.! Alfurther'understanding!of 'the!biological!
roles!of!the!Notch!pathway!in!mammary!stem!cell!behavior!land!carcinogenesis!might!
belrelevant!forltheldevelopment!of Ifuture!therapies.



Introduction

Stem!cells!in!adult!tissues!are! of lkey!importance!for! physiological!tissue! renewal! and!
regeneration! afterlinjury.! Understanding! the! molecular! pathways! that! govern! normal!
stem! cell! function! may! aid! in! the! development! of! tissue-speci'c! cell! replacement!
therapies'whereby!stem!cellsladoptispeci'c!celllfatesland!functionslinlany!desiredlorgan.!
Although!stilllinlitslinfancy,!celllreplacement!therapy!using!autologous!stem!cellstholds!
great!promise!for!overcoming!genetic!disorders!and!tissue!regeneration!afterldamage.!
Under! pathological! conditions! such! as! uncontrolled! proliferation! and! metastases!
formationlinlcancer,!populations!of 'tumor!cells!have!beenlidentiled!thatlare!collectively!
referred! to! as! “tumor-initiating! cells! (TIC)! or! cancer! stem! cells! (CSC)”! controlling!
cancer!cell'maintenanceland!growth.!Theselcells!are!lthought!to'harbor!many!properties!
of Inormal!stem!cellslin!that!they!exhibit!self-renewing!capacity,!multipotency'and

their! ability! to! initiate! and! sustain! neoplastic! growth.! Increasing! evidence! indicates!
that! these! CSC!are! responsible! for! cancer! celll maintenance! that! underlies! mal@ant'
progressionland!recurrence!after!treatment!failure.
Breast'cancer'affects'almost'1'|n'8lwomen'|n'the'Western'world'Wlth'a'totallof'atﬁ:utI
one!million! new! cases! per!year!world! wide! of 'which! 35"l will' eventually! die.! Bre@
cancerlislalcomplex!and!heterogeneous!disease!with!several!histological'and!molecular!
manifestations! within! tumors!and! between! patients.! Alcomprehensive! understanding!
ofIthe!etiology!of !breast!cancer!is!paramount!to!thelidentication! of 'novel!therapies!
and! improving! existing! strategies! for! treatment! and! prevention! of ! the! disease.!3lhe!
mammary!gland!is!aldynamic!organ!that! goes!through!signi'cant!changes!during!the!
menstruallcycle,!development,!pregnancy,!lactation,!and!involution.!Normal'mammary!
gland! development! and! homeostasis!is! a! stem! cell! driven! process! and! key! signaling!
pathways'havelbeenlidentited!that!controllthese!processes.!Mountinglevidencelindicates!
that! the! same! genes! that! control! physiological! organ! development! and! function! are!
often!deregulated!inlcancer.

Here!we! provide! an! overview! on! the! functional! and! molecular! characterization! and!
identi'cation!of Imammary!stem!cellslinlthe!context!of Inormallbreast!development!and!
their!role!in!breast!cancer.!We!highlight!the!key!molecular!pathways!controlling!these!
processes! with! a! speciall emphasis! on!the!role! of Notch! receptor! signaling,!a! highly!
conserved!cell'fate!determination!pathway!frequently!altered!in'lhuman!breast!cancer.

Stem Cells

Stem!cells!can!be!categorized!into!two!types:!pluripotent!and!multipotent.! Pluripotent!
stem!cells!are!cells!that! can! give!rise!to! the! three! germ!layers,!endoderm,! mesoderm!
and!ectoderm!and! propagate! by! symmetric! celll division;!i.e.!the! capacity!to! give!rise!
tolidentical'daughter!cells!with!identical!fates.!Examples!arelembryonic!stem!cells!and!
embryonic!germ!cells,'which!will'not!be!discussed!further!here.!Unlike!lembryonic!stem!
cells,!'adult!stem!cells!are!multipotent!and!lineage-restricted!and! divide! by!asymmetric!
cellldivisions!producing!aldaughter!and!almother!atlevery!division!with!distinct!cell!fates.
Multipotent!steml!cells!are!presentlin!manylif Inot!allladultitissues!and!are!rare!immature!
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cells!characterized!by!thelability!ltolundergo!unlimited!self-renewalland!differentiatelinto!
alllcells!of lalgivenllineage![1].!Until'recentlylitlwas!assumed!that!stem!cells!are!quiescent!
or!slow-dividing!so-called!labellretaining!cells! (LRCs)![2],!but!that!'dogma!has!recently!
been!challenged!by!thelidenti'cation! of Irapidly! dividing! populations! of ! stem!cells!in!
thel!epidermisland!gut!whereltissue!replenishmentlis!alcontinuous!process![3-5].!lt'has!
becomel!clearlthat!theselorgans!have!both!slow!and!fast!dividing!stem!cell!populations!
that!perform!different!and!overlapping!functionslin!regulating!tissue!homeostasis![6].!
The! enormous! interest! in! stem! cell! research! over! the! last! decade! has! lead! to! the!
identi'cation!of Imany!different!markers!that'allow!thelidentication!and!puri'cation!of!
cell'types!with!long!term!repopulating!activity!in!various!tissues!and!organs.!So!far!the!
most!welllcharacterized!stem!cells!arelthose!which!form!blood,!namely!Hematopoietic!
Stem! Cells! (HSCs)! [1].! Currently,! there! is! a! good! understanding! of! hierarchical!
organization!of lhematopoieticllineage!commitment![1].!Alsimilar!organization'has!been!
observed!inlother!self-renewing'tissues!such!asl!thelintestinallepithelium![7].!Approaches!
analogous!to!the!ones!applied!for! thelhematopoietic! system!and!intestinal! stem! cells!
have!been!employed!for!thelidentilcation!of Imammary!stem!cells.!Not!surprisingly'the!
continuous!cell'renewal'required!during!each!menstruallcycle!and!for!lactation!as!well!
as!regression!in!the!mammary!gland!lis!also!controlled!by!mammary!stem!cells![8].! The!
existence!of!alslow!(LRC)!and!alfast!proliferating!stem/progenitor! populations!within!
the!lmammarylgland'has!been!postulated![9].

Cancer stem cells (CSCs)

Stem! cells! are! obvious! targets! of ! accumulating! oncogenic! mutations! due! to! their!
longevityland!capacity!forlinde'nite!proliferation![10].!However,lit'\was!only!in!nineties!
until!John!Dick!and!colleagues!established!thelexistence!of ltumorlinitiating!cells!(TICs)!
or!CSCsl!from!myeloid!leukemia.!By!carefullimmunophenotyping!and!fractionation!of !
subpopulations!of tumor!cells,!they!established!that!only!alfraction!of Ithe!bulk!of Ithe!
myeloid!tumor!had!the! capacity!to! self-renew!in!vitroland! give!rise! to! transplantable!
leukemiaslinlvivol[11,!12].!Whereas!alllcancer!cellslharbored!thelinitiating!mutation,!only!
alfraction!was!able!to!initiate!and! maintain!neoplastic!growth.! From!these!studies!the!
conceptiwas!putiforwardlthat!leukemias'are!lcomposed!of lalhierarchy!of lundifferentiated!
immature!cells!to!more!differentiated!cells!with!limited!potential'for!self Irenewal.!Soon!
hereafter!colon![13],!brain![14],'breast![15],!pancreas![16],!prostate![17],!and!melanoma!
[18]! CSCs! have! been! postulated.! According! to! this! hypothesis,! normal! stem! cells!
that! acquire! mutations! during! tumor! evolution! continue! to! exist! within! tumors! and!
arelresponsible!for!thelinitiation! and! maintenance! of | neoplastic! growth.! TICs! retain!
key!stem!cell! properties!such!as! self-renewal! and! the! capacity!to! generate! progenitor!
cells,!inlcontrast!with!the!bulk!of ltumor! cells.! Therelis!increasing!evidence!that! TICs!
are! enriched! in! breast! cancer! patients! after! conventional! treatment,! indicating! their!
intrinsic!therapeutic!resistance![19].! Thus,!the!'rst! step!towards! understanding!breast!
carcinogenesislis!tolidentify!the!pathways!that!regulate!normal'breast!development!and!
homeostasis.!Thislunderstanding!may!lead'tolinsightlinto!the!pathways!that!drive!cancer!



formation,!progression,!maintenanceland!resistance!to!therapy.!
Mammary Gland Development

Infmammals!the!Irst!step!inlmammary!morphogenesis!is!althickening! of the! ventral!
ectoderm!also! referred!to! as! the! milk! or!mammary!line.! This! structure! gives!rise! to!
placodes:!the!precursor!to!thelmammary!bud!that!will! give!rise!to!alductal' branching!
network!rooted!within!the!fat! pad! and!attached!to! the! nipple.!Whereas! humans!only!
havelone!pair!of Iplacodes!that!develop!into!two!breasts,!mice!have!5!pair'lsymmetrically!
distributed!along!thelrostral-caudallaxis!between!the!upper-land!hind!limbs!developing!
in! 10! functional! mammary! glands.! Early! mammary! gland! morphogenesis! relies! on!
coordinated!signaling!between!the!epithelium!and!the!underlying!mesenchyme!similar!
to! the! development! of ! other! epithelial! appendages! (e.g.! limbs,! hair! follicles).! There!
are! important! differences! however! between! murine! and! human! mammary! gland!
development.!Albriefloverview!of lthelkey!stepslinimouse!mammary!gland!development!
islgiven!below!and!indicated!where!human!development!differs!signitcantly.

Mouse mammary gland development

apter!3

Mouse!mammary!gland!development!starts!around!embryonic!day!10.5!(E10.5)!@d!is!
complete!just!before!birth!at!E19!day.! Just!around!the!time!of Imilk!line!development!
Wnt10b!expression!marks!the!epithelial'and! mesenchymal! cells! destined! to! formlthe!
future!mammary! gland![20].! Canonical! WNT! signaling! promotes! mammary! placode!
development! and! is! essential! for! initiation! of ! mammary! gland! morphogenesis!3hd!
maintained! in! the! ducts! untill E15.5.! Activation! of ! Wnt! signaling! induces! placode!
formation'!and!size![21,!22].!Canonical'WNT!signaling!is!mediated!by!the!transcription!
factor! Lefl! and! epithelial! Wnt10b! expression! is! driven! by! FGF10! produced! by!
mesenchymal! cells! from! the! somites! which! is! essential! for! midline! and! placode!
formation![23].!Together!with!Lefl,'Tbx3!has!also!been!shown!to!belexpressed!inlearly!
mammary!gland!development.!' Thelcombination!of !signaling!pathways! Thx3,!Fgf!and!
Whntlregulates!epithelial-mesenchymallinteractions!during!this!time.!Both!Fgfland!Wnt!
signaling'seemito!maintain!Tbx3lexpressionwhilekthisleadstolthelexpressionlof ILefl1][24].!
Itlislimportant!tolnotelthat!due!to!the!spatialldistribution!of Iplacodes!along!the!rostro-
caudallaxis,'each!pairlislalsolexposed!toluniquelsignaling!cues![25].!During!thelembryonic!
development,!the! mammary!gland! remains! quiescent! until' E15.5-E16.5! when! ductal!
growth!is!stimulated!by!steroid!hormones![26].!! Alcombination! of ! steroid!and!locally!
acting! growth! hormones!like! Insulin-like! growth!factor! [27],! estrogen,! progesterone,!
and!somatotropin! [28]! mediate! developmental! signals! and!work! synergistically!in! the!
transmission!of ltheselsignalslto!the!stromalland!epitheliallcomponents!of lthe!lmammary!
gland![29].! The!lumenlis! generated! by! apoptosis! of ! central! cells!in! the! multilayered!
epithelium!while! ducts! expand!into! the! fatpads! by! growth! centers! with! high! mitotic!
rates! at! the!tip! of I ducts! called! terminal! end! buds! (TEBs)! [30]! where! stem! cells! are!
thought!to!reside![31].!
Afterbirth,'ductallgrowthlandbranchingffromTEBs/givelriseltolfullyldevelopedmammary!
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outgrowths!between!3-12!weeks!of lage.!Mammary!gland!goes!through!changes!during!
pregnancy! such! as! lobulo-alvéalagrowth! (pregnancy),! differentiation-secretion!
(lactation)and! apoptotic! regression! (involution)! as! part! of ! the! normal! reproductive!
cycle![32].!Peptide!and!steroid'hormones!together!with!thelinteractions!of lextracellular!
matrix! are! responsible! of ' regulating! these! different! phases.! Estrogen,! prdgesterone,
and! prolactin!and!their! cognate! receptors! are! well' known! regulatorsfoetjhieéd
successfullcompletion!of Ithis!developmental[8gtle

The!adult! mammary! gland! is! composed! of ! a! highly! branched! system! of ! ducts! that!
terminate!in!allobulus.!Lobules!are!composed! of lalveoli,! secretory! cells! that! produce!
milk.!Ducts!are!lcomposed!of ltwo!major!cell'types:!anlinner!layer!of luminallepithelial!
cells!and! an! outer! layer! of | contractile! myoepithelial! cells! which! are! responsible! for!
contraction!in!response!to! oxytocin!during!lactation![34].! The!rapid! proliferation!and!
differentiation! of 'mammary!gland!stem!cells!at!the! onset! of !lactation!is!necessary!to!
provide! secretory! activity! for! milk! production! [35].! After! weaning! ! milk! production!
ceasesland!the!glandlinvolutes![36].

Morphological and functional differences between mouse and human

Mammary! development!in! humans! starts! as! a! primary! ectodermal! outgrowth!in! 4-6!
months! old! embryo! [37].! At! this! stage,! the! primary! bud! contains! a! central! and! a!
peripheral-basal! cell! population! which! will! give! rise! to! different! cell! layers! [38].! The!
existence!and!organization! of lthese!distinct! cell!layers!islimportant!in! both! mice!and!
humans!forlthe!correctlfunctioning!of Ithe!gland!and!aluniquelfeature!of lthe!mammary!
gland.! The!epithelial!buds!start!to! form!from!the!primary!bud!in!the! 21-25!weeks! of !
embryoniclage![38]!(Figure!l).!Breast!development!differs!between!individuals!of Imice!
at!thellevellof Ibirth.!'While!lsomelindividuals!have!alfew!branched!ducts!at!that!point!of!
development,'highly!structured!ductalltree!togetherlwith!regular!lobules!aslitlislobserved!
inladults!arelalsolobserved![39-41].!After!birth, 'theleffect!of Imaternallhormones!lessens!
and!the!newborn’s! breast!involutes.!In!females,!the! ductal! tree! development! and! the!
stromallenlargement!continue!further!only!during!puberty![42].
Mouse!and!human!mammary!gland!also! differ!in!terms! of ' morphology.! Inthumans,!
branching! ducts! connect! to! groups! of ! small! terminal! ductal! and! alveolar! structures!
which!are!collectively! called! terminall ductal! lobular! units! (TDLUs).! On!the! contrary,!
TDULs!are!not! al feature! of'mouse! mammary!epithelial! tree.!Instead,!in! the! mouse,!
oncelthe!mammary!gland!lis!stimulated!by!hormones,!ducts!branch!and!elongate!from!
TEBs!(Figure!l).!Despite!theseldifferences,!therelislample!evidence!supporting!overall!
similarlmorphology!and!function!including!thelexistence!of Imammary!epithelial! stem!

cells![43].
Developmental patterning and breast cancer

Pathwayslinvolvedlinlpatterninglandimorphogenesis!iduringimammary!gland'development!
arelalsolimplicatedlin!breast!cancerlformation.!Amongltheselarelneuregulin3!(NRG3)!(an!
epidermal!growth!factor!receptor! (EGFR)!ligand![44]!involved!in!placode!induction),!
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whnt! signalling! (essential! for! midline! speci’cation! [20]),! Tbroblast! growth! factor!
(FGF)!(critical!forlinductive!signaling!to!the!placode![45])!and!NOTCH!signaling![46]!
important!in!luminal! cell!fate!commitment!which!are!all!frequently!activated/mutated!
intThuman!breast! cancer.!Importantly,!the! same! pathways!have!also!been!identited! by!
insertion!mutagenesis!as!lcommon!provirallinsertions!in'mouse!mammary!tumor!virus!
(MMTV)!induced! breast! cancer! [47]!indicating! also! a! causal! role! for! these! signaling!
cascadeslin!breast!cancer!in!mice.!Similar!insertions!by!a!complete! proviral' sequence,!
95'lto!99''homologous!to!MMTYV, werelobserved!alsolinlhuman!breasticancerltissue.!
Thislviruslwas!named!as!Human!Mammary!Tumor!Virus!(HMTV)![48].'The!percentage!
of 'THMTV!occurrence!is! shown!to!reach!up!to!42'lin! breast! cancers! occurring!in!
Europe,!North!America![49]'and!Australia![50]'compared!to!the!healthy!breast!tissues,!
whichldo!have!llto!l2I'"HMTV!prevalence.!High!percentage!of linsertions!seems!to!play!
alrolelinlsome!human!breast!cancers.!

Evidence for Mammary Stem Cells

Thel! postnatal! development! of ! the! mammary! gland! makes! it! possible! to! surgically!
remove!the!rudimentary! gland!leading!to!an! epithelium!free! (cleared)! fat! pad! and!to!
study!mammary!development!by!transplantation!from!donor!mice.! The!'rst!functional!



36

evidence! for! the! presence! of! murine! mammary! epithelial! stem! cells! comes! from!
transplantation! experiments! of! DeOme! [51].! This! study! showed! that! small! tissue!
fragments! isolated! from! a! randomly! selected! portion! of ! the! mammary! gland! were!
capable! of 'regenerating! al functional! ductal! tree! upon! transplantation! into! al cleared!
mammary!fat-pad.!Moreover,!explants!taken!from!alregenerated!gland!could!be!serially!
transplanted!tolother!fat-pads![52].!While!theselexperiments!strongly!pointed!to!allong-
lived! pool! of ! epithelial! progenitors,! whether! these! contained! “true”! stem! cells! was!
guestioned!since!transplant!ability!and!ductal! outgrowth!could!only!'be!maintained!for!
up!to! 7!generations! [53-55].!More! conclusive! evidence!for!almammary!stem!celllwas!
obtained! by! clonal! analysis! using! insertion! mutagenesis! with! MMTV.! These! elegant!
studies! demonstrated!for! the! Irst! time! that! an! entire! mammary! gland! composed! of!
luminal! and! myoepithelial! cells! was! a! clonal! derivative! of! a! single! cell.! This! “stem!
cell’!was! also! capable! of ! forming! restricted! lineages! that! produced! only! lobules! or!
only!ductal! outgrowths!without! lobules! that! cannot! expand! upon!impregnation![56].!
Accordingly,!itlappears!that'mammary!epithelial'cell!populations!generated!by!a!single!
stem!celllcomprise!distinct!and!multipotent!epitheliallcells!which!arelable!to!proliferate.!
Moreover,! MMTV! tagged! progenitors! survived! multiple! rounds! of! pregnancy! and!
involution!demonstrating!that!these! cell'had! the! capacity!for!robust! proliferation!and!
differentiation!and!were!protected!from!apoptosis.!ltlislimportant!to!note!that!such!a!
stem-cell'population!'would!be!exquisitely!sensitive!to!loncogenic!transformation.!
It'took!almost!another!decadelfor!researchers!tolidentify!markers!that!could!be!used!to!
enrich!for!this!multi-potenttmammary!stem!cell!(MaSC)!and!corroborate!these!earlier!
ndings![57,!58].!

Molecular Characterization of Mammary Stem Cells (MaSC)

Researchers! have! been! using! several! complementary! methods! to! isolate! and! study!
mammary!stem/progenitor!cells.! Thelisolation! of Istem!cells!based!on!the!expression!
of lcelllsurface!markers!has!been!the!most!commonly!used!technique.! The!knowledge!
obtained! in! many! different! systems! such! as! neuronal,! hematopoietic! and! epidermal!
lineage!has!beenlan!advantage!for!the!researchers!working!on!the!characterization! of !
mammary! epithelial! stem! cells.! The! following! part! willl provide! an! overview! of ! the!
technigues!used!tolidentify!mammary!stem!cells.
1-!'The!side!population!technique;! The! Side! Population!or! SP!is!a! population! of ! cells!
that!are!characterized!for!theirlability!to!actively!exclude!vital!dyes!from!being!taken!up!
by!the!cell!'such!as!Hoechst!land!Rhodamine!123!while!maintaining!other!stem!cell-like!
markers![59,!60].! Dye! uptake!is! an!active! process! mediated! by! ATP-binding! cassette!
familylof Imultildrug'resistance!proteinsle.g.MDR1/P-glycoprotein)!and!SP!staining!can!
belinhibited!by!drugs!such'as!verapamil.\Drug'ef#uxlisirestricted!tolnormallstem!cells!and!
CSCland!not!observed!in!differentiated!cells.! Expression!of /ABClis!closely!correlated!
with!stem!cells!from!a!wide! variety! of ltissues! sources! ranging! from! embryonic! stem!
cells!to!bone!marrow![61].!Mammary!gland!SP!isolated!from!reduction!mammoplasty!
[62],normal! human! [63,! 64]! and! mouse! mammary! gland! [65,! 66]! respectively! have!



been!shown!tolbe!enriched!by!stem/progenitor!cells!based!on!their!ability!to!generate!
lobuloalveolar!and!ductalloutgrowths!upon!transplantation.
2-!Label'retention;!Labellretaining!celll(LRC)!is!lanotherlapproach!tolidentify!stem!cells.!
This!approach!is!based!on!differential!retention!of 'nucleotide! aiikBigghfidine!

(CHTdR)! or! 5-BromodeoxyUridine! (BrdU))! that! are! incorporated! during! S-phase!
between! slowly! proliferating! versus! fast! proliferating! cells.! The! LRC! hypothesis! has!
been!very!popular!for'many!years! particularly! for! epidermal! and!intestinal! stem! cells!
[2,!67]'however! recent! work! has! challenged! this! hypothesis! by! the!lisolation! of ! fast-
cycling!stem!cells![6].! LRCs!have!also!been!reported!in!the!mammary!gland![66,! 68,!
69].!Thelundifferentiated!nature!of ILCRs!inlmammary!gland!has!been!identi'ed!by!the!
lack!of ldifferentiation!markers![9].! This!population!of ! cells!has!been!shown!to!divide!
asymmetrically! and!is! able! to! repopulate! stem! cell! niches.! Although! asymmetric! cell!
divisions! of | stem! cells! have!been! proposed! before,!in!a!more!recent! study,! Smith! et!
al.ltried!tolanswer!the!question!by!labeling!mice!'rstitiR!and!then!with!BrdU.!
*HTdR!label! was! shown!to! be! retained! by! LRCs! in! the! mammary! gland.! Followghg!
the! pulse! of | BrdU! as! a! second! label,! mo&HBR! labeled! LRCs! were! shown!to! &
have!the!BrdU!Iabel!as!well.!As!a!next!step,!it!was!shown!that!these!ceIIs!were!agIe!to!
undergo!asymmetric!divisions!and!pass!the!newly!synthesized!BrdU!IabeIed!stra‘r?d!to!
theirlprogeny!whilelretaining!thildR!label![69].

3-I Hormone! receptor! status;! steroid! hormones! have! a! huge! impact! on! mammary!
development!and!the!majority!of!breast!cancers!are!estrogen!receptor!(ER)!positivg!;and!
arelanlimportantltarget'forlanti-hormonalltherapy![70].!Inlview!of lthis, litlislnot!surprising!
that!researchers!have!beenl!trying!to!characterizelMaSC!with!respect!to!steroid!receptor!
expression.!Previously,!studies! of | Clarke! et!al.!demonstrated! the! existence! of ! steroid!
receptor! positive! cells! within! LRC! and! SP! with! full! self-renewal! and! differentiation!
capacity![71].!'On!the!other'hand,!more!recent! studies!revealed!that!both!mouse!and!
human!MaSCs!show!alER,!PR!and!ErbB2!negative!phenotype![72];!butlyet!they!respond!
tolovarian'hormone!signaling![73].

4-Mammaosphere! culture;!this!approach!has!been!used!to! functionally!identify! MaSC!
and! TICs! based! on!their! ability! to! form! mammospheres!in! culture! that! give! rise! to!
tumors!containing!alllthe!differentiated! cell'types!present!in!the!original!tumors.![64].!
Using! this! technique,! the! differentiation! capacity! (based! on! the! markers! speci'c! for!
different!lineages!of 'the!mammary!gland)!and!clonality! (by!retroviral'tagging)!of !cells!
enriched!in!the!lmammospheres!was!demonstrated.!Cells!from!mammospheres!can!be!
serially!passaged!and!retain!theirlmultipotency!for!multiple!passages.
5-ALDEFLUOR!assay;!this!is!another!promising!approach!tolidentify!stem!cells!such!
as! hematopoietic! and! neural! stem! cells! which! have! high! aldehyde! dehydrogenase! 1!
(ALDH1)!activity![74].!ALDH1!is!aldetoxifying!enzyme!responsible!for!the! oxidation!

of Iretinol!to!retinoiclacid!and!itimay!have!alrolelinlthelearly!differentiation!of Istem!cells!
[75,!76].!ALDH1!cells!were!shown!to!possess!functionalland!phenotypic!characteristics!
of Imammary!stem!cells!even!though!they!seem!to!be!restricted!luminallepithelial!layer!
[77].Mt'has!been!shown!that! ALD#EIIs!can!surviveland!proliferate!lunder!anchorage!
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independent!conditions!and!they!are!capable!of!self-renewal.!Furthermore!clonogenic!
assays!demonstrated!that!these!cells!do!have!the!ability!tolgive!rise!to!mixed!colonies!of!
myoepithelialland!luminal!cells.!!ALDH1!expressing! cells!have!been!demonstrated!in!
the!normallhuman!mammary!gland!and!human!breast!cancers![78].

6-Cell! surface! markers;!to! date,! different! combinations! of ! cell! surface! antigens! have!
been!used!forlthelisolation!of Thuman!and!mouse!mammary!epithelial!'stem/progenitor!
cells.! Although! several! research! groups! reached! to! an! agreement! on! the! cell! surface!
expression!pro’les!of !stem!and!certain!progenitor!cell!groups,litlislimportant!to'keep!
in'mind!that!thelinterpretation!of Ithe!FACS!datalobtained!so!far'mostly!depends!on!the!
use!of!antibodies!conjugated!to!different!#uorochromes,!antibody!titrations!and!good!
controls.!In'thelfollowing!part,'welwill'review!markers!used!tolidentify!mouse!orlhuman!
mammary!stem!cells!which!are!lsummarized!in!Table!1.

Mammary Gland Stem Cells Marker

Mouse CD24,!CD29,!CD4%,!CD61,!Sca-1.
Human ALDH1,!c-KIT, CD10,!CD24,!CD44,!CD49f,!CD90,!CD133,!
EpCAM,IMUC-1

Table!1Commonly used surface markers used for mouse and human mammary stem cells

Mouse Mammary Stem Cells

De'ned!subsets!of Imouse!mammary!epithelial!cells'have!lbeen!used!to!show!stem!cell!
capacity!by!being!ablelto!reconstitute!mammary!glands!when!transplanted!into!cleared!
fat!pads![43].!So!far,!the!most!useful!markers!for'mouse!MaSCs!have!been!CD49! ($6!
integrin),!CD29!(=1lintegrin),!CD61!(=3lintegrin),ICD24,!land!Sca-1![79].Mouse!MaSCs!
could!be!puri’ed!based! on! CDZD29'CD49f'Scalpro’le! following!the! removal!

of Istromal!and!hematopoietic! cells![57,!58,!80].! Al single! genetically!' tagged! cell! from!
this! population! could! give! rise!tol an! entire! epithelial! tree! upon! transplantation! [57].!
Thelself!renewal'and!multi-lineage! capacity! of 'these!cells!was!demonstrated! by! serial!
transplantations! into! cleared! fat! pads! leading! to! mature! functional! glands! with! the!
formation!of Imilk!producing!alveolar!units!lupon!impregnation.!Moreover,!when!these!
genetically!'tagged! cells! were! cultured!together!with! wild! type! cells,!they!were! able!to!
produce! chimeric! structures! [57,!58].! By! these! experiments,! researchers! were! able!to!
show!that!the!puri'ed!cells!based!on!the!markers!mentioned!above!did!indeed!contain!
stem!cells.!ltlislimportant!to!note!that!only!alsmall'group!of IMaSCslis!characterized!by!
the!CD24CD29'CD49f'Sca-1population,!others!have!identited!other!'combinations!

of! markers! that! indicate! stemness! (e.g.! T&439CD31CD49f\CD24"d! Such!
populations!are!not!pure!since!committed!progenitors!and!differentiated!cells!are!also!
presentlbecausel!these!cells!!express!some!of lthese!markers!as!welll[58].!

Some! of 'the! markers! used! to! enrich! MaSC! populations! are! interesting! due! to! their!
regulatory!roles.! Forl example! high! expression! levels! of lintegrin! $6! (CD49f)! and! =1!



(CD29)! both!important! for! adhesion! and! migration! indicates! an!important! role! for!
stemness!and! microenvironmentlinteractions![81].!It!has!been!previously! shown!that!
both! $6!and! =1!integrin! expression! decreases! during! breast! cancer! progression! [82,!
83].!Reduced!levels!of lintegrins!might!give!rise!to!reduced!interaction!of IMaSCs!with!
the! microenvironment! and! a! failure! in! the! self-renewal! and! proliferation.! Deletion!
of! =1lintegrins! from! Keratin-5! expressing! basal! cells! led! to! defects! in! mammary!
morphogenesis,! proliferation! and! survival! of! mammary! epithelial! cells.! =1! integrin!
de'lcient! transplants! ef!ciently! regenerated! an! entire! new! gland! albeit! slower! than!
controlltransplants!and!were!characterized!by!disorganized!ductalloutgrowth!indicating!
allack!of Iregenerative! potential!in! the! absence! of lintegrin! =1![84].! Alcomprehensive!
review!onlthelrolelof lintegrins!and!extracellular'matrix!in'mammary!gland!development!
has!recently!appeared![85].

Human Mammary Stem Cells (hMaSCs)

Common! patterns! of! X! chromosome-inactivation! and! loss! of! heterozygosity!%;'l!
adjacent!areas!of |breast!epithelium!(so-called!“Field!effect”)!have! provided! proof&or!
the!clonality!of!Iineages!within!the!normal!and!neoplastic!human!mammary!glandISSG,!
87].!Further!evidence!for!lalhierarchical!model!of lhuman!breast!epithelial!developrrent!
has!been!obtained!by!inlvitro!clonogeniclassays!wherelthelhuman!mammary!stem!cells!
have!been!shown'to'residelwithin'the!ducts!sincelitiwas!possible'to!serially!passagelductal
fragments![64,!88,!89].!The!attempts!to!characterize!human!mammary!stem!cellségave!
resulted!inlidenti’cation!of lalcombination!of Imarkers!such!as!epithelial!cellladhesion!
molecule!(EpCAM),!ALDH1!and!CD49f![88-92].!
Eirew!letlal.!developed!alxenotransplantationlapproach'to!studylthelinlvivolcharacteristics!
of 'Thuman!mammary!epithelial! cells.! Al population! of ! cells! having! B!

pro'le! was! sorted! by! FACS! from! reduction! mammoplasty! samples! and! these! cells!
were! subsequently! transplanted! into! immunode’cient! mice! together! with! irradiated!
Tbroblasts.! The! in! vivo! experiments! of! Eirew! et! al.! and! Lim! et! al.! revealed! that!
EpCAM°“CD49f!l population! are! positioned! basally! within! the! mammary! gland!
ducts!and!posses!stem!celllcharacteristics![90,!93].!Even!though!these!two!markers!do!
identify!different! cellltypes!when!used!alone,!together!they!de’nelal subset! of 'human!
mammary'cells,!which!have!regenerativelcapacity'inlalxenograftimouse!model.!The!self-
renewal'and!regenerative!capacity!of | Ef@BDI 9 cells!was!further!supported!by!
transplantation!into! humanized! mouse! mammary! fat! pads!-Human!in! Mouse! model!
(HIM)-1193,194].lIn!this!model,!the!mouse! mammary!fat! pads!are! humanized!by! pre-
injection!of limmortalized'human!'broblasts.!Using!the!lsame!method,! Ginestier!et!al.!
identi'ed!another!subpopulation!of lhuman!stem/progenitor!cell!population!expressing!
high!levels!of | ALDH1,!with!high!engraftment!capability!into!NOD/SCID!mice![77].!
It'should!be!noted!that!not!only!MaSCs!but!also!luminalllineage!restricted!cells!express!
ALDH1!thereforelitlis'necessary!to!usela!combination! of ! different! markers!together!
with!ALDH1!such!as!EPCAM,!CD49f,!MUC1!and!others'tolobtain!the!highestlenriched!
fraction!of !cells!with!MaSCl!ability.!
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Evidence for Tumor Initiating Cells in breast cancer

Allarge!body! of ! evidence! has! demonstrated! the! similarities! between! stem! cells! and!
cancer!cells.!Itlis!well' established! that! stem!and! progenitor! cells! are!likely! targets! of !
genetic!mutations!necessary!forlcarcinogenesis.!Thelstem!cellltheory!of Icancer!proposes!
that!there!is!alsmall'group! of ! cells!-cancer! stem! cells! (CSC)! or! tumorlinitiating! cells!
(TIC)-within!tumors,!that!fosters!tumorlinitiation!and!maintenance![95,!96].! The!"rst!
evidencel!for! TICs!was!based!on!studies!which!showed!human!acute!myeloid!leukemia!
originated!from!alsmall!proportion!of cancer!cells![12].!!Since!then,!many!groups!have!
investigated! and! demonstrated! the! existence! of  tumor! cells! capable! of ! self-renewal!
from!hematopoietic! to! solid! cancers! by! using! different! techniques![26].! Al frequently!
applied'approach!has!been!the!transplantation!of 'tumor!cells!classiled!by!cell'surface!
markers!into!NOD/SCID!mice!to!investigate!the!ability! of 'subpopulations! of ltumor!
cells!to!givelriseltolnew!tumors.!!Similar!lapproaches!have!been!used!tolidentify! TIC!in!
breast!cancer,!which!willlbe!discussed!below.! The!risk! of |developing!breast! cancer!is!
llinlevery!8!womenlin!the!western!world!and!itlincreases!with!age.! This!is!thought!to!
belrelated!to!the!accumulation! of 'multiple! mutations!in!cells! of 'the!mammary! gland!
overllifetime!of lwomen.!Damaged!stem!cells!with!unlimited!potential!of ! proliferation!
can!givelriseltoldelayed!cancers!such!as!breast!cancer!after'having!a!normal!phenotype!
forldecades.!Thislislimportant!because!oncelitlbecomes!possible!tolidentify!such!cells;!
approaches! to! eliminate! them! would! decrease! the! risk! of! breast! cancer! incidence!
and!recurrence.! The!Irst! prospective!identilcation! of l breast! cancer! stem! cells! from!
human! breast! cancer! specimens!reported! that! within! lineage! -! (tumor! cells! depleted!
with!expression!of 'normallantigens!CD2,!CD3,!CD10,!CD16,!CD18,!CD31,!CD64,!
and! CD140b)! population! up! to! 35! 'l of ! cells! displayed! a! D@24 marker!
pro'le!that!was!able!to! ef!ciently! generate!retransplantable!tumors!in!mice.![15,!97].!
Ginestier! et! al.! has! showed! that! ALBIphenotype! within! al number! of ! human!

breast! tumor! samples! de'ned! a! subpopulation! of ! cancer! stem! cells! not! overlapping!
with! EpCAMCD44 CD24! phenotype! [62].! When! the! cells! were!isolated! based! on!
ALDH1<EpCAM:CD44CD24!phenotype,!this! population!was!highly!enriched!with!
TIC.lInterestingly,lalstudy!from!Heermalvan!Vossletlal.'showed!that! ALDH1!expression!
didInot!differ'between!BRCA1!(breast!cancer!l)!mutation!carriers!(who!are!atlincreased!
risk!of'developing!breast!cancer)!and!non-carriers![78].!Others!however!have!shown!a!
close!correlation!between!Brcal-de'ciency!and! ALDH1!FLUOR!positivity!in!clinical!
samples!and!experimental'models!of IBrcal-related!cancer![98].!Even!though!numerous!
studies![99-102]!have!proposed!thelexistencelof Ibreast!TICs,to!date!thelexact!naturelof!
thesel!cells!remains!undened!and!far!from!clinicallutility.!

Signalling Cues Regulating Mammary Stem Cell Renewal and Breast Cancer

Normal! mammary! gland! development! and! function!is! tightly! controlled! by! TGF-=,!
Whnt,! FGF! Hedgehog,! EGF,! Estrogen! and! NOTCH! signaling! pathways! have! ! been!
[103].!It'has!been!demonstrated!that!deregulation! of lthese! pathways!in!the!mammary!
gland!can!givelrise!to!ltumor!development.!Iin'the!following!part,'we!willldiscuss!the!role!



of lthese!pathways!with!alfocus!on!NOTCH!signaling.!
Whnt/!-catenin

Wht!proteins!are!highly! conserved!secreted!signaling! molecules!that!regulate! cell! fate!
throughout!metazoan!development!land'homeostasis.!Canonical'Wnt!proteins!transduce!
signals!through!frizzled!(FZD)!transmembrane!receptors!which!lead!tolinactivation!of!
the!tumor! suppressor! proteinl APC! and! stabilizes! =-catenin! which!is!the!intracellular!
effector! of ! the! Wnt! pathway! [104].! The!importance! of ! Wnt! pathway! activation! in!
breast! cancer! was! demonstrated! by! identi’cation! of ! Wnt! al common! insertion! site!
ofl MMTV![105].! Besides! promoting! maintenance! and! proliferation! of! stem! cells,!
Wht!signalinglis!also!shown!to!be!crucial'in! pluripotency.! The!expression!of INanog,!
a! gene! known!to! be! associated! with! pluripotency! and! self-renewal! of ! stem! cells,!is!
suppressed! by!the! Wnt-responsive! transcription! factor! T! cell! factor! 3! (TCF3)![106].!
Whntlinvolvement!in!pluripotency!is!further!supported!by!the!effect!of lupregulation!of!
Oct-4,!altranscription! factor! mostly! known!through!its!involvement!in!the!inhibitioz!
self-renewal! of ! undifferentiated! embryonic! stem{[£6W$.! Aberrant! activation! of! g‘_
the! canonical! Wnt! pathway!is!also! associated! with! cancer! development!in! early-gnset!
familial'! adenomatous! polyposis! (FAP)! and! late-onset! spontaneous! forms! of ! c&on!
cancerl[108,!109].!Upregulated!Wntlactivity!due!tolthelloss!of Ithe!Wntlinhibitor! SFRP1!
(Secreted!Frizzled-related!protein!l)!land'high!levels!of I=-cateninlis!correlated!witttpoor!
prognosislin!breasticancer![110,!111].IMoreover,!=-cateninlexpression'has!been!shown!
to! be! associated! with! survival! of ! mammary! epithelial! stem! cells! and! more! eftddnt!
self-renewal! [112,! 113].! Transplantation! of ! mammary! epithelial! cells! overexpressing!
constitutively!active!=-catenin!into!cleared!mammary!fat!pads!gave!rise!to!hyperplasias!
[112].! These!results!illustrate! that! upregulated! canonical! Wnt! signaling! increases! the!
mammary!stem!celllactivity'inlvivo.!Conclusivelevidencelforlalrole!of 'Wntslin'mammary!
stemlcell'renewal'was!recently!obtained!by!the!Nussellab!that'demonstrated!that!purited!
Whts!are!suf!cient!to! promote!clonogenic!growth!of Imammary!stem!cells!in! culture!
and! support! their! long-term! repopulatianivg114] It!is! likely! that! Wnt! induced!
mitogenic!effects!inlthe!stem!celllcompartmentlis!causative!to!tumorlinitiation.!!

Hedgehog

The! Hedgehog! (Hh)! pathway! is! another! highly! conserved! pathway! essential! for!
early! embryonic! patterning! and! cell! fate! determination! and! in! the! self-renewal! and!
maintenance! adult! tissues!including! mammary! gland! [115-117].! Inl mammalian! cells,!
signaling!takes!place!betweenl!the!three!secreted!ligands;!Sonic!Hedgehog!(Shh),!Desert!
Hegdehog!(Dhh)!land!Indian!Hedgehog!(lhh)!and!cells!thatlexpress!the!transmembrane!
receptor! for! Hedgehog! ligand! Patched-1! (PTCH1)! and! Patched-2! (PTCH2).! In! the!
absence!oflligands,!Ptch!forms!alcomplex!with!another!transmembrane!protein!called!
Smoothened!(Smo)linhibiting!the!binding!of ISmo!to!Gli:!altranscription!factor.!In!the!
presencelof!Hh,!Patched!binds!to!Hh,!enabling!Smolto!activate!Gli!proteins!(Glil,!Gli2!
and!Gli3)!that!activate!geneltranscription.!Deregulated!Hh!signaling!has!been!shown!to!
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belassociated!with!alrange!of Imalignancies.!Mutations!found!in!the!Hh!pathway!genes!
leading!tolligandlindependent!activation'have!been!shown!to!belassociated!with!several!
malignancies!such!as!medulloblastoma,!sarcomaland!basal!cell!carcinomal!(BCC)![118,!
119].!Overexpression!of Hhlligands!is!frequently!observed!in!gastrointestinalltract!and!
lung!carcinomas![120].

The! evidence! supporting! Hh! involvement! in! breast! carcinogenesis! is! increasing.! In!
one! ofl'the! Irst! studies,! Lewis! and! colleagues! showed! that! heterozygous! disruption!
of IPtch1!and!Gli-2,!impairs!ductal!morphogenesis!resulting!in!ductallhyperplasias!and!
dysplasias![121].!Constitutive!activation!of ISmo!also!leads!to!aberrant!proliferation!and!
ductal'dysplasial[122].! Thelassociation!of |Hh! pathway!with!human!breast!cancer!was!
Trst'demonstrated!by!Kubo!who!were!able!to! show!the!correlation! of high!levels! of!
Shh,!Ptchland! Glillin'human!breast! cancer!tissues!and! growth!inhibition! by! the! Hh!
inhibitor!cyclopamine![123].!Although!activating!mutations!in!Hh!pathway!are!lcommon!
in'many!cancers,!they!are!not!frequently! associated! with! breast! cancer![124].!Instead,!
epigenetic! events!may!be!more!important!in! Hh! pathway! activity!in! breast! cancer! as!
demonstrated!by!the!’nding!that!demethylating'and!deactylating!agents!can!upregulate!
Ptchlexpression!in!breast!cancer!cellllines![125].!Finally,! Patched!polymorphisms!have!
been!shown!to!be!associated!with!the!risk!of loral! contraceptiveluse!on!breast! cancer!
risk![126].!This!suggests!that!Hh!signaling!pathway!might!an!important!rolelinthormone!
induced!development!of !breast!cancer.!

Furthermore,linlanlin!vitrolstudy,!addition!of !Shh!ligand!orloverexpression!of !Gli2!into!
mammaospherelcultureslincreased!primary'andlsecondary'mammospherelformation!and!
size,!which!was!reversed!by!cyclopamine,lalspeci'clinhibitor!of the!pathway.!Finally,!Hh!
signaling'has!been!associated!with!the!tumorigenic! phenotype!dtH2@24 in*

TIC![127].! Altogether,!the! Hh! pathway! plays! pivotal! roles! during! normal! mammary!
gland!development!and!likely'also!plays!unrecognized!roleslin!breast!cancerlas!well.

Transforming growth factor—beta

The! transforming! growth! factor! beta! (TGF=)! family! of ! polypeptide! growth! factors!
comprise! secreted! proteins! of 'which!there! are!three!isoforms:! TGF=1,! TGF=2,!and!
TGF=3.ITGF=lproteinsind'toTypelll'receptorsithatheterodimerizelto!Typell'receptors!
which! triggers! serine/threonine! phosphorylation! and! activation! of ! receptor! SMAD!
proteins!thatlin!turn!heterodimerize!with!other!SMAD!proteins!whichlenter!the!nucleus!
and!activate!gene-transcription.! TGF=Isignaling!controls!virtually'all'cellular!processes!
during!developmentlandlin!adult!tissueslincluding!cell!proliferation, !differentiation,!and!
apoptosis,!in! species! from!worms!to! mammals.! Defects!in! TGF=!signaling! occur!in!
many!inherited!and!acquired! diseases!including!cancer![128].! The!function! of | TGF=!
in'mammary!morphogenesis!appears!to!be!cellland!context!/dependent.!Several!groups!
demonstrated!the!importance!of !different!locallconcentrations!of ' TGF=!within!ductal!
epithelium!as!anlinhibitory!factorlin!the!ductal!growth!and!lateral!branching![129,!130]!
TGF=lwithinlluminallepithelial!cells!controls!alveolar!development![131,!132].! The!role!
of 'TGF=!in!breast!cancer!is! complex!as! TGF=!has!both!growth! suppressive! as!well!



growth!promoting!activities.!In'general! TGF=!promotes!tumor!progression!in!several!
ways! including! suppression! ofl immune! responses,! stimulation! of! angiogenesis! and!
promotion!of !epithelial-to-mesenchymalltransition![133,!134].

Estrogens and Progestagens

Thelsteroidhormoneslestrogen'andlprogesteronelhavekeylroles!duringinormallmammary!
gland!physiology!from!puberty'tolmenopause.!Deregulation!of thislhormonal'regulation!
alsolmarkedly'in#uences!breast!cancerlriskiforming'the!basisforlanti-hormonalltherapies!
in!breast!cancer!treatment.! Although!the!role!lof Thormones!in!cancer!risk! has!already!
been!known!forlallong!timelitiwas!only!recently!that!twolgroups!reported!the!underlying!
mechanism![73],![135].! The!thought! that! TICs! would! directly! respond! to! hormones!
is!attractive! however!these! cells! do! not! express!the! receptors!for! either'hormone.! It!
appears'that!proliferativeleffect!of lhormones!on!breast!tissueloccurs!during!thelnormal!
reproductive!cycle!and!pregnancy!when!hormones!rise!causing!signi'cant!increases!in!
MaSC!numbers.! The!proliferative!effect!is!indirectly!mediated!by!the!response! ofihe!
Niche! (basal! and!luminal! cells)! surrounding! the! stem! cells.! These! produce! a! V@Ma!
signal'that!stimulates!MaSC!proliferation.!These!"ndings!pave!the!way'tolunderstarfgling!
why'hormones!can!modulate!growth!and!proliferation!of !the!normallmammary!gl&hd!
and!may!sustain!malignant!growth.!Theylalsolsuggest!that!during!such!hormonal!surges!
stemlcells!may!belparticularly!'vulnerable!forlaccumulating!mutations!that!lay! dormmant!
untilllaterlinllifelwhen!'women!develop!breast!cancer.!Such!breasticancers!may!ultimately!
belunresponsiveltolhormonalltherapieslif itheirloriginlis!driven!by!TICs.!Inlhindsight(tive!
relationship!betweenlestrogens,!MaSCland!breast!cancerimay!not!beltotally!lunexpected!
given!the!interplay! between! transcriptional! regulation! of ! estrogen/progesterone! and!
cyclinD1;!algene!frequently!upregulated!in! breast!cancer![136,!137].! Mice!lacking!the!
cyclinD1!gene!have!defects!in'hormone-induced! proliferation!during! pregnancy![138]!
and!are!protected!from!breast!cancer![139].!Paradoxically!these!"ndings!do!not!explain!
why!pregnancy!and! breast-feeding!in!the!long!term! protects!against! breast! cancer!in!
humans![140].!

Notch

NOTCH! signaling! is! a! short-range! cell-cell! communication! pathway! that! controls!
virtually! every! aspect! of | metazoan! development! and! cellular! responses! to! maintain!
tissue! homeostasis! in! adults.! NOTCH! signaling! occurs! between! transmembrane!
bound!ligands!and!receptors!on!adjacent!cellslandlis!conserved!from!#ies!to!mammals.!
Flies! have! a! single! NOTCH! receptor! and! two! ligands! (Delta! and! Serrate/Jagged)!
whereas! mammalian! cells! have! four! receptors! and! at! least! ve! Delta/Jagged! type!
ligands!(Figure!2).!INOTCH!proteins!are!single!pass!type!lltransmembrane!receptors,!
with! an! extracellular! domain! involved!in! ligand! binding,! and! a! cytoplasmic! domain!
involved!in!signal! transduction![141].! During! maturation!in!the! trans-Golgi! network,!
NOTCH!precursors!are!'rst!cleaved!at! Site-1!(S1)!by!Furin-like!convertase!producing!
alheterodimeric!type!l'receptor!with!the!NOTCH!extracellular'domain!(NECD)!non-
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covalently!bound!tolaltransmembrane/intracellular!fragment!(TMIC).!Thelextracellular!
domain!of INOTCH!proteins!is!composed! of!29-36!epidermal! growth! factor! (EGF)!
likelrepeats!involved!inlligand!interactions,!three!cysteine!rich!LIN12/NOTCH!(LNR)!
repeats!and!alheterodimerization!domain!(HD).! Thelintracellular'domain!of INOTCH!
(NICD)!contains!nuclear!localization!signals!together!with!a!transcriptional! activation!
domain!(TAD)!and!a!PEST!domain![142].'ThelcanonicallNOTCH!signaling!cascade!is!
regulated!by!proteolysis.!In!the!labsence!of lligand!mature! NOTCH!receptors!are!held!
into! anlinactive! “proteolysis! resistant”! state! because! the! Negative! Regulatory! Region!
(NRR)!composed!of!the!lHD!domain!and!the!Lin12/NOTCH!repeats!(LNR)!inhibits!
NOTCH!activation.!Ligand!binding!to!NOTCH!receptors!unfolds!the!NRR!permitting!
cleavage!by'the!metalloproteases!ADAM10/Kuzbanian!at!a!site!close!to!the!membrane!
termed!site-2![142]!leading'to!shedding!of 'theINOTCH!extracellular'domain![142,1143].!
Extracellular!cleavage!of INOTCH!triggers!thelintramembranous!cleavage!by!the!multi-
subunit!proteinlcomplex!termed!>-secretaselcontaining!thelaspartyl!protease!Presenilin.!
This!leads!to!the!release!and!translocation! of INOTCH!intracellular!domain! (NICD)!
to!the!nucleus!wherelitlinteracts!with!the!transcription!factor! CSL! (CBF1!in'humans;!
RBP-Jin!mice)!to!activate! Hes/Hey!family!genes,!which!are!involved!in! growth!and!
proliferation,!differentiation,!and!survival![144].!In!the!absence!of INOTCH!signaling,!
CSLlinhibitsltheltranscription!of ltarget!genes.!Most!if Inot!allINOTCHIsignaling!requires!
metalloproteaseland!>-secretase!cleavagelto'release!the!NICD!andlinduceltranscriptional!
activation!by!binding!to!CSL![145].!

Most! if! not! all' canonical! (CSL-dependent)! NOTCH! signaling! requires! >-secretase!
cleavage.NOTCH!activitylislfrequently!deregulatedlinlhuman!cancer!by!overexpression!
or!mutation![146].'Mutations!are!found!in!the!extracellular'HD!and!intracellular'PEST!
domain! and! induce! ligand-independency! and! increased! stability! of|NOTCH! [147].!
Mutations!that'affect!thelactivity!of INOTCH!arelalsolfound!ininegative!regulators!such!
as!the!ubiquitinlligase! Fbw-7![148,!149].!Given!the!frequentlinvolvement! of INotch!in!
human!malignancies,!targeting!NOTCH!cleavage!appears!an!attractive!drug!target.! At!
the!samel!time!this!provides!challenges!for!drug!development!since!such!drugs!would!
also!target! physiological! NOTCH! activation.! Several! clinical! trials! are! underway! that!
evaluate!the!eflcacy!ofI>-secretaselinhibitors!(GSls)!as!anti-cancer!drugs![150].!While!
targeting!>-secretaselhas!shown!encouraging!results!in!targeting!tumors!with!activated!
NOTCH!it'has!many!pitfalls! as! well.! Among! these!is!the!lack! of  speci'city! and! the!
mechanism!based!toxicity! caused!by!attenuating! physiological!lNOTCH!function.!For!
example,!the!gastrointestinal'toxicity!caused!by!precocious!secretory!differentiation!of !
intestinallepitheliallcells!prevents!liong-term!use!because!of lintestinal!'stem!cellldepletion!
[151-153].!Real!et!al.Ishowed!that!such!side-effects!may!be!overcome!by!combination!
treatment!with!glucocorticoidland!GSIs'which!suppressed!gutitoxicity!through!inhibition!

of IKLF4![154].!Since!>-secretase!has!many!different!substrates,!pleiotropic!effects!are!
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unavoidable!when!targeting'thislenzyme,lalthough!modulators!have!beenlidentited!that!
may!show!selectivity!for!specilclsubstrates![155].!Despite!the!fact!that! GSl'have!been!
studied!intensely!for!thelpast!decade,!a!safe-drug!has!yet!tolenter!clinical!practice![150].!

Notch in mammary development

Members!of INOTCH!family!have!been!shown!to!play!limportant!roles!ininormal!breast!
development!by!several!studies! (Figure!3).!Inlone!of Ithe!earliest!reports,! Uyttendaele!
et! al.! (1995)! demonstrated! that! normal! breast! epithelial! cells! failed! to! differentiate!
upon!overexpression!of!alconstitutively!active!form!of INOTCHA4!in!vitro![156].! This!
was! supported! by! other! reports! where! a! constitutively! active! form! of ! Notch4! was!
expressed!inltransgenic!mice!and!lead!to!al!failure!in'mammary!development!followed!
by! the! progression! of ! mammary! tumors! [157-159]! The! increase! in! mammosphere!
numbers!inlmammosphere!culture!systems!upon!activation!of INotch!signaling!via!an!
exogenous!peptide!showed!that!Notch!signaling!has!a!promoting!rolelin!self-renewallin!
human!primarylmammary!epithelial!cells![160].!In!addition,!Notch!activation!facilitated!
proliferation!and!branching!morphogenesis!which!could!be!inhibited! by!using! Notch!
antagonists.!Altogether,!theselreports!demonstrate!the!importance!of INotch!signaling!
in!'the!regulation! of I ductal! branching!in!normal! development! where!aberrant! Notch!
signaling!seemsltoldisrupt!differentiation!and!causes!excessive!proliferation.!
Notch3,!lanother'member!of lthe!family,'was!shown!to!lbelupregulated!inlmammospheres!
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formed!by!normallbreastltissue![160]!suggestinglits!rolelinlself-renewal.!Notch3!has!also!
been!shown'tolbelupregulatedlinlbreasticancer!cells![161].!Causality!'between!deregulated!
NOTCH!signaling'and!mammary!carcinogenesis!was!exemplited!by!thelidentilcation!
ofINOTCH1!and! NOTCH4!loci! as! common!insertions!in! MMTV!induced! tumors!
[162,!163].! The!lintegration! ofMMTV!into! the! NOTCHA4! locus! results!in! a! Notch!
protein!lacking!most!of !the!extracellular'domain!creating!a!ligand-independent!protein!
[164-167].'\WAP!(whey!acidic!protein)!lorMMTV!(mouse!mammary!tumor!virus)-driven!
expression! of INOTCHA4!in!transgenic! mice!also!leads!to! developmental! defects!and!
formation!of Imammarytumors![158].IThelfailurelinldevelopmentlleads!to!differentiation!
defects!and'hyper-proliferation!of limmature!ductal'cells.!Alpossible!explanation!can!be!
that!speci'ed!cells!within!thelmammary!epithelium!govern!alproliferating!stem!cell!fate!
that!makes!the!cells!vulnerable!to!mutationallevents!driving!tumorigenesis![158].!
The!Notchlactivation!is!likely!to!belimportant!for!alveolar!development!since!Notch4!
overexpression! leads! to! aberrant! alveolar! growth! and! lactation! in! both! WAP! and!
MMTV-Int3!female!mice![157-159].! This! observation!was! supported!by! Buono!et!al.!
who!reported!that!loss! of 'RBfadd! Pofutl,!al fucoslytransferases! necessary!for! the!
activity!of INotch!proteins,!leads!to!disproportionlin!differentiation!of Ithe!luminalland!
basal!cellllineages![168].

A) B)

Figure!3Notch1 Signaling in Normal Human Breast. We have observed high Notch1 activity in nc
human breast epithelium, indicating the activation of this pathway during normal breast developme
human breast tissue probed with an antibody against (A) cleaved Notchl , representing Notchl ac
and 40X magni“cation), and (B) Hes1 (a downstream target of Notch pathway) (10X and 40X magni"¢
Similar patterns of expression are evident.

Notch and Mammary Stem Cells

Dontu! et!al.!were! among! the! rst! who! demonstrated! the! involvement! ofINOTCH!
signaling!inlmammary!stem!cell'renewal![160].!By!utilizing!the!mammosphere!system,!
they! were! able! to! show! that! human! mammary! stem/progenitor! cells! formed! an!
increasing!number!of Imammospheres!when!NOTCHl!signaling!'was!activated,!and!that!
sphere! formation! was! inhibited! when! NOTCH! signaling! was! blocked.! In! the! same!
study,!they!demonstrated!the!role! of INOTCH4!in!myoepithelialllineage! commitment!
and! branching! morphogenesis! of human! mammary! stem/progenitor! cells! in! three!



dimensional!matrigellcultures.!More!geneticlapproaches'have'also'been!used!to'block!the!
NOTCH!pathway,!such!as!the!targeted!disruption!of IRBP-jk!in!the!mouse!mammary!
gland![168].'Even!though!nolaberrant!changes!werelobservedlinlvirginlanimals,!alveolar!
celllmaintenancel!and!basal!cell!proliferation!increased!dramatically!by!the!loss!of IRBP-
jkl'upon! pregnancy.! Thus! NOTCH! appears! to! be! regulating! alveolar! development!
during! pregnancy! by! controlling! the! luminal! cell! fate! since! the! luminal! cells! fail! to!
differentiate!upon!loss!of INOTCHl!signaling.!'Thel!rolelof INOTCH!signaling!in!luminal!
cell! fate! commitment! was! supported! later! by! Bouras! [169],! who! demonstrated! high!
Notchl!activity!inlluminal!progenitor!cellslinlvivo.!Moreover,!constitutivelactivation!of!
NOTCH1!in!CD29CD24 Icells'was!shown!to!stimulate!luminallcell!fate!commitment!
leading!tolexcessive!proliferation!and!eventually!tumorigenesis.!Conversely,'knockdown!
of IRBP-Jk!led'to!lan!increase!in'number,!size!and!clonogenic!capacity'cDed29
mammary! epithelial! cells.! Notch! pathway! inhibition! induced! aberrant! luminal! cell!
differentiation! and! expansion! of ! basal! cells.! In! contrast,! NOTCH4! was! shown}4o!
be! down-regulated! in! luminal! restricted! stem/progenitor! cells! whereas! NOTCH,!
was!shown!to! be! upregulated![169].! Functional! studies! supported!this! further! wigere!
NOTCH3!signaling!was!bIocked!and!this!retarded!the!Iuminal!cell!fate!commitn&t!
where!it! stimulated! myoepithelial! cell! differentiation.! This!was! further! con‘!rmed!(k?y!
Rouf!et!al.'s!work,! where! they! performed! a! transcriptome! analysis! and! showed! that!
upregulation!of INOTCH3!and!down-regulation!of INOTCH4Icharacterized!the!luminall
cellllineage![91].! 47

Notch in Mammary Carcinogenesis

MMTV! insertions! in! thel NOTCHZ1! locus! were! 'rst! identi’ed! in! MMTV-Neu!
mammary!tumors![162]'as!a!collaborating!oncogene!in!ErbB2/Neu!driven!mammary!
tumorigenesis.! NOTCH1! was! shown!to! be! rearranged!in! 2! out! of ! 24! MMTV-Neu!
mammary! tumors! investigated.! These! insertions! caused! expression! of! constitutive!
active!truncated!NOTCH1!proteinslin!alsimilar'manner!to!that!observed!in!the!case!of!
NOTCH4.\Wntland!NOTCHl!signaling'also!collaboratelin'theltransformation!of lhuman!
primary!mammary!epithelial'cells!(HMECs)![170].!In!this!study,!ectopic!expression! of !
Whntl,!linduced!overexpression!of INOTCH!ligands!(DII1,! DII3,!and!DIl4).!Further,!it!
induced!Notch!receptor!cleavage!which!leads!to!NOTCH!activity!resultinglin'mammary!
epithelial!'transformation.!HMECs!with!constitutive!activation!of INOTCH1!detached!
from!culture! plates!and!began!to! form! spherical! structures.!'However!these! spheres!
failed!to! proliferate,! indicating! that! NOTCHZ1! activation! alone! was! not! suf!cient! to!
induce!transformation!of !these!cells.!Interestingly,!Notch1!activation!in!3!dimensional!
cultures! of MCF-10A,! an! immortalized! human! mammary! epithelial! cell! line,! yields!
heterogeneous!phenotypes!such!as!largeland!hyper-proliferative!structures!or!'smallland!
growth!arrested!structures![171].!Based!on!these!results,!it!is! postulated! that! different!
phenotypes!are! related! with! dose! and! context! dependence! of | Notch! pathway![172].!
Therelislincreasing!evidence!that!activation!of INOTCH!signalinglis!alfrequentlevent!in!
human!breast!cancers.!Inlone!of Ithelearliest!studies,!immunohistochemicallanalysis!of !
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NOTCH1!was!observed!in!lhigh!percentage!(~57")!of |breast!cancers!in!concert!with!
high!Ha-RAS!expression![173].! Further!in!vitro!experiments! revealed! that! oncogenic!
Ha-RAS!acts!atla!post-transcriptionalllevel!tolincrease!NOTCH1!activity!and!that!Ha-
RAS!induced!transformation!requiresINOTCH1!activation.!HighINOTCH1!levels!have!
been!correlated!mainly!with! poorly!differentiated! breast!tumors!suggesting!a! possible!
defect!in! cell! fate! decisions,!whereas! NOTCH2! expression!is! inversely! correlated! to!
poor!prognosis![174].! These! data! support! the! notion! that! different! members! of I the!
NOTCH!family!might!have!different!roles!depending!on!cellular!context.! Analysis! of !
several'human!breast! cancer! cases! showed! high! JAG1!levels!besides! high! NOTCH1!
and!NOTCHa3!expression!inlassociation!to!poor!overall!survival!l[100,!161,!175].'These!
Tndingslarelinlline!withlresearch!demonstrating'the!tumor-promoting!role!of INOTCH1!
and!NOTCH3!in!mice![100,!176].! Similarly,! Pece!et!al.! showed! that! loss! of  NUMB!
expression! (al negative!regulator! of 'the! NOTCH! pathway)!is! commonly! observed!in!
primary!human!breast!cancer![177].!

Notch as a prognostic tool and a therapeutic drug target

To! date,!it! is! clear! that! the! NOTCH! pathway! plays! a! crucial! role! in! breast! cancer!
development.! Therefore,!targeting! Notch! activity!in! cancer! may! provide! al bona! de!
approach!for!the!development! of | novel!therapeutic!intervention! strategies.! Strategies!
include:!(i)! preventing!ligand-receptor!interaction! using! soluble! ligand![178,! 179],! (ii)!
ectodomain!blocking!antibodies![180-183]!(iii)!targeting!metalloprotease!cleaveage![143,!
184]land! (iv)!targeting! >-secretase! cleavage![173].! Crosstalk! between! Notch! signaling!
and!other!pathways!frequently'altered!in!breast!cancer!are!exploited!to!sensitize!breast!
cancers! to! common! cancer! therapeutics! drugs! by! combined! Notch! inhibition! [185,!
186].!Finally,!approaches!to!block!transcriptional! activation! have!also!been! successful!
and!may!belimplemented!for!future!treatment!regimes![187]

Inhibition! of ! gamma-secretase! activity! has! been! so! far! the! most! well! developed!
approach!to!preventlthe!activation!lofINOTCH!signaling.!Gammal!secretaselinhibitors!
(GSls)!havelbeen!heavily!linvestigated!since!the!gammal!secretase!complex!also!cleaves!
A=Ipeptide!whichlplays!anlimportantlrolelin!Alzheimer’s!disease![188].! Theselinhibitors!
can!also!block!thelNOTCH!pathway,!generating!increasing!interest!for!their! potential!
usage!as!new! cancer!therapeutics.!In! case! of | breast! cancer!treatment,! GSls! seem!to!
have! potential! in! combination! with! other! therapies! for! individualized! therapy.! The!
optimal'use!of INOTCH!inhibitors!was!demonstrated!to! be! dependent! on! ER! status!
oflthe!ltumor.!lt'has!been!suggested!that!GSIs!might!be!more!efcient!inlcombination!
with!chemotherapy!for!the!treatment!of [ER$/PR!negative!tumors![189]!which!do!not!
overexpress! Her2/Neu.! Accordingly,! another! study! showed! that! inhibition! of | Her2!
overexpression!by!trastuzumablor!tyrosinelkinaselinhibitors!(TKI)!lincreasesINOTCH1!
activity,'which!then!sensitized!breast!cancer!cellllines![185]!for!GSl!treatment.!
Expression! patterns! of INOTCH! pathway! genes! are! also! likely! to! have! a! prognostic!
relevance.! Recent! studies! stressed! the! importance! of! the! detection! of! NOTCH!
expressionlaslalpotentiallprognostic!markerlinlbreast!cancer.!Yao'etlal.'demonstrated!the!



correlation!of Ithelexpression!of INOTCH,!NOTCH4!and!Jag1!with!known!prognostic!
factors!such!as!ER$!status,!tumor!grade,!Ki67,!lymphovascular!invasion,!lymph!node!
status!and!tumor!size![190].

Conclusions

ThelexistencelofIMaSCs!was!already!demonstrated!more!than!50!years!ago!but!we!are!
only!beginning!to! understand!the!identity! of ! these! cells,! the! signaling! pathways! that!
regulate!theirlhomeostasis!and!their!role!in! diseases! such!as!breast! cancer.! Currently,!
there!are! al number! of limportant! questions! remaining! to! be! answered;! what! are! the!
functionalldifferences!between!human!and!murine!stem!cells!inlthe!mammary!gland?!
Whereldo!these!stem!cells!reside!within!theirlorgans!and!in!what!micro-environment!
(niche)?! Thislknowledgelis!needed!tolimprove!our!understanding!of !breast!stem!cells!
and!their!role!in! cancer! formation!and! progression.! Notch! signaling! has! emerged! as!
an!important! cell! fate! determinant!in!mammary! gland! morphogenesis! wherel!it! %ays!
seemingly! opposite!roles!in! celllrenewal! and! differentiation.! Notch!is! also! frequettly!
deregulated! in! breast! cancer! and!in! some! cases! expression! of ! Notch! or! its! Ii%_nds!
has!shown!prognostic!signi'cance.! The! >-secretase!inhibitors! are! emerging! as! Btent!
drugsl!that!attenuate!Notch!signaling!and!are!currently!being!evaluated!in!clinical%ials!
including! those! with! breast! cancer.! The! coming! years! will! reveal! if ' and! how! breast!
cancerlpatients!may!bene'tlfrom!treatments!with!Notch!inhibition.
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Abstract

Thellifetime!risk! of 'developing!breast! cancer!is!about!@igétifor'women!in!the!
western!world!and!one!of !the!leading!causes!of !cancer-related!death!inlwomen.!10'-
151 of | breast! cancer! patients! are! diagnosed! with!invasive! lobular! carcinoma! (ILC);!
the!second!most! prevalent!type! of | breast!chncer.! Therelis!a! strong!need!for!a! better!
understanding! of l IL@!improve!treatment.! Here,!we! address! the! role! of INOTCH!
signaling!in!lobular!breast!cancer.!\Welobserved!alhigh!frequency!of INOTCH!pathway!
activity! in! human! ILC! patient! material.! Importaimtlyitrbinhibition! of | NOTCH!
signaling!using!>-secretaselinhibitors!(GSl)!led!to!proliferativelarrestlin!both!mouse!and!
human!ILCl!like!cellllines.!Furthermore!GSl!treatment!in!almouse!allograft'model!for!
ILClinhibited!NOTCH!signaling!and!retarded!tumor!growth.!OurldatalrevealsINOTCH!
signaling'as!anlimportant!pathway!forlthe!growth!and!maintenance!of ILC,!makinglitlan!
attractivelcandidate!forlindividualized!treatment!of these!patients.!



Introduction

Breast!cancerlis!thelmost!frequentlyloccurring!'malignancy!lamong!womenlin!the!lwestern!
world,laffecting!almost!1!in!8'women!withlapproximately!one!million!new!cases!perlyear!
world!wide,!of 'which!35'lwillleventually!die.!Breast!cancer!is!alcomplex!disease!with!
several!histological'and!molecular!manifestations!within!tumors!and!between! patients!
[1].! Invasive! ductal! carcinoma! (IDC)! is! the! most! prevalent! form! of ! breast! cancer,!
whereas!10'-15'lof Ipatients!presentlwithlinvasive!lobular!carcinoma!(ILC),!'and!some!
other!minor!subtypes![2,!3].ILobular!carcinomas!differ!from!ductallcarcinomaslin!terms!
of Ibiology,!histology!and!response!to!therapy.!ILC!is!often!multifocal'and!bilateral! [4-
6].!Histologically,! ILC!manifests!as!small'and!round!shaped!non-cohesive!cells!which!
are!highly!dispersed!and!locally!invasive,! making! diagnosis! with! physicall examination!
and!mammography!difcult![7].! The!majority! of l ILCs!arelmore!frequently! hormone!
receptor! positive! than! IDC! [8].! Although! ILCs! initially! often! respond! to! endocrine!
therapy,!they! become! resistant! once! thel hormone! receptor! expression!is!lost,! viich!
often!occur!in!tumors!with!high!histological!grade![9].!UnIike!IDC,!ILC!more!frequen@/!
shows!low/absent!EGFR!and!HER-2!expression![3],!making!them!less!suited!for! &gti-
EGFR!family!monoclonal!antibody!or!small!molecuIe!based!therapies!(e.g.!Cetuxi@ab,!
Lapatinib,!Herceptin)![10,!11].!Overall,!ILC!has!alworse!prognosis!compared!to!IDC![8].!
This!retects!the!low!success!rate!of Icurrent!treatment!strategies!against!ILC.!Althaugh!
therelare! key! molecular! aberrations! associated! with! ILC! (such!as!loss! of | E-cadherin!
expression),!investigations! regarding! the! molecular! events! underlying! lobular! cé8cer!
etiology!'isllimited![12,!13].!Albetterlunderstanding!of lthe!molecular!pathways!governing!
ILC! development! and! progression! are! needed! to! provide! new! opportunities! for!
therapeuticlintervention.

The!NOTCH!signaling! pathway!is! al cell! fate! speci'cation! and! self-renewal! pathway!
important!for'normal!breast!development!and!cancer![14].!In'mammals!the/NOTCH!
family!consists!of 14!ltransmembrane!receptors!and!5!membrane!bound!ligands.!Ligand-
receptor! interactions! between! adjacent! cells! induce! a! series! of ! proteolytic! cleavages!
that! result! in! the! release! of ! the! NOTCH! intracellular! domain! (NICD)! from! the!
plasma! membrane! which! translocates! to! the! nucleus! to! initiate! gene! transcription.!
Thislintramembranous!cleavagelis!performed!by!>-secretase!-the! Presenilin!containing!
enzyme!complex-!whichlis!required!for'most!NOTCH!activity[15].!
Deregulatedlexpressionlof INOTCHl!ligands!and!receptorslislcommonlinlhuman!cancers!
[16].lInlabout!50!"of IT!celllacutellymphocyticlleukaemias!(T-ALL)'activating!mutations!

in' NOTCH1! are! present,! and!inactivating! mutations! in! the! ubiquitin! ligase! FBW7/
SEL10/CDCA4!also!increase! NOTCH! activity!in! T-ALL![17-19].! Aberrant! NOTCH!
signallinglis!alsolimplicated!in!the!development!of !breast!cancer.! For!iirtchile,!
andNotch4ocilhave!beenlidenti’ed!las!lcommonlinsertion!sites!of lthe!Mouse!Mammary!
Tumour! Virus! (MMTV),! which!induces! mammary! cancers!in! mice! [20,! 21].! Forced!
expression!oflactivatedNOTCH4!orINOTCH1!inlmammary!epithelial!cells!also!leads!
toltransformation!and!rapid!development!of Ipoorly!differentiated!adenocarcinoma![22,!
23].!
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Inthuman!breastlcancer'therelisimounting'evidence!forlanlimportant!rolelof !deregulated!
NOTCH!signaling.! For!example,!in! early! breast! lesions!such!as! Ductal! Carcinomalin!
Situ!l(DCIS),INOTCH1!signalinglis!active!and!associated!with!breast!cancer!recurrence!
[24].!Alsolinladvanced!breast!cancer' NOTCH1!receptor!and! JAGGED1,'alNOTCH!
ligand,!expression!arelassociated! with! basal! phenotypes!and! poor! prognosis![25,! 26].!
Furthermore,!NOTCH4!canltransform!primary!mammary!epithelial'cellsland!intuences!
the!ability! of '/mammary!progenitors!to!form!mammospheresl!in!vitro![27],'al property!
associated!with!the!ability!to!form!transplantable!tumors!in!mice![28].!Altogether!these!
studies! suggest! that! NOTCH4! is! more! important! in! maintaining! undifferentiated!
progenitors!whereas!NOTCH1!and!NOTCH3!arelimplicated!in! secretory!or!luminal!
differentiation![29-31].

Despite! the! amount! of ! knowledge! we! have! on! the! role! of ! NOTCH! signaling! in!
the! development!and! progression! of ! ductal! breast! cancer,! little! is! known! about! the!
importance! of ! this! pathway! in! ILC.! Currently! several! clinical! trials! are! ongoing! for!
invasive!ductallcancerlusing!NOTCHlinhibitors!(>-secretaselinhibitors!or!GSlI).'Whether!
such!altherapy!would'also!work!in!the!morelaggressiveltherapy!resistant!lobular!cancers!
isInot'lknown.!
Inlthis!study,!'welreport!frequent!NOTCH!activation'inlhuman!lobular!breast!cancer!land!
we!demonstrate!therapeutic!feasibility! of lusing!NOTCHl!inhibitors!in'almouse!model!
forlILC.!

Materials and Methods
Tissue samples and tissue micro arrays

Formaldehyde-"xed! paraf!n! embedded! breast! cancer! tissue! blocks! of! 240! cases!
were!collected!from!the!archives!of | Department! of | Pathology! of ! University! Medical!
Centrel of ! Utrecht,! to! prepare! tissue! micro! arrays! (TMAS).! For! TMA! construction,!
representative! areas! containing! morphologically! de'ned!tumor! tissue! were!identited!
on!haematoxylin-eosin! stained! reference!slides! by! an! expert! pathologist! (PJvD).! The!
tissue!microlarray!was!constructed!by!transferring!tissue!cylinders!of 4-5!mm!from!the!
representative! tumour!area! ofleach!donor!block!to! the! recipient! block! using! a!tissue!
arrayer!(Beecher!instruments,!Sun!Prairie,!WI,!15&#gl!sections!of !4!um!were!cut!
from!this!TMA!and!transferred!on!Superfrost<!slides!(Menzel'and!Glaeser,!Germany)!
forlimmunohistochemistry!experiments.!

Immunohistochemistry

Immunohistochemistry! was! performed! on! conventional! 4! @m! slides! by! using! the!
following! markers;! activated! NOTCH1! Val! 1774! antibody! (N1ICD! antibody)! (Cell!
Signaling! Technologies,! Danvers,! MA,! USA),! activated! NOTCHZ1! antibody! (Abcam,!
Cambridge,! UK),! HES1! antibody! (Millipore,! Billerica,! MA,! USA),! Ki67! (Thermo!
Scienti’c,lUSA)land!cleaved!Caspase3!(Cell!Signaling!Technologies,'Danverd,IMA,IUSA).
Brie#y,! tissue! sections! were! deparaf!nised! and! rehydrated.! Endogenous! peroxidase!
was! blocked!with! methanol!/!0.3'Thydrogen! peroxidase! by!immersing! the!slides!in!



the!solution!for!15!minutes.!Slides!were!heated!in! Citrate!or' EDTA!buffer!depending!
on'the!antibody!used.!Unspeci'c!binding!sites!were!blocked!with!a! 1:50!'normal!goat!
serum!in!PBS!(pH:!7.4)!containing!0.1''sodium!azide!and!1'!BSA.!Polyclonal!rabbit!
activated! NOTCH1! antibody! (Cell! Signaling)! was! diluted! 1:100,! polyclonal! rabbit!
activated! NOTCHZ1!antibody! (Abcam)!1:500,!HES1!antibody! (Millipore)! was! diluted!
1:600!in! PBS/1'BSA,!Ki67!'was!diluted! 1:2000! and! cleaved! Caspase3!antibody! (Cell!
Signaling)! was! diluted! 1:1000.! Tissue! slides! were! incubated! at! 4! \C! overnight!in! a!
humidi’ed!chamber,!and!then!incubated!with!a!HRP!conjugated! secondary!antibody!
followed!by!diaminobenzidin!(10!min),!counterstaining!with!hematoxylin,!dehydration,!
and!coverslipping.!Appropriate!positiveland!negative!controls!werelused!throughout.
For! PAS! staining;! tissue! sections! were! rst! deparaf!nised! and! rehydrated! and! then!
treated!with!1'!Periodic!acid!for!5!minutes.!After!this!step,!the!sections!were!washed!
with!demilwater!and!treated!with! SchiffI'slreagent!for! 15!minutes.!Following!this!step,!
sections! were! washed! with! demi! water! and! rinsed! with! running! tap! water! andIJ‘@enI
counterstained!with!hematoxylin,!dehydrated,!and!coverslipped.

hapter!

Scoring

ForlactiveNOTCHZ1!staining,!the!percentage!of Ipositively!stained!nucleilwas!estiméled.!
N1ICD!staininglin'/morelthan!10'lof Icells\was!considered!as!positive.!ForHES1!staining,!
percentage'and!thelintensity!of positively!stained!nuclei!(scored!semi-quantitativetytt=3)!
werelestimated!by!anlexperienced!pathologist!(PJvD).!Alstandard!light!microscopelwas!
used!for!thelevaluation!ofIstaining,!at!20-40X!"Tnal!magni®cation.!Pictures!were!t
withlalLeicaldigitallcameralDMX1200'through!10X,!20X!and!40X!objectives.! The! TMA!
tissue!cores!were!lnot!scored!if lthey!were!missing.

Cell lines and culture conditions

Luciferase! expressing! mouse! ILC! breast! cancer! cell'line! KEP1.11!and! WEP3,! were!
derived!from!spontaneous!tumours!from!K14ecaf™ ;p53"and!WAPcreBcad™

;P53 mouse!breast!cancer'models!which!have!been!described!before![32].!Murine!lLC!
lines!lwere!grown!in'DMEM/F-12!supplemented!with!10'lfetal!calf 'serum,!1001U/ml!
PeniStrep,!5ng/mllinsulin! And!5ng/mI'EGF! (all'from!Invitrogen!Life! Technologies).!
Human!breast!cancer!cellllines!used!for'DNA!sequencing!and!functionallanalysis!(ZR-
75-30land!MDA-MB-453)!werelalgift'from!dr.!J.!W.IMartens!(Erasmus!MC,!Rotterdam,!
the! Netherlands)! and! were! grown! in! standard! culture! #asks! int DMEM! medium!
supplemented!with!10'fetal!calf !'serum,!PeniStreplintalhumidi'ed!incubator!at!37!°C!
atlan!atmospheric!pressure!in!5'l(v/v)!CO-ALL!cells!lines!(JURKAT!and!DND41)!
werelcultured!in!the!lsame!medium!and!under!the!same!conditions.

Western blot

The!'human!and!mouse! breast! cancer! cell!'lines! were! treated! with! 1! uM! of ' the! GSI,!
DBZ,'orlvehicle!DMSOlforlovernightlinlalhumiditedlincubatorlat!37!°Clatlatmospheric!
pressurelin!5'l(v/v)!CQ,!Cellslwere!then!lysed!in!lysis!buffer!(1'! Triton,!50!mM!Tris!
pH"7.6,!1150!mM!NaCl,!1X!Proteaselinhibitor'completed!wih!tdr!30!min'onlice.!
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Lysates!were!spun!downlfor!15!minlat!14000!rpm!at!4!°C.!Foriwestern!blotlanalysis,lequal!
numberlamountlof protein'was!added'to!6x!Laemmlilbuffer.!Proteins!were!separated!by!
SDS-PAGE!and!transferred!onto!PVDF!membranes.!Protein!detection!was!performed!
with!subsequent! primary!antibodies:!activated! NOTCH1!Val! 1774!antibody! (N1I1CD!
antibody)! (Cell! Signaling! Technologies,! Danvers,! MA,! USA),! activated! NOTCH1!
antibody!(Abcam,!Cambridge,!UK),IHES 1lantibody!(Millipore,!Billerica,!MA,IUSA)!and!
ACTIN!antibody!(MP!Biomedicals,!California,!USA)! Secondary!antibodies! used!were!
anti'mouse!(DAKO,!Denmark)!and!rabbit!(Jackson!lmmuno!Research,!Baltimore,!USA)!
IgG!HRP!linked!antibodies!and!detected!using!ECL!(Amersham!Biosciences,!UK).!!!

Proliferation and cell cycle assay

Theleffectlof IGSItreatmentlonlthe!proliferation!of lhuman'and!mouse!breast!cancer!cell!
lineslwaslinvestigated!by!using!a!FITC!BrdU!Flow!Kit!(according!to!the!manufacturer’s!
instructions,! BD! Biosciences).! Flow! cytometric! measurements! were! performed! using!
alFACSCalibur! (BD!Biosciences)!and!data! were!analyzed! by! CellQuest! software! (BD!
Biosciences).!Thelcellllines!were!treated!with!1!uM!of 'the!GSI,'DBZ,'orlvehicle!DMSO,!
which!wasl!refreshed!daily,'for!4-7!dayslinlalhumidi’ed'incubator!at!37!°Clatlatmospheric!
pressurelin!5'l(v/iv)!CQ.!

Apoptosis assay

Apoptosis!of 'the! GSl!treated!and! control! cells!were!measured!by!using!the! Annexin!
V-FITC!Apoptosis!Detection!Kit!/(Bender'MedSystems,!San!Diego,!USA).!Aslalpositive!
control,!the!cells!were!treated!with! Staurosporine! (1!@M,!for! 24! hrs).The!staining!was!
carried!outlaccording'to!the!manufacturer’slinstructions.!Flow!cytometry!measurements!
werelperformedlusing!FACSCaliburland!thelresults'werelanalyzed!by!CellQuest!software.!

Immuno#uoresence

To!address! further!if| GSI!induces! apoptosis!in! human! and! breast! cancer! cell! lines,!
immuno-+uoresence! staining! against! cleaved! Caspase-3! was! performed.! Cells! were!
plated!on!sterilized!glass!coverslips!placed!in!12-well!plates.! After!treatment!with! 1!uM!
oflthe!GSI,!DBZ,!orlvehicle! DMSO,!which!was!refreshed!daily,! cells!were!incubated!
for!4!days!in!a! humidiled!incubator! at! 37! °C! at! atmospheric! pressure!in! 5'l (v/v)!
CO,.!At'the!end!of Ithe!experiment,! cells!were! *xed!and! permeabilized! with!ice! cold!
100''"Methanol!for!10!minutes.!Fixed!cells!were!blocked!with!2''BSAlfor! 1'hr!at!RT!
andlincubated!with!alprimary!antibody!raised!against!cleaved!Caspase-3!(Cell!Signaling,!
1:50)!overnightlat!4°C.!Next!day,!the!cells!were!washed!and!incubated!with!alsecondary!
antibody!AlexalFluor!555/(Invitrogen,!1:500)for!1hrlat!'RT.!Beforelthe!"nallwashing!step,!
DAPI!staining!was!performed!for!visualization!of Inuclei.! Thelimaging!was!performed!
by!Leica!DMI4000b!+#uorescence!microscope.

NOTCH inhibition in an orthotopic model for ILC
Forlin vivexperiments,'welused!mouse!lLC!cellllines!(KEP1.11!celllline)lisolated!from!



an! established! mouse! model! of ! ILC,! based! on! conditional! disrupGolintiaiid!
Trp5333]!Forlourlexperiment,!KEP1.11!mouse!breast!cancer!cells!'werelorthotopically!
transplanted! into! the! cleared! mammary! fat! pads! of! female! nude! mice! (n*13! for!
each! group).! After! this,! mice! were! examined! regularly! for! tumor! size! with! a! digital!
caliper.! Once! tumors! were! palpable! (~50) fisoluminescent! imaging! and! caliper!
measurements!!were!performed.! To!calculate!the!effect!of |GSI'on!tumor!volume,!we!
have!excluded!the!tumors!which!are!smaller!than!2bifoomtrol!and! drug!treated!
groups.!Thislapproach!provided!alreproducibility!measure.!

Vehicle! only! or! drug! administration! was! performed! using! Alzet! Osmotic! Pumps!
(DURECT!Corporation,! Canada).! Control! group! (n*13)!was! given! only!aaHticle
drug!group'waslgivenlthe!GSI,!'DBZ,!(10!micromolel/kg)!daily/for!10!days,'as!described!
previously![34].! At'the!end! of Ithe!treatment! period,!the! mice! were! euthanatized! and!
the!tissues! were! harvested! for! further! analysis.! Mice! were! housed! in! pathogen-free!
conditions! at! Animal! Facility! of  University! of ! Utrecht! in! compliance! with! IACUG
regulations.! Experimental! protocols! were! conducted! with! permission! from! the! logal!
animal!experimental! committees! (DEC)!in! compliance!with!the! Dutch!law!on! anir@al!
experimentation.! g
Statistical analysis

The! Chi-square! test! was! used! to! evaluate! correlations! between! protein! expression!
and!histologicalltype! of the!tumor.! For! statistical!l analyses! of | proliferation! assay,! cell!
cycle!assay,!two!way! ANOVAltest!was! applied!and!for! tumor!volume! measurem%?\ts!
and!goblet!cell'count!in!the!gut,!the! Mann-Whitney! U!test! was! used!to! calculate!the!
signi'cancel!levels!of !differences!between!the!controlland!GSl!treated!cells/groups.

Results
High NOTCH1 activation correlates with lobular breast carcinomas

Tolinvestigate! NOTCH1!activation!in'human!breast!cancer!specimens,!we!screened!a!
TMAlcontaining!240'human!breast!cancer!specimens!of lwhich!125!IDCland!115!ILC!
using!an!antibody!detecting!the!activated!cleaved!form!of INOTCH1!(Vall744!cleaved!
NOTCH1).! Inl normal! breast! tissue,! we! observed! N1ICD! in! the! luminal! epithelial!
cellslin!line!lknown!NOTCHZ1!expression!and!activity! patterns! (Figure! 1A).! Al similar!
observation! was! made! for! the! common! downstream! target! of! NOTCH! pathway,!
HES1!(Figure!1B).!lInlbreast!cancerlspecimens,'high!N1ICD!and!HES1!expression!was!
observedlin!alsignilcant!proportion!of!ILC!cases!compared!to!IDC!(Figure!1C,!D!and!
Table!1)!(p_0.001).'Moreover,!ILC!cases!with!high!IN1ICD!expression!werelalso!mostly!
HES1!positive!(p”0.002)!(Table!2).

NOTCH inhibition causes proliferative arrest in lobular breast cancer cell lines

To!further!study!the!phenotypic!consequences!of INOTCH!activation!in!ILC,!'we!used!
twolhuman!and!two!mouse!breast!cancer!cellllines!with!similar!characteristics!to!ILC.!
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NOTCHL1 intracellular domain HES1
A B

Figure! lImmunostaining of normal human
breast and breast cancer tissue for NOTCH1
ICD and HES1 A) A representative immu-
nohistochemistry picture of N1ICD staining on
normal breast tissue B) HES1 staining in nor-
mal breast tissue C) N1ICD staining in a lobu-

Jlar breast cancer specimen D) HES1 staining

a lobular breast cancer specimen. Pictures were
taken with a Leica digital camera DMX1200
through 10 X and 40 X objectives.

IDC ILC
N1ICD - 481('53) 191('19) p!_0.001
< 421(47) 831('81)
HES1T - 671(68) 301('32) p_0.001
< 311(32) 641('68)
Table!1Expression of NOTCH1 ICD and HES1 in human invasive ductal (IDC) and lobular invasiv
carcinomas (ILC) * The TMA tissue cores were not scored if they were missing. There were 35 m
for IDC and 13 for ILC cases.

First,'welcon'rmed!NOTCH1!and!HES1!expression!in!these!cell! lines! by! analyzing!
controlland/or! GSl!treated! cell! lysates! by!immunoblotting! for! cleaved! and! activated!
NOTCH1!landIHES1!(Figure!2A).!Allifour!cellllines!showed!activeIN1ICD'indicative!of!
NOTCH1!cleavage!and!activity!'which!was!conrmed!using!HES 1limmunoblotting.!We!
observed!that!N1ICD!formation!land!HES1!expression!were!lostlupon!GSl!treatment.!
Therefore!the!NOTCH!pathwaylis!active!inlcellllines!with!characteristics!of'ILC.
Next,!welasked!if!the!growth!and!proliferation!of 'the!lhuman!and!mouse!cell!llines!are!
affected!by! NOTCH!inhibition.! The! T-ALL!cell!line! JURKAT!harbors! mutations!in!
bothINOTCH1laswelllaslin!lFBW7!land!islknown!tolbelresistant!to!GSI[18].!Aslexpected!
JURKAT!cells!showed!no!change!in!BrdU!incorporation!when!treated!with! GSI.! The!
GSl!sensitive! DND41! T-ALL! carrying! activating! NOTCH1! mutations! responded!to!
GSllinhibition!by!alreduction!in!DNAlsynthesis!as!measured!by!S-phase!labeling!using!
5-bromo-2-deoxyuridine!(BrdU)!incorporation.!(Figure!2B).
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Table!2Correlation of activated NOTCH1 (N1ICD) and

HES1 expression in human ILC. p=0.002 * The missing

<
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Figure! 2Mouse and human breast cancer cell lines are sensitive to GSI treatment. In A,B and (
were treated wither with DMSO or GSI A) Lysates of human (ZR-75-30, MDA-MB-453) and mot
(KEP1.11, WEP3) breast cancer cell lines were blotted for N1ICD expression with Val1744 (upper pz
for HES1 expression (lower panel). Total protein levels for ACTIN were determined as loading contr
effect of NOTCH inhibition was monitored in T-ALL cell lines JURKAT and DNDA41 by S-phase label
using 5-bromo-2-deoxyuridine (BrdU) incorporation and following FACS measurement. C) Effect of
the proliferation of human and mouse breast cancer cell lines.

Using'theselconditions,'welexposed!growing!cultures!of Imousel!and'human!iLCllike!cell!
lines!to! GSl!for!thelduration!of 14-7!days!and!analyzed!them!for!BrdU!incorporation.!
All'cellllines! showed!reduced! proliferation!ranging!from!30'to! 50" when! cultured!
in'thelpresence!of |GSI!(Figure!2C).! Toladdress!if 'the!reduced!proliferation!caused!by!
NOTCH!inhibition!was!accompanied!bylincreased!cell!loss!orlapoptosis, 'we!stained!the!
cells!with!Plland!apoptotic!marker!Annexin-V.!In!all!cellllines!we!observed!allow!level!
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of Icell'loss!(1-3")!by!PIl-Annexin-V!staining!(data!not!'shown).!
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Figure!3aSI treatment does not induce apoptosis in mouse and human breast cancer cell lines. A) 1
the effect of NOTCH inhibition on apoptosis, control and GSI treated cells (After 7 days) were staine
cleaved Caspase3, a commonly used apoptosis marker. In all cell lines we observed very low level ¢
GSil treatment did not increase apoptosis in any of the cell lines tested. B) To test whether mouse |
were intrinsically resistant to apoptosis, we exposed the cells to the apoptosis inducer Staurosporin
massive apoptosis induced by Staurosporine in KEP1.11 cells indicating the apoptotic machinery is
images are representative for other cell lines.) C) Human and mouse breast cancer cell lines wer
7-AAD (7-amino-actinomycin, a total DNA stain) and BrdU to distinguish S-phase G1 diploid (2n) .
G2 tetraploid (4n) populations. FACS measurements were analyzed by FCS Express 4 Software.



human ZR-75-30 and MDA-MB-453 cells GSI treatment induced a slight but signi"cant reduction in S-phase
labeling, but little accumulation in G1 or G2 phases. In both mouse ILC lines we observed a clear increase in G1
arrested cells with a concomitant reduction in S and G2 phase in GSI treated cells versus controls.

Weldid!performlimmuno-+uoroscence!staining'againsticleaved!Caspase3'tolvisualize!any!
apoptosis!occurring!and!tested!'whether!mouse!lLC!cellllines!werelintrinsically!resistant!
tolapoptosis!bylexposing!them!to!thelapoptoticlinducer!Staurosporine.!GSl!treatment!
did!'notlincrease!this!cell!loss!in!any!of Ithe!lcellllines!tested!during! 7!days!of ltreatment!
(Figure! 3Aland! B).! We! observed! signi'cant! apoptosis! induced! by! Staurosporine!in!
murine!KEP1.11!ILC!cells!indicating!thelapoptotic!machinerylislintact!(Figure!3B).

Cell! cycle! arrest! and! redistribution! may! also! underlie! decreased! S-phase! labeling.!
To!address! this! we! pulse!labeled! cells! with! 7-AAD! (7-amino-actinomycin! D)! a! total!
DNA!stain!and!BrdU!to!distinguish! S-phase! G1!diploid! (2n)!and! G2!tetraploid! (4n)!
populations.!inlboth!ZR-75-30!and!MDA-MB-453!cells!(human!breast!cancer!celllliges)!
GSl!treatment!induced!a!slight!but!signi'cant!reduction!in! S-phase!labeling,!but![gle!
accumulationlin!G1lor!G2!phases.!Inlboth!mouse!lLCllines!welobserved!alclearlincigase!
in!Gl!arrested!cells!with!a!concomitant!reduction!in!S!and!GZ!phase!in!GSI!treated@ells!
versus!controls!(Figure!3C). O

GSI treatment interferes with lobular breast cancer progression in vivo

Becauselwelobserved!alhigh!frequency!of INOTCHZ1!activationlinthuman!breast!cancer!
specimens!and!a!proliferative!block!in!breast!cancer!cell!Iines!in!vitro!using!NOT@H!
inhibitors!welasked!if IGSlltreatment!would!affect!breast!cancer!progressionlin!vivo.!We!
used!alwell-established!mouse!model!with!combined!conditional!defédbtdat!!
Trp53in'mammary!epithelial! cells!that!develop! ILC!at!highlincidence.!KEP1.11!used!
herelis!alcell'line!derived!from!these!mice!which!grows!in!vitro'and!causes!metastatic!
ILC!with!highlincidencel!and!short!latency!when!transplanted!orthotopically![32].
To!address!ifIKEP1.11! metastatic! ILC!is! sensitive! to! NOTCH! inhibitianbwe!
transplanted!#@ellslinto!cleared!fat!pads!of limmune-compromised!Nude!mice.'When!
tumours!reached!a! volume! of | 50Frhmre! treated! the! mice! for! 10! consecutive! days!
with!vehicle! or!with!a! 10'umole/kg! of | GSI.! We! measured! tumour! volumes! after! 10!
days!and!observed!alsigni'cant!decreaselinlvolumeslin!animals!treated!with!GSl!versus!
animals!that!received!vehicle! only! (Figure!4A).! The!l experiment! was! repeated!for! the!
second!time!wherelthe!trend! of 'tumour!volume!decrease!in! GSl!treated! groups!was!
present!although!not!signi’cant! (data!not!shown).! Althird!experiment!is!stilllongoing!
to!concludel!this!part.

We! isolated! tumor! tissues! from! these! mice! and! performed! N1ICD! and! HES1!
immunohistochemical!staining!on!parafn!embedded!tissues!and!observed!aldecrease!
inNOTCH1!Vall744!staining!and!alreduction!in!HES1!staining!in!GSl!treated!tumors!
compared!'tolisogenic!control'tumors!(Figure!4Bland!C).!We'alsolobserved!alsigni’cant!
reduction!in!proliferation!by!Ki67!tumor!stainings!in! GSl!treated!mice!(Figure!4B!and!
C).!
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Figure!4Effect of GSI treatment . A) 104 KEP1.11 (metastatic mouse ILC cell lines) were transpla
into cleared fat pads of immune-compromised Nude mice. When tumors reached a volume of 50 nr
were treated for 10 consecutive days with vehicle or with a 10 umole/kg of GSI. Tumor volumes we
by caliper after 10 days and a signi“cant decrease was observed in volumes in animals treated wit
animals that received vehicle only B) Representative immunohistochemistry images of H&E, K167
and HES1 staining’s on isolated tumor tissues from control or GSI treated mice. We observed a decr¢
(proliferation marker), N1ICD staining and a reduction in HES1 staining in GSI treated tumors com
to isogenic control tumors. C) Quantitative IHC analysis of NICD, HES and Ki-67 staining in sec
from control and GSI treated mice. % of positive nuclei was calculated of the each staining. We a
a signi“cant reduction in all stainings in GSI treated mice. D) GSI treatment does not induce apopto:



Respresentative images of cleaved Caspase3 staining of tumor tissue extracted from control and GSI treated
mice.

To! investigate! if! GSI! treatment! induced! apoptosis! in! vivo,! we! performed!
immunohistochemistry! against! cleaved! Caspase3,! however! very! small! percentage! of !
(_1Htumor!cells!'werelapoptotic!(Figure!4C).
NOTCH!inhibitionlislknown!tolcauselintestinal'toxicity!due!to!proliferativelarrestlof the!
intestinallcryptlepithelium!leading'to!precocious!goblet!celldifferentiation!and!stem!cell!
depletion![34].'Welobserved!alsignitcantlincreaselinlintestinal!goblet!cell!differentiation!
but!no!clinical'signs!of !gutltoxicity,!as!observed!with!intraperitoneal'injections!of |GSI!
(Figure!5Aland!B).!

A) B)
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Figure5Effect of NOTCH Inhibition in the gut. A) NOTCH inhibition is known to cause intestinal
toxicity due to proliferative arrest of the intestinal crypt epithelium precocious goblet cell differentiat
cell depletion. We observed a signi“cant increase in intestinal goblet cell differentiation which is repre
PAS staining of the guts from control and GSI treated mice. B) Goblets cells numbers of 10 crypts w
from 3 different areas of each case (control and GSI treated group) and a statistical analysis was pe
observed a signi“cantly higher number of goblet cells (p<0.05) in guts of GSI treated mice.

Discussion

NOTCH!signaling!is!frequently!deregulated!in'human!cancers!including!breast!cancer!
and!many!preclinical!lmodels!haveldemonstrated!that!NOTCHl!linhibition'may!attenuate!
tumorlgrowthih vitrtandin vivéThe!majority!of these!breast!cancer!models'however!
arelof!/ductallorigin.!Very!littlelislknown!of Ithe!molecular!pathways!that!govern!lobular!
cancer!etiology!whichlaccount!forlabout!10-15'!of lbreast!cancer!cases.!Here!we!show!
that!'the! NOTCH1!receptor!and!a! common!downstream!target! HES 1! are! frequently!
activated!inlhuman!ILC.!We!demonstrated! that! human!and! mouse! ILC!are! sensitive!
to!NOTCH!inhibitionin vitrbandin vivan!a! murine! model!for! ILC.! Altogether! our!
Tndings!show!that!NOTCH1!signaling!is!likely!to!be!important!for! ILC!etiology!and!
that! NOTCH!inhibition! using! GSI! may! provide! additional! treatment! options! in! the!
management!of!ILC.
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To!date,!a!number!of!studies!have!reported!on!the!expression! of INOTCH!receptors!
and!ligands!inlbreast!cancer![25,!35,!36].!Most!studies!have!focussed!on!IDC.!We!'nd!
signi’cantly!morelfrequent!N1ICD!and!HES1!expression!in!alhigh!percentage!of!ILC!
compared!to!IDC!(Table!1).!I Therelis!alhigh!concordance!between!cleaved!NOTCH1!
and!expression!of IHES1!indicating!that!the!NOTCH!pathway!'is!also!active.!

There! are! multiple! processes! controlling! NOTCH! activation,! such! as,! proteolysis,!
glycosylation,!ubiquitylation! and! phosphorylation.! Overexpression! of Hligands! or!loss!
of Inegative!regulators!could!lead!to!hyper!activation!of INOTCH!as!well.!Forlexample,!
it!is!possible!that!mutationslin!alnegative!regulator!of INOTCH!such!as!FBW7!and/or!
NUMB!can!lead!NOTCH!hyper!activation.!FBW7!is!lan!E3!ubiquitin!ligase,!targeting!
NOTCH!for! proteasomal! degradation![37].! We! did! not! observe! mutations!in! FBW7!
in!the! breast! cancer! cell! lines! and! patient! material! analysed! here! but! whole! genome!
sequencing'effortslhavelreported!allow!frequency!of IFBW7!mutations!in!breast!cancer!
[38].!Another!negative!regulator!of INOTCH!pathway,!NUMB,lis!involved!in!targeting!
NOTCH!for!endosomal! degradation! [39].! Frequent!loss! of NUMB! could! therefore!
contribute!to!hyper!activation!of INOTCH!which!has!been!observed!in!breast!cancer.!
Low!NUMB!expressionlwas!related!with!morelaggressive!phenotypeland!was!a!predictor!
of Ipoor!prognosis![40,!41].!

Uncontrolled! ligand! driven! NOTCH! activity! could! also! explain! hyper! activation! of !
the!NOTCH1!pathway!in!ILC.!We!have!not!focused!on!NOTCH!ligands!in!this!study.!
However!it! has! previously! been! demonstrated! by! several! studies! that! human! breast!
cancer!cases!tend!to! have!high!expression!levels! ofINOTCH!ligands! correlates! with!
high! receptor! expression! [25,! 42].! Deregulated! WNT! signaling! is! al common! event!
inmammary! carcinogenesis.! Many! studies! have! shown!that! NOTCH!ligands! can! be!
direct!targets!of 'the!WNT/B-CATENIN/TCF!cascade![43-46].!Forlexamplelinthuman!
primary!'mammary'epithelial'cells,!ectopiclexpression!of 'WNT1linduces!the!expression!
of! NOTCH! ligands! leading! to! NOTCH! hyperactivity! and! mammary! epithelial!
transformation![47].!Itremains'tolbe!determined!which!of thelabove!mentioned!reasons!
lielbehind!our!observation!of high!NOTCH!activation!in!ILC.!
According'tolthe!currentlliterature!NOTCH!signaling!plays!anlimportant!rolelin!luminal!
cellldifferentiation![30]!!ILCs!arelusually!luminalltype!breast!cancers;!alsubtype!mainly!
including!hormone!receptor!expressing!breast!cancers!with!similarlexpression!patterns!
of I cytokeratins,! ER!and! genes!involved!in! ER!activation! [48]! [49].! Our! observation!
together! with! the! published! literature! suggests! therefore! an! important! role! of!
deregulation! of INOTCH!signaling!in! ILC!progression!due!to!thelinduced!defects!in!
luminal! cell! differentiation.! In! our! data! set,! N1ICD! correlated! signi’cantly! with! ER!
status!(data!not!shown).!Interestingly,!this! correlation!was!reported!before!and!it!was!
found!that!ER!activity!lupregulated!NOTCHZ1!activity![50].!Rizzo!et!al.!exploited!this!by!
demonstrating!that!a!therapy!based!on!combinations!of !anti-estrogens!(i.e!tamoxifen)!
and!'a!NOTCH!inhibitor!might!be! effective!in!the!treatment! of |ER!<!breast!cancers!
which!could!be!an!option!for!low!or!intermediate!grade!lLC!cases.!Following!a!similar!
paradigm!ErbB-2linhibitionlvia!TrastuzuMab!might!sensitize!breasticancers!to!NOTCH!



inhibitors.!Inlour!lLC!mouse!model,'tumors!mimic!mainly'high!grade!human!ILC!and!
are!mostly!ER!low/negative![33].! Thereforelin!ILC,!NOTCHl!inhibition!may!provide!a!
good!(short-term)!responselregardless!of IER!status.INOTCH!signalinglis'known!to!be!
involved!in!thelregulation!of Icelllproliferation!or!apoptosis,!/depending!on!the!cellltype!
and!context![51].!0um!vitridata!suggests!that!even!shortlterm!inhibition!of INOTCH!
signaling!by!GSllin!mouse!lLCl!cellllines!and!'human!breast!cancer!cellllines!results!in!a!
decreaselin!celllproliferation!bylinducing!celllcyclelarrest.'Thelrole!of INOTCH!signaling!
in!celllcyclelregulation!has!already!been!reported!in!different!situations!including!breast!
cancerl[52].lIn'the!case!of lhaematological!malignancies,!GSl!treatment'has!been!shown!
tolinduce! GO/G1!arrestlin!al panel! of I T-ALL! cell!linegtrbandin vivanstead! of !
inducing!apoptosis![53-55].!

For!ourlin viviexperiments,!we! made! used! of! mouse! breast! cancer! cell! lines! which!
werelestablished!from!almouse!breast!cancer'model'which!showed!strong!resemblance!
to’human!ILC![32].! The!tumors!developed!upon!orthotropic!transplantation!of [thege!
cellstinto!nude!mice!showed!volume!reduction!upon!GSl!treatment.! This!observagpn!
correlates!with!oum! vitrresults,'demonstrating!the!importance!of INotch!activation!irts.
thelprogressionlof lthislbreast!cancer!subtypeland!GSltreatmentlaslalpotentialither S tor!
ILC!patients.!There!are!many!reports!describing!the!eﬁect!of!GSI!inhibition!in!mu?ﬁ/e!
breast!cancer!models!mostly!resembling!IDC![56].! For!exaiBRBBatransgenic!

mouse! model! of ! breast! cancer! GSI! decreased! cell! proliferation! and! inhibited! tumor!
growth! resulting! in!increased! surVig@}! Watters! et! al.,! employed! transcriptomics!
from!almouse!model!of breast!cancer!to!extract!signatures!that!predict! GSl!sensitivity!
in!vivo![58].Interestingly,! Lee! at!al' (2008)! demonstrated! that! NOTCH! upregulation!
caused!enhanced!cell!proliferatioritrbn! ER!negative!lhuman!breast!cancer!cell!lines!
and!GSllinhibitionlinduced!apoptosislin!these!cells.!
This!resultlislinlcontrast!to!our!observations!where!we!did!rather!observe!proliferative!
arrest!and!not!necessarily!an!increased!apoptosis.! This! difference! might! be!related! to!
theluse!ofldifferent!cellllines.! The!same!group!also! usesiamodel,!where!they!
inoculated!immunocompromised! mice!with!tumors!of lan! ER!negative! human!breast!
cancer! cell'line! MDA-MB-231.! Intraperitoneal! administration! of ! GSI! to! these! mice!
resulted!in!inhibition!of 'tumour!growth!in!alshort!time!like! observed!in! ouitstudy.
welllestablished!that!NOTCH!signaling!plays!an!important!role!in!cell!differentiation.!
In!thelintestine! GSI!therapy! causes! stem! cell! depletion! and! secretory! differentiation!
leading!to!severe!dose-limiting'toxicity![34].!Duringlourlexperiments!we!did!not!observe!
any!clinical'signs!of lintestinal!toxicity.!We!believe!that!this!maybe!due!to!the!slow!local!
releaseladministration!of |GSl!vialosmotic!pumps.! The!levels!of !drug!in!the!gut!might!
have!reached!to!the!threshold!to!induce!goblet!cell!differentiation!but!was!not!enough!
to!induce!toxicity.! Thus!we! speculate! that! with!localized! GSI!treatment! high! enough!
therapeutic!concentrations!may!be!achieved!in!tumors!without!reaching!the!threshold!
forlmechanism!based!toxicity!in!otherlorgans.!
GSilslarelcurrently!beinglevaluated'in!different!clinicalltrials'which!include!breast!cancer!
and!they!appear!to!be!successfulland!potent!drugs!that!block!NOTCH!signalling.! The!
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anti-tumorleffects!of |GSl!treatment!on!alnovellinlvivo!ILC!model!that!we!show!here!
warrants!alfurtherlinvestigation!intolits!potential!for!the!treatment!of lILC!patients.
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Abstract

NOTCH! signaling! is! involved! in! every! step! of! metazoan! development! and!
maintenance!ofladultltissue'homeostasis.!ltlis!/frequently!deregulated!by!mutations!and!
overexpression!in!different!cancerltypes!including!solid!'tumors!such!as!breast! cancer.!
Another!common!feature! of ! solid! tumors!is!hypoxia,! which! occurs! due!to! defective!
orlinsuf!cient!vascularization.!Hypoxia-inducible!factors! (HIFs)!are!key!regulators! of!
the!lhomeostaticlresponse!to!low!oxygen!levels.!HIF-1$!is!overexpressed!in!many!solid!
tumors,!including! breast! cancer.! Hypoxia-induced! stabilization! of | HIF! transcription!
factors!has!been!shown!to!lead!to!NOTCH!activationlinlvitrolin!different!contexts!and!
tissues,lcausing!differentiation!denedlinduction!of !proliferationland!migration.!Since
the!link!between!HIF-1$!'and!NOTCH'!signaling'has'hardly!been!studied,!we!set!out!to!
closelylinvestigate!associations!between!HIF-1$!and!NOTCH!signaling!in!primary!and!
metastatic! human! breast! cancer! specimens.! Our! results! show! that! co-expression! of !
NOTCH1!intracellular'domain! (N1ICD)!and!HIF-1$!is! associated! with!a! high! grade!
and! ahigh!proliferation!rate!in!invasive! breast! cancer.! HIF-1$! expreasitow! in!
classic,!but!highl!in!pleomorphic!lobularicancers,'whichl!also!frequently!showed!stromal!
HIF-1$!expression.INOTCH!pathway!activation!was!associated!with!a!poor!prognosis,
but!NOTCH!and!HIF!signaling!did! not! seem!to!be!functionally! associated!in! breast!
cancer.



Introduction

NOTCH! signaling! serves! as! a! short-range! cell-celll communication! pathway,! which!
is'highly!conserved!from!#ies!tolmammals.!It!is!involved!in!every! step! of Imetazoan!
development! and! maintenance! of ! adult! tissue! homeostasis.! NOTCH! proteins! are!
single!pass!type!transmembrane!receptors!consistinglof lextracellular!ligand!binding!and!
cytoplasmic!signal'transduction!domains![1].!CanonicallNOTCH!signaling!is!regulated!
by! proteolysis! and!initiated! by! the!interaction! of ' transmembrane! bound! ligands! and!
receptors!on!neighboring!cells.!Upon!the!"nallintramembierauage!of Ireceptors,!
the!NOTCH!intracellular'domain! (NICD)!is!released!and!translocated!to!the!nucleus.!
In'the!nucleus,!NICD!interacts! with! the!transcription! factor! CSL! (CBF1!in'humans;!
RBP-J in! mice)! to! activate! the! HES/HEY! family! of ! genes,! which! are! involved! in!
growth,!proliferation,!differentiation,!and!survival!l[2].INOTCH!signaling!is!frequently!
deregulated! by! mutation! and! overexpression!in! different! cancer!types![3].! Therefore,!
targeting!NOTCH'!inlhuman!malignancies!could!be!a!powerfullapproach!to!counterct!
tumorlprogression. I
The! NOTCH! pathway! has! also! been! shown! to! play! an! important! role! in! bregst!
cancer.!NOTCHZ1!was!the!'rsttmember!of!the!family!identi'ed!in! breast! cancer! @d!
the!NOTCH1!locus!was!also!identi’ed!as!a!Mouse!Mammary! Tumor!Virus!(MMTV)!
insertion!site!in'MMTV-Neultumors![4].'Based!on!previous!research yweliesed!
that!dose!and!context!dependency!of INOTCH!pathway'aciivagilead!to!different!
phenotypes!in!different!tissues![S].!Immunohistochemistry!performed!on!human!br§§st!
cancer!specimens!revealed!frequent!overexpression!of INOTCH1![6],!NOTCHS3![7-9]!
and!the!NOTCH!ligand! JAGGED1!in! most! cases,!together! with!loss! of ! expression!
of INUMB,!a!negative!regulator!of INOTCH![10].!NOTCH!family!members!seem!to!
havel!differentlroles!in!cancer.!Forlexample,!high!INOTCH2!expressionlin!breast!cancer!
has!been!shown!to!be! correlate! to! a! higher! chance! of ! survival! [11].! In! vivo! studies!
performed!in'mice!supported!the!tumor!promoting!role!of INOTCHZ1,INOTCH3!and!
NOTCHA4![7,112,!113].!
Low!oxygen'tension!(hypoxia)lislalcommonlfeature!of!solid!tumors!andlitican!occur!due!
to! defective! or!insuffcient! vascularization.! Hypoxia-inducible! factors! (HIFs)! are! key!
regulators!of 'thelhomeostatic!response!to!low!oxygen!levels.!Hypoxialand!HIF-1$,!the!
hypoxialresponse-regulating!unit!of lthe!HIF!complex,!havelbeen!proposed!to!play'alrole!
in!breast! carcinogenesis![14]'and!to! difeeist! cancer! prognosis![15,! 16].! Hypoxia-
dependent! NOTCH! activation! has! been! observed! in! different! contexts! and! tissues!
[17-19].'Recently,!Chen!etlal.!demonstrated!that!hypoxia-induced!stabilization! of 'HIF!
transcription!factors!leads!tolexpression!dN@ECH!targetlgenes!HES1!and!HEY 1!
inthuman!breast!cancer!cellllines![20].!In'another!study,! Xing!et!al.!reported!increased!
JAGGEDZ2!(aINOTCHlligand)!and!INOTCH1!intracellular'domain!(N1ICD)!expression!

in! the! hypoxic! invasive! front! of ! the! tissues! (breast! cancer! spétinestigjated!
[21].!Given!theselinteresting!results,!which!indicate!a!potential!link!between!these!two!
oncogenic!pathwayslin!breast!cancer,!welinvestigated!thel!associations!between!HIIF-1$!



84

and!N1ICD!expression!in!primary!and!metastatic'human!breast!cancer!specimens,!in!
conjunction!with!downstream!targets!of !both!pathways.

Materials and Methods
Tissue samples

Formaldehyde-"xed!paraf'n!lembedded!breast!cancerltissue!blocks!of 449! cases!were!
collected!from!thelarchives! of | Departments! of | Pathology! of  the! University! Medical!
Center! Utrecht! (Utrecht,! the! Netherlands)! and! the! Radboud! University! Nijmegen!
Medical! Centre! (Nijmegen,! the! Netherlands)! to! prepare! tissue! microarrays! (TMAs).!
This!series!was!enrichetiobular!carcinomas!because!of lalspeciallinterest!in!this!type!

of lcancer!by!our!research!group.!Typing!was!donel!according!to!the!WHO,!and!grading!
was!done!according!to!the!Nottingham!scheme.! The!mitotic!activity!index! (MAI)!was!
assessed!as!previously!described![22].!Representative!areas!containing!morphologically!
well-dened! tumor! tissues! were! identiled! in! haematoxylin-eosin! stained! reference!
slides! by! a! pathologist! (PJvD).! Tissue! cylinders! of ! 0.6! mm! were! transferred! from!
these! tumor! areas!in! each! donor! block! to! the! recipient! block! using! al tissue! arrayer!
(Beecher!Instruments,! Sun!Prairie,! WI,'USA).! Four! um!thick! serial! sections! were! cut!
from!the! recipient! blockand! transferred! to! Superfrost! <! slides! to! prodbtAs!
(Menzel'and!Glaeser,!Germany)!forlimmunohistochemistry.! The!use!of lanonymous!or!
coded!leftover'material'for!scienti'c!purposeslis!part!of ithe!standard!treatment!contract!
with! patients!in! The! Netherlands! [23].! Ethical! approval! was! therefore! not! required.!
Overall!survival! data! were! obtained! fromQibmprehensive! Cancer! Centre! of ! The!
Netherlands!(Integraal!lKankercentrum!NedeH&nd,).

Material! of! distant! metastases! (including! brain,! lung,! skin,! liver! and! GI! tract)! was!
available'for!44loutlof!449Icases!primary!breast!cancerlcases!(19!lobular,!6!ducto-lobular!
and!19!ductal).! These!were!used!to!investigate!the!difference!in! HIF-1$!and!N1ICD!
expressionlin!primary!tumors!angiéisyesponding!metastases.

Immunohistochemistry

Immunohistochemistry! was! carried! out! for! the! following! proteins:! N1ICD,! HES1,!
HIF-13$,'and!the!HIF!downstream! proteins! CAlX!'and! GLIATter! deparaf!nation!
and!rehydration,!thEMA!slides!were!immersed!in!a!buffer!solution!containing!0.3'!
hydrogen!peroxidase!for! 15!minutes!to!block!endogenous!peroxidase!activity.! Antigen!
retrievallwas!lobtained!by!boiling!for!20!minlin!10mM!citrate!buffer!pH!6.0!for!GLUT1,!
CAlX!and!N1ICD!staining,lor!Triss/EDTAlbuffer'pH!9.0forlHES 1land'HIF-1$!staining.!
Alcooling! off I period! of I 30!min!was! applied! b&boesincubation!with! 1:50!normal!
goat!serum!in! PBS! (pH:!7.4),! containing! 0.1'' sodium! azide! and! 1'' BSA! to! block!
unspeci'clbinding!sites.! This!was!followed!by!primary!antibody!incubation:!polyclonal!
rabbitlactivated!NOTCH1!'antibody!(Abcam,!Cambridge,lUK)!in!1:500,'HES1!antibody!
(Millipore,!Billerica,!MA,!USA)!1:600,!GLUT1!(DAKO,!Glostrup,!Denmark)!in!1:200;!
CAIX!(Abcam)!1:1,000!in!PBS/1'BSA,'HIF-1$!(BD!Transduction!Labs,!Breda,! The!
Netherlands).! The!slides!were!incubated!with! antibody! solutions! either!for! 1! hour! at!



room!temperature!(GLUT1,!CAIX)!orlovernight!at!4\C!(HIF-1$,'HES!and'NOTCH1).!
After! that,! the! sections! were! incubated! with! Brightvision! poly-HRP! anti-mouse,!
rabbit,! rat! (DPVO-HRP,! Immunologic,! Duiven,! The! Netherlands)! or! the! Novolink!

kit! (Leica,! Rijswijk,! The! Netherlands)! (in! the! case! of ! HIF-1$)! and! developed! with!
diaminobenzidin,! counterstained! with! hematoxylin,!dehydrated!in!alcohol,!and! sealed!
withlalcoverslip.'Throughout!thelimmunohistochemicallanalyses,!negativelcontrols!were!
obtained!by!omitting!the!primary'antibodies.!ForINOTCH1!'and!HES1!staining,'normal!
breast!tissue!was!used!as!a!positive!control.!For!GLUT1!staining,!positive!erythrocyte!
staining!was!used!as!anl!internal!control.!For!CAIX!and!HIF-1$,!albreast!cancer!case!was!
included!that'wgsreviously!proven!to!be!positive!forlthese!markers.!

Scoring

Scoringlof limmunohistochemistry!was!donelin!a!blinded!fashion!with!respect!to!patient!
characteristics!and!other!staining!results.!N1ICD!and!HES1!staining!in'more!than!10"
of Inuclei'was!considered!as!positive.! The!percentaga&fpositive!for'HIF-1$!was! T
estimated! as! well.! The! staining! was! condipesét/e! when! "1' nuclear! staining!
was! observed,! as! described! before! [24].! GLUT1!and! CAIX! expression! were! sc@red
positive!lwhen!membrane!staining!was!observed.!HIF-1$!expressionlin!the!stromdbvas!
also!scored!positivelwhen!frequent!nuclear!staining!in!?broblasts!was!observed.

h&pter!5

Statistics

The!SPSS!version!16.0!(SPSS!Inc.,!Chicago,!IL,/USA)!was! used!for!statistical!aﬁgﬂysis.!
Pearson’s!Chi-squareltestiwas!used!tolexaminelassociations!between!categoricallvariables.!
Percentages! of ! nuckipressing! HIF-1$! and! N1ICD! in! primary! tumors! and! their!
corresponding!metastasis!were!compared!by!alpaired! Student's!t-test.! The!graphs!were!
made!using!GraphPad!Prism!5!(GraphPad!Software!Inc.,! CA,!USA).!Survival'analysis!
was!performed!by!plotting!Kaplan-Meijer!curves!and!Log!rank!test./ Two-sided!p-values!
below! 0.05! were! considered! as! statistically! signicant.! Multivariate! survival! analysis!
was!performed!using!Cox!regression,!using!entry!and!removal!limits!of!0.05!and!0.10,!
respectively.!

Results
Associations between HIF-1$ and NOTCH pathways, and clinicopathological features

Table!1!'summarizes!the!clinicopathological!characteristics!of Ithe!patient!materiallused!
in!this! study.! Table! 2! shows!thelassociation! between! HIF-1$!and!N1ICD!and! Table!
3lsummarizes!the!associations! between!the! expressions! of  thésprdiedthsT he!
expression!of IHIF-1$!and!that!of litsldownstream!targets! CAlX!and!GLUTI!(p_0.001!
for'both,! Table!3)!were!signilcantly!associated,!as!expected,!as!were!those!of IN1ICD!
and! its! downstream! target! HES1! (p0.004).! HIF-1$! expression! correlated! with!
neither!N1ICD!(p”"0.435,! Table!2)!nor'HES 1!expression,!and!N1ICD!expression!did!
not! correlate! with!the! expression! of |HIF-1$!targets.! The! only! signifcant! correlation!
observed!was!between!GLUT1!and!HES1!expression!(p!~0.003)!(Table!3!*14).!1Also,!
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no! signi’cant! associations! were! ndietiveen! the! expression! of ! proteins! in! these!
pathways,!'whenlinvestigated!in!the!N1ICD!negative!subgroup!(data!not!shown).!

Feature Grouping N or value
Age (years) Mean 60
Range 28-88
Histological Type IDC 290
ILC 119
other 40
Tumour size (cm) 12 179
{2land!' 5 203
{5 46
missing 21
Mitotic Index (per 112 204
2mnm?)
13 230
missing 15
Lymph node status Negative 139
Positive 193
missing 117

TablelClinopathological characteristics of 449 invasive breast cancer patients included in this study

Co-expression!of IN1ICD!and!HIF-1$!was!signitcantly!associat&aihigtiitumor!
grade!(p_0.001)!arahigh!mitotic!activity!index!(MAI;!p_0.001)!(Table!5).!No!other!
signi'cant!correlations!with!clinicopathologicallfeatures!were!observed.!

HIF-1« expression . .
P Table!2Association between expression of HIF-

N1ICD - + p-value 1% and N1ICD (chi-square test)
expression
- 50 31 0.435
+ 222 128

Associations betiéeh$ and NOTCH pathway proteins in primary breast cancers and distat
metastases

There!were! no! signi'cant! associations! between!the! expression! of IN1ICD!and!HIF-
1$!pathway!proteins!in!distant!metastases!(data!not!shown).!However,!primary!breast!
tumors! expressed! on! average! higher! levels! of! N1ICD! than! their! corresponding!
metastases! (p_0.05),!especially!in!the! cases!that! metastasized!to! brain! (p*0.001)!and!
skin!(p_0.05)!(Figure!l).



CAIX GLUTI HEs1 Table! 3.Summary of associations between ex-
pression of HIF-1$ and N1ICD on the one hand
HIFL-  pl10.001  p'10.001  p"0313 Hnq their downstream targets CAIX, GLUT1 and
N1ICD piNl0.283 piN0.279 p0.004 HESL on the other hand in invasive breast cancer
(chi-square test).

GLUT1 expression
Table! 4.Association between expressiEsi@kpression - + p-value
GLUT1 and HESL1 (chi-square test) 184 67 0.003
+ 167 31

7o)
HIF-1$ expression in lobular breast carcinomas and surrounding stroma cells o
e

High!HIF-1$!expression!in!tumor!cells!was!observed!more!often!in!ductal!carcinorﬁas!
(109/277,!39')!and!the!pleomorphic!variant!of!IobuIar!breast!cancer!(Z1/54,!38.8')!@
compared'to!classicllobularlcancerlcases!(1/34,!12.9")(p_0.001).!Strikingly,'pleomorphic!
lobular'cases!morelfrequentlylexhibited!stromalHIF-1$lexpressionlasicomparedtolclassic!
lobularbreasticarcinomas(42.5'vs0','1p"0.001)(Table6). FigureRlshowsrepresentative!
images! of! HIF-1$! expression! in! tumor! cell! nuclei! (A)! and! in! stromal! hroblaf!
nuclei! (B).! Stromal! HIF-1$! correlated! to! HIF-1$! expression!inlthe!tumor! (p_0.001).

Associations between HIF-1$ and NOTCH pathway proteins and survival

Inlall'patients,!therelwas!no!differencelin!survivallbetween!patients!withIno!N1ICD!and!
HIF-1$!expression!and!those!with!eitherIN1ICD!expression!alone!or!N1ICD/HIF-1$!
co-expression!(p™0.708)./Thelsamelappliedito'thelsubgroups!of Iclassicland!pleomorphic!
ILC! (Figure! 3).! Stromal! HIF-1$! expression!in! both! classic! and! pleomorphic! lobular!
breast!cancer!patients!also!had!no!prognostic!value.!In!the!entire!groufwlipiattients
HES1!expressionlexhibitedignilcantly!'worse!survivaltasnpared'to!thiow!HES 1!
expressing!group!(p”0.03)!(Figure!4).
Upon!Cox!regressi@malysis,!lymph!node!status!and!mitoticlindex!were!found'tolact!as!
independent!prognosticators,!and!nonelof lthelotherlvariables!hadladditional!prognostic!
value.!HES1!was,!however,!close!to!having!additional!prognostic!value!(p”0.089).!

Discussion

The!NOTCH!and!HIF!signaling!pathways!are!highly!conserved!through!evolution,!and!
playlalrolelinlvarious!cellular!processes![25,!26].!Several!studies!have!demonstrated!the!
overlapping! effects! of  hypoxia-induced! expression! of | HIFs! and! NOTCH! signaling!
in'normal! development!and!various!cancers![20,!27,128]!.!It'has!been! suggested!that!
NOTCH!signaling!is!aberrantly!activated!during!tumor! progression,!and!that!hypoxia!
might! further! stimulate! its! activation! [20].! For! example,! NOTCH1! mRNA! levels
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were!found!toncrease!upon!stabilization! of 'HIF-1$!in!melanomalcell!lines![19],!and
NOTCHZ1!signaling!was!found!to!be!upregulated!in!lung!cancer!cellllines! cultured!in!
hypoxic!conditions![17].!Very!recently,! Xing!et!al.!(2011)!investigated!a!large!group!of!
breast!cancer!patients!and!observed!a!strong!upregulation!of \lJAGGEDZ2,!alNOTCH!
ligand,'and!NOTCH'!signaling'at!the!hypoxiclinvasivetumor!front,althoughitio¢ly!did
showla!'rncorrelation!between!HIF!land!NOTCH!signaling!bylimmunohistochemistry!
analysislinlpatient!material![21].!Previously,!Chenletlal.!(2010)!/demonstrated!by!chromatin!
immunoprecipitation!/(ChlP)!thathypoxia-induced!HIF-1$binds!toltheHES1!promoter,!
therebylinducinglits!activity![20].' These!researchers!claimed!that!thelmechanism!behind!
this!observation!likely!involveslateraction! of HIFs!with!the!NOTCH!co-activator!
MAML1,!'which!potentiatesINOTCH!activation.!

Feature Coexpression of HIF1 and N1ICD
N1ICD! N1ICD! N1ICDe N1ICD
HIF-1 ! HIF- 1+ HIF -1! .
HIF-

1e

Histological type

Ductal 40 31 135 84
Lobular 26 6! 70 30
Other 1 3 16 11
Histologic grade
1 13 5 46 9
2 21 7 88 41
3 30 27 78 72
Tumour size (cm)
12 30 15 94 50
{2!land! 5 32 22 93 59
{5 4 2 26 14
Mitotic Index (per
2mm?)
112 29 11 128 46
13 36 28 87 76*
Lymph node status
Negative 34 21 106 55
Positive 27 19 97 64

Table!5 Associations between HIF-1$ and NOTCH1 intracellular domain (N1ICD) co-expression &
clinicopathologic features ( * means p<0.001)

Ourlimmunohistochemistry!results!did!not!show!signilcant!correlations!between!HIF-
1$!and! N1ICD!expression,!indicating! no! direct! functional! effect! of | HIF-1$! on! the!
activation!of INOTCHlinlinvasive!breast!cancer.!Therelwaslalso!nolassociation!observed!
between!HIF-1$!and!HES1,!suggesting!that! HIF-1$!might! not! directly!induce! HES1!
expression,!as!was!suggested!by!the!ChlP!experiments!of !Chenlet!al.![20].!We!have!no!
mechanisticlexplanation!for!thelassociation!between!GLUT1!and!HES1!expression,lan!



observation!that!may!be!haphazard.

HIF-1+ expression in HIF-1+ expression in
tumor cells fibroblasts
< p-value - < p-value
Pleomorphic ILC 33 21 0.001 31 23 0.001
ClassicILC 33 1 34 0

Table!6 HIF-1$ expression in tumor nuclei and stromal "broblasts of pleomorphic versus classic
lobular cancers

Interestingly,lco-expressionlof HIF-1$land!N1ICDwas!signitcantlylassociatedwith!high!
tumor!gradel!and!high!mitoticlactivity!index,!suggesting!that'activationlof Iboth!signaling!
pathways!might!be!leading!to!a!morelaggressivel phenotype.!However,!this!hypothesis!
should!be!investigated!and! supported!further!by!functional! evidence,! especially!since!
HIF-1$!and! NlICD!co-expression!had!no!prognostic!value,!and!metastases!expre§sed!
lower!levels!of IN1ICD!as!compared!to!the!primary!tumors.!Our!group!has!previougty!
shown!that!thelimmunophenotype!of !distant!breast!cancerimetastases!can!be!diftgrent!
froml!thatlof Ithe!primary!tumor![29]lwith!prognosticlimpact![29,!30].NOTCH!targeting!
may'!therefore!be!less! effe¢tiidrain! and! skin!metastases!in!breast! cancer! patients,!
and!may!belespecially!effectivelinlpreventing!local'recurrences!and!metastases!to!sites!
other!than!brain!and!skin.!Previously,!alsimilarlobservation!was!reported!for NOT&H
expressionlinlhuman!colorectallcancer![31].

It'waslinteresting!to! note! the! prognostic! value! of ' expression! of 'THES1!expression,!a!
downstream!target! of ! alll NOTCH! members! [32].! N1ICD!itself! had! no! prognostic!
value,!which! may! be! explained! by! the! fact! that! itlis! highly! expressed!in!the! normal!
breast,!'wherelitimight!notlbe!functional.'Thelassociation!of lhigh!HES 1!expression!with!
alpoor!prognosis,!'which!had'an!almostladditional!prognosticlvalue!to!lymph!node!status!
and! mitotic! index,! may! indicate! that! NOTCH1! downstream! activation! does! lead! to!
morelaggressive!behavior!of Ibreast!cancer.!However,!we!cannot!exclude!thatt NOTCH!
familylmembers!other!than!NOTCH1!may!havelcaused!the!activation.

Itlis! well! establishagbowi that! the! tumor! stromal! is! important! for! regulating! tumor!
growth![33].IThe!role!of '"broblasts,!the! principall cellular'components! of connective!
tissues,!in! cancer! progression! is! increasingly! recognized.! Recently,! Chiavarinal et! al.!
(2010)! speculated,! basedioritrbandin viviexperiments,!that! HIF-1$! might! have!
altumor!promoting!role!in!breast! cancer!associated!broblasts![34].! Our! observation!
of ! strong! stromal! HIF-1$! expression,! particularly! in! pleomorphic! lobular! cases,! is!
interesting!in!this! respect.! Novel! therapies! targeting! HIF-1$! may! add! to! the! current!
treatment!strategies!of Ipleomorphic!cases![35].

In!conclusion,!co-expression!of IN1ICD!and!HIF-1$!is! associatéa gt grade!
andahigh!proliferation!rate!in!invasive!breast! cancer,!and!activation! of 'the/NOTCH!
pathway'islassociated!with!la!poor!prognosis.!HIF-1$!expressionlisllowlin!classicland'high!
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in'pleomorphic!lobular!cancers,!the!lattastath!also!frequently!show!stromal!HIF-
1$!expression.!However,!N1ICD!and!HIF-1$!do!not!seem!to!be!functionally!related!

in! breast! cancer.! Primary! breast! cancers! express! higher! levels! of | N1ICD! than! their!
corresponding'metastases,lespecially!thoselinlthe!brainland!skin,!implying!thattNOTCH!
targeting!may!especially!be!effective!in!preventing!local'recurrences!and!metastases!at!
sites!other!than!brain!and!skin.
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Figure!1High N1ICD expression in primary tumors which metastasized to brain

A representative image of N1ICD staining in a primary breast tumor case (10X and 40X) A)
its corresponding metastases B) to the brain. C) N1ICD expression in paired primary breast tun
corresponding brain metastases (p<0.001).

A) B)

Figure!2HIF-1$ expression in ductal and lobular breast carcinomas and surrounding stroma. Repre:
images of HIF1-$ staining (10X and 40X) in A) ductal breast carcinoma and B) lobular breast carcir
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Figure!3Survival curves of breast cancer patients according to HIF-1$/N1ICD status (left all patients,
middle and right subgroups of pleomorphic and classic ILC, respectively). There were nogigni"cance differences
in survival.
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Figurel43urvival curves of breast cancer patients according to
HESL1 status. High HES1 expression, indicating activation of
the NOTCH pathway, is associated with worse survival.
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Abstract

p53lislaltumor!suppressor!gene!thatlislcommonly!mutated!inthuman!cancers.!Although!
alterationslin!p53lare!lcommonlinlbreast!cancer, few!studies!have!specilcallylinvestigated!
p53!mutations!in!the!breast!cancer!subtype!invasive!lobular!carcinomal!(ILC).!Recently!
reported!conditional!'mouse!models!havelindicated!that!/functional!p53linactivation!'may!
playlalrolelin!carcinogenesis!of lILC.!Since!reports!onlthe!detection!of Ip53!mutationslin!
thelrelatively!favorable!classicland!morelaggressive!pleomorphiclvariants!of ILC!(PILC)!
arelrare!landlambiguous,!we!performed!an!extensivelanalysis!to!determine!p53!statuslin!
thesel!breast!cancer!subtypes.!Tolincreaselour!lunderstanding!of |p53-mediated!pathways!
and!thelroles!the!may!play'in'theletiology!of !classic!ILC!and!PILC,!welinvestigated!p53!
mutations!and!p53laccumulationlinalcohortlof 122!cases!of Iclassicland!19!cases!of IPILC!
by! direct! DNA! sequencing! and! immunohistochemistry.! We! observed! 11! potentially!
pathogenid@P53mutations,!of lwhich!3!were!detected!in!classic!ILC!(13.6")!and!8!in!
PILC!(42.1;! p~0.04).! Mutations! that! affected! structure! and! protein! function! were!
signi’cantly! associated! with! p53!accumulation.! However,! p53!accumulation! was! not!
signilcantly!different!between!classic!land!pleomorphic!ILC!cases.!In!conclusion,!p53!
mutations!seem!to!occur!more!frequently!in!PILC!than!classic!ILC.!



Introduction

Theltumor!suppressor!p53!was!!rstldescribed!in!1979!as!alkey!celllcycle!regulator.'Upon!
cellular!stress,!the! p53!signaling! pathway! turns! on!the! expression! of | genes!including!
inhibitors!of!cell'cycle,'DNAlrepair,!and!apoptosis![1,!2].!Inactivating!alterations!in!the!
p53!gene!are!commonly!observed!in'human!cancers,!resulting!in! suppression! of ! the!
regulatory'functions!of |p53,'which!contributes!to!transformation!of Icells.!Mutationslin!
p53larelobservedlin!breast!cancer,!however!with!allower!frequency!(~!20")\compared!
to! other! solid! tumors![2].! Although!it! has! been! well! established! that! p53! mutations!
correlate!with!high!gradeland!triple!negativity![3,!4],!the!p53!mutation!spectrum!across!
thelvarious!different!histological'types!of Ibreast!cancer!has!not!been!wellldened.
Invasivellobularlcancer(ILC)laccountsforlapproximately10'lof breast'cancers![5]. Based!
onl!their'molecular!protle,!most!ILC!belong!to!the!lluminal-type!breast!cancers.!Within!
ILC,!several!'subtypes!can!be!discerned:!1)!the!classic!type!composed!of !smalllregular!
cells! with! frequently! intracytoplasmic! vacuoles,! smalll nuclei! and! a! typical! trabe&ular!
intltration! pattern! with! dissociated! cells! or! forming! single! "les,! often! in! targeto@!
patterns!around!uninvolved!ducts!and!with!low!mitotic!rate;! 2)!the! better!demarcaged!
alveolar!type!exhibiting!smaII!round!aggregates!of!20!or!more!cells!with!typical!Io@lar!
cytology;!3)!thelalso!better!demarcated!solid!variant!consisting!of Imore!solid!sheets!of !
cells!with!little!intervening! stroma,!more! mitoses!and! often! some!more! atypia;! 4)!the!
pleomorphic! variant! that! exhibits! the! growth! pattern! of ! classical! lobular! carcinoma!
throughout!but'with!polygonal,'eccentric!pleomorphic!nucleiland'morelfrequent!mitoges!
[6].! The! pleomorphic!variant! of HILC! (PILC)!accounts!for!less!than! 1'l of lall! breast!
carcinomas!and!not!more!than!10'of lalllILCY#has!a!poorer!prognosisicompared!

to! classic! ILC! (5,! 8).! Several! studies! have! addressed! the! molecular! and! histological!
aspects!of IPILC!aslalseparate!entity.!Immunohistochemicallanalyses!demonstrated!that!
PILCslfrequentlylexpresslestrogen!(ER)!land!progesterone!(PR)!receptorsland!arelmostly!
E-cadherin! negative,! Her2! positive! and! occasionally! p53! positive! [8-12].! Although!
expression! oflgross! cystic! disease! +uid! protein! (GDCFP)!has! been! used!to! facilitate!
differential! diagnosis! between! classic! ILC! and! PILC,! reliability! is! variable! [11-14].
Littlelis'lknown!about!p53!mutation!status!in!PILC.!Inlview!of lthe!higher!nuclear!grade!
and!poorer!prognosis,!one!would!expect!alhigher!frequency!of !p53!mutation!in!PILC.!
Interestingly,! conditional! knock-out! mouse! models! have! indicated! that! functional!
inactivation!of !p53!may!play!alrolelin!carcinogenesis!and!progression!of Imouse!PILC!
[15,!16].!Inlthe!present!study,!we!havelinvestigated!the!p53!mutation!status!in!alseries!
of1411ILC!caseslincluding!22!classicland!19!pleomorphic!subtypes!toladvance!current!
knowledge!on!these!variants!of!ILC.

Materials and Methods

Patients
Archival'material'from!41!breast!cancer!patients!with!lobular!carcinomal!was!collected!
from!the! Pathology! departments! of 'the! University! Medical! Center! Utrecht,! Utrecht,!
the! Netherlands! and! Radboud! University! Nijmegen! Medical! Centre,! Nijmegen,!
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The! Netherlands,! and! the! Institute! of ! Pathology,! Paderborn,! Geln@&rand!

PILC! were! identi'ed! on! Hematoxylin! and! Eosin! (H*E)! stained! reference! slides!
from!formaldehyde-xed! paraf!n!embedded!breast! cancer!tissue! blocks! of ! 41! cases!
by! an! experienced! pathologist! (PJvD),! considering! cases! with! nuclear! atypia! score!
3las! PILC.! Use! of ' anonymous! or! coded! left! over! material! for! scienti'c! purposes!
is! al part! of! the! standard! treatment! contract! with! patients! in! our! h@&pitals

DNA extraction

After!de-paraftnization!of !the!slides!by!standard!methods,!the!relevant!area!from!each!
slide! (as!identi’ed! on! corresponding! H*E! stained! sections)! was! scraped! off  with! a!
scalpel'and! suspended!in!lysis! buffer! (Tris!/! HCI! buffer! pH! 8.0! with! Tween).! Then,!
proteinase!K!was!added!(concentration)!and!the!samples!werelincubated!for! 1!hour!at!
56°C.!Afterlthat,!samples!werelincubated!at!95°Clfor!10!minutes'tolinactivate!proteinase!
K.!

Sequencing and mutation analysis

Forl!theldetection!of Imutations,!genomic!DNAlwas!amplited!with!primers!+#anking!
exons!4,15,16,17,18land!9lof 'the! TP53!gene!(Tables!1).!

Exon Sequence

4.1'IFW S5}ICTG!GTCICTCITGAICTGICTCI3}!
4.1IRV 5}IGAC!AGAIAGA TGAICAG!GGG!3
4.2IFW 5HAGCITCCICAG!AATIGCCIAGA!G!3}
4.2IRV SITGAIAGT!CTCIATG!GAAIGCC!3’
5.1IFW 5}ICCG!TGT!TCCIAGT!TGCITTT!ATC!3}
5.1IRV SHGCT!GTG!ACT!GCT!TGT!AGAITG!3’
5.2IFWa SHITCAIACAIAGAITGTITTT!GCC!AACITGG!3}
5.2IFWb SHACAIAGAITGT!TTT!GCC!AACITG!3}
5.2IRVlint 5}IGAGICAAITCAIGTG!AGG!AATICAG!3}
6!FW SITCCICCAIGGCICTCITGAITTC!3}

6!/RV 5}ICTG!ACAIACCIACC CTT!AAC!C!3'
7'FW S5}ICTT!GCC!ACA!IGGT!CTCICCC!AA!3}
7RV 5}IGCG!GCAIAGCIAGAIGGCITGGI3’
8IFW S}ICCTITACITGCICTCITTGICTT!C!3}
8IRV SIITAAICTGICACICCT!TGGI!TCT!C!3’
9IFW SHGTT!ATGICCT!CAG!ATT!CACIT!3}
9IRV SHTGA!GTG!TTAIGAC!TGG!AAAIC!3’

The!PCR!conditions!were!set!up!as!follows;!initial'denaturation!at!94°C!for! 3!min,! 35!
cycleslat!94°Clfor!1Imin!(denaturation),!60°Cl!for!30!sec!(annealing)!and!72°C!for!45!sec!
(extension),!followed!by!alnallextensionlat!72°Clfor!5!min.!' Then,!PCR!products!were!
sequenced!in!both! senseland! antisense! directions! using!the! BigDye! Terminator!v1.1!
sequencing'kitlon! ABI!3130! (Applied!Biosystems,!Foster!City,! CA,!USA)!according!to!
the!manufacturer'slinstructions.!'The!sequences!were!analyzed!using!Mutation!Surveyor!



software!(SoftGenetics,!LLC.,!State!College,!PA,!USA).
Immunohistochemistry

Four!umlthick!sections!were!cutlfrom!the!paraf!n!blocksland!transferred!to!Superfrost<!
slides! (Menzel! and! Glaeser,! Braunschweig,! Germany).! Citrate! buffer! was! used! for!
antigenlretrievalllmmunohistochemistry!was!then!performed!with!almouse!monoclonal!
p53lantibody,!clone!BP53-12-1,!10!mg/mL!stock,!(MU!19BitE&Enex¥San!Ramon,!
CA,!USA;!1:100)!on!an!automated!immunostainer! (Bond-MaX,!Leica,! Bannockburn,!
IL)..! Slides! were! counterstained! with! hematoxylin,! dehydrated,! and! cover-slipped.!
Throughout! the! immunohistochemical! analysis,! negative! controls! were! obtained! by!
omitting!the!primary!antibody!and!staining!of lalcolon!cancer!tissue!with!alverited!p53!
mutation!was!used!as!a!positive! control.! Scoring!of 'the!stained!nucleilwas!performed!
by'anlexperienced!pathologist!(PJvD).!p53!was!regarded'as!accumulated!when! 5" of !
nucIei!were!stained.!p53!was!regarded!as!wild-type!when!approximately!1'!of!nutglei!
showed!expression.! =

apter

Statistical analysis

Chi-Squared!test,! or,!when!appropriate,! Fischer's! Exact! test! was! applied! to! cornspare!
frequencies! between! groups! with! the! SPSS! 15.0! software! package! (IBM),! regarding!
p-values!_0.05!as!signilcant.! E—

Results 99

Welidenti'ed!the! pleomorphic! ILC!variant! using! H*E! staining,! based! on! a! classical!
trabecular! ILC!growth! pattern,!but! with! polygonal! eccentric! pleomorphic! nuclei! and!
more! frequent! mitoses! (cases! with! nuclear! atypia! score! 3).! We! have! not! observed! al
signi'cantlincreaselin!HER2!expression!in!PILC!when!comparing!with!classical'ILClin!
our!lsamples!(data!not!'shown).

Thelrationale!behind!ourlinvestigation!of !p53lin!classic!lILC!and!PILClis!gaining!alnew!
insightlinto!distinctive!gene!alterations!which!give!rise!to!these!two!different!subtypes!
of lILC.

p53 mutations

Tolinvestigate!thelincidencelétb3mutationslin!classic!lLC!and!PILC,'we!performed!
PCR!on!exons!4!-19!(conserved!midregiomPéfifor!41!ILC!cases!(22!classic!ILC!
and!19!PILC).!Direct!DNAlsequencing!was!subsequently!performed!on!PCR!products.!
Overall,'we!detected!11!mutations!(of 'which!1!novel'and! 10! previously!reported)!and!
2lvalidated!polymorphismslin!41!ILC!cases!(Tables!2!and!3).!One!out!of !11!mutations!
was!located!in!an!intron!and! 10! mutations!were!located!in! coding!regions.! Using!the!
freely!available!|ARC!TP53!database,!we!have!scrutinized!the!following;!the!functions!
of 'the!ldomains!in! which!the! mutated! residues! are! located,! the! known! functions! of!
the! wild-type! residues,! the! effect! of | the! mutations,! the! predicted! effect! on! splicing,!
functional! predictions! based! on!the!structure! change!and! previously! reported! tumor!
sites!(Table!2)![18,!19].!
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This! data! summarized! in! Table! 2! allowed! us! to! predict! the! pathogenicity! of! the!
observed!mutations.!We!conclude!that!all!of Ithe!11!mutations!found!could!potentially!
be!pathogenic!based!on!the!mentioned!criterialabove.!

Next,! we! evaluated! the! distribution! of ! these! potentially! pathogenic! mutations! over!
classicland!pleomorphic! ILC!variants.! Eight! of the! 19! PILC! cases! (42.1")! exhibited!
al potentially! pathogenic! mutation! which!is! signitcantly! more! often! when! compared!
to!the! percentage! of | potentially! pathogenic! mutations! found!in! classic! ILC! cases! (3!
mutations!(missense)!observed!in!22!classic!lLC!cases!(13.6!";!p€0.05))!(Table!4).!We!
have!also!observed!two!previously!reported!and!validated! polymorphisms!among!our!
samples.!'Theselwereldistributed!similarly!over!the!classicland!pleomorphic!lLClvariants!
(Table!3).!

Genomic  Aminoacid Domain Predicted Effect Observed in SS

$  Location Descripion  Change Function® Effect? on Splicing? O
e

<

1 Exond  g.11339G{A 36P{P Transactivation Silent NA 3IPILCland!3!ILClcases 5

2 Exond  .11446C{G@  72P{R SH3-like/Pro-rich  Missense New!Site 11IPILCland!18!ILClcases

Table!3p53 mutation analysis results of Classic and Pleomorphic Lobular Breast Cancen §$] (Version of

the database; R15, November 2010)

a Several studies showed its association with breast cancer in different populations.

b Domain Function; Function of the domain in which the mutated residue is located.

c Effect; Effect of the mutation. The terms occurring in this column are: missense (change of one amino-acid) and
silent (no change in the protein sequence).

d Predicted Effect on Splicing; This is the predicted effect of the mutation on splicing based on two splicing
prediction tools NNSPLICEO.9 and HSF V2.3. No signi"cant change: no change in the wild type splice

motif. New site: the mutation created a splice motif not present in the wt sequence. Site broken: the mutation
removed a splice motif that was identi"ed in the wt sequence. (NA=Not available)

p53 expression and accumulation

p53! immunbstaining! was! performed! to! investigate! the! correlation! of! mutational!
status!and!effects!on!protein!expression.!Immunohistochemistry! scores!and!mutation!
data! of! each! case! are! summarized! in! Table! 2.! We! observed! a! variation! in! the!
immunohistochemistry!scores!of Ip53lin!both!pleomorphic!and!classic!cases.!Ininormal!
breast!tissue,!p53!staining!islobserved!inlalsmall'percentage!(approximately!1')!of lthe!
cells.!' Therefore,!5' positivity! was! chosen!as!al value!to! distinguish!normal,! wild-type!
p53!expressionland!mutated!p53!overexpression.!Overall,!9/41!cases!(21.9")!showed!
p53!accumulation,!while!6!cases!showed!absence!of lexpression.!Of Ithese!15!cases,! 6!
were!lLCland!9!PILC!(p”0.157).!Inlconclusion,!p53!accumulation!was!not!associated!
exclusivelylwith!alspeci'c!ILClvariant.
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Potentially!Pathogenic!p53!
Mutations

<
ClassiclLC  3!(13.6!) 19/86.4")  Totall22
PILC 81(42.11) 11(57.9")  Totall19

Table!4Correlation of potentially pathogenic p53 mutations and Classic and Pleomorphic Invasive
Carcinomas (p < 0.05 *)

Correlation of p53 accumulation and mutation

Becauselallarge!body!of !literature!has!shown!that!p53!accumulation!can!be!caused!by!
mutations!linfP53!we!set!out!tolinvestigate!the!correlation!between!p53laccumulation!
and! mutation.! In! total,! 5! out! of ! 9! cases! that! showed! p53! accumulation! based! on!

immunohistochemistry'harbored!mutations!(Table!5).!
A) B)

1000 m 1000 m

C) D

Figure!1p53 expression in PILC. A-D. Representative examples of p53 expression of PILC cast
wild-type; 1% positive nuclei (b) no expression and absence of mutations (c) ‘g.12368C>A" mutatiol
in 100% p53 overexpression (d) ‘g.13440C>T’ mutation occurring in an intron site and resulting in
of p53 expression

Interestingly,!we!detected!potential! pathogenic!mutations!in!4!of Ithe! 32! cases!without!
p53! accumulation! (wild-type! staining! <! 0'! staining)! (p”0.01),! while! 1! of! 6! cases!
showed!a!pathogenic!mutationlin!thelabsence!of |p53!staining!(0'!staining).'However,!
the!5!remaining!cases!with!0'lstaining!had!one! of 'the!two!validated! polymorphisms!
(Number! 2!in! Table! 3).! In! summary,! we! observed! a! signicant! correlation! of ! p53!
accumulation!with!potentially!pathogenic!mutations!(Table!5).!



Mutations!causing'a!predicted!defectlin!p53!structure

<

p53! - 32 0
Accumulation 4 5

Table!5Correlation between p53 mutations that give rise to a non-functional structure and p53 acct

Discussion

PleomorphicllLClwas!"rstldescribed!in!1982laslalvariantlof lin'ltrating!lobular!carcinoma!
[20].!Even!though!the!morphology!of |PILC!with!high!nuclear!atypialis!distinctive,!its!
feature! of  high! frequency! of | multicentrity! and! bilaterality! seem!to! be! similar! to! the!
classic!ILC![21].' The!report! of ! Weidner!and! Semple! (1992)!is! one!of ! several!repgrts!
demonstrating! the! aggressive! clinical! behavior! and! poorer! prognosis! of! patights!
with! PILClinlcomparison!to! patients!with! ILC![9].! Therefore,! despite! the! similaritigs!
between!them,!the!question!mark!on!the!genetic!pathways!through!which!each!vgBant!
evolves!stilllremains.! TRES3tumor! suppressor! genelhas!been! anlinteresting! targe}!
tolinvestigatelinlinvasive!breast!cancer!sincelitlis!very!frequently!altered!in!otherthuman!
cancers![22].!Many!research!groups!havelinvestigated!the!distribution!of |p53!mutations!
and!its!correlation!with!immunohistochemistry!in!invasive!carcinomas![23-27]!but!lf§§a!
focusing!on!different!variants!ofILC!are!limited.! Therefore!our!aim!was!to!study'thée!
mutationallstatus!of !p53liniclassicland!pleomorphic!lLC!to!gain!albetterlunderstanding!
of! the! molecular! changes! occurring! in! this! gene,! which! possibly! contribute! to! the!
developmentlof ltheselsubtypes!and!the!potentiallof litlas!altool!to!differentially!diagnose!
ILClverstRILC.
In!the!present!work,!we!studied!41!ILC!cases!for!p53!mutations!and!accumulation!in!
relation!to! the! classic! and! pleomorphic! variants.! Eleven! mutations! were! detected! in!
41!cases!studied!(26")!'whichlis!in!line!with!the!literature!which!states!that!the!overall!
frequency! of ! p53! mutations!in! breast! cancer!is! approximately! 20'! [28].! Almost! all!
the! observed! mutations! locate! in! the! highly! conserved! DNA-binding! domain! of!
the! protein! [18]! (Table! 2).! Interestingly,! our! mutation! analyses! reveal! that! PILC! is!
associated!with!a!higher!frequency!(42.1!")! of  potentially! pathogenic! p53!mutations!
compared! to! ILC! (13.6! ').! Even! though! some! of! these! potentially! pathogenic!
mutations! (4! out! of ! 11! mutations)!do! not!result!in'an!amino! acid! change,! they! have!
been!reported!beforelin!different!solid!tumorslincluding!breast!cancer![18].ITheselsilent!
mutations!are!of ! particular!interest.!It'has!already!been!known!for! decades!that!non-
transforming! mutations! can!affect!the! protein! production!and!therefore!the!function!
by!interfering! with!various! phases! of I transcription! and! translation![29].! Examples! to!
possible! scenarios! adethierference! with! the! editing! of! a! gene! transcript! if ! silent!
mutations!occur!in!codons!that!contain!splicing!enhancers!responsible!for!the!proper!
removal! oflintrons,! or!ii)! interference! with! the! stability! of! mRNA! by! preventing!
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correct!folding;!thus! affecting! the! speed! of ! translation! of I the! protein! as! well! as! the!
degradation!of 'the!mRNA.!Strikingly,!Lamolle!et!al.!recently!showed!that!all'reported!
non-transforming! mutations! of ! p53!which!are!documented!in! p53!somatic! mutation!
databaselarelpreferentially!located!in!conserved!amino!acid!positions,'which!may!depict!
theirlimportance![30].! The!majority!of lthese!mutations!were!found!as!single!mutations,!
solnever!associated!with! other!mutations!in!p53!gene,!and!they!tended!to! be!located!
inside! suspected! splicing! enhancers.! Interestingly,! silent! mutations! observed! in! our!
study'alsolexistlas!single!mutations!and!locate!eitherlinlan!exposed!residue!of 'the!DNA-
binding!domain!or!cause!alpredicted!change!in!splicing.!Moreover,!silent!mutations!in!
p53!may!also!lead!to!a!functional'response!by!interfering! with! binding!to! MDM2.!In!
this! scenario,! single!silent! point! mutations!in! p53! mRNA! can! disrupt! its! binding! to!
Mdm2!resulting!inlaberrant!p53!synthesis!and!degradation![31].! This!failure!in!binding!
islshown!to!reduce!p53lactivity,'thereby!supporting!the!notion!that!silent!p53!mutations!
canl!affect!p53!function.!Therefore,!welthink!that!our!observationlis!noteworthy!and!in!
thellight!of Irecent!discoverieslinlthis!'eld,!assumptions!on!non-transforming!mutations!
should!be!made!carefully.!'We!have!also!observed!two!previously!reported!and!validated!
polymorphismslin!alhigh!numberlof lourlcases!with!no!signi’cant!preference!forleither!
ILC!variant.!Of Inote!is!the!fact! that! these! polymorphisms!were! shown!to! be!related!
with!cancer!susceptibility![18].!Especially!thelamino!acid!change! 72P{R!(Table!3)!has!
been!shown!to!belassociated!with!breast!cancer!susceptibility![32-36].!
The!observation!of !this!signifcantly!increased!frequency! of | pathogenic! mutations!in!
PILC!-morelthan!half!of lwhich!do!probably!givelrise!to!alnon-functionallprotein!based!
onlpredictions!of lcomputerlmodels!and!for'somelbased!onlliterature!(Table!2)-lislalsolin!
line!lwith!mouse!studieslinlwhich!stochastic!somaticlinactivation!of !p53!and!E-cadherin!
in'thelmammary!gland!induced!the!development!of!mouse!PILC![16].!For!some!of Ithe!
observed!potentially!pathogeniclmutations,!predictions!on!functionlof lthe!protein!were!
not!available.!However,lit'would!not!'be!unexpected!if lthere!were!activating!mutations!
among!them!since!mutant!p53!protein!can!also!have!aldistinct!function!in!cancer!such!
as!promotinglinvasion!and!metastases![37].

Another! observation! in! this! study! was! the! signi’cant! correlation! between! p53!
accumulationland!transforming!pathogenic!mutations!independent!of lany!ILClvariant.!
The!positive!correlation!between!p53laccumulation!and!mutations!were!made!by!other!
groups![4,'38-40]'although!not!by'all[41,!42].!Itlislapparent!that!the!correlation!between!
accumulation! and! mutations! also! depends! on! the!in+uence! of ! the! mutation! on! the!
half-life! of Ithe!protein.!Most!mutant!forms!of Ip53!have!a!longer!cellular!lifeland!are!
thereforelrecognized!by'antibodies!whilelotherslare!not.!This!can!explain'our!differential!
observation!of !p53!accumulation!when!all!mutations! are! counted.! Almutation! might!
causelalmisfoldinglof lthelprotein!structure!(suchlas'the'above!mentioned!silent!mutations!
restinglin!splicing!enhancers!or!playing!alrole!lin'mRNA!stability)!or!a!truncation!that!
affects!the! epitope!thatlis!recognized! by!the!antibody.! We! have! also! observed!a! case!
with!p53laccumulation!but!no!mutations.!Anlexplanation!for!this!may!belthe!possibility!
of 'mutations!that! are!located! outside! of I the! investigated! exons.! Interestingly,!a! high!



percentage! of | p53-negative! cases! showed!a! polymorphism!in!residue! 72,!'a! mutation!
that!has!beenlimplicated!inlenhanced!targeting!for!/degradation![43]!providing!al!possible!
explanation!for!lthe! p53! negativity!in! these! cases.! However,! based! on! published! data!
and!our!results,!we!can!conclude!that!p53!/immunostaining!does!not!always!re+ect!the!
geneticlalteration!and!vicelversa;lthelexistence!of lalmutation!does!notlalways!lead!to!p53!
accumulation!orlcomplete!lack!of lexpression.

In! conclusion,! the! clinically! more! aggressive! pleomorphic! variant! of ! ILC! bears! a!
signi'cantly! higher! frequency! of! p53! mutations! compared! to! the! classic! variant,!
Moreover,!sincelinactivation!of!p53!and!E-cadherinlin!mice!leads!to!the!development!
of IPILC,!welenvisage!that!p53!mutations!may!play!alrolelin!carcinogenesis!of !PILC.
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Abstract

Atlpresent,!10-15'1of Ibreast!cancer!patients!present!with!invasive!lobular!carcinoma!
(ILC)which!differslfrom!ductallcarcinomaslin'terms!of Ibiology, histology!and!response!
toltherapy.'Theldiseaselis!clinically!dif!cultitoldiagnoseland!has!relatively!poor!prognosis.!
Evenlthoughl!therelarelcrucial!'molecularlaberrations!associated!with!ILC!(suchlas!loss!of !
CDH1),linvestigations!regarding'the!molecular'events!underlying!ILC!development!and!
progressionlisllimited.!Along'thelspectrum!of lILC,!severallvariants!have!been!described!
suchlasl!the!classic!subtypeland!thelrare,!morelaggressive!pleomorphic!subtype.!Albetter!
understanding! of 'the! molecular! pathways! governing!the! etiology! of ' ILC! subtypes!is!
needed'to!develop!new!diagnosticland!therapeutic!targets.!

In!order!to! gain! morelinsight!in! the! genetic! pro'le! of ! these! two! ILC! subtypes,! we!
performed! multiplex! ligation-dependent! probe! ampli'cation! (MLPA)! copy! number!
analysis!forlalset!of lestablished!breast!cancer!'tumor!suppressors!and!oncogenes!in!27!
classicland!12!pleomorphic!ILC.!
Overall,!'we!observed!fewer!copy!number!changes!in!classic!than!in!pleomorphic!ILC.!
Amplitcations! of ' FGFR1,! ADAM9,! PRDM14,! MTDH,! TRAF4! and! MED1! were!
signi'cantly!more!frequent!in! pleomorphic! ILC.!Unsupervised!hierarchical! clustering!
revealed!that!pleomorphicl!lLC!clustered!partly!with!classic!llLC!and!partly!withlinvasive!
ductallcancers.

In!conclusion,!copy!number!changes!for!a!set! of | established!breast! cancer!genes!are!
more! frequent!in! pleomorphic! ILC!than!in! classic! ILC,! compatible! with! their! more!
aggressive! clinical! behaviour.! Moreover,! cluster! analysis! suggested! that! classic! and!
pleomorphic! ILC! may! represent! separate! entities,! pleomorphic! ILC! being! an! entity!
molecularlylin!between!classic!lLC!andlinvasive!ductallcancer.



Introduction

Afterlinvasive!ductal!cancer!(IDC),!the!second!most!prevalent!histologic!breast!cancer!
typelis!invasive! lobular! breast! cancer! (ILC),! which! accounts! for! approximately! 15'!

of! all! breast! cancers! [1].! ILC! differs! from! IDC!in! terms! of! clinical! presentation,!
biology,! histology! and! response! to! therapy.! Based! on! their! molecular! pro'le,! ILCs!
are! usually! “luminal”! type! breast! cancers! expressing! estrogen! (ER)! and! molecules!
involved! in! ER! activation! including! the! progesterone! receptors! (PR)! [2,! 3].! With!
increasing! histological! grade,! ILCs! become! resistant! to! endocrine! therapy! once! the!
hormone!receptor! expression!is!lost! [4].! As! al consequence,!they! are!less! susceptible!
forlstandard!chemotherapy!regimens!and!targeted!therapies!against'EGFR!due!to!low/
absent!EGFR!expression![4,!5].!In!addition,!there! are! several! studies! supporting! that!
ILC!has!alworse!prognosis!compared!to! IDC![6].! Altogether!these!data!underline!the!
importance!of!linvestigations!regarding!the!molecular!events!underlying!lobular!breast!
cancer!development!and!progression.! ™~
ILC!has!severallvariants, 'the'two'most'common'ones'belng'the'classm'and'pleomogphlc'
types.!Classic!ILC!islcomposed!of 'smalllregular! cells!with!frequently!intracytoplagnic!
vacuoles,!small!nuclei!in!a!highly!in'!Itrative!growth!pattern!with!dissociated!cells@nd!
single!(“indian”)!"les,'oftenlin!targetoid!patterns!around!uninvolved!ducts,!land!with!low!
mitotic!rate.! The!pleomorphic!variant!exhibits!the!growth!pattern!of !classical!'ILClbut!
with!polygonal,!eccentricland!highly!pleomorphic!nucleilwith!nucleoli,!and!usually!more!
mitoses![7].! The!frequency!of Ithese! subtypes!among!all! ILC!cases!is! suggested‘!@é! be!
approximatelg0'!for!classic!ILC!and!10'!for!pleomorphic!ILC![8,!9].!Pleomorphic!
ILC!has!been!established!to!have!a! poorer! prognosis![10].! Moreover,! several!reports!
suggested!that!pleomorphic!lLC!shows!similar!characteristics!tolhigh!grade!IDC!rather!
than!to!ILC![11,!12].!In!general,!investigations!on!molecular!similarity!and!differences!
of Iclassic!and!pleomorphic!ILCs!are!limited!which!hampers!the!understanding!of !the!
differential! progression! of  these! subtypes.! Moreover,! this! knowledge! could! provide!
newlinsightlinto!diagnostic!criterialand!response!to!therapy!of ILC!patients.
Solfar,lvariousloncogeneslandtumor!suppressorsthavelbeen!demonstrated!to!belinvolved!
in! carcinogenesis,! progression! and! therapy! response! of linvasive! breast! cancers! such!
as!HER2,!TOP2A,!ESR1,!MYC,!CCDN1!and!CDH1!(detailed!information!in! Table!
1).!Analysis!of lcopy!number!changes!of Ithese!genes!might!be!valuable!for'molecular!
pro'linglof differentlsubtypes.Multiplexlligation'dependent!probelamplitcation!(MLPA)!
islalPCR!based!high-throughput!technique!that!can!well'be!used!for!'this!purpose.!With!
this!technique,! copy! number! of Imultiple! genes! can! be! determined! simultaneously!in!
alquantitative!way!and!it!is!ideal'when!using! DNA!lextracted!from!paraf!n!embedded!
materiallsincelitirequiresivery!smalllquantities!of ((fragmented)!DNA.!Inlprevious!studies!
welestablished!the!reliability!and!reproducibility!of !this!technique![13,!14].
With!thelaim!tolincrease!the!currentlawareness!onlkey!molecularlaberrations!associated!
geneslinlalgroup!of!classicland!pleomorphic!lLClcases.! Thelanalysis!'was!done!with!the!
“breast!cancer!MLPAIKit”!whichlincludes!probes!forlESR1,!/EGFR,!FGFR1,/ADAM9,!
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Gene

ESR1

EGFR!

FGFR1!

ADAMO9!

IKBKB!

PRDM14!

MTDH!

MYC!

CCND1!

C11orf30!

CDH1!

TRAF4!

CPD!

MED1

ERBB2!

CDcCe6!

TOP2A!

MAPT!

BIRCS5!

CCNE1!

AURKAL!

Chrom.Pos.

06425.1

07p11.2

08p11.23

08p11.23

08p11.21

08q13.3

08g22.1!

08q24.21

11q13.2

11q13.5

16022.1

17911.2

17q11.2

17921.2

17q12

17921.2

17921.2

17921.31

17925.3

19q12

20q13.31

$Probes
2

Description of the Gene Product Ref.

Estrogenl!receptor!l;!transcription!factor;! [43]
primarily!'essential!for!'sexual!development,!
reproductivel!function

Epidermal!growthlfactorlreceptor;!celllsurface! [44]
receptor!tyrosinelkinase involved!in!signal!
transduction

Fibroblastlgrowth!factorl;!receptor!tyrosine!  [32]
kinase involved!linlsignal!transduction

Disintegrin and!metalloproteinase!domain! [32]
containing!protein!9;lenzymelinvolved!in!
cell-cell,!cel-matrix!interactions,!protein!
metabolism

Inhibitior of!lkappaB kinase beta;! [29]
serine/threonine kinase involved!in!signal!
transduction

PR!domain!zinc!finger!protein!14;tlinvolvelin! [45]
regulation!ofltranscription

Metadherin;lalproteinlinvolved!inl!invasion!and[46]
metastasis

Transcription!factor!playing!alrolelin!proliferatiga?]
andl!apoptosis

G1/S-specificlcyclin-D1;linvolved!in!regulation![48]
oflcelllcycleland!signalltransduction

ProteinlEMSY:;linvolved!in!regulation!of! [48,149]
transcription

E-cadherin;linvolved!inladhesion!and!signal! [28]
transduction

TNF!receptor-associated!factor!4;!involved!in!délll]
proliferation,!apoptosis!and!signal!
transduction

Carboxypeptidase D;llanlenzymelinvolved!in! [51]
proteinlmetabolism

Mediator!oflRNA!polymeraselllltranscription! [52]
subunit!1;linvolved!in!regulation!of!
transcription

Human!Epidermal!growth!factor!Receptor!2;! [15]
receptorltyrosinelkinase involved!inlsignal!
transduction

Cell!Division!Cycle!6;linvolved!inlregulation!of![37]
celllcycleland!signal'transduction

DNA!topoisomerase 2-alpha;linvolved!in! [53,!54]
controlling!the!topologic!states!ofiDNA!
during!transcription

Microtubule-associated!protein;linvolved!in!  [55,156]
stabilization!oflmicrotubules

Survivin;linvolved!in!regulation!oficelllcyclelan{®7]
apoptosis

G1/S-specificlcyclin-E1;linvolved!in!regulation![58]
oflcelllcycleland!signalltransduction

Auroral!Alkinaséserine/threonine kinase [59]
involved!linlsignal!transduction

Table!1Probes of the P078-B1 MLPA kit (MRC Holland) (modi“ed from [15])



IKBKB,!PRDM14,!MTDH,!MYC,ICCND1,!C110rf30,/CDH1,'TRAF4,!CPD,!MED1,!
ERBB2,ICDC6, TOP2A,MAPT, BIRC5,/ICCNE1land!AURKA.!Asldescribed!previously!
[15],theselgenesiwerelselected!based!onltheirlprognosticland/orltherapeuticlimplications!
inlbreast!cancer,!or!theirlprovenl!frequent!copy!numberlchange!by!comparative!genomic!
hybridization.

Materials and Methods
Patients

Tissue! samples! of! ILC! patients! were! gathered! as! described! previously! [16];! and!
comprised! archival! material! from! 39! breast! cancer! patients! with! ILC! (27! classic! and!
12!pleomorphic)!collected!from!the!Pathology!departments!of Ithe!University! Medical!
Center!Utrecht,!Utrecht,!land!Radboud!University!Nijmegen!Medical!Centre,!Nijmegen,!
the! Netherlands,! and! the! Institute! of | Pathology,! Paderborn,! Germany.! Classic! and!
pleomorphic! subtypes! were! identited! on! Hematoxylin! and! Eosin! (H*E)! stained!
referencelslides!from!formaldehyde-"xed!parafinlembedded!breast!cancer'tissue!bipcks!
of !41!cases!by!an!experienced!pathologist!(PJvD),!considering!cases!with!nuclearf_' ypia!
score!l3las!pleomorphic!lLC.!Uselof lanonymous!or!lcoded!leftlover!material'for!scieg'c!
purposeslislalpart!of lthe!standard!treatment!contract!with!patients!inlourlhospitals[17].

DNA extraction —

After!deparafnization!of!the!slides!by!standard!methods,!the!relevant!area!from!gggh!
slide! (as!identi’ed! on! corresponding! H*E! stained! sections)! was! scraped! off  with! a!
scalpelland!suspended!in!50-100!ulllysis!buffer!(Tris-HCL!pH!8.0!with!0.5!""Tween!20).!
Afterlthat,!proteinase!K!(1mg/ml)was!added!toleachlsample!landlincubated!overnight!at!
55°C.!INextlday,!all'the!lsamples!werelincubated!at!100°C!for!10!minutes.!Following!this!
process!thelsamples!were!centrifuged!at! 14000!rpm!(4°C)!for!30!minutes,!after!which!
thelsupernatant!was!collected!and!stored!at!-20°C.

Multiplex Ligation-Dependent Probe Ampli“cation

MLPAlwas!performed!as!described!previously![15].\DNAlwas!used!forMLPA!analysis!
according! to! manufacturers’! instructions,! using! the! P078-B1! kit! (MRC! Holland,!
Amsterdam,! the! Netherlands).! Table! 1! summarizes! the! contents! of! this! kit.! All!
tests! were! performed! in! duplicate! by! PCR! (ABI! 9700;! Applied! Biosystems,! Foster!
City,!CA,!USA)!and! PCR! products!were!analyzed! on!an! ABI730! capillary! sequencer!
(Applied!Biosystems).!Gene!copy!numbers!were!analyzed!using!Genemapper!(Applied!
Biosystems)!and!Coffalyser!(version!7.0)!software!(MRC-Holland).!For!genes!with!more!
than!one!probe!presentlin!the!kit,!the!mean!of!all'the! probe! peaks!of Ithis!gene!was!
calculated!in!duplicate.!If lthe!mean!value!was!below!0.7'the!respective!gene!was!dened!
as!lost,!lalvalue!between!0.7!and!€1.3!was!de'ned!as!normal,!a!value!between!1.3!and!
2.0'as! low-level' ampli'cation! and! values! {2.0! as! high-level! ampli’ed,! as! previously!
established![18,!19].!



114

Statistics

Frequencies!of lcopylnumber!changes!were!lcompared!between!classic!and!pleomorphic!
ILC!by!Chi-square!analysis!(SPSS),!grouping!low!and!high!levellamplitcations.!Median!
number!of!copy!number!changes!of!classic!and!pleomorphic!ILC!werelcompared!by!
Mann-Whitney!(SPSS).!P-values!below!0.05!were!considered!signi’cant.
Unsupervised!hierarchicallclusterlanalysis!(Euclidean!distance,!averagellinkage!analysis)!
was!performed!using!the!open-source!R!statistical!software!(http://www.r-project.org)!
as!before![20,!21].

First,!clustering!was!performed!on!the!classic!and! pleomorphic! ILC!cases!to!identify!
gains!and!losses!patterns!for!these!entities.! Thereafter,!we!performed!alsecond!cluster!
analysis!including!39!IDC!from!a!previous!study'!analyzed!with!the!lsame!MLPA!Kkit![22]!
tolinvestigate!whether!pleomorphic!lLC!clusters!with!classic!ILC!or!rather!with!IDC.

Results
Ampli"cations and losses in classic and pleomorphic ILC

As!shownl!in! Table! 2,!alll analyzed! genes! were!involved!in! copy! number! alterations,!
mostly!as!ampli'cations!with!varying!frequencies.! Ampli'lcations! (low!and!high!level)!
were!most! frequently! observed!in!genes!located! on! chromosome!8!such!as! CCDN1!
(11/39;!28"),!MTH!(10/39;!26"),'and!PRDM14!(10/39;!26")!and!genes!located!in!
chromosome! 17,!suchlas! CDC6!(12/39;!31"),!and! ERBB2! (8/39;! 20").! The! most!
commonlloss!was!observed!in!lCDH1!(11/39;128").!Losses!forlother!genes!were!either!
not!presentlor!very!rare!such!as! AURKA!(3/39;!BGFR!(1/39;!3"),!CPD!(1/39;!
3"),'and!MAPT!(1/39;!3").!
Table!2land!Figures!1land!2!re+ect!the!copy!number!changeslin!classicland!pleomorphic!
cases.! There! was! al striking! difference!in! the! frequency! of lamplitcations! and! losses!
betweenlthese!two!ILC!subtypes.!In!general,!athigher!frequency!of low!(ratio{1.3)!and!
high!level! (ratio{2.0)!level'ampli’cations! was! observed!in! pleomorphic! compared!to!
classic!ILC!(Figure!2).!0Only!two!genes!showed!high!levellamplications!in!classic! ILC!
although!rarely;! FGFR!(2/27;! 7")!and! CDC6! (1/27;! 4").!In! classic! ILC! cases,! the!
mostlfrequentlylampli’ed!(high!and!low!level)lgene!was!CDC6!(7/27;126")followed!by!
CCND1(5/27;119".Inlgeneral,lthelgenesllocated!onichromosome!8(FGFR1,!/ADAM9,!
IKBKB,!PRDM14,!MTDH!and!MYC)!and!some!of Ithelgenes!located!on!chromosome!
17!/(MED1,!ERBB2,!TOP2A,!MAPT,!BIRC5)!showed!copy!'number!gains!(Figurel1A).!
The!same! held! true! for! the! pleomorphic! cases,! but! the! frequency! of lamplitcations!
(high!and!low)! for! most! cases! was! approximately! 3-4!times! higher! compared!to! the!
classic! ILCs! (Figure! 1B,! Figure! 2),!and! ampli'cation! frequencies! forlamplited! genes!
were!mostly!higher!than!30'.!1ADAM9!(6/12;!50"),!'MTDH!(6/12;!50"!'and!CCND1!
(6/12;150",'allllocated!on!chromosome!8,!showed!the!highestlampli'cation!frequency!
within! our! study! population! (observed!in! half! of the! pleomorphic! cases).! PRDM14!
and! CCND1! were! the! genes! showing! most! frequently! high! level! amplitcation! in!
pleomorphiclcases!with!alfrequency!of14/12!(33").!



All cases Classic ILC Pleomorphic ILC p-value*

Amp. High Level Loss Amp.  HighLevel Loss Amp. HighLevel Loss

e e Amp.O®) () () Amp.CH (6 6 Amp.(6) (%)
ESR1 8 0 0 11 0 0 0 0 0 0.47
EGFR 5 0 0 4 0 0 8 0 0 0.47
FGFR1 20 13 3 11 7 0 42 25 8 0.04
ADAM9 20 5 0 7 0 0 50 17 0 0.02
IKBKB 20 8 0 11 0 0 42 25 0 0.08
PRDM14 26 10 0 15 0 0 50 33 0 0.02
MTDH 26 8 0 15 0 0 50 25 0 0.02 ~
MYC 18 5 0 11 0 0 33 17 0 0.1 E
CCND1 28 10 0 19 0 0 50 33 0 0.08 'S_
Cl1orf30 8 3 0 7 0 0 8 8 0 0.4 f_—U
CDH1 0 0 28 0 0 22 0 0 41 O
TRAF4 18 0 0 7 0 0 42 0 0 0.00
CPD 0 0 3 0 0 4 17 0 0 0.08 T
MED1 18 5 0 7 0 0 42 17 0 0.04 115
ERBB2 20 8 0 11 0 0 42 25 0 0.1
CDC6 31 8 0 26 4 0 42 17 0 0.1
TOP2A 18 3 0 11 0 0 33 8 0 0.08
MAPT 20 0 3 15 0 4 33 0 0 0.1
BIRCS 20 0 0 15 0 0 33 0 0 0.1
CCNE1 3 0 0 11 0 0 8 0 0 0.3
AURKA 0 0 8 4 0 4 0 0 17

Table!2.!Fequencies (represented as percentages) of low level ampli“cation (ratio>1.3), high level ai
(ratio>2.0) and loss (ratio<0.7) for all 21 genes analyzed by MLPA for 39 invasive lobular breast
patients (27 classic and 12 pleomorphic ILC). (for references see Tablel). Amp=Ampli"cations. * cl
analysis classic vs. pleomorphic ILC, grouping high and low level ampli"cations.

The!most!frequently!lost!region!in!pleomorphic! ILC!was! CDH1!with!a!frequency!of !
5lout! of I 12! patients! (41");! this! was! almost! two! times! more! frequent! compared! to!
classic! cases.! There! were! on! average! 6.25! ampli'lcations! per! patient! (range! 0-17! of !
the!21linvestigated!genes)!for! pleomorphic! ILC!patients!of lwhich!2.5!were!high!level!
amplilcations! compared! to! 2! ampli'cations! per! patient! for! classic! ILC! patients! of!
which!0.1!were!high!levellampli'cations.
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A) Copy number changes in Classic ILC
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Figurel@opy number changes in Classic (A) and Pleomorphic (B) ILC

Except!for!two! classic! ILC!samples,!thelanalyzed! genes!were!neverlampli’ed! or!lost!
alone.!Interestingly,! 4! out! of ! 12! (33")! pleomorphic! ILC! showed! amplications! for!
all'six!chromosome! 8! genes!which!were!accompanied!by!the!ampli'cations! of  some!
genes!located! on!chromosome! 17.! This!was! not! observed!for! classic! cases.! For! one!
pleomorphiclcase!(8")!both!genes!on!ichromosome!ll!werelampli’ed!whereas!thislwas!
the!lcasel!for!two!patients!(7")!inlthe!lclassic!group.!
As!shownlin!Table!2,!copy!number!changes!(lumping!low!and!high!levellamplitcations)!
werelsignilcantly!different!betweenl!classicland!pleomorphic!lLClfor!the!genes!FGFR1,!
ADAM9,!PRDM14,!MTDH,!'TRAF4!land'MEDL.

Cluster Analysis

Unsupervised'hierarchicallclustering'analysis!of Iclassicland!pleomorphic!cases!showed!a!
separate!gene!cluster!consisting!of ICCND1!(chromosome!ll)land!FGFR!(chromosome!
8)!(Figure!3).!Alllof 'the!remaining!chromosome!8!genes!(ADAM9,!IKBKB,!PRDM14,!
MYC)!werellocated!in!alsecond!cluster!land!within!thelsame!subcluster.!



After!thelanalysis,!there!were!two!major!clusters!observed! (Figure!3).! The!'rst!cluster!
wasl!characterized'by!allow!frequency!of !gains!and!contained!alllthe!classic!cases!(twenty!
seven)!exceptloneland!six!pleomorphiclcases.!Thelsecond!cluster'was!characterized!by!a!
high!frequency!of!gains!and!mainly!composed!of Ipleomorphic!cases.!
Alsecond!clustering'analysislincluding!39!IDC!(Figure!4)!revealed!alseparate!gene!cluster!
consisting!ofIERBB2,!FGFR!and!CCND1.!Reasoning!from!thelcases,!two!clusters!were!
observed.!Onelcluster!was!characterized!by!a'high!frequency!of !copy!number!changes!
and!contained!mainly'high!grade!IDC!(12!grade!3,!3!grade!2!and!1!grade!1!tumor)!and!
most!pleomorphiclcases..!Inlcontrast,!the!second!cluster!'was!composed!of !classic!ILC,!
and!low-grade!IDC!(3!grade!l,!8!grade!2!and!12!grade!3!tumors).

Comparison of Amplifications

0 Il Classic ILC
3 Pleomorphic ILC
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Figure2@omparison of ampli"cations between Classic and Pleomorphic ILC

Discussion

Thelaim!of Ithis!study!was!to!study!copy!number!changes!of !alset!of lestablished!breast!
cancerlgenes!associated!with!classicland!pleomorphic!ILC!by!MLPAlanalysis.!Aberrant!
regulation!of lgene!function!through!copy!number!changes!may!play!a!crucial!role!in!
oncogenelactivationland!tumor!suppressor!genelinactivation!and!actlas!the!driving!force!
oflcarcinogenesis.!

In! our! analysis,! all! patients! showed! at! least! one! copy! number! change! (loss! or! gain)!
representing!the!high!genomiclinstability! of these! patients,!and! the! suitability! of ! this!
breast!cancer!MLPA!kit.! These!alterations!were!observed!in!alllof Ithelanalyzed!genes!
withlvarying!frequenciesland!thelalterations!were!mostly!llow!or!high!levellamplifcations.!
Losses!werelalsolobserved!and!the!most!frequently!lost!gene!was!CDH1,!the!locus!for!
E-cadherin![23].! Indeed,! loss! of | E-cadherin! expression! by! allelic! loss,! mutations! or!
promoter'hypermethylationlis!lknown!to!be!the!most!characteristic!feature!of lILC![24,!
25].'E-cadherinlislinvolvedlinladhesionland!previouslresearch!showed!alstrong!correlation!
betweenlloss!of IE-cadherinlexpression!andlinvasion![26,!27].!Interestingly,'welobserved!
approximately! two! times! more! frequent! E-cadherin!loss! (41")!in! pleomorphic! ILC!
compared'tolthelclassiclcases!(21")!supporting'the!recently!published!study!of IDerksen!



Figure!3Wnsupervised hierarchical clustering analysis of classic and pleomorphic cases
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Figure!4lnsupervised hierarchical clustering analysis of ductal and pleomorphic ILC case



et!al.!'where!the!authors!demonstrated! that! somatic!loss! of ! E-cadherin!together! with!
p53!lead!to'human!pleomorphic!lLC-like!tumors!in!mice![28].!

Ampli'cations! (low! and! high! level)! were! 3-4! times! more! frequent! in! pleomorphic!
ILC!compared!to! classic! ILC.!Half!of 'the! pleomorphic! cases! showed!ampli’cations!
in!l ADAM9,! MTDH!and! CCND1!which!all!'locate! on! chromosome! 8.! ADAM9!is! a!
metalloprotease!involved!in! cell-cell,! cell-matrix! interactions! and! protein! metabolism!
[29].!Sincel ADAMOlis!highly!expressed!inlcancer,!including!breast!cancer!and! ADAM9!
was!shown!to!promote!cancer!celllmigration,!!itlislan!attractive!target!for!therapy![30].!
Metadherin! (MTDH)!is! involved!in! signal! transduction! and! promotes! metastases!in!
breast!cancer![31].!Moreover,lits!activation!was!associated!with! chemo!resistance!and!
poor!prognosis![31].! The!biologicalleffect!land!functionallimportance!of lADAM9!and!
MTDH!amplilcations!in!pleomorphic!ILC!cases!remains!to!belinvestigated.! CCND1!
encodes!for! Cyclin!D1!which!plays!an!important!role!in!the!cell! cycle,!was! shown!to!
promote! ER-mediated!geneltranscription![32]!and!is!frequently!expressed!in! ILC32,!
33].!t'would!be!worthy!tolinvestigate!the!linvolvement!of | Cyclin! D1!in!the!regulatign!
of | ER! associated! hormone! sensitivity! in! ILC! further.! Another! frequently! ampli'éal!
region'in!pleomorphic!lLC!was'ERBB2, !encoding!for!HER2.!HERZ!ampIi'!cation!alﬁ!
overexpression!correlates!with!resistance!to!tamoxifen!and!conventional!chemothé?apy!
in!'breast!cancer![34]!and! poor! prognosis![35].! This!was!much!lower!for! classic! cases!
which!supports! previous! reports! demonstrating! low/absent! HER2! amplication!and!
overexpression!in! classic! ILC,! in! contrast! with! pleomorphic! ILC! [36].! CDC6,! ais
located!on!chromosome!17,!was!shown!to!be!frequently!lampli’ed!in!classic!ILC.! The!
product!of |ICDC6!islinvolved!in!cell'cycle!regulation!and!signal!transduction![37].!and!
upregulated!in!breast!cancer![38].!Consideringlits!role!in!cell! proliferation,!it!stands!as!
anotherlinteresting!candidate!for!futurelinvestigation.
Interestingly,!'we!observed!amplifcations!of lall'the!genes!on!the!same!chromosome!(8!
and!11)!for!several!cases;!4!out!of!12!(33")!pleomorphic!ILCs!showed!amplitcations!
for!the! six! genes! located! on! ‘chromosome! 8.! One! pleomorphic! case! (8")! and! two!
patients! (7)!in! the! classic! group! showed! amplitcations! for! the! two! genes! located!
on! ‘chromosome! 11! genes.! Altogether! these! ampli'cations! might! be! indicators! of!
polysomy.!Previously,!/chromosome!8!polysomy!was!associated!with!high!grade![39-41]!
and!poor!prognosis!of Ibreast!cancer![42].!Unsupervised!hierarchical!clustering!analysis!
of!21!genesliniclassicland!pleomorphiclcases!showed!alseparate!gene!cluster!consisting!
of ICCND2andFGFR1!It!was!also!interesting!to! see!that! 50 of ! the! pleomorphic!
cases!formed! a! separate! cluster,! suggesting! that! some! pleomorphic! ILC! might! have!
a! molecular! evolution! path! different! from! classic! ILC.! The! second! cluster! analysis!
performed!including!the!IDC!cases!supported!this!idea!since!these!pleomorphic! ILC!
cases!mainly!clustered!with!highlgrade!IDC!case£RBB2¢tIustered!witQICND 1!
andFGFR1!and!the!frequent!amplilcation!lBRBB2in!pleomorphic!ILC!cases!was!
alsolsimilar!to!IDClrather!than!classic!ILC.!

In!conclusion,! bur! MLPA! study! has!revealed! interesting! potential! therapeutic!targets!
in! classic! and! pleomorphic! ILC.! Further,! our! datal indicate! that! the! more! aggressive!
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pleomorphiclLClsubtype!contains!multiple!lcopylnumber!changeslin'differentlimportant!
oncogenes! and! tumor! suppressors! that! differ! from! classical! ILC.! Moreover,! cluster!
analysis! demonstrated! that! classic! and! pleomorphic! ILC! represent! separate! entities!
whichsuggest!that!caution!should!be!taken!when!de’ning!diagnostic!criteria,!treatment!
strategies!and!response!to!therapy!of Ipatients!with!classic!land!pleomorphic!ILC.
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Breast! cancer!is!a! major! concern!for! females! as! being! the! most! frequently! observed!
carcinomaland!the!most!common!cause!of!cancer!related!death!among!women!(World!
Cancer!Report,!2008).!Itlis!alhistologically'heterogeneous!disease![1].! The!second!most!
common! histologic! subtype! of l breast! cancer!is! lobular! carcinomal! of ' the! breast! [2].!
Although!it!differs!from!thelother!subtypeslin!terms!of Imolecular!characteristics,!alvery!
distinguishing!featurelis!the!typical'growth!pattern!of 'tumor!cells!inla!loosely!cohesive!
way!which!makes!the!diagnosis!of !this!subtype!of !breast!cancer!very!dif!cult.! Certain!
molecular!lassociations!such!as!loss!of ladhesion!molecule!E-cadherin!arelusually!linked!
with! lobular! subtype! [3,! 4]' however! a!l complete! understanding! of ! the! contribution!

of ldifferent!molecular! pathways!in!initiation!and! progression!of ' ILC!is!lacking.! With!
thelaim!to!unreveal! some!of lthe! missing! parts! of I this! puzzle,!we!focused! on!several!
molecular!pathways!(NOTCH,!p53,!HIF-1$)!cruciallinicancer!biology,!in!this!thesis.

Lobular breast cancer

The! evident! simplicity! of! normal! breast! histology! hides! a! more! complex! cellular!
composition,!which!becomes!clear!during! carcinogenesis.! So!far,! several! subtypes! of |
breast!cancer!havelbeen!dened,!based!on!histology!and!molecular!signatures.!Lobular!
breast! cancer!is! one! of ! the! de'ned! histological! subtypes! of! breast! cancer! and! the!
aim!of Chapter 2is!to!summarize!the!facts!abthis! rare!form!of |breast!cancer!by!
focusing! on! molecular! and! pathological! features! of | the! disease.! After! we! introduce!
morphologicallcharacteristics!and!different!subtypes!of llobular!breast!cancer,!we!focus!
on!the!pathological!characteristics!such!as!diagnostic!and!prognostic!factors.!
The!part!dedicated!on!molecular!characteristics!is!crucial'since!we!discuss!the!current!
knowledgelon!the!molecular!pathways!which!are!suggested!to!belinvolved!in!molecular!
evolution! and! progression! of ! lobular! breast! cancer.! This! part! reveals! the! limited!
knowledge!on!thislaspectland!feeds!our!motivation!to!do!further!research!on!signaling!
pathwayslinvolved!inllobular!breast!cancer!progression.

Mammary development and breast cancer; crucial signaling pathways

Chapter 3provides!an! overview! oflthe! current! literature! on! the!role! of ! stem! cells!
in'normallmammary!gland!and!breast! cancer!development!with!a!touch!on!signaling!
pathways!involved!inlboth!processes.!

Alsignilcantlfeaturelof Imammary!glandlis'thelfact!thatithe!majority!of litsldevelopmental!
changesloccurlafter!birthland'this!signilcant!characteristic'has!allowed!many!researchers!
to! address! numerous! fundamental! questions.! In! this! review,! the! evidences! for! the!
existence!of Imammary!stem!cells!and!tumorlinitiating! cells! are! presented.! Moreover,!
the'lhumanland!mouse!situation!are!discussed!separately!since!there!are!morphological!
and!functional!differences!between!human!and!mouse!mammary!gland.!
Inlthe!last!part!of 'the!review,!we!comment!on! TGF-=,!WNT,!FGF!'Hedgehog,! EGF,!
Estrogen!and!NOTCH!signaling!pathways!(with!alfocus!on!NOTCH!signaling)!which!
arelinvolved!inlmammary! gland! development!and! breast! cancer! formation.! Al better!
understanding! of lthe!biologicallroles! of these! pathways!in! normal! cell' behavior! and!



carcinogenesis!may!lead'toldiscovery!of Inovel'therapies.INOTCH!pathway!stands!out'as!
alcrucial'pathway'in'normal!breast!development!and!differentiation.!Aberrant!NOTCH!
signaling!seems!to!unbalance!differentiation!and!causes!excessive!proliferation!of !cells!
resulting!in!mammary!tumorigenesis.! Toladd!to! this,! we! present! novel! data! showing!
high!NOTCHZ1!activity,!almember!of INOTCH!family,!and!high!expression!of [HES1,!a!
commonldownstreamltarget!of INOTCH!receptors,!inlnormallhuman!breast!epithelium!
representinglitslimportancelin'normallbreast!development.!

Effect of NOTCH pathway inhibition on lobular breast cancer

Chapter!3!reveals!that! NOTCH!signaling!has!not!been!considered!beforelamong!the!
pathways!which!might!play'alrolelin!lobular!breast!cancer!developmentland!progression.
In! Chapter 4!wel!investigated! the! outcome! ofINOTCH! pathway! inhibition! on! the!
growth! oflobular! breast! cancer.! Initially,! we! reported! higher! NOTCH! activation!in!
humanlinvasive!lLC!specimen!compared!to!the!ductal!cases!by!immunohistochemistry!
and'thislwas!alnovellobservation!since!so!farNOTCH!activation'has!been!reportedtand!
investigated!mostly!in!ductal!breast!cancer.!Based!on!this!observation,!we!investig_ated!
the!effect! of lal >-secretase!inhibitor! (GSI)!on!the!proliferation! of mouse!and!hu
ILCllike!cellllineg vitrband!demonstrated!a! decrease!in! proliferation! of 'these! cells!
due! to! celll cycle! arrest.! Furthermore,! we! used! a! mouse! model! where! orthotropic!
transplantation!oflalmouse!lLC!cellslinto!mammary!fat!pads!led!to!the!growth!oftt-Ct
like'tumors.!Treatmentlof lthese!mice!with!GSl'by!usinglosmotic!pumps!led'toINOTCH!
inhibition!and!tumor!retardatiamvivo 127

HIF-1$ and NOTCH signaling in ductal and lobular breast cancer

NOTCH]!signaling'has!been!shown!tolinterplay!with!many!different!pathways!(Chapter3!
and!Chapter!4)!and!recently,!severalldifferent!studies!indicated!allink!between!hypoxia!
inducible! factors! (HIFs)! and! NOTCH! activation! in! different! contexts! and! tissues!
resulting!in!tumorigenesis.@hiapter 5,welinvestigated!if!such!an!association!exists!
in!primary'and!metastatic'human!breast!cancer!specimen!and!if!it'thas!any! prognostic!
effect.!For!this!purpose,!"rstly,!we!checked!the!expression! of IHIF-1$!and!NOTCH1!
intracellular'domain! (N1ICD;!active! NOTCH1)!and!their'known!downstream!targets!
intalgroup!of | patient! material.! Even!though! expressions! of | both! proteins! correlated!
with!theirldownstream!targets,'therelwas!no!association!between!HIF-1$!and!NOTCH1!
signaling.!Moreover,!co-expression!of IN1ICD!and!HIF-1$!was!signi'cantly!associated!
with!high!tumor!grade!and!high! mitotic!index! but! had!by!itself! no! prognostic! value.!
During!this!study,!we!have!also! made! some!independent! but! appealing! observations.!
Forlexample,!pleomorphicllobular!icancers!had!moreloften!HIF-1$!expressionlin!tumor!
cells!land!stromalcompared!tolclassic!lobular!cancers.!

Interestingly,! primary! breast! cancers! expressed! higher! levels! of! N1ICD! than! their!
corresponding! metastases,! especially!in!the! cases! which! metastasized!to! brain!and! to!
skin!and! NOTCH! pathway! activation! retected! worse! prognosis.! However,!in! short!
NOTCH!and!HIF!signaling!do!not!seem!to!be!functionally!associated!in!breast!cancer.
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Frequency of p53 mutations in classic and pleomorphic lobular breast cancer

Invasive!lobular!breast!cancer!does!also'have!variants!such!as!the!most!commonly!seen!
classiclangleomorphiclvariants.!Although!these!two!variants!exhibit!the!same!growth!
pattern,!the! pleomorphic! variant!is! described! with! more! aggressive! clinical' behavior.!
Recently,! our! group! reported! the! development! of! pleomophic! ILC! (PILC)! like!
mammary!tumorslin!conditional!'mouse!models!where!p53!and!E-cadherinlislinactived.!
Thislinteresting!observation!ledTioapter 8which!reports!ourlinvestigation!of | p53!
mutations!and!p53!accumulationlin!algroup!of thuman!classic!and!PILC!cases!by!direct!
DNAlsequencing!and!/immunohistochemistry.!Athough!we!didInot'observe!alsignitcant!
differencelin! p53!protein!accumulation! between!the! pleomorphic!and! classic! variant,!
a! higher! number! of ! potentially! pathogenic! mutations! in! PILC! cases! were! detected!
compared!to!thelclassiclvariant.! Together!with!the!observation!of !p53!and!E-cadherin!
inactivation!leading!to!PILCl!like!phenotypelin!mice,!p53!mutations!might!play!alcrucial!
rolelin!PILC!carcinogenesis.

Copy number changes in tumor suppressor and oncogenes in classic and pleomorphic ILC

Alvariety!ofloncogenes!and!tumor!suppressors!have!been!demonstrated!to!belinvolved!
inlcarcinogenesis,!progression!and!therapy!response!of linvasive!breast!cancers.!Analysis!
oflcopy!'number!changes!of Ithese!genes!might!be!valuable!for'molecular!pro'ling!of !
different!subtypes,!and!thus!individual!patients!suffering!from!them.!In!Chapter!7,!we!
used!Multiplex!ligation!dependent!probe!amplitcation! (MLPA)!with!thelaim!to!gain!al
betterlidealon!thelgenetic!pro®le!of IclassiguthorphidL C!subtypes!whichlcould!
ultimately!lead!to!novelldiagnosticland!therapeutic!targets!for!these! ILC!subtypes.!We!
reported!that'copy'number!changeslforlalsetlof lestablished!breast!cancer!genes!arelmore!
frequentlin!pleomorphic!lLC!thanlin!classic!lLC,!compatible!with!theirlmorelaggressive!
clinical'behavior.!Moreover,!clusterlanalysis!/demonstrated!classicland!pleomorphic!ILC!
to!bel!ratherlseparate!entities!land!pleomorphic!lLC!as!an!entity!molecularly!in!between!
classic!lLC!and!in"ltrating!ductal!cancer.

Future Perspectives

Over! the! last! decades,! investigations! on! molecular! features! which! are! characteristic!
to!certain! subtypes!of ! breast!cancer!has!led!to!increased! understanding!to!molecular!
evolution! and! progression! of ! different! subtypes! while! increasing! future! targets! for!
prevention!and!treatment.!Invasive!lobular!breast!cancer!is!the!second!most!prevalent!
type!of!breast!cancer!and!therelis!alstrong!need!for!albetter'understanditg! of ' ILC
improvel!treatment.! The!rationale!behind!ourlinvestigations!in!this!thesislis!to!gain!new!
insightlinto!lLC!and!differentlvariants!of lit.IThislisInecessary!sincelthe!diagnosis!of ILC!
is!diffcult'and!overalllILC!has!a!worse!prognosis!compared!to!invasive!ductal! cancer!
(IDC)!retecting!the!low!successl!rate!of lcurrent!treatment!strategies!against!ILC.
Thelrapidly!emerging!'mammary!stem!celll(MaSC)!"eld!allows!us!to!have!awareness!on!
thelexistencelof lthese!cells!land!the!signaling!pathways!regulating!them.!Evidently,!there!
islaldelicate!balance!between!homeostasis!and!deregulation!of Ithese!pathways!leading!



to!breast!cancer.! Therelare!stilll crucial'lunanswered! questions!left!in!this!feld! such!as!
the!differences!between!mouse!and'human!mammary!gland.!Considering!the!lamount!
of lresearch!performed!by!using!mouse!mammary!gland!as!model,!we!believe!that!the!
differences!between!human!and!mouse!mammary!gland!should!belinvestigated!further!
to!shed!light! on!the! conclusions! driven!based! on! these! studies.! Besides,! focusing! on!
the!nature!of linteractions! between!MaSCs! and! the! niche! within! the!mammary!gland!
will! provide! further!' knowledge! on! signaling! pathways! involved!in! normal! stem! cells!
homeostasis!and!transformation!into!cancer!stem!cells.!NOTCH!signaling!is!believed!
tolbelone!of lthese!pathways!asINOTCH!proteins!arelinvolved!in!various!aspects!of Icell!
fate!determination!inlmammary!gland![5].! This!pathway!'has!been!demonstrated!to!be!
involved!carcinogenesislin!different!contexts!and!alsolin!(ductal)!breast!cancer.!
Our!'ndings!show!that!INOTCHIsignalinglisllikely!to!belcruciallforlinvasive!lobular!breast!
cancer!(ILC)!etiology!and!that'NOTCH!inhibition!using! GSI!may! provide!additional!
treatment! options!in!the! management! of l ILC.! The! most! relevant! two! questionsgor!
further!investigation!would!be;! 1)!what!is! the! cause! behind! high! NOTCH! activatign!
in!ILC;!2)!can!we!conrm!the!anti-tumor!effect!of |GSI!with!algeneticlapproach?! The!
reasons!behind! our! observation! of ' high! NOTCH!activation! in! ILC! still! need! to! z&!
determined.! To! be! able! to! answer! this! rst! question,! one! would! need! to! look! ifto!
multiple! processes! controlling! NOTCH!activation,!such!as,! proteolysis,! glycosylation,!
ubiquitylation! and! phosphorylation.! Overexpression! of ! ligands! or! loss! of ! negative!
regulators! and/or! mutations! in! the! regulatory! units! of! pathway! members! Sh%ﬂg!
belinvestigated.! Moreover,! NOTCH! activation! can! be! triggered! by! other! oncogenic!
pathways![5].! Moreover,!to! con'rm!our! demonstration! of  the! anti-tumor! effects! of !
GSl'treatment!onlinlvivo!ILC!model,!following!algeneticlapproach!such!as!making!use!
of llobular!breast!cancer!cellllines!where!NOTCH!signaling!is!genetically!blocked!could!
belan!option.

The! HIF! signaling! pathway!is! another! highly! conserved! pathway! through! evolution,!
and! plays! al role! in! different! cellular! processes! [6,! 7].! HIFs! and! NOTCH! signaling!
have!various! overlapping! effects!in! normal! development! and! various! cancers![8-10].!
Interestingly,'hypoxialis!suggested!tolstimulate!NOTCHl!signaling!via!HIF!transcription!
factors.!Although!we!did!not!observe!alsignitcant!association!of IHIF-1$!and!N1ICD!
expressionlinlourlgroup!oflhuman!breast!cancer!cases,'we!did'have!severallindependent!
interestinglobservations!with!a!potential!for!future!research.!Firstly,!our!observation!of!
thelprognosticivaluelof IHES1lislencouragingland'the!prognosticivaluelof lotherNOTCH!
targets!should!be!investigated!further!since!they!may!have!the! potential'as! prognostic!
marker!in!breast!cancer.!Moreover,'high!HIF-1$!expression!is!in!pleomorphic!lobular!
cancers,!which!also! frequently! show! stromal! HIF-1$! expression,! might!have! value! to!
clarifylthe!morelaggressivel!clinicallbehaviorlof lthis!speci'c!subtype.!Becauselitlhas!been!
speculated!'that!HIF-1$!might'have!a'tumor!promoting!rolelin!breast!cancer!associated!
broblasts.!Novel'therapies'targeting!HIF-1$!may'add!to'thelcurrentltreatment!strategies!
of Ipleomorphic!cases.!
Gaininglunderstandinglonithe!molecularlchangeslinimajor!signaling!pathwayslin'different!
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subtypes!oflILC!holds!potential'tolreveal!targets!as!altool!for!differentialldiagnosis!and!
treatment!of Iclassic!lLClversus!pleomorphiclvariant. AB&tumor!suppressor!gene!
has!beenlanlinteresting!target!tolinvestigatelin!ILC!sincelit!is!very!frequently!altered!in!
otherlhuman!cancerslincluding!breast!cancer![11].!According!tolour!'nding!PILC!bears!
higher!frequency!of!p53!mutations.!Although!some!of Ithese!mutations!were!reported!
beforelinlother!cancer!types,!predictions!on!function!of lthe!protein!are!notlavailable.!lt!
would!be!verylinteresting!tolinvestigate!the!functional! effect!of these!mutations,!since!
mutant!p53!protein!can!also!have!very!distinct!functions!in!cancer!such!as!promoting!
invasion!and!metastases.!This!would!give!morelinsight!on!carcinogenesis!of IPILC.

The! copy! number! analysis! by! using! breast! cancer! dedicated! MLPA!kit! has! revealed!
interestingland!differentiallcarcinogeneticlandtherapeutic'targetsforffuturelinvestigations!
in!classicland!pleomorphic!lLC.!Severallgenes!as!FGFR1,/ADAM9,!PRDM14,IMTDH,!
TRAF4land!MED1!showed!signitcantly!higher!levels!of lamplitcations!in!pleomorphic!
cases.! Especially! ADAM9! and! MTDH! ampli'cations! were! observed!in! 50'! of ! all!
pleomorphic!ILC!patients,!whichlislin!line!with!the!morelaggressive!phenotype!of!this!
subtype!since!both! ADAM9!and!MTDH!were!suggested!to!play!role!in!invasion!and!
metastases![12,!13].!Moreover,!CDC6!was!shown!to!be!frequently!ampli’ed!in!classic!
ILC.!Considering!reports!suggesting!CDC6!enhances!cell!proliferation!in!breast!cancer,!
it! stands! as! another! interesting! candidate! for! future! investigation! [14,! 15].! The! fact!
that!all! patients! showed! at! least! one! copy! number! change! (loss! or! gain)! representing!
thelhigh!genomiclinstability! of Ithese!patients,!and!the!suitability! of 'this!breast!cancer!
MLPAIKkit.!lt'was!also!interesting!to!observe!that!cluster!analysis!demonstrated! classic!
and!pleomorphic!ILC!to!belrather!separate!entities!and!pleomorphic!ILC!as!an!entity!
molecularlylinlbetween!classicllLCland!intltrating!ductallcancer.!Thislobservationreveals!
that!caution!should!be!taken!when!dening!diagnostic!criteria,!treatment!strategies!and!
responsel!to!therapy!of Ipatients!withlclassicland!pleomorphic!ILC.
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IA) Nederlandse Samenvatting

Borstkanker! is! onder! vrouwen! in! zowel! de! westerse! als! niet-westerse! wereld! de!
meest! voorkomende!kankergerelateerde! doodsoorzaak! (World! Cancer! Report,! 2008).!
Ongeveer!1!op!de!8!vrouwen!in!de!westerse!wereld!krijgt! borstkanker,!en!er!komen!
wereldwijd! perljaar'meer!dan!1!miljoen!nieuwe!gevallen!bij,!waarvan! 35'luiteindelijk!
aan! kanker! zal! overlijden.! Borstkanker! is! een! heterogene! en! complexe! ziekte! met!
verschillende!histologische!en!moleculaire!karakteristieken.!Invasief !ductaal!carcinoom!
(IDC)'is! veruit! de! meest! voorkomende! vorm! van! borstkanker! (~80").! De! overige!
gevallen!van! borstkanker! bestaan! uit! invasief! lobulair! carcinoom! (ILC;! 10-15")! en!
zeldzame!subtypes.!Lobulaire!en!ductale!carcinomen!hebben!verschillende!moleculaire!
en! histologische! eigenschappen! en! therapierespons.! Een! typische! eigenschap! van!
lobulaire!borstkankerlis!het!karakteristieke!groeipatroon!van!de!tumorcellen:!ze!groeien!
heelldiffuuslals!strengenlenllosselcellen,'hetgeen!de!diagnoselvan!dit'subtype!bemoeilijkt.!
Bepaalde! moleculaire! fenotypen,! zoals! verlies! van! het! adhesiemolecuul! E-cadiRrine,!
worden! vaak! geassocieerd! met! het! lobulaire! subtype,! maar! het! is! nog! niet! vo%dig!
duidelijk!hoe!verschillende!moleculaire!processen!bijdragen!aan!de!initiatie!en!prog@ssie!
van!ILC.!Om!hier!verder!inzicht!in!te!krijgen,! bestuderen!we!in! dit! proefschrift! gen!
aantal'moleculaire!processen!(NOTCH,!p53,!HIF-1$)!dieleen!belangrijke!rol'spelen!in!
de'kankerbiologie.!

Lobulaire borstkanker 135

Hoewellde!histologie!vanlde!normale!borst!simpelllijkt,!gaat!erleen!complexe!cellulaire!
compositie! achter! verscholen,! die! pas! bij! carcinogenese! duidelijk! wordt.! Tot! nu! toe!
zijn! er! op! basis! van! histologische! en! moleculaire! kenmerken! verschillende! subtypes!
van! borstkanker! gede'nieerd.! Lobulaire! borstkanker! is! een! van! de! gede'nieerde!
histologische! subtypes! van! borstkanker,! en! het! doélbedadtuk 2 is! om! de!
feiten!van!deze!zeldzame!vorm!van!borstkanker!samen!te!vatten!met! de!focus!op!de!
moleculairelen!pathologischeleigenschappenlvanideze!ziekte.!Nadatiwe!de!morfologische!
eigenschappen! en! verschillende! subtypes! van! lobulaire! borstkanker! geintroduceerd!
hebben,! concentreren! we! ons! op! de! pathologische! karakteristieken! van! lobulaire!
borstkanker,!zoals!diagnostischelen!prognostische!factoren.
Deze!analyse!van!de!moleculaire! karakteristieken!is! cruciaal,! omdat! we! de! bestaande!
kennis! van! de! moleculaire! processen! bespreken! die! een! rol! kunnen! spelen! in! de!
moleculaire! evolutie! en! progressie! van! lobulaire! borstkanker.! Dit! gedeelte! toont! de!
beperkte!kennis!op!dit!gebied!en!heeft!ons!er!toe!gedreven!verderlonderzoek!te!doen!
naarl!delsignaleringsroutes!betrokken!bij!de!progressielvan!lobulaire!borstkanker.!

Borstontwikkeling en borstkanker; cruciale signaleringsroutes

Hoofdstuk 3 geeftleenloverzichtlvan!de!bestaandelliteratuurlover!de!rollvan!stamcellen!
in!de! normale! ontwikkeling! van! de! borstklier! en! borstkanker,! en! gaat! kort!in! op! de!
signaleringsroutes!betrokken!bij!beide!processen.!
Eenlbelangrijke!eigenschap!van!de!borstklierlis!dat!de!ontwikkeling!voornamelijk!plaats!
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vindt! nal de! geboorte.! Dit! heeft! veell onderzoekers! de! mogelijkheid! gegeven! om! een!
aantal!'fundamentele!vraagstukken!te!beantwoorden.!In!dit!overzicht!wordt! het! bewijs!
voor!het!bestaan!van!borst-!'en!tumorstamcellen!uiteengezet.! Verder!wordt! de!situatie!
in! mensen! en! muizen! apart! besproken,! aangezien! er! morfologische! en! functionele!
verschillen!zijnlin!de!borstklierlvan!mens!en!muis.
In'het!laatste!deel!van!dit!overzicht!bespreken!we!de! TGF-=,!WNT,!FGF,!Hedgehog,!
EGF,! oestrogeen,! en! NOTCH! signaleringsroutes! (met! een! focus! op! NOTCH!
signalering)! die! betrokken! zijn! bij! borstklierontwikkeling! en! borstkanker! vorming.!
Een!beter!begrip!van! de!biologische!rollen!van!deze!routes!in!normaall celgedrag!en!
carcinogenese'kan!leiden!tot!de!ontdekking!van!nieuwe!therapieén.!De!NOTCH!route!
isleen!uitzonderlijk!belangrijke!route!in!de!normale!ontwikkeling!en!differentiatie! van!
de!borst.!Afwijkende!NOTCHl!signalering!lijkt!/de!balans!van!differentiatie!te!verstoren,!
metlals!gevolglexcessievelproliferatie!resulterend!in!het!ontstaan!van!borstkanker.!Ook!
presenteren!we!nieuwe!data! die!duiden!op!een!hoge!activiteit!van!NOTCH1,!een!lid!
van!de!NOTCH!familie,!en!op!een!hoge!expressie!van!HES1,! een! effectan!eiwit
NOTCH!receptoren,!innormaal' humaan!borstepitheel.! Dit! onderstreept! het! belang!
van!NOTCHlin!de!normale!ontwikkeling!van!de!borst.!

Het effect van de remming van NOTCH signalering op lobulaire borstkanker

Hoofdstuk! 3! laat! zien! dat! de! rol! van! NOTCH! signalering! in! de! ontwikkeling! en!
progressielvan!lobulaire!borstkanker!nog!niet!eerder!bestudeerd!is.!

In! Hoofdstuk 4 hebben!we! onderzocht! wat! het! effect! is! van! de! remming! van! de!
NOTCH! route! op! de! groei! van! lobulaire! borstkanker.! Eerder! hebben! we! all met!
immunohistochemie! laten! zien! dat! er! hogere! NOTCH! activatie! is! in! gevallen! van!
humaan!ILC!in!vergelijking!met!ductale!gevallen!van!borstkanker.!Dit'was!een!nieuwe!
observatie,!aangezien! NOTCH! activatie! tot! nu! toe! vooral! beschreven! en! bestudeerd!
was! in! ductale! borstkanker.! Gebaseerd! op! deze! observatie! hebben! we! gekeken! wat!
het! effect! was! van! een! >-secretase! remmer! (GSI)! op! de! proliferatie! van! muizen! en!
humane! ILC-achtige! cellijnenVitrd Deze! bleek! geremd! te! worden! als! gevolg! van!
een!blokkering!in!de!celcyclus.! Tevens!hebben!we!een!muismodel!gebruikt!waarin! de!
orthotope!transplantatie!van!muizen!ILC!cellen!in!de!borstklier!leidde!tot!de!groeilvan!
ILC-achtige!tumoren.!Behandeling!van!deze!muizen!met!GSl!vialosmotische!pompjes!
leidde!tot!NOTCH!remming!en!inhibitie!lvan!tumorgroeivo

HIF-1# en NOTCH signalering in ductale en lobulaire borstkanker

Het! is! bekend! dat! NOTCH! signalering! een! rol! speelt! in! veel! verschillende! routes!
(Hoofdstuk! 3! en! Hoofdstuk! 4).! Recentelijk! hebben! verschillende! studies! een! link!
gesuggereerd! tussen! hypoxia-geinduceerde! factoren! (HIFs)! en! NOTCH! activatie!
in! verschillende! contexten! en! weefsels,! resulterend! in! tumorgehksdddtik

5! bestuderen! we! of! een! dergelijke! link! bestaat! in! weefsels! van! primaire! humane!
borstkanker!len!metastases,!en!of !dezellink!enige!prognostische!waarde!heeft.!Hiervoor!
controleerden!we!eerst!wat!de!expressie! niveaus!waren!van!HIF-1$!en'het!NOTCH1!



intracellulaire! domein! (N1ICD;!actiefINOTCH1)! en! hun! bekende! effector! eiwitten.!
Hoewellde!expressie!niveaus!van!beide!eiwitten!correleerden!met!hun!effector!eiwitten,!
was! er! geen! associatie! tussen! HIF-1$! en! NOTCHL1! signalering.! Verder! was! er! een!
signi'cante! associatie! tussen! de! co-expressie! van! N1ICD! en! HIF-1$! en! een! hoge!
tumorgraad!en!mitotische!index.!Erlwas!echter!geen!prognostische!waarde!van!de!co-
expressielvan!N1ICD!en!HIF-1$!op!zich.!Tijdens!deze!studie!hebben!we!ook!een!aantal!
onafhankelijke! maar!interessante! observaties! gedaan.! Zo!hadden! pleomorfe!lobulaire!
carcinomen!vaker! HIF-1$!expressielinltumorcellen!en! stroma! dan!klassieke! lobulaire!
kankers.

Primaire! borstkankers! brachten! hogere! niveaus! van! N1ICD! tot! expressie! dan! hun!
bijbehorende!metastasen,voorallin!gevallenlvan'hersen-len'huidmetastasen,len'NOTCH!
activatie! duidde! op! een! slechtere! prognose.! Samenvattend! lijkt! het! er! echter! op! dat!
NOTCH!en!HIF!signalering!niet!/functioneel!met!elkaarlverbonden!zijnlin!borstkanker.!

Frequentie van p53 mutaties in klassieke en pleomorfe lobulaire borstkanker 2

De!meest!voorkomende!varianten!van!invasieve!lobulaire!borstkanker!zijn!de!klasg_eke!
en!pleomorfe!subtypes.!Hoewel!deze!twee!varianten! hetzelfde!groeipatroon!vertdgen,!
gedraagt!de!pleomorfelvariant!zichlin!klinischlopzichtlvaak!agressiever.!Recentelijkibeeft!
onzelgroeplaangetoond!dat!pleomorfe!lLC!(PILC)-actige!borsttumoren!ontwikkelen!in!
muismodellen!waarin!p53!en!E-cadherine!conditioneellafwezig!zijn.!Dezelinteressante!
observatie!heeft!geleid!tdvofdstuk 6,!waarinlwe!p53!mutaties!en!p53laccumulatie!
bestuderen!in!een!groep!van!humane!klassieke!en!pIeomorfe!ILC!gevaIIen!via!heﬂ@i?ect!
sequencen!van!het!DNA!en!immunohistochemie.!We!vonden!geen!signi'cant!verschil!
in!p53leiwitlaccumulatie'ltussen!de!pleomorfelenlklassiekelvariantivan!ILC,!maarlvonden!
welleen!hoger!aantallvan!potentieellpathogene!mutaties!in! PILC!gevallen!ten!opzichte!
van! de!klassieke! variant.! Samen! met! onze! observatie! dat! het! ontbreken! van! p53! en!
E-cadherine! leidt! tot! een! PILC-achtige! fenotype! in! muizen,! suggereert! dit! dat! p53!
mutaties!een!belangrijke!rollkunnen!spelen!in!PILC!carcinogenese.!

Genkopie aantallen van tumorsuppressor en oncogenen in klassieke en
pleomorfe ILC

Verschillende!oncogenen!en!ltumorsuppressor!genen!spelen!een!rollin! carcinogenese,!
progressie! en! therapierespons! in! invasieve! borstkanker.! Het! bepalen! van! genkopie!
aantallen! van! deze! genen! kan! helpen! om! verschillende! subtypes! moleculair! te!
classi'ceren!en!daarmee!van!waarde!zijn! voor! de!individuele! patiéotd stk
7'gebruiken!wel!deltechniek!multiplex!ligation!dependent!probelamplitcation!(MLPA)!
om!meerlinzicht!te!krijgen!in!het!genetische!pro'el' van!klassieke!en! pleomorfe! ILC.!
Een! beter! begrip! hiervan! zou! uiteindelijk! kunnen! leiden! tot! nieuwe! diagnostische!
en! therapeutische! aanknopingspunten.! We! laten! zien! dat! de! genkopie! aantallen! van!
een! bepaalde! set! borstkankergenen! vaker! afwijkend! zijn! in! de! pleomorfe! vorm! van!
borstkanker!vergeleken!met!de!klassieke!vorm.!Dit'lkomt! overeen! met! het!feit! dat! de!
pleomorfe!vorm!klinisch!ook!agressiever!is.!Bovendien!liet!cluster!lanalyse!zien!dat!de!
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pleomorfelen!delklassieke!vorm!aparte!entiteiten!zijn.!Pleomorfe! ILC!blijkt!moleculair!
eenlapartelentiteit'te!zijn'tussen!klassieke!lLC!enlinvasief !ductaal'carcinoom.

Perspectieven

Delafgelopenldecennialisleristeeds'meerlbekendlgewordenloverlde!moleculairekenmerken!
van!de!verschillende! subtypes! van! borstkanker.! Dit! heeft! geleid! tot! een! beter! begrip!
van'hoe!delverschillende!subtypes!moleculairlgezien!zijnlontstaan!en!zichlontwikkelen,!
maar!ook!tot!nieuwe!aanknopingspunten!voor!preventie!en!therapie.!Invasief!lobulair!
carcinoomlis!delop!een!na!meest!voorkomende!vormlvan!borstkanker.!Hetlis!belangrijk!
het!lontstaansmechanisme!van!ILC!te!begrijpen,!zodat!betere!behandeling! mogelijk!is.!
De!beweegreden!van!het!lbeschreven!onderzoek!in!dit!proefschrift!is'dan!ook!om!ILC!
en!delverschillende!subtypes!beter!te!begrijpen.!De!diagnose!van!ILClis!namelijk!lastig!
enldezelvorm!van!borstkanker!heeft,!door!hetllage!succes!van!de!huidige!behandelingen,!
eenl!slechtere!prognose!dan!delinvasief!ductale!vorm.
Delkennisloverlstamcellen!en!de!bijbehorendelsignaleringsrouteslin!de!borstlontwikkelt!
zich!snel.!Erlisleen!dunnellijnitussen!de!normale'homeostaselvan!dezelsignaleringsroutes!
en'!deregulatie!hiervan,!die'kan!leiden!tot!het!ontstaan!van!borstkanker.!Het!antwoord!
op'belangrijkelvragenlin!ditlveld!blijven!echterlnog!onbeantwoord,!zoals!de!verschillen!
tussen!de!borstklierlvan!de!muis!en!de!mens.!Het!merendeel!lvan!het!onderzoek!wordt!
uitgevoerd!in! muizen.! Daarom!vinden! wij! het! van! belang! deze! verschillen! verder! te!
bepalen,!lvoordat!denitieve!conclusies!'worden!getrokken!uit'hetlonderzoek!bijimuizen.!
Daarnaast! zal! het! onderzoek! naar! de!interacties! tussen! de! stamcellen!in! de!borst! en!
de! niche!waarin! de! stamcellen! zich! bevinden! meer! kennis! geven! over! de! betrokken!
signaleringsroutes!bij!de!transformatie!van!normale!stamcellen!naar'kankerstamcellen.!
NOTCH!signalering!'wordt!gezien!als!leen!van!deze!signaleringsroutes,/lomdat!NOTCH!
eiwitten! betrokken! zijn! bij! de! differentiatie! van! de! cellen!in! de! borstklier.! NOTCH!
signalering!is!betrokken!bij!verschillende!vormen!van!kanker,!waaronder!ook!(ductale)!
borstkanker.

Onze!bevindingen!laten! zien! dat! NOTCH! signalering! waarschijnlijk! cruciaal! is! voor!
hetlontstaan!van!ILC.!Bovendien!kan!het!remmen!van!NOTCH!met!GSl!een!nieuwe!
therapeutischeloptie!zijnlin!de!behandeling!van!ILC.!Deltwee!belangrijkste!vragen!om!
te!beantwoorden!in!verder!londerzoek!zijn;!1)!wat!is!de!oorzaak!van!de!hoge!mate!van!
activeringivanINOTCHInILC;2) kunneniwehetleffectivan!GSllopltumorgroeibevestigen!
metleen!genetische!benadering?!Deloorzaak!van!de!lhoge!NOTCH!activering!die!wijlin!
ILC!zien,!moet!nog!nader!onderzocht!'worden.!Om!deze!eerstelvraag!te!beantwoorden!
zallgekeken!moeten!worden!naar!delverschillende!manieren!'waarop!NOTCH!activering!
gereguleerd! wordt,! zoals! proteolyse,! glycosylering,! ubiquitylering! and! fosforylering.!
Overexpressie! van!interactiepartners! of | negatieve! regulatoren! en/of ! mutaties! in! de!
regulerende! onderdelen! van! deze! signaleringsroutes! moeten! onderzocht! worden.!
Daarnaast!lkan!NOTCH!geactiveerd!worden!door!andere!oncogene!signaleringsroutes.!
Omlonze!bevinding!dat!GSlleen!negatief!effect!heeft!op!tumorgroeiinlednC!
model'telveritéren,'kanlgebruik!gemaakt'worden!van!bijvoorbeeld!lobulaire!borstkanker!



cellijnen!waar!de!signalering!'vanINOTCH!genetisch!is!geblokkeerd.
Eenlandere!belangrijke!routelis!delsignalering!via!HIF.!De!HIF!signaleringsroute!speelt!
een!rollin!verschillende!processenl!in!de!cellenlis!sterk!geconserveerd!tijdens!evolutie.!
HIF!lenINOTCH!hebben!een!overlappende!rollinlde!normale!ontwikkeling!en!ook!bij!
de!vorming!van!kanker.!Een!interessant!concept!is!dat!hypoxie!zou!kunnen!leiden!tot!
de!stimulering!vanINOTCHl!via!HIF!transcriptiefactoren.!Hoewellwij!geen!signitcante!
associatie! vonden! tussen! HIF-1$! en! N1ICD! expressie! in! onze! groep! van! humane!
borstkankergevallen,! waren! er! andere! observaties! die! verder! onderzocht! kunnen!
worden.! Ten! eerste!is! de! prognostische! waarde! van! HES1! bemoedigend! en! ook! de!
prognostische!waarde!van!andere! NOTCH! effector! eiwitten! zou! onderzocht! moeten!
worden.!Bovendien'kan!de!hoge!expressie!van!HIF-1$!in!pleomorfe! ILC!gevallen,!die!
ook!vaak!HIF-1$!expressie!in!het! stromal!laten!zien,! het! meer! agressieve! gedrag! van!
dit! subtype!verklaren.!HIF-1$! speelt! namelijk! mogelijk! een!rol!in! het! stimuleren!van!
tumorgroei!door!borstkanker!geassocieerde!broblasten.!Het!beinvioeden!van!HIfz1%$!
kanleenlextraltoevoeging!zijnlaan!de!huidige!behandeling!van!pleomorfe!lILC. g
Hetbeterbegrijpenivanide'moleculairelveranderingenlinide!belangrijke!signaleringsiautes!
in! de! verschillende! subtypes! van! ILC! kan! leiden! tot! nieuwe! aanknopingsputten!
in! de! diagnose! en! behandeling! van! de! klassieke! versus! de! pleomorfe! vorm.¥'Het!
tumorsuppressorgéP53is!interessant!om!nader!telonderzoeken!in!ILC,'aangezien!
dit'gen!vaak!is!veranderd!in'kanker,'waaronder!borstkanker.!Wij!tonen!aan!dat!p53in!
PILC!vakerlis!lgemuteerd.! Enkele! van!deze! mutaties! waren!al! bekend!in! de!literaggur!
bijlandere!vormenlvan!kanker,!maar!het!effect!op!de!functie!van!het!eiwit! niet.! Hetlis!
belangrijk!de!functionele!effecten!van!deze!mutaties!te!bepalen,!omdat!een!gemuteerd!
p53!eiwit!verschillende!effecten!kan!hebben!in'kanker!zoals!het!stimuleren!van!invasie!
en!metastasering.!Meer'kennis!hierover!zallinzicht!gevenlinlde!carcinogenese!van!PILC.
Het! bepalen! van! genkopie! aantallen! met! behulp! van! een! speciale! MLPA! kit! voor!
borstkanker! toont! interessante! aanknopingspunten! voor! toekomstige! studies! naar!
carcinogenese!and!therapeutische!mogelijkheden.!In!pleomorfe!gevallen!waren!genen!
zoalsFGFR1, ADAM9, PRDM14, MTDG, TRAROh MED1!vakerlgeampli'ceerd.!
ADAMY! en!MTDH! waren! in! 50! van! de! pleomorfe! gevallen! geamplitceerd! wat!
overeenkomt! met! het! meer! agressieve! fenotype! van! dit! subtyp&DZdv@llals!
MTDH!zouden! namelijk! een!rol! spelen!in!invasie! en! metast&2Gdgvas! vaak!
geamplilceerd!in! het! klassieke! subtype.! Literatuur! laat! z@DCAthogelijk! een!
rollspeelt!in! celproliferatie!in! borstkanker! en! hiern@2G&een! andere! kandidaat!
voorlverder!onderzoek.!Allelonderzochte!lpatiénten!toonden!ten!minste!éénlverandering!
in! genkopie! aantallen! (amplilcatie! of! verlies),! overeenkomstig! met! de! genetische!
instabiliteitlin'deze!patiénten,!enlaangevend!dat!deze!borstkanker!MPLAlkit'goed!werkt.!
Het!is!interessant! dat! bij! cluster!analyse!klassieke!en!pleomorfe! ILC!aparte! entiteiten!
blijken.!Het!pleomorfe!subtypelis!moleculairleen!aparte!entiteit!en!bevindt! zich!tussen!
klassieke!lLC!enlinvasief !ductaallcarcinoom.



140



IB) Tiirk ce Ozet

Meme! kanseri,! hem! geli#mi#! hem! de! geli#mekte! olan! tlkelerde,! kad&nlarda! kansere!
ba I&!6lumlerinlen!s&k!nedenidir!(Dinya!Kanser!Raporu,!2008).!Ortalamal!olarak!her!8!
kad&ndanlbirilmemelkanserinelyakalanmalriskilile'kar#&'kar#&yadé&r.Bulrakam!herly&lldiinyal
¢ap&nda!bir'milyondan!fazlalyenilvakaldemektir.! Memelkanserine!yakalanan!kad&nlar&n!
'35'i hayat&n&! kaybeder.! Histolojik! ve! molekuler! ag&dan! ¢cok! farkl&! tiimor! cetitlerini!
icinde!bar&nd&ran!bulkanser!tird,!'heterojen!velkomplike!birlhastal&kt&r.!En!s&k!gortlen!
meme'kanseri!¢ce#idilolan!invaziv!duktal!(IDC)!'meme!kanserine,!hastalar&n!'80!ininde!
rastlan&r.!Invazivllobiler'memelkanseril(ILC)lise!'10-15lik!bir'kesimde!go6rilir,!geriye!
kalan!hastalarda!daha!nadirlmemelkanserilce#itlerine!rastlan&r.!Lobiler!ve!duktal!'meme!
kanseri,! molektler! 6zellikleri,! histolojileri! ve! tedaviye! yan&tlar&! ac&s&ndan! birbirinden!
farkl&d&r.!ILobuler'memelkanserininlay&rtledicilézelli i'olan'timadr!hiicrelerinin!birbirinden!

ba &ms&z!bicimde! buyimesi,!bultipin!tan&s&n&! gii¢! hale! getirir.! Lobiller'meme! kanseri,!
adezyon!molekUIu!E-kaderinin!kayb&!gibi!baz&!tipik!moIekUIer!('jzeIIikIer!gdsterse@e,!bu!
tipinlinisiyasyonu!velilerlemesine!hangi!molekuler!yollar&n'katk&!sa lad& &!'kesin!&e ildir.!
Bu!tezde,!bu!bulmacan&n!baz&!eksik! parcalar&n&!cézme!amacé&!ile,' kanser! bi@lojisinde!
onemli'yerilolan,!birkag!farkl&!'molekiler!sinyal'yolu!(NOTCH,!p53,!HIF-1$)! Uzerinsle!
durulmu#tur.

Lobtler meme kanseri

Normal! meme! histolojisinin! ilk! bak&#ta! gorulen! sadeli i! daha! karma#&K! bir! hicagsel!
kompozisyonu! gizlemektedir.! Bu! karma#&k! kompozisyon! daha! ¢ok! karsinogenez!
s&ras&nda! ac& a! ¢&kar.! Ginumuizde,! meme! kanserinin! histolojik! ve! molekuler! ag&dan!
birgok! farkl&! ce#idi! oldu u! bilinmektedir.! Lobiler! meme! kanseri! de! tan&mlanan! bu!
histolojik!ce#itlerden'biridir.'Bu'tezin2.!béliminde,'memelkanserininlbunadirformunun!
bilinen!'molekiler!ve! patolojik! 6zellikleri! 6zetlenmektir.! Bu!bdlimde! ayr&ca,! hastal& &n!
morfolojik!ozelliklerilvelfarkl&!alt!ce#itlerininlyan&!s&raltan&sallvelprognostik!faktorler!gibi!
patolojik!6zelliklerine!de!yer!verilmi#tir.!Lobiller'meme!kanserinin!molekiler!evrim!ve!
geli#me!sirecine!dahilloldugulvarsay&lan!imolekuiler!sinyallyollar&!'hakk&ndalelde!etti imiz!
s&né&rl&!bilgi,'bulkonudaldahalfazlalara#t&rmalyapmak!icin!bizi!motive!etmektedir.

Meme geli'imi ve meme kanseri; 6nemli sinyal yollar!

Bolim! 3'de;! kok! hiicrelerinin! normal! meme! geli#imi! ve! kanser!inisiasyonundaki! rolt!
ve!bundal!rol'oynayan!sinyallyollar&!ile!lilgili'giincel!literattire!dayanan!genel!bir!6zet!yer!
almaktadé&r.

Meme!bezinin!dnemli!birl 6zelli i,!geli#imsell de i#ikliklerin!¢o unun!do umdan!sonra!
meydana!gelmesidirlvelbu!dnemlildzellik!birgoklara#t&rmac&n&n!memelbezililelilgili'temel!
sorular&!cevaplamas&né&!sa lam&#t&r.
Bolum3delyertalan'derlemede,imemekdkthiicrelerininivarl& &naldairkan&tlarisunulmu#tur.!
Insan! ve! fare! meme! bezi! aras&nda! morfolojik! ve! fonksiyonel! farkl&l&klar! bulunmasé&!
nedeniyle,'buliki'modellayr&!ayr&!ele!al&nm&#t&r.!Derlemenin!son!bdliminde,!'meme!bezi!
geli#imilve!memel!kanserilolu#umundalrolilolan! TGF-=,!WNT,!FGF,'Hedgehog,'EGF,!
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Ostrojenive!NOTCHl!sinyallyollar&'hakk&ndalbilgilverilmi#tir.'Bu'sinyallyollar&n&n!normal!
hicre!ldavran&#&!velkarsinogenezdekilrollerinin!dahaliyilanla#&lmasé&,!yeniltedavilyollar&n&n!
geli#tiriimesine!yard&mcé&!olabilir.!Ozellikle!NOTCH!sinyal!yolu,!normal!meme!geli#imi!
ve!hucre! farkl&la#mas&nda! blyik! rol! oynamaktad&r.! Bu! sinyakydrmalajelen!
bozukluklardengesiz!hicre!farkl&la#mas&!veltimor!olu#umunalsebebiyet!verir.!
Bu!bélimde,!normal!meme!epitelinde! NOTCH! ailesinin! bir! Gyesi! olan!NOTCHZY'in!
yuksek!aktivitesini'gdsterenlyenilverilerelyerlverilmi#tir.!

NOTCH sinyal yolu inhibisyonunun lobller meme kanseri Gizerindeki etkisi

4.! bélumde! NOTCH! sinyal! yolu! inhibisyonunun,! lobller! meme! kanseri! buytumesi!
uzerindeki! sonuclar&! ara#t&r&lmé&#t&r.! Imminohistokimyasal! deney! sonuglar&mé&zda,! ILC!
orneklerindelyiiksek!NOTCH!aktivasyonunalrastlanmé&#té&r.\Literatiirde!yiiksekINOTCH!
aktivasyonu!genelde!IDC!6rneklerinde!rapor!edildi iligin,!ILC!deki!bu!durum!yeni!bir!
g0Ozlemdir.!Bulgtzlemeldayanarak,!NOTCH'!sinyallyolunu!bloke!eden!birlkimyasal!olan!
>-sekretazlinhibitori!(GSI)kullan&Im&#t&r.!FarelvelinsanliILC!hiucrelerikullan&laraklyap&lan!
in!vitro! ve!linl vivo! deneylerde! bu! inhibitor! hiicre! dongistiniin! durmasé&nal! sebebiyet!
vermi#lveltimorthicrelerininlbélinmesindelbirlazalmalgdzlemlenmi#tir.!

HIF-1# ve NOTCH sinyal yollar!n!n duktal ve lobuler meme kanserindeki yeri

Birbirinden! ayr&! yap&Imé&#! birkag! cal&#mada,! farkl&! dokular&n! normal! geli#iminde! ve!
tumdorogenezinde!hipoksililelindiiklenebilirlfaktorler!(HIFs)ve!NOTCH!sinyallyolunun!
birbiriyleletkile#imilrapor!edilmi#tir.\Bu'tezin!5.!bolumiinde,!bizde!buletkile#imilbirlgrup!
primer!ve!metastatic'hasta!érne inde!inceledik.!HIF-1$!ve!NOTCH1!aktif 'formunun!

birlikte! ekspresyonu! timdrlerde! yuksek! grade! ve! yiksek! proliferasyonla! ili#kili!
bulunmu#tur.!Yiksek! HIF-1$! ekspresyonu! pleomor'k! lobuler! meme!kanserinde! 6ne!
c&km&H#EOTCH!ve! HIF! sinyalilyollar&! fonksiyonel! olarak!ili#kili'gorinmuyorsa! da,!
NOTCH!sinyallyolu!aktivasyonu!kéti!prognozlalba lant&I&!bulunmu#tur.

Klasik ve pleomorOk lobuler meme kanseri TP53 mutasyonlar!n!n s!ki!"!

envaziv! lobuler! meme! kanserinin! s&k! gorulen! iki! tirevi! bulunmaktad&r;! klasik! ve!
pleomor'k.!Bulikilvaryant!ayn&!blyime!paternilortaya'koymas&nalra men,!pleomor?k!
varyant!klinik!lac&dan!daha!agresif|davran&#!sergiler.! Yak&n!zamanda,!fare!modellerinde!
p53!lve!E-cadherinlinaktivasyonunun!pleomor!k!ILCline!benzerlmemeltimérlerinelyol!
act& &'raporledilmi#tir.!Bulilging!gozlemle!birlikte,lbdlim!6!dalbahsedilen'DNAlanalizilve!
immunohistokimyasallydontemlere!dayanarak,klasik!ve!pleomork!ILC!6rneklerinde, !bir!
tumarlbask&lay&cé&lolan!p53lgenindeki'mutasyonlar&ivelp53iproteinibirikiminilinceledik.!Bu!
incelemel!sonundaldahalagresif!olan!pleomor’k!varyantlarda,!dahalfazla!p53!mutasyonu!
g6zlemlendi.!Bu!sonuclar,'PILC!modeli'olu#turulan!farelerde!elde!edilen!bu!sonuclarla!
beraber,!p53’tn!PILC!karsinogenezinde!onemli'bir'rolloynad& &!gosterilmi#tir.

Klasik ve pleomorOk ILCde timor bask!lay!c! genler ve onkogenler, DNA kopya

say!s! de"i'iklikleri

Bircok! timor! bask&lay&c&! gen! vel onkogenin! invazivl meme! kanserlerinin! geli#imi,!



ilerleme! ve! tedaviye! yan&t! #eklinde! etkisi! oldu u! gosterilmi#tir.! Bu! genlerin! DNA!
kopyalsay&lar&ndakilde i#ikliklerilfarkl&'kanser!tiplerinde!incelemek,!bu'kanserltiplerinin!
go6rulda 0! hastalara! bireysel! ac&dan! daha! iyi! te#his! konmasé&! ve! tedavi! uygulanmas&!
demektir.! Bolim! 7°'de,! klasik! ve! pleomor'k! ILC! alt! tiplerinin! genetik! pro’li! izerine!
dahaliyi'bir!'kir'elde!etmek!amac&lile!Multiplex!ligasyonu!ba &ml&!prob!amplitkasyonu!
(MPLA)! tekni ini! kullanarak,! bilinen! bazi! timdr! bask&lay&c&! ve! onkogenlerin! DNA!
kopyalsay&sé&ndaki!de i#iklikleri'rapor! ettik.! Genel!l olarak! pleomor'k! ILC!6rneklerinde!
dahalfazla'kopyalsay&s&!de i#ikliklerilgozlemlenmistir.

Sonugclolarak,bulara#t&rmalinvazivllobuler'memelkanserininlhemlolu#malhem!delilerleme!
a##amasé&na! dair! anlay&#&! geli#tirmi#! ve! bu! kanserin! gorildi 0! hastalarda! hipoksi! ve!
NOTCH!sinyal'yollar&n&!'kullanarak!bireyselle#tiriimi#! tedavi!rejimlerinil olu#turabilecek!
cazip'adaylarlsunmu#tur.!

Chapter!9
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