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Abstract!

The! mammary! gland! is! a! complex! organ,! relying! upon! multiple! cell! types! and!

signalling!pathways!to!orchestrate!its!predominantly!postnatal!development.!To!obtain!a!

detailed! understanding! of! such! development,! and! also! the! mechanisms! whose!

deregulation! lead! to!mammary! tumourigenesis,! a! physiologically! relevant,! quantifiable!

and!qualitative!model!system!is!required.! In&vitro,!currently!available!mammary!culture!

systems! have! allowed! studies! into! prospective! stem! cell! populations,! cell9cell!

interactions,!differentiation,!proliferation,!paracrine!networks!and!hormonal! responses,!

but! are! limited! in! the! degree! to! which! they! can! truly! recapitulate! in& vivo&mammary!

biology.! Three! dimensional! organoid! culture! systems! from!many! tissues! have! recently!

been! shown! to! concurrently! allow! sustained! stem9cell! maintenance,! proliferation! and!

functional!differentiation;!however,!no!such!recapitulative&in&vitro&model!currently!exists!

for!the!mammary!gland.!!

This! thesis! therefore! details! the! development! of! a! novel! murine! mammary!

organoid! culture! system.! Culture! conditions! described,! including! R9Spondin1! and!

Neuregulin1,! enable! the!development!and!expansion!of!mammary!epithelial! organoids!

for! up! to! 2.5! months! in! culture.! Organoids! possess! distinct! basal! and! luminal!

compartments!9!functional!steroid!receptors!in!the!latter!allowing!hormonal!responses!9!

and! regenerative! cell! populations! enabling! mammary! gland! reconstitution! in& vivo.!

Additional!conditions!are!also!described!promoting!the!growth!of!abnormal,!tumour9like!

organoids.!

Utilisation! of! the! organoid!model! allowed! the! study! of! key! signalling! pathways!

associated!with!mammary!development;!most!notably!revealing!the!critical! importance!

of! the!Wnt! signalling!pathway! in! regulating!normal! development,! its! role! in!mammary!

tumourigenesis!and!demonstrating!its!potential!as!a!target!in!anti9tumour!therapy.!Cell9

cell! signalling,! individual! cell!populations!and!behaviours,!and! tumour!organoid!growth!

were! studied,! the! latter! offering! a! platform! in! which! to! study! potential! therapeutic!

compounds.! Evidence! provided! furthers! the! understanding! of! mammary! biology! and!

supports! that! the!organoid!model!comprises!a!suitable!physiologically! relevant! tool! for!

use!in!mammary!research!and!drug!discovery.!!

!



! 1!

1 Introduction!

1.1 Mammary!gland!biology!

The! mammary! gland! functions! as! a! producer! and! secretor! of! milk,! as! a! key!

nutrient! source! for! offspring,! and! is! highly! specialised! to! do! so.! It! is! one! of! the! only!

organs!able!to!both!undergo!the!majority!of!its!development!after!birth!and!adapt!during!

different!stages!of!growth,!highlighting!its!highly!plastic!nature.!!

1.1.1 Development!of!the!mammary!gland!

During! embryonic! development,! which! in! the! mouse! begins! at! embryonic! day!

10.5,! early! epithelial! structures! grow! outward! from! each! of! the! nipples,! branching! to!

become! basic! ductal! trees! that! invade! each! of! the! five! pairs! of!mammary! fat! pads! by!

embryonic!day!18.5!(Figure!1.1).!Cell!rich!‘terminal!end!buds’!(TEBs)!form!at!the!tips!of!

these!epithelial!branches!(Figure!1.2).!!

The! mammary! epithelium! then! remains! quiescent! until! the! next! stage! of!

development! initiates! at! around! post9natal! day! 21,! whereby! the! primitive! structures!

within!the!mammary!fat!pad!begin!to!respond!to!hormonal!cues!as!part!of!the!onset!of!

puberty! (Figure!1.1).! The!TEBs,! comprising!precursors!of! the!adult!mammary!epithelial!

cells!9!‘body’!epithelial!cells!surrounded!by!an!outer!layer!of!‘cap’!epithelial!cells!(!Figure!

1.2B)! 9! at! this! point! proliferate! extensively,! and! the! mammary! gland! undergoes! its!

highest! rate! of! ductal! growth,! invading! further! into! the! mammary! fat! pads! to! form!

secondary!and!tertiary!branches!that!by!approximately!post9natal!week!12!fill!the!fat!pad!

entirely.! Highly! orchestrated! signalling! processes! determine! the! extent! to! which!

branching! is! allowed! to!occur,!with! Transforming!Growth! Factor9β! (TGF9!β)! acting! as! a!

key!inhibitor!(Nelson!et&al.!2006).!

In!virgin!mice,!the!mammary!epithelium!changes!in!response!to!the!estrus!cycle,!

with!both!proliferation!and!apoptosis!occurring.!The! final! stage!of!development!occurs!

during! pregnancy.! Hormonal! changes! during! pregnancy! induce! ductal! branch!

proliferation! and! finally! vast! alveolar! differentiation,! such! that! by! the! end! of! the!

pregnancy!the!majority!of!the!gland!is!filled!with!secretory!alveolar!structures!primed!for!

milk!production.!Once!offspring!are!weaned,!milk!production!comes!to!an!end,!and!the!

alveoli!regress!to!their!pre9pregnancy!state!by!a!carefully!orchestrated!programmed!cell!

death!program,!known!as!involution!(Richert!et&al.!2000;!Dale!2011).!
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Figure 1.1 Phases of mammary gland development are carefully orchestrated, embryonically and postnatally.  

Basic!ductal!structures!grow!during!the!first!18.5!days!of!embryonic!development,!with!cell!rich!terminal!end!buds!forming!the!bulk!of!the!cells!within!the!primordial!

gland.!Postnatally,!pubertal!growth!of!the!gland!begins!around!day!21,!with!the!TEBs!proliferating!profusely!to!form!more!intricate!developed!ductal!branches.!By!6C8!

weeks,!a!fully!adult!mammary!gland!exists!within!each!mammary!fat!pad,!and!is!subject!to!cyclical!changes!in!estrogen!(E)!and!progesterone!(P)!during!estrus.!During!

pregnancy,!E,!P!and!prolactin! (Prl)!all!perform!key! functions! in! inducing!alveolar!proliferation!and!differentiation! to!generate!milkCproducing!cells.!After!weaning!of!

pups,!an!involution!process!occurs!and!the!gland!cycles!back!it’s!preCpregnancy!state.!These!cyclical!changes!can!occur!multiple!times.!Image!from!(Visvader!and!Stingl!

2014).!
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Figure 1.2 Mouse mammary epithelial cell populations and tissue architecture.  

(A)$ Distinct! basal! and! luminal! cell! layers! exist! within! the! mammary! gland,! such! that! basal,! myoepithelial! cells! are!

located!around!the!outer!edges!of!ducts,!while!luminal!estrogen!receptor!negative!or!positive!cells!line!ducts!and!face!

into! the! lumen.! (B)!During!mammary!gland!development,! terminal! end!buds$become! sites! of! vast! proliferation,!

and! elongation! and! branching! of! ducts! is! performed! through! these! structures.! Reprinted! by! permission!

from!Macmillan!Publishers!Ltd:![Cell!Research]!(Tiede!and!Kang,!2011),!copyright!(2011).$
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1.1.2 Cellular$anatomy$of$the$mammary$gland$epithelium$

At! a! cellular! level,! broadly! speaking! the! normal! mammary! gland! epithelium!

consists! of! two!main! cell! layers! (Figure! 1.2A).! Firstly,! an! inner,! luminal! cell! population!

comprising!the!bulk!volume!of!the!ductal!and!lobular!structures!seen!in!the!gland.!These!

can! be! identified! through! their! expression! of! several! keratin! subtypes! (8,! 11,! 18),! and!

further! subdivided! based! on! expression! of! the! progesterone! and! estrogen! receptorPα!

steroid!hormone!receptors.!Luminal!cells!are!responsible!for!the!synthesis!and!release!of!

milk! into! the! alveolar! lumen.!A!basal! cell! population! can!be! found! in! contact!with! the!

basement! membrane! and! surrounding! the! luminal! cell! layer.! This! contains! both!

contractile! myoepithelial! cells,! responsible! for! physically! promoting! milk! secretion! in!

response! to! oxytocin! stimulation,! and! the! widely! reported! and! debated!

‘stem/progenitor’! population! (Sleeman! et# al.! 2007).! The! basal! layer! is! phenotypically!

characterised!by!expression!of!keratins!5!and!14,!in!addition!to!smoothPmuscle!actin!and!

the!p53!transcription!factor!family!member!p63.!!

1.1.3 Signalling$ pathways$ implicated$ in$ mammary$ gland$ development$ and$

homeostasis$

The!many!developmental!stages!detailed!above!are!carefully!orchestrated!by!the!

signalling!of!a!combination!of!systemic!hormones!and!local!endogenous!growth!factors,!

overviews!of!which!are!given!here.!

1.1.3.1 Hormonal#regulation#

Female! reproductive! hormones! including! estrogen,! progesterone! and! prolactin!

control!the!majority!of!postnatal!mammary!gland!development.!The!levels!of!the!ovarian!

hormones! vary! throughout! the! estrus! cycle! and! pregnancy,! the! mammary! gland!

responding! accordingly,! owing! to! the! downstream! signalling! of! several! growth! factor!

pathways.!!

1.1.3.1.1 Estrogen,

Estrogens! act! through! signalling! at! Estrogen! receptor! alpha! or! beta! (ERα/ERβ),!

intracellular!transcription!factors!able!to!regulate!hormone!responsive!genes.!Deletion!of!

ERβ!abates!terminal!differentiation,!but!has!little!other!developmental!effect!(Förster!et#

al.! 2002),! while! ERα! is! shown! to! be!more! important! for! the! production! of! the! simple!

ductal!structures!early!on!in!development,!as!well!as!side!branching!and!alveologenesis!
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(Bocchinfuso! and! Korach! 1997;! Mallepell! et# al.! 2006).! Paracrine! signalling! to! steroid!

receptor! negative! stromal! cells! via! Amphiregulin! is! thought! to! be! responsible! for! the!

proliferative!effects!of!estrogen!(Ciarloni!et#al.!2007)!(Figure!1.3).!

1.1.3.1.2 Progesterone,

Progesterone! regulates! the! formation!of! side!branches,!and!has!been!shown! to!

activate!mammary!stem!cell!proliferation,!through!a!paracrine!mechanism!involving!the!

luminal!hormone!receptor!positive!cell!population,!and!their!release!of!the!intermediate!

effectors!Wnt4!and!Receptor!activator!or!nuclear!factor!kappaPB!ligand!(RANKL)!(Brisken,!

et#al.,#2000;!Joshi,!et#al.,!2015)!(Figure!1.3).!Progesterone!receptor!(PR)!is!detected!within!

the!gland! later! than!ER! (usually!at!7!weeks)! (Bocchinfuso!and!Korach!1997),!with!PRPB!!

demonstrated! as! essential! for! mammary! gland! development! such! that! loss! of! the!

receptor! halts! development! at! the! simple! ductal! stage! (Brisken! et# al.! 1998;! MulacP

Jericevic!et#al.!2000).!!

1.1.3.1.3 Prolactin,

Prolactin!signalling!provides!a!stimulus!for!alveogenesis!and!the!differentiation!of!

the! milk! producing! cells! within! the! mammary! gland,! with! deletion! of! the! Prolactin!

receptor!causing!total!absence!of!lobuloalveolar!development!(Brisken!et#al.!1999).!!

1.1.3.2 Growth#factor#signalling#pathways#

1.1.3.2.1 Wnt,signalling,pathway,

The!Wnt!gene!was!discovered!in!mice!as!intP1,!a!gene!which!was!commonly!found!

to!hold!an!insertion!site!for!the!Mouse!Mammary!Tumour!Virus!(MMTV)!and!as!such!was!

highly!overexpressed,!leading!to!mammary!tumour!formation!(Nusse!and!Varmus!1982),!

and! later! identified! to! be! identical! to! a! gene! known! as! Wingless,! found! to! exist! in!

Drosophila!as!a!segment!polarity!gene!(Rijsewijk!et#al.!1987).!Canonical!Wnt!signalling!via!

the! Wnt! family! of! small,! lipid! modified! glycoproteins! plays! a! pivotal! role! in! multiple!

tissues,!commonly!associated!with!the!control!of!stem!cell!proliferation!and!maintenance!

throughout!embryogenesis!and!postnatal!development!and!tissue!homeostasis!(Holland!

et# al.! 2013).! Regulation! of! such! processes! occurs! at! the! gene! level,! through! the!WntP

dependent! control! of! the! transcriptional! coPactivator! βPcatenin,! also! known! for! its!

participation!in!junctional!complexes.!!
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Figure 1.3 Hormonal signalling pathways in mammary gland development and regulation. 

Steroid! hormone! action! activated! in! hormone! receptor! positive! luminal! epithelial! cells! occurs! through!

intricate!paracrine!signalling!networks.!Estrogen!stimulation!of!the!luminal!ER+!cell!population!caused!the!

release!of! amphiregulin! (AREG),!which! in! turn! activates! growth! factor! (FGF! family)! release! from! stromal!

cells.! These! factors! are! thought! to! upregulate! proliferation! of! multiple! mammary! epithelial! cell! types.!

Progesterone! signalling! to! PR+! luminal! cells! induces! expression! of!Wnt4! and! RANKL;! RANKL! induces! RP

Spondin1!release!from!luminal!ERP!cells,!which!coPoperates!with!Wnt4!and!RANKL!to!induce!expansion!of!

the! basal! stem/progenitor! population.! Activation! of! the! p63+! basal! subset! induces! Nrg1! release,! which!

feeds!back!to!luminal!populations!and!induces!their!lobuloPalveolar!like!differentiation.!!

!

In!the!absence!of!an!extracellular!Wnt!ligand,!the!canonical!pathway!is!in!an!‘offP

state’! (Figure! 1.4BA).! A! βPcatenin! destruction! complex! exists!within! cells,! consisting! of!

proteins!including!the!main!scaffold!protein!Axin,!Adenomatous!polyposis!coli!(APC)!and!

the! serine/threonine! kinases! CK1! and! Glycogen! Synthase! KinaseP3! (GSKP3),! serving! to!

regulate! levels! of! βPcatenin,!with! Ser/Thr! phosphorylation! and! ubiquitination! targeting!

the!protein!for!proteolysis.!!

However,!Wnt!ligand!binding!in!a!trimeric!complex!with!the!extracellular!cysteine!

rich! domain! of! its! receptor! (a! member! of! the! Frizzled! (Fzd)! family! of! sevenP

transmembrane! receptors)! and! a! coPreceptor! (lipoprotein! receptor! related! protein! 5/6!

(LRP5/6)!switches!the!canonical!pathway!to!an!‘onPstate’!and!enables!the!release!of!the!

intracellularly!bound!scaffolding!protein!Dishevelled!(Dvl)! (Figure!1.4).!This!protein!can,!
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in!turn,!recruit!the!Axin!component!of!the!destruction!complex,!preventing!the!targeting!

of!βPcatenin!for!degradation.!This!enables!the!accumulation!of!βPcatenin! in!the!nucleus!

of!WntPresponsive!cells,!displacement!of!transcriptional!repressor!Groucho,!and!the!coP

activation! of! TPcell! specific! transcription! factor! or! Lymphoid! enhancerPbinding! FactorP1!

(TCF/Lef1)! dependent! transcription! of!Wnt! target! genes,!with! the! aid! of! the!Mediator!

complex!(MacDonald!et#al.!2009;!Kim!et#al.!2006).!Such!genes!include,!but!are!not!limited!

to;! cyclin! D1,! axin2! and! the! mitogenic! cPmyc,! and! are! commonly! associated! with! cell!

survival!and!proliferation.!Wnt!signalling!can!be!further!potentiated!by!a!secreted!protein!

family,! the! RPSpondins,! which! bind! Lgr5! receptors! situated! within! the! heterodimeric!

Fzd/LRP! receptor! complexes! themselves,!with!high! affinity,! to! enhance! the!Wnt! ligand!

signal!(de!Lau!et#al.!2011).!RPSpondins!are!reported!to!elicit!their!Wnt!enhancing!effect!

via! inhibition! of! the! E3! ubiquitin! ligase! ZNRF3,! inhibiting! the! removal! of! Fzd! and! Lrp!

receptors!from!the!cell!surface!(Hao!et#al.!2012).!

Given!the!importance!of!the!pathway!in!development,!it!is!unsurprising!that!it!can!

be!tightly!regulated!at!various!stages.! In!the!first! instance,!Wnt! ligand!secretion!can!be!

controlled! by! the! need! for! its! postPtranslational! palmitoylation! in! the! endoplasmic!

reticulum! by! the! membrane! bound! OPacyltransferase! (MBOAT)! enzyme! Porcupine!

(Porcn)(RiosPEsteves!et!al.,!2014)(Figure!1.5A).!!

Extracellularly,! negative! Wnt! pathway! regulators! exist! naturally,! including!

Dickkopf! 1! (Dkk),! which! binds! LRP6! with! high! affinity,! preventing! receptor! complex!

formation! (Yonghe! Li! et# al.! 2010).! Another! inhibitor! of!Wnt! signalling! is! the! secreted!

FrizzledPrelated!protein!1!(sFRP1),!a!protein!with!a!homologous!cysteine!rich!domain!to!

that! found! in! the! Fzd! receptor,! such! that! free! Wnt! ligand! can! be! sequestered! from!

binding!and!signalling,!and!its!family!member!Wnt!inhibitory!factorP1!(WIFP1)(Gauger!et#

al.!2012).!
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Figure 1.4 The canonical Wnt pathway.  

(A)$ In! the! absence! of! Wnt! ligand,! a! multiPprotein! ‘destruction’! complex! composed! of! the! tumour!

suppressor!proteins!Axin!and!APC,! glycogen! synthase!kinase!3!and!casein!kinaseP1,! targets!βPcatenin! for!

degradation!by!ubiquitination.!(B)!Wnt!ligand!binding!to!Frizzled!recruits!low!density!lipoprotein!receptorP

related! proteins! 5/6,! and! intracellular! recruitment! of! Axin! to! the! receptorPligand! complex! occurs.! This!

renders! the! destruction! complex! unable! to! target! βPcatenin! for! degradation,! leaving! the! protein! free! to!

induce! TCF! dependent!Wnt! target! gene! expression.! ! RPSpondins! are! able! to! promote!Wnt! activity,! via!

binding!to!the!Lgr!receptors!as!part!of!the!WntPreceptor!complex.$
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Intracellularly,!relative!Axin!levels!and!stability!of!the!protein!can!be!up!or!downP

regulated,!as!required,!thus!down!or!upregulating!Wnt!signalling,!respectively.! In!terms!

of! pathway! downregulation,! a! feedback! loop! exists! in! physiologically! normal! cells!

whereby!increased!βPcatenin!dependent!gene!transcription!by!the!TCF!complex!leads!to!

an! upregulation! of! AXIN2! gene! transcription,! causing! a! subsequent! rise! in! the! level! of!

Axin! protein! available! for! destruction! complex! assembly.! Conversely,! a! family! of! polyP

ADPPribosylase! enzymes,! consisting! of! Tankyrases! 1! and! 2! (Huang!et# al.! 2009)! exist! to!

promote! the! ubiquitination! and! degradation! of! Axin,! through! it’s! PARsylation! and!

subsequent!interaction!with!the!RING!ubiquitin!E3!ligase!RNF146,!allowing!increased!BP

catenin! accumulation! and!Wnt! responsive! gene! expression.! Under! normal! physiology,!

this! activity! is! limited! by! RNF146! tagging! itself! and! the! Tankyrases! themselves! for!

proteasomePmediated!degradation!(Figure!1.5B).!!!

Wnt!signalling!has!been!widely! implicated!in!the!development!and!regulation!of!

the! mammary! gland.! Lef1,! a! transcription! factor! downstream! of! the!Wnt! pathway,! is!

essential!for!development!of!mammary!limb!buds!during!embryogenesis!(van!Genderen!

et# al.! 1994),! when!Wnt10b! is! also! reportedly! expressed! (Veltmaat! et# al.! 2004).! PostP

natally,! while! WntP1! has! been! shown! under! the! control! of! the! MMTV! to! increase!

terminal! end! bud! branching,! the! mammary! gland! does! not! express! this! ligand!

endogenously! (Tsukamoto!et#al.!1988).!However,!WntP2,!WntP4,!Wnt!5a,!Wnt5b,!Wnt6!

and!Wnt7b!are!all!expressed!at!various! levels!during!TEB!development,! implicating! the!

pathway! strongly! in! this! process.! In! pregnancy,! studies! by! Brisken! et! al.! (2004)! have!

shown!hormone!induced!increases! in!Wnt4!expression,!as!part!of!a!paracrine!signalling!

pathway! between! distinct! cell! populations! to! induce! lobular! development! prior! to!

lactation.! In! addition,! LRP5! knockout! in! a! mouse! model! resulted! in! branching!

abnormalities,!with!reduced!numbers!of!TEBs!(Lindvall!et#al.!2006).!!

Wnt!responsive,!Lgr5!positive!cells! located! in!the!basal!cell!compartment!of! the!

mammary! gland,! have! been! reported! to! be! the! stem! population! within! the! gland!

responsible! for! the! vast! regeneration,! growth! and! adaptation! of! the! gland.! They!

transplant!highly!successfully! in!mammary!gland!regeneration!assays,!while! in!contrast,!

cells!null!for!the!Lgr5!receptor!have!demonstrated!little!stem!cell!activity!in!such!assays!

(Shackleton!et#al.!2006;!Ashworth!and!Smalley!2006;!Stingl!et#al.!2006).!Mammary!stem!

cells!will!be!discussed!further!in!section!1.1.4.! !
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Figure 1.5 Regulation of the Wnt pathway occurs at multiple levels.  

Wnt! release! from!Wnt! secreting! cells! is! regulated! by! palmitoylation! in! the! endoplasmic! reticulum.! The!

membrane! bound! OPacyltransferase! enzyme! Porcupine! post! translationally! modifies! Wnt! protein! for!

release.!Intracellularly,!tankyrases!(TNKS)!are!responsible!for!the!ubiquitination!of!Axin!through!interaction!

with!RNF43,!leading!to!a!βPcatenin!accumulation!and!overall!increase!in!Wnt!pathway!activity.!!

Adapted! by! permission! from!Macmillan! Publishers! Ltd:! Bone! Research,! (Maupin! et# al.! 2013),! copyright!

(2013).!

!

!
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1.1.3.2.2 Receptor,tyrosine,kinase,ligands,,

The! extensive! family! of! receptor! tyrosine! kinases! is! comprised! of! several!

subgroups,! each! with! similar! structural! properties! and! signalling! mechanisms.! Each!

receptor!possesses!an!extracellular!domain,!available!for!specific! ligand!binding,!and!an!

intracellular,! tyrosine! kinasePcontaining! signalling! domain,! connected! by! a! single!

transmembrane! domain.! Binding! of! ligand! extracellularly! initiates! the! tyrosine! kinase!

domain! activity! and! phosphorylation! of! designated! signalling!molecules! intracellularly,!

usually!as!the!first!of!many!steps!in!a!kinase!signalling!cascade!resulting!in!transcriptional!

changes!within!the!cell.!!

1.1.3.2.2.1 Fibroblast#growth#factor#(FGF)#family#

The! extensive! fibroblast! growth! factor! (FGF)! family! consists! of! a! range! of!

signalling! molecules! designed! to! transduce! mitogenic! signals! via! receptor! tyrosine!

kinases.! In! addition! to! their! commonly! known! role! in! inducing! fibroblast! proliferation,!

several! FGF! ligands! are! found! in!multiple! stages!of!mammary! gland!development.! The!

FGF! receptor! FGFR2PIIIb,! is! known! to! be! essential! for! embryonic! development! of! the!

tissue! (De! Moerlooze! et# al.! 2000),! regulated! by! expression! of! FGF10! from! the!

mesenchyme!(Howard!and!Lu!2014).!Postnatally,!this!receptor!is!found!highly!expressed!

in! the! terminal! end! buds! of! developing! mammary! glands,! and! is! crucial! for! the!

proliferation!of!the!luminal!epithelium!(Parsa!et#al.!2008).!The!ligands!FGF7,!and!FGF10!

are!known!to!be!expressed!during!this!stage!of!development!(SpencerPDene!et#al.!2001;!

Parsa! et# al.! 2008;! Hynes! and! Watson! 2010).! Overexpression! of! FGFR2,! or! FGF10,! is!

associated! with! breast! cancer! development,! indicating! a! key! role! of! the! pathway! in!

regulating!mammary!development!and!proliferation!(Theodorou!et#al.!2004;!Meyer!et#al.!

2008).!Pond!et!al.! (2013)!have!also! recently! successfully!demonstrated! the! role!of! FGF!

signalling! in! mammary! stem! cell! maintenance! and! normal! development,! using!

conditional!FGFR1!and!FGFR2!mutants.!

1.1.3.2.2.2 #Epidermal#growth#factor#(EGF)#family#

The! EGF! family! signal! through! the! ErbB! family! of! receptor! tyrosine! kinases,! of!

which! there! are! four! specific! subtypes! (ErbB1/EGFR,! ErbB2/HER2,! ErbB3! or! ErbB4).!

Particular! members! can! homoP! or! heteroPdimerise! with! varying! ligand! specificity,! to!

activate! downstream!pathways! including! the!Mitogen! activated!protein! kinase! (MAPK)!

and!phosphatidyl!inositol!3!kinase!(PI3K)!cascades!(Prenzel!et#al.,!2001).!
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EGF,

Epidermal! growth! factor!binds! the!Epidermal!Growth!Factor! receptor! (EGFR)!or!

ErbB1/HER1,!and!has!been!used!extensively!in!studies!of!mammary!gland!growth!in!both!

2!and!3Pdimensional! in#vitro!assays.!However,! it! is!not!widely!understood!to!be!the!key!

EGFR! ligand!for!mammary!gland!development! in#vivo.!While!exogenous!addition!of!the!

ligand! to! the!growth!halted!mammary!glands!of!ovariectomised!mice! reinstated!ductal!

branching! morphogenesis! in! previous! studies! (Coleman! et# al.! 1988),! deletion! of! EGF!

ligand!actually!proved!to!have!limited!effect!on!postnatal!mammary!gland!development,!

suggesting! that!other! EGFR! ligands! actually! play! a!more!prominent! role! in! the!process!

(Luetteke!et#al.!1999).!

Neuregulin,

Embryonically,!Neuregulin!3!(NRG3),!which!binds!ErbB4,!is!expressed!in!the!lateral!

plate!mesoderm,!directly!before!the!mammary!buds!develop,!regulating!the!grouping!of!

epithelial! cells! for! placode! formation.! Reduced! levels! of! NRG3! activity! as! assessed! by!

mutant!mouse! lines!demonstrates! failure!or! reduced!ability! to! form!placode!number!3!

(the!first!of!the!5!to!form),!while!ectopic!expression!of!the!ligand!in!the!basal!layer!leads!

to! a! larger! than!normal! number! of! glands! forming! (Howard!et# al.! 2005;! Panchal!et# al.!

2007).! ! Other! family! members,! NRG1,! 2! and! 4! are! also! expressed! during! embryonic!

stages!and!although!this!has!not!been!fully!evaluated,!it!could!be!that!they!too!have!roles!

in!early!mammary!development!(Wansbury!et#al.!2008).!!!

Postnatally,! Nrg1! is! important! in! the! mammary! gland,! recently! having! been!

shown!to!be!a!basallyPexpressed!factor!required!for!luminal!progenitor!maturation,!in!a!

paracrine!fashion!(Forster!et#al.!2014)!(Figure!1.3).!This!correlates!with!recent!data!from!

the! Dale! lab! describing! Nrg1! and! its! receptors! ErbB3! and! ErbB4! to! be! expressed!

reciprocally,!such!that!Nrg1!is!predominantly!expressed!in!basal!cells!over!luminal,!while!

the! receptors!are!expressed!most!highly! in! the! luminal!ERP!cell!population! (Jardé!et#al.!

2016).!

Amphiregulin,(AREG),

During!puberty,!AREG! is! the!most!prevalent!RTK! ligand,! released! in! response! to!

hormonal!cues!(namely!estrogen)!and!binding!specifically!to!EGFR/ErbB1!to!induce!vast!

expansion! of! epithelial! cells,! with! a! key! role! particularly! in! ductal! elongation.! This!

elongation!is!significantly!reduced!in!AREG!deficient!mice,!along!with!a!reduction!in!TEB!
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formation.! It! is! however! thought! that! AREG! induced! epithelial! expansion! occurs! as! an!

indirect! effect,! such! that! AREG! induces! release! of! mitogenic! factors! from! the! stroma!

(Ciarloni!et#al.!2007)(Figure!1.3).!

#

1.1.3.2.2.3 Hepatocyte#growth#factor#(HGF)#

HGF,! first! discovered! as! a! mitogenic! factor! for! hepatocytes,! has! multiple!

functions,! including!stimulation!of!cell!growth,!morphogenesis!and!motility,!on!a!broad!

number!of! epithelial! cell! types.!Due! to! its! role! in! cell!migration,! it! has! also!historically!

been!termed!scatter!factor,!and!is!known!to!bind!the!RTK!cPMet.!!

In!the!mammary!gland,!HGF!was!originally!termed!mammary!growth!factor,!and!

was!found!to!be!produced!by!the!surrounding!stromal!fibroblasts!of!the!gland,!acting!on!

mammary!epithelial!cells!in!paracrine!fashion!(Sasaki!et#al.!1994).!!In!very!early!studies,!

human! breast! cells! embedded! in! collagen! gel! produced! structures! which! displayed!

extensive! branching! upon! treatment! with! HGF,! highlighting! a! role! for! the! factor! in!

mammary!morphogenesis,! while! in! 2Pdimensional! studies,! human!mammary! epithelial!

cells! demonstrate! increased! motility! and! proliferation! in! response! to! HGF! treatment!

(Niranjan!et#al.!1995).!

Overexpression! of! HGF! or! its! receptor! have,! in! in# vivo! mouse! studies,! proved!

tumourigenic! postnatally,! suggesting! the! signalling! pathway! to! be! highly! important! for!

the! homeostasis! of! the! already! established! gland! (Kamalati! et# al.! 1999),! while!

developmental! studies! indicate! a! role! for! the! growth! factor! in! the! proliferation! of!

terminal!end!buds!(Yant!et#al.!1998).!

More! recently,! a! study!by!DiPCicco!et!al! (2015)!demonstrated!expression!of! the!

ligand!from!both!stromal!and!basal!cells,!with!cPMet!receptor!expression!in!both!luminal!

and! basal! cell! populations! themselves.! This! study! highlighted! particular! effects! of!

continued!HGF!treatment!on! luminal!cells,! such!that! they!appear! the!main!effectors!of!

the! paracrine! signal,! increasing! their! proliferation! in! response! to! ligand! stimulation.! In!

addition,! luminal! cells! under! HGF! stimulation! have! been! shown! to! acquire! basalPlike!

properties,!with!increased!stem!cell!potential!and!reduced!luminal!gene!expression.!!

!

!

!
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1.1.4 Mammary$stem$cells$

The! constant! remodelling! and! obvious! regenerative! capacity! of! the! mammary!

gland!has!led!to!an!extensive,!onPgoing!search!for!a!definitive!stemPcell!population,!which!

many!believe!to!be!the!target!of!malignant!transformations!leading!to!cancer.!However,!

current!methods!for!the!study!of!mammary!gland!development!have!not!yet!allowed!the!

conclusive! identity! of! a!multipotent!mammary! stem! cell! (MaSC)! population!within! the!

adult!mammary!gland.!!

In# vivo,! transplantation! of! either! gland! fragments! or! mammary! epithelial! cells!

(MECs)!into!the!cleared!fat!pads!of!mice!–!currently!the!‘gold!standard’!mammary!stem!

cell! assay! –! and! consequent! full! gland! regeneration,! has! repeatedly! demonstrated! the!

existence!of!a!stem!population!(DEOME!et#al.!1959;!Kordon!and!Smith!1998;!Shackleton!

et# al.! 2006;! Stingl! et# al.! 2006).! Transplantation! of! single! cell! populations! possessing!

surface! markers! indicative! of! a! broad! basal! phenotype! (Lin
P
CD29

hi
CD24

+
,! or!

CD24
med

CD49f
hi
)!assessed!this!subtype!to!contain!the!key!multipotent!MaSCs!present!in!

adult!mammary!glands!(Shackleton!et#al.!2006;!Ashworth!and!Smalley!2006;!Stingl!et#al.!

2006).! A! quiescent! stem! population! within! this! basal! subset! has! been! prospectively!

identified,! expressing! the! cell! surface! glycoprotein! CD1d,! and! conferring! a! 5.5! fold!

increase! in! mammary! repopulating! ability! (Santos! et# al.! 2013).! Moreover,! similar!

purification!of!basal! cells! indicates!a!distinct!WntPresponsiveness!of!MaSC!populations;!

sorting! cells! based! on! the! novel! Wnt! target! gene! protein! C! receptor! (ProcR)! further!

enhances!both!repopulating!frequencies!(1! in!12!Procr+!cells!compared!to!1! in!69!total!

basal! cells),! and! colony! formation! (1! in!3!Procr+! compared! to!1! in!15! total! basal! cells)!

(Wang!et#al.!2014),!while!Lgr5!positivity!also!confers!increased!regenerative!ability!(1!in!

4.2!Lgr5+!cells!compared!to!1! in!90!total!basal!cells)(Plaks!et#al.!2013).!Transplantation!

experiments!however!have!been!questioned! in! terms!of! their! true! reflection!of! in# vivo!

stem! cell! potential;! results! can! be! altered! by! the! presence! or! absence! of! extracellular!

matrix!substitutes!(Spike!et#al.!2012),!while!the!nonPphysiological!conditions!of!a!cleared!

mammary! fat!pad,! in!which!wound!healing!or! stress! signals! are! likely!prominent,!have!

been!suggested!to!reveal!unusual!potentials!of!cells!that!would!otherwise!not!exist!in!a!

normal,!functional!glands,!leading!to!the!use!of!in#vivo!models!for!stem!cell!studies!in!an!

appropriate!context.!

!
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Figure 1.6 Summary hierarchy model based on currently published evidence 

A! consensus! hierarchy!model! in!which! an! initial! basal!MaSC! population! forms! either! luminally! (Lum)! or!

myopithelially!restricted!stem!cells!(Sc),!or!progenitors!(P),!which!each!serve!to!repopulate!their!individual!

lineage,!is!shown,!based!on!findings!from!various!in!vivo!lineage!tracing!studies.!!

!

Conflicting! evidence! for! hierarchies! of! stem! and! progenitors! cells! (Figure! 1.5)!

from! in# vivo! lineage! tracing! studies!has! further! complicated!our!understanding!of! such!

populations! (Smith! 1996;! Van! Keymeulen! et# al.! 2011).! Van! Keymeulen! et# al.! (2011)!

indicated! that! normal! adult! mammary! gland! development! relies! purely! on! unipotent!

luminal! and!myoepithelial! stem! cells! derived! from! a! common!MaSC! during! embryonic!

development.! Indeed,! several! studies!agree!with! the!presence!of!unipotent!adult! stem!

cells!that!selfPsustain!their! individual! lineage!(Tao!et#al.!2014;!Wuidart!et#al.!2016).!van!

Amerongen! et! al.! (2012),! also! similarly! indicated! the! presence! of! Wnt! responsive!

unipotent! stem! cells! within! the! mammary! gland! during! puberty,! but! also! further!

demonstrated!a!bipotent!stem!cell!reserved!for!proliferation!associated!with!pregnancy.!

Interestingly,!this!work!also!identified!that!Axin2+!(and!therefore!Wnt!responsive)!cells!to!

vary! in! their! differentiation! potential! depending! on! developmental! stage;! in! the!

mammary!placode!at!embryonic!days!12.5!to!17.5!becoming!luminal!lineages!and!in!the!

prepubescent!gland!forming!basal!populations.!!Evidence!from!the!Visvader!lab!(Rios!et#

al.!2014)!provides!strong!evidence!for!the!existence!of! !bipotent!MaSCs,!and! long! lived!

progenitor! cells.! ! Such! discrepancies! in! evidence! from! different! experimental! models!

demonstrate! the! sensitivity! of! cells! to! their! environment,! and! the! critical! need! for! a!

system!in!which!to!study!such!cellular!dynamics.!!
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1.2 Breast$cancer$

Breast!cancer!is!the!most!common!cancer!in!the!UK,!affecting!around!more!than!

50,000!women!a!year,!with!approximately!12,000!women!dying!each!year!as!a!result!of!

the! disease! (Breast! Cancer! Now,! 2016).! Breast! cancer! on! the! whole! is! highly!

heterogeneous!P! it!can!be!ductal!or!lobular!in!nature,!histologically,!while!at!the!clinical!

level! it! is! often! classed!dependent! on! expression! levels! of! estrogen,! progesterone! and!

HER2/ErbB2! receptors:! Luminal! A! estrogen! receptor! positive;! Luminal! B! ER! and! HER2!

positive;! Claudin! low,! receptor! negative! tumours;! HER2! overexpressing! tumours! with!

mainly! luminal! features;! basalPlike! tumours,! triple! negative! for! ER,! PR! and! HER2;! and!

finally! the!normalPlike! subtype! (Perou!et#al.! 2000;! Sørlie!et#al.! 2001).!At! the!molecular!

level,! the!disease!has!most! recently! been!divided! into! at! least! 10!different! subgroups,!

based! on! integrated! clustering! of! copy! number! alterations! and! gene! expression! data!

from!over!2000!breast!cancer!samples!(Curtis!et#al.!2012).!!

Each! diverse! breast! cancer! subtype! has! uniquely! associated! properties! and!

contributing! factors,! some! of! which! provide! targeted! treatment! options! for! the!

successful!ablation!of!tumours.!ER!positive!tumours,! for!example,!are!by!far!the! lowest!

risk!breast!cancer!subtype,!given!their!critical!hormone!dependence!and!susceptibility!to!

antiPestrogen! (Tamoxifen)! or! aromatase! inhibitor! (Letrozole)! treatment;! the! former!

significantly!reducing!tumour!recurrence!and!mortality!rates!over!15!years,!when!used!as!

an! adjuvant! to! surgery! for! 5! years! (Early! Breast! Cancer! Trialists'! Collaborative! Group!

(EBCTCG)! et# al.! 2011).! HER2! positive! tumours! result! from! the! overexpression! of! the!

ErbB2/HER2! receptor! in! subpopulation! of! cells,! accounting! for! around! 20%! of! breast!

cancers.!As!such,!they!are!uniquely!targetable!by!Herceptin!(Trastuzumab)!P!an!antibody!

able! to! competitively! bind! the! overexpressed! receptor! and! prevent! ligand! induced!

signalling!P!and!consequently!show!moderate!survival!rates.!!Other!subtypes!however!do!

not!yet!have!such!targeted!therapies;!critical!to!the!identification!of!potential!targets!is!

the!understanding!of!the!biology!of!the!cancer.!

1.2.1 Basal$breast$cancer$

The!basalPlike!breast!cancer!subtype!lacks!hormone!receptor!expression!or!HER2!

overexpression!and!often!includes!‘Triple!Negative’!breast!cancers!(TNBCs),!and!accounts!

for!around!15%!of! invasive!ductal!breast!cancers!(Badve!et#al.!2011).!Phenotypically,!as!

the!name!would!suggest,!basal!breast!cancers!predominantly!exhibit!basal/myoepithelial!
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cellPlike!properties:!they!lack!steroid!hormone!receptors,!while!keratins!5,!14!and!17!are!

highly! expressed.! Importantly,! upregulation! of! the!MaSC! associated!Wnt! pathway! has!

been! widely! associated! with! basal! breast! cancers;! Increased! active! βPcatenin!

(cytoplasmic! and! nuclear)! is! frequently! observed,! correlating! with! an! enrichment! of!

stem/progenitor!cells!(Khramtsov!et#al.!2010).!!

The!presence!of!such!an!increased!stem!cell!like!population!is!thought!to!be!the!

cause!of!this!subtype!having!one!of!the!worst!prognoses!of!any!breast!cancer!subtype.!

Although! a! high! mitotic! index! renders! basal! breast! cancers! initially! susceptible! to! so!

called! ‘standard! of! care’! (SoC)! chemotherapeutics! such! as! Taxol! P! a! microtubule!

stabilising! compound! designed! to! inhibit! the! division! of! rapidly! dividing! cells! P! they!

invariably! exhibit! the!highest! rates! and! severities! of! tumour! relapse,! due! to! a! residual!

subpopulation!of!slowly!dividing,!and!thus!treatment!resistant!cells.!!

This! corresponds! with! the! longPstanding! ‘cancer! stem! cell’! (CSC)! hypothesis,!

which!says! that!much! like!a!normal! tissue! is!maintained!by! tissue!specific! stem!cells,!a!

tumour!is!derived!from!and!maintained!by!the!self!renewal!and!expansion!of!a!cell!with!

stemPlike! properties! (also! known! as! a! tumour! initiating! cell),! also! responsible! for!

metastasis! and! tumour! recurrence.! Indeed,! such! a! population! capable! of! initiating!

tumour!growth!in!mouse!transplantation!assays!has!been!identified!in!the!human!breast!

(AlPHajj!et#al.!2003).!Under!such!a!CSC!theory,!successful!cancer!treatment!relies!on!the!

removal!of!the!CSC!population;!even!if!95%!of!tumour!cells!have!been!killed!by!a!broad!

spectrum,! cytotoxic! chemotherapeutic,! the! persistence! of! a! slowly! dividing! CSC!

population!confers!recurrence!potential!(!Figure!1.7).!Conversely,!the!specific!targeting!of!

a!feature!supporting!CSC!survival!leaves!only!more!differentiated!cell!types!behind,!often!

resulting! in! tumour! regression.! The! safest! chemotherapeutic! regime! is! in! fact! the!

combination! of! both! approaches,! thus! removing! the! possibility! of! nonPCSC! to! CSC!

conversion!in!absence!of!a!true!CSC!population!(Chaffer!et#al.!2013).!

Importantly,!CSCs!often!utilise!known!SC!associated!pathways,!offering!potential!

targets!for!therapy;!given!the!clear!aberrant!activity!of!the!Wnt!pathway!in!basal!breast!

cancers,!and! the!known! link!between!Wnt!and!stem!cell!activity,! strategies! to! target!a!

prospective!CSC!population!in!this!subtype!with!inhibitors!of!Wnt!activity!have!emerged!

as!exciting!possibilities!in!basal!breast!cancer!research.!

!
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Figure 1.7 The roles of cancer stem cells in cancer treatment. 

A! tumour! comprising! of! CSCs! and! non! stem! cancer! cells! can! be! treated! with! conventional! therapy! to!

remove!rapidly!dividing!cells!from!the!bulk!tumour.!Although!this!is!effective!in!reducing!tumour!size,!over!

time!residual,!slowly!dividing!CSCs!can!repopulate!the!tumour.!Alternatively,!a!CSC!targeting!therapy!can!

remove!the!source!of! the!tumour,! leaving!behind!more!differentiated!cell! types!eventually!vulnerable!to!

necrosis,! leading! to! tumour! regression.! Moreover,! CSC! specific! therapy! combined! with! conventional!

chemotherapy!can!aid!the!total!ablation!of!tumour!cells.!

!

1.2.1.1 The#Wnt#pathway#as#a#prospective#therapeutic#target#in#basal#breast#cancers#

Connections!between!Wnt!signalling!and!breast!cancers!were!first!made!with!the!

discovery!of!mammary!hyperplasia!and!tumourigenesis!upon!Wnt1!overexpression!under!

the!MMTV!promoter!in!the!mouse!(Tsukamoto!et#al.!1988).!In!a!similar!phenomenon!to!

that!observed!in!the!basal!subtype,!Wnt1!overexpression!caused!a!significant!expansion!

of!MaSC!and!progenitor!populations!(Yi!Li!et#al.!2003;!B.!Y.!Liu!et#al.!2004).!Importantly,!

knockout! of! the! LRP! receptor! characteristic! of! a! Wnt! responsive! cell! prevented! this!

expansion!(Lindvall!et#al.!2006),!lending!support!for!the!inhibition!of!Wnt!signalling!in!the!

treatment!of!basal!breast!cancers.!

Of!course,!inhibiting!Wnt!signalling!may!not!be!simple,!since!deregulation!of!the!

pathway! is! not! confined! to! a! single! mutation! or! mechanism! in! basal! breast! cancers.!

Aberrant! Wnt! receptor! activation! or! expression! has! been! demonstrated! by! Liu! et! al!

(2010),!with!LRP6!overexpression!in!around!30%!of!human!breast!cancers,!most!of!which!

were! triple! negative,! ERPnegative! or! HER2Pnegative! subtypes! (C.PC.! Liu! et# al.! 2010).!

Upregulation!of!Dishevelled!or!loss!of!inhibitory!Wnt!regulators!can!also!be!linked!to!βP
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catenin!upregulation;!while!it!is!fairly!uncommon!for!APC!or!Axin!oncogenic!mutations!to!

occur! in! breast! cancer! (deregulations! reviewed! extensively! by! (Incassati! et# al.! 2010)),!

breast! cancer! cell! lines! demonstrate! silencing! or! downPregulation! of! several! Dickkopf!

protein! family! members! (DKK2,! 3! and! 4)(Xiang! et# al.! 2013).! In! contrast,! DKK1! is!

overexpressed! in! several! TNBC! cell! lines! and! is! associated! with! nuclear! BPCatenin!

accumulation,!while! its! expression! level! in! patients! correlates!with! poor! prognosis.! As!

DKK1! is! itself! a! Wnt! target! gene,! it! is! thought! that! its! overexpression! is! a! result! of!

activated!Wnt! signalling,! despite! it’s! usual! role! as! a!Wnt! inhibitor! in! the! cell! (Xu!et# al.!

2012;!Zhou!et#al.!2014;!Forget!et#al.!2007).!

!In!humans,!a!high!expression!level!of!the!basally!associated!ΔNp63!transcription!

factor!has!been!found!prevalent!within!the!basal!like!breast!cancer!subtype,!linked!with!

an! increased! expression! of! the! Fzd7! receptor! (Chakrabarti! et# al.! 2014).! Increased!

Tankyrase!expression,!and!consequently!increased!Wnt!signalling!activity,!has!also!been!

detected!in!hormone!receptor!negative!breast!cancers!in!particular!(Gelmini!et#al.!2004).!

Given!that!alterations!in!Wnt!activity!may!be!induced!at!any!level!of!the!pathway,!

inhibitors!may!be!required!for!a!broad!range!of!Wnt!pathway!related!factors;!from!Wnt!

ligand! itself,! to! receptors,! and! even! proteins! responsible! for! Wnt! related! gene!

expression.!Several!such!inhibitors!are!currently!in!development.!!

1.2.1.1.1 Inhibitors,of,Wnt,release,

An! inhibitor! of! Wnt! production! (IWPP2)! has! been! demonstrated! to! act! via! it’s!

highly!specific!inactivating!effects!on!Porcn!function!(Chen!et#al.!2009),!suggesting!that!it!

may! be! useful! as! a! therapeutic! compound.! Several! other! Porcn! inhibitors,! including!

LGK974! and! WntPC59,! have! also! shown! high! efficacy! in! inhibiting! Wnt! signalling! in!

multiple!cancer!types,!including!MMTVPWnt1!mouse!models!(J.!Liu!et#al.!2013;!Proffitt!et#

al.! 2013),! with! the! former! currently! in! use! in! a! Phase! I! clinical! trial! (Clinicaltrials.gov,!

2016).!!

1.2.1.1.2 Inihbitors,of,WntFreceptor,binding,,

Wnt!signalling!occurs!through!a!receptor!complex,!such!that!Frizzled!and!Lrp6!are!

both!potential!targets!of!inhibtion.!Several!compounds!altering!receptor!levels!have!been!

identified;! niclosamide,! a! derivative! of! salicylic! acid,! has! been! indicated! to! promote!

Frizzled! internalisation! (M.!Chen!et#al.!2009)!and!Lrp6!degradation! (W.!Lu!et#al.!2011),!
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while! the! small!molecule! inhibitor! salinomycin,! shown! in!high! throughput! screening! to!

selectively!target!breast!cancer!stem!cells!(Gupta!et#al.!2009),!inhibits!expression!of!the!

Lrp6!receptor!(W.!Lu!and!Yonghe!Li,!2014).!Notably,!the!latter!compound!reduced!CSCs!

over!100!fold!compared!to!the!SoC!treatment,!Taxol!(Gupta!et#al.!2009).! Importantly,!a!

recombinant! human! monoclonal! antibody! to! the! Frizzled7! receptor,! Vantictumab!

(OMP18R5),! has! shown! success! in! patient! derived! xenograft! models,! reducing! the!

tumorigenicity!of!human! tumour!cells! (Gurney!et#al.!2012),!and!has!been!shown!to!be!

well!tolerated!in!a!Phase!I!clinical!trial!by!OncoMed!Pharmaceuticals,!with!work!now!onP

going!to!determine!dosing!(OncoMed!Pharmaceuticals,!2016).!!

1.2.1.1.3 Regulators,of,intracellular,Wnt,signalling,pathway,components,,

As! discussed! in! detail! in! 1.1.3.1,! the! intracellular! Wnt! pathway! comprises! a!

consortium!of!proteins!that!are!responsible!for!the!control!of!βPcatenin!levels!in!the!cell,!

many!being!prime!targets!for!inhibition!of!the!Wnt!pathway;!inhibitors!of!TNKS1!and/or!

TNKS2! activity! have! shown! promise! in! this! respect.! XAV939,! originally! identified! to! be!

able!to!inhibit!βPcatenin!mediated!transcription!through!inhibition!of!TNKS1/2!by!Huang!

et! al! (2009),! has! clearly! been! demonstrated! to! promote! axin! stability,! preventing! cell!

migration! and! colony! formation! in! breast! cancer! cell! lines,! while! Inhibitor! of! Wnt!

responseP1!(IWRP1),!has!been!indicated!to!work!similarly!(Bao!et#al.!2012).!!

1.2.1.1.4 Inhibitors,of,Wnt,target,gene,expression,

Merck! Serono! have! recently! developed! an! inhibitor! of! the! Mediator! complex!

kinases!CDK8!and!CDK19!(Dale!et#al.!2015).!The!compound,!CCT251545,!initially!reported!

by! a! high! throughput! cellPbased! reporter! assay! to! have! inhibitory! effects! on! the!Wnt!

pathway! (Mallinger! et# al.! 2015)! acts! via! competitive! ATP! inhibition,! and! works! at! the!

level! of,! or! downstream! of,! T! cell! Factor! (TCF),! thus! regulating! Wnt! dependent! gene!

transcription!(Dale!et#al.!2015).!

In# vivo! experiments! performed! on! an! animal! model! of! βPcatenin! dependent!

intestinal! hyperplasia! indicated! that! the! compound! could! successfully! reduce! crypt!

proliferation! and! overall! length,! while! in! MMTVPWnt1! induced! mouse! breast! cancer!

allografts,! inhibitor!treatment!reduced!tumour!growth!rate,!and!caused!a!reduced!Wnt!

target!gene!signature!(Dale!et#al.!2015).!Moreover,!in#vitro!experiments!on!MMTVPWnt1!
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tumour! organoids! previously! showed! successful! response! to! the! compound! (Ewan;!

Unpublished).!!

!

The! range! of! inhibition! routes! and! clear! biological! promise! of! the! compounds!

described! here!makes! the!Wnt! pathway! an! exciting! target! for! the! treatment! of! basal!

breast! cancers.! The! development! and! validation! of! such! targeted! therapies! however,!

relies!on!the!availability!of!relevant!models! in!which!to!study!effects!on!overall!tumour!

growth,!stem!cell!compartments!both!alone!and!in!combination!with!SoC!therapy.!

1.3 In,vitro$systems$for$study$of$the$mammary$gland$

1.3.1 2D$culture$

The!study!of!the!mammary!gland,!including!the!search!for!a!MaSC!population,!cell!

signalling! pathways! and! breast! cancer! characteristics! amongst! other! aspects,! has!

extended!past!in!vivo!work!into!2!dimensional! in#vitro!studies,!none!of!which!have!thus!

far! been! able! to! fully! recapitulate! a! physiologically! relevant! system,! despite! their!

independent! contributions! to! the! knowledge!of!breast!biology.! Immortalised! cell! lines,!

cultured! on! tissue! culture! treated! plastic,! have! been! frequently! used! in! studies! of! the!

breast.! The! human! MCFP7! breast! tumour! cell! line,! for! example,! enabled! the! first!

elucidation! of! the! sensitivity! of! estrogen! receptor! positive! cancers! to! antiPestrogen!

treatment! Tamoxifen,! and! has! been! used! as! a! key! model! for! understanding! the!

mechanisms! used! by! estrogen! to! stimulate! breast! cells! to! proliferate! (Levenson! and!

Jordan! 1997).! ! While! primary! MECs! can! also! be! cultured,! they! often! lose! their!

differentiation!ability!upon! contact!with! the! two!dimensional!plastic! surface,! and!have!

been!demonstrated!to!adapt!genetically!over!long!periods!of!culture!(Neve!et#al.!2006).!!!

2PD! mammary! colony! forming! cell! assays,! in! which! mammary! cells! seeded! in!

adherent! culture! with! ‘feeder’! fibroblasts! are! assayed! for! ability! to! form! clonal!

populations! of! cells,! are! useful! in! detecting! possible! progenitor! cells,! but! culture!

conditions!used!do!not!allow!for!the!differentiation!of!all!cell!types,!and!may!not!support!

stem!cell!survival!(Stingl!2009).!
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1.3.2 3D$culture$

Attempts! to! translate! in# vitro! mammary! gland! studies! into! 3D! culture,! and!

therefore! better! mimic! the! true! microenvironment! of! the! mammary! gland! have! also!

been!made.!However,! the!degree! to!which! these! systems!can! fully! recapitulate! in# vivo!

mammary!gland!biology!is!somewhat!limited.!

The! mammosphere! assay,! where! serum! free! nonPadherent! culture! conditions!

allow! the! growth! of! spherical! structures! comprised! of! undifferentiated! cells! with! selfP

renewal! abilities,! are! routinely!used! to! identify! and!quantify! stemPlike! cells,! and!under!

different! culture! conditions,! demonstrate! their! differentiation! capacity! (Dontu! et# al.!

2003);! culture!conditions!allowing!both! traits! simultaneously!have!not!yet!been! found.!

This! method! can! also! be! used! to! produce! tumourspheres! for! the! study! of! so! called!

‘cancerPstem! cells’! from! tumour! material.! However! difficulties! exist! in! the! distinction!

between!MaSC! and! progenitor! involvement! during! formation! of! these! spheroids,! and!

evidence!has!suggested!that!most!mammospheres!are!in!fact!a!result!of!aggregations!of!

cells! in! suspension,! rather! than! clonal! outgrowths,! thus! limiting! the! certainty! of! ‘stem!

cell’!conclusions!using!such!assays!(Stingl!2009).!!

Strong! evidence! has! shown! the! retained! or! increased! expression! of! mammary!

specific! genes! such! as! βPcasein! when! primary! cells! are! cultured! on! floating! collagen!

membranes!or!in!basement!membranePlike!substrates!(Emerman!et#al.!1977;!M!L!Li!et#al.!

1987).! As! such,! newer! 3D! systems! have! introduced! an! extracellular!matrix! substitute,!

such!as! collagen! I! or!Matrigel,! (derived! from!Engelbreth!Holm!Swarm!mouse! sarcoma,!

comprising!mainly! laminin!and!collagen! IV)! to!promote!the!maintenance!of!normal!cell!

signalling,! and! tissue! architecture! (Campbell! and! Watson! 2009).! Such! assays! have!

typically!demonstrated!growth!of!acinar!structures,!possessing!the!architecture!of!the!inP

vivo! gland,! but! structures! formed! are! often! growth! arrested! and! therefore! not!

maintainable!in!longPterm!culture!(Debnath!et!al.!2003;!Campbell!and!Watson,!2009).!!

Recent! approaches! have! identified! factors! enabling! the! formation! of! polarised!

epithelial! cells! of! basal! and! luminal! phenotype,! organised! with! a! central! lumen,! for! a!

short!period!(Ewald!et#al.!2008;!Pasic!et#al.!2011;!Obr!et#al.!2013).!Such!structures!can!

retain!steroid!hormone!receptor!expression!in!culture,!but!for!a! limited!period!of!14!to!

21!Days!(Obr!et#al.!2013).!!
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The! ideal! in#vitro!3Pdimensional!mammary!gland!culture!system!would!combine!

the!best!features!of!each!of!these!assays!to!fully!recapitulate!the!in#vivo!mammary!gland;!

concomitantly! enabling! stem! cell! maintenance! and! proliferation,! and! biologically!

relevant,!functional!differentiation,!in!a!tissue!specific!architecture.!!

1.3.3 Organoid$culture$systems$

1.3.3.1 Introduction#

An! organoid,! defined! most! simply,! is! a! structure! closely! resembling! an! organ.!

More!specifically,!it!is!a!collection!of!cell!types!derived!from!a!specific!tissue,!grown!in!a!

3Pdimensional,!inPvitro!environment,!closely!resembling!the!inPvivo!tissue!in!structure!or!

function.! Such! organoid! culture! systems! differ! from! previously! established! 3D! culture!

models,! in! that! they!retain! functioning!stem!cells,!enabling! longPterm!cultures! that!can!

be! expanded! at! great! magnitude! to! enable! high! throughput! analysis,! from! a! small!

amount! of! starting! material.! In! general,! stemPcell! containing! organoid! cultures! also!

exhibit!a!full!complement!of!functioning!differentiated!cell!types!of!the!tissue!from!which!

they! originated,! arranged! in! a! organ! specific! architecture,! communicating! through!

physiologically!relevant!cellPcell!signalling!mechanisms!(Figure!1.8).!

Toshiro!Sato!and!Hans!Clevers!initially!defined!the!stemPcell!containing!organoid!

culture! system! (Sato! et# al.! 2009).! It! took! the! form! of! a! 3D,! matrigel! based! model!

supporting!growth!of!complex!intestinal!organoids!recapitulating!basic!crypt!physiology:!

from! their! 3D! architecture,! to! Lgr5+! stem! cell! selfPrenewal! and! capacity! for!

differentiation!of!all!epithelial!cell!types!(Sato!et#al.!2009).!The!key!to!this!breakthrough!

was! the! control! of! the! Wnt! signalling! pathway,! known! to! be! essential! for! crypt!

proliferation! (Pinto! et# al.! 2003),! using! the! Lgr5! ligand! RPspondin1.! This! protein!

potentiates! Wnt! signalling,! forming! a! complex! with! Lgr5! receptors! and! the! Frizzled!

receptor! and!preventing! their! removal! from! the! cell! surface,! and! is! shown! to! regulate!

intestinal!organoid!formation!in!a!concentration!dependent!manner!(de!Lau!et#al.!2011).!

Other!minimum! requirements! in! this! culture! system! included! epidermal! growthPfactor!

(EGF)! for! intestinal! cell! proliferation,! and! the! transforming! growth! factorPβ! (TGFPβ)!

pathway! inhibitor! Noggin! (Nog)! (Sato! et# al.! 2009).! Investigations! based! around! the!

paracrine! interactions! that! constitute! the! ‘stemPcell! niche’! of! the! small! intestine! have!

since! enabled! whole! crypt! culture! from! as! little! as! a! single! cell! in! culture! (Figure!

1.9)(Sato,!van!Es,!et#al.!2011).!
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Figure 1.8 Organoid models have advantages over 2D culture systems.  

(A)! In! vivo! tissue!composition!and!architecture.!Multiple! cell! types!build!up!a!heterogenous,! functioning!

tissue.$ (B)$ In! 2! dimensional! culture,! cells! oftern! lack! heterogeneity,! and! artificial! 2D! nature! prevents!

important!physiological! interactions!between!cell! subtypes.! (C)! 3D!cultures!permit!physiological! relevant!

cell! signalling,! recapitulation! of! tissue! architecture! and! structure,! and! maintained! cell! heterogeneity. 

Reprinted!by!permission!from!Macmillan!Publishers!Ltd:![Stem!Cells]!(Hynds!et!al.,!2013),!copyright!(2013).!

!!

!

!

!

Figure 1.9 Intestinal organoid cultures recapitulate in vivo gut morphology.  

Culture! conditions! generated! by! Sato! et# al.# (2009)! allow! the! generation! of! intestinal! organoids! with!

functional!and!distinct!crypt!and!villus!domains,!with!full!complement!of!differentiated!and!stem!cell!types.!

Reprinted!by!permission!from!Macmillan!Publishers!Ltd:!Nature,!(Sato!et!al.,!2009),!copyright!(2009).!
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1.3.3.2 #

The!utilities!of!the!intestinal!culture!system!are!extensive.!The!roles!and!growth!

dependencies!of! individual!cell!populations!during!development!can!be!monitored,! the!

effects! of! growth! factors! and! inhibitors! development! can! be! studied,! while! organoids!

derived! from! genetically! modified! mouse! models! enable! the! study! of! disease!

mechanisms! and! can! aid! early! stage! drug! discovery! (Jardé! et# al.! 2012).! Furthermore,!

human! organoid! culture! can! now! be! achieved! using! similar! culture! conditions! (Sato,!

Stange,!et#al.!2011),!and!has!taken!a!role!in!the!field!of!translational!medicine.!!

To!date,!organoid!systems!have!been!created!for!growth!of!tissue!from!the!liver!

(Huch!et#al.!2013),!lung!(Rock!et#al.!2009),!prostate!(Karthaus!et#al.#2014),!pancreas!(Boj!

et#al.!2015),!and!various!sections!of!the!gastrointestinal!tract!including!the!stomach!and!

colon(Bartfeld!et#al.!2014)!(Sato,!Stange,!et#al.!2011),!to!name!but!a!few.!!

1.3.3.3 #Mammary#organoid#culture##

As!in!the!intestine,!and!indeed!multiple!other!organ!systems,!Wnt!signalling!has!

been!shown!to!be!important!in!the!development!of!the!mammary!gland!(Zeng!and!Nusse!

2010).! With! this! knowledge,! early! work! in! the! Dale! lab! began! generating! media!

conditions!based!on!those!described!by!Sato!et#al.! (2009),!with!the!aim!of!enabling!the!

longPterm$ growth! and! expansion! of! fully! differentiated,! selfPrenewable! mammary!

organoids!recapitulating!in#vivo!tissue!architecture,!from!primary!murine!tissue.!!

Initial! experiments! used! the! defined,! EGF,! Noggin,! RPSpondin1! conditions!

published!by!Sato!et!al.!(2009).!While!these!conditions!supported!the!longPterm!culture!

of!many!mammary!organoids,!phenotypical!analysis!demonstrated!that!structures!were!

‘abnormal’! in! their! differentiation,! containing! no! luminal! cells,! but! an! abundance! of!

basal,! WntPresponsive! cells,! leading! to! highly! keratinous,! squamous! structure!

development!(Jardé!et!al.!2016).!RPspondin1!controlled!cell!viability,!and!was!absolutely!

essential! for! the! correct! development!of! the!basal! layer! (the! continuous! expression!of!

smooth! muscle! actin,! for! example),! and! the! maintenance! and! renewal! of! mammary!

organoids.! However,! similarities! of! structures! to! that! of! MMTVPWnt1! driven! tumours!

highlighted! that! RPSpondin1! levels! were! far! too! high;! conditions! only! enabling! the!

generation! of! abnormal! organoids! that! may! be! useful! in! the! investigation! of! tumour!

development!!(Appendix!IP1).!This!led!to!the!belief!that!an!optimal!or!‘justPright’!level!of!
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Wnt!signalling!exists!in!the!mammary!gland!for!normal!mammary!development;!too!little!

and! organoids! fail! to! thrive,! and! too! much! and! tumourPlike! basal! differentiation! is!

favoured.!!

EGF,! key! in! intestinal! culture! conditions,! is! an! important! and! commonly!

implemented!growth!factor! in!normal!twoPdimensional!mammary!cell!culture!(Nandi!et#

al.! 1984).!However,!evidence!provided!by! Jardé!et!al.! (2016)!demonstrated! that!unlike!

the! intestinal! system,! in! the!mouse!mammary!organoid!culture! system,! the!alternative!

EGF! family! member! Nrg1! more! efficiently! generated! lobular,! organised! mammary!

structures! resembling! the! inPvivo! mammary! gland,! when! used! in! combination! with!

Noggin!(Appendix!IP2).!Further!to!this,!and!in!agreement!with!a!recent!study!by!Forster!et!

al.,! (2014),! luminal!cell!populations!were!assessed!to!express!the!Nrg1!receptors!ErbB3!

and!ErbB4!at!high!levels,!while!transcripts!of!the!ligand!were!most!prevalent!in!the!basal!

population!(Appendix!IP2).!!

In!depth!characterisation!of!organoid!growth!under! conditions! combining!Nrg1,!

Noggin! and! RPSpondin1! was! initiated! by! Jardé! et! al! (2016),! with! culture! conditions!

showing!promise! in! the! generation!of! complex,! lobular! structures! recapitulating! the! in#

vivo!physiology!of!the!mammary!gland.!!
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1.4 Aims$and$objectives$

The!mechanisms!orchestrating!mammary! gland!development! are! extensive! and!

as!yet!not!fully!understood.!Ultimately,!it!is!the!failure!or!deregulation!of!these!processes!

that! underlies! the! progression! of! normal! mammary! tissue! to! malignancy.! As! such,! a!

detailed!knowledge!of!normal!mammary!gland!developmental!requirements!is!essential!

to!understand!mechanisms!potentially!driving!breast! cancer! initiation!and!progression,!

and!consequently,! to! indicate!potential! targets! for!breast! cancer! treatment.! For! this,! a!

suitable!system!in!which!to!perform!studies!is!required.!!

The!first!aims!of!this!thesis!were!therefore!to!develop,!optimise!and!evaluate!the!

mammary!organoid! system! initiated!by!Dr! Jardé! further,! such! that! it! fully! represented!

the! in# vivo! mammary! gland,! and! could! subsequently! be! exploited! for! more! detailed!

investigation!of!normal!mammary!gland!biology!and!factors!or!pathways!altering!normal!

development! or! potentially! driving! progression! to! malignant! phenotypes.! During! this!

work,! a! particular! focus! was! placed! on! the! role! of! the! Wnt! pathway! in! mammary!

organoid!development.!This!is!described!in!Chapters!3,!4!and!5.!!

Following! on! from! this,! a! second! key! objective! was! the! utilisation! of! the!

mammary! organoid! system! for! the! culture! of! tumour! derived! organoids,! and! the!

subsequent! evaluation! of! the! potential! for! Wnt! inhibition! in! the! treatment! of! basal!

breast! cancers! in! an! appropriate! prePclinical! model,! assessing! both! initial! treatment!

responses,!and!effects!on!prospective!CSC!populations.!!
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2 Materials$and$Methods$

2.1 Experimental$Animals$

The!mouse!was!used!as!a!model!to!obtain!all!primary!material!and!to!perform!in#

vivo!experiments!in!this!thesis.!Strain!information!will!be!provided!where!appropriate.!

2.1.1 Husbandry$

All!animals!were!obtained!commercially!from!Harlan!or!Charles!River,!or!bred!inP

house.!Mice!were!housed!under!UK!Home!Office!regulations.!Mice!were!all!given!access!

to!a!standard!diet!(Special!diets!Service!UK,!expanded!diet)!and!water!ad#libitum.!

2.1.2 Breeding$$

Animals! bred! in! house! were! done! so! using! the! standard! cage! format! of! two!

females! and! one! male.! Pups! were! weaned! and! sexed! at! four! weeks! of! age,! unless!

weaning! at! an! earlier! time! point! of! 19! days!was! specifically! required! by! experimental!

protocol.! In! this! case,! weaned! mice! were! given! access! to! HydroGel! to! ensure! their!

hydration,!and!solid!food!softened!in!water.!

2.1.3 Genetic$mouse$models$

The!majority!of!the!experiments!performed!in!this!thesis!were!done!so!using!the!

wildPtype,! FvB! mice.! However,! the! transgenic! TetPODN89βPcatenin! mouse! model!

described! in! (Jardé! et! al.! 2012)! was! also! used! for! indicated! experiments.! Under!

doxycycline! induction,! mice/tissues! derived! from! this! model! constitutively! express! a!

truncated,!stabilised!form!of!βPcatenin.!

2.2 Experimental$procedures$

All! experimental! procedures! were! carried! out! by! licensed! individuals! with! the!

appropriate! training,! under! the! regulations! of! the! UK! Home! Office,! under! the! project!

license!codes!30/2571!(preP2014)!and!30/3022!(2014!onward).!

2.2.1 Cleared$mammary$fat$pad$transplantation$

Transplantation!of! organoids! or! organoid! derived! cells!was! carried!out! into! the!

cleared! fourth! mammary! fat! pads! of! 21PdayPold,! female! FvB! mice,! according! to! the!

standard!procedure!described!in!detail!by!Alvi!et!al!(2003).!For!this,!organoid!(50!per!fat!

pad)! or! cell! suspensions! (60,000! per! fat! pad)! were! resuspended! in! 50%! PBS! and! 50%!
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Matrigel,! and! injected! at! 10µl.! Following! transplantation,!mice!were! checked! daily! for!

tumour! development! by! palpation,! and! fat! pads! were! harvested! after! 8! weeks! for!

analysis.!!

2.2.2 Tumour$fragment$transplantation$

For! expansion! of! material,! T1! tumour! fragments! of! approximately! 1mm
3!
were!

transplanted! into! the! cleared! mammary! fat! pads! of! 21PdayPold! female! Balb/C! mice,!

following!a!similar!protocol!to!that!described!above.!Due!to!the!rapid!nature!of!tumour!

development,!animals!were!checked!daily!for!tumour!growth!by!palpation,!and!tumours!

removed!before!exceeding!1cm!in!diameter,!usually!within!two!weeks,!according!to!the!

Rosen!laboratory!protocol!and!Home!Office!Regulations.!

MMTVPWnt1!tumour!fragments!were!implanted!heterotopically!by!subcutaneous!

trocar!into!nude!mice!by!Howard!Kendrick,!and!tumour!growth!monitored!as!above.!!

2.3 Primary$cell$preparation$for$3D$culture$

2.3.1 ‘Normal’$cell$preparation$

Unless! stated! otherwise,! ‘normal’! mouse! mammary! organoid! culture! studies!

were!carried!out!using!tissue!gathered!from!female!virgin!FvB!mice,!of!8P12!weeks!of!age.!!

2.3.1.1 Tissue#dissection#

Mice!were! culled!by!CO2! inhalation!according! to! Schedule!1!protocols!of!Home!

Office!Licence!procedures.!Each!mouse!was!surface!sterilised!with!a!spray!of!70%!ethanol!

to! the!abdomen,!before! incision! to! the!abdominal! skin,! taking! care!not! to! rupture! the!

abdominal!cavity.!The!tissue!was!blunt!dissected!to!expose!the!mammary!tissue,!and!the!

2
nd
,!3

rd
,!4

th
!and!5

th
!mammary!fat!pads!harvested.!The!lymph!nodes!from!the!4

th
!fat!pads!

were!removed!prior!to!cell!preparation,!to!improve!purity!of!epithelial!populations.!

2.3.1.2 Epithelial#fragment#preparation#

Epithelial!preparations!were!achieved!using!protocols!described!by!Sleeman!et#al.!

(2006)! and! Smalley! (2010).! Harvested! mammary! gland! epithelial! tissue! was! placed! in!

Leibowitz! LP15!medium! (Invitrogen),! supplemented!with! 10%!Heat! inactivated,! filtered!

Fetal! bovine! serum! (Invitrogen),! 1%! Penicillin/Streptomycin! (Invitrogen)! and! 1%!

GlutaMax! (Invitrogen)! (LP15/10%FBS/PSG),! before! being! chopped! at! 100! µm! intervals!

using!the!McIlwain!Tissue!Chopper!(Mickle!Laboratory!Engineering!Company,!Gomshall,!
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Surrey,!UK).!The!chopped!tissue!was! then!placed! in!shaking! incubation!at!37°C! for!one!

hour! in! a! digestion!mix! comprised! of! Leibowitz! LP15!medium,! 3!mg/ml! Collagenase! A!

(Sigma)!and!1.5!mg/ml!trypsin!from!porcine!pancreas!(Sigma).!The!resulting!mixture!was!

centrifuged!at!350!x!g!for!5!minutes,!and!washed!in!LP15/10%FBS/PSG,!before!incubation!

for! 5!minutes! in! red! blood! cell! lysis! buffer! (Sigma).! The! cell!mixture!was! then!washed!

again! before! prePplating! for! 1! hour! and! 30! minutes! at! 37°C/5%CO2! in! Dulbecco’s!

Modified!Eagle’s!medium!(Invitrogen),!supplemented!with!10%!Heat!inactivated,!filtered!

Fetal! bovine! serum! (Invitrogen),! 1%! Penicillin/Streptomycin! (Invitrogen)! and! 1%!

GlutaMax!!(Invitrogen),!to!allow!fibroblasts!within!the!preparation!to!adhere!to!the!tissue!

culture! plastic.! After! incubation,! the! nonPadherent!mammary! epithelial! cells/organoids!

were!taken!from!the!plate! in!the!media!and!washed! in! fresh!LP15/10%FBS/PSG.!At!this!

stage,!mammary!epithelial!organoids!were!either!counted!and!plated,!or!digested!further!

to!single!cells!as!described!below.!

2.3.1.3 Single#mammary#epithelial#cell#isolation#

Following!primary!organoid!isolation,!cells!were!washed!in!Joklik’s!Modification!of!

Minimal!Essential!Medium!for!Suspension!Culture!(Sigma)!and!incubated!in!a!water!bath!

at! 37°C! for! 15! minutes.! Digestion! to! single! cells! was! carried! out! through! addition! of!

TrypsinPEDTA! 0.05%! (Invitrogen)! for! 2! minutes! at! 37°C,! and! encouraged! by! gentle!

trituration!by!pipette.!Cell! clumping! following!cell!damage! induced!DNA!release!during!

trypsinisation!stage!was!reduced!by!treatment!with!5!µg/ml!DNase!I! in!serumPfree!LP15!

medium! for! 5!minutes!on! ice,! before! addition!of! 20!ml! LP15/10%!FBSPPSG.! Single! cells!

were! strained! through! a! 70! µm! cell! strainer,! pelleted! at! 265! x! g! for! 5! minutes,! and!

suspended!in!fresh!LP15/10%!FBSPPSG,!counted,!and!plated!at!the!desired!density.!!

2.3.1.4 Flow#cytometry#and#cell#sorting##

FACS! was! performed! according! to! protocols! defined! by! Sleeman! et# al.# 2006.! Single!

mammary!epithelial!cells!were!counted!and!resuspended!at!10
6
!cells!per!ml!in!LP15/10%!

FBS/PSG!medium.! Fluorescent! antibody! staining!was!performed!on! ice! for!45!minutes,!

using! antibodies! detailed! in! Table! 2.1.! Stained! cells! were! pelleted! at! 265! x! g! for! 5!

minutes,! and! resuspended! in! 1.5ml! LP15/10%FBSPPSG!medium! containing! 0.01%!DAPI.!

Due! to! a! degree! of! spectral! overlap! between! the! fluorophores! used,! compensation!

controls!of!each!of!the!individual!stains,!and!an!unstained!control!were!also!created,!in!
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order!to!automatically!determine!the!contribution!of!each!fluorophore!to!the!signal!in!a!

given!detector!and!calibrate!the!sorter.!Cells!were!sorted!using!a!BD!FACSAria! II,!or!BD!

FACSAria!III!(BD!Biosciences)!fitted!with!a!100!um!nozzle,!at!70!psi,!using!gating!detailed!

in! Figure!2.1.!Briefly,! cell! doublets!were!excluded! from! the! sort!based!on! forward!and!

side!scatter!area!profiles! (Figure!2.1B,!C),!dead!cells!by!selection!of!DAPIPnegative!cells!

(<10
3
),! and! epithelial! only! cells! selected! based! on! negative! CD45PCy7! staining! (<10

3
).!

Mammary! epithelial! populations!were! further! subdivided!based!on! their! expression!of!

CD24! (LuminalPCD24
high!

or!Basal!CD24
low
),!and!Sca1! (Luminal!ER!negative

Sca1P!
or!Luminal!

ER!positive
Sca1+

).!
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!

!

Figure 2.1   Fluorescence activated cell sorting of the three main mammary 
epithelial cell types.  

Using!the!gating!steps!originally!described!by!Sleeman!et!al!(2006,!2007),!primary!mammary!epithelial!cells!

from!8P12!week!old! FvB!mice!were! sorted! into! three! distinct! populations:! basal! (CD24
low

ScaP1
P

),! luminal!

estrogen! receptor! negative! (CD24
high

ScaP1
P

)! and! luminal! estrogen! receptor! positive! (CD24
high

ScaP1
+

).! (A)!

Cells! were! first! gated! based! on! forward! and! side! scatter! to! exclude! clumps! and! debris.! (B)$ Individual!

forward! and$ (C)! Side! scatterPbased! gating! to! enable! the! sorting! of! only! single! cells.! (D)! Dead! cells!were!

excluded!based!on!a!higher!intensity!of!DAPI!staining.!(E)!Leukocytes!gated!out!of!the!sorted!population!by!

selection!of!only!CD45Pnegative!cells.!(F)!Final!gates!were!set!based!on!the!CD24!and!Sca1!marker!profiles!

of! the! three!epithelial!cell!populations.! (G)! In!cases!where!distinct!populations!could!not!be!clearly!seen!

using! dot! plots,! a! contour! map! was! used! to! enable! visualisation! of! discreet! groups! of! cells.! To! ensure!

efficiency,! output! samples! were! purity! tested,! and! sorting! routinely! shown! to! be! >99%! accurate.! (H)!

Representative!population!percentages!from!a!single!FvB!mammary!epithelial!FAC!sort.!!

!

!

!

!
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2.3.2 Tumour$cell$preparation$

Tumour!cells!were!obtained!from!two!different!tumour!models,!the!T1,!p53!null,!

and!the!MMTVPWnt1!model,!grown!as!described!in!2.2.2.!There!were!minor!differences!

in!preparation!between!the!two,!as!indicated!in!the!following!sections.!!

2.3.2.1 Tumour#harvesting#

Mice!were! culled!by!CO2! inhalation!according! to! Schedule!1!protocols!of!Home!

Office! Licence! procedures,! at! a! time! point! designated! by! the! conditions! set! in! 2.2.2.!

Tumours!were!harvested!from!their!respective!sites!of!transplantation!and!dissected!into!

small! (1mm
3
)!chunks,!and!frozen! in!cryovials,! in!1ml!homemade!freezing!medium!(50%!

DMEM/FP12,!40%!FBS,!10%!DMSO).!!

2.3.2.2 Tumour#cell#isolation#

2.3.2.2.1 T1,tumour,cell,isolation,

Frozen! T1! tumour! fragments! were! thawed! in! a! 37°C! water! bath,! and! freezing!

media!washed!out!by!addition!of!10ml!Hanks!Buffered!Saline!Solution!(Invitrogen)!with!

centrifugation! at! 100! x! g! for! 3!minutes,! according! to! protocols! provided!by! the!Rosen!

laboratory.!This!wash!was!repeated!and!tumour!chunks!chopped!manually! into!smaller!

fragments.! Red! cell! lysis! buffer! (Sigma)! was! then! applied! for! 5! minutes,! and! tissue!

washed!thoroughly!in!DMEM/FP12!media.!Digestion!of!tissue!was!performed!using!1.5!ml!

TrypsinP0.05%PEDTA! at! 37°C! for! 2! minutes.! After! neutralisation! of! trypsin! with! equal!

volumes!of!heatPinactivated!fetal!bovine!serum,!the!remaining!suspension!was!strained!

at!100!µm!and!cells!counted!using!a!haemocytometer.!

2.3.2.2.2 MMTVFWnt1,tumour,cell,isolation,

Frozen!tumour!fragments!were!thawed!in!a!37°C!water!bath,!and!freezing!media!

washed!out!by!addition!of!10ml!Leibowitz!LP15!medium!(Invitrogen),!supplemented!with!

10%!Heat!inactivated,!filtered!fetal!bovine!serum!(Invitrogen),!1%!Penicillin/Streptomycin!

(Invitrogen)!and!1%!GlutaMax!(Invitrogen)!(LP15/10%FBS/PSG)!and!centrifugation!at!100!

x!g!for!3!minutes.!This!wash!was!repeated,!and!larger!tumour!chunks!cut!manually!into!

smaller! pieces,! before! finer! processing! using! the! McIlwain! Tissue! Chopper! (Mickle!

Laboratory! Engineering! Company,! Gomshall,! Surrey,! UK),! set! at! 100! µm! chopping!



! 34!

intervals.!!Digestion!and!fibroblast!removal!of!the!minced!tissue!was!then!performed!as!

described!for!normal!mammary!epithelial!tissue!(2.3.1.1).!!

The! resulting! suspension! was! spun! at! 350! x! g! for! 5! minutes,! and! the! pellet!

digested! further! using! gentle! trituration! and! incubation! at! 37°C! in! 200µl! TrypsinPEDTA!

0.05%!(Invitrogen)!for!two!minutes.!Trypsin!was!then!inactivated!with!equal!volume!FBS,!

and!400!µl!DMEMPF12!added!before!filtering!of!the!final!suspension!through!a!70µm!cell!

strainer.!A!final!200µl!DMEMPF12!wash!through!the!strainer!brought!the!total!volume!to!

1ml,!for!cell!counting!using!a!haemocytometer.!

2.4 ‘Normal’$mammary$organoid$culture$

2.4.1 $Organoid$culture$and$maintenance
1
$

Epithelial! fragments! (50!per!well)! or! single! cells! (1000! cells!per!µl,! to! a! total! of!

25µl)! were! suspended! in! growthPfactor! reduced! Matrigel! (BD! Biosciences)! in! tissue!

culture!standard!48!well!plates,!and!following!polymerisation!of!the!Matrigel!at!37°C!for!

15!minutes,!overlaid!with!300µl!stock!mammary!organoid!culture!medium!of!DMEM/F12!

(Phenol! Red! free)! (Invitrogen),! 1%! Penicillin/Streptomycin! (Invitrogen),! 1%! Hepes!

(Invitrogen),! 1%! GlutaMax! (Invitrogen),! 1%! progesterone! free! N2! supplement!

(homemade,!Table!2.2)!and!2%!progesterone!free!B27!(homemade,!Table!2.3)!based!on!

Brewer! et! al.! (1993)! and! adapted! from!Chen! et! al.! (2008),! respectively,! supplemented!

with!Neuregulin1!(100!ng/ml),!Noggin!(100!ng/ml),!RPSpondin1!(2.7!ng/ml),!and!YP27632!

(10!µM)!for!the!first!5!days!in!culture!(Table!2.4).!Media!changes!were!carried!out!every!3!

to!4!days.!All!incubator!conditions!were!standard!throughout!this!thesis,!at!37°C,!5%!CO2!

and!90P95%!humidity.!

2.4.1.1 Organoid#passage#

TrypsinPbased! dissociation! was! carried! out! when! necessary! (when! organoids!

become!large!and!dense),!usually!at!around!14!to!18!days!in!culture.!Growth!media!was!

discarded!from!wells!and! ice!cold!PBS!or!DMEM/F12!was!added!to!the!contents!of!4P6!

wells,!before!mechanical!trituration!of!Matrigel!through!an!FBSPcoated!P1000!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1
!Given! that! a! key! aim! of! this! thesis! was! to! optimise! culture! conditions! for! the! growth! of! mammary!

epithelial!cell!populations,!and!tumour!cell!populations,!many!conditions!were!trialled!and!described!in!the!

text.!For!clarity,!this!section!describes!only!the!most!recent!optimised!methods!and!conditions!for!culture.!
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Antigen$ Label$ Source$
Name/Clone;$ Final$

concentration$Catalogue$n
o
$

CD24! FITC! BD!Pharmingen
TM
! M1/69;!553261! 0.5!µg/ml!

CD45! CyP7! BD!Pharmingen
TM
! 30PF11;!552848! 0.5!µg/ml!

Ly6PA/E;!Sca1! APC! eBioscience! D7;17P5981P81! 0.2ug/ml!

Table 2.1 Fluorescent antibodies used in staining for FACS. 

!

!

Reagent$
Supplier,$ catalogue$

number$

Concentration$

(μg/ml)$

HoloPtransferrin! Calbiochem,!616242! 10,000!

Insulin! SigmaPAldrich,!I1882! 500!

Putrescine! SigmaPAldrich,!P5780! 1,611!

Sodium!selenite! SigmaPAldrich,!S9133! 0.52!

       Table 2.2 Composition of homemade N2 Supplement (In DMEM/F-12). 

!

 

Reagent$ Supplier,$catalogue$number$
Concentration$

(μg/ml)$

Albumin! Gift!from!Dr!Tess!Saltmarsh! 2500!

Catalase! SigmaPAldrich,!C41! 2.5!

Glutathione!(reduced)! SigmaPAldrich,!G6013! 1!

Insulin! SigmaPAldrich,!I1882! 4!

Superoxide!dismutase! SigmaPAldrich,!S5395! 2.5!

HoloPtransferrin! Calbiochem,!616242! 5!

TriiodoPLPthyronine!(T3)! SigmaPAldrich,!T6397! 0.002!

LPcarnitine! SigmaPAldrich,!C7518! 2!

Ethanolamine! SigmaPAldrich,!E9508! 1!

DPgalactose! SigmaPAldrich,!G0625! 15!

Putrescine! SigmaPAldrich,!P5780! 16.1!

Sodium!selenite! SigmaPAldrich,!S9133! 0.01435!

Corticosterone! SigmaPAldrich,!C2505! 0.02!

Linoleic!acid! SigmaPAldrich,!L1012! 1!

Linolenic!acid! SigmaPAldrich,!L2376! 1!

αPtocopherol! SigmaPAldrich,!95240! 1!

αPtocopherol!acetate! SigmaPAldrich,!T3001! 1!

Biotin! SigmaPAldrich,!B4639! 0.1!

  Table 2.3. Composition of homemade B27 supplement (In DMEM/F-12). 
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Table 2.4. Supplementary growth factors used in culture media 

!

pipette! tip! and!pooling!of! contents! in! a! 15!ml! falcon.! The! suspension! then!underwent!

several!cycles!of!washing!in!ice!cold!PBS!or!DMEM/FP12,!with!chilled!(4°C)!centrifugation!

at!350!x!g!for!5!minutes.!Enzymatic!digestion!was!carried!out!through!addition!of!300µl!

TrypsinPEDTA! 0.05%! (Invitrogen)! at! 37°C! for! 5! minutes,! followed! by! mechanical!

trituration! and!neutralisation!by! addition!of! an! equal! volume!of! FBS.! Larger! structures!

were!allowed!to!settle!in!the!falcon,!and!supernatant!was!strained!through!a!100!µm!cell!

strainer.! This! process! was! repeated! as! necessary! on! remaining! structures,! up! to! a!

maximum! of! three! times! to! ensure! maximum! trypsinisation! efficiency.! ! Cells! were!

centrifuged!at!265!x!g!for!5!minutes!before!suspension!at!the!desired!density!in!growth!

factor!reduced!Matrigel,!as!above.!!!

2.4.2 Organoid$assays$

2.4.2.1 Growth#factor,#hormone,#or#inhibitor#assays.#

For!general!testing!of!growth!factors,!hormones!or!inhibitors,!cells!were!seeded!in!10µl!

growth! factor! reduced! Matrigel,! in! 96! well,! black! tissue! culture! treated! plates,! and!

overlaid!with!100µl!total!media,!as!indicated!in!individual!experiments.!For!OcellO!assays,!

organoids!were!seeded!in!14.5!µl!growth!factor!reduced!Matrigel!in!384!well,!black!tissue!

culture! plates! and! overlaid! with! 25µl! culture! media.! In! this! case,! media! was! added!

cumulatively.! All! additional! factors! and! their! tested! concentrations! are! summarised! in!

Table!2.4.!

Factor$ Supplier,$catalogue$number$ Concentration$tested$

Noggin! Peprotech,!250P38! 100ng/ml!

Neuregulin! R&D!systems,!5898PNRP050! 100!ng/ml!

RPSpondin!1! Peprotech,!120P38! 2.7!–!85!ng/ml!

YP27632!dihydrochloride! Tocris,!1254! 10µM!

Epidermal!Growth!Factor! Sigma,!E4127! 50!ng/ml!

Fibroblast!growth!factor!2! R&D!systems,!233PFBP025/CF! 25!–!100!ng/ml!

Fibroblast!growth!factor!7! R&D!systems,!251PKGP010! 25!–!100!ng/ml!

Fibroblast!growth!factor!10! Peprotech,!100P26! 25!–!100!ng/ml!

Hepatocyte!Growth!Factor! Peprotech,!100P39! 12.5!–!100!ng/ml!

Wnt3a! R&D!systems,!5036PWNP010/CF! 25P200!ng/ml!

Wnt4! R&D!systems,!475PWNP005/CF! 100!ng/ml!
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2.4.2.2 Doxycycline# induction#of#mutant#βLcatenin#expression# in#TetLOΔN89LβLCatenin#

organoids#

Epithelial!cells!were!obtained!as!described!above,!from!mice!previously!described!

by! Jardé!et# al.# (2012).!Mice!were! untreated! and! tissue! therefore! considered!wildPtype!

prior!to!dissection!and!experiment!start!point.!For!activation!of!the!transgene,!cells!were!

treated!once!with!doxycycline! (2µg/ml)!upon! seeding,! in! combination!with! the! various!

growth!factors!detailed!in!text.!!

2.4.2.3 EdU#incoroporation#assays#

Organoids! cultured! for! 14! days! were! treated! three! hours! prior! to! fixing! with!

10µM!EdU!(5PethynylP2'Pdeoxyuridine).!Such!a!time!point!was!chosen!to!allow!sufficient!

incorporation!of!the!thymidine!analogue!into!newly!synthesized!DNA.!

EdU!detection!was!performed!using!a!ClickPiT®!EdU!Alexa!Fluor®!488!Imaging!Kit!

(Invitrogen),! under! a! protocol! optimised! for! 3D! wholemount! cultures.! Following! 20!

minutes! fixation! in! 4%! paraformaldehyde! at! RT,! wells! were! washed! twice! in! PBSPBSA!

(3%)! and! incubated! in! a! 0.5%! Triton®! XP100! PBS! solution! for! 20! minutes.! After! this!

incubation,!wells!were!washed!twice!with!PBSPBSA!(3%)!and!then!given!50µl!per!well!of!a!

reaction!cocktail!composed!according!to!the!manufacturer’s!protocol,!for!30!minutes!at!

RT! in! the! dark.!Wells! were! then! washed! with! PBSPBSA! (3%)! and! immunofluorescence!

staining!performed!as!detailed!in!2.6.4.!!

2.4.2.4 Lentiviral#infection#of#organoids#with#shRNA#

shRNAs!were!developed!using!the!BlockPIt!shRNA!system!(Thermo!Fisher)!against!

both! Erbb3! and! Erbb4! cloned! into! a! Gateway! modified! pSEW! vector! (Groner! Lab).!

Lentiviral!pseudoPvirus!was!produced!using!the!psPAX2!and!PMD.G2!lentiviral!packaging!

plasmids! (Trono! lab).! Lentivial! titre!was! established! and! test! cells!were! infected! at! an!

MOI!of!>3.!This!work!was!kindly!performed!by!Howard!Kendrick.!!

For! infection,! freshly! isolated!single!mammary!epithelial!cells!were!resuspended!

in!an!equal!mix!of!Matrigel!and!lentiviral!suspension,!and!plated!over!a!prePset!thin!layer!

of! 100%!Matrigel! in! 48Pwell! plates.! Each!well!was! then! overlaid!with! standard! culture!

media!and!after!24!hours!for!cells!to!settle!into!the!Matrigel!and!!
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infection!to!occur,!media!was!replaced.!This!process!was!repeated!every!two!days.!Plates!

were! fixed! after! 10! days! and! counterstained! with! DAPI,! and! images! taken! with! an!

Olympus!IX73!microscope,!with!a!10X!objective.!!

2.5 Tumour$organoid$culture$$

2.5.1 Tumour$organoid$culture$and$maintenance$

T1! tumour! cells! were! seeded! at! a! density! of! 1000! cells! per! µl! growth! factor!

reduced!Matrigel!(to!a!total!of!25µl)!in!48!well!plates!and!overlaid!with!media!containing!

Neuregulin1! (100! ng/ml),! Noggin! (100! ng/ml)! and! RPSpondin1! (2.7! ng/ml),! or! media!

containing! EGF! (50! ng/ml),! Noggin! (100! ng/ml)! and! RPSpondin1! (42.5! ng/ml),! to! be!

replaced!every!3P4!days.!

MMTVPWnt1!cells!were!seeded!at!a!density!of!750!per!µl!growth!factor!reduced!

Matrigel! (to! a! total! of! 25! µl)! in! 48! well! plates! and! overlaid! with! media! containing!

Neuregulin!(100!ng/ml)!and!Noggin!(100!ng/ml)!for!routine!maintenance.!!

2.5.1.1 Tumour#organoid#passage#

T1! tumour!organoids!were!passaged!at!a! rate!of!approximately!once!per!week;!

MMTVPWnt1!organoids!every!10!days,!with!onPgoing!culture!and!passage!carried!out!in!

48!well! tissue!culture!treated!dishes.!Passaging!was!performed! in!a!similar!way!to!that!

described!in!2.4.1.1,!but!with!750µl!Trypsin!added!to!account!for!an!increased!number!of!

organoid!per!well,!and!cells! filtered! through!a!40µm!strainer.!Cells!were! replated!each!

time!at!a!density!of!1000!per!µl!growth!factor!reduced!Matrigel,!and!overlaid!with!media!

as!described!above.!

2.5.1.2 Tumour#organoid#freezing#and#thawing#

Organoids!at!early!passage!grown!for!3P4!days!were!recovered!whole!from!their!

Matrigel!matrix!as!described!for!passage!(2.4.2.3)!and!resuspended!in!1.5!ml!homemade!

freezing!medium!(50%!DMEM/FP12,!40%!FBS,!10%!DMSO),!at!an!approximate!density!of!

1.5!wells!per!cryovial,!and!stored!at!P80°C.!

Cryovials! of! organoids!were! thawed! rapidly! in! a! 37°C!water! bath,! and! freezing!

media! washed! away! thoroughly! by! repeated! resuspension! in! 10! ml! DMEM/FP12! and!

centrifugation!at!125!x!g!for!4!minutes.!The!contents!of!each!cryovial!were!resuspended!

in! 300µl! Matrigel,! and! overlaid! with! media! corresponding! to! their! original! growth!
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condition,! supplemented!with! YP27632! for! the! first! 3! days! in! culture.! After! a! recovery!

period!of!3P5!days,!organoids!were!then!passaged!according!to!protocol!2.4.2.3.!

2.5.2 Tumour$organoid$assays$

2.5.2.1 Single#inhibitor#assays#

Trypsinised!tumour!cells!were!seeded!at!a!density!of!1000!per!µl!(T1)!or!750!per!

µl!(MMTVPWnt1)!growth!factor!Reduced!Matrigel,!in!NunC!clear!roundPbottomed!96!well!

plates! (12µl!Matrigel!per!well).!Following!polymerisation!of!Matrigel!at!37°C,!each!well!

was! treated! with! 100µl! complete! media! (Nrg1! (100! ng/ml),! Noggin! (100! ng/ml),! RP

Spondin1! (2.7!ng/ml)! or! EGF! (50!ng/ml),!Noggin! (100!ng/ml),! RPSpondin1! (42.5ng/ml)),!

supplemented! with! either! control! substance! (%! matched! DMSO! or! PBS,! relevant! to!

corresponding! inhibitor!composition)!or! inhibitor!of!known!concentration,!diluted! from!

10µM!stocks!Table!2.5.!

For!7!day!treatment!assays,!media!and!inhibitors!were!replaced!on!the!fourth!day!

in!culture.!!At!least!3!replicate!wells!per!condition!were!created!in!each!case,!and!at!least!

9!titration!points,!plus!control!included.!!

2.5.2.2 Chou#Talalay#drug#combination#assay#

Following!single! inhibitor!titrations,! IC50s!were!determined!for!each!drug!(Taxol!

and!CCT251545).!The!ratio!of!IC50s!was!used!to!calculate!combinatorial!fixed!ratio!(1:1)!

two! fold! dilutions! of! the! inhibitors.! Three! clear,! roundPbottomed! 96Pwell! plates! were!

then!seeded!with!T1!tumour!cells!as!described! in!2.5.2.1,!one! for!each!single! inhibitor,!

and!one!for!their!combination.!Cultures!were!then!overlaid!with!media!containing!Nrg1!

(100! ng/ml),! Noggin! (100! ng/ml)! and! RPSpondin1! (2.7! ng/ml),! and! one! of! the! drug!

conditions!detailed!in!Table!2.6.!!Nine!titration!points!were!created,!plus!a!control,!with!

at!least!3!replicate!samples!per!plate.!!All!three!plates,!individual!and!combination,!were!

assayed!simultaneously!as!recommended!by!Chou!(2006),!for!optimal!comparison.!

2.5.2.3 Replating#assays#

T1!tumour!cells!were!seeded!at!1000!per!µl!growth!factor!reduced!Matrigel!in!NunC!clear!

roundPbottomed!96!well!plates!(12µl!per!well)!and!overlaid!with!media!!
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!

Compound$ Source$
Diluted$

in$

Dilution$ range$

(nM)$

Fold$

dilution$

Taxol$ Merck!Serono! DMSO! 160!–!0.625!! 2!

IWPY2$ Sigma!(I0536)! DMSO! 2000!–!7.8! 2!

IWRY1$ Sigma!(I0161)! DMSO! 1200!–!4.7!! 2!

MSC2526550A$ Merck!Serono!(Test!compound)! DMSO! 8000!–!31.25!! 2!

MSC2501490AY5$ Merck!Serono!(Test!compound)! DMSO! 8000!–!31.25!! 2!

MSC2504877YA$ Merck!Serono!(Test!compound)! DMSO! 8000!–!31.25!! 2!

MSC2504070$ Merck!Serono!(Tool$compound)! DMSO! 8000!–!31.25!! 2!

CCT251545$ Merck!Serono!(Test!compound)! DMSO! 8000!–!31.25!! 2!

AntiYLrp6$Tetrabody$ Merck!Serono!(Test!compound)! PBS! 1000!–!0.051!! 3!

AntiYLrp6$SEED$ Merck!Serono!(Test!compound)! PBS! 1000!–!0.051!! 3!

AntiYFrizzled$ Confidential!source! PBS! 1000!–!0.051!! 3!

Table 2.5. Inhibitors used in organoid assays 

!

!

Concentration$(nM)$

CCT251545$ Taxol$ Combination$

8000! 133.33! 8133.33!

4000! 66.67! 4066.67!

2000! 33.33! 2033.33!

1000! 16.67! 1016.67!

500! 8.33! 508.33!

250! 4.17! 254.17!

125! 2.08! 127.08!

62.5! 1.04! 63.54!

31.25! 0.52! 31.77!

15.63! 0.26! 15.89!

7.81! 0.13! 7.94!

3.91! 0.07! 3.97!

1.95! 0.03! 1.99!

0.98! 0.02! 0.99!

Table 2.6. Concentrations of CCT and Taxol used in combination assays 

!
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containing! Nrg1! (100! ng/ml),! Noggin! (100! ng/ml)! and! RPSpondin1! (2.7! ng/ml)! for! 72!

hours,! to! establish! small! structures.! Culture!media!was! then! changed! as! described! for!

each!individual!experiment,!and!culture!maintained!for!a!further!24,!48!or!72!hours.!At!

this! point,! tumour! organoids! were! retrieved! and! trypsinised! according! to! protocol!

2.5.1.2,! and! replated! at! 1000! cells! per! µl! growth! factor! reduced! Matrigel! under! the!

conditions!indicated!in!each!individual!experiment,!for!a!further!7!days.!!

2.6 General$organoid$analysis$techniques$

2.6.1 Morphological$analysis$

Organoids!were!monitored!and!representative!images!were!taken!routinely!using!

a!Leica!DM!IL!inverted!contrasting!microscope,!with!a!Moticam!2000!camera!attached,!at!

4X!magnification.!Motic!Images!Plus!was!used!for!this!purpose,!and!ImageJ!used!to!apply!

scale!bars!and!prepare!images!for!figures.!!

2.6.2 Growth$analysis$

In! order! to! track! a! variety! of! parameters! (organoid! number,! diameter,! optical!

density,! etc.)! of! the! cultures! under! study,! plates! were! scanned! periodically! using!

GelCount™!technology!(Oxford!Optronix).!Data!obtained!from!these!images!was!analysed!

using! a! defined! charm*! setting,! in! which! parameters! were! set! such! that! individual!

organoids! could! be! detected.! These! settings! were! unique! to! either! normal! or! tumour!

organoid!measurement!(Table!2.7).!!

Data! collected! in! this! way! was! further! analysed! using! Microsoft! Excel! and/or!

GraphPad! Prism.! In! general,! the! average! of! at! least! three! wells! was! taken! for! each!

condition!under!study!in!a!single!biological!repeat.!Where!possible,!the!average!of!more!

than!a!single!biological!repeat!was!taken.!!

2.6.3 Phenotypical$analysis:$standard$immunohistochemistry$

2.6.3.1 Sample#processing#

Organoids! still! embedded! in! growth! factor! reduced! Matrigel! (BD! Biosciences)!

were! fixed! overnight! in! 10%! Formalin! at! 4°C,! and! subsequently! removed! from! the!

Matrigel! through! several! washes! in! cold! phosphate! buffered! saline! (PBS),! and!

centrifugation!at!265!x!g.!Organoids!were!then!suspended!in!equal!volumes!of!cold!PBS!

and!4%!Low!melting!agarose!(Sigma)!prior!to!paraffin!block!embedding!and!sectioning.!
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2.6.3.2 Dewaxing,#rehydration#and#antigen#retrieval#of#slides#

Slides! were! dePwaxed! through! three! 5! minutes! washes! in! xylene,! before!

rehydration!in!decreasing!concentrations!of!ethanol!(2x5!minutes!in!100%,!2x5!minutes!

in!95%!EtOH).!Rehydration!was!completed!by!a!minute!wash!in!tap!water,!followed!by!a!

minute!wash! in! dH20.! Slides!were! then! placed! in! Citrate! Buffer! (DAKO)! at! 95°C! for! 20!

minutes!for!antigen!retrieval.!!

2.6.3.3 Prevention#of#endogenous#staining##

Slides!were!washed!in!PBS!(prePheated!in!microwave!for!1!minute)!for!5!minutes,!

RT!PBS!for!a!further!five!minutes,!and!placed!in!a!2.5%!hydrogen!peroxide!solution!(H2O2!

(Millipore)!in!PBS)!for!5!minutes.!Slides!were!then!washed!twice!for!5!minutes,!in!PBS.!

2.6.3.4 Blocking#and#antibody#staining#

2.6.3.4.1 Vector,Mouse,on,Mouse,(MOM),Elite,Peroxidase,kit,adapted,protocol,

Blocking! serum! provided! by! Vector! was! diluted! in! PBS,! added! to! slides! and!

incubated! in!a!humidified!chamber!at!RT! for!1!hour.! Slides!were!washed! twice! in!PBS,!

before!addition!of!MOM!diluent!for!5!minutes.!AntiPmouse!antibodies!detailed!in!Table!

2.8! were! applied! to! slides,! diluted! in! MOM! diluent,! and! incubated! overnight! in! a!

humidified!chamber!at!4°C.!

Any!excess,!unbound!primary!antibody!was!removed!by!three!5!minute!washes!in!

PBS,! before! application! of! a! 0.4%! biotinylated! secondary! antibody! solution! (secondary!

antibody! provided! by! Vector,! diluted! in! MOM! diluent),! and! incubation! at! RT! for! 30!

minutes! in! a! humidified! chamber.!Unbound! secondary! antibody!was! removed! through!

three! 5Pminute! washes! in! PBS.! In! order! to! see! a! signal! from! the! secondary! antibody,!

avidinPbiotin!complexes!were! formed!through!addition!of! the!ABC!solution!supplied!by!

Vector.!This!solution!possesses!both!avidin!(A),!a!strong!binding!protein!of!biotin,!and!a!

biotinylated!enzyme!(B),! (in! this!case!peroxidase)!and!was!prepared!30!minutes!before!

use,!by!mixing!2!drops!of!each!of!the!A!and!B!reagents!in!2.5!ml!PBS.!This!was!incubated!

on! the! slides! for! 15!minutes! in! the!dark! at!RT,! and!washed!away!with! three!5!minute!

washed!in!PBS.!

!

!

!
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!

Charm*$setting$
Normal$

organoids$

Tumour$

organoids$

Edge$detection$sensitivity$ 30.1! 62!

Centre$detection$sensitivity$ 34.6! 58.1!

Soft$colony$lower$diameter$(µm)$ 45! 30!

Soft$colony$upper$diameter$(µm)$ 375! 375!

Minimum$center$to$center$separation$ 45! 30!

Smoothing$ 3! 1!

Circularity$factor$ 2! 2!

Edge$distance$threshold$ 0.74! 0.74!

Number$of$spokes$ 32! 32!

Shape$filtering$ 3! 3!

Shape$processing$ Best!fit!circle! Best!fit!circle!!

Colony$diameter$minimum$(µm)$ 45! 30!

Colony$diameter$maximum$(µm)$ 375! 375!

Colony$minimum$intensity$(optical$density)$ 0.01! 0.01!

Colony$maximum$intensity$(optical$density)$ 10! 10!

Good$edge$factor$ 0.06! 0.06!

Table 2.7. GelCount charm* settings for normal and tumour organoid analysis 

!

!

Antigen$ Source$ Name/Clone;$Catalog$n
o
$ Dilution$

Luminal$markers$

ERα$ Daco!
Clone!(Mouse)!CP1D5;!

M7047!
1/100!

PR$ Thermo!SCIENTIFIC! Clone!SP2!(Rb
2
)!RMP9102! 1/40!

K8$ Abcam! Polyclonal!(Rb
2
)!CP04;!ab735! 1/100!

Basal$markers$

K14$ Covance! Polyclonal!(Rb
2
)!PRBP155P! 1/500!

P63$
BD!Transduction!

laboratories™!
Clone!(Mouse)!CP04;!ab735! 1/40!

K5$ Covance! Polyclonal!(Rb
2
)!PRBP160P! 1/100!

SMA$ Abcam! Ab5694!Rabbit! 1/200!

Other$markers$

Ki67$ Millipore! Polyclonal!(Rb
2
)!ab9260! 1/500!

EYcadherin$ Abcam! Clone!(Mouse)!36;!610182! 1/400!

βYcatenin$
BD!Transduction!

laboratories™!
Clone!(Mouse)!14;!610154! 1/500!

Table 2.8. Primary antibodies used in IHC and immunofluorescence staining.  

!

!
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2.6.3.4.2 Vectastain,ABC,Kit,(Rabbit,IgG),adapted,protocol,

Blocking! serum! provided! in! the! kit! was! diluted! in! PBS,! added! to! slides! and!

incubated!in!a!humidified!chamber!at!RT!for!1!hour.!Blocking!solution!was!removed,!and!

primary! antibodies! detailed! in! Table! 2.8!were! applied! to! slides,! diluted! in! PBS/1%BSA,!

and! incubated!overnight! in!a!humidified!chamber!at!4°C.!Any!excess,!unbound!primary!

antibody!was! removed!by! three!5Pminute!washes! in! PBS,! before! application!of! a! 0.5%!

biotinylated! secondary! antibody! solution! (secondary! antibody! provided! by! Vector,!

diluted! in! PBS/1%BSA),! and! incubation! at! RT! for! 1! hour! in! a! humidified! chamber.! ABC!

solution! supplied! in! the! kit!was! prepared! 30!minutes! before! use,! by!mixing! 1! drop! of!

each!of!the!A!and!B!reagents!in!5!ml!PBS.!This!was!incubated!on!the!slides!for!30!minutes!

in!the!dark!at!RT,!and!washed!away!with!three!5Pminute!washes!in!PBS.!!

2.6.3.5 Visualisation#of#staining#localisation##

3,3'Pdiaminobenzidine! (DAB),! is! a! susbtrate! of! the! biotinylated! enzyme!

peroxidase.!Peroxidase!activity!on!DAB!creates!a!colour!change!that!allows!visualisation!

of!the!location!of!antibody!staining!within!the!sample.!Hence,!DAB!tablets!(Sigma)!were!

dissolved! in! dH20! and! applied! to! the! slides! for! 30P60! seconds,! until! staining! could! be!

detected.! Slides!were! then!washed! in! tap!water,! followed! by! distilled!water,! each! for!

three!minutes.!!

2.6.3.6 Counterstaining,#dehydration#and#mounting#of#slides#

Slides!were!counterstained!in!Mayer’s!Haematoxylin!solution!for!60P90!seconds,!

washed! in! tap! water! until! excess! stain! removed,! and! dehydrated! in! increasing!

concentrations! of! ethanol! (2x1!minute! in! 90%,! 2x1!minute! in! 100%).! Slides!were! then!

placed!in!xylene!(3x3minutes),!before!mounting!using!DPX!(Sigma).!!

2.6.3.7 Imaging#of#slides#

Slides!were!imaged!using!a!standard!inverted!microscope.!

2.6.4 Phenotypical$analysis:$wholeYculture$immunostaining$

Cells!or!organoids!of!interest!plated!and!cultured!on!Nunc™!MicroWell™!96PWell!

OpticalPBottom!Plates! in!10!ul!of!growth! factor! reduced!Matrigel! (BD!Bioscience)!were!

fixed!by!application!of!4%!paraformaldehyde!at!RT!for!30!minutes.!!
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Each!well!was!then!washed!with!PBSPGlycine,!three!times!for!10!minutes,!and!left!

overnight!at!4°C!in!10%!horse!serum!(Gibco),!diluted!in!immunofluorescence!(IF)!buffer!

(Table!2.9).!Primary!antibodies,!as!detailed!in!Table!2.8,!were!then!applied!diluted!in!IF!

buffer,!overnight!at!4°C!and!removed!by!washing!three!times!in!IF!buffer,!lastly!overnight!

at! 4°C.! Secondary! fluorescent! antibodies,! as! detailed! in! Table! 2.10,! were! applied!

overnight!at!4°C.!Following!three!further!washes!in!IF!buffer,!Hoechst!counterstain!was!

applied! for! 30!minutes,! and! washed! out! with! PBS,! before! imaging.! This! protocol! was!

adapted!from!Lee!et!al.!(2007).!

2.6.4.1 Confocal#microscopy#

Immunofluoresence!staining!was!identified!using!confocal!microscopy,!performed!

using!a!Leica!TCS!SP2!AOBS!spectral!confocal!microscope,!by!the!20X!objective.! Images!

were!then!processed!using!FIJI!software.!!

2.6.4.2 InCell#6000##

Several! images! were! acquired! using! the! InCell! 6000,! in! agreement! with! GE!

Healthcare,!with!the!aid!of!Bleddyn!Williams,!an!MSc!Biophotonics!student.!!

2.6.5 OcellO$analysis$

Organoids! were! cultured! as! detailed! above! (2.4.2.1)! for! 12! days.! A! 5X!

concentrated!proprietary!OcellO!stainPfixative!containing!simple!nuclear!and!cytoskeletal!

stains! was! then! applied! to! each! well,! and! the! plate! left! on! a! gently! rocking! platform!

overnight! at! RT.! Each!well! was! then! topped! up!with! PBS! and! the! plate! sealed! before!

shipping!to!OcellO!for!inPdepth!morphometric!analysis.!
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!

!

Reagent$ Supplier,$catalogue$number$
Final$ %$ in$ PBS$

(Invitrogen)$

Albumin$ Gift!from!Dr!Tess!Saltmarsh! 0.1!

Triton$XY100$ SigmaPAldrich,!T9284! 0.2!

Tween$20$ SigmaPAldrich,!P1379! 0.05!

Table 2.9. Immunofluorescence buffer composition. 

!

Antigen$ Label$ Source$
Name/Clone;$

Catalogue$n
o
$

Dilution$

Rabbit$IgG$ AlexaFluor®!568! Life!Technologies! A11011! 1/500!

Mouse$IgG$$ AlexaFluor®!488! Life!Technologies! A11029! 1/500!

Mouse$IgG$ AlexaFluor®!568! Life!Technologies! A11031! 1/500!

   Table 2.10. Secondary fluorescent antibodies used in IF staining. 

!

!

2.6.6 Karyotype$analysis$$

Organoids! grown! under! defined! conditions! were! treated! with! 0.05! µg/ml!

Colcemid!(Gibco,! Invitrogen)! for!16!hours! in!order!to! inhibit!microtubule!and!therefore!

spindle! formation,! arresting! cells! in! metaphase.! Organoids! were! then! washed! and!

trypsinised! according! to! previously! described! protocols,! before! treatment! with! a!

hypotonic!solution!of!potassium!chloride!(56mM),!to!cause!osmotic!cell!swelling.!Briefly,!

cells! were! kept! in! suspension! using! a! vortex,! while! 1ml! of! hyptotonic! solution! was!

gradually!added.!A!further!6!ml!KCl!was!then!added,!and!cells!left!in!this!suspension!for!

10!minutes.! Following! centrifugation! at! 225! x! g! for! 4!minutes,! cells! were! fixed! in! 3:1!

MeOH:Acetic! acid,! again! by! slow! addition! over! vortex.! Cells! were! then! washed! two!

further! times! in! fixative! solution,! before! plating! onto! slides! to! create! chromosome!

spreads.!Slides!were!aged!overnight!at!55°! C,! before! staining! of! chromosomes!with! 4',!

6PdiamidinoP2Pphenylindole! dihydrochloride! (DAPI).! Images! were! obtained! using! an!

Olympus!IX73!40X!microscope,!with!a!40X!objective.!Chromosome!spreads!were!counted!

manually!using!the!ROI!manager!plugin!of!ImageJ!software.!!!

!

!

!
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2.6.7 Gene$ expression$ analysis:$ Quantitative$ Reverse$ Transcription$ –$ Polymerase$

Chain$Reaction$(qRTYPCR)$

2.6.7.1 RNA#extraction#

Plates! were! placed! on! ice! before! media! was! removed! from! each! well! and!

replaced! with! 400µl! Trizol! reagent! (Invitrogen)! treated! with! 125! µg/ml! glycogen! coP

precipitant! (Life! technologies).! The! Trizol/Matrigel/organoid! mix! was! mechanically!

disrupted!with!a!P1000!pipette!and!transferred!to!a!1.5ml!centrifuge!tube!and!the!well!

washed! with! a! further! 400! µl! Trizol! reagent.! Organoids! were! lysed! by! vortexing! the!

solution! for! 30! seconds,! and! 20! µl! glycogen! added! to! each! tube.! To! enable! phase!

separation,!160!µl! chloroform/isoamyl!alcohol!49:1! solution! (Sigma!Aldrich)!was!added!

each!tube!and!the!mixture!vortexed!for!15!seconds!until!emulsified,!and!held!at!RT!for!2!

minutes! before! centrifugation! at! 12,000g! for! 15! minutes! at! 4°C.! The! upper,! aqueous!

layer! of! approximately! 400! µl! was! then! transferred! to! a! new! 1.5ml! centrifuge! tube,!

mixed! with! 400! µl! isopropanol! and! left! at! RT! for! 5! minutes.! The! mixture! was! then!

centrifuged!at!12,000g!for!10!minutes!at!RT,!leaving!a!small!pellet!visible.!The!pellet!was!

washed!twice!with!75%!ethanol!at!7,500g,!RT,!and!then!allowed!to!air!dry!for!10!minutes.!

To!remove!DNA!contaminants,!Turbo!DNase!(Life!technologies)!was!made!up!in!a!master!

mix!(29.6!µl!H20,!3.4!µl!10x!buffer!and!1!µl!DNAse!per!sample)!and!34!µl!applied!to!each!

RNA/glycogen!pellet!for!30!minutes!at!37°C.!The!DNase!was!then!inactivated!using!beads!

supplied! in! the! kit,! and! the! resulting! mixture! spun! at! 10,000g! for! 1! minute! before!

transfer! of! supernatant! to! a! labelled! tube! for! quantification! using! the! Nanodrop!

spectrometer.!!

2.6.7.2 cDNA#synthesis#

The! RNA! obtained! from! organoids!was! used! as! a! template! for! cDNA! synthesis,!

using!the!ImpromII!kit!from!Promega.!For!this,!starting!masses!of!RNA!were!standardised!

to!450!ng!per! sample! in! the!presence!of!2!µl!Random!Hexamer!primers!made!up! to!a!

final!volume!of!10µl!in!nuclease!free!water,!and!denatured!at!70°C!for!5!minutes,!before!

cooling!to!4°C.!A!No!Template!Control!(NTC)!was!also!created.!!

A!Reverse!Transcriptase!reaction!mastermix!was!made! from!components!of! the!

kit!as!detailed!in!Table!2.11,!along!with!a!No!Reverse!Transcriptase!control!mix,!and!5µl!

of! the!contents!of! the!denatured!tubes!added!to!15!µl!of!each!mix,! in!PCR!strip!tubes.!

The!mixtures!were!then!put!through!a!5!minute,!25°C!annealing!step,!a!60!minute,!42°C!
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extension!step!and!a!15!minute,!70°C!enzyme!inactivation!step,!before!cooling!to!4°C!and!

1/10!dilution!in!nuclease!free!water.!!!

2.6.7.3 Gene#Expression#Analysis#

qRTPPCR! was! carried! out! using! MicroAmp! fast! optical! 96Pwell! reaction! plates!

(Applied! Biosystems),! on! a! Step! One! Plus! realPtime! PCR! system! (Applied! Biosystems),!

using!the!SensiFAST!SYBR!HiPROX!kit!(Bioline)!for!detection!and!measurement!of!relative!

mRNA! abundance.! A! mastermix! of! 10! µl! SensiFAST! SYBR! HiPROX! 2x,! 0.1! µl! forward!

primer,! 0.1! µl! reverse! primer,! and! 6.8! µl! nuclease! free!water!was! combined!with! 3! µl!

cDNA!in!each!well,!with!each!reaction!carried!out!in!triplicate.!HousePkeeping!genes!ßP2!

microglobulin! (B2M),! ribosomal! protein! L13A! (RPL13A)! and! hypoxanthine!

phosphoribosyltransferase!(HPRT)!were!analysed!for!each!cDNA!sample!to!normalise!the!

expression! levels!of! target!genes! (Table!2.12).!Sealed!plates!were!subjected! to!analysis!

under!thermocycler!conditions!of:!95°C!for!2!minutes!followed!by!40!cycles!of!95°C!for!5!

seconds,!60°C!for!10!seconds!and!72°C!for!20!seconds.!StepOne!software!automatically!

recorded!data!and!individual!threshold!cycle!(CT)!values!per!well.!!

Analysis!was!performed!on!the!average!of!triplicate!CT!values,!normalised!by!subtraction!

of!the!average!of!the!triplicates!of!the!three!housekeeping!gene!CT!values,!generating!a!

ΔCT! value.! The! 2PΔΔCT!method,!whereby! the! average! of! the!ΔCT! values! of! the! control!

condition!is!subtracted!from!the!average!of!the!ΔCT!value!of!the!treatment!condition!to!

generate! a!ΔΔCT! value,!was!used! to! calculate! fold! expression! changes!by! the!equation!

fold! change! =! 2P! ΔΔCT.! Statistical! analysis! was! performed! using! a! paired,! twoPtailed!

student!TPtest,!on!n=3!biological!repeats.!
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!

!! !! !! !!
RT!reaction!

(ml)!

No!RT!control!

(ml)!

Reverse!Transcription!Mix! !! 1x! 1x!

NucleasePFree!Water!(to!a!final!volume!of!15µl)! 6.1! 7.1!

ImPromPII™!5X!Reaction!Buffer! !! 4! 4!

MgCl2!(6!uM!final!from!25!uM!stock)! !! 2.4! 2.4!

dNTP!Mix!(final!concentration!0.5mM!each!dNTP)! 1! 1!

Recombinant!RNasin®Ribonuclease!Inhibitor!

(optional)!
0.5! 0.5!

ImPromPII™!Reverse!Transcriptase! !! 1! 0!

Table 2.11. Reverse transcription reaction mastermix. 

!

!! Sequence!

Gene! Forward! Reverse!

PR! GCTTGCATGATCTTGTGAAACAGC! GGAAATTCCACAGCCAGTGTCC!

RankL! GCAGATTTGCAGGACTCGACT! CCCCACAATGTGTTGCAGTT!

Wnt4! GTCAGGATGCTCGGACAACAT! CACGTCTTTACCTCGCAGGA!

B2M! CTTTCTGGTGCTTGTCTCACTG! AGCATTTGGATTTCAATGTGAG!

HPRT! CCTAAGATGAGCGCAAGTTGAA! CCACAGGACTAGAACACCTGCTAA!

RPL13A! !CACTCTGGAGGAGAAACGGAAGG! GCAGGCATGAGGCAAACAGTC!

      Table 2.12. Primers used in qRT-PCR reactions. 

!

2.7 Tumour$organoid$inhibitor$assay$analysis$

2.7.1 Growth$curve$analysis$

Responses!to!inhibitor!were!calculated!using!GelCount
TM
!technology!and!software!

as!previously!described.!Measurements!were!taken!daily,!from!the!earliest!time!point!at!

which! organoids! could! be! detected! by! the! software! (T1,! day! 3;! MMTVPWnt1,! day! 2).!

“Total! volume! per! well”! data! was! used! as! the! readout! for! this! analysis,! and! was!

converted! to! fold! vs! control,! untreated! total! volume! per! well! and! expressed! as! a! log!

growth!curve.!!

2.7.2 Cell$viability$analysis$using$Cell$Titer$Glo$3D$

Organoids! grown! in! single! inhibitor! titration! experiments! in! 96Pwell! roundP

bottomed! plates! were! transferred! to! Costar! 96!well! white! plates! in! their! surrounding!

Matrigel,!along!with!their!current!media!(50µl).!50!µl!Cell!Titer!Glo!3D!reagent!was!then!

applied! to! each! well,! and! the! plate! agitated! in! the! dark! on! a! Rickman! shaker! for! 5!

minutes! at! high! speed! to! induce! cell! lysis! and! ATP! release! to! enable! the! luciferase!
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reaction.! ! Luminescence!signal!was!allowed!to!stabilise! for!1!hour,!while! the!plate!was!

slowly!agitated!in!the!dark,!to!keep!cells!in!suspension.!Luminescence!was!then!recorded!

using!a!BMG!Fluostar!plate!reader.!For!analysis,!blank!control!media!wells!were!included!

in!each!plate,!and!subtracted!from!the!final!values!to!account!for!background!signal.!For!

each!condition,!four!technical!repeats!were!used.!Data!was!expressed!as!fold!vs!control!

untreated!wells!for!each!experiment.!!

2.7.3 Single$inhibitor$IC50$calculation$

Inhibitor! response! curves! were! calculated! using! “Total! volume! per! well”! data!

from!the!GelCount
TM
!system,!and!analysis!based!on!principles!set!out!by!Chou!&!Talalay!

(1984).!A! template!Excel! spreadsheet!was!used! to! calculate! the!average! “total! volume!

per!well”!under!control!conditions,!and!from!this,!the!fraction!affected!(fa)!and!fraction!

unaffected!(fu)!under!each!of!the!treatment!conditions.!!

A! linear! regression! analysis!was! then!performed,! in!which! the! fraction! affected!

(fa)! and! fraction! unaffected! (fu)! at! each! dose! was! calculated,! based! on! average! total!

organoid!volume!per!well,!from!at!least!3!wells.!Taking!the!fu!values!between!0.9!and!0.1,!

a!median!effect! line!was!generated!by!plotting!of!the! log[(1/fu)P1]!against!the! log(Drug!

concentration).!The!line!was!then!used!to!calculate!the!log(IC50),!at!the!x!intercept!of!the!

line,! and! the! slope,!m,! indicating! the! sigmoidicity! of! the! original! dosePresponse! curve.!

From!this,!the!median!effect!equation:!!

!

where!D!is!a!given!dose!of!an!inhibtor!and!dm! is!the!dose!producing!the!median!

effect!(IC50),!was!used!to!calculate!inhibitor!IC50!(Chou!&!Talalay!1984).!Where!possible,!

the! average! IC50! from! 2! or! 3! biological! repeats! was! calculated.! Appendix! II! shows!

representative!dose!response!curves.!!

2.7.4 Chou$Talalay$drug$combination$analysis$

As!previously!described!(2.5.2.2),!and!based!on!the!‘Median!effect!principle’,!the!

ratio!of!the!two!individual!IC50s!was!used!to!generate!a!constantPratio!twoPfold!dilution!

range! of! the! two! inhibitors!with! several! points! either! side! of! their! IC50s,! and! an! assay!

performed!in!which!each!individual!drug!titration!was!carried!out!alongside!an!additional!

combination!titration!(Table!2.6).!!
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Linear! regression! analysis! was! then! performed! using! the! method! outlined! in!

2.7.3.!As!an!assessment!of!synergy,!an! isobologram!consisting!of!a! line!connecting!two!

points!(one!on!the!y!axis,!depicting!the!concentration!of!drug!A!required!to!reach!the!IC50!

for!combination!of!drug!A+B!in!absence!of!drug!B,!the!other!on!the!x!axis,!depicting!the!

concentration!of!Drug!B! required! to! reach! the! IC50! for! combination!of!drug!A+B! in! the!

absence!of!drug!A)!was!constructed!to!predict!the!required!drug!dose!pairs!at!a!constant!

ratio!to!produce!the!combined!IC50,!assuming!an!additive!effect.!A!third!point!was!then!

plotted,! the!coordinates!of! the!concentration!of!each!drug!required! to! reach! the!same!

effect! (the! IC50)! in! combination.! Any! point! to! the! left! of! the! additive! line! represents! a!

synergistic! response! to! the! two! compounds!–! ie.! a! lower! concentration!of! each!of! the!

compounds!in!combination!is!required!to!produce!the!same!IC50.!Conversely,!a!point!on!

the! right! represents! an! antagonism! –! a! greater! concentration! of! one! or! both! drugs! is!

necessary!for!the!same!effect!(Foucquier!&!Guedj!2015).!

Similarly,! using! the! above! equation! principle,! a! combination! index! was! then!

algebraically!calculated!as:!!

!

for!mutually!nonexclusive!drug!interactions,!where!(D)1!and!(D)2!were!the!concentrations!

of! each! drug! in! a! combination! to! produce! x! survival,! while! (Dx)1! and! (Dx)2!were! the!

concentrations! of! each! drug! alone! to! produce! the! same! x! survival.! Here,! a! final! result!

equal!to!1!(=1)!signified!an!additive!chemotherapeutic!effect,!while!synergistic!CI!values!

would!be!below!1!(<1),!and!antagonistic!CI!values!exceeding!1!(>1).!!!

Full!details!of!this!combination!analysis!are!described!in!Chou!&!Talalay!(1984).!

2.8 Mammary$gland$transplantation$analysis$$

Whole! 4
th
! mammary! fat! pads! were! carefully! dissected! from! transplanted!mice!

and!each!spread!across!a!microscope!slide.!Slides!were!placed!for!fixation!into!4%!neutral!

buffered! formalin! for! 4! hours,! in! Coplin! jars.! After! three! 10!minute!washes!with! PBS,!

whole!mounts! were! stained! overnight! in! Carmine! solution! at! room! temperature! (RT).!

This!was!made!by!dissolving!1g!Carmine!and!2.5g!Aluminium!Potassium!Sulphate!in!500!

ml!deionised!water,!boiling!for!20!minutes,!adjusting!to!500ml!total!volume!and!filtering!

the!solution!through!Whatman!Filter!paper,!before!finally!adding!50P100mg!Thymol!for!
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preservation!of!the!solution.!Following!3!thorough!10Pminute!washes!in!PBS,!slides!were!

next!dehydrated!in!a!series!of!increasing!concentrations!of!ethanol!(50%!overnight,!70%,!

90%,!100%! for!at! least!one!hour!each),! at!RT.! Fat! clearance!was! carried!out! in!Methyl!

Salicylate! (Sigma)!within! a! fume! hood! for! at! least! 1! hour,! until! the! stained!mammary!

structures!were!clearly!visible.!Wholemounts!were!examined!on!a!binocular!microscope!

(Zeiss,! Stemi! SV11).! Images! were! captured! with! a! Canon! PC1089! camera! and! Canon!

Zoom! Browser! software! (with! white! balance! set! to! fluorescent,! and! auto! exposure!

activated).!!

A!negative! score!was!assigned! if!no!mammary! structures!were!present,!while!a!

‘failed!clear’!exhibited!intrusion!of!the!original!mammary!epithelial!network!into!the!fat!

pad.!In!the!case!of!a!failed!clear,!numbers!were!not!included!in!final!scoring.!Successful!

transplantation! was! judged! by! the! organization! of! the! epithelial! networks,! and! their!

origin.! Each! successful! take! was! also! rated! on! the! percentage! of! mammary! gland!

repopulated! by! the! new! epithelial! structures,! as! depicted! by! pie! charts! in! individual!

figures.!!!

2.9 General$data$analysis$

Raw!data!obtained!from!the!GelCount
TM
!analysis!of!organoid!assays!was!inputted!

into!Microsoft! Excel! spreadsheets! built! to! calculate!means! from! individual! experiments.!

For! biological! repeats,! means! and! standard! deviations! were! calculated! and! used! for!

graphical!representation!of!the!data.!!

All!statistical!analysis!was!performed!using!GraphPad!Prism!for!Mac.!Comparison!

of!two!means!was!performed!using!a!twoPtailed!TPtest,!or!a!MannPWhitney!U!test!for!nonP

normally!distributed!data.! !Comparisons!between!multiple!means!were!performed!using!

analysis!of!variance!analysis!(ANOVA),!with!Dunnett’s!(comparison!against!one!control)!or!

Tukey’s!(comparison!between!all!means)!postPhoc!analysis.!!
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3 Optimisation$and$characterisation$of$a$mammary$epithelial$organoid$

model.$

3.1 Introduction$

The!recent!advances! in! the!use!of! representative!organoid!models! from!various!

organs!(Sato!et!al.!2009)!have!set!a!precedent!indicating!the!potential!for!the!similar!use!

of! a! mammary! organoid! model! in! the! study! of! both! normal! developmental! signalling!

pathways!in!the!mammary!gland!and!those!driving!malignancy!and!tumour!behaviour,!in!

addition!to!as!a!prePclinical!tumour!model!for!drug!discovery.!!

In!order! to!be! considered!a! truly! representative!model,! and! therefore!useful! in!

achieving!any!of!these!outcomes,!any!mammary!organoid!model!system!must!firstly!be!

fully!refined!and!characterised!to!definitively!meet!three!key!criteria!concurrently:!

1) In#vitro!recapitulation!of!the!in#vivo!mammary!gland!architecture;!

2) Differentiation,! maintenance! and! functionality! of! all! MEC! populations! for!

extended!periods.!

3) Extended!repopulating!cell!capacity,!and!thus!significant!expansion!capability.!

While! previous! publications! by! other! groups! have! offered! simple! 3PD! in# vitro!

mammary! culture! systems! that! have! expanded! our! knowledge! of! various! aspects! of!

mammary! biology,! including! cell! proliferation! and! differentiation,! paracrine! signalling,!

hormonal!regulation!and!the!identity!of!the!stem!cell!population!and!it’s!niche,!no!such!

systems!have!yet!met!these!criteria!simultaneously.!Many!systems!grow!primary!material!

for! a! short! time! only! in! culture! –! the! longest! currently! published! culture! duration! for!

organoids!with!well!organised,!heterogenous!cell!populations!and!maintained!hormone!

responsiveness! is! 14P21! days! (Obr! et! al.! 2013),! while! longer! term! cultures! in! which!

mammary! stem! cells! are! able! to! be! expanded! are! associated!with! small,! disorganised!

colonies! ! (Zeng! and! Nusse! 2010).! Looking! prospectively! at! the! system! as! a!model! for!

investigation!of!normal!biological!responses!or!as!a!prePclinical!therapeutic!model,!there!

is!a!need!for!physiologically!relevant!mammary!organoids!to!be!grown!in!large!quantities!

with!high!efficiency!(in!terms!of!both!speed!and!output)!from!small!quantities!of!starting!

material,! if! they! are! to! be! used! in! medium! to! high! throughput! studies.! Initial! data!

generated!in!the!Dale!lab!by!Dr!Jardé,!using!the!intestinal!culture!conditions!as!a!starting!
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point,! was! able! to! demonstrate! the! basic! ability! to! grow! ‘mammary! organoids’! from!

primary!murine!tissue.!!

As!previously!described! in!Chapter!1,! the!Wnt!signalling!pathway!has! long!been!

implicated! in!mammary! gland! development! and!maintenance! processes.! In! support! of!

this,!preliminary!mammary!organoid!culture!data!from!the!Dale!group!based!on!original!

conditions!set!out!by!Sato!et#al!(2009)!indicated!that!mammary!organoids,!more!so!than!

intestinal!or! liver!organoids,!were!extremely! sensitive! to! the! concentration!of! the!Wnt!

signal!potentiator!RPSpondin1!applied!to!them.!!Too!high!a!concentration!was!shown!to!

drive! the!development!of! abnormal,!highly! keratinous!mammary!organoids! resembling!

the! phenotype! of! the! MMTVPWnt1! tumour! (Appendix! IP1),! while! no! RPSpondin1!

stimulation!at!all!led!to!fewer,!smaller!structures!forming.!It!was!therefore!proposed!that!

a! ‘just! right’! level! of! Wnt/RPSpondin1! stimulation! may! be! required! to! encourage! the!

desired! mammary! organoid! phenotype! and! morphology! to! develop,! while! still!

stimulating!organoid!formation!efficiency.!!

Furthermore,! while! EGF! has! historically! been!widely! used! in! inLvitro! mammary!

cell!cultures!and!is!the!RTK!ligand!of!choice!in!formative!organoid!studies!by!Hans!Clevers!

and! Toshiro! Sato,! there! have! to! date! been! no! extended! cultures! of!mammary! cells! in#

vitro!in!which!EGF!has!successfully!been!able!to!maintain!concurrently!cell!proliferation,!

differentiation,! and! normal! tissue! architecture.! In! early! exploration! of! alternative! RTK!

ligands!relevant!to!mammary!development,!qRTPPCR!experiments!by!Jardé!et#al.!(2016)!

indicated!that!MECs,!particularly!luminal!populations,!express!ErbB3/4!receptors!typically!

used!in!Neuregulin1!(Nrg1)!signalling!(Appendix!IP2).!In!addition,!basal!cells!express!high!

levels!of!Nrg1!mRNA!transcripts,!suggesting!a!paracrine!Nrg1!signalling!network!between!

cell! types! within! the! mammary! gland.! In! support! of! this,! Nrg1! (100! ng/ml),! in!

combination!with!Noggin!(100!ng/ml),!was!shown!in!basic!organoid!culture!experiments!

by! Jardé#et#al.! (2016)! to! improve!organoid! formation!efficiency!and!size,!producing!a!3!

fold! increase! in! cell! viability! in! a! direct! comparison! with! EGF! (50! ng/ml)! in! culture!

(Appendix!IP3)!with!further!increases!in!viability!with!increased!concentration!of!Nrg1.!!

The!work!detailed! in! this! chapter! therefore!builds! upon! this! early! data,! further!

investigating! the! ‘justPright’! hypothesis! of! RPSpondin1! stimulation! and! the! use! of!Nrg1!

signalling!in!mammary!organoid!development!and!growth,!to!enable!the!generation!and!
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optimisation! of! a! utilisable,! physiologically! relevant! system! allowing! expansion! of!

organoid!numbers!over!2.5!months!in!culture.!

3.2 Results$

3.2.1 Optimisation$of$mammary$organoid$culture$conditions$

3.2.1.1 RLSpondin1# is# a# crucial# regulator# of#mammary#organoid# formation# efficiency,#

size#and#differentiation#status#

As! a! starting! point! for! this! project,! early! findings! described! above! were! first!

reconfirmed! using! a! new! source! of! RPSpondin1! (Peprotech),! at! a! concentration!

comparative! to! previously! used! levels! of! RPSpondin1! (R&D! Systems).! RPSpondin1! (85!

ng/ml)!was!applied!to!cultures!in!combination!with!the!original!receptor!tyrosine!kinase!

ligand! provided! in! the! intestinal! culture! conditions,! EGF! (50! ng/ml),! and! the! TGFP !

pathway! inhibitor,! Noggin! (100! ng/ml).! Organoids! grown! for! 14! days! under! these!

conditions!were!observed!to!grow!profusely,!as!large,!round!structures!possessing!highly!

squamous!cores,!exhibiting!what!was!termed!an!‘abnormal’!phenotype.!These!structures!

were! lacking! in!both! the!expected!mammary!hormone!receptors!and! luminal!keratin!8!

expression,!while!expressing!at!high!levels!the!known!basal!cell!markers!Keratin!14!and!

p63!(Figure!3.1).!!!

Furthermore,! the! previously! proposed! alternative! RTK! ligand! Nrg1,! in!

combination!with!a!high!RPspondin1!concentration,!generated!structures!nearly!identical!

to!those!grown!under!EGF!stimulation,!that! is,! lacking! in!normal!phenotypic!expression!

markers!while! containing!a!highly! keratinous,! squamous! core! (Figure!3.2).! This! implied!

that!while!choice!of!RTK!ligand!may!play!a!part!in!determining!organoid!growth!efficiency!

and!development,!it!was!the!Wnt!activity!within!structures!that!inferred!the!majority!of!

their!phenotypic!development.! In!order!to! investigate!this!hypothesis!further,!titrations!

of!RPSpondin1!were!performed,!and!analysis!of!effect!on!organoid!formation!efficiency,!

diameter! (µm)! morphology! and! phenotype! carried! out,! with! the! aim! of! finding! the!

optimal!RPSpondin1!concentration!for!mammary!development.!!

Cells! obtained! through! the! trypsinisation! of! primary! mammary! epithelial!

fragments!were!seeded!at!an!approximate!density!of!1000!per!µl!growthPfactor!reduced!

Matrigel,!and!overlaid!with!basic!mammary!organoid!culture!media!!
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Figure 3.1 Characterisation of organoids grown in EGF and noggin media supplemented 

with a high concentration of R-Spondin1.  

Primary!MECs!were!isolated,!seeded!in!growth!factor!reduced!Matrigel!and!cultured!for!14!days!in!media!

containing!EGF! (50!ng/ml),!noggin! (100!ng/ml)!and!RPSpondin1! (85!ng/ml).! (A)$Representative! images!of!

organoid!morphology!over!14!days!in!culture.!Scale!100!µm.!(B)!Wholemount!immunostaining!of!organoids!

fixed!at!day!14.!Organoids!were!coPstained!for:!luminal!markers!ER!and!PR;!basal!p63!and!luminal!Keratin!

8;!basal!Keratin!14!and!βPcatenin,!and!counterstained!with!Hoechst.!Scale!50!µm.!
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supplemented!with!Neu!(100!ng/ml)!and!Nog!(100!ng/ml).!A!twoPfold!dilution!range!of!RP

spondin1!between!21.3!ng/ml! and!85!ng/ml!was! applied! to! cultures! alongside!a!no!RP

Spondin1!control!(Figure!3.3).!It!was!clearly!evident!after!12!days!that!structures!treated!

with!all!concentrations!of!RPSpondin1!possessed!an!‘abnormal’!keratinous!core,!and!as!a!

result!further!titrations!were!performed!using!the!same!method.!!

!Between! a! range! of! 2.7! and! 21.3! ng/ml! RPSpondin1,! the! number! of! organoids!

formed!was!seen!to!positively!correlate!with!increasing!RPSpondin1!concentration!(Figure!

3.4C),! as! did! the! size! of! organoids! formed! (Figure! 3.4D),! as! determined! by! analysis!

performed!using!GelCount
TM
! technology!based!on! a! fixed!organoid!detection! (charm*,!

see!Methods!Table!2.7)!setting.!Morphologically,!organoids!grown!for!15!days!under!RP

Spondin1!concentrations!higher!than!5.3!ng/ml!were!restricted!to!the!abnormal,!highly!

keratinous!appearance!(Figure!3.4A)!previously!associated!with!a! lack!of!differentiation!

of!luminal!cell!types.!Phenotypic!analysis!confirmed!this!to!be!the!case!P!such!structures!

were! observed! to! lack! hormone! receptor! expression,! while! showing! extremely! strong!

expression!of!basal!keratin!14!expression!(Figure!3.4B).!

In!cultures!grown!at!5.3!ng/ml!RPSpondin1,!structure!morphology!was!no!longer!

homogeneously!considered!abnormal,!such!that!around!50%!of!the!structures!possessed!

a!highly!keratinous!core!and!thin!outer!layer!of!basal!cells,!while!the!remaining!structures!

better! resembled! those! of! the! desired! morphology,! and! expressed! both! luminal! and!

basal!cell!markers,!in!an!architecture!similar!to!that!of!the!in#vivo!mammary!gland!(Figure!

3.4A,! B,! F).! At! the! lowest! RPSpondin1! concentration! assessed! (2.7! ng/ml),! while! a!

minority! of! structures! (<5%)! developed! keratinous! cores,! most! remained! at! a!

morphology!and!phenotype!recapitulating!that!found!in#vivo#(Figure!3.4A,!B)!making!this!

concentration!the!most!suited!to!mammary!organoid!culture.!Staining!performed!on!this!

condition!to!assess!PR!and!SMA!expression!was!deemed!inconclusive!(Figure!3.4B,!D,!F),!

warranting!further,!in!depth!analysis!of!this!condition.!!

!
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Figure 3.2 Characterisation of organoids grown in Nrg1 and noggin media supplemented 

with a high concentration of R-Spondin1. 

Primary!MECs!were!isolated,!seeded!in!growth!factor!reduced!Matrigel!and!cultured!for!14!days!in!media!

containing!Nrg1!(100!ng/ml),!noggin!(100!ng/ml)!and!RPSpondin1!(85!ng/ml).!(A)!Representative!images!of!

organoid!morphology!over!14!days!in!culture.!Scale!100!µm.!(B)!Wholemount!immunostaining!of!organoids!

fixed!at!day!14.!Organoids!were!coPstained!for:!luminal!markers!ER!and!PR;!basal!p63!and!luminal!Keratin!

8;!basal!Keratin!14!and!βPcatenin,!and!counterstained!with!Hoechst.!Scale!50!µm.!

!
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Figure 3.3 Morphology of mammary epithelial organoids grown under a titration of R-

Spondin1 concentrations over a 16 day period.  

Unsorted,! ‘single’! cells! were! seeded! at! a! density! of! 1000! per! µl! growthPfactor! reduced! Matrigel,! and!

overlaid! with! DMEM/F12! based! media! supplemented! with! Nrg1! (100! ng/ml),! ! noggin! (100! ng/ml)! and!

either!0,!21.25,!42.5!or!85!ng/ml!RPSpondin1!(Peprotech),!and!images!taken!over!a!16!day!period.!Scale!100!

µm.!
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Figure 3.4  Analysis of mammary epithelial organoids grown under a titration of R-Spondin1 

concentrations over a 15 day period.  

Unsorted,!trypsinised!single!cells!were!seeded!at!a!density!of!1000!per!µl!growthPfactor!reduced!Matrigel,!

and!overlaid!with!DMEM/F12!based!media!supplemented!with!Nrg1!(100!ng/ml),!noggin!(100!ng/ml)!and!

either!0,!2.7,!!5.3,!10.1!or!21.3!ng/ml!RPSpondin1!(Peprotech).!(A)$Morphology!of!organoids!after!10!and!15!

days! in! culture.! Scale! bars! 100!µm.! (B)! Histological! analysis! of! organoids! after! 15! days! in! culture.! Slides!

were! stained!with! Haematoxylin! and! eosin! (H&E),! and! antibodies! against! basal!markers! Keratin! 14! and!

smooth!muscle!actin!(SMA),!and!luminal!marker!Progesterone!receptor!(PR).!(C)!Average!organoid!number!

per! 1,000! unsorted,! trypsinised! single! cells! seeded! over! a! 15! day! period! (n≥4).(D)! Average! organoid!

diameter!(µm)!after!15!days!in!culture.!Data!points!shown!as!mean!±!standard!deviation.!
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(E)$High!magnification!SMA!staining!of!organoids!grown!under!2.7!ng/ml!or!5.3!ng/ml!RPSpondin1.! SMA!

staining! was! deemed! inconclusive! at! these! concentrations! of! RPSpondin1.! (F)$ High! magnification! PR!

staining!of!organoids!grown!under!2.7!ng/ml!or!5.3!ng/ml!RPSpondin1.!!Arrows!indicate!positive!staining.!!
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In!order!to!ensure!that!the!GelCount™!readouts!of!organoid!formation!efficiency!

per! 1000! cells! plated! or! organoid! diameter! were! not! inappropriately! skewed! by! the!

presence! of! cell! doublets,! or! larger! aggregations! of! cells! in! plated! populations,!

fluorescencePactivated! cell! sorting! (FACS)!was! implemented.! Trypsinised!epithelial! cells!

were!stained!with!DAPI!and!antiPCD45!and!sorted!to!remove!any!epithelial!cell!clumps,!

doublets,! or! dead! cells,! in! addition! to! any! stromal! or! nonPepithelial! cells! (CD45+)! (See!

Materials!and!methods,!Figure!2.2).!!

After! 15! days,! sorted,! live,! single! cells! plated! at! 1000! per! ul! Matrigel! under!

conditions!where!a!twoPfold!titration!range!of!2.7!ng/ml!to!21.3!ng/ml!RPspondin1!was!

applied!showed!results!consistent!with!what!had!been!seen!previously,!again!indicating!

the!use!of!the!lowest!RPSpondin1!concentration!of!2.7!ng/ml,!and!demonstrating!a!dose!

dependent!increase!in!organoid!formation,!diameter!and!squamous!morphology!with!RP

Spondin1!(Figure!3.5).!!

3.2.1.1.1 Organoid,formation,efficiency,can,be,further,increased,using,the,RhoF

Kinase,inhibitor,YF27632,

In! addition! to! determining! conditions! for! the! production! of! phenotypically!

‘normal’!mammary!organoids,!this!work!aimed!to!maximise!the!organoid!output!from!a!

small!mass!of! starting!material.! As! already!demonstrated,! to! generate!morphologically!

and! phenotypically! normal! mammary! organoids,! RPSpondin1! concentration! had! to! be!

limited,! thus! compromising!on! the! improvements! in! growth! rate!and!plating!efficiency!

gained!by!adding!high!levels!of!the!factor.!The!solution!to!this!problem!however,!came!as!

the!result!of!an!unexpected!finding!following!the!FACS!based!titration!detailed!above.!!

!It!was!noted!that!compared!to!previous!results!using!unsorted!cells,!consistently!

lower! organoid! formation! efficiencies! were! observed! from! sorted! cells! at! each! RP

Spondin1! concentration! (6.3,! 5.4,! 3.4! and! 4! fold! lower,! respective! to! increasing!

concentrations),!with!most!strikingly,!an!18.4!fold!reduction!in!organoid!formation!under!

control! conditions! (Figure! 3.5).! The!degree! to!which! this!was!observed!was! somewhat!

surprising! given! that! the! process! refined! cell! populations,! excluding! dead! and! nonP

epithelial! cells,! thus! theoretically! increasing! the! proportion! of! cells! likely! to! grow! into!

organoids.!The!stresses!put!upon!cells!during!FACS!can!drastically!decrease!viability,!and!

in!single!cell!populations!loss!of!cellPcell!contacts!is!known!to!activate!signalling!cascades!
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leading!to!programmed!cell!death!(Kurosawa,!2012).!As!such,!many!publications!in!which!

FACS!has!been!performed!for! the!purpose!of!single!cell! investigations!detail! the!use!of!

the!Rho! associated! coiledPcoil! protein! kinase! (ROCK)! inhibitor! YP27632! after! sorting.! YP

27632! has! previously! been! demonstrated! to! promote! the! survival! of! cell! types!

susceptible! to! anoikis! upon! dissociation! to! single! cells,! including! human! induced!

pluripotent!stem!cells!(Park!et!al.!2008)!and!human!embryonic!stem!cells!(Watanabe!et!

al.! 2007),! with! the! latter! specifically! being! shown! to! benefit! from! ROCK! inhibition!

following!FACS!(Emre!et!al.!2006).!Sato!et!al.!(2009)!also!detail!the!use!of!the!inhibitor!in!

their!intestinal!crypt!culture!system!following!cell!sorting!to!benefit!crypt!growth.!

As! such,! a! titration! was! performed! on! sorted,! single! epithelial! cell! cultures! in!

which! YP27632! (10!µM)!was! supplemented! into! the!media! for! the! first! 5! days.! Results!

after! 15! days! showed! substantial! increases! in! organoid! formation! efficiency! per! 1000!

cells!plated!at!all!RPSpondin1!concentrations!trialled!(9.2,!9.3,!6.2,!2.3!fold!with!increased!

concentrations),!to!a!range!similar!to!that!seen!in!cultures!of!unsorted,!trypsinised!cells!

without! the! inhibitor! (Figure! 3.6).! Interestingly,! average! organoid! diameter! at! each! RP

Spondin1! concentration! was! also! seen! to! increase! in! comparison! to! its! untreated!

counterpart!(1.5,!1.4,!1.3,!1.6!fold,!respectively)!(Figure!3.6C).!

Moreover,! this! result!was! not! specific! to! postPFACS!organoid! culture;! unsorted,!

trypsinised! cells! grown!with! the! support!of! YP27632! for! the! first! 5!days!of! culture!also!

showed! improved! organoid! formation! efficiency,! albeit! not! to! the! same!magnitude! as!

sorted!cell!populations!(1.9,!2.2,!2.3,!1.7!fold,!Figure!3.7B).!This!may!in!fact!confirm!that!

most! cells! within! these! populations! are! not! definitively! single,! and! therefore! do! not!

require! the! support! from! the! inhibitor! to! the! same! extent.! YP27632! treatment! also!

caused!a!larger!average!organoid!diameter!under!all!RPSpondin1!conditions!(1.3,!1.3,!1.3,!

1.1!fold,!Figure!3.7C),!suggesting!that!a!level!of!apoptosis!may!occur!even!in!established!

organoids.!

With!the!advantages!of!ROCK!inhibition!clear,!it!was!instated!as!a!standard!early!

culture!media! component!within! the!mammary!organoid! system!alongside!Neuregulin,!

Noggin! and! RPSpondin1! (2.7! ng/ml),! even! for! organoids! derived! from! epithelial!

fragments,! in! order! to! enhance! organoid! formation! efficiency.! However,! as! the! exact!

mechanism! of! YP27632! is! not! yet! confirmed,! it! was! not! used! continually! throughout!

culture!in!order!to!avoid!potential!unwanted!effects!to!growth!and!differentiation.!
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Figure 3.5 Analysis of mammary epithelial organoids grown from single, sorted cells under 

a titration of R-Spondin1 concentrations over a 15 day period.  

Sorted,!single!epithelial!cells!were!seeded!at!a!density!of!1000!per!µl!growthPfactor!reduced!Matrigel,!and!

overlaid!with!DMEM/F12!based!media!supplemented!with!Nrg1!(100!ng/ml),!noggin!(100!ng/ml)!and!either!

0,!2.7,! !5.3125,!10.125!or!21.25!ng/ml!RPSpondin1!(Peprotech).!(A)$Morphology!of!organoids!grown!after!

10! and!15!days! in! culture.! (B)$Average!organoid!number!per! 1,000! sorted! single! epithelial! cells! seeded,!

over!a!15!day!period!(n≥4).!(C)$Average!organoid!diameter!(µm)!after!15!days!in!culture.!Data!points!shown!

as!mean!±!standard!deviation.$Scale!bars!100!µm.!!
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Figure 3.6 Analysis of ROCK inhibitor treated mammary epithelial organoids grown from 

single, sorted cells under a titration of R-Spondin1 concentrations over a 15 day period.  

Sorted,!single!epithelial!cells!were!seeded!at!a!density!of!1000!per!µl!growthPfactor!reduced!Matrigel,!and!

overlaid!with!DMEM/F12!based!media!supplemented!with!Nrg1!(100!ng/ml),!noggin!(100!ng/ml)!and!either!

0,!2.7,!5.3125,!10.125!or!21.25!ng/ml!RPSpondin1!(Peprotech).!The!Rock!inhibitor!YP27632!was!also!applied!

for!the!first!5!days!of!culture!(10µM).!(A)$Morphology!of!organoids!after!10!and!15!days!in!culture.!Scale!

bars!100!µm.!(B)!Average!organoid!number!per!1,000!single!epithelial!cells!seeded!over!a!15!day!period,!

following!YP27632!treatment!(n≥4).!(C)$Average!organoid!diameter!(µm)!after!15!days!in!culture!following!

YP27632!treatment.!Data!points!shown!as!mean!±!standard!deviation.!
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Figure 3.7 Analysis of ROCK inhibitor treated mammary epithelial organoids grown under a 

titration of R-Spondin1 concentrations over a 15 day period.  

Unsorted,!trypsinised!single!cells!were!seeded!at!a!density!of!1000!per!µl!growthPfactor!reduced!Matrigel,!

and!overlaid!with!DMEM/F12!based!media!supplemented!with!Nrg1!(100!ng/ml),!noggin!(100!ng/ml)!and!

either!0,!2.7,!!5.3125,!10.125!or!21.25!ng/ml!RPSpondin1!(Peprotech).!The!Rock!inhibitor!YP27632!was!also!

applied!for!the!first!5!days!of!culture!(10µM).!(A)$Morphology!of!organoids!after!10!and!15!days!in!culture.!

Scale!bars!100!µm.!(B)!Average!organoid!number!per!1,000!unsorted,!trypsinised!single!cells!seeded!over!a!

15!day!period,! following! YP27632! treatment! (n≥4).! (C)$Average!organoid!diameter! (µm)! after! 15!days! in!

culture!following!YP27632!treatment.!Data!points!shown!as!mean!±!standard!deviation.!
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3.2.1.1.2 High,content,imaging,and,analysis,of,organoids,reveals,detailed,effects,of,

RFspondin1,in,culture,

Although! RPSpondin1! stimulation! was! shown! likely! to! be! key! in! increasing! the!

plating!efficiency!and!size!of!organoids,!the!extent!to!which!GelCount
TM
!measurements!

could!be! interpreted!biologically!was! limited! for! several! reasons.! For!example,!a! larger!

organoid!could! reflect! increased!cell!proliferation!and!remodelling! inside! the!structure,!

or! cell! death! and! an! accumulation! of! debris.! In! order! to! analyse! in! greater! detail! the!

effects! of! RPSpondin1! on! organoid!morphology,! a! new! high! throughput! 3D! screening,!

imaging! and! profiling! system,! available! through! collaboration! with! a! company! called!

OcellO!,!was!utilised.!Using!this!technology,!up!to!900!parameters,!many!of!which!would!

be!otherwise!impossible!to!analyse,!can!be!measured!and!compared.!In!this!study,!only!a!

select!number!were!chosen!for!analysis.!!

Mammary!epithelial! organoids!were! grown! in! 384!well! format! from! trypsinised!

single! epithelial! cells! for! 14! days,! under! Nrg1! (100! ng/ml)! and! Noggin! (100! ng/ml)!

supplemented! conditions! alone,! or! in! combination! with! the! determined! optimal!

concentration!of!RPSpondin1!(2.7!ng/ml)!or!a!proven!‘high’!concentration!of!42.5!ng/ml!

RPSpondin1.!In!addition,!the!original!intestinal!ERH!conditions!deemed!unfavourable!for!

mammary!organoid!growth!were!used!in!comparison.!Organoids!were!fixed!and!stained!

at! the! end! of! culture! using! a! proprietary! OcellO! fixative! solution,! containing! simple!

cytoskeletal!(Phalloidin)!and!nuclear!stains!(Hoechst)!(described!in!(Di!et!al.!2014)).!

The!four!culture!conditions!were!clearly!observed!to!induce!differential!effects!on!

many! parameters,! as! shown! by! heat!mapping! across! the! plate! (Figure! 3.8A).! Four! key!

parameters!were!chosen!by!OcellO!and!studied!in!further!detail!(Figure!3.8B).!Consistent!

with! previous! GelCount
TM
! analysis,! OcellO! data! confirmed! that! increasing! RPSpondin1!

concentration! increased!organoid! size,! in! a! concentration!dependent!manner,!when! in!

combination! with! Nrg1! and! Noggin! (Figure! 3.8C).! Analysis! also! highlighted! novel! data!

showing!a!concentration!dependent!reduction!in!lumen!roundness!and!increase!in!lumen!

complexity,!and!a!decrease!in!the!fraction!of!apoptotic!cells!within!the!organoids.!!

Interestingly,! under! direct! comparison,! ERH! treated! organoids! grown! for! the!

same!time!were!on!average!smaller!than!NRH!treated!organoids,!and!were!characterised!

to!contain!a!higher!proportion!of!apoptotic!cells!and!display!both!increased!lumen!!
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Figure 3.8 In depth OcellO analysis of organoids grown under specific culture media 

conditions reveals distinct effects of culture components.  

Freshly!isolated!MECs!were!seeded!in!384!well!format!in!growth!factor!reduced!Matrigel!and!grown!for!14!

days!under!conditions!containing!either:!Nrg1! (100!ng/ml)!and!noggin! (100!ng/ml)!alone! (NN);!Nrg1!and!

noggin! in! combination!with!RPSpondin1! (2.7!ng/ml)! (NRL)! or!RPSpondin1! (42.5!ng/ml)! (NRH);$or!EGF! (50!

ng/ml),!noggin!(100!ng/ml)!and!RPspondin1!(42.5!ng/ml).!Organoids!were!then!fixed!in!OcellO!proprietary!

stain! and! analysed! by! OcellO.! (A)$ Feature! cluster! heat! map! indicating! variation! in! multiple! organoid!

properties! between! each! culture! condition.! Over! 400! parameters! are! summarized! here.! (B)$ Heat!maps!

indicating!variation!in!organoid!size,!lumen!roundness,!lumen!complexity!and!fraction!of!apoptotic!cells!per!

organoid! between! culture! conditions.! (C)$ Bar! chart! indicating! average! organoid! size! under! each! culture!

condition.!!
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roundness!and!decreased!lumen!complexity,!thus!supporting!the!use!of!Nrg1!as!the!main!

RTK!ligand!in!mammary!organoid!culture.!

3.2.1.2 RLSpondin1#elicits#effects#in#the#mammary#organoids#through#regulation#of#the#

Wnt#pathway##

Although!RPSpo1! is!known!to!upPregulate!canonical!Wnt!signalling! (de!Lau!et!al.!

2011),!members!of!the!RPSpondin1!family!have!also!been!associated!with!nonPcanonical!

Wnt! signalling,! specifically! through! the! Wnt/Planar! cell! polarity! (PCP)! pathway!

(Ohkawara! et! al.! 2011).! As! this! pathway! directs! cell! alignment! within! tissues! and! is!

associated!with!the!regulation!of!stem!cell!fate!–!whether!a!SC!divides!asymmetrically!or!

not!(van!Amerongen!2012)!P!it!could!be!speculated!to!be!responsible!for!the!single!layer!

of! p63! positive! cells! characteristically! seen! in! organoids! grown! under! high! levels! of! RP

Spondin1!(Figure!3.2).!!

In! order! to! confirm! that! the! effects! observed! on! organoid! culture! under! RP

Spondin1! stimulation! were! indeed! elicited! via! a! canonical! Wnt! signalling! pathway,! a!

previously!characterised!tetracyclinePinducible!mouse!model!(Jardé!et!al.!2012),!able!to!

express! a! truncated,! constitutively! active! version! of! the! Pcatenin! protein! ( N89 P

Catenin)!when! treated!with! doxycycline,!was! used! in! an! organoid! growth! assay.! Here,!

organoids! cultured! under! Nrg1! (100! ng/ml)! and! Noggin! (100! ng/ml)! supplemented!

conditions!(N)!were!compared!to!those!grown!in!the!presence!of!RPSpondin1!(2.7!ng/ml)!

(NRL),!Doxycycline!(DOX)!(2µg/ml)(DN),!or!both!in!combination!(DNRL).!It!was!observed,!

as! previously! seen!with! cells! derived! from! FvB!mice,! that! after! 7! days,!NRL! treatment!

increased!organoid!formation!and!average!diameter!slightly,!but!not!significantly!(Figure!

3.9A,!B).!DN!or!DNRL!conditions!however,!had! significant!growth!promoting!effects!on!

the!organoids!compared!to!those!in!N!or!NRL!conditions!(p<0.05,!n=3).!Importantly,!DN!

and!DNRL!treated!organoids!exhibited!the!typical!squamous!morphology!associated!with!

high! RPSpondin1! stimulation! (Figure! 3.9C),! while! DNRL! media! had! no! significant!

additional! effect! on! organoid! formation! or! diameter! compared! to! DN,! indicating! βP

catenin!and!RPSpondin1!to!work!via!the!same!signalling!pathway.!!

To! further! verify! this! finding,! the! experiment! was! conducted! again,! using! the!

intestinal! culture! conditions! (ERH)! set! out! by! Sato!et# al.# (2009).! In! this! case,! organoid!

growth!efficiency!was!similar!between!all!of!the!treated!conditions!compared!to!the!EGF!

only!control,!with!each!producing!significantly!more!organoids!(1.18,!1.25!and!1.20!fold,!!
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Figure 3.9. Constitutive Wnt pathway activation increases organoid formation and size in a similar fashion to R-Spondin1.  

MECs!were! freshly! isolated! from!a! Tet6O6ΔN89β6Catenin!mouse! line! and! embedded! in!matrigel.! (A)! Cultures!were! treated!with!Nrg1! (100!ng/ml)! and!Noggin! (100!

ng/ml)!supplemented!media!alone,!or!additionally!given!R6Spondin1!(2.656!ng/ml),!Doxycycline!(2!µg/ml),!or!both!in!combination.!After!7!days,!organoid!number!(A)!

and!average!diameter! (B)!were!assessed!using!GelCountTM!scanner!and!software! from!Oxford!Optronix.!Data!are!expressed!as! fold!change!(vs!Neu,!Nog!only,!n=3,!

means±!standard!deviation.).!**,!p!<!0.01;!***,!p!<!0.001,!ANOVA!with!Tukey’s!post6hoc!comparison.!(C)!Representative!pictures!of!mammary!organoids!cultured!for!7!

days!under!each!condition.!Scale!bars!100!μm.!!
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Figure 3.10 Constitutive Wnt pathway activation increases organoid formation and size in a similar fashion to high levels of R-Spondin1.  

MECs!were! freshly! isolated! from!a!Tet6O6ΔN89β6Catenin!mouse! line!and!embedded! in!matrigel.!Cultures!were! treated!with!EGF! (50!ng/ml)!and!Noggin! (100!ng/ml)!

supplemented!media! alone,! or! additionally! given! R6Spondin1! (42.5! ng/ml),! Doxycycline! (2! µg/ml),! or! both! in! combination.! After! 7! days,! organoid! number! (A)! and!

average! diameter! (B)! were! assessed! using! GelCountTM! scanner! and! software! from! Oxford! Optronix.! Data! are! expressed! as! fold! change! (vs! EGF,! Nog! only,! n=3,!

means±standard!deviation!**,!p!<!0.01;!***,!p!<!0.001,!ANOVA!with!Tukey’s!post6hoc!comparison.!(C)!Representative!pictures!of!mammary!organoids!cultured!for!7!

days!under!each!condition.!Scale!bars!100!μm.!

 

 

!
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respectively,!p<0.05!assessed!by!a!one8way!ANOVA,!with!Tukey’s!post8hoc!analysis,!n=3),!

while!organoid!diameter!was!also!significantly!increased!in!all!treated!conditions!(Figure!

3.10A,!B).!

Taken! together,! the! data! supports! that! effects! observed! under! R8Spondin1!

stimulation!are!indeed!a!result!of!canonical!Wnt!pathway!activation.!!

3.2.1.2.1 In'depth,'extended'analysis'of'organoids'grown'under'optimised'culture'

conditions.'

Given!all!of!the!above!evidence,!culture!conditions!containing!Nrg1!(100!ng/ml),!

Noggin!(100!ng/ml)!and!R8Spondin1!(2.7!ng/ml),!from!here!on!termed!“NRL”,!supported!

by! the! ROCK! inhibitor! Y827632! (10µM)! for! the! first! 5! days! in! culture,! were! chosen! as!

‘optimised!conditions’!for!further!detailed!investigation.!!

The! early! growth,! morphological! and! phenotypical! status! of! organoids! grown!

from! freshly! isolated! epithelial! fragments,! unsorted! trypsinised! cells,! and! sorted,!

definitive! single! epithelial! cells! (see!Material! and!Methods! for! further! details! of! each!

preparation)! under! these! conditions!was! assessed.! As! part! of! this! investigation,! it!was!

important! to! determine! the! length! of! time! required! for! fully! heterogeneous! (that! is,!

comprising! both! luminal! ER/PR8! or! ER/PR+! and! basal! K14,! p63+! cell! populations)! and!

therefore!‘useful’!organoids!to!form!in!each!case,!and!whether!this!differentiation!status!

correlated!with!a!particular!morphology!(e.g.!definitive!lobular).!!!

Detailed!analysis!of!later!time!points!in!culture!was!then!performed!to!investigate!

key!points!previously!described!as!crucial!to!any!organoid!system,!such!as!the!maintained!

phenotypic! normality! and! functionality! of! structures! and! the! cells! of! which! they! are!

comprised! over! time,! and! the! capacity! for! the! stable! expansion! of! cell! or! organoid!

numbers.!

3.2.1.3 Phenotypically1‘normal’1mammary1organoids1can1be1cultured1from1a1variety1of1

primary1material1preparations.1

i. Organoids'grown'from'epithelial'fragments'

Organoids!were!grown!over!a!period!of!14!days!from!epithelial!fragments!under!

the!newly!optimised!levels!of!R8Spondin1,!in!the!presence!of!Y827632!(10µM)!for!the!first!

5! days! of! culture.! As! shown! in! Figure! 3.11B,! over! a! period! of! 11! days,! organoids! of!

around!150!to!300!µm!in!diameter!formed,!with!characteristic!lobular!morphologies.!
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After!just!3.5!days!in!culture!(Figure!3.11D(i)),!mammary!structures!of!between!50!

and!100!µm!in!diameter!had!begun!to!form!in!the!3D!system.!These!structures!were!not!

yet! closed! balls! of! cells,! instead! possessing! a! visible! luminal! space.! Importantly,! a! full!

complement!of!basal!and!luminal,!hormone!receptor!positive!and!negative!cell!types!was!

observed! in!these!structures,!even!at!such!an!early!stage! in!development,! indicative!of!

‘normal’!development.!!

After! 7! days! in! culture,!mammary! organoids,!while! remaining! at! an! average! of!

around!50!to!100!µm!in!diameter,!appeared!more!spherical,!and!had!begun!to!lose!their!

luminal!space,!with!a!larger!quantity!of!cells!in!their!centre.!Structures!retained!distinct!

cell! layers,! possessing! basal! Keratin814! and! p63! expression! around! their! outer! edges,!

while!the!hormone!receptors!ER8α!and!PR,!and!Keratin88!could!be!seen!localised!within!

the!structures!(Figure!3.11D(ii)).!!

At! 14! days! in! culture,! structures! were! no! longer! mainly! spherical,! having!

developed!more!convoluted! structures,! as! seen! in! figures!3.8C!and!3.8D(iii).!Organoids!

again! retained! distinct! layers! of! basal! and! luminal! marker! expression,! seen! clearly! in!

Figure! 3.11D(iv)! where! basal! p63! and! luminal! PR! did! not! co8localise.! Co8expression! of!

both!steroid!receptors!was!also!identified!to!persist!at!this!time!point!(Figure!3.11D(iv)),!

matching!lengths!of!maintained!receptor!expression!previously!reported!in!culture!(Obr!

et!al.!2013).!

At!all!time!points,!and!both!populations,!β8catenin!localisation!was!membranous,!

at!cell! junctions,!and!not!nuclear.!Larger!structures!exhibited!a! lack!of!β8catenin!nearer!

their!cores,!where!nuclear!staining!highlighted!cells,!but!this!appears!to!be!an!antibody!

penetration! fault,! that! also! can! be! seen! upon! E8cadherin! staining.! Overall,! structures!

grown!here!possess!a!physiologically!normal!phenotype,!thus!justifying!the!use!of!these!

culture!conditions.!
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Figure 3.11 In depth analysis of organoids grown under Nrg1, R-Spondin1 low culture 

conditions from epithelial fragments.  

Epithelial!fragments!were!seeded!at!equal!density!on!optical!imaging!plates!in!9.5!µl!growth!factor!reduced!

Matrigel,!and!cultured!for!14!days!in!defined!DMEM/F12!base!media!supplemented!with!Nrg1!(100!ng/ml),!

noggin!(100!ng/ml)!and!R8Spondin1!(2.7!ng/ml).!Y827632!(10!µM)!was!added!to!media!for!the!first!5!days!as!

standard.! (A)$ Representative!whole!well! overview,! taken! at! days! 3,! 6! and! 11! in! culture! using! Gelcount!

technology.!(B)$Representative!image!demonstrating!morphological!development!of!organoids!from!day!3!

to!day!13!in!culture.!(C)$Average!fold!increase!in!organoid!count!per!well!(wells=31)!compared!to!that!at!4!

days! in!culture.!Data!points!are!shown!as!mean!±!standard!deviation.!(D)$Confocal!microscope!images!of!

immunofluorescence! staining! for! luminal! epithelial! markers! (Keratin! 8,! progesterone! receptor),! basal!

epithelial!markers!(Keratin!14,!Keratin!5.!p63),!and!β8catenin!and!E8Cadherin,!in!cultures!at!(i)$3.5!!(ii)$7!(iii)$

14!days!in!culture.!(iv)$Co8staining!(PR/p63!or!PR/ER)!of!organoids!at!day!14!in!culture.!

!
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ii. Organoids!grown!from!trypsinised!epithelial!cells!

Organoids!were!next!cultured!from!cells!derived!from!trypsinisation!of!epithelial!

fragments,! seeded! at! an! approximate! density! of! 1000! cells! per! microliter,! under! the!

newly!optimised! levels!of!R?Spondin,! in! the!presence!of!Y?27632! (10µM)! for! the! first!5!

days!in!culture!(Figure!3.12).!

Morphologically,!over!13!days!organoids!of!around!100!µm!developed!from!these!

cells.!Interestingly,!although!these!organoids!were!smaller!than!those!found!at!a!similar!

time! point! in! cultures! of! epithelial! fragments,! the! time! taken! for! development! of! a!

distinct!lobules!remained!the!same.!!

!The!majority!of!structures!seen!in!this!experiment!at!3.5!days!were!a!maximum!

of! 50! µm! in! diameter,! composed! of! only! a! small! number! of! cells! (Figure! 3.12D(i)).!

However,! even! at! this! early! stage! of! culture,! organoids! were! arranged! into! basal! and!

luminal! compartments,! with! full! epithelial! cellular! differentiation! heterogeneity! as!

observed!in#vivo.!In!these!smaller!structures!β?catenin!localisation!was!observed!at!both!

the! cell?cell! junctions! and! within! the! nucleus,! suggesting! that! Wnt! signalling! may! be!

increased! in! these! organoids! compared! to! those! grown! from! epithelial! fragments.! E?

cadherin! localisation! also! appeared! more! punctate,! perhaps! indicative! of! junctional!

remodelling.!This!could!also!however!reflect!the!easier!penetration!of!antibodies!into!the!

smaller!structures.!

By! 7! days! in! culture,!most! organoids! had! reached! 50! µm! in! diameter,! and! cell!

number!per!organoid,!although!not!specifically!quantified,!was!visibly!increased!from!the!

earlier!time!point.!Again,! full,!distinct!patterns!of!differentiation!were!maintained,!with!

basal!cells!found!only!at!the!outer!edges!of!the!structures!(Figure!3.12D(ii)).!

Interestingly,!after!14!days!in!culture,!although!structures!(around!100!µm)!were!

smaller!than!their!fragment!derived!equivalents,!they!too!now!showed!a!morphological!

change!from!rounded!structures,!to!more!lobular,!developed!shapes!(Figure!3.12B,!D(ii)).!

This! repeated! phenomenon! may! indicate! that! time! taken! to! reach! a! physiologically!

relevant!morphology!may!depend!on! cells! adapting! to! their! new! in# vitro! environment,!

rather!than!on!size!of!the!organoids!themselves.!

After! nearly! 3! weeks! in! culture! without! passage,! organoids! still! retained! a!

morphology! associated! with! a! ‘normal’! phenotype,! with! overall! organoid! forming!

efficiency!at!19!days!in!culture!calculated!to!be!1.57%!±!0.25%!per!1000!cells!seeded.!!
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Figure 3.12 In depth analysis of organoids grown under Nrg1, R-Spondin1 low culture 

conditions from unsorted, single mammary epithelial cells.  

Epithelial!fragments!were!trypsinised!to!single!cells,!and!seeded!at!1000!per!µl!on!optical!imaging!plated!in!

9.5! µl! growth! factor! reduced! Matrigel,! and! cultured! for! 19! days! in! defined! DMEM/F12! base! media!

supplemented!with!Nrg1! (100!ng/ml),! noggin! (100!ng/ml)! and!R?Spondin1! (2.7!ng/ml).! Y?27632! (10!µM)!

was!added!to!media!for!the!first!5!days!as!standard.!!(A)$Representative!whole!well!overview,!taken!at!days!

4,! 6,! 11! and! 19! in! culture,! using! GelCount! technology.! (B)$ Representative! image! demonstrating!

morphological!development!of!organoids!from!day!4!to!day!19!in!culture.!(C)$Average!number!of!organoids!

formed!per!1000!cells!seeded!(wells≥32).!Data!points!are!shown!as!mean!per!well!±!standard!deviation.!(D)$

Confocal! microscope! images! of! immunofluorescence! staining! for! luminal! epithelial! markers! (Keratin! 8,!

progesterone!receptor),!basal!epithelial!markers!(Keratin!14,!p63),!β?catenin!and!E?Cadherin,!in!cultures!at!

(i)$3$(ii)$7!and!(iii)$14$days!in!culture.!(iv)$Co?staining!(PR/p63!or!PR/ER)!of!organoids!at!day!14!in!culture.!!
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iii. Organoids!grown!from!definitive,!sorted!single!cell!populations!

Definitively! single! (doublets! excluded! by! FACS),! live,! sorted! epithelial! cell!

populations!were!next!cultured!at!1000!per!µl!of!growth!factor!reduced!Matrigel,!over!a!

period!of!19!days,!under!optimised!conditions,!with!additional!support!from!YI27632!(10!

µM)!for!the!first!5!days!of!culture.!!

After! 7! days! in! culture,! small,! round!organoids! of! around!25!µm! (Figure! 3.13B)!

were!observed! to!possess! the!distinct!basal! keratin!and!p63! staining!around! the!outer!

edges,! while! luminal! markers! were! again! solely! present! within! the! structures! (Figure!

3.13D(i)).! These! small! organoids! also! exhibited! βIcatenin! localisation! at! the! cellIcell!

junctions!and!within! the!nucleus.! EIcadherin! localisation!was!also!more!punctate,! thus!

suggesting!junctional!remodelling!during!organoid!growth.!

After!14!days!in!culture,!average!organoid!diameter!reached!between!75I100!µm,!

and! structures! had! evolved! more! lobular! morphologies! (Figure! 3.13B).! As! previously!

observed! with! the! fragments! and! unsorted! cells,! basal! and! luminal! compartments!

remained!distinct,!with!a!single!basal!cell!layer!around!the!outer!edges!of!the!organoids,!

and!ER+/PR+!luminal!cells!within!the!core!of!the!structures!(Figure!3.13D(ii)).!!

Moreover,! by! combining! an! EdU! incorporation! assay! with! immunostaining! of!

mammary!organoid!cultures!after!14!days,!both!with!and!without!hormonal!stimulation,!

it!was!observed! that! actively!proliferating! (EdU+)! cells!were!a!distinct!population! from!

hormone! responsive! (PR+)! cells! (Figure! 3.14),! in! line!with! current! knowledge! of! the! in#

vivo! mature! mammary! gland! (Russo! et! al.! 1999;! Clarke! et! al.! 1997).! Here,! hormone!

responses! occur! via! a! paracrine! signalling! mechanism,! such! that! Estrogen! or!

progesterone! stimulation! of! ER! or! PR! positive! luminal! cells! leads! to! the! release! of!

amphiregulin!or!Wnt4,! respectively! (Ciarloni!et!al.!2007;!Brisken!et!al.!2000)!and! these!

intermediate! factors! then! stimulate! basal! mammary! stem! cell! proliferation.! Indeed,!

further!study!revealed!EdU!staining!to!coIlocalise!with!basally!located!p63!positive!cells!

(Figure!3.15).!!

Quantification! of! the! absolute! proportions! of! proliferating! cells! following!

treatment! with! steroid! hormones! would! have! been! expected! to! show! increases!

compared! to! control! conditions.! Experiments! to! explore! this,! in! collaboration!with! GE!

Healthcare!(Joseph!Williams)!using!InCell6000!based!high!content!analysis!were!initiated,!

but!software!limitations!abrogated!full!quantification!within!3D!structures.!!
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Figure 3.13. In depth analysis of organoids grown under Nrg1, R-Spondin1 low culture 

conditions from definitive, sorted single mammary epithelial cells.  

Epithelial! fragments! were! trypsinised! to! single! cells,! sorted! to! the! single,! live! epithelial! cell! stage,! and!

seeded! at! 1000! per! µl! on! optical! imaging! plated! in! 9.5! µl! growth! factor! reduced! Matrigel.! Cells! were!

cultured!for!21!days!in!defined!DMEM/F12!base!media!supplemented!with!Nrg1!(100!ng/ml),!noggin!(100!

ng/ml)!and!RISpondin1!(2.7!ng/ml).!YI27632!(10!µM)!was!added!to!media!for!the!first!5!days!as!standard.!!

(A)$ Representative! whole! well! overview,! taken! at! days! 4,! 6,! 11! and! 19! in! culture! using! GelCount!

technology.!(B)$Representative!images!demonstrating!morphological!development!of!organoids!from!day!6!

to! day! 19! in! culture.! Scale! 100! µm.! (C)$ Average! number! of! organoids! formed! per! 1000! cells! seeded!

(wells≥32).!Data!points!are!shown!as!mean!per!well!±!standard!deviation.!(D)$Confocal!microscope!images!

of! immunofluorescence! staining! for! luminal! epithelial!markers! (Keratin! 8,! progesterone! receptor),! basal!

epithelial! markers! (Keratin! 14,! p63),! βIcatenin! and! EICadherin,! in! cultures! at! (i)$ 7$ and! ! (ii)$ 14$ days! in!

culture.$(iii)$CoIstaining!(PR/p63!or!PR/ER)!of!organoids!at!day!14!in!culture.!
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Figure 3.14 Analysis of proliferating populations following hormone treatment of organoids 

grown under defined media conditions.  

Organoids! grown! for! 14! days! under! defined! media! conditions! were! treated! with! steroid! hormones!

Estrogen!(2.5ng/ml),!Progesterone!(40!ng/ml),!alone!or!in!combination!for!24!hours!prior!to!fixation.!EdU!

was! added! two! hours! prior! to! fixation! and! allowed! to! incorporate! into! the! newly! synthesised! DNA! of!

dividing! cells.! Confocal! images! depict! immunofluorescence! staining! carried! out! against! Progesterone!

receptor! (PR),! in! red,!and!EdU,! in!green.!White!arrows! indicate!distinctly!EdU!positive,!PR!negative!cells.!

Scale!50µm.!

!

Hoechst                     p63                     EdU                    Merge

!

Figure 3.15 Analysis of EdU positive, dividing cell populations.  

Organoids!grown! for!14!days!under!defined!media!conditions!were! treated!with!EdU!two!hours!prior! to!

fixation!such!that!it!incorporated!into!the!newly!synthesised!DNA!of!dividing!cells.!Confocal!images!depict!

immunofluorescence!staining!carried!out!against!basal!cell!marker!p63,! in! red,!and!EdU,! in!green.!White!

arrows!indicate!distinctly!EdU!positive,!p63!positive!cells.!Scale!50µm.!
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Future! work! to! assess! this! would! be! of! use! to! the! further! understanding! of! organoid!

function!and!signalling.!!

After!19!days! in!culture! (Figure!3.13B),!highly! lobular! structures!of!greater! than!

100!µm!were!observed.!Organoid!formation!efficiency!was!calculated!at!this!stage!to!be!

on!average!1.25%!±!0.39%!per!1000!cells!seeded!(wells=32).!!

3.2.1.4 Mammary+organoids+ can+undergo+ considerable+ expansion,+while+maintaining+

phenotype,+ genomic+ stability+ and+ cell+ functionality+ for+ extended+ periods+ in+

culture+under+optimised+conditions.+++

The! culture! system!was! next! assessed! over!multiple! time! points,! to! define! the!

period!over!which!physiologically!relevant!structures!can!be!maintained,!and!the!utility!

of! structures! at! various! stages! of! culture.! As! previously! detailed,! attempts! to! grow!

mammary!epithelial!organoids!possessing!a!full!complement!of!functional!differentiated!

cell! types! for! extended! periods! in+ vitro! have! until! now!been! limited.! Although! various!

groups!have!outlined!suitable!conditions!for!the!short!term!culture!of!small,!disorganised!

epithelial! colonies,! or! the! development! of! polarised! epithelial! structures! with! distinct!

hormone! receptor!positive! luminal,! and!negative!basal! populations,! no! system!has! yet!

achieved!maintained!hormone!receptor!expression!for!longer!than!14Y21!days!(Obr!et!al.!

2013)!Organoids!grown!for!approximately!14!days!in!culture!under!NRL!conditions!were!

retrieved! from!Matrigel,! trypsinised!to!single!cells,! replated!at!a!density!of!1000!per!µl!

growth! factor! reduced!Matrigel,! and! further! cultured! in! a! similar!way! for! a! total! of! 4!

months,!with!investigations!performed!at!early,!(1!month,!1!passage),!mid!(2.5!month,!5!

passage)!and!late!(4!month,!10!passage)!time!points!for!comparison.!!!

i. 1$month$

Karyotype$

After! a!month! in! culture,! the! first! observation!made!was! that! of! chromosomal!

stability.!Structures!were!growth!arrested!in!metaphase!using!colcemid,!trypsinised,!and!

karyotyped! by! DAPI! staining! and! analysis! of! multiple! chromosome! spreads! (Figure!

3.16A).! In! this! analysis,! a! range!of! 39! to!41! chromosomes!was! considered! ‘normal’,! as!

was! an! overall! aneuploidy! level! of! 5! to! 20%,! based! on! limitations! of! the!method! and!

precedents!set!by!published!organoid!or!mammary!gland!karyotyping!data!from!several!

groups! (Karthaus! et! al.! 2014;! Huch! et+ al.! 2013;! GOEPFERT! et+ al.! 2000;! Walen! and!
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Stampfer!1989;!Seewaldt!et+al.!2001).!In!total,!10!of!11!(91%)!spreads!were!assessed!to!

have!a!normal!chromosome!count!at!1!month.!

Contrastingly,!chromosome!counts! from!organoids!grown!for!30!days!under!the!

ERH!condition!previously!described!to!produce!abnormal!organoids!were!considered!to!

be! only! 71%! normal,! based! on! 7! samples! counted! (Figure! 3.16B),! suggesting! this!

condition!may!be!unsuited!to!normal!development.!!

Hormonal$response$

Supplementary! work! performed! by! Jardé! et! al! (in! preparation)! indicated! that!

steroid! hormone! receptors! retained! physiologically! relevant! function! at! 30! days! in!

culture! (Appendix! IY4).! Results! of! qRTYPCR! analysis! of! 1! month! organoid! cultures!

indicated!that!after!4!hours!and!24!hours,!estrogen!and!progesterone!induced!reductions!

in! their! respective! receptor’s! gene! expression.! Furthermore,! the! two! hormones! were!

observed! to! have! opposing! effects! on! RankL! gene! expression;! estrogen! causing! a!

significant!reduction!(5!fold! lower!than!control)!and!progesterone!a!significant! increase!

(6.4!fold!higher!than!control)(both!p<0.05,!n=3,!paired!student!TYtest).!In+vivo,!hormonal!

stimulation! of! ER! or! PR! positive! cells! induces! similar! key! changes! in! the! expression! of!

such!genes!within!the!gland,!as!will!be!discussed! in!Chapter!7! in!more!detail.!This!data!

however,! indicated!a!crucial!extension! in! the! length!of! time!mammary! function!can!be!

retained!in!culture,!and!is!advanced!upon!further!in!section!3.2.2.2.ii.!

Regenerative$capacity$

Assessment!of!regenerative!potential!of!structures!was!performed!at!1!month!in!

culture.!The!currently!accepted!“gold!standard”!stem!cell!assay!for!the!mammary!gland!is!

that! in! which! the! developing! mammary! fat! pads! of! 21! day! old! mice! are! cleared! of!

primitive!structures!and!injected!with!limiting!dilution!of!cells,!in!order!to!evaluate!their!

regenerative,!and!therefore!stem,!potential!(Smalley!and!Ashworth,!2003;!Dunphy!et!al.!

2010).! ! While! this! has! been! widely! associated! with! caveats! in! recent! years! following!

extensive! lineage! tracing! studies,! including! an! argument! for! the! induction! of! deY

differentiation! of! cell! populations! under! forced! nonYphysiological! conditions! (Van!

Keymeulen! et! al.! 2011;! van! Amerongen! et! al.! 2012),! it! is! still! used! as! a! general!

assessment!of!regenerative!ability!of!cells!to!this!day.!Assays!were!performed!using!cells!!

!
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Figure 3.16 Karyotypic analysis of organoids cultured for 30 days under defined media 

conditions.  

Organoids!were!grown!from!freshly!isolated!single!cells!under!defined!culture!conditions,!and!karyotyped!

after! 30! days.! (A)(i)! Representative! image! of! a! ‘normal’! DAPI! stained! 40! chromosome! spread,! from!

organoids!grown!under!Nrg1,!noggin,!RYSpondin1!low!conditions.!(ii)!Histogram!of!chromosome!counts!per!

spread,!from!a!total!of!11!spreads.! (B)(i)!Representative!image!of!a!DAPI!stained!38!chromosome!spread,!

from! organoids! grown! under! EGF,! noggin,! RYSpondin1! high! conditions.! (ii)! Histogram! of! chromosome!

counts!per!spread,!from!a!total!of!7!spreads.!

!
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Figure 3.17 Cleared fat pad transplantation assays demonstrate regenerative ability of 

organoids grown under three key culture conditions.  

Organoids!were!cultured!for!30!days!in!matrigel,!in!media!supplemented!with!either!(A)!Nrg1!and!noggin!

(100!ng/ml!each)!and! low!RYSpondin1!(2.7!ng/ml),!or!(B)!EGF!(50!ng/ml),!noggin!(100!ng/ml)!and!high!RY

Spondin1!(42.5!ng/ml).!Representative!images!of!organoids!grown!under!each!condition!are!shown!in!(i),!

scale=100! µm.! (ii)! Examples! of!mammary! outgrowths! formed! by! organoids! of! each! condition! following!

transplantation! (iii)!Success! rates!of! transplantation!and!percentage!of! the!gland! filled! in!each! individual!

case!(indicated!in!black).!
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derived!from!organoids!grown!for!30!days!under!NRL!conditions.!Allowing!8!weeks!postY

transplantation! for! repopulation! of! the! mammary! gland,! transplantation! success! was!

evaluated!by!extraction!of!the!entire!fat!pad,!and!whole!mount!staining!for!the!presence!

of!epithelial!structures.!6!of!9!transplants!were!successful,!with!the!percentage!of!the!fat!

pad!populated!by!the!mammary!gland!ranging!from!5!to!100!%!(Figure!3.17.A),!indicating!

a!regenerative!cell!population!maintained!over!passage.!!

In!comparison,!cells!derived!from!organoids!grown!under!ERH!conditions!(Figure!

3.17.B)!were!found!to!repopulate!with!high!success!rates!(5Y100%!repopulation!of!9/9!fat!

pads).! This! result! is! perhaps! unsurprising! given! that! organoids! grown! under! the! ERH!

conditions!were!highly! enriched! in!basal! cells,! the! indicated! stem!cell! compartment!of!

the!mammary!gland.!

ii. 2.5$months$

Using! the! optimised! Nrg1,! RYSpondin1! low! culture! conditions,! organoids! were!

maintained! in! culture! for! 2.5! months! with! routine! passaging! every! 14Y18! days! (5!

passages!total),!by!which!point!the!total!number!of!wells!(comparable!to!number!of!cells,!

given!a!consistent!plating!density!throughout!passage)!had!expanded!approximately!100!

fold! (n=2)!since!the!start!of!culture,!as! indicated!by!the!representative!growth!curve! in!

Figure!3.18.!!

Phenotype$

Crucially! at! this! time! point,! organoids! were! characterised! to! be! phenotypically!

normal,!continuing! to!express! luminal!progesterone!and!estrogen!receptors! in!addition!

to!Keratin!8,!basal!keratin!14!and!p63!(Figure!3.19),!in!a!physiological!architecture,!while!

positive!Ki67! staining!confirmed!a! continued!cycling!of! cells!within! these! structures.!βY

catenin!staining!was!found!to!be!intercellular.!!

Karyotype$

Furthermore,! analysis! indicated! that! organoids! were! able! to! maintain! on! the!

whole!a!‘normal’!karyotype!(87%!of!spreads!in!the!39Y41!chromosome!range),!indicating!

genetic!stability!throughout!this!time!culture!(Figure!3.20).!!
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Figure 3.18 Organoid expansion increases rapidly upon extended culture.  

Mammary!organoids!grown!under!Nrg1!(100!ng/ml),!noggin!(100!ng/ml)!and!RYSpondin1! low!(2.7!ng/ml)!

culture!conditions!were!consistently!split!in!a!1:2!to!1:3!ratio!for!the!first!5Y6!passages,!every!14Y18!days.!

Organoids!were!trypsinised!and!replated!as!single!cells,!at!a!constant!density!of!1000!cells!per!µl!growth!

factor! reduced!Matrigel,! and! total! number! of! wells! available! recorded.! After! 7! passages,! organoid! well!

number!expanded!more!rapidly!and!to!a!greater!extent,!such!that!passage!frequency!increased!to!every!7!

days.!!

!

Hormonal$response$

The! proportion! of! steroid! hormone! receptor! positive! cells! per! organoid! was!

monitored,! and! found! to! be! maintained! or! even! increased! between! 14! days! and! 2.5!

months!in!culture!(54.7%!±17.7!vs!84.3!±5.5,!n=3),!crucially!indicating!that!PR/ER!positive!

cells! are! not! ‘diluted’! during! culture! and! must! be! newly! generated! following! each!

passage.!!

Furthermore,! these!cells!were!once!again!shown!by!qRTYPCR!analysis! to! remain!

hormone!responsive,!exhibiting!similar!gene!expression!changes!to!those!observed!at!the!

earlier! time!point! (Figure!3.22).! In! all,! this! extended! functionality! in! culture! to!5! times!

that!previously!shown!in!the!literature.!
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Figure 3.19 Mammary organoids grown under optimised conditions for 2.5 months days retain a normal phenotype.  

Freshly!isolated!cells!were!seeded!in!growth!factor!reduced!Matrigel,!cultured!in!media!supplemented!with!Nrg1!(100!ng/ml),!Noggin!(100!ng/ml)!and!RASpondin1!(2.7!

ng/ml)!and!passaged!every!14A18!days.!Organoids!were!then!fixed!after!70!days!and!immunostained!for!luminal!(PR,!ER,!Keratin!8)!and!basal!(p63,!Keratin!14)!markers,!

in!addition!to!Ki67!and!βAcatenin.!Scale!50!µm.!!
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Figure 3.20 Mammary organoids grown under optimised condition for 2.5 months retain a 

normal karyotype. 

Organoids!were!grown!under!Nrg1,!noggin,!R4Spondin1!low!conditions!for!2.5!months!(5!passages)!before!

karyotyping!was!performed.!(A)!Representative!‘normal’!DAPI!stained!chromosome!spread.!(B)!Histogram!

of!chromosome!number!per!spread,!from!a!total!of!15!samples.!!
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Figure 3.21 The proportion of PR+ cells per organoid increases over 2.5 months in culture.  

The! total! number! of! cells! (DAPI+)! and! number! of! PR+! cells! per! organoid! were! counted! from! confocal!

images!taken!at!each!time!point!indicated.!Data!shown!as!mean!±!standard!deviation,!n=3.!
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Figure 3.22. Mammary organoids exhibit physiologically relevant responses to steroid 

hormone treatment at 2.5 months in culture 

Mammary!organoids!cultured!for!5!passages!were!treated!with!steroid!hormones!estrogen!(E,!4ng/ml)!or!

progesterone! (P,! 40! ng/ml)! for! four! hours,! before! RNA! extraction! and! quantitative! RT4PCR! analysis! to!

evaluate! the!expression!of!PR,!RankL!and!Wnt4!genes.!Data!are!expressed!as! fold!change! (vs!untreated,!

n=3,! means! ±! standard! deviation),! and! statistical! analysis! performed! using! paired! Student! T! test! (*,!

p<0.05).!!
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iii. 4$months$

Organoids!were!cultured!under!Nrg1,!R4Spondin1!low!conditions!for!4!months,!during!

which! time! they!were! passaged! a! total! of! 10! times.! Growth! analysis! over! this! time! in!

culture! indicated! an! increased!expansion! rate!between! the!mid,! 2.5!month! time!point!

and! the! end!of! culture! and!passages! 7410! actually! took!place!weekly! due! to! the! rapid!

growth!of!structures.!!

Phenotype$

Changes!in!growth!rate!were!accompanied!by!the!loss!of!expression!of!hormone!

receptors! or! keratin! 8! and! the! strong! expression! of! basal!markers! p63! and! Keratin! 14!

(Figure!3.23).!The!localisation!of! 4catenin!was!significantly!altered!compared!to!that!at!

earlier! time! points! of! analysis,! such! that! intercellular,! junctional! 4catenin! expression!

was!markedly!reduced!in!favour!of!strong!nuclear!expression!(Figure!3.23).!!

Karyotype$

Phenotypic!changes!were!accompanied!by!frequent!chromosomal!abnormalities,!

with!25!of!29!samples!(86%)!exhibiting!higher!than!normal!counts!(Figure!3.24).!!!

Regenerative$capacity$

Furthermore,!upon!transplantation!into!the!cleared!fat!pads!of!pre4pubertal!mice,!

cells!derived!from!these!organoids!produced!tumours!with!100%!success!(n=4).!!

!

Organoids! grown! under! the! ERH! conditions! set! out! by! Sato! et! al! (2009)! and!

previously! shown! to! produce! squamous! epithelial! structures! in! mammary! organoid!

culture,!were!also!seen!to!be!distinctly!abnormal!by!passage!10,!with!high!chromosome!

counts! in! 88%! of! samples! (Figure! 3.25B),! and! a! profound! lack! of! luminal! marker!

expression! (Figure! 3.25C).! Interestingly,! although! these! organoids! remained! highly!

enriched! in! basal! cells! throughout! culture,! their! morphology! at! later! time! points! no!

longer!resembled!that!of!MMTV4Wnt1!squamous!tumours,!despite!the!presence!of!high!

levels! of! R4Spondin1.! While! Keratin! 14! remained! prominently! expressed,! cellular!

organisation!appeared!severely!altered!compared!to!earlier!analysis!points!(Figure!3.25).!!

Taken!together,!data!indicate!that!mammary!organoids!in!NRL!conditions!do!not!

have!an!indefinite!lifespan,!undergoing!crisis!at!later!timepoints!of!culture.!As!such,!the!

utility!of!the!NRL!conditions!is!limited!to!2.5!months!or!a!1004fold!cellular!expansion.!
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Figure 3.23 Mammary organoids grown under optimised conditions for 4 months exhibit abnormal phenotype and increased chromosome 

number.  

Organoid!were!cultured!in!media!supplemented!with!Nrg1!(100!ng/ml),!Noggin!(100!ng/ml)!and!R<Spondin1!(2.7!ng/ml).!Organoids!were!then!fixed!after!4!months!(10!

passages)!and!immunostained!for!luminal!(PR,!ER,!Keratin!8)!and!basal!(p63,!Keratin!14)!markers,!in!addition!to!Ki67!and!β<catenin.!Scale!50!µm.!
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Figure 3.24 Mammary organoids grown for 4 months under optimised conditions acquire 

chromosomal abnormalities.  

Organoids!were!grown!under!Nrg1,!noggin,!R4Spondin1!low!conditions!for!4!months!(10!passages)!before!

karyotyping!was!performed.!(A)!Representative!abnormal!DAPI!stained!chromosome!spread.!(B)!Histogram!

of!chromosome!number!per!spread,!from!a!total!of!29!samples.!!

!
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Figure 3.25 Mammary organoids grown under conditions promoting basal-like growth for 
112 days exhibit abnormal phenotype and increased chromosome number.  

Organoid!were!cultured!in!media!supplemented!with!EGF!(50!ng/ml),!Noggin!(100!ng/ml)!and!R4Spondin1!

(42.5!ng/ml).!(A)$Representative!image!of!organoid!morphology!at!day!112.!(B)$Karyotyping!was!performed!

on! organoids,! indicating! abnormal! chromosomal! numbers! (i)$ Representative! image! of! abnormal!

chromosome!spread.!(ii)$Histogram!of!chromosome!number!per!organoid.$ (C)!Organoids!were!then!fixed!

after! 112! days! and! immunostained! for! luminal! (PR,! Keratin! 8)! and! basal! (p63,! Keratin! 14)! markers,! in!

addition!to!β4catenin.!Scale!50!µm.!!

!

!

!
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3.3 $Summary$

Here,!culture!conditions!have!been!successfully!optimised!and!studied!in!detail!for!

the! extended! in4vitro,! 34dimensional! development! and! expansion! of! functional,!

proliferative! and! differentiated! mammary! epithelial! organoids! recapitulating! in# vivo!

tissue!architecture,!from!a!variety!of!cell!preparations.!This!3D!system!is!unlike!any!other!

currently!available,!retaining!hormone!responses!for!at!least!5!times!longer!than!present!

systems!allow.!

This! work! has! highlighted! the! value! of! both! the! Wnt/R4Spondin1! and! Nrg1!

signalling!pathways!in!normal!mammary!organoid!development.!The!utility!of!the!system!

for!such!investigations!of!growth!factor!signalling!pathways!could!be!extremely!useful!to!

the! field! of!mammary! biology,! and! is! explored! further! in! Chapter! 4.! Furthermore,! the!

concurrent! extended! maintenance! of! mammary! cells! with! regenerative! ability! and!

functional!hormone!responsive!cells!for!the!first!time!in!accessible!3D!culture!may!allow!

the! individual! properties! of! and! interplay! between! mammary! cell! populations! to! be!

studied.!This!is!explored!further!in!Chapter!5.!!

!Importantly,! it! has! been! demonstrated! that! structures! grown! under! NRL!

conditions! may! have! limited! normal! regenerative! capacity! when! compared! to! those!

derived!from!other!previously!published!tissues.!This!is!of!particular!interest,!and!will!be!

discussed!later!in!this!thesis.!!

Finally,! highly! Wnt! driven! conditions! have! been! identified! that! promote! a! pro4

tumorigenic! environment,! inducing! the! development! of! abnormal,! undifferentiated!

basal4like! structures! from!wild4type! tissue.! In!addition! to! illustrating! the! importance!of!

extracellular! cues! in! regulating! development,! this! suggests! that! the! system! may! be!

amenable!to!the!culture!of!cancer4derived!organoids,!under!the!correct!conditions.!This!

could,! in! turn,! aid! the! identification! of! signalling! pathways! involved! in! tumour! growth!

and!development,!and!is!studied!further!in!Chapter!6.!!

!
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4 Utilising$the$NRL$mammary$organoid$culture$system$to$study$

important$signalling$pathways$in$mammary$development.$

4.1 Introduction$

In#vivo,!mammary!gland!development!is!known!to!be!regulated!and!influenced!by!

many!factors,!both!pre!and!postnatally,!as!detailed!in!section!1.1.3.!In#vitro!studies!into!

such! factors,! their! related! signalling! pathways! and! how! their! deregulation! can! lead! to!

pathologies! have! thus! far! been! primarily! conducted! either! in! cell! lines,! where! lack! of!

heterogeneity! often! means! that! important! cell4subtype! interactions! cannot! be! truly!

assessed,!or!in!animal!models,!in!overexpression!or!knockout!mutant!mouse!lines!where!

dynamic!changes!in!signalling!are!hard!to!study.!!

The! mammary! organoid! culture! system,! conversely,! in! combination! with! the!

various!forms!of!analysis!described!in!Chapter!3,!appears!to!be!an!appropriate!system!in!

which! growth! factor! pathways! effects! on! morphogenesis,! proliferation! and!

differentiation! can! be! studied!with! ease.! In! light! of! this,! the! optimised!NRL!mammary!

organoid!system!was!here!utilised!for! the!further! investigation!of!several!key!signalling!

pathways! known! to! regulate! mammary! gland! development! and! maintenance! in# vivo.!

Work! aimed! to! expand! the! biological! understanding! of! such! pathways! within! normal!

mammary!development,!but!also!to!examine!dysregulation!of!such!pathways!in!disease!

and!physiologically!relevant!regulators!that!may!be!able!to!further!improve!the!potential!

of!the!organoid!system!to!recapitulate!normal!development!in!the!future.!!!

In! Chapter! 3,! the!Wnt! potentiator! R4Spondin1,! via! the! canonical!Wnt! signalling!

pathway,!was!required!at!a!tightly!controlled!concentration!that!is!consistent!with!a!‘just4

right’! level! of! Wnt! pathway! activation! (see! Discussion).! Given! the! suggestion! (see!

Introduction)! that! the! Wnt! signalling! pathway! is! critical! for! the! maintenance! of! a!

subpopulation!of!basally!located!stem!cells!that!are!key!for!mammary!development!and!

regeneration! (1.1.3.1),! the! first! main! focus! of! work! in! this! chapter! was! the! further!

detailed!analysis!of!the!role!of!and!requirement!for!the!canonical!Wnt!signalling!pathway!

in!‘normal’!mammary!organoid!development.!!

Furthermore,! signalling! via! various! receptor! tyrosine! kinase! ligand! families,!

discussed! at! length! in! 1.1.3.2,! has! also! been! highly! implicated! in! mammary! gland!

development! in# vivo,! at! various! stages,! including! the! extensive! FGF! family,! the! known!
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mitogenic! ‘mammary! growth! factor’! HGF,! and! one! of! the! key! components! of! our!

optimised!media,!Neuregulin1.#Here,!the!biological!effects!of!supplementing!or!ablating!

these!signalling!pathways!were!assessed!using!the!mammary!organoid!culture!system.!!

4.2 Results$

4.2.1 Mammary$organoids$have$little$response$to$exogenous$Wnt$stimulation.$

The! observation! that! R4Spondin1! modulation! can! so! drastically! alter! organoid!

morphology!and!phenotype!supports!the!role!of!the!Wnt!signalling!pathway!as!a!crucial!

regulator!of!mammary!development.!Moreover,!this!data!indicates!that!endogenous!Wnt!

signalling!must! occur!within! our!mammary! organoid! cultures,! since! R4spondin1! is! only!

able!to!activate!the!pathway!in!!the!presence!of!Wnt!ligands.!!

Here,! the! biological! effect! of! increasing!Wnt! ligand! availability!was! assessed! in!

NRL! conditions! to! determine! whether! exogenous! sources! of! Wnt! affected! organoid!

formation!efficiency!or!the!ability!of!mammary!organoids!to!differentiate!correctly.!Given!

the! observed! phenotype! under! high! R4Spondin1! conditions,! it! was! expected! that!

improved! organoid! formation! efficiency! and! a! similar! hyperkeratinisation! and! loss! of!

luminal! differentiation!might! be! seen! under! higher!Wnt! stimulation.! For! this,! purified!

Wnt3a! ligand!was!used! in! culture! in! a! similar!way! to! that! initially! shown!by! Sato!et! al!

(2011,A).!

For!comparison,!Wnt!conditioned!media!(Wnt3A4CM)!derived!from!the!2D!culture!

of! Wnt43A! expressing! L4cells,! was! also! analysed! since! ‘poorly! defined’! conditioned!

medium!was!found!to!benefit!human!colonic!epithelial!culture;!a!function!of!colonic,!but!

not!small!intestinal!culture,!in!a!way!not!replicated!by!purified!Wnt43A!ligand!alone!(Sato!

et!al.,!2011,B;!Luned!Badder,!Dale!lab!4!personal!communication).!

4.2.1.1 Wnt3a#

Cultures!of!primary!epithelial!fragments!were!treated!with!optimised!NRL!media!

supplemented!with! both! Y427632! (10! µM),! and! a! set! concentration! of! purified!Wnt3a!

(R&D! systems)! (0,! 25,! 50!or! 100!ng/ml).! Importantly,! this! ligand!had!previously! shown!

activity! in! 2D! luciferase! based! Wnt! reporter! assays! within! the! lab,! using! a! cell! line!

described! by(Ewan! et# al.! 2010).! After! 12! days,! no! substantial! differences! in! organoid!

formation!efficiency!could!be!observed!under!any!concentration!of!Wnt3a!(Figure!4.1B,!

C).!!
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Morphologically,!organoids!treated!with!Wnt3a!remained!rounded,!with! little!to!

no!lobular!development!at!all,!while!the!control!condition!did!demonstrate!early!lobular!

development,! as! seen! in! Figure! 4.1A,! indicating! some! level! of! response! to! Wnt3a.!

However,! against! expectations,! squamous,! highly! keratinous! organoids! were! not!

observed! in! this! experiment! under! any! applied! concentration! of! purified! Wnt3a,!

although!darker! centres!were!noticeable!at!day!12! in!Wnt3a! treated!organoids! (Figure!

4.1.A,! white! arrows),! indicating! that! given! more! time! in! culture! a! more! pronounced!

effect! of! Wnt3a! may! develop.! Furthermore,! phenotypical! analysis! demonstrated! a!

maintained!expression!of!both! luminal!hormone!receptor!and!basal!p63!markers!under!

all!concentrations!of!Wnt3a!(Figure!4.2).!!

In!all,! results!demonstrate!that!Wnt3a!treatment!does!not!reproduce!effects!on!

organoid! growth! and! differentiation! observed! under! high! R4Spondin1! stimulation,!

possibly!reflecting!technical! issues!with!the!penetration!of!the!ligand!into!organoids,!or!

alternatively!indicating!biological!phenomena!that!will!be!discussed!further!in!Chapter!7.!!

4.2.1.2 Wnt3A5CM#

Based! on! current! work! in! other! organoid! systems! in! the! Dale! lab,! where!

conditioned!media! is!used!as!standard,!epithelial!cultures!were!set!up!such!that!media!

contained!both!the!‘normal’!concentrations!of!Nrg1,!Nog,!and!R4Spondin1,!with!Y427632!

for! the! first! 5! days! of! culture,! and! either! 10,! 20! or! 40%! Wnt3A4CM.! A! control,! NRL!

condition!was!also!created.!!

Compared!to!the!control,!average!organoid!number!in!cultures!treated!with!20%!

or! 40%!Wnt3a4CM! increased! (1.40! and! 1.56! fold,! respectively)(Figure! 4.3),! with! slight!

increases!in!the!average!size!of!the!organoids!formed!(1.17!and!1.28!fold,!respectively),!

although! these! results! (n=2)! should! be! interpreted! with! caution! and! further! repeats!

undertaken!to!establish!any!level!of!significance.!!

Morphologically,!Wnt3a4CM!treated!organoids!exhibited!lobular!development,!in!

contrast! to! purified! Wnt3a! treated! organoids,! at! as! early! as! 3! days! into! culture.!

Organoids!however!also!contained!potentially!keratinous!patches,!and!were!associated!

with!contaminating!fibroblast4like!structures.!Given!that!conditioned!media!produced!by!

L4!cells!undoubtedly!contains!several!unknown!Wnt4induced!secreted!growth!factors,!it!is!

highly! likely! that! these! induce! such! morphological! changes.
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Figure 4.1 Analysis of effect of Wnt3a on mammary organoid morphology and growth over 

a period of 12 days from primary epithelial fragments.  

Unsorted! epithelial! fragments!were! cultured! for! 12! days,! in!mammary! organoid!media! containing! Nrg1!

(100! ng/ml),! Noggin! (100! ng/ml),! R4Spondin1! (2.7! ng/ml),! with! Y427632! (10µM)! for! the! first! 5! days.$ In!

addition! to! a! control,! cultures!were! then! additionally! treated!with! either! purified!Wnt3a! (25,! 50!or! 100!

ng/ml)!(A)!Representative! images!demonstrating!morphological!development!of!organoids!from!day!3!to!

day!12!of!culture.!Scale!100!µm.!(B)!Bar!chart!depicting!fold!change!in!average!organoid!number!per!well!

compared! to! the! control! condition! after! 12! days! in! culture! (n=3).! (C)$Bar! chart! depicting! fold! change! in!

average!organoid!diameter!(µm)!compared!to!the!control!condition!after!12!days!in!culture.!All!data!points!

shown!as!mean!±!standard!deviation!(n=2).!
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Figure 4.2 Mammary organoids grown under defined conditions supplemented with purified Wnt retain normal phenotypic marker expression. 

!Mammary!organoids!grown! from! freshly! isolated!material!were!grown! in!media! containing!Nrg1! (100!ng/ml),!Noggin! (100!ng/ml)!and!R=spondin1! (2.7!ng/ml),! and!

either!25,!50!or!100!ng/ml!purified!Wnt3a,!and!fixed!after!12!days!in!culture,!with!EdU!treatment!for!2!hours!prior!to!fixing.!Organoids!were!then!co=immunostained!for!

(A)!luminal!PR!or!(B)!basal!p63!expression,!and!EdU!and!counterstained!with!Hoechst.!Images!obtained!by!Bleddyn!Williams!during!MSc!project.!

!
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Figure 4.3 Analysis of effect of conditioned Wnt media on mammary organoid morphology 

and growth over a period of 12 days from primary epithelial fragments.  

Unsorted! epithelial! fragments!were! cultured! for! 12! days,! in!mammary! organoid!media! containing! Nrg1!

(100! ng/ml),! Noggin! (100! ng/ml),! R?Spondin1! (2.7! ng/ml),! with! Y?27632! (10µM)! for! the! first! 5! days.! In!

addition! to! a! control,! cultures! were! then! additionally! treated! with! 10%,! 20%! or! 40%! Wnt3a?CM! (A)!

Representative! images!demonstrating!morphological!development!of!organoids! from!day!3! to!day!12!of!

culture.!Scale!100!µm.!(B)!Bar!chart!depicting!fold!change!in!average!organoid!number!per!well!compared!

to! the! control! condition! after! 12! days! in! culture! (n=3).! (C)! Bar! chart! depicting! fold! change! in! average!

organoid!diameter!(µm)!compared!to!the!control!condition!after!12!days!in!culture.!All!data!points!shown!

as!mean!±!standard!deviation!(n=2).!
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4.2.1.3 Wnt4)

Since!Wnt3a!is!not!an!endogenously!produced!Wnt!ligand!in!the!mammary!gland!

(although! it! is! know! to! transform! the!mammary! epithelium!when! expressed! from! the!

MMTV?promoter! (Roelink! et) al.! 1990),! and! has! facilitated! basal! cell! expansion! in) vitro!

(Zeng!and!Nusse!2010)),!the!known!mammary!specific! ligand!Wnt4!was!instead!applied!

in! culture.! However,! similar! to! results! previously! observed! under! Wnt3a! treatment,!

mammary! epithelial! cells! grown! under! Wnt4! stimulation! for! 14! days! exhibited! no!

increase!in!organoid!formation!efficiency!(Figure!4.4).!

4.2.2 Wnt!pathway!activity!is!intrinsic!to!normal!mammary!organoid!development!

To! further! investigate! the! reliance! of! organoid! culture! on! endogenous! Wnt!

signalling,! published! small! molecule! Wnt! inhibitors! (Chen! et! al.,! 2009)! were! utilised:!

firstly,!the!Porcupine,!and!therefore!Wnt!production!and!release!inhibitor,!IWP?2!(cellular!

IC50=50nM),!and!secondly,! the!Tankyrase! inhibitor! (TNKSi)! IWR?1! (cellular! IC50=190nM).!!

Organoids!were!grown!from!trypsinised!cells,!under!the!defined!NRL!conditions.!!

4.2.2.1 Inhibition) of) Wnt) release) by) IWP82) inhibits) mammary) epithelial) organoid)

growth)and)normal)differentiation)

Inhibition! of! Wnt! ligand! production! and! release! by! addition! of! IWP?2! significantly!

reduced!both!the!organoid!formation!efficiency!of!single!mammary!epithelial!cells,!under!

all! concentrations! applied,! by! approximately! a! third! compared! to! control! in! all! cases!

(n=4,!p<0.05)(Figure!4.5!A(i)).!!Organoid!diameter!was!also!significantly!affected!by!IWP?2!

treatment,! with! a! reduction! of! between! 10! and! 14%! of! the! size! control! organoids!

observed!(n=4,!p<0.05!and!p<0.01!respectively)! (Figure!4.5A(ii)).!Although!not!tested! in!

this! particular! experiment,! it! might! be! expected! that! organoids! grown! under! high! R?

Spondin1! conditions! would! exhibit! a! normal! phenotype! (including! restored! PR!

expression)! when! treated! with! IWP?2,! instead! of! the! usually! observed! ‘abnormal’!

phenotype.!Unexpectedly!however,!even!in!NRL!culture!conditions,!phenotypical!analysis!

showed!inhibition!with!IWP?2!reduced!PR!expression!within!the!organoids,!while!having!

little! effect! on! p63! expression! or! localisation! (Figure! 4.5C),! suggesting! that! there! is! an!

intrinsic!need!for!endogenous!Wnt!signalling!for!the!correct!luminal!differentiation!of!the!

organoids.!

!
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Figure 4.4 Effect of Wnt4 on mammary organoid formation efficiency.  

Mammary! epithelial! cells! were! plated! at! a! density! of! 1000! per! µl! growth! factor! reduced! matrigel! and!

overlaid!with!media!containing!Nrg1!(100!ng/ml),!Noggin!(100!ng/ml)!and!R?spondin1!(2.7!ng/ml)!alone,!or!

supplemented! with! Wnt4! (100! ng/ml),! with! Y?27632! (10µM)! for! the! first! 5! days! in! culture.! Organoid!

formation!efficiency!was!calculated!after!14!days!in!culture.!Data!shown!as!mean±s.e.m,!where!n=2.!!
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Figure 4.5 Effects of Wnt pathway inhibition by the porcupine inhibitor IWP-2, on normal 

mammary epithelial organoids.   

Unsorted,! trypsinised! mammary! epithelial! cells! were! seeded! at! 1000! per! µl! growth! factor! reduced!

Matrigel,! and!overlaid!with!defined,!R?Spondin1! low!media,! supplemented!with!Y?27632! (10µM)! for! the!

first!5!days!in!culture.!Cultures!were!from!seeding!additionally!treated!with!DMSO,!as!a!control,!or!a!range!

of!IWP?2!concentrations.!(A)(i)!!Bar!chart!depicting!average!organoid!count!per!well!(n=4).!(A)(ii)!Bar!chart!

depicting!average!organoid!diameter!(µm)!per!well!(n=4).!Data!are!provided!as!mean!±!standard!deviation.!

Statistical! significance! as! calculated! by! a! one! way! ANOVA,! followed! by! Dunnett’s! post?hoc! testing,!

indicated! by! *! (p<0.05)! **! (p<0.01)! (B)! Representative! images! of! morphology! of! organoids! in! each!

treatment!condition,!after!14!days! in!culture.!Scale!100!µm.! (C)!Confocal! images!of! immunofluorescence!

staining! for! (i)! luminal! progesterone! receptor! (ii)! basal! p63! expression.! Scale! 50! µm.! Data! obtained! by!

Eleanor!Cawthorne,!under!my!supervision.!!
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4.2.2.2 Inhibition)of)endogenous)Wnt)signalling)by)IWR81)inhibits)mammary)epithelial)

organoid)growth)

Organoid! formation! efficiency,! compared! to! the! untreated! control,! was!

noticeably! reduced! in! organoids! treated! with! the! TNKS! inhibitor! IWR?1,! with! a!

statistically!significant!maximum!effect!of!40%!reduction!at!37.5nM!(n=4,!p<0.01),!while!

organoid! diameter! was! also! reduced,! by! between! 6! and! 17%! over! the! concentration!

range! (Figure! 4.6A).! Morphologically,! organoids! appeared! smaller,! but! not! obviously!

altered! (Figure! 4.6B).! As! seen! with! responses! to! the! Porcupine! inhibitor! (IWP?2),!

phenotypical! analysis! of! the! IWR?1! treated! organoids! indicated! that! at! the! higher!

inhibitor! concentrations,! PR! expression!was! lost,! while! p63! expression! remained! fairly!

similar!to!the!control!condition!(Figure!4.6C).!!

!

The! identification! of! similar! results! whether! inhibiting! Wnt! release! from! a!

producing!cell!or!Wnt!activity!in!a!responding!cell,!implies!a!true!biological!effect!rather!

than! off?target! side! effects! of! the! inhibitors,! and! taken! together,! results! indicate! that!

endogenous!Wnt! signalling! activity! is! essential! for! normal!mammary! organoid! growth,!

differentiation!and!organisation.!!

!
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Figure 4.6 Effects of Wnt pathway inhibition by the tankyrase inhibitor IWR-1 on normal 

mammary epithelial organoids.   

Unsorted,! trypsinised! mammary! epithelial! cells! were! seeded! at! 1000! per! µl! growth! factor! reduced!

Matrigel,! and!overlaid!with!defined,!R?Spondin1! low!media,! supplemented!with!Y?27632! (10µM)! for! the!

first!5!days!in!culture.!Cultures!were!from!seeding!additionally!treated!with!DMSO,!as!a!control,!or!a!range!

of! IWR?1! concentrations.! (A)(i)! Bar! chart! depicting! average! organoid! count! per!well! (n=4).! (ii)! Bar! chart!

depicting!average!organoid!diameter!(µm)!per!well!(n=4).!Data!are!provided!as!mean!±!standard!deviation.!

Statistical!significance!as!calculated!by!a!one!way!ANOVA,!followed!by!Dunnett’s!post!hoc!testing,!indicated!

by! **! (p<0.01)! ***(p<0.001)! (B)! Representative! images! of! morphology! of! organoids! in! each! treatment!

condition,!after!14!days!in!culture.!Scale!100!µm.!(C)!Confocal!images!of!immunofluorescence!staining!for!

(i)! luminal! progesterone! receptor! (ii)! basal! p63! expression.! Scale! 50! µm.! Data! obtained! by! Eleanor!

Cawthorne,!under!my!supervision.!
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4.2.3 The!FGF!family!support!normal!mammary!development!

4.2.3.1 Fgf2)

Although! not! widely! discussed! in! literature! detailing! mammary! gland!

development,! FGF2! has! previously! been! shown! in! 3D! mammary! gland! morphological!

assays!to!promote!growth!and!branching!of!structures!in)vitro)(Sternlicht,!2005,!Huebner!

et! al.,! 2014),! and! as! such!was! trialled! in! this! organoid! system! as! a! comparison! of! this!

system!with!previously!published!evidence.!!

After! 7! days! in! culture,! FGF2! statistically! significantly! increased! the! number! of!

organoids! formed! from!unsorted!material,! regardless!of! concentration!applied,! in!each!

case!inducing!approximately!a!4.5!fold! increase!in!organoid!formation!compared!to!the!

control! condition! (n=3,! ANOVA! with! Dunnett’s! post?hoc! analysis)(Figure! 4.7Bi).! These!

organoids! were! on! average! of! significantly! increased! size! compared! to! untreated!

counterparts,! correlating! positively! with! increasing! FGF2! concentration! (1.3! fold,!

p=0.0015;! 1.4! fold,! p=0.0006;! 1.4! fold,! p=0.0003! respectively,! n=3,! ANOVA! with!

Dunnett’s!post?hoc!analysis)(Figure!4.7Bii).!!

Morphologically,! structures!developed!multiple!noticeable! lobules! (Figure!4.7A).!

It! was! also! noted! that! several! fibroblast! like! structures! appeared! towards! the! end! of!

culture.!!

In!order!to! further! investigate!the!fibroblastic!structures,!and!whether!they!had!

derived! from! fibroblasts! remaining! in! the! unsorted! material! or! were! a! result! of! an!

growth?factor! induced!epithelial?to?mesenchymal!transition! in!culture,!primary!material!

was! FAC! sorted! (Materials! and! Methods,! Figure! 2.1)! to! remove! non?epithelial! cells,!

before!repeating!the!experiment!with!pure!epithelial!cell!populations!seeded!at!1000!per!

µl!growth!factor!reduced!Matrigel!(Figure!4.8).!In!this!case,!after!12!days!in!culture,!FGF2!

at!every!concentration! induced!a!similar!average! fold! increase! in!organoid!number!per!

well!(5.6,!3.3,!4.6!fold!vs!control;!n=2)!and!average!fold!increase!in!organoid!diameter!as!

in! the! previous! experiment! (1.1,! 1.5,! 1.7! fold! vs! control;! n=2)(Figure! 4.8B),! while!

structures! similarly! exhibited! an! extremely! lobular! morphology! (Figure! 4.8A).!

Importantly,! fibroblasts! were! not! observed! following! FACS,! indicating! that! previous!

observations!were!from!contaminating!cells.!
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Given!the!similarities!between!results!from!increasing!concentrations!of!FGF2,!the!

lowest! concentration! of! 25! ng/ml! was! chosen! as! representative! for! more! detailed!

analysis.! Wholemount! immunofluorescence! staining! of! structures! cultured! under! this!

condition!for!14!days!demonstrated!a!maintained!co?expression!of!both!steroid!hormone!

receptors,!in!addition!to!internal!Keratin?8!localisation,!while!the!basal!markers!p63!and!

Keratin?14!were! localised! correctly! at! the!outer! edges!of! the!organoids.! β?catenin!was!

found! to! be! mainly! located! at! cell?cell! junctions! throughout! organoids! (Figure! 4.9).!

OcellO!3D!morphometric!analysis!of!organoids!grown!under!25ng/ml!FGF2! for!14!days!

was!performed,!and!overall!heat!map!profiles!of! all! parameters! tested!observed! to!be!

similar!to!control!conditions!(Figure!4.10.A).!Data!reconfirmed!an!increased!organoid!size!

compared! to! the! control! condition,! as! previously! noted! by! GelCount! analysis.! ! The!

parameters!with!largest!variations!from!the!control!condition!were!observed!to!be!lumen!

roundness! and! complexity,! indicating! that! in! addition! to! the! visible,! external!

morphological!effects!of!FGF2!on!organoid!development,!internal!alterations!also!occur.!

Finally,!FGF2!appeared!to!have!no!effect!upon!cell!survival!in!organoid!culture,!based!on!

the!fraction!of!apoptotic!cells!observed!(Figure!4.10.B).!

4.2.3.2 Fgf7)

FGF7! is! thought! to! have! roles! in! mammary! gland! development! both! in! the!

embryonic!stage!and!postnatally,!and!is!usually!expressed!by!the!stroma.!Given!that!the!

mammary! organoid! is! purely! epithelial,! the! effect! of! stromally?derived! signals! on!

development!was!of!interest.!

Treatment!with!FGF7!significantly!increased!organoid!outgrowth!compared!to!the!

control!condition,!in!a!concentration!dependent!manner,!with!the!largest!increase!at!100!

ng/ml! of! approximately! 4! fold! (p=0.0001,! n=3,! ANOVA! with! Dunnett’s! post?hoc!

analysis)(Figure!4.7Bi).!FGF7!at!concentrations!of!25,!50!and!100!ng/ml!caused!significant!

increases! in! average! diameter! of! organoids! (µm)! compared! to! the! control! (p=! 0.0048,!

0.0018,!0.0011!respectively.!n=3,!ANOVA!with!Dunnett’s!post?hoc!analysis)(Figure!4.7Bii).!

Organoids!interestingly!were!larger,!but!did!not!exhibit!any!lobular!development!(Figure!

4.7A).!As! in!FGF2!supplemented!cultures,!many!fibroblasts!were!observed,! leading!to!a!

follow!up!experiment!using!FAC!sorted!definitive!epithelial!cells.!!
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Following! FAC! sorting,! results! after! 12! days! were! observed! to! differ! greatly! to!

those!described!without!FACS.!FGF7!concentrations!of!25,!50,!and!100!ng/ml!induced!16,!

30.2! and! 18.1! fold! increases! in! average! organoid! number! per! well! (n=2)! respectively,!

indicating! a!much! larger! effect! of! FGF7! on! the! organoid! formation! efficiency! of! single!

epithelial! cells! than! unsorted! fragments! (Figure! 4.8Bi).! ! This! might! also! imply! indirect!

effects! of! the! cultured! fibroblasts! in! experiments!with!unsorted! cells.!Morphologically,!

the! structures! cultured! from! FAC! sorted! cells! were! primarily! rounded,! with! very! few!

lobular!structures!(Figure!4.8A).!Although!organoid!number!was!increased!compared!to!

the!control,!analysis!indicated!that!average!organoid!size!was!unaltered!in!all!three!FGF!

treatment!groups!(Figure!4.8Bii).!!

Phenotypical!analysis!of!FGF7!(25!ng/ml)!treated!organoids!performed!at!day!14!

in!culture!highlighted!the!maintained!co?expression!and!distinct!localisation!of!hormone!

receptors,! intra?organoid! keratin! 8,! peripheral! Keratin?14! and! p63! and! junctional! B?

catenin!localisation!(Figure!4.9).!OcellO!3D!morphometric!analysis!of!multiple!parameters!

indicated!many! differences! in! almost! all! organoid! characteristics! analysed! under! FGF7!

(25! ng/ml)! treatment! when! compared! to! the! control! condition! (Figure! 4.10.A).! As! in!

previous! analyses! of! unsorted! cells,! organoid! size! was! shown! to! increase! with! FGF7!

treatment,!while!data!revealed!increased!organoid!lumen!complexity!and!a!reduction!in!

apoptotic!cell!fraction!(Figure!4.10.B),!suggesting!FGF7!may!be!a!morphogenic!and!pro?

survival!factor!for!the!mammary!organoids.!!!

4.2.3.3 Fgf10)

FGF10! has! been! considered! the! key! FGF! for! mammary! gland! embryonic! and!

postnatal!development,!also!supplied!by!stromal!cells,!much!like!FGF7.!However,!of!the!

three!FGF! ligands!applied!to!unsorted!fragments! in!culture,!FGF10!had!the! least!effect.!

Nonetheless,! all! three! concentrations! (25,! 50,! 100! ng/ml)! still! significantly! increased!

organoid!formation!compared!to!the!control!in!a!concentration!dependent!manner!(2.1!

(p=0.0078),! 2.6! (p=0.0012)! and! 3.2! fold! (p=0.0001),! respectively! (n=3,! ANOVA! with!

Dunnett’s!post?hoc!analysis)(Figure!4.7Bi).!Average!organoid!diameter!was!also!increased!

slightly,! but! not! significantly,! under! the! influence! of! FGF10! (Figure! 4.7Bii).!

Morphologically,! structures! lacked! distinct! lobules,! and! large! fibroblasts! could! be!

observed!on!the!base!of!the!well!(Figure!4.7A).!!
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Trends!were! similar!upon!FAC!purification!and! culture!of! single,! epithelial! cells.!

Increases! in!average!organoid!number!per!well!compared!to!control!was!much!greater!

than!that!seen! in!unsorted!cultures!for!each!of!25,!50!and!100!ng/ml!FGF10!conditions!

(7.4,! 11.5,! 15! fold,! respectively,! n=2,! Figure! 4.8Bi).! No! difference! in! average! organoid!

diameter!was!seen!compared!to!the!control!condition,!although!by!eye!increases!in!size!

could! be! seen! for! a! subpopulation! of! organoids! within! the! cultures! under! each!

concentration,! and! morphologically,! a! subset! of! organoids! developed! more! evolved!

shapes!(Figure!4.8C,!A).!!

Organoids!grown!25ng/ml!FGF?10!were!also!found!to!retain!‘normal’!phenotypic!

marker!expression!and!localisation,!including!hormone!receptors,!Keratins!and!basal!p63,!

as!seen!in!Figure!4.9.!Furthermore,!OcellO!3D!morphometric!analysis!of!organoids!grown!

for! 14! days! under! FGF10! (25! ng/ml)! treatment! demonstrated! that,! of! all! three! FGF!

ligands! investigated,! FGF10! generated! a! parameter! heat?map! most! similar! to! that! of!

control! conditions! (Figure! 4.10.A).! While! the! size! of! FGF10! treated! organoids! was!

determined! to! be! slightly! increased! compared! to! the! control! conditions,! several! key!

changes! from!the!control!were!noted,! including!an! increase! in! lumen!complexity!and!a!

reduction! in! apoptotic! cell! fraction! of! organoids,! suggesting! FGF10! as! acted! as! a!

morphogenic!and!pro?survival!factor!in!mammary!organoid!culture!(Figure!4.10.B).!

!

From!this!data,! it!can!be!seen!that!each!FGF!promoted!mammary!development.!

Moreover,! these! factors! supported! ‘normal’! development,! whereby! organoids! retain!

distinct!luminal!and!basal!compartments!consisting!of!all!differentiated!cell!populations,!

albeit!with!a!higher!efficiency! than!previously!defined!conditions.!As! such,! these! three!

factors! could! in! future! be! used! to! enhance! the! efficiency! of! expansion! of! normal!

mammary!epithelial!culture!material,!in!preparation!for!large?scale!assays.!!

!
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Figure 4.7 FGF treatment alters morphology and growth characteristics of mammary 

organoids from epithelial fragments.  

Organoids!were!cultured!for!10!days!from!epithelial! fragments!under!NRL!conditions!supplemented!with!

FGF2,!FGF7!or!FGF10!at!25,!50!or!100!ng/ml,!and!growth!compared!to!a!NRL!only!control.!(A)!Morphology!

of!organoids!at!5!days!in!culture.!Scale!100!µm.!(B)(i)!Fold!change!in!average!organoid!number!per!well!vs!

control,! at! each! concentration! of! each! FGF! family! member,! at! 10! days! in! culture.! (ii)! Fold! change! in!

organoid! diameter! (µm)! per! well! vs! control,! at! each! concentration! of! each! FGF! family! member.! N=3,!

means±s.e.m.!Statistical!analysis!performed!by!one?way!ANOVA!with!multiple!comparisons,!with!Dunnett’s!

post?hoc!correction.!**,!p!<!0.01;!***,!p!<0.001.!
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Figure 4.8 Effects of FGF treatment on mammary epithelial organoids derived from sorted 

single cells.  

Organoids! were! cultured! from! unsorted! mammary! epithelial! fragments! under! optimal! conditions,!

supplemented!with!0,!25,!50!or!100!ng/ml!FGF2,!FGF7!or!FGF10.!(A)!Morphology!of!organoids!at!12!days!in!

culture.! Scale!100µm.! (B)! (i)! Bar! chart!depicting! fold!difference! in! average!organoid!number!per!well! vs!

control,!at!each!concentration!of!each!FGF!family!member.!(ii)!Bar!chart!of!fold!change!in!average!organoid!

diameter! (µm)!per!well!vs!control,!at!each!concentration!of!FGF!2,7!or!10.!Data!shown!as!mean!±!s.e.m,!

n=2.!!
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Figure 4.9 In depth analysis of the effect of FGF treatment on organoid morphology and 

phenotype.  

Organoids! were! cultured! from! unsorted,! trypsinised! cells! under! optimal! conditions! supplemented! with!

FGF2,!7!or!10!(25!ng/ml).!(A)!Morphology!of!organoids!over!14!days!in!culture.!Scale!100!µm.!(B)!Whole?

cutlure! immunofluorescence! staining! for:! (i)! Estrogen! receptor?α,! Progesterone! receptor! (ii)! p63! and!

Keratin?8!(iii)!Keratin?14!and!β?catenin.!Scale!50µm.!

 

!
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Figure 4.10 In depth OcellO analysis of organoids grown under FGF supplemented NRL 
media conditions.  

Freshly! isolated! mammary! epithelial! cells! were! seeded! in! 384! well! format! in! growth! factor! reduced!

Matrigel! and! grown! for! 14! days! under! conditions! containing! Nrg1! and! Noggin! in! combination! with! R?

Spondin1! (2.7! ng/ml)! and! FGF2,! FGF7! or! FGF10! at! 25! ng/ml.! Organoids! were! then! fixed! in! OcellO!

proprietary! stain! and! analysed! by! OcellO.! (A)! Feature! cluster! heat! map! indicating! variation! in! multiple!

organoid!properties!between!each!culture!condition.!Over!400!parameters!are!summarized!here.!(B)!Heat!

maps! indicating!variation! in!organoid!size,! lumen!roundness,! lumen!complexity!and!fraction!of!apoptotic!

cells!per!organoid!between!culture!conditions.!!
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4.2.4 HGF!signalling!enhances!mammary!organoid!development.!!

!Hepatocyte! growth! factor! has! been! widely! discussed! in! the! mammary! gland!

culture! field,! as! a! factor!expressed!by! the! surrounding! stroma! to! induce! the!migration!

and!branching!of!mammary!gland!epithelial!cells!and!was!therefore!deemed!a!relevant!

factor!to!investigate!within!our!culture!system.!!

Mammary! epithelial! cells! were! plated! and! cultured! under! NRL! conditions!

supplemented!with!a!range!of!HGF!concentrations.!In!a!preliminary!experiment!in!which!

cultures!were!treated!with!100!ng/ml!HGF,!extensive!fibroblast!growth!was!observed,!to!

the! detriment! of! organoid! growth! and!Matrigel! structure.! Further! investigations! were!

therefore!carried!out!using!a!lower!range!of!HGF!concentrations!(3.125,!6.25,!12.5,!25,!50!

ng/ml).!!

After! 11! days! in! culture,! HGF! addition! (3.125,! 6.25,! 12.5,! 25,! 50! ng/ml)!

significantly! increased! the! number! of! organoids! formed! compared! to! the! control!

condition,! in! a! concentration! dependent!manner! (1.86,! 1.94,! 2.09,! 2.14! and! 2.47! fold,!

respectively,! (n=4,! p<0.001,! ANOVA!with! Dunnett’s! post?hoc! analysis)! (Figure! 4.11A.i).!

Addition! of! the! growth! factor! also! significantly! increased! average! organoid! diameter!

(µm),! to! a! maximum! of! 1.29! fold! (n=4,! p<0.001,! ANOVA! with! Dunnett’s! post?hoc!

analysis),! compared! to! the! control! (Figure! 4.11A.ii).! While! organoids! appeared! larger,!

morphologically,!HGF!addition!produced!no!obvious! change,!with! structures! remaining!

smooth!and!rounded!(Figure!4.11B).!!

Organoids! treated!with!HGF!were! observed!by! immunofluorescence! analysis! to!

retain!normal,!distinct!areas!of!basal!and! luminal!marker!expression! (Figure!4.11C).!PR!

and! Keratin! 8! expression! levels! appeared! to! remain! consistent! across! all! treatment!

conditions,! while! p63! expression! highlighted! a! continuous! basal! cell! layer! across! both!

control! and! HGF! treated! organoids.! Keratin! 5! expression! was! also! consistent! across!

conditions.! Interestingly,! higher! levels! of! HGF! appeared! to! induce! the! formation! of! a!

pronounced!lumen!in!the!centre!of!the!organoids,!as!seen!by!lack!of!Hoechst!or!antibody!

staining.!OcellO! analysis!would! greatly! benefit! the! interpretation!of! this!morphological!

assessment.!In!addition,!unlike!previous!FGF!experiments,!HGF!treatment!following!FACS!

was!not!performed!here,!but!could!benefit!the!understanding!of!fibroblast!involvement!

in!HGF!effects!in!future!studies.!
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Figure 4.11 Effects of Hepatocyte growth factor (HGF) treatment on mammary epithelial 

organoids.  

Organoids! were! cultured! from! unsorted,! trypsinised! epithelial! cells! under! defined! media! conditions,!

supplemented! with! 3.125,! 6.25,! 12.5,! 25! or! 50! ng/ml! HGF,! for! 11! days.! (A)(i)! Bar! chart! depicting! fold!

change!in!average!organoid!number!per!well!(n=4)!at!each!concentration!of!HGF!treatment,!compared!to!

the!control!condition,!at!day!11!in!culture.!(ii)!Bar!chart!depicting!fold!change!in!average!organoid!diameter!

(µm)! per! well! (n=4),! compared! to! the! control! condition,! at! day! 11! in! culture.! Data! plotted! as! mean! ±!

standard!deviation.!Statistical!significance!as!compared!to!control!indicated!by!**!(p<0.01)!or!**!(p<0.001),!

determined!by!one?way?ANOVA,!with!post?hoc!Dunnett’s!testing.!(B)!Morphology!of!organoids!at!days!4,!8!

and! 11! in! culture,! under! each! HGF! concentration.! Scale! bar! 100µm.! (C)! Confocal!microscope! images! of!

immunofluorescence!staining!for!luminal!markers!(i)!PR!and!(ii)!Keratin!8,!and!basal!markers!(iii)!p63!and!

(iv)!Keratin!5,!at!11!days! in!culture,!under!control!and!HGF!treated!growth!conditions.!Scale!50µm.!Data!

obtained!by!Sarah!Stanley,!under!my!supervision.!
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4.2.5 Abrogation! of! the! Neuregulin1! signalling! pathway! impairs! organoid!

development.!

!The! importance! of! the! Nrg1! signalling! pathway! in! mammary! organoid!

development! was! next! verified,! simultaneously! demonstrating! an! additional! highly!

important!utility!of!the!mammary!organoid!system.!!

The!key!receptors!for!Nrg1!in!the!mammary!gland!are!ErbB3!and!ErbB4.!Due!to!a!

lack!of!easily!available! inhibitor!to!the!ErbB3!or!ErbB4!Nrg1!receptors,! lentiviral!vectors!

were!designed,!expressing!shRNAs!against!either!receptor!together!with!a!GFP!marker,!

and!primary!mammary!epithelial!cells!infected!upon!seeding!in!Matrigel!based!organoid!

culture.! Successful! infection! with! virus! was! assessed! by! the! presence! of! GFP,! and!

calculated! to! be! 64%! (±17,! n=3)! and! 45%! (±8,! n=3)! for! ErbB3! and! ErbB4! knockdown,!

respectively!(Figure!4.12B).! !This!was!comparable!with!the!scrambled!shRNA?expressing!

control!virus!infection!rate!(52%!±16.5,!n=3),!and!was!considered!to!be!adequate!for!the!

purpose!of!the!experiment!since!it!verified!the!successful!lentiviral!infection!protocol!in!

the!NRL!organoid!culture!conditions.!!

Using!fluorescent!imaging!techniques!combined!with!image!analysis!software,!the!

average! area! of! GFP+! ErbB3! and! ErbB4! knockdown! organoids! was! calculated! as! a!

percentage! of! those! infected! with! scrambled! virus,! indicating! a! reduction! in! organoid!

growth!upon!loss!of!either!receptor!subtype,!(20%!and!40%,!respectively)!(Figure!4.12C).!

Further! analysis! confirmed! loss! of! ErbB4! to! induce! significant! reductions! in! average!

organoid!area!(p=0.049,!n=3,!ANOVA!with!Dunnett’s!post?hoc!analysis).!Taken!together!

with!the!profound!effects!of!Nrg1!on!organoid!growth,!the!knock!down!data!indicate!that!

Nrg1!/!ErbB!signalling!is!important!for!the!development!of!mammary!organoids.!!

!

!

!

!
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Figure 4.12 Nrg1 signaling loss through knockdown of ErbB3 or ErbB4 abrogates mammary 

organoid growth.  

Mammary!epithelial!cells!were!freshly!isolated!and!infected!with!a!negative!scrambled!control!lentivirus!or!

lentivirus! for! knockdown! of! ither! ! ErbB3! or! ErbB4.! Organoids! were! fixed! at! day! 10! in! culture.! (a)!

Representative! images!of!organoids! infected!with! lentivirus,!where! successful! infection!was! indicated!by!

GFP! positivity.! Scale! 100µm.! (b)! Organoid! infection! success! was! calculated! as! number! GFP+!

organoids/Total! number! organoids.! Data! shown! as! mean! ±! standard! deviation! (n=3).! (c)! Average! GFP+!

organoid!area!was!analysed!using!ImageJ.!Data!are!expressed!as!%!of!scrambled!control!(mean!±!standard!

deviation,!n=3)!*=p!value<0.05,!ANOVA!with!Dunnett’s!post?hoc!analysis.!!
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4.3 Summary!

Work!detailed!here!has!demonstrated!a!range!of!utilities!of!the!organoid!system.!

The!growth!and!maintenance!of!multiple!mammary!cell!types!in!culture!has!allowed!the!

easy! and! comparatively! rapid,! repeatable! investigation! of! mammary! developmental!

signalling! pathways! that! complement! data! from! animal! models! and! can! help! define!

responses!and!key!intercellular!interactions.!Furthermore,!the!nature!of!the!system!has!

allowed!the!dose?dependent!regulation!of!growth!factor!responses;!!a!level!of!biological!

analysis!that!is!difficult!to!assess!in!animal!models.!

Wnt! signalling! has! been! further! confirmed! as! a! crucial! pathway! in! mammary!

organoid! development,! with! important! endogenous! signalling! apparent! between! cell!

populations.! While! it! is! interesting! that! exogenous! application! of! the! ligand! has! little!

effect! on! organoid! development! compared! to! previous! observations! of! increased!Wnt!

signalling!under!R?Spondin1,!this!could!be!simply!a!result!of!the!differing!potencies!of!the!

two!factors! in!activating!the!pathway.!A!two?fold! increase! in!R?Spondin1!concentration!

may!in!fact!equate!to!a!much!higher!level!of!Wnt!than!is!presented!in!our!experiments.!!!!

In!addition,!the!FGF!and!HGF!signalling!pathways!have!been!identified!to!increase!

organoid! formation! efficiency! while! retaining! a! normal! mammary! phenotype,! and!

therefore! are! candidate! factors! for! future! enhancement! of! culture! expansion! in!

preparation!for!larger!scale!studies.!!

Lentiviral!transfection!within!this!system!has!not!only!allowed!the!importance!of!

the! Nrg1! signalling! pathway! in! mammary! development! to! be! established,! but! also!

demonstrates!the!utility!of!the!system!for!genetic!manipulation.!!!
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5 !Investigating!the!clonal!origins!and!cellJcell!interactions!of!the!

mammary!organoid!model.!!

5.1 Introduction!

As!detailed!in!section!1.1.4,!well?documented! in)vivo!evidence!points!strongly!to!

the!presence!of!a!basally!located,!Wnt?responsive!stem!cell!population!in!the!mammary!

gland,!responsible!for!its!development!(Shackleton!et!al.!2006;!Sleeman!et!al;!2006,!Stingl!

et!al.!2006;!Kendrick!et!al.!2008).!More!recently,!studies!have!differed!in!opinion!on!the!

requirement! for! stem!or!progenitor! cell! populations! in!mammary! gland!development! ,!

and!whether!in!fact!long!term!mammary!gland!maintenance!may!actually!predominantly!

rely!on! long! lived!progenitors! (Van!Keymeulen!et)al.!2011;!van!Amerongen!et)al.!2012;!

Wuidart!et)al.!2016;!Rios!et)al.!2014).!

Optimisation! and! analysis! of! the! mammary! organoid! culture! system! thus! far!

allowed! the! identification! of! multiple! signalling! pathways! important! for! mammary!

development!and!expansion.!Of!these,!the!canonical!Wnt/R?Spondin1!signalling!pathway!

was! identified!as!perhaps! the!most! crucial! in! regulating!organoid! formation,!as!well! as!

the! physiologically! relevant! differentiation! and! organisation! of! heterogeneous! cell!

populations.! It! was! therefore! hypothesised! that! mammary! organoids,! like! the! in) vivo!

gland,!may!also!be!derived! from!a!basal,!Wnt! responsive! ‘stem?cell’!population.!Earlier!

evidence!for!dividing!cell!populations!located!in!the!basal!cell!layer,!often!possessing!p63!

expression,! would! appear! to! support! this! theory! (Figure! 3.14),! as! would! the!

demonstration! of! highly! basal! development! under! high!Wnt! conditions! (Figures! 3.1! &!

3.2).!!

This! chapter! therefore! details! the! investigation! of! the! organoid! forming! cell!

population! in! this! 3D! system,! and! looks! further! into! the! potential! cell?cell! signalling!

networks!required!for!mammary!development.!!

5.2 Results!

5.2.1 Luminal! cell! populations! comprise! the! predominant! organoid! forming!

populations!under!optimised!culture!conditions!

In!an!effort!to!establish!the!clonal!origin!of!the!organoids!grown!in!the!3D!culture!

system,! fluorescence! activated! cell! sorting! (FACS)! was! utilised.! Previous! studies! using!

FACS!(Sleeman!et!al.!2005;!2006)!have!enabled!the!identification!and!characterisation!of!
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up!to! four!distinct!populations!of!mouse!mammary!epithelial!cells! from!primary!tissue.!

Here,!mammary!cells! isolated!from!the!3
rd
,!4

th
!and!5

th
!mammary!fat!pads!of!8?12!week!

old! virgin! FvB!mice!were! stained!with! fluorescently! conjugated! antibodies! against:! the!

cell! adhesion!molecule!and! luminal! cell!marker!CD24;! the!mouse!haematopoietic! stem!

cell! surface!marker! Sca?1;! and! the! leukocyte!marker! protein! CD45,! in! addition! to! 4',6?

diamidino?2?phenylindole! (DAPI),! and! sorted!with!doublet! exclusion,!using! gating! steps!

detailed!in!Figure!2.02.!

The!resulting!three!live,!definitively!single,!CD45?!cell!populations!obtained!from!

this! sorting! process! were:! luminal! estrogen! receptor?α! positive! (ER+)! (CD24
high

Sca1
+
),!

luminal!estrogen!receptor?α!negative!(ER?)(CD24
high

Sca1
?
),!and!basal!cells!!(CD24

low
Sca1

?
),!

as!shown!in!Figure!2.02F.!!

Preliminary! data! first! indicated! that! when! individual! cell! populations! were!

cultured! under! NRL! conditions! in! growth! factor! reduced!Matrigel! following! FACS,! cell!

survival!was!extremely!low,!such!that!no!measureable!outgrowths!were!observed.!Given!

previous!evidence!to!support!improved!organoid!formation!efficiency!upon!treatment!of!

cultures!with!ROCK! inhibitor! (10µM)! for! the! first!5!days! in!culture,!Y?27632!was!added!

following!sorting.!Unexpectedly,! this!allowed!organoid?forming!efficiency!to!be!seen!by!

14! days! in! culture! from! both! the! CD24
high

Sca1
?
! and! CD24

high
Sca1

+
populations! (at! an!

average!of!0.57%!and!0.13%,!respectively)!with!negligible!growth!from!the!CD24
low
Sca1

?
!

population.!!

As! organoid! formation! efficiency!was! still! extremely! low,! trypsinised! cells!were!

next!treated!with!10µM!ROCK!inhibitor!prior!to!cell!sorting,! in!addition!to!the!five!days!

after! seeding.! Under! these! conditions,! organoid! formation,! and! perhaps! therefore! cell!

survival,! was! greatly! increased! from! all! cell! populations! by! 14! days! in! culture.! Again,!

organoids! were! predominantly! formed! by! the! CD24
high

Sca1
?
! and! CD24

high
Sca1

+!

populations! (at! an! average! of! 0.79%! and! 0.65%,! respectively),! while! CD24
low
Sca1

?
! cell!

derived!organoid! formation!efficiency! remained! the! lowest,!with!0.14%!of!cells! seeded!

producing! structures! detectable! as! organoids! compared! to! the! control,! sorted! single!

epithelial!cell!organoid!formation!efficiency!of!1.3%!(Figure!5.2B).!Of!structures!that!were!

produced,!little!difference!was!observed!in!average!organoid!diameter!(µm)!between!cell!

populations!(Figure!5.2C).!
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Phenotypic! analysis! of! organoids! produced! from! sorted! CD24
high

Sca1
?!
cells! and!

fixed!at!day!14!in!culture!demonstrated!a!‘normal’!mammary!marker!expression!profile,!

such!that!both!luminal!hormone!receptor!(PR!and!ER)!and!Keratin!8!expression!could!be!

observed! internally,!while!basal!p63,!keratin!5!and!keratin!14!were! located!toward!the!

external! surfaces! of! the! organoids,! recapitulating! in! vivo! tissue! architecture.! As!

previously!observed! in!Chapter!3,!hormone! receptor!and!p63! localisation!were!distinct!

(Figure!5.3).!Similarly,!organoids!derived!from!sorted!CD24
high

Sca1
+!
cells!fixed!at!day!14!in!

culture! also! expressed! normal! hormone! receptors,! and! exhibited! expected! basal! layer!

expression!of!both!p63!and!Keratin!14!(Figure!5.4).!!

Furthermore,! as! previously! shown! in! Chapter! 3! for! organoids! grown! from!

unsorted! populations,! dividing! (EdU+)! cells! within! 14?day! old! organoids! derived! from!

either! CD24
high

Sca1
?!
or! CD24

high
Sca1

+!
cells! were! observed! to! be! distinct! from! hormone!

receptor! positive! cells! (depicted! by!white! arrows,! Figure! 5.5).! The! same! could! be! said!

following! a! 24?hour! treatment! period! with! steroid! hormones! Estrogen! (2.5! ng/ml)! or!

Progesterone! (40ng/ml),!both!alone!and! in!combination! (Figure!5.5)! indicating! that! the!

paracrine! mechanism! required! for! a! hormone! response! is! fully! functional! in! these!

organoids.! Again,! as! detailed! in! Chapter! 3,! absolute! quantification! of! proliferation!

following!hormone!treatment!was!not!possible!in!this!experiment,!but!would!greatly!aid!

the!understanding!of!luminal?derived!organoid!function.!!

Here,! the!presence!of!all! functional!differentiated!cell! types! in!organoid!derived!

from! luminal! cell! populations! was! surprising,! and! suggestive! of! luminal! cell! plasticity!

under!NRL!conditions,!while!the! lack!of!significant!colony!formation!from!the!basal!cell!

population! led! to! the! belief! that! signals! required! for! basal! cell! growth!were! lacking! in!

single!cell!culture.!
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Figure 5.1 Growth of sorted mammary epithelial cell populations under low R-Spondin1 

media conditions. 

Each! population! was! plated! at! 1000! cells! per! µl! growth! factor! reduced! Matrigel,! and! overlaid! with!

mammary! organoid!media! with! noggin! (100! ng/ml),! Nrg1! (100! ng/ml),! R?Spondin1! (2.7! ng/ml),! with! Y?

27632! (10µM)! for! the! first! 5! days! in! culture.! (A)! Representative! images! of! cultures! 7! and! 12! days! after!

FACS.!Scale!100!µm.!(B)!Bar!chart!of!average!organoid!count!per!1000!cells!seeded,!at!14!days!in!culture.!

(n=3,!means!±!standard!deviation.).!
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Figure 5.2 Growth of sorted mammary epithelial populations under optimised conditions.  

Each!defined!cell!population,!along!with!an!all?epithelial!cell!control!population,!was!sorted!in!the!presence!

of!10µM!Y?27632,!plated!at!1000!cells!per!µl!of!growth!factor!reduced!Matrigel,!and!overlaid!with!

mammary!organoid!media!containing!Neuregulin!(100!ng/ml),!Nrg1!(100!ng/ml)!and!R?Spondin1!(2.7!

ng/ml),!with!Y?27632!(10µM)!for!the!first!5!days!in!culture.!(A)!representative!images!of!organoid!growth!

and!morphology!at!regular!time!points!throughout!culture.!Scale!bars!100µm.!(B)!Bar!chart!depicting!

average!organoid!count!per!1000!cells!seeded,!at!14!days!in!culture.!(C)!Bar!chart!depicting!average!

organoid!diameter!(µm)!per!1000!cells!seeded.!(n=3,!means!±!standard!deviation.)!
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Figure 5.3 Immunofluorescence staining of organoids derived from CD24
high

Sca1
- 
cell types. 

FAC!sorted!CD24
high

Sca1
7!
mammary!epithelial!cells!were!seeded!in!Matrigel!at!a!density!of!1000!per!µl,!and!overlaid!with!mammary!organoid!media!containing!Nrg1!

(100!ng/ml),!Nrg1!(100!ng/ml)!and!R7Spondin1!(2.7!ng/ml),!with!Y727632!(10µM)!for!the!first!5!days!in!culture.!!Organoids!were!fixed!at!14!days!and!(A)!immunostained!

for!luminal!(PR,!ER,!Keratin!8)!and!basal!(Keratin!14,!Keratin!5,!p63)!marker!expression!(B)!co7immunostained!for!(i)!luminal!steroid!hormone!receptors!(ii)!luminal!PR!

and!basal!p63!expression.!Scale!bar!50µm.
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Figure 5.4 Immunofluorescence staining of organoids derived from FAC sorted 

CD24
high

Sca1
+
 cells.  

FAC!sorted!CD24
high

Sca1
+!
mammary!epithelial!cells!were!seeded!in!Matrigel!at!a!density!of!1000!per!µl,!and!

overlaid!with!mammary!organoid!media! containing!Nrg1! (100!ng/ml),!Nrg1! (100!ng/ml)! and!RISpondin1!

(2.7! ng/ml),! with! YI27632! (10µM)! for! the! first! 5! days! in! culture.! !Organoids!were! fixed! at! 14! days! and!

immunostained!for!(A)!basal!Keratin!14!(B)!luminal!hormone!receptors!ER!and!PR,!or!(C)!coIexpression!of!

PR!and!p63.!
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!

Figure 5.5 Analysis of the effect of steroid hormone treatment of organoids grown from FAC sorted luminal cell populations under defined 

media conditions.  

Organoids!grown!for!14!days!from!(A)$CD24
high

Sca1
9
!or!(B)!CD24

high
Sca1

+
!cell!populations!under!defined!media!conditions!were!treated!with!steroid!hormones!Estrogen!

(2.5ng/ml),!Progesterone!(40!ng/ml),!alone!or!in!combination!for!24!hours!prior!to!fixation.!EdU!was!added!two!hours!prior!to!fixation!and!allowed!to!incorporate!into!

the!newly!synthesised!DNA!of!dividing!cells.!Confocal!images!depict!immunofluoresecence!staining!carried!out!against!Progesterone!receptor!(PR),!in!red,!and!EdU,!in!

green.!White!arrows!indicate!distinctly!EdU!positive,!PR!negative!cells.!Scale!50µm.!
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5.2.2 Paracrine+signals+may+have+a+role+in+forming+the+stem+cell+niche+in+the+organoid+

system.+

The! finding! that! basal! cells! were! not! the! predominant! organoid! forming!

population! under! NRL! conditions! was! highly! surprising,! given! the! previously!

demonstrated!Wnt/RASpondin1!dependency!of!structures!grown!from!mixed!population!

cultures! (Chapter! 3).! The! observation! of! organoid! formation! from! luminal! cell!

populations! could! indicate! that! even! in!mixed! cultures,! it! is! only! highly! plastic! luminal!

progenitors!that!comprise!the!organoid!forming!population.!Alternatively,!it!could!be!the!

case!that!in!addition!to!exogenously!applied!signalling!factors,!paracrine!signalling!from!

luminal!populations!is!crucial!in!creating!a!niche!for!basal!stem!cells!within!the!mammary!

organoid! system.!Such!observations!have!been!made! in! the! intestinal!organoid! culture!

system,! where! Paneth! cellAstem! cell! doublets! show! a! significantly! increased! plating!

efficiency!compared!to!stem!cells!alone,!an!effect!reproduced!by!the!application!of!niche!

factor!Wnt3a!to!single!stem!cells!(Snippert!et#al.!2010;!Sato!et#al.!2011).!Indeed,!evidence!

in!the!mammary!system!had!already!proven!that!the!removal!of!cell!doublets!or!clusters!

from! cultures,! and! therefore! spatial! separation! of! cells,! reduced! organoid! formation!

efficiency!(3.2.1.1).!!

In# vivo,! luminal! progenitors! are! reportedly! stimulated! to! proliferate! during!

pregnancy! by! basally! secreted!Nrg1! (Forster! et# al.! 2014).! Therefore! under! a! paracrine!

signalling! hypothesis,! despite! their! isolation! in! culture,! the! presence! of! Nrg1! in! NRL!

media! likely! compensates! for! a! lack! of! such! basal! stimulation,! allowing! organoid!

formation! (although! the! mechanism! allowing! the! generation! of! basal! cells! from!

committed! luminal! populations! is! unclear).! Conversely,! basal! cells! in# vivo! have! been!

shown!to!rely!on!luminally!derived!RASpondin1!and!Wnt!(at!least)!for!their!proliferation!

(Cai!et#al.!2014;!Brisken!et!al.,!2000).!While!RASpondin1!is!provided!exogenously!by!NRL!

media,!Wnt! is! not,! suggesting! that! the! basal! niche!may! not! be! entirely! fulfilled! in! this!

system.! In! order! to! investigate! such! a! hypothesis,! and! identify! any! potential! signalling!

factors! involved! in!the!basal!cell!niche,!both!recombination!experiments!and!single!cell!

growth!factor!assays!were!used.!!
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5.2.2.1 Recombination# of# single# cell# populations# supports# the# presence# of# paracrine#

signalling#between#basal#and#luminal#populations##

Highly! effective,! but! straightforward! experiments! performed! by! Sato! et! al.,!

(2011),!whereby!sorted!cell!populations!were!recombined!in#vitro,!demonstrated!that!in!

intestinal!organoid!culture!as!observed! in#vivo,!Paneth!cells!secrete!soluble!signals!such!

as! EGF! and! Wnt3! that! are! absolutely! required! for! the! maintenance! and! survival! of!

intestinal!stem!cells.!To!first!further!verify!the!presence!of!a!supporting!paracrine!signal!

between!cell!populations!in!the!mammary!organoid!system,!experiments!mirroring!those!

in!the!intestinal!system!were!performed.!Sorted!cell!populations!were!seeded!in!paired!

combinations,!and!cultured!in! ‘normal’!mammary!organoid!media!containing!Nrg1!(100!

ng/ml),!Nog!(100!ng/ml)!and!RASpondin1!(2.7!ng/ml)!with!YA27632!(10!µM)!for!the!first!

five!days!in!culture.!In!this!case,!for!every!1000!cells!seeded!in!a!recombination,!500!were!

of! each! distinct! population.! Therefore! it! would! be! expected! that! in! the! event! of! no!

paracrine!signalling!between!cell!population!A!and!B!in!culture,!the!organoid!formation!

efficiency!in!an!‘AB’!recombination!would!be!no!greater!than!half!of!the!efficiency!of!cell!

type!A,!plus!half!of!the!efficiency!of!cell!type!B,!while!the!presence!of!a!signalling!network!

may!increase!organoid!formation!in!recombinations.!

Investigations! implied! that! based! on! this! assumption,! predicted! and! calculated!

additive! organoid! formation! efficiencies! did! indeed! differ! greatly! in! combinations!

between! basal! and! luminal! cell! populations,! supporting! the! hypothesis! for! a! paracrine!

signalling! mechanism! in! mammary! organoid! culture.! While! luminal! ERA/ER+! pairings!

demonstrated! an! almost! identical! organoid! formation! efficiency! to! that! based! on! the!

sum!of!those!seen!for!their!single!counterparts,!indicating!little!to!no!signalling!between!

these! populations,! a! synergistic! effect! was! strongly! seen! between! luminal! cell!

populations! and! basal! cells.! This! was! seen! particularly! strongly! between! CD24
low
Sca1

A
!!

and!CD24
high

Sca1
+
! !cells,!where!organoid!formation!efficiency!was!1.5!fold!the!expected!

additive!value!(Figure!5.6).!The!clear!promotion!of!organoid!formation!in!this!experiment!

further!corroborated!our!belief!that!the!NRL!conditions,!while!optimal!in!mixed!culture,!

may!not!contain!all!of! the!required!factors! for!stem!cell! renewal!and!proliferation,!and!

that!in!fact!paracrine!signalling!between!cell!types!is!indeed!highly!important!in!forming!

the! stem! cell! niche.! The! search! for! the! potential! identity! of! these! signals!will! now! be!

discussed.!
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Figure 5.6 Organoid formation efficiency of cell recombinations compared to predicted 

values from single cell growth efficiencies.  

Single,!sorted!live!CD45
A
!mammary!cells!were!seeded!as!individual!populations!at!a!density!of!1000!per!µl!

growth! factor! reduced! Matrigel,! under! NRL! conditions,! and! the! organoids! formed! by! each! population!

counted.!From!this,!an!predicted!additive!organoid!count!was!calculated!for!pairwise!combinations!of!cells,!

depicted!here!as!“predicted!additive!efficiency”.!Within!the!same!experiment,!individual!populations!were!

also!sorted!into!pairwise!combinations,!to!a!final!density!of!1000!total!cells!per!µl!growth!factor!reduced!

Matrigel,! such! that! 500! cells! were! of! an! individual! population.! Organoid! outgrowth! was! assessed! from!

recombinations,!depicted!here!as! “Actual!efficiency”.!Results!were!averaged! from!at! least! three!wells!of!

each!condition.!!
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5.2.2.2 Stimulation# of# the# canonical# Wnt# signalling# pathway# alone# cannot# support#

organoid#formation#from#the#basal#cell#population.#

Having!identified!paracrine!signalling!between!basal!and!luminal!populations,!the!

identity!of!the!signal(s)!was!next! investigated.!Based!on!both!the! in#vivo!evidence!for!a!

paracrine!Wnt!signal!in!the!mammary!gland!(Brisken!et#al.!2000),!and!the!demonstrated!

importance! of! Wnt/RASpondin1! signalling! activity! in! mammary! organoid! development!

from!mixed!cell!populations! in!previous!work,! the!canonical!Wnt!pathway!was!the!first!

considered!as!a!potential!niche!factor.!!

It!has!previously!been!established!that! isolated,!basally! located,!WntAresponsive!

mammary!stem!cells!can!be!expanded!vastly!in!colony!formation!assays!using!exogenous!

Wnt3a!supplementation!(Zeng!and!Nusse!2010),!while!the!aforementioned!study!by!Sato!

et!al.,! (2011)!efficiently!highlighted!that!exogenous!Wnt3a!supplementation!(100ng/ml)!

for!the!first!3!days!in!culture!could!act!as!a!substitute!for!Paneth!cells,!supporting!crypt!

formation! from! single,! sorted! Lgr5+! stem! cells.! As! such,! exogenous!modulators! of! the!

Wnt! pathway,! namely! Wnt3a,! RASpondin1,! or! Wnt4,! were! applied! alone! or! in!

combination!to!single,!sorted,!live!CD45
A
!mammary!cell!populations!in!culture.!!

Isolated!populations!were!first!seeded!under!Nrg1,!Noggin,!RASpondin1!high!(42.5!

ng/ml)! culture! conditions,! with! short! term! ROCK! inhibition! at! the! start! of! culture.!

Measurements! taken! at! day! 15! in! culture! demonstrated! that! under! high! RASpondin1!

conditions,! average! mammary! epithelial! organoid! growth! from! the! CD24
high

Sca1
A!
or!

CD24
high

Sca1
+
! cell! populations! occurred! at! 0.61%! and! 0.6%,! respectively,! and! was!

therefore!not!significantly!different!to!that!observed!at!lower!RAspondin1!concentrations,!

while!CD24
low
Sca1

A
!cell!outgrowths!were!once!again!virtually!undetectable!(Figure!5.7B).!!

Structures!formed!from!luminal!cell!populations!differed!in!morphology!and!phenotype!

to! those! seen! under! lower! RASpondin1! concentrations,! demonstrating! a! lack! of! cell!

heterogeneity,! such! that! keratinous! cores! and! basal! markers! were! prevalent! (Figure!

5.7C).!

A!further!experiment!in!which!a!high!‘burst’!of!RASpondin1!(42.5!ng/ml)!was!given!

for!the!first!five!days!in!culture!alongside!the!ROCK!inhibitor,!before!being!replaced!with!

the!optimal!lower!concentration!of!2.7!ng.ml!failed!to!produce!any!!
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Figure 5.7 Growth of sorted mammary epithelial cell populations under high R-Spondin1 supplemented media conditions. 

!Each!population!was!plated!at!1000!cells!per!µl!growth!factor!reduced!Matrigel,!and!overlaid!with!defined!organoid!media!(Noggin!(100!ng/ml),!Nrg1!(100!ng/ml),!RB

Spondin1!(42.5!ng/ml),!with!or!without!10uM!YB27632!for!the!first!5!days!in!culture.!(A)!Representative!images!of!cultures!7!days!after!FACS,!with!and!without!YB27632!

treatment.!Scale!100!µm.!(B)!Bar!chart!of!average!organoid!count!per!1000!cells!seeded,!at!15!days!in!culture,!with!YB27632!for!the!first!5!days!in!cutlure.!n=1,!mean±!

standard!deviation!from!≥4!wells.!(C)!Histological!analysis!of!organoids!grown!from!single!CD24
high

Sca1
B!
or!CD24

high
Sca1

+!
mammary!epithelial!cell!population!using!YB

27632!(10µM).!Slides!were!stained!with!Haemaoxylin!and!eosin!(H&E),!and!antibodies!against!luminal!markers!ERBα,!and!PR,!and!basal!markers!keratin!14,!p63!and!

smooth!muscle!actin,!Scale!100µm.
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CD24
low
Sca1

-!
cell!derived!organoids,!and!did!little!to!promote!‘normal’!formation!

from!the!luminal!populations,!resulting!again!in!only!squamous,!basal-like!structures.!

Single!cell!populations!plated!in!growth!factor!reduced!Matrigel!and!overlaid!with!

NRL! culture! medium! were! next! supplemented! with! Y-27632! (10µM)! and! Wnt3a!

(100ng/ml).! Surprisingly,! as! previously! observed! for!mixed! populations! (section! 4.2.1),!

Wnt3a! supplementation! for! 14! days! had! no! effect! on! organoid! formation! from! any!

particular! cell! population.!Moreover,! using! a! combination!of!Wnt3a! (100!ng/ml)! and! a!

high!concentration!of!R-Spondin1! (42.5!ng/ml)! to! increase!Wnt!pathway!stimulation,! it!

was!found!that!after!14!days!in!culture!no!effect!on!the!efficiency!of!organoid!formation!

from!the!CD24
high

Sca1
-
!or!CD24

low
Sca1

-
!cell!populations!was!observed.!However,!Wnt3a!

actually! showed! preferential! enhancement! of! formation! of! organoids! from! the!

CD24
high

Sca1
+!
cell! population! (Figure! 5.8),! increasing! it! two-fold! (n=3,! p=0.04,! paired!

student!t-test)!(Figure!5.8).!

Since!Wnt3a! is! not! a! naturally! occurring!Wnt! ligand! in! the!mammary! gland,! a!

more! relevant! ligand,!Wnt4,! was! also! implemented! as! an! exogenous! factor! in! culture!

media.!Again,!no!significant!increases!in!organoid!formation!were!observed!from!any!of!

the! three! single! cell! populations!under!Wnt4! treatment,!with! results! highly! variable! in!

the!case!of!CD24
high

Sca1
+!
cells!in!particular.(Figure!5.9).!Further!work!would!be!needed!to!

assess!the!true!nature!of!response!to!Wnt4!by!this!cell!population.!Similarly,!at!high!R-

Spondin1! concentrations,! no! clear! response! to! Wnt4! was! detected! after! 14! days! in!

culture!from!any!cell!population.!!

!
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Figure 5.8 Growth of sorted mammary epithelial cell populations under high R-Spondin1 

and Wnt3a treatment.  

Each!population!was!plated!at!1000!cells!per!µl!growth!factor!reduced!Matrigel,!and!overlaid!with!media!

containing!Nrg1! (100!ng/ml),!Noggin! (100!ng/ml),! R-Spondin1! (42.5!ng/ml)! and!Y-27632! (10µM,!5!days),!

with! or! without! Wnt3A! supplementation! (100ng/ml)! for! the! first! 3! days! in! culture.! (A)! Representative!

images!of!cultures!7!days!after!FACS.!Scale!100!µm.!(B)!Bar!chart!of!average!organoid!count!per!well!at!14!

days!in!culture.!n=3,!data!shown!as!mean!±!standard!deviation.!*p!<!0.05!using!a!paired!student’s!t-test.!!
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Figure 5.9 Growth of sorted mammary epithelial populations under NRL conditions and 

Wnt4 treatment.  

Each!population!was!plated!at!1000!cells!per!µl!growth!factor!reduced!Matrigel,!and!overlaid!with!media!

containing!Nrg1!(100!ng/ml),!Noggin!(100!ng/ml),!R-Spondin1!(2.7!ng/ml)!and!Y-27632!(10µM,!5!days),!with!

or!without!Wnt4!supplementation!(100ng/ml).!Average!organoid!count!per!well!was!assessed!at!14!days!in!

culture.!Data!shown!as!mean!±!standard!deviation!(n=2).!

!
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5.2.2.3 Basal)cells) require)combined)EGF)and)high)Wnt)signalling)activity) for)optimal)

organoid)formation)efficiency.)

Since! Wnt! pathway! stimulation! alone! was! not! enough! to! support! organoid!

formation! from! the! basal! cell! population,! alternative! factors! that! could! constitute! the!

basal!stem!cell!niche!were!considered.!As!discussed!in!Chapter!3,!evidence!from!a!qRT-

PCR!study!previously!conducted!on!mammary!epithelial!populations!by! Jardé!et!al.,! (in!

preparation),!indicated!that!while!Nrg1!and!it’s!receptors!are!expressed!by!almost!all!cell!

types!to!an!extent,!the!ligand!is!expressed!most!prevalently!by!the!basal!population,!as!

also! recently! described! by! Forster! et! al.,! (2014),! while! ErbB3/4! receptor! expression! is!

highest! in! the! luminal! subtype.! Importantly,! the!stem!cell!enriched! fraction!was! in! fact!

found!to!entirely!lack!ErbB4!expression.!It!was!therefore!hypothesised!that!while!in!NRL!

conditions!luminal!progenitor!cells!can!expand!under!stimulation!by!Nrg1,!the!basal!cell!

population!may!require!an!alternative!RTK!ligand!for!survival,!which!it!receives!in!mixed!

culture!through!paracrine!signalling.!!

The!basal!epithelium!is!known!to!express!ErbB1/EGFR!(DiAugustine!et)al.!1997).!In!

support!of! this,!previous!attempts! to! culture!mammary!organoids! in!our! system!under!

EGF!and!high!R-Spondin1!conditions!resulted!in!outgrowths!enriched!solely!in!basal!cells,!

while!reports!from!Zeng!and!Nusse!(2010),!and!Wang!et!al.,!(2014)!indicate!that!EGF,!in!

combination!with!Wnt3a,!enables!MaSC!expansion!in!colony!forming!assays.!The!ligand!

was!therefore!considered!as!a!factor!in!the!stem!cell!niche.!!

Basal! (CD24
low
Sca1

-
)! cells!were! sorted! by! FACS! and! seeded! at! 1000! cells! per! µl!

growth!factor!reduced!Matrigel,!under!a!range!of!media!compositions!(see!Table!5.1!for!

full!details!of!conditions),!and!organoid!outgrowth!measured!after!14!days.!As!previously!

observed,!organoid!growth!from!basal!cells!under!standard!NRL!conditions!was!very!low,!

at!0.13%!(n=1).!In!fact,!no!substantial!outgrowth!was!observed!from!any!Nrg1!containing!

media! conditions,! further!promoting! the! conclusion! that!basal! cells!do!not! rely!heavily!

this!RTK!ligand!for!their!growth!(Figure!5.10A).!

Overall,! it! was! evident! that! organoid! formation! from! the! basal! cell! population!

could! be! vastly! improved! by! EGF! ligand! stimulation,! such! that! the! ligand! alone! (50!

ng/ml),! induced! a! 6! fold! increase! in! organoid! formation! efficiency! compared! to! the!

standard!NRL!culture!conditions!defined!in!Chapter!3!(from!0.1%!to!0.6%)!(Figure!5.10A).!!
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Interestingly,!and!perhaps!unsurprisingly,!in!light!of!previous!results!under!similar!

conditions! (Chapter! 3),! the! highest! organoid! formation! efficiencies! were! observed! in!

those! conditions! incorporating! both! EGF! stimulation! and! high! concentrations! of! Wnt!

ligand,! in! combination!with!R-Spondin1,! regardless!of!noggin!presence!or! absence! (8.9!

and!8.6!fold!increase!compared!to!control!NRL!conditions,!respectively).!!

In! standard! mixed! culture,! previously! described! work! illustrated! a! lack! of!

physiologically! normal! differentiation! under! the! highly!Wnt! driven,! EGF! supplemented!

conditions!shown!to!promote!basal!expansion!here.!As!such,!a! further!experiment!was!

performed! to! question! the! possibility! of! using! two! different! media! compositions! in!

succession:!one!to!drive!the!activation!and!expansion!of!basal!stem!cells,!and!a!second!to!

drive! the! correct! differentiation! of! the! cells! produced! by! this! to! form! organoids!

recapitulating!in)vivo!architecture!and!biology.!!

Organoids! were! grown! for! the! first! 7! days! in! culture! under! the! full! range! of!

conditions!used! in!the!previous!experiment,!before!treatment!for!a!further!7!days!with!

the! defined! Nrg1,! Noggin,! R-Spondin1! low! media! (Figure! 5.10B).! Unfortunately!

phenotypical!analysis!of!these!organoids!was!not!possible!due!to!technical!error,!so!it!is!

as! yet! unknown! whether! organoids! grown! under! these! conditions! represented!

physiologically! normal!mammary! tissue.! Nevertheless,! basic!morphological! assessment!

indicated! a! lack! of! the! keratinous! development! characteristically! associated! with!

abnormal! phenotype,! under! any! condition! trialled! (Figure! 5.10C).!Moreover,! trends! in!

growth! factor! responses!were!highly! similar! to! those! seen! in! the!previous!experiment.!

Interestingly,!while!conditions!using!Nrg1!consistently!showed!similar!organoid! forming!

efficiencies! to! the! initial! study,! conditions!where!EGF!was! replaced!with!Nrg1!at!day!7!

demonstrated! a! reduction! in! overall! organoid! formation! efficiency! by! day! 14! as!

compared!to!the!first!experiment,!again!highlighting!the!preference!of!basal!cells!for!EGF.!!

!
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Table 5.1 Culture conditions used in organoid culture from sorted basal cell populations 

!n.b.!All!conditions!were!additionally!supplemented!with!Y-27632!(10µM)!for!the!first!5!days!of!culture.!

.  

Condition! Components!

NRL! Nrg1!(100!ng/ml),!Noggin!(100!ng/ml),!R-Spondin1!(2.7!ng/ml)!

NN! Nrg1!(100!ng/ml),!Noggin!(100!ng/ml)!

NNW! Nrg1!(100!ng/ml),!Noggin!(100!ng/ml),!Wnt3a!(200!ng/ml)!

NNrW! Nrg1!(100!ng/ml),!Noggin!(100!ng/ml),!1!(2.7!ng/ml),!Wnt3a!(200!ng/ml)!

E! EGF!(50!ng/ml)!

EW! EGF!(50!ng/ml),!Wnt3a!(200!ng/ml)!

ERW! EGF!(50!ng/ml),!R-Spondin1!(42.5!ng/ml),!Wnt3a!(200!ng/ml)!

EN! EGF!(50!ng/ml),!Noggin!(100!ng/ml)!

ENR! EGF!(50!ng/ml),!Noggin!(100!ng/ml),!R-Spondin1!(42.5!ng/ml)!

ENW! EGF!(50!ng/ml),!Noggin!(100!ng/ml),!Wnt3a!(200!ng/ml)!

ENRW!

EGF! (50! ng/ml),! Noggin! (100! ng/ml),! R-Spondin1! (42.5! ng/ml),!Wnt3a! (200!

ng/ml)!
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Figure 5.10 Organoid formation from basal cells varies with culture condition.  

Single,!sorted!basal!(CD24
-!
Sca

1-
)!cells!were!seeded!at!1000!cells!per!µl!growth!factor!reduced!Matrigel,!and!

overlaid!with!media! containing! combinations! of! growth! factors:!Nrg1,! Noggin,! EGF,!Wnt3a,! R6Spondin1!

(full! details! in! Table! 5.1).! (A)! Organoids! were! grown! for! 14! days! and! formation! efficiency! compared! to!

control!NRL!conditions!calculated.!Data!are!shown!as!mean!±!standard!deviation!(n=2)(B)!Organoids!were!

grown!for!7!days!under!the!indicated!conditions,!before!media!replacement!with!control!NRL!media!for!7!

days! in! all! cases.!Data! are! shown!as!mean!±! standard!deviation! from!≥3!wells! (n=1).! (C)!Representative!

images!of!organoids!at!day!14! in!culture!following!initial!treatment!with! indicated!culture!conditions!and!

subsequent!control!media!replacement.!Scale!bar!100!µm.!!

!
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5.2.3 Summary!

The! 3D! mammary! culture! system! provides! a! platform! like! no! other! currently!

available;!easily!accessible,!modifiable!and!quantifiable.!It!has!here!enabled!the!study!of!

the! properties! and! growth! requirements! of! individual! mammary! cell! types;! first!

uncovering!a!potential!for!high!plasticity!in!luminal!cell!populations,!before!enabling!the!

interrogation!of!possible! signalling!networks!between!populations!and! identification!of!

factors!required!to!fulfil!the!stem!cell!niche.!

This! work! has! raised! several! interesting! questions! about! the! cellular! dynamics!

within! the!mammary! gland,! including! the! importance! of! luminal! progenitors! in!mixed!

populations,!and!whether!in!heterogeneous!cultures!the!limited!lifespan!observed!could!

be!a!result!of!purely!luminal!cell!expansion!or!if!the!basal!cell!niche!is!fulfilled!by!EGF!(or!

a!similar!ligand)!given!via!a!paracrine!signal.!These!questions!will!be!discussed!in!detail!in!

chapter!7.!!
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6 Utilising!the!organoid!model!to!investigate!the!potential!for!Wnt!

inhibition!in!the!treatment!of!basal6like!breast!cancers.!

6.1 Introduction!!

In) vitro! studies! of! breast! cancer! currently! depend! on! many! of! the! previously!

mentioned,!somewhat! limited,!2D!and!3D!culture!systems!(Chapter!1.4),!while!the!pre-

clinical! rationalisation! and! development! of! drugs! for! breast! cancer! treatment! relies!

heavily!on!high!throughput!2D!screening!assays!and!use!of!mouse!tumour!models.!Such!

methods! of! drug! discovery! often! have! high! rates! of! compound! failure! -! partly! due! to!

disparities!between!cell!responses!in!2D!and!3D!culture!-!cost!huge!amounts!of!money,!

and! require! large! animal! cohorts! to! achieve! statistically! relevant! results! before! clinical!

Phase!I!trials!can!begin.!!

The!study!of!mammary!cancers!-!their!cells!of!origin,!growth!requirements,!step-

wise!progression,!and!response!to!pharmacological!agents!amongst!other!aspects!-!could!

therefore! be! greatly! aided! by! the! use! of! a!model! such! as! the! 3D!mammary! organoid!

culture! system! that! better! represents! physiological! responses! of! tumour! cells! within!

more! ‘in) vivo’! like! contexts.! If! implemented!at! a! point! between!2D!and!animal! assays,!

better!3D!tumour!models!could!not!only!improve!the!range!and!number!of!compounds!

able!to!be!tested!(by!comparison!with!in)vivo!studies),!but!could!also!allow!studies!of!the!

combinatorial! effects!of!drugs.! The!ease!of!expansion!of!organoids! in) vitro!means! that!

material! from! just! one! animal! could! be! cultured! and! used! for!multiple! drug! screening!

assays.!!

The! current! standard! of! care! treatment! for! basal! breast! cancers! is! Taxol,! a!

microtubule! stabilising! cytotoxic! compound,! targeting! all! rapidly! proliferating! cell!

populations.!As!described!in!Chapter!1,!despite!showing!strong!initial!efficacy!in!treating!

highly!proliferative!basal!breast!cancers,!Taxol!is!commonly!associated!with!high!relapse!

rates! in! this! cancer! subtype,! contributing! to! low! 5-year! survival! rates! in! patients.! This!

phenomenon! is! thought! to! be! a! result! of! the! maintained! presence! of! a! small! slowly!

dividing,! and! thus! Taxol! resistant,! tumour! initiating! /! cancer! stem!cell! population,! that!

can! lie!dormant!until! inhibition! is! removed!and! subsequently! reinitiate! tumour! growth!

and!even!metastasis.!As!a!consequence,!the!removal!of!this!population!is!considered!key!
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to! preventing! the! recurrence! of! basal! breast! tumours,! and! the! search! for! a! suitable!

targeted!therapy!for!this!purpose!is!on-going.!!

As!detailed!extensively! in!Chapter! 1,!Wnt! signalling!has!been! strongly! linked! to!

both! stem! cells! and! basal! breast! cancers.! Basal! tumours! enriched! in! stem/progenitor!

cells!concurrently!exhibit!increased!observed!levels!of!active!β-catenin,!relating!to!poorer!

prognosis! (Khramtsov! et) al.! 2010).! The! Wnt! signalling! pathway! has! therefore! been!

proposed! to! have! potential! as! a! targeted! cancer! stem! cell! inhibitor! in! basal! breast!

tumours.!!

Given! that! the! mammary! organoid! system! is! able! to! successfully! demonstrate!

Wnt! dependency! in! normal! culture,! the!work! detailed! in! this! chapter! utilised! ‘normal’!

NRL! and! ‘abnormal’! ERH! culture! conditions! to! support! the! growth! of! basal-like! Wnt-!

dependent! mammary! tumour-derived! organoids,! which! were! then! used! as! a! easily!

quanitifable!model! in!which!to!determine!the!benefit!of!Wnt! inhibition!in!treating!such!

tumours.! In! addition! to! single! inhibitor! assays,! the! advantages!of! combination! therapy!

(with!Taxol)!were!assessed!in!this!model,!and!efforts!made!to!determine!the!true!degree!

to!which!cancer!stem!cells!were!affected,!using!novel!replating!assays.!!

6.2 Results!

6.2.1 Establishing!organoid!cultures!from!basal!like!mouse!tumours!

6.2.1.1 T1/TP53
H/)H
)tumour)model)

The! Rosen! laboratory! (Baylor! College! of! Medicine,! Houston,! Texas)! previously!

generated! a! bank! of! over! 50! p53! null! tumours,! from! the! transplantation! of! p53-/-!

mammary!epithelial! tissue! from!transgenic!mice! into!the!cleared!mammary! fat!pads!of!

syngeneic!wild-type!mice! (Herschkowitz!et! al.! 2012).! The!array!of! tumours!obtained! in!

this!way!was!shown!to!be!highly!heterogeneous,!ranging!from!those!retaining!hormone!

receptor! expression! and! luminal! markers! to! those! that! were! wholly! undifferentiated;!

although!all!exhibited!aneuploidy.!Of!this!bank,!one!tumour!(T1)!was!characterised!as!a!

heavily! keratinous,! squamous! adenocarcinoma,! lacking! hormone! receptor! expression.!

Importantly,! the! T1! tumour! showed! evidence! of! being! driven! by! a! Wnt! responsive!

population;! 6.1%! of! total! cells! were! shown! by! FACS! analysis! to! exhibit! TOP-eGFP!

expression,! indicative! of! Wnt! activity;! this! population! overlapping! considerably! (90%)!

with!a!CD29
+
CD24

+
! tumour! initiating!cell!population!(Zhang!et)al.!2010).!Most!recently,!!
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these! TIC! populations! have! been! demonstrated! to! express! high! levels! of!Wnt! targets!

Axin2,!Tcf7!and!Fzd7!(Zhang!et)al.!2015).!

Tumours!derived!in!this!way!have!previously!been!successfully!grown!and!used!in!

orthotopic! transplants! as! a! substitute! for! genetically! engineered!mouse!models! in! the!

study!of!small!compounds,!aiming!to!generate!a!tool!for!predicting!therapeutic!response!

in!human!cancers!(Usary!et!al.!2013).!In!the!experiments!described!below,!fragments!of!

the!T1!tumour!were!obtained!from!the!Rosen!Lab!and!were!orthotopically!expanded!in!

the!cleared!mammary!fat!pads!of!3-week-old!female!BALB/c!mice,!before!in)vitro!culture.!!

6.2.1.2 Establishing)media)requirements)for)T1)tumour)derived)organoid)growth.)

Basic! growth! requirements! of! organoids! from! primary! T1! tumour! tissue! were!

ascertained!by!plating!a! trypsinised! tumour!cell! suspension!at!a!density!of!1000!per!ul!

growth! factor! reduced!Matrigel!and! treating! for!7!days!with!a!variety!of!culture!media!

compositions.!In!an!initial!experiment,!basic!serum-free!DMEM/F12!culture!medium!was!

applied!to!cultures!for!7!days!and!an!extremely!small!number!of!low!diameter!organoids!

were! produced,! at! a! plating! efficiency! of! less! than! 1%! (Figure! 6.1);! this! efficiency!was!

much!lower!than!the!known!Wnt!dependent!proportion!of!the!T1!tumour,!(6.1%).!

The! defined! media! conditions! required! for! ‘normal’! phenotypic! mammary!

organoid! growth! (NRL),! and! the! high!Wnt! condition! (ERH)! demonstrated! to! induce! an!

abnormal!phenotype! in!wild-type!mammary!organoid! cultures!were! trialled.! !Organoid!

formation!efficiency!was!found!to!be!markedly!higher!under!both!NRL!and!ERH!growth!

conditions! compared! to! that! of! basic! media! conditions,! at! approximately! 5%! in! both!

cases!(Figure!6.1).!Organoid!diameter!was!also! increased!compared!to!that!under!basal!

media!conditions!(1.63!and!1.67!fold,!respectively).!Additional!factors!such!as!FGF2,!FGF7!

and! FGF10! (results! not! shown)!were! found! to! have! little! additional! benefit! to! growth!

efficiency!of!the!T1!organoids.!!

After! 7! days! in! culture,! phenotypic! analysis! of! organoids! under! each! culture!

condition!was!carried!out.!Regardless!of!culture!condition,!luminal!cell!markers!were!not!

observed,!while!p63!expression!could!be!distinctly!seen! in!organoids,! indicating!a!basal!

phenotype!(Figure!6.2).!Karyotyping!of!the!T1!organoids!was!also!performed,!!

!
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Figure 6.1 Analysis of growth of T1 tumour organoids under various growth media 

conditions.  

T1!tumour!fragments!were!processed!to!trypsinised!single!cells,!plated!at!1000!cells!per!µl!of!growth!factor!

reduced!Matrigel,! and!overlaid!with!either! stock!basal!media,!or!basal!media! supplemented!with!either:!

Nrg1!(100!ng/ml),!Noggin!(100!ng/ml)!and!R-Spondin1!(2.7!ng/ml),!or!EGF!(50!ng/ml),!Noggin!(100!ng/ml)!

and!R-Spondin1!(42.5!ng.ml)!(A)!Representative!images!demonstrating!the!morphological!development!of!

organoids! under! each! growth! condition,! over! 7! days! in! culture.! Scale! 100! µm.! (B)! (i)! Graph! depicting!

average!organoid!count!1000!cells!originally!seeded,!after!7!days!in!culture,!under!each!growth!condition.!

(ii)!Graph!depicting!average!organoid!diameter!(µm)!after!7!days!in!culture,!under!each!growth!condition.!

Data!shown!as!mean!±!standard!deviation,!(n=3).!!
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Figure 6.2 Phentotypic analysis of T1 tumour organoids grown under various media 

conditions.  

Organoids!were!fixed!at!day!7!in!culture!and!immunostained!for!luminal!(Progesterone!receptor!(PR)!and!

Keratin!8)!and!basal! (p63!and!Keratin!14)!markers.!T1! tumour!organoids!grown!under! (A)!basic! (B)!Nrg1!

(100!ng/ml),!Noggin! (100!ng/ml),!R-Spondin1! low! (2.7!ng/ml)! (C)! EGF! (50!ng/ml),!Noggin! (100!ng/ml),!R-

Spondin1!high!(42.5!ng/ml)!media!conditions.!Scale!50!µm.!!
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highlighting! distinct! aneuploidy! in! almost! all! spreads! assessed! (n=16),! with! the! most!

prevalent!chromosome!counts!between!49!and!52!chromosomes!(Figure!6.3).!

Importantly,!organoids!were!shown!to!exhibit!similar!growth!characteristics!over!

passage.!Although!small!fluctuations!in!organoid!formation!efficiency!were!observed!this!

was!likely!due!to!a!variety!of!reasons,!including!the!recovery!of!cells!put!into!3D!culture,!

their!adjustment!to!culture!conditions,!and!minor!variations!in!seeding!density!accuracy.!

Overall,!organoid!behaviour!remained!stable!over!several!passages!and!organoids!could!

therefore!be!confidently!expanded!for!use!in!assays!(Figure!6.4).!

In! order! to! support! repeat! inhibitor! experiments,! tumour! organoid! freezing!

protocols!were!established.! !Small!organoids!grown! from!single!cells! for!3-4!days!were!

frozen! at! -80°C! in! a! serum-rich,! DMEM-F12! based! freezing! medium.! Organoids! were!

thawed!and!replated!in!growth!factor!reduced!Matrigel,!and!given!culture!media!(NRL!or!

ERH,!corresponding!to!growth!conditions!prior!to!freezing)!supplemented!with!Y-27632!

for! the! first! 3! days! in! culture.! It! was! observed! that! although! organoids! took!

approximately! 7! days! to! recover! and! grow! to! a! size! suitable! for! passage,! organoid!

formation!efficiencies,!over!several!successive!passages,!were!comparative!to!those!seen!

from!non-frozen!material!(Figure!6.5).!
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Figure 6.3 Karyotypic analysis of T1 tumour organoids.  

(A) Representative!DAPI! stained! chromosome! spread,! depicting! 52! chromosomes.! (B)! Histogram!of!

chromosome! counts! per! spread,! from! a! total! of! 16! spreads.! ! All! images! were! taken! at! 40X! and!

chromosomes!counted!manually!using!ImageJ!ROI!manager.!!
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Figure 6.4 Analysis of T1 tumour organoid growth over long-term passage.  

Trypsinised!tumour!cells!were!plated!at!1000!cells!per!µl!growth!factor!reduced!Matrigel!and!overlaid!with!

either!Nrg1!(100!ng/ml),!Noggin!(100!ng/ml),!R-Spondin1!(2.7!ng/ml)!media,!or!EGF!(50!ng/ml),!Noggin!(100!

ng/ml),! R-Spondin1! (42.5!ng/ml)!media,! and!passaged!using!a! trypsin!based!approach,! every!7!days.! (A)!

Representative!images!of!T1!tumour!organoids!at!day!7!in!culture!at!various!stages!of!passage.!Scale!100!

µm.!(B)!Bar!chart!depicting!average!organoid!formation!efficiency!per!1000!cells!plated,!over!five!passages,!

under!both!growth!conditions.!Data!are!shown!as!mean!±!standard!deviation!of!≥4!wells!in!one!plate!(n=1).!!
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Figure 6.5 Analysis of T1 tumour organoid growth from previously frozen organoids.  

Organoids!grown!for!7!days!were!frozen!in!freezing!media!and!stored!at!-80°C,!before!thawing!at!37°C!and!

plating!in!growth!factor!reduced!Matrigel.!Organoids!were!then!overlaid!with!their!original!growth!media,!

and! monitored! over! multiple! passages.! (A)! Representative! images! of! morphological! development! of!

organoids!freshly!thawed!and!plated,!over!7!days!in!culture.!(B)!Representative!images!of!T1!organoids!at!

day! 7! in! culture,! from! passage! number! 2! to! 5.! Scale! 100! µm.! (C)! Bar! chart! depicted! organoid! growth!

efficiency!per!1000!cells!seeded,!from!passage!2!to!5.!Data!are!shown!as!mean!±!standard!deviation!of!≥4!

wells!in!one!plate!(n=1).!!

!
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6.2.1.3 MMTVHWnt1)tumour)model)

The!MMTV-Wnt1!mouse!model!has!contributed!widely!to!the!investigation!of!the!

Wnt!dependency!of!the!mammary!gland!in)vivo,)particularly!with!respect!to!the!stem!cell!

compartment.! In! contrast! to! the! T1! model,! the! MMTV-Wnt1! model! has! shown!

possession!of!both!luminal!and!basal!tumour!initiating!cell!populations!(Kim!et!al.!2011).!

As! a! Wnt! dependent! tumour! model! with! a! known! mechanism,! this! system! was!

considered! as! another! ideal! candidate! for! growth! in! organoid! culture! for! the!

investigation!of!inhibitors!of!the!Wnt!pathway.!

Moreover,!in)vivo!experiments!have!already!been!performed!in!the!Dale!group!in!

which!orthotopic!transplants!of!MMTV-Wnt1!tumour! into!athymic!mice!were!shown!to!

respond!robustly! to!Wnt! inhibition,! indicating! the!model!as!suitable! for! the!purpose!of!

corresponding!in!vitro!(Dale!et)al.!2015).!

6.2.1.4 Establishing)media)requirements)for)growth)of)MMTVHWnt1)derived)organoids.)

Preliminary! investigations! confirmed! that! due! to! their! inherent! Wnt! activity,!

MMTV-Wnt1! tumour! organoids!were! able! to! grow! in! R-Spondin1! deficient!media! and!

that! developing! structures! exhibited! slight! keratinisation;! tumour! organoids! lacked!

hormone! receptor! expression!when! grown!under!Nrg1,!Noggin! only! conditions! (Figure!

6.6).!!!

Interestingly,! plating! efficiency! under! NRL! conditions! occurred! at! a! similar!

efficiency!to!Nrg1,!Noggin!only!conditions!(Lacking!Rspo;!1.06!fold!±0.15,!n=3).!However,!

each!organoid!was!larger!(1.18!fold!±0.08,!n=3)!and!of!a!higher!optical!density!(1.27!fold!

±0.16,! n=3)! -! the! latter! indicating! increased! keratinisation,! as! confirmed! by!

immunofluorescence!analysis! (Figure!6.6C).!MMTV-Wnt1!cells!under!ERH! (EGF,!Noggin,!

R-Spondin1!high)!conditions!showed!increased!organoid!formation!(1.73!fold!±0.23,!n=3,!

p=0.002,!One!Way!ANOVA!with!Dunnett’s!post-hoc!analysis),!again!with!each!organoid!

also! larger! in!diameter! (1.41! fold! ±0.23,! n=3,! p=0.02,!One!Way!ANOVA!with!Dunnett’s!

post-hoc!analysis)!and!of!a!higher!optical!density!(1.39!fold!±0.16,!n=3,!p=0.02,!One!Way!

ANOVA! with! Dunnett’s! post-hoc! analysis)! than! under! the! Nrg1! only! condition! (Figure!

6.6).! As! keratinisation! of! structures! makes! trypsinisation! of! structures! for! passage!

technically! challenging,! the! R-Spondin1! deficient,! Nrg1,! Noggin! only! condition! was!

chosen! for! routine! culture! and! passage.! Conversely,! for! inhibitor! experiments,! R-
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Spondin1! driven! conditions! were! used! as! a! fair! parallel! to! the! T1! culture! conditions,!

representing!a!‘normal’!and!‘abnormal’!environment!for!growth.!

Further! experiments! were! performed! prior! to! titration! assays! to! determine!

optimal! seeding! density! of! MMTV-Wnt1! organoids.! Interestingly,! organoid! formation!

efficiency! in! the! MMTV-Wnt1! model,! as! assessed! by! the! average! organoid! number!

counted!per!1000!cells! seeded,!was! inversely!correlated!with!seeding!density.!As! such,!

the! highest! organoid! formation! efficiency,! and! that! closest! to! that! given! by! the! T1!

organoids,!was! established! at! 750! cells! per! µl!Matrigel,! at! approximately! 4.2%! (Figure!

6.7).!In!all!future!assays!the!MMTV-Wnt1!organoids!were!seeded!at!this!density.!!
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Figure 6.6 Analysis of growth of MMTV-Wnt1 tumour organoids under various media 

conditions.  

MMTV-Wnt1! tumour! fragments!were!processed! to! trypsinised! single! cells,! plated!at!1000!cells!per!µl!of!

growth! factor! reduced! Matrigel,! and! overlaid! with! basal! media! supplemented! with! either:! Nrg1! (100!

ng/ml)!and!Noggin!(100!ng/ml);!Nrg1!(100!ng/ml),!Noggin!(100!ng/ml)!and!R-Spondin1!(2.7!ng/ml);!or!EGF!

(50!ng/ml),!Noggin!(100!ng/ml)!and!R-Spondin1!(42.5!ng.ml)!(A)!Representative!images!demonstrating!the!

morphological!development!of!organoids!under!each!growth!condition,!over!7!days! in! culture.! Scale!bar!

100!µm.!(B)!(i)!Graph!depicting!organoid!count!at!day!7!in!culture!under!each!growth!condition.!(ii)!Graph!

depicting! average! organoid! diameter! (µm)! at! day! 7! in! culture! under! each! growth! condition.! (iii)!Graph!

depicting! average! organoid! optical! density! (OD)! at! day! 7! in! culture! under! each! growth! condition.! Data!

shown!as!fold!change!(vs!Neu!Nog!only,!mean!±!standard!deviation,!n=3).!Nrg1!(100!ng/ml),!Noggin!(100!

ng/ml)!(C)!Immunostaining!of!MMTV-Wnt1!organoids!grown!under!(i)!Nrg1,!Noggin!only!(ii)!Nrg1,!Noggin,!

R-Spondin1!low!(iii)!EGF,!Noggin,!R-Spondin1!high!conditions,!fixed!at!7!days.!Organoids!were!stained!for!

luminal!(PR,!Keratin!8)!and!basal!(p63,!Keratin!14)!and!B-catenin!expression.!Scale!bar!50!µm.!
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Figure 6.7 Analysis of optimal MMTV-Wnt1 tumour cell seeding density for organoid 

growth.  

MMTV-Wnt1!tumour!fragments!were!digested!and!trypsinised!to!a!single!cell!suspension,!before!seeding!

at!densities!of!750,!1500!and!2000!per!µl!growth!factor!reduced!Matrigel.!Cultures!were!overlaid!with!Nrg1!

(100!ng/ml),!Noggin!(100!ng/ml)!only!media.!!(B)!Bar!chart!depicting!average!organoid!formation!efficiency!

per!1000!cells!seeded,!per!well.!Data!are!presented!as!mean!±!standard!deviation,!where!n=3.!

!
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6.2.2 Wnt6dependent!mammary!tumour!organoids!respond!robustly!to! inhibition!by!

the!standard!of!care!therapy,!Taxol!

As!an!initial!positive!control!confirming!the!ability!to!robustly!detect!a!response!of!

the! tumour! organoid!models! to! treatment! in! the! chosen! 96!well! assay! format,! and! to!

later! Wnt! inhibitor! treatments,! the! current! standard! of! care! (SOC)! treatment! for!

basal/triple!negative,!or!metastatic!breast!cancer,!Taxol,!was!utilised.!

Cultures! were! initiated! from! freshly! trypsinised! cells,! with! treatments! applied!

immediately!upon!cell!plating.!In)vivo,)the!local!tumour!environment!can!be!highly!varied!

depending! on! the! type! of! tumour! and! its! stage,! amongst! other! factors.! Therefore! to!

encompass!a!wider!range!of!potential!in)vivo)scenarios,!responses!of!both!of!the!tumour!

organoids! to! inhibition! were! investigated! and! compared! under! both! ‘normal’! (Nrg1,!

noggin,! R-Spondin1! low;! ‘NRL’)! and! abnormal! (EGF,! noggin,! R-Spondin1! high;! ‘ERH’)!

growth!conditions.!!

Analysis!over!a!7-day!period!was!aided!by!GelCount
TM
!technology,!whereby!total!

organoid!volume!was!calculated!per!well!as!an!overall!measurement!of!organoid!growth,!

encompassing!both!formation!efficiency!and!size.!IC50!(that!is,!the!concentration!at!which!

a! 50%! reduction! in! total! organoid! volume! was! observed)! calculations! were! generally!

performed! at! day! 4,! during! exponential! growth! phase,! unless! otherwise! indicated.!

Maximum! efficacy! was! also! calculated! for! each! compound,! defined! as! the! maximum!

reduction! in!organoid!volume!possible!under! inhibitor! treatment!at! any! concentration.!

Where!stated,!an!endpoint!CellTiterGlo!3D!cell!viability!assay!was!implemented,!in!which!

the!quantitation!of!ATP,!and!therefore!quantity!of!metabolically!active!cells!per!well!was!

compared!to!that!of!a!non-treated!control.! In!each!experiment,!at! least!three!technical!

replicates!were!present!within!each!condition.!

Alongside!a! control!DMSO!only! condition,!a! range!of!Taxol! concentrations! from!

0.625!nM!to!160!nM!were!applied!to!freshly!seeded!cells!of!each!tumour!organoid!type,!

and!multiple!parameters!measured!to!determine!response.!As!expected!for!a!SOC!breast!

cancer! therapeutic,! Taxol! showed! high! efficacy! in! both! the! T1! and! the! MMTV-Wnt1!

organoid!model!systems,!regardless!of!the!culture!condition!provided.!!

Based! on!GelCount
TM
!measurements! of! total! organoid! volume! per!well,! the! T1!

model! demonstrated! an! IC50! of! 1.8! nM! (±1.8nM,! n=3)! at! day! 4! in! culture! under! NRL!

conditions,!and!a!similar!value!of!1nM!(±0.9nM,!n=2)!under!ERH!conditions!(Figure!6.8,!
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Table!6.1).!Growth!curves!based!on!organoid!volume! indicated! that!Taxol!effects!were!

immediate,! with! separation! of! curves! already! clear! from! the! earliest! time! point! of!

measurement,!day!3!(Figure!6.8A.i,!B.i),!while!GelCount
TM
!and!endpoint!Cell!Titer!Glo!3D!

measurements!on! the! final!day!of!culture! indicated!that!effects!were!persistent!over!7!

days!in!culture!(Figure!6.8A.iii,!iv,!B.iii,!iv).!!

The!MMTV-Wnt1!model!also!responded!well!to!growth!inhibition!by!Taxol.!Under!

low! R-Spondin1! stimulation! (NRL),! the! Taxol! IC50! at! day! 4! in! culture!was! 9.4nM! (n=1),!

while! under! high! R-Spondin1! stimulation! (ERH),! it! approximately! doubled,! to! 18.3! nM!

(n=1),! suggesting!a!possible! increased! resistance! to! inhibition!under!higher!Wnt!driven!

conditions! (Table! 6.1,! Figure! 6.8A.ii,! B.ii).! Cell! Titer! Glo-3D! readouts! corroborated!

GelCount! measurements,! such! that! reduction! in! ATP! based! fluorescence! was! slightly!

greater!at!10nM!under!NRL!conditions!compared!to!ERH!conditions!(Figure!6.9A.iv,!B.iv).!

As!in!the!T1!model,!inhibition!of!growth!was!sustained!to!day!7!in!both!cases.!!!

Overall,! these!results! indicated!that!the!organoids!responded!to!SOC!treatment,!

with!only!a!minimal!proportion!of!organoids!remaining!at!the!highest!doses!compared!to!

the!control.!Furthermore,!this!work!indicated!that!growth!inhibition!could!be!successfully!

quantified!using!the!T1!and!MMTV-Wnt1!models!in!the!described!assay!format!and!the!

various!readout!methods!described,!validating!the!system!for!the!following!work.!!
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Figure 6.8 Analysis of the effects of Taxol on T1 tumour organoid growth.  

Freshly!trypsinised!T1!tumour!cells!were!seeded!at!1000!per!µl!Matrigel!and!overlaid!with!media!containing!

(A)!Nrg1!(100!ng/ml),!Noggin!(100!ng/ml)!and!R-Spondin1!(2.7!ng/ml);!or!(B)!EGF!(50!ng/ml),!Noggin!(100!

ng/ml)!and!R-Spondin1!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!Taxol!from!a!two!fold!

titration!range!(0.625!nM!–!160!nM),!or!a!matched!DMSO!control.!!

(i)!Growth! curves! from! days! 3! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis!software!under!the!Taxol!titration!range,!expressed!here!as!log!values!(n=1).!

(ii)! IC50! best! fit! curves!were!generated!at! culture!day!4,! and! (iii)! Fold! total!organoid!volume! (vs! control)!

graphs!at!day!7!(mean!±!standard!deviation,!NRL!n=3,!ERH!n=2). 

(iv)!Endpoint!Cell!Titer!Glo!3D!viability!(mean!±!standard!deviation,!n=1)!measurements. 

!
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Figure 6.9 Analysis of Taxol effects on MMTV-Wnt1 tumour organoid growth.  

Freshly!trypsinised!MMTV-Wnt1!tumour!cells!were!seeded!at!750!per!µl!Matrigel!and!overlaid!with!media!

containing! (A)!Nrg1! (100!ng/ml),!Noggin! (100!ng/ml)!and!R-Spondin1! (2.7!ng/ml);!or! (B)! EGF! (50!ng/ml),!

Noggin!(100!ng/ml)!and!R-Spondin1!(42.5!ng.ml),!supplemented!with!either!a! !set!concentration!of!Taxol!

from!a!two!fold!titration!range!(0.625!nM!–!160!nM),!or!a!volume!matched!DMSO!control.!

(i)!Growth! curves! from! days! 2! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis! software! under! the! Taxol! titration! range,! expressed! here! as! log! fold! vs! control! at! day! 2! values!

(n=1).! (ii)IC50! best! fit! curves! were! generated! at! culture! day! 4! and! (iii)! Fold! total! organoid! volume! (vs!

control)!graphs!at!day!7!(mean!±!standard!deviation,!n=1,!≥3)wells).!(iv)!Endpoint!Cell!Titer!Glo!3D!viability!

(mean!±!standard!deviation,!n=1)!measurements. 
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! !

IC50!(nM)! Maximum!efficacy!(%)!

! !

T1!organoids! MMTV>Wnt1!organoids! T1!organoids!

MMTV>Wnt1!

organoids!

Inhibitor! NRL! ERH! NRL! ERH! NRL! ERH! NRL! ERH!

Standard!of!care! Taxol! 1.8!(±1.8)! 1!(±0.9)
!†
! 9.4

*
! 18.3

*
! 98!(±1)! 98!(±3)

†
! 88

*
! 97

*
!

Wnt!release! IWP>2! 148
*
! 193

*
! 106!(±68)! 2753!(±339)! 86

*
! 88

*
! 78!(±3)! 71!(±30)!

Wnt!Receptor! Anti>Frizzled! 2.1!(±2.9)
!†
! 14.5!(±1.5)

!†
! 226(±279)

†
! No!curve

†
! 70!(±15)

†
! 63!(±8)

†
! 75

†
! 26

†
!

Tankyrase!inhibitor!

IWR>1! 127
*
! 95

*
! 235!(±62)! No!curve! 78

*
! 83

*
! 71! 27!

MSC2526550A! No!curve
†
! No!curve

†
! No!curve! No!curve! 31!(±30)

!†
! 35!(±47)

!†
! 71!(±15)! 67!(±12)!

MSC2501490A>5! 45!(±17)
!†
! 521(±160)

†
! 392(±45)! 1420(±!224)! 87!(±11)

!†
! 77!(±4)

!†
! 89!(±8)! 88!(±16)!

MSC2504877>A! No!curve
†
! 1833(±226)

†
! No!curve! No!curve! 80!(±25)

!†
! 67!(±11)

!†
! 83!(±8)! 82!(±20)!

MSC2504070! No!curve
*
! 268

*
! No!curve! No!curve! 85!(±14)

!*
! 77!(±20)

!*
! 69!!(±19)! 62!(±6)!

CDK8/CDK19!

inhibitor!
CCT251545! 349(±128)! 538!(±78)

†
! N/A! N/A! 87!(±19)! 77!(±10)

†
! N/A! N/A!

Table 6.1 IC50s and maximum efficacies (%) of inhibitors tested in tumour organoid assays. 

Data!collected!from!GelCount
TM
!“Total!volume”!analysis!of!tumour!organoids!treated!with!the!indicated!inhibitors!for!4!days!was!used!to!generate!IC50!curves!and!

calculate!maximum!inhibitor!efficacy.!Data!shown!as!mean±!standard!deviation,!where!n=3,!unless!indicated!by!symbols:!
*
,!n=1;!

†
,!n=2.!Cases!where!IC50!curves!could!

not!be!generated!are!indicated!as!such.!See#Appendix#2#for#detailed#analysis#of#each#condition.!!

!

!

!

!
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6.2.3 Mammary* tumour* organoids* are* susceptible* to* inhibition* at* several* points*

within*the*Wnt*pathway.*

As! discussed! in! detail! in! Chapter! 1,! the! canonical!Wnt! pathway! is! regulated! at!

many! levels;! alteration! of! any! one! of! the! stages! in! the! signalling! pathway! has! the!

potential! to! initiate! or! promote! abnormal! development.! As! such,! there! are! several!

targets! that! may! be! amenable! to! manipulation! by! drug! candidates! (Figure! 6.10),! the!

effects! of! which! are! described! here! in! the! context! of! both! the! T1! and! MMTVHWnt1!

tumour!organoid!models.!While!several!of!the!inhibitors!used!in!this!study!are!published!

with! known! efficacy! and! 2HD! cell! or! in# vivo# responses,! development! compounds! from!

Merck! Serono! were! also! investigated! for! their! potential! to! inhibit! growth! of! Wnt!

dependent!tumour!organoids.!!

6.2.3.1 Inhibition#of#endogenous#Wnt#release#

Wnt!ligand!release!from!the!cell! in!which! it! is!produced!is!tightly!regulated!by!a!

requirement! for! it! to! be! postHtranslationally! modified! in! the! endoplasmic! reticulum,!

through! the! addition! of! a! palmitoyl! group! by! the! action! of! the! membrane! bound! OH

acyltransferase!enzyme!Porcupine!(Porcn).!Multiple!inhibitors!to!this!process!have!been!

established!and!published!previously,!including!the!Inhibitor!of!Wnt!ProductionH2!(IWPH2)!

(Chen!et!al.!2009)!used!here.!!

6.2.3.1.1 IWP)2*

After! 4! days! in! culture,! total! organoid! volume! measurements! of! T1! organoids!

under! a! twoHfold! dilution! range! of! the! Porcn! inhibitor! between! 7.8nM! and! 2000nM!

demonstrated! a! dose! response! effect! on! growth! inhibition! under! both! NRL! and! ERH!

media!conditions,!with!similar!IC50!values!of!148nM!and!193nM,!respectively!(n=1)!(Table!

5.01,! Appendix! IIH1).! Despite! this,! by! day! 7! in! culture,! treated! organoid! volumes! had!

begun! to! ‘catch! up’! to! that! of! control! organoids;! furthermore! endHpoint! relative! ATP!

values!compared!to!control,!as!assessed!by!Cell!Titer!Glo!3D,!were!not!greatly!different!

(Appendix!IIH1.iv).!!

This!phenomenon!could!be!explained!in!several!ways.!Acquired!resistance!may!be!

a! factor;! cells! could! upregulate! other! components! of! the! Wnt! pathway! to! subvert!

inhibition.!Stem!cell!outgrowth!may!still!occur,!but!at!a!slower!rate,!such!that!sufficient!

TA!numbers!to!promote!organoid!formation!are!not!available!until!later!time!points.!!
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Figure 6.10 Targeting the Wnt signalling pathway in tumour organoids.  

The!Wnt!signalling!pathway!has!several!possible!points!or!levels!of!inhibition,!indicated!by!red!!!symbol:!

the!interruption!of!Wnt!release,!blocking!of!Wnt!ligand!binding!to!either!the!Frizzled!or!Lrp6!coHreceptor,!

the!interference!with!Tankyrase!activity!required!to!control!Axin!levels!and!therefore!destruction!complex!

assembly,!and!finally!the!abrogation!of!Wnt!target!gene!transcription.!

!

!

!
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However,!most! simply,! and! arguably!most! likely,! in! a! technical! artefact! of! the! system,!

control!samples!by!day!7!likely!become!growth!restricted!(termed!the!growth!restriction!

effect!from!here!on).!Growth!curves!from!the!above!assays!(Appendix!IIH1)!indicate!that!

between!day!6!and!7,!growth!of!control!organoids!slowed!relative!to!the! initial!days! in!

culture.! Increasing! organoid! number! and! size! can! cause! nutrients! and! even! physical!

space! for! further! growth! to! become! limiting! factors,!with! hypoxia! also! possible! at! the!

core!of! larger!structures.!Therefore,!during!this!slower!growth!stage,!smaller!organoids!

under!partial!Wnt!inhibition!have!the!opportunity!to!‘catch!up’.!In!this!case,!the!delay!in!

reaching!the!same!volume!as!control!organoids!can!be!seen!as!related!to!the!potency!of!

Wnt!inhibition,!adding!another!level!of!quantification!to!the!IC50!during!the!exponential!

growth!phase.!

!

! MMTVHWnt1!organoid!sensitivity!to!inhibition!by!IWPH2!was!assessed!to!be!much!

more!dependent!on!culture!condition,!the!compound!having!an!IC50!of!106nM!(±68!nM,!

n=3)!under!low!RHSpondin1!stimulation,!and!2753nM!(±339,!n=3)!under!high!RHSpondin1!

stimulation! (Table! 5.01,! Appendix! IIH2).! In! contrast! to! the! T1! model,! a! doseHresponse!

effect!persisted!under!NRL!conditions!until!day!7,!while!under!ERH!conditions! lessened!

over! culture! time! (Appendix! IIH2.Aiii,! Biii).! ! EndHpoint! Cell! Titer! Glo! 3D! measurements!

(0.61!of!control!vs!07.8!of!control)!also!demonstrated!a!greater!effect!of!IWPH2!under!low!

RHSpondin1!stimulation!than!ERH!conditions!(Appendix!IIH2.Aiv,Biv).!This!result!might!be!

expected!of!partial,!and!not!complete!Wnt!inhibition!by!IWPH2;!a!proportion!of!growth!is!

inhibited,!such!that!the!higher!Wnt!level!at!the!outset!under!ERH!conditions!is!reflected!

in!a!higher!remaining!Wnt!activity!after!inhibition.!

6.2.3.2 Inhibition#of#Wnt9Receptor#Binding#

Wnt! ligand! generates! an! intracellular! response! through! binding! to! the! Wnt!

receptor! Frizzled,! and! it’s! coHreceptor! Lrp6,! the! point! of! RHSpondin1! coHstimulation.! In!

theory,!the!blocking!of!these!receptor!sites!with!specific!antibodies!should!reduce!their!

availability!to!bind!Wnt!ligand!and!thus!reduce!canonical!Wnt!signalling!and!Wnt!driven!

tumour!growth,!particularly! if! an!excess!of! the! ligand! itself! causes! the! tumour.!Studies!

involving! shRNA! knockdown! of! Fzd7! in! TNBC! in# vitro! and! in# vivo# have! already!

demonstrated!a!concurrent! reduction! in! tumour!growth! (Yang!et!al.!2011),!giving!valid!
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reason! to! believe! that! similar! antibodies! may! do! the! same! in! the! described! organoid!

models.!

6.2.3.2.1 Anti)Frizzled*antibody*

As! the! main! receptor! for! Wnt! ligand,! the! Frizzled! (Fzd)! seven! transmembrane!

domain!cell! surface! receptor! is! responsible! for!enabling!canonical!Wnt!signalling! in! the!

breast.!AntiHFzd!antibody!was!shown!to!be!extremely!potent!in!the!T1!model!at!day!4!in!

culture,!under!both! low!and!high!RHSpondin1!growth!conditions! (IC50s!of!2.1!nM!(±2.9,!

n=2)!and!14.5!nM!(±1.5!nM,!n=2),!respectively,!Table!5.01,!Appendix!IIH3).!However,!like!

results! under! IWPH2! treatment,! this! inhibition! appeared! to! be! overcome! by! day! 7,! as!

indicated! by! both! GelCount
TM
! and! Cell! Titer! Glo! 3D! measurements! (Appendix! IIH3).!

Growth! curves! indicated! that! although! strong! inhibition! occurred! rapidly,! a! growth!

restriction!effect!was!once!again!observed.!!

!

In!the!MMTVHWnt1!model!under!low!RHSpondin1!stimulation!the!antibody!had!an!

IC50! of! 226nM! (±279nM,! n=2)
,!
and!maximum! efficacy! at! 1µM!of! 75%,!while! under! the!

higher!RHSpondin1!condition!a!maximum!of!only!26%!growth!inhibition!could!be!attained!

compared! to! the! control.! The! effect! of! the! inhibitor! could! be! sustained! until! day! 7! in!

culture,!strongly!under!low!RHSpondin1!stimulation!(Appendix!IIH4.A.iii).!Again,!this!effect!

can!be!attributed!to!a!partial!inhibition!of!Wnt!signalling,!with!a!much!higher!initial!level!

under!ERH!conditions!presenting!a!larger!obstacle!to!overcome.!Similarly,!the!differences!

in! response! between! the! two! tumour! models! likely! reflect! the! inherently! higher!Wnt!

production!level!in!the!MMTVHWnt1!organoids.!

6.2.3.2.2 Anti)Lrp6*antibodies*

Two!forms!of!Lrp6!antibody!were!supplied!for!testing!by!Merck!Serono.!However,!

little! to! no! significant! response! was! seen! to! either! antibody! at! any! concentration! in!

preliminary!experiments! in!the!tumour!models.!Given!that!these!were!trial!compounds!

however,!and!as!such!of!unknown!efficacy,!it!cannot!be!excluded!that!an!Lrp6!antibody!

would!be!highly!useful!in!the!treatment!particular!Wnt!dependent!tumours.!!
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6.2.3.3 #Reducing#intracellular#Wnt#effector#activity#by#tankyrase#inhibition.#

Responses!to!canonical!Wnt!ligandHreceptor!stimulation!occur!through!a!complex!

intracellular!pathway!of!proteins!(previously!discussed,!Chapter!1),!many!of!which!have!

the!potential!to!be!susceptible!to!inhibition.!!!

One!key!protein!regulating!the!canonical!Wnt!pathway!is!Axin;!a!member!of!the!

βHcatenin! destruction! complex,! regulated! itself! by! a! polyHADPHribosylase! family! of!

tankyrase! proteins.! Increased! tankyrase! activity! promotes! ubiquitination! and!

degradation! of! Axin,! leaving! the! destruction! complex! incomplete.! The! subsequent!

accumulation!of!βHcatenin!protein!causes! increased!Wnt!pathway!activity! (Figure!6.10).!

As!such,!tankyrase!inhibitors!(TNKSi)!have!in!other!studies!been!demonstrated!to!reduce!

overall!Wnt!pathway!activity!(Lau!et!al.!2013;!Bao!et!al.!2012),!and!were!considered!as!

suitable!compounds!of! interest! in!this!study.!Again,!work!here!was!partly!carried!out!in!

collaboration!with!Merck!Serono,!such!that!several!compounds!trialled!were!novel!and!

unpublished.!The!tool!compound,!MSC2524070,!will!be!available!in!the!future!for!study.!!

6.2.3.3.1 Commercially*available*IWR)1*

IWRH1! is! a! previously! published! TNKSi! (Huang! et! al.! 2009).! A! range! of!

concentrations! from! 4.7nM! to! 1200! nM!were! tested! on! the! tumour! organoids,! based!

around!cellular!IC50!(~190nM)!previously!published!by!(Chen!et!al.!2009)!in!2D!assays.!!

T1!organoid!responses!to!IWRH1!at!day!4!were!similar!under!both!low!and!high!RH

Spondin1! stimulation,!with! IC50! values!at!127nM! (n=1)!and!95nM! (n=1),! and!maximum!

efficacies!of!78!and!83%,!respectively!(Table!5.1,!Appendix!IIH5.Aii,!Bii).!Responses!were!

not! sustained! in! the! longer! term!however,!with! growth! again! exhibiting! a! catch! up! to!

control!organoids.!Furthermore,!growth!curves! indicate! this!catch!up! to!occur! faster! in!

ERH!conditions!!(Appendix!IIH5).!!

!

MMTVHWnt1! organoids! were! found! to! be! highly! dependent! on! their! culture!

conditions! for! a! response! to! IWRH1,! such! that! at! day! 4! under! low! RHSpondin1!

concentration,! an! IC50! of! 235! nM! (±62! nM,! n=3)! was! calculated,! while! under! ERH!

conditions! an! IC50! could! not! be! calculated! (Table! 5.01,! Appendix! IIH6).! In! this! case,! a!

maximum! efficacy! of! just! 27%! was! seen! at! the! highest! inhibitor! concentration! (n=3)!

(Appendix!IIH6.Bii).!Cell!Titer!Glo!3D!measurements!at!day!7!confirmed!that!responses!to!
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IWRH1!were! sustained! under! the! low! RHSpondin1! concentration,! but! not! at! the! higher!

level!(Appendix!IIH6.Aiv,!Biv).!Again,!this!reflects!a!higher!initial!level!of!Wnt!signalling!to!

inhibit!under!ERH!conditions,!and!a!lack!of!full!Wnt!inhibition!by!the!compound.!!

Under! NRL! conditions,! IWRH1! IC50! values! were! in! the! range! of! those! given! by!

cellular!assays!((Chen'et#al.'2009)!

6.2.3.3.2 Merck*Serono*Tankyrase*inhibitors*(MS)TNKSi)*

Four!development!compounds!(MSC2526550A,!MSC2501490AH5,!MSC2504877HA,!

MSC2524070)! were! tested! in! the! tumour! organoid! models,! in! comparison! to! the!

published! IWRH1!compound.!Further! information!provided!by!a!2D!TNKS! luminex!assay!

performed!by!Merck!Serono! indicated!the!cellular! IC50s!of!the!compounds!to!be!35nM,!

300nM,!30nM!and!3nM!respectively.!Of!these,!MSC2524070!has!been!chosen!as!a!tool!

compound,!and!will!be!made!available!in!future!for!testing!by!the!research!community.!

All! TNKSi! were! tested! across! a! range! of! 31.25! nM! to! 8000nM,! in! a! similar! two! fold!

titration!to!those!used!in!previous!assays.!!

After!4!days! in! the!T1!model! treatment!with!MSC2501490AH5,!determined! least!

potent!in!2D!assays,!elicited!an!IC50!of!45!nm!(±17,!n=2)(Table!5.1,!Appendix!IIH9)!under!

NRL!conditions,!while!MSC2504877HA!(Appendix!IIH11)!and!MSC2524070!(Appendix!IIH13)!

were! too! effective! to! calculate! IC50! under! the! concentration! ranges! used,! requiring!

further! titration! in! future!studies.!Under!ERH!conditions,!higher! IC50s!of!521!nM!(±160,!

n=2),! 1833! nM(±226,! n=2)! and! 268! nM! (n=1)(Table! 5.1)! were! calculated! for! all! three!

compounds,!reflecting!the!higher!starting!Wnt!level!under!these!conditions.!

Although!IC50!values!of!individual!compounds!differed,!overall!trends!of!response!

to!MSHTNKSi!in!the!T1!model!were!similar!to!those!under!IWRH1!inhibition;!initial!efficacy!

was! observed! at! 4! days,! but! a! growth! restriction! effect! occurred! by! day! 7! (with! the!

exception! of# MSC2526550A,#which! showed! little! to! no! efficacy! in! the! T1!model! (35%!

maximum!inhibition!under!NRL!conditions).!Notably,!in!comparison!to!IWRH1!treatment,!

the! time! taken! to! ‘catch! up’! to! control! volumes! under! each! of! MSC2501490AH5,!

MSC2504877HA! and! MSC2524070! was! substantially! longer! (Appendix! IIH9,! 11,! 13),!

seemingly!indicating!more!effective!Wnt!inhibition!by!these!compounds.!!

!
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The!MSHTNKSis!showed!a!similar!high!potency!in!the!MMTVHWnt1!model!after!4!

days;! IC50! could! again! only! be! calculated! for!MSC2501490AH5! (NRL=392nM! (±45,! n=3);!

EGF=142nM! (±224,! n=3)! (Appendix! IIH10),! while! MSC2526550A,! MSC2504877HA! and!

MSC2524070!exceeded!50%!growth! inhibition!even!at!the! lowest!concentration!tested,!

showing!71,!83!and!69%!maximum!efficacy!under!NRL!conditions,!and!67,!82!and!62%!

maximum!efficacy!under!ERH!conditions!(Table!5.1).!

!Under!MSC2501490AH5!treatment,!organoids!showed!similar!trends!of!response!

to!MSHTNKSi!treatment!as!to! IWRH1;!a!distinct!correlation!of! IC50!with!culture!condition!

(Appendix!IIH10).!Moreover,!each!MSHTNKSi!could!sustain!reductions!in!organoid!volume!

compared!to!the!control!until!day!7!in!culture!(Appendix!IIH8,!10,!12,!14),!even!under!the!

higher!Wnt! conditions,! indicating! an! increased! strength! of! inhibition! of!Wnt! signaling!

using! these! compounds! than! that! of! IWRH1.! In! fact! of! all!Wnt! inhibitors! trialled! in! this!

thesis,! the!MSHTNKSi! collection! elicited! the!most! pronounced! departures! from! control!

organoid!volume!across!the!duration!of!growth!curve!analysis.!!

Taken!together,!data!supports!the!use!of!tankyrase!inhibition!for!the!reduction!of!

WntHdependent!tumour!growth.!Moreover,!several!novel!compounds!have!been!trialled!

for! this! purpose,! showing! similar! trends! in! response! as! commercially! available! IWRH1!

compound! and! indicated! to! have! substantially! lower! IC50s! (and! therefore! increased!

potencies)!than!IWRH1.!This!could!be!beneficial!in!terms!of!reducing!offHtarget!effects!of!

compounds.!!

6.2.3.4 Inhibition#of#Wnt#target#gene#expression#

A! novel! inhibitor! of! the! Wnt! pathway! has! recently! been! developed! and!

investigated!by!Merck!Serono!in!collaboration!with!the!Dale!laboratory!(Dale!et#al.!2015).!

The!compound,!CCT251545!(CCT),!inhibits!Cyclin!dependent!kinases!8!and!19!(CDK8/19),!

reportedly!reducing!Wnt!related!gene!transcription!(See!Introduction).!!

In# vivo! experiments! performed! on! an! animal! model! of! βHcatenin! dependent!

intestinal! hyperplasia! showed! the! compound! successfully! reducing! crypt! proliferation,!

while! in! MMTVHWnt1! induced! mouse! breast! cancer! allografts,! CCT! slowed! tumour!

growth! rate,! and! reduced! Wnt! target! gene! signature! (Axin2,! Lbh)! (Dale! et# al.! 2015).!

Similarly,! in# vitro! experiments! on! MMTVHWnt1! tumour! organoids! showed! successful!

response!to!the!compound!(Ewan;!unpublished).!!
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Given! the! existing! evidence! for! the! compound! as! a! successful! Wnt! inhibitor! in! the!

MMTVHWnt1!model,!we!next!endeavoured!to!explore!effects!on!organoids!from!the!T1!

tumour!model.!Application!of!a! twoHfold! titration!range!of! the!compound! (8000!nM!to!

31.25! nM)! to! freshly! seeded! cells! from! the! T1! tumour! organoid! model! enabled! the!

identification!of!a!response!and!calculation!of!an!IC50!by!day!7!in!culture.!Interestingly,!in!

comparison!to!previous!inhibitors,!the!dose!response!observed!was!stronger!after!7!days!

in! culture! compared! to! 4! days.! Much! like! responses! seen! to! previous!Wnt! inhibitors,!

growth!condition!affected!response;!under! ‘normal’!RHSpondin1! low!conditions!the! IC50!

calculated! for! the! compound! was! 349nM! (±128! nM,! n=3),! while! under! ‘abnormal’! RH

Spondin1! high! conditions,! the! IC50! was! higher! at! 538! nM! (±78,! n=2)(Table! 6.1,! Figure!

6.11),! reflecting!a!partial!Wnt! inhibition!and!higher! initial! level!of!Wnt! signalling!under!

ERH!conditions.!Moreover,!this!response!would!appear!to!fit!with!the!partial!reduction!in!

TCFHdependent! transcription! seen! under! CCT! treatment! by! Dale! et! al.,! (2015)! and!

(Mallinger!et#al.!2015).!

!
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Figure 6.11 T1 tumour organoids respond to a novel inhibitor of the Wnt pathway.  

Freshly!passaged!T1!tumour!cells!were!seeded!in!growth!factor!reduced!Matrigel!at!a!density!of!1000!per!

µl!and!overlaid!with!(A)!Nrg1!(100!ng/ml),!noggin!(100!ng/ml)!and!RHSpondin1!(2.7!ng/ml)!or!(B)!EGF!(50!

ng/ml),!noggin!(100!ng/ml)!and!RHSpondin1!(42.5!ng/ml),!supplemented!with!a!range!of!CCT251545!from!

15.625!nM!to!8000!nM,!or!DMSO!alone!as!a!control.!GelCount
TM!

analysis!was!then!performed!at!day!7!and!

IC50!curves!generated.!Data!shown!as!mean±s.e.m!(NRL,!n=3;!ERH,!n=2).!

!

!

!
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6.2.4 Inhibition* of* CDK8/CDK19* can* sensitise*Wnt* dependent* tumour* organoids* to*

Taxol*treatment.*

It! is! now! common! practice! in! the! clinic! to! treat! patients! with! more! than! one!

chemotherapeutic! drug! at! a! time,! primarily! in! an! attempt! to! reduce! the! doses! of!

individual!drugs! required! for! the!same!effect,!by! targeting! two!separate!aspects!of! the!

tumour!at!once.!This!can!also! reduce! the! likelihood!of!a! small! resistant!cell!population!

becoming! dominant,! and! enable! the! ablation! of! a! heterogeneous! cell! population.!

Combination!therapy!also!has!additional!benefits,!in!that!patient!tolerance!to!the!drugs!is!

often!improved,!and!adverse!treatment!side!effects!reduced.!

As! previously! discussed,! basal! breast! cancers! in! particular! are! thought! to! have!

high!rates!of!recurrence!after!conventional!SOC!therapy!due!to!a!small!subHpopulation!of!

slowly!dividing!WntHresponsive!stem!cells!that!evade!the!cytotoxic!effects!of!treatment.!

As! such,! this! class! of! breast! cancer! is! an! ideal! candidate! for! combination! therapy! –!

specifically,!using!the!SOC!compound!Taxol!to!kill!the!rapidly!dividing!cells!that!comprise!

the!bulk!of!the!tumour,!and!a!stem!cell!specific!inhibitor!to!prevent!recurrence.!!

Having!successfully!utilised!the!mammary!organoid!system!for!the! identification!

of!multiple!Wnt! inhibitory! compounds!with! the! potential! to! abrogate!Wnt! dependent!

tumour!organoid!growth,!the!potential!for!such!combination!therapy!in!this!tumour!type!

was!next!investigated.!

The!Wnt! inhibitor! used! in! these! experiments!was!CCT,! given! that! it! had! shown!

efficacy!in!previous!experiments.!Moreover,!the!Dale!group!had!extensive!knowledge!of!

the! characterisation! and! use! of! this! compound! in! other! systems,! and! had! previously!

demonstrated!a!combinatorial!effect!of!the!compound!in!organoid!studies!with!Taxol!in!

the!MMTVHWnt1!model! (Ewan;! unpublished).! In! this! study,! the! T1! tumour!model!was!

chosen,!and!for!simplicity,!only!the!NRL!conditions!were!investigated.!

6.2.4.1 Chou9Talalay#combination#analysis#

For! assessment! of! combination! experiments,! experiments! that! would! allow! a!

ChouHTalalay!analysis!to!be!implemented!were!set!up!as!detailed!in!section!2.12.4!(Chou!

and!Talalay!1984).! This!method! is! commonly!used! in! the!analysis!of! chemotherapeutic!

combinations,! and! has! previously! successfully! shown! synergistic! activity! of! targeted!

breast!cancer! therapeutics!with!standard!of!care!compounds! in!breast!cancer!cell! lines!
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(Pegram!et!al.!2004).!Key!to!the!assay! is! the!analysis!of!drug!combinations!where!each!

drug!is!utilised!over!a!range!of!concentrations!based!on!its!systemHspecific!IC50!and!where!

drug!A!and!drug!B!are!represented!in!a!constant!ratio!throughout!the!titration!range.!!!

Individual! IC50!values!of!CCT!and!Taxol!after!7!days!of!culture!were!calculated!in!

single!inhibitor!assays!(303!and!5.33nM,!respectively)!prior!to!combination,!thus!setting!

the! IC50! ratio! in! combination! to! approximately! 60.! In! theory,! an! additive! effect! of! the!

compounds! in! which! each! failed! to! affect! the! efficacy! of! the! other! would! have! been!

expected!to!be!in!the!range!of!310nM.!However,!application!of!the!two!inhibitors!in!such!

a! ratio! to! freshly! passaged! T1! tumour! cells! (Figure! 6.12.A,! B,! C)! and! further! linear!

regression! analysis! (Figure! 6.12.D)! indicated! that! while! alone! in! this! particular!

experiment,! the! IC50s! of! Taxol! and! CCT! were! 1.4nM! and! 345nM! respectively,! the!

combined! IC50! of! the! two! compounds! was! 39.6nM,! nearly! 8! fold! lower! than! that!

expected! for! an! additive! effect.! Synergistic! action! of! the! two! compounds! was! then!

confirmed! both! by! isobologram! generation! (Figure! 6.12.E)! and! combination! index!

calculation!of!0.4,!using!equation!2.!

Specifically,!the!concentration!of!CCT!required!to!reduce!organoid!growth!by!50%!

(the!IC50)!when!given!in!combination!with!Taxol,!proved!to!be!nearly!11.7!fold!lower!than!

CCT! alone,!while! Taxol!was!made! 3.4! times!more! effective! in! combination! than! alone!

(Figure!6.12.C).!

!
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Figure 6.12 CCT251545 and Taxol exhibit synergistic effects in inhibiting T1 tumour 

organoid growth. 

Freshly!trypsinised!T1!tumour!cells!were!seeded!at!1000!per!µl!Matrigel!and!overlaid!with!media!containing!

Nrg1! (100!ng/ml),!Noggin! (100!ng/ml)! and!RHSpondin1! (2.7!ng/ml! supplemented!with!either:! (A.i)* a! two!

fold!titration!of!CCT251545!(1.0!nM!–!8000!nM)!(ii)!a!two!fold!titration!of!Taxol!(0.02!nM!–!133.33!nM),!or*

(B)!a!combination!of!both!CCT251545!and!Taxol!in!60:1!ratio!(1.0!–!8133.33!nM),!for!7!days!in!culture!and!

IC50! calculations! performed.! Data! are! mean! ±! standard! deviation! from! ≥3! wells,! n=1! (C).! ChouHTalalay!

analysis!was!carried!out!using!a!preHdeveloped!spreadsheet!using!to!enable!(D)*median!effect!plot!and!(E)!

Isobologram!generation.!!

!
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6.2.4.2 Short# term# CDK8/19# inhibition# unexpectedly# increases# organoid9forming#

efficiency#of#T1#tumour#cells.##

Given!the!clear!efficacy!of!CCT!in!single!and!combination!therapy!in!the!T1!model,!

the!3D!culture!system!was!next!used!to!study!the!degree!to!which!the!inhibitors!might!

work! in! hypothetical! stem! and! proliferative! transit! amplifying! cell! (TA)! subpopulations!

within!organoids.!Here!the!hypothesis!was!that!each!organoid!could!contain!both!stem!

and! TA! cells.! ! To! examine! the! potential! of! treated! and!untreated! cell! ‘subpopulations’!

within! organoids,! an! organoid! ‘replating! assay’!was! initially! designed! to! try! to! identify!

stem!cell!function.!

The! basic! assumption! was! made! that! the! organoid! formation! and! growth!

efficiencies!of!a!cell!population!are!related!to!the!proportion!of!stem!cells!present!upon!

seeding.! Based! on! this! interpretation! of! previous! experiments,! the! use! of! CCT! alone!

would!have!reduced!total!organoid!volume!by!lowering!Wnt!activity!within!stem!cells.!As!

a!consequence,!transit!amplifying!cell!production!from!stem!cell!progenitors!would!have!

been! reduced,! leading! to! an! overall! reduced! organoid! outgrowth! compared! to! control!

conditions.! It!was!therefore!hypothesised!that! if! the! inhibitor! truly!worked!by!reducing!

stem!cell!activity,!cells!treated!with!CCT!for!a!period!of!time!and!replated!as!single!cell!

suspensions! should! have! lower! potential! for! organoid! formation! than! an! untreated!

control!population.!NB:!It!was!unclear!whether!untreated!single!stem!cells!would!be!able!

to! respond! rapidly! enough! to! the!Wnt! pathway! inhibitor! to! reveal! the! effects! of! the!

inhibitor!without!the!use!of!a!preHtreatment!step.!!

Freshly! trypsinised! T1! tumour! cells! were! plated! and! allowed! to! form! small!

structures!for!72!hours!under!control!NRL!conditions,!before!a!12!or!24Hhour!treatment!

with!500!nM!CCT!(slightly!above!the!IC50!previously!established!at!day!7! in!assay,!given!

the! shorter! treatment! time,! and! treatment! of! small! structures! and! not! single! cells).!

Organoids!were! then! rescued! from!Matrigel,! trypsinised! to! single! cells! and! replated!at!

their!original!density!under!either!control!conditions!or!a!second!inhibitor!treatment!for!

7!days.!Organoid!replating!efficiency!was!calculated!using!GelCount
TM
!analysis!software.!

In! contrast! to! the! original! hypothesis,! treatment! with! CCT! for! 12! or! 24! hours!

followed! by! replating! under! control! conditions! actually! induced! an! increased! organoid!

replating! efficiency! compared! to! control! alone! (1.29! fold! (±0.12,! n=3,! p=0.05,! ANOVA!

with!Dunnett’s!postHhoc!analysis)!and!1.68!fold!(±0.10,!n=3,!p<0.001,!ANOVA!with!!
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Figure 6.13 Replating efficiency of cells initially treated CCT251545  for 12 or 24 hours.  

Freshly!trypsinised!T1!tumour!cells!were!seeded!at!a!density!of!1000!per!µl!growth!factor!reduced!Matrigel!

and! cultured!under!Nrg1! (100!ng/ml)!Noggin! (100!ng/ml),! RHSpondin1! low! (2.7! ng/ml)! conditions! for! 72!

hours.!Media!was!then!replaced!with!either!fresh!NRL!media,!or!NRL!media!supplemented!with!CC251545!

(500!nM)!for!12!or!24!hours.!Following!treatment,!organoids!were!trypsinised!to!single!cells!and!replated!at!

1000!per!µl! in!growth!factor!reduced!Matrigel,!under!NRL!or!NRL+CCT251545!conditions,!for!7!days,!and!

organoid! number! per! well! counted.! Data! shown! as! fold! change! vs! Control! (NRL! only)! condition,!

mean±standard! deviation,! n=3.! *,! p<0.05;! **! p<0.01;! ***,! p<0.001,! as! determined! by! ANOVA! with!

Dunnett’s!postHhoc!analysis.!
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Figure 6.14 Replating efficiency of cells initially treated with CCT251545 for 72 hours.  

Freshly!trypsinised!T1!tumour!cells!were!seeded!at!a!density!of!1000!per!µl!growth!factor!reduced!

Matrigel!and!cultured!under!Nrg1!(100!ng/ml)!Noggin!(100!ng/ml),!RHSpondin1!low!(2.7!ng/ml)!conditions!

for! 72! hours.!Media!was! then! replaced!with! either! fresh! NRL!media,! or! NRL!media! supplemented!with!

CCT251545! (500! nM)! for! 72! hours.! Following! treatment,! organoids! were! trypsinised! to! single! cells! and!

replated! at! 1000! per! µl! in! growth! factor! reduced!Matrigel,! under! NRL! only! conditions! for! 7! days,! and!

organoid!number!per!well!counted.!Data!shown!as!fold!change!vs!Control!(NRL!only)!condition.!Data!shown!

as!mean!±standard!deviation,!n=3.!(**,!p<0.01,!MannHWhitney!U!test).!
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Dunnett’s! postHhoc! analysis),! respectively)! (Figure! 6.13).! In! each! case,! while!

retreatment! of! previously! treated! cells!with! CCT! reduced! organoid! replating! efficiency!

compared!to!its!untreated!counterpart,!overall!replating!efficiency!still!exceeded!that!of!

control! alone! or! control! cells! replated! in! inhibitor,! regardless! of! the! initial! treatment!

duration.!!

Similarly,!organoids!grown!for!72!hours!were!treated!for!a!longer!time!period!of!

72!hours!with!500nM!CCT,!and!subsequently!replated!with!only!control!media.!Counts!of!

trypsinised!material! before! replating! indicated! reduced! total! live! cell! numbers! in! CCTH

treated!wells!(~60%),!indicating!that!initial!treatment!had!either!inhibited!cell!growth,!or!

killed!already!established!cells.!Again,!organoid!formation!efficiency!upon!replating!was!

increased! compared! to! the! entirely! untreated! control! (1.17! fold! ±! 0.02,! n=5,! p=0.008,!

Mann! Whitney! U! test)(Figure! 6.14).! This! further! indicated! that! although! CDK8/19!

inhibition!had!a!clear! initial!effect!on!organoid!growth!or!survival,!remaining!cells!were!

equally!as!capable,! if!not!more,!of!forming!new!structures!upon!replating.! It!was!noted!

however! that! the! fold! increase! in! organoid! formation,! while! significant,! was! reduced!

compared!to!the!previously!observed!results!after!12!or!24Hhour!inhibitor!treatments.!!

6.2.4.3 Cells# may# undergo# a# population# shift# from# stem# cell# to# TA# under# CDK8/19#

inhibition#

From!this!evidence,!the!hypothesis!was!formed!that!CDK8/19!inhibition!may!not!

kill!stem!cells,!but!simply!drive!them!into!a!lower!Wnt!activated!state.!Given!that!a!strong!

Wnt! signal! may! be! necessary! for! continued! selfHrenewal! of! stem! cells! by! asymmetric!

division!(Piccin!and!Morshead!2011),!it!was!proposed!that!in!treating!the!organoids!for!a!

short!time!with!inhibitor!and!thus!lowering!their!Wnt!stimulation,!symmetric!division!of!

stem!cells!to!instead!form!two!TA!cells!is!favoured!(Figure!6.15.B).!A!similar!cell!shift!from!

stem! to! TA! cell! signature!has! in! fact! been! recently! observed! in! the! intestine!of! TetHOH

ΔN89βHCatenin!mice!treated!with!CCT!in!the!Dale!lab,!based!on!gene!expression!profiles!

of!sorted!cell!populations!(manuscript!under!review).!!

Under!this!hypothesis,!consequent!removal!of!the!Wnt!inhibitor!would!allow!the!

TA!cells!to!expand!considerably,!forming!a!large!number!of!organoids,!while!retreatment!

with! CCT! would! likely! both! further! increase! TA! numbers! and! yet! inhibit! their! further!

expansion!somewhat,!favouring!differentiation!(Figure!6.15.C).!!
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Figure 6.15 Model for possible mechanism of action of CDK8/19 inhibition on Stem and TA 

cell populations. 

(A) Under! normal! conditions,! a! stem! cell! under! high! Wnt! stimulus! divides! asymmetrically! to!

regenerate!itself!and!form!a!new!TA!cell.!The!TA!cell,!under!a!mediumHlow!Wnt!stimulation,!then!

proliferates!several!times!to!before!differentiation!occurs,!at!which!point!very! little!to!no!Wnt!is!

required.! (B)! CDK8/CDK19! inhibition! reduces! Wnt! activity! in! stem! cells,! forcing! a! fate! switch!

enabling! two! TA! cells! to! be! formed,! depleting! the! stem! cell! compartment.! Upon! replating!

(indicated!by!dashed!line)!in!control!conditions,!and!return!to!normal!Wnt!containing!conditions,!

these!TA!cells!can!expand!considerably,!allowing!increased!organoid!formation.!(C)*Upon!replating!

under! further! CDK8/CDK19! inhibition,! TA! cells! are! subjected! to! a! low!Wnt! stimulus,! and! their!

expansion!limited,!with!differentiation!favoured,!reducing!organoid!formation.!!
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It!is!difficult!however,!in!absence!of!a!definite!stem/TA!marker!in!the!mammary!gland,!to!

distinguish!a!stem!cell!from!a!TA!cell.!In!cultures!of!wildHtype!cells,!the!question!!

of!whether!outgrowths!following!CDK8/19!inhibition!are!derived!from!stem!cell!or!TA!cell!

expansion!could!be!addressed! through!serial! replating!of! the! treated!population,!given!

that!TA!cells!due!to!their! limited!proliferation!capacity!would!eventually!exhaust! in!the!

absence!of! stem!cells.!However,! this! characteristic! cannot!be!confidently!assumed! in!a!

tumour!cell!population.!In!the!tumour!model,!the!most!obvious!difference!between!the!

two!cell!populations!is!their!rate!of!division.!As!such,!the!easiest!method!for!determining!

the! effects! of! the! CCT! compound! on! the! tumour! stem! cell! population!was! actually! to!

remove!the!other!population!entirely!–!ie.!If!organoids!are!first!treated!with!a!compound!

(eg.! Taxol)! that! will! surely! kill! the! fast! cycling,! transit! amplifying! cells,! is! CCT! still!

consequently!able!to!increase!organoid!outgrowth!from!the!stem!cells!left!behind?!!

In! line! with! the! hypothesis,! it! might! also! be! expected! that! initial! CDK8/19!

inhibition!would!evoke!from!stem!cells!a!large!number!of!TA!cells!able!to!initiate!further!

organoid! outgrowths,! and! that! these! fast! cycling! populations! would! consequently! be!

sensitised! to! Taxol! treatment.! Indeed,! it! has! already! been! shown! that! the! compound!

does!in!fact!sensitise!to!Taxol!when!in!combination.!However,!this!new!possibility!could!

mean!that!the!order! in!which!treatment!is!given!is!essential! in! influencing!outcome!–!a!

crucial!point!that!should!be!noted! in!the!clinic.!Full!predictions!of!sequential!treatment!

outcomes!are!detailed!in!Table!6.2.!!

Single! cells! were! plated! and! allowed! to! grow! to! small! organoids! for! 72! hours,!

before!72!hr!treatment!with!control!media,!CCT!(125,!500!or!1000!nM),!or!Taxol!(5nM).!

Organoids!from!each!treatment!condition!were!then!trypsinised!to!single!cells,!replated,!

and!given!either!control!media,!CCT,!or!Taxol!and!grown!for!7!days!in!culture.!!

Results! confirmed! that!preHtreatment!with!CCT!does! indeed!appear! to! sensitise!

T1! tumour! cells! to! Taxol! treatment,! as! under! each! concentration! of! CCT! applied,!

organoid! formation! in! CCT>Taxol! treated!wells! was! consistently! reduced! compared! to!

Control>Taxol! treated! wells! (4.3! fold,! n≥2;! 5.6! fold,! n=1;! 1.9! fold,! n≥2,! respectively)!

(Figure!6.16).!Contrary!to!expectations,!Taxol!preHtreatment!did!not!reduce!CCT!efficacy,!

instead! actually! reducing! organoid! formation! efficiency! compared! to! cells! preHtreated!

only!with!control!media,!regardless!of!CCT!concentration!applied,!implying!that!each!!
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!

!

Primary	treatment Predicted	effect
Secondary	

treatment
Predicted	effect

Control	(NRL) 'Normal'	growth

CCT
êSC;	ê	TA	and	differentiation	cell	

=	Increased	organoid	formation

Taxol
ê	TA	expansion	=	Reduced	organoid	

formation

Control	(NRL)

Large	number	of	TA	allowed	to	

expand	=		Increased	number	of	

organoids

CCT
Reduced	Wnt	level,	ê	TA	expansion	

=	Reduced	organoid	formation

Taxol
Faster	cycling	TA	killed	=	Very	few	

organoids*

Control	(NRL)
Stem	cell	rich	population	=	normal	or	

increased	organoid	formaton.	

CCT
Stem	cell	rich	population	driven	to	

TA	=	increased	organoid	formation†

Taxol
Prolferation	of	any	cell	type	reduced	

=	reduced	organoid	formation

Control	(NRL)
'Normal'	growth:	SC	+	TA	

+	differentiated	cells

Taxol SC	unaffected;	êTA	

CCT êSC;	éTA

!

Table 6.2 Predicted outcomes of sequential treatments on T1 mammary tumour organois 

growth and development.  

*,! Indicates! lowest! predicted! organoid! formation! efficiency.!
†
,! Indicates! highest! predicted

!
organoid!

formation!efficiency.!



! 188!

(A)

(C)

(B)

0	

0.2	

0.4	

0.6	

0.8	

1	

1.2	

C
o
n
tr
o
l>
C
o
n
tr
o
l	

C
C
T>
C
o
n
tr
o
l	

Ta
xo
l>
C
o
n
tr
o
l	

C
o
n
tr
o
l>
C
C
T	

C
C
T>
C
C
T	

Ta
xo
l>
C
C
T	

C
o
n
tr
o
l>
Ta
xo
l	

C
C
T>
Ta
xo
l	

Ta
xo
l>
Ta
xo
l	

Fo
ld
	c
h
a
n
ge
	in
	o
rg
a
n
o
id
	f
o
rm

a
0
o
n
	e
ffi
ci
e
n
cy
	v
s	
C
o
n
tr
o
l	

co
n
d
i0
o
n
	(
n
=
2
)	

Treatments	

0	

0.2	

0.4	

0.6	

0.8	

1	

1.2	

C
o
n
tr
o
l>
C
o
n
tr
o
l	

C
C
T>
C
o
n
tr
o
l	

Ta
xo
l>
C
o
n
tr
o
l	

C
o
n
tr
o
l>
C
C
T	

C
C
T>
C
C
T	

Ta
xo
l>
C
C
T	

C
o
n
tr
o
l>
Ta
xo
l	

C
C
T>
Ta
xo
l	

Fo
ld
	c
h
a
n
ge
	in
	o
rg
a
n
o
id
	f
o
rm

a
0
o
n
	e
ffi
ci
e
n
cy
	v
s	
C
o
n
tr
o
l	

co
n
d
i0
o
n
	(
n
=
1
)	

Treatment	condi0on	

0	

0.2	

0.4	

0.6	

0.8	

1	

1.2	

C
o
n
tr
o
l>
C
o
n
tr
o
l	

C
C
T>
C
o
n
tr
o
l	

Ta
xo
l>
C
o
n
tr
o
l	

C
o
n
tr
o
l>
C
C
T	

C
C
T>
C
C
T	

Ta
xo
l>
C
C
T	

C
o
n
tr
o
l>
Ta
xo
l	

C
C
T>
Ta
xo
l	

Ta
xo
l>
Ta
xo
l	

Fo
ld
	c
h
a
n
ge
	in
	o
rg
a
n
o
id
	f
o
rm

a
0
o
n
	e
ffi
ci
e
n
cy
	v
s	
C
o
n
tr
o
l	

co
n
d
i0
o
n
	(
n
=
2
)	

Treatments	 !

Figure 6.16 Effects of sequential treatments on organoid replating efficiency.  

T1!tumour!cells!were!seeded!at!1000!per!µl!in!growth!factor!reduced!matrigel!and!cultured!for!72!hours!in!

Nrg1! (100! ng/ml)! Noggin! (100! ng/ml),! RHSpondin1! low! (2.7! ng/ml)! containing! media,! before! a! 72! hour!

treatment!with!either!control!media,!!CCT!((A)*125nM!(B)*500nM!(C)*1000nM)150!

!or!Taxol!(5!nM).!Organoids!were!then!trypsinised!to!single!cell!and!replated!under!each!one!of!the!three!

conditions! and! organoid! replating! efficiency! measured! after! 7! days.! Data! shown! as! mean! ±standard!

deviation!(A,!C,!n=2)!(B,!n=1).*
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compound! sensitises! to! the! other! (2! fold,! n≥2;! 2! fold,! n=1;! 1.4! fold,! ≥2,! respectively).!

Nevertheless,!the!order!in!which!the!two!inhibitors!were!applied!was!in!fact!still!seen!to!

be!important,!with!CCT!preHtreatment!having!a!much!larger!effect!on!Taxol!efficacy.!!

Interestingly,!it!was!clear!that!the!condition!reducing!tumour!organoid!outgrowth!

the!most!efficiently!was!in!fact!that!in!which!Taxol!was!used!constantly.!However,!it!was!

notable! that! not! even! this! condition! could! entirely! abrogate! tumour! organoid!

development,!indicating!the!presence!of!a!resistant!cell!population!in!this!assay.!

While!this!is!useful!data,!it!is!based!on!multiple!assumptions!about!differential!cell!

types!within!organoid!populations!and!as!such!a!definite!conclusion!cannot!yet!be!made!

on! the! role! of! Wnt! inhibition! in! affecting! stem! cell! compartments.! A! more! accurate!

evaluation!of!the!effects!of!the!Wnt!pathway!inhibitor!on!stem!and!TA!populations!would!

require!further!detailed!investigations,!as!described!further!in!Chapter!7.!!

6.3 *Summary**

Work! described! here! has! shown! a! further! key! utility! of! the!mammary! organoid!

system,!such!that!mammary!tumours! from!various!mouse!models,! in!combination!with!

the!culture!conditions!previously!discovered,!can!be!cultured!successfully!to!enable!the!

investigation! of! the!Wnt! pathway! in! their! development.! Although! this! study! has! been!

narrowed! down! to! this! particular! signalling! pathway,! alternative! inhibitor! groups! (and!

tumour!models)!could!be!easily!tested!in!the!same!way!given!the!highly!adaptable!nature!

of!the!assay!format.!

Through! this! system,! the! importance!of!Wnt! signalling! in! two!basalHlike! tumour!

types!has!been!demonstrated,!and!several!novel!compounds!identified!for!the!inhibition!

of!tumour!growth! in!these!cases.!Furthermore,!the!assay!system!has!strongly! indicated!

the!significance!of!the!tumour!microenvironment!in!determining!the!degree!of!response!

to! certain! therapeutic! interventions,! which! could! prove! beneficial! in! the! targeting! of!

drugs!for!particular!stages!of!cancer!in!later!points!of!the!drug!discovery!pipeline.!

Using! the!organoid!model!as!a!proxy! for# in#vivo! situations!has!also!enabled! the!

initial! interrogation!of!a!presumed!relationship!between!Wnt!dependent!stem!cells!and!

tumour!development!and!the!discovery!of!a!potential!mechanism!by!which!depleting!a!

tumour! of! its! stem! cells! may! increase! sensitivity! to! cytotoxic! compounds.! The!

implications!and!value!of!this!work!will!be!discussed!further!in!chapter!7.!!
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7 Discussion*

The!main!outcome!of! this! thesis!was! the!development!of!a!novel!3D!mammary!

organoid! culture! system! unlike! any! other! currently! available,! concomitantly!

recapitulating!in#vivo!mammary!gland!epithelial!composition,!architecture!and!functions.!

Using! this! system,! several! areas! were! investigated,! from! the! optimisation! of! culture!

conditions,!to!signalling!pathways,!single!cell!growth!analysis!and!even!tumour!biology.!!

From! this! work,! many! interesting! discussion! points! were! raised,! including;! the!

importance!of! the!Wnt!signalling!pathway! in!mammary!development,! the!potential! for!

cell!plasticity! in!culture,! the! requirement! for!a!basal!niche! for!mammary!development,!

the!limited!lifespan!of!mammary!organoids!and!the!role!of!the!Wnt!pathway!in!tumour!

growth.!Each!will!be!discussed!in!turn!in!this!chapter.!

7.1 Mammary*development*relies*on*a*‘justQright’*level*of*Wnt*signalling.**

The! most! notable! observation! from! this! work! was! the! varied! developmental!

responses! of! mammary! epithelial! cells! to! RHSpondin1! levels! in! organoid! culture.! High!

levels!of!RHSpondin1,!mirroring!those!applied!to!intestinal!organoid!cultures!by!Sato!et!al!

(2009),!caused!a!high!number!of! large,!dense!structures!to!form!(Figure!3.3).!However,!

these! conditions! also! inhibited! luminal! differentiation,! favouring! strong!

hyperkeratinisation!and!basal!p63!expression!in!mammary!organoid!culture!(Figure!3.2).!

Interestingly,! this!phenotype!of!normal!mammary!epithelial! cells!was! similar! to! that!of!

basalHlike! tumours! –! in! particular! those! from! the!MMTVHWnt1!mouse!model,! in!which!

Wnt1! is! constitutively!expressed! (Appendix! IH1).!RHSpondin1,! released! from! luminal!ERH!

populations! in#vivo,! is!known!to!promote!the!maintained!surface!expression!of!the!Wnt!

receptors!Fzd!and!Lrp!to!potentiate!Wnt!signalling,!and!as!such!its!levels!can!be!linked!to!

the!absolute!level!of!Wnt!pathway!activity!in!cultures,!as!confirmed!by!the!resemblance!

of! high! RHSpondin1! treated! organoids! to! those! possessing! constitutive!Wnt! activation!

(Figure!3.10).!Although!Wnt!signalling!is!considered!one!of!the!key!pathways!regulating!

mammary!ductal!and!lobuloalveolar!growth!(Dale!2011),!it!appeared!that!a!lower!level!of!

RHSpondin1/Wnt!may!be!required!for!normal!development!to!take!place!in!the!organoid!

system.!!

Conversely,! the! complete! removal! of! RHSpondin1! from! mammary! organoid!

culture! enabled! only! very! few! small! organoids! to! form! (Figure! 3.3).! Although! these!
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possessed!differentiated!luminal!cell!populations!(Figure!3.4),!they!were!shown!by!Jardé!

et! al! (2016)! to! lack! a! complete! basal! myoepithelial! layer.! While! Wnt/RHSpondin1!

signalling! has! previously! proven! important! to! the! success! of! many! other! organoid!

systems! (Sato!et# al.! 2011),! the! degree! to!which!Wnt/RHSpondin1!pathway! activity!was!

able!to!shift!the!balance!of!proliferation!and!differentiation!in!the!mammary!system!was!

unprecedented.!Basal! cells! clearly!depended!on!Wnt! signalling! for! their! expansion!and!

development!H!perhaps!unsurprisingly,!since!in#vivo,!the!basal!population!is!widely!shown!

to!possess!a!Wnt!responsive!stem!cell!population!(Zeng!and!Nusse,!2010;!Wang,!et#al.,#

2015).!By!contrast,! luminal!development!was! inversely!regulated!by!Wnt!activity! in!the!

presence! of! levels! of! RHSpondin1! that! have! previously! been! shown! to! support!

differentiation!of!all!intestinal!epithelial!cell!lineages.!The!hypothesis!was!formed!that!for!

concurrent,!balanced!differentiation!of!both!mammary!lineages,!a!‘justHright’!level!of!RH

Spondin1! and! as! such,! Wnt! activity! might! be! required.! Analogous! ‘just! right’! Wnt!

signalling!requirements!for!tissue!development!have!been!widely!discussed!in!historical!

literature;! in! the! intestine,! high! levels! of! Wnt! signalling! in! the! crypts! promote! the!

proliferation! of! stem! cells,! while! reduced!Wnt! signalling! further! away! from! the! crypt!

encourages! differentiation! of! the! various! intestinal! epithelial! cell! types.! Similarly,! the!

development! of! colorectal! tumours! has! been! shown! to! require! a! precise! level! of!Wnt!

signalling!(Albuquerque!et#al.!2002).!Following!APC!loss!in!the!tissue,!downstream!target!

genes! are! only! switched! on! once! the! transcriptional! regulator! βHcatenin! reaches! a!

minimum!threshold,!while!conversely,!the!overHaccumulation!of!βHcatenin!in!the!nucleus!

promotes!cell!death,!inhibiting!tumour!development!(Albuquerque!et#al.!2002).!!

Titration! experiments! showed! that! normal! mammary! biology! could! indeed! be!

recapitulated! in! organoid! culture! using! a! determined! ‘low’! level! of! RHSpondin1,! in!

combination! with! Neuregulin1! (Nrg1;! discussed! in! a! later! section).! Structures,! formed!

from! cells! characterised! as! Wnt! responsive! (based! on! nuclear! βHcatenin! localisation,!

(Figure! 3.12)),! contained! distinct! luminal! and! basal! compartments,! comprising! all!

differentiated!cell!populations! (Figure!3.13).! Interestingly,! the! low! levels!of!RHSpondin1!

were!able!to!support!the!formation!of!a!complete!myoepithelial!cell!layer!as!shown!by!aH

SMA!staining!(Figure!3.12),!whilst!still!allowing!luminal!differentiation.!Organoids!grown!

under! these! conditions! showed! physiologically! relevant! function! and! selfHrenewal;!

hormone!responses!were!maintained!(Figure!3.22)!and!a!100!fold!expansion!in!organoid!
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number! observed! (Figure! 3.18)! over! the! 2.5! months! that! structures! remained!

karyotypically!normal!in!culture!(Figure!3.20).!This!presented!a!significant!advance!on!any!

culture! system! currently! published! (Obr! et# al.! 2013).! It! was! therefore! concluded! that!

carefully! orchestrated! ‘justHright’! Wnt! signalling! is! absolutely! essential! for! normal!

mammary!organoid!development.!!

Interestingly,! despite! Wnt! signalling’s! role! in! promoting! stem! and! basal! cell!

function,!small!molecule!inhibition!of!endogenous!Wnt!signalling!in!mammary!organoid!

culture!abrogated! luminal!PR+!cell!development! (Figure!4.5,!4.6),!suggesting!that!some!

Wnt!signalling!may!be!necessary!for! luminal!differentiation.!This!result!could!point!to!a!

Wnt!responsive!luminal!progenitor,!similar!to!Axin2!positive!luminal!cells!demonstrated!

to!have!roles!in!alveolar!development!during!pregnancy!(van!Amerongen!et!al.,!2014),!or!

TCF1!rich!luminal!progenitors!expandable!under!hormone!induced!Wnt!stimulation!(Joshi!

et! al.,! 2015).! Alternatively,! it! may! highlight! the! complexity! of! sequential! interactions!

between!basal!and!luminal!cells.!These!could!act!as!a!network!of!reciprocal!interactions!

regulating!mammary! development,! in!which! luminal! cells! indirectly! respond! to! a!WntH

dependent! ‘justHright’! signal! from!basal!cells! to!support! their!expansion! (discussed! in!a!

later!section).!

7.1.1 Wnt* signalling* in* the*mammary* gland;* ligands,* their* regulation* and* potential*

sources.*

The!possibility!that!a!‘justHright’!level!of!Wnt!signalling!may!be!generated! in#vivo!

poses!many!more!questions! than! can! currently!be! answered.! For! example,!which!Wnt!

ligand(s)!are!involved!in!mammary!development?!Which!cells!produce!them?!How!is!the!

overall!Wnt! activity! in! the! system! controlled?! At! least! 19!Wnt! ligands! are! known! and!

several! are! differentially! expressed! by! distinct! cell! populations! within! the! mammary!

gland! and! at! distinct! phases! of! mammary! gland! development! (Jardé! and! Dale,! 2011).!

Furthermore,! 8! Fzd! receptors! and!2! LRP! coHreceptors! (LRP5/6)!bind!Wnt! ligands! and!a!

range!of!other!Wnt!binding!proteins!are!expressed!during!development!(van!Amerongen,#

2012).! ! The! complexity! of! the! known! expression! patterns! together!with! their! differing!

ligandHbinding!capacities!preclude!any!a!priori!predictions!of!Wnt!pathway!activity!based!

exclusively!on!Wnt!ligand!expression!profiles.!However,!several!inferences!may!be!made!

based!on!data!obtained!in!this!thesis.!
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The! ligand! Wnt3a,! when! exogenously! applied! in! mammary! organoid! culture!

initiated! wholly! different! developmental! responses! to! RHSpondin1! in! culture! despite!

working!via!a!common!pathway!H!causing!a!slight!reduction!in!lobular!morphology!while!

RHSpondin1!caused!more!pronounced,!tumourHlike!development!(Figure!4.1).!While!such!

results! may! merely! indicate! that! Wnt3a! is! not! the! ligand! important! for! mammary!

organoid! development,! the! result!might! instead! be! linked! to! the! role! of!multiple!Wnt!

ligands!and/or!receptors.!Alternatively,!the!differing!outcomes!of!Wnt3a!and!RHSpondin1!

treatment!might!also!be!a!consequence!of!spatioHtemporal!differences!in!Wnt!signalling.!

As!shortHrange!signalling!molecules,!it!is!often!the!gradient!or!location!of!Wnt!in!a!local!

environment! that! instructs! development! H! asymmetric! cell! division! in! embryonic!

development! is!known!to!depend!upon!a!morphogenic!gradient,!while!cell!polarisation!

relies!on!the!distribution!of!Wnt!receptors!toward!a! local!stimulus!(Habib!et#al.!2013)!H!

therefore,!a!global!increase!in!Wnt!concentration!by!exogenous!addition!to!cultures!may!

not!be! sensed! in! the! same!way!as!a!defined,! localised! signal.!Receptor!expression!and!

localisation! likely! also! play! a! part! in! this! coordination! of! ‘justHright’! signalling;! the!

intricate! combination! of! parameters! involved! further! complicate! the! understanding! of!

Wnt!signalling!in!the!gland.!

Wnt3a! itself! is!not!a!naturally!occurring!mammary!Wnt! ligand;! in! fact,! the!only!

Wnt! ligand! that! has! been! definitively! shown! to! exist! within! this! mammary! organoid!

system! to! date! is! Wnt4! (Brisken,! et# al.,! 2000).! Expressed! in# vivo! by! luminal! PR+! cell!

populations!in!response!to!progesterone!stimulation!during!pregnancy,!Wnt4!usually!acts!

in!a!paracrine!fashion!alongside!RankL!to!promote!the!expansion!of!mammary!stem!cell!

populations,!preparing!the!gland!for!lactation!(Joshi!et!al.,!2010).!In!line!with!this!known!

biology,! progesterone! treatment! of! mammary! populations! in! organoid! culture! in! this!

study! showed! similarly!upregulated!Wnt4!expression! (Figure!3.22),!While! the!organoid!

culture!system!is! in!general,!definitively!progesterone!free,!a!basal! level!of!Wnt4!! likely!

exists;! however,! this!Wnt! may! not! comprise! the! main!Wnt! ligand! in! the! observed! RH

Spondin1! dependent! organoid! development.! In! fact,! that! luminal! cells! do! not! exist! in!

‘high! RHSpondin1’! treated! mammary! organoids! (Figure! 3.2)! not! only! contradicts! the!

existence!of!a!paracrine!Wnt4!involvement!in!this!development,!but!also!actually!implies!

any!Wnt!signal!involved!would!be!definitively!autocrine!(Figure!7.1).!WntH6!and!WntH10a!

are! currently! the! only! identified! basally! produced! Wnt! ligands,! with! as! yet! unknown!
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functions,! and! as! such! may! warrant! further! study! in! this! system! (Dale! 2011).! When!

considering! the! developmental! potential! of! a! luminal! Wnt! responsive! progenitor! (as!

discussed!above),!an!entirely!different!Wnt! ligand!would! likely!be! involved.!WntH2,!and!

WntH7b,! for! example,! are! alternate! mammary! Wnts! that! could! also! be! involved,! but!

without!further!study!the!complete!combination!of!Wnt! ligands! involved!in!RHSpondin1!

mediated!development!are!still!a!subject!for!speculation.!For!a!summary!of!known!Wnt!

ligand!signalling!that!incorporates!data!from!this!report!and!existing!data!see!Figure!7.1.!

!

!
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Figure 7.1 Suggested Wnt pathways in the mammary organoid system. 

Multiple!Wnt!ligands!are!likely!involved!in!the!orchestration!of!mammary!development.!In!the!presence!of!

progesterone,! luminal! PR+! cell! populations! upHregulate!Wnt4! expression,! acting! on! the! basal! stem! cell!

population.! Wnt6! and!Wnt10a! have! been! indicated! to! be! released! from! basal! populations,! and! could,!

based!on!evidence!described!in!7.1.1,!act! in!an!autocrine!manner.!Luminal!ER+!cells!release!Wnt7b,!with!

unknown! function,!but!could!act!on!any!one!of! the!cell!populations,! in! theory.! !A!subpopulation!of!Wnt!

responsive!luminal!cells!may!also!exist,!with!unknown!stimulating!Wnts.!!
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7.2 Wnt*signalling*is*just*one*of*several*signalling*pathways*required*for*normal*

mammary*organoid*development*

7.2.1 Neuregulin1*signalling*supports*luminal*populations**

The! second! key! pathway! identified! for!mammary! organoid! development! in! this! thesis!

was!that!of!Nrg1.!Jardé!et!al!(2016)!previously!demonstrated!that!Nrg1!more!efficiently!

promoted! organoid! formation! than! the! related! RTK! ligand,! EGF! –! as! used! in! intestinal!

organoid!culture.!In!this!thesis,!the!Nrg1!signalling!pathway!was!proven!through!lentiviral!

knockdown!of!Nrg1!receptors!(ErbB3!or!ErbB4)!to!be!crucial!to!organoid!formation!and!

growth!(Figure!4.12).!Luminal!cell!populations!in!particular!showed!a!strong!proliferative!

response!to!Nrg1!in!the!system!(Figure!5.1).!In#vivo,!Nrg1!stimulates!ErbB3/4!rich!luminal!

progenitor!expansion!and!lobularHalveolar!development!during!pregnancy!(Forster!et#al.,!

2014).!Moreover,!Nrg1!is!shown!to!be!released!in!a!paracrine!manner!from!p63!positive!

basal! cell! populations,! with! the! knockout! of! p63! abrogating! luminal! progenitor!

proliferation! and! differentiation.! Paracrine! signalling! from! basal! to! luminal! cells,! in!

combination!with! the! known! requirement! for!Wnt! in! basal! development,!may! explain!

how!and!why!the!balance!of!luminal!and!basal!differentiation!shifts!so!dramatically!with!

Wnt!activity;!under!an! insufficient!Wnt!stimulus,!basal!cells!may!not!produce!paracrine!

signals!that!are!able!to!support!luminal!cell!development!(figure!7.2).’!

7.2.2 EGF*may*be*a*factor*in*the*basal*cell*niche*

Given!such!clear!effects!of!Nrg1!on!organoid!outgrowth,!along!with!evidence!in!this!

thesis!and!indeed!mammary!literature!for!a!basal!Wnt!responsive,!stem!cell!population,!

it! was! highly! surprising! to! find! that! basal! cells! isolated! by! FACS! were! unable! to! form!

organoids! under! NRL! conditions! (Figure! 4.1),! while! luminal! cells! could! do! so! readily.!

Moreover,!the!data!also!showed!an!unexpected!plasticity!of!luminal!populations;!this!is!

considered!as!a!separate!point!in!a!later!section.!!!

!Stem!cells!are!known!to!require!a!particular!supporting!niche,!commonly!involving!

Wnt!ligand.!Since!the!addition!of!RHSpondin1!or!Wnt!to!NRL!media!was!not!sufficient!to!

promote! organoid! formation! the! hypothesis! was! formed! that! alternative! signalling!

pathways!may!also!be! involved.! Indeed,! the!Nrg1Hrelated!RTK! ligand!EGF!was! found! to!

markedly! increase! organoid! formation! in! culture! from! basal! cell! populations! following!

FACS!(Figure!5.10),!with!the!combination!of!EGF,!Wnt3a!and!RHSpondin1!promoting!the!!
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Figure 7.2 Proposed model of paracrine signalling networks in mammary organoid 

development 

Progesterone! signalling! to!PR+! luminal! cells! induces!upregulated!expression!of!Wnt4!and!RANKL.!RANKL!

induces! RHSpondin1! release! from! luminal! ERH! cells,! which! coHoperates! with!Wnt4! and! RANKL! to! induce!

expansion! of! the! basal! stem/progenitor! population.! Activation! of! the! p63+! basal! subset! induces! Nrg1!

release,!which!feeds!back!to!luminal!populations!and!induces!their!lobuloHalveolar!like!differentiation.!RTK!

stimulation!of!basal!stem!cells! is!required! in!conjunction!with!activation!of!the!Wnt/RHSpondin1!axis,!the!

ligand!for!which!(EGF)!may!be!produced!by!luminal!ER!populations.!

!

highest! level!of!organoid! formation.!A! similar! role! for! EGF! in! the!basal!niche!has!been!

shown!in!many!previous!studies;!attempts!to!culture!basal!cells!in!mammosphere!culture!

or! in! Matrigel! have! included! EGF! since! it! was! suggested! to! encourage! proliferation!

(Dontu!et# al.! 2003;! Zeng! and!Nusse! 2010),!while!Wnt3a! in! combination!with! EGF,! has!

been! shown! to! significantly! promote! stem! cell! selfHrenewal! in# vitro! (Zeng! and! Nusse!

2010).!!

Given! such! a! demonstrable! requirement! for! EGF! for! basal! cell! development! in!

isolation,!it!was!intriguing!that!under!apparently!EGF!deficient!NRL!conditions,!basal!cells!

were! clearly! identified! to! be! actively! dividing! in! mixed! cell! cultures! (Figure! 3.15).!

Therefore,! it!was! proposed! that! other! cell! types! fulfil! the! basal! cell! niche.! Indeed,! the!

enhanced! organoid! plating! efficiency! of! cell! recombinations! (Figure! 5.6)! support! the!

existence! of! such! a! paracrine! signal.! There! is! currently! little! literature! to! suggest! the!

release!of!EGF!from!anything!other!than!stromal!cell! types,!of!which!there!are!none! in!

the!mammary! organoid! system.! As! EGF!was! the! only! alternative! RTK! ligand! trialled! in!

single!population!cultures!however,!it!has!not!been!disproved!that!other!factors!might!in!
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fact!be!similarly!(or!alternatively)!involved!in!basal!cell!stimulation.!FGF!ligands!in!mixed!

culture,!forexample,!showed!increased!potency!when!applied!to!definitively!single!(and!

thus! spatially! separated)! epithelial! cell! populations! compared! to! epithelial! fragments!

(Figures!4.7!and!4.8)!potentially! supporting!a!naturally!occurring,!closeHrange!paracrine!

signalling! FGF! network.! Interestingly,! FGFs! and! EGF! have! similar! stimulating! effects! on!

basal!stem!cells!in!mammosphere!culture!(Dontu!et#al.!2003),!perhaps!implicating!a!level!

of! factor! redundancy! and! potential! pathway! crosstalk! in! the!mammary! gland.! Further!

work! would! be! required! to! address! this! possibility;! one! of! the! advantages! of! the!

mammary! organoid! system! is! that! larger! scale! investigation! of! growth! factor! effects!

could!be!carried!out!with!ease.!

7.3 Luminal*cell*populations*exhibit*unusual*plasticity*in*certain*contexts*

As! briefly! described! above,! under! NRL! culture! conditions,! luminal! ERH! or! ER+!

mammary! epithelial! cells! were! unexpectedly! observed! to! successfully! generate!

mammary!organoids!consisting!of!both!luminal!(ERH!and!ER+)!and!basal!cell!populations,!

arranged! in!a! tissue!specific!architecture! (Figure!5.1).!Although! luminal!progenitors!are!

known!to!rely!on!Nrg1!for!their!expansion!in!pregnancy!(Forster!et#al.#2014),!given!that!

various!mammary!hierarchy!models!dictate!that!stem!or!progenitor!populations!maintain!

each! adult! lineage! in! a! solely! unidirectional!manner! (Figure! 1.5),! organoids! formed! by!

progenitor! expansions! would! not! be! expected! to! possess! basal! populations.! Results!

therefore!imply!a!degree!of!plasticity!of!luminal!populations!following!FACS.!!

Such!plasticity!of!luminal!mammary!epithelial!cells!is!not!entirely!unparalleled!in!

the! literature.! Historical! transplantation! studies! have! shown! luminal! to! basal!

transdifferentiation! in! altered! physiological! settings,! such! that! an! otherwise! lineage!

restricted! single! luminal! cell! can! reconstitute! an! entire,! functional!mammary! epithelial!

tree!upon!transplantation!(Sleeman!et#al.!2007;!Rodilla!et#al.!2015)!(van!Amerongen!et#al.!

2012),! while! both! ERH! and! ER+! luminal! progenitor! populations! have! multilineage!

differentiation!potential! in! short! term!3D! culture! (Shehata!et#al.! 2012).! Since! in!mixed!

population!organoid!cultures,!luminal!cells!have!been!definitively!shown!as!distinct!from!

dividing!cell!populations!(Figure!3.14),!it!would!appear!that!it!is!the!artificial!isolation!by!

FACS! or! the! subsequent! single! cell! culture! conditions! that! induce! the! unusual!

differentiation! potentials! of! luminal! cells.! Interestingly,! luminal! ER+! cell! populations,!
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described! as! nonHdividing! populations! (Clarke,! et# al.,# 1997)! showed! a! significantly!

enhanced!organoid! formation!potential! under! highly!Wnt! stimulated! conditions! in! this!

work! (Figure! 5.8).! While! a! small! population! of! dividing! ER+! cells! (around! 0.05%! in!

absence!of!estrogen)!are!seen!to!exist!in!the!mammary!gland!(Mastroianni!et!al.!2009),!

the! division! of!which! can! be! supressed! by! TGFH! β!mediated! signalling! (i.e.! indicating! a!

level! of! Wnt! responsiveness)(Ewan! et! al.,! 2005),! this! cannot! account! for! the! level! of!

organoid! outgrowth! observed,! instead! implicating! the! altered! microenvironment! as!

another!crucial!determinant!in!the!acquisition!of!stemHlike!properties.'!

Taken!together,!evidence!here!supports!the!idea!that!mammary!lineage!may!not!

have!a!steadfast,!predetermined!pathway!of!development!(Chaffer!et!al.!2011);!that! is,!

while!under!physiological!conditions!a!traditional!hierarchy!may!be!observed,!a!potential!

for! bidirectionality! of! such! a! hierarchy! can! be! uncovered! in! unusual! contexts! (eg.! cell!

isolation,! altered! microenvironment! such! as! the! tumour! context;! see! later).! An!

alternative! ‘high! plasticity’! cellular! hierarchy!map! to! that! originally! described! in! Figure!

1.5!is!therefore!proposed!in!Figure!7.3.!!!

Such! plasticity! may! not! be! unique! to! luminal! populations;! perhaps! much! like!

luminal! cells! in! isolation! develop! highly! plastic! differentiation! abilities,! basal! cells!

following! FACS! assume! a! more! primitive! state,! requiring! supportive! signals! that! are!

redundant! in! physiological! settings.! As! such,! the! aboveHdescribed! requirement! for! EGF!

(or!FGF,!etc)!may!merely!be!an!artefact!of!the!assay,!in!an!alternative!explanation!to!the!

paracrine!signalling!hypothesis.!

7.3.1.1 Cell#plasticity#and#cancer#stem#cells#

The! ability! to! observe! plasticity! of! nonHstem! cells! under! ‘stress’! conditions!

indicates!the!organoid!system!as!an!important!tool!in!breast!cancer!research,!providing!

insight! into! mechanisms! by! which! cancers! can! develop.! The! ‘cancer! stem! cell’! (CSC)!

hypothesis! suggests! that! a! tumour! is! derived! from! a! population! with! stem! cellHlike!

properties;!not!necessarily! the! ‘normal’!stem!cell!of! the!tissue! in!question,!but!any!cell!

that!has!acquired!characteristics!such!as!multilineage!potential,! long!term!regeneration!

and!expansion!–!much!like!the!luminal!cells!described!above.!In#vivo,!despite!numerous!

associations!of! basal! breast! cancers!with! faults! in! and!expansion!of! a!WntH! responsive!

basal!stem!cell!population,!strong!evidence!now!suggests!that!this!subset!of!cancer!may
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Figure 7.3 Cellular hierarchy under ‘high plasticity’ conditions. 

A! consensus! hierarchy! in! which! an! initial! basal! MaSC! population! forms! either! luminally! (Lum)! or!

myopithelially!resitricted!stem!cells!(Sc),!or!progenitors!(P),!which!each!serve!to!repopulate!their!individual!

lineage,!is!shown,!based!on!findings!from!(Van!Keymeulen!et#al.!2011)!and!(van!Amerongen!et#al.!2012).!In!

this! hierarchy,! luminal! ER+! cells! are! terminally! differentiated,! either! through! direct! luminal! Sc/P!

differentiation!or! transition! from!an! intermediary! luminal!ERH!cell.!Red!dotted!arrows! indicate! the!newly!

proposed! “high! plasticity”! transdifferentiation! capabilities! of! the! luminal! population,! including! the!

terminally!differentiated!luminal!ER+!population.!!

!

actually! derive! from! a! luminal! population! (Lim! et# al.! 2009).! Molyneux! et# al.! (2010)!

reported! that! BRCA1! deficient! luminal! progenitors! initiate! tumours! more! closely!

resembling!basalHlike!tumours!than!BRCA1!deficient!basal!cells!do,!while!tumour!invasion!

also! has! been! shown! to! rely! on! a! similar! acquisition! of! basal! identity! by! luminal!

populations! (Cheung! et# al.! 2013).! Moreover,! oncogenic! insult! in# vitro! also! promotes!

luminal! transdifferentiation;! retrovirally!mediated! oncogenic! transformation! of! luminal!

populations! (Hein! et# al.! 2016),! the! transient! expression! of!MaSC! transcription! factors!

Sox9!and!Slug!(Guo!et#al.!2012),!and!overexpression!of!the!usually!basal!ΔNp63!isoform!

in! luminal! cells! (Chakrabarti! et# al.! 2014)! each! promote! basal! properties! and! confer!

multilineage!differentiation! capacity.! The! genetic!manipulation!of! cells! in! the! organoid!

system! could! be! of! particular! benefit! in! studies! of! tumour! development;! allowing! the!

stepwise!progression!of!tumour!initiation!in!individual!cell!populations!to!be!monitored.!!

7.4 *A*finite*lifespan*of*mammary*organoids*may*reflect*inherent*biology.**

Under! NRL! conditions,! a! normal! organoid! phenotype! and! karyotype! could! be!

maintained!for!around!2.5!months!in!culture.!Although!a!significantly!longer!period!than!

currently!published!culture!conditions!allow,!such!a!limited!life!span!notably!contrasted!
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with!long!term!organoid!growth!from!other!tissues;!expansion!in!the!liver!and!pancreatic!

organoid!systems!can!exceed!8!and!9!months,!respectively,!while!the!small!intestine!and!

prostate!can!grow!in!culture!for!more!than!1.5!years!(Huch,!et#al.!2013;!(Huch!et#al.!2013;!

Sato!et#al.!2009;!Karthaus!et#al.!2014).!!

The! most! likely! explanation! for! this! phenomenon! is! that! the! organoid! culture!

system!accurately!reflects!the!inherent!biology!of!the!mammary!gland.!Historical!in#vivo!

evidence! strongly! supports! a! natural! senescence! of! mammary! epithelial! cells! after! a!

relatively!small!number!(5!to!8)!of!sequential!transplants!or!divisions,!(Daniel!and!Young!

1971;! Smith! and!Boulanger!2003),!while! in# vitro! assays!have! identified! similar! traits! of!

MaSCs!in!culture!(Dey!et#al.!2009).!Since!the!tissue!is!required!to!undergo!relatively!little!

tissue! remodelling!compared! to,! for!example,! the!small! intestine,!which! replenishes! its!

entire! epithelia! every! 3! to! 5! days! as! part! of! normal! homeostasis,! it! is! perhaps!

unsurprising! that! the! respective! long! term! renewal! capacities! of! the! respective! tissues!

differ!so!dramatically.!!

An! alternate! explanation! could! of! course! be! inferred! by! the! combination! of!

evidence!from!luminal!and!basal!population!cultures,!as!discussed!above.!If,!contrary!to!

assumptions,! a! required! niche! forming! EGF! signal! were! not! provided! in! a! paracrine!

manner,!shortHlived!luminal!progenitors!might!be!forced!to!deHdifferentiate!to!form!the!

main!organoid!forming!population.!Since!progenitors!have!a!finite!expansion!capacity,!a!

corresponding! limited! regenerative! ability! of! organoid! cultures! might! be! expected.!

However,!confirmed!activity!in!mixed!culture!of!basal!cells!by!EdU!staining!(Figure!3.15)!

significantly!reduces!the!likelihood!of!this!explanation.!This!question!could!be!definitively!

resolved! by! the! extended! culture! and! characterisation! of! mammary! organoids! under!

conditions! comprising! both! Nrg1! and! EGF! in! combination.! If! culture! limitations! truly!

reflect!an!inherent!biological!property!of!the!gland!then!the!addition!of!EGF!to!cultures!

would!be!expected!to!have!no!benefit!to!the!duration!of!phenotypically!normal!culture.!

The! observation! of! a! ‘crisis’! at! 2.5!months,! in!which!mammary! cells!with! clear!

chromosomal! abnormalities! and! loss! of! normal! phenotypic! marker! expression! are!

generated!after!a!brief!period!of!slowed!growth,!is!also!not!an!unprecedented!biological!

phenomenon.! The! Hayflick! limit,! discovered! in! 1961! (Hayflick! and! Moorhead! 1961),!

states!that!twoHdimensional!cultures!of!fibroblasts!will!stop!dividing!after!50!cumulative!

population!doublings,!in!a!process!now!also!known!as!replicative!senescence.!This!limit!is!
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controlled!by!the!length!of!telomeric!DNA!at!the!end!of!each!chromosome;!at!a!critically!

minimal!length,!mitosis!is!prevented!to!inhibit!potential!damage!to!the!coding!region!of!

DNA!that!could!lead!to!proHtumourigenic!mutations.!However,!HMECs!in!particular!have!

shown! the! unique! ability! to! spontaneously! emerge! from! such! senescence! and! enter! a!

telomereHbased!crisis,!generating!chromosomal!abnormalities! resembling! those!seen! in!

early!breast!cancers!(Romanov!et#al.!2001),!and!therefore!its!is!possible!that!the!system!

presented!here!accurately!reflects!this!previously!observed!biology,!modelling!early!steps!

in!carcinogenesis.!

7.5 Features*of*a*‘justQright’*Wnt*signalling*requirement*are*apparent*in*basalQlike*

tumour*organoids.*

Culture! conditions!developed!and!characterised! in!earlier! sections!of! this! thesis!

also!allowed!the!culture!of! tumour!derived!organoids! in! the!system,!thus!widening!the!

scope! of! understanding! of! ‘justHright’! Wnt! signalling! in! mammary! development.! As!

described! above,! high! RHSpondin1,! and! as! such,! highly!Wnt! activated! conditions! could!

induce! a! tumourHlike! development! of! mammary! organoids! in! culture,! mimicking! the!

MMTVHWnt1!phenotype!(Figure!1.1,!Appendix!IH1).!BasalHlike!breast!cancers!in!particular!

often! exhibit! similar! strong! ‘WntHon’! profiles,! and! so! the! investigation! of! the! Wnt!

pathway!in!this!cancer!subtype!was!of! interest;!namely,!the!effect!of!Wnt!inhibition!on!

their!growth,!and!the!effect!to!which!inhibition!affected!CSC!compartments,!discussed!in!

turn!here.!!

MMTVHWnt1!organoids!showed!differential!growth!characteristics!under!NRL!and!

ERH! conditions! (Figure! 5.1);! a! somewhat! unexpected! result! given! the! inherently! high!

level!of!Wnt!signalling!already!present!in!the!tumour.!In!contrast,!the!T1!model!showed!

no!difference!in!routine!organoid!growth!under!either!condition.!Given!that!the!T1!model!

has!been!characterised! to!overexpress! the!Fzd7! receptor! (Zhang!et#al.!2015),! the!main!

target!of!RHSpondin1!upregulation,!results!further!indicate!the!importance!of!not!just!the!

level! of!Wnt! ligand,! but! also! the! level! of! receptor! expression,! in! controlling! ‘justHright’!

Wnt!activity.!Moreover,!tumours!are!not!simply!defined!by!a!‘Wnt!on’!profile!–!a!sliding!

scale!of! tumourigenic!phenotypes!may!be!observed!depending!on!the!degree!to!which!

‘justHright’!Wnt!activity!has!been!altered.!

Multiple! inhibitors! of! the! Wnt! pathway,! including! novel! compounds! from! drug!

discovery! programs,! showed! efficacy! in! reducing! tumour! organoid! growth! (Table! 6.1).!
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Importantly,!responses!appeared!to!accurately!reflect!the!inherent!biology!of!the!tumour!

type;!T1!tumour!organoids!known!to!overexpress!Fzd7!responded!extremely!well!to!AntiH

Frizzled! antibody! administration! (Appendix! IIH3),!while!MMTVHWnt1! organoids! showed!

less! sensitivity! to! the! treatment! (Appendix! IIH4),! indicating! the! organoid! system! as! a!

reliable!model!of!biological!response.!!

Crucially,!response!to!inhibition!relied!upon!the!initial!level!of!Wnt!activity!present;!

higher! IC50s!were! often! observed! under! EGF,! RHSpondin1! high! conditions! compared! to!

NRL! conditions.! This! effect!was! particularly! obvious! in! the!MMTVHWnt1!model,!where!

the!IC50!of!porcupine!inhibitor!IWPH2,!for!example,!increased!23.5!fold!over!that!observed!

under! ‘normal’! conditions! (Table!6.1).! Such!a!phenomenon! supports! that! analogous! to!

the! sliding! scale! of! tumour! development! described! above,! Wnt! dependent! tumour!

growth! cannot! be! simply! switched! off! in! response! to! inhibitors! in! a! binary! manner;!

instead,! reductions! in! organoid! volume! are! representative! of! the! starting! level! of!Wnt!

activity,!and!the!degree!to!which!‘justHright’!Wnt!signalling!levels!can!be!restored.!!

7.5.1 ‘JustQright’*Wnt*signalling*likely*controls*CSC*populations*

In! the! above! studies! of!Wnt! inhibition,!while! a! reduction! in! tumour! volume!was!

considered! a! positive! outcome,! the! true! degree! of! effects! on! prospective! CSC!

populations!was! not! clear! from! direct! growth! assays! alone.! In! an! ideal! situation,!Wnt!

inhibition! would! prevent! CSC! activity! and! thus! reduce! the! likelihood! of! tumour!

recurrence.!!

The! inhibitor! CCT251545,! while! showing! efficient! inhibition! of! organoid! growth!

alone!and!in!synergy!with!Taxol!in!conventional!inhibitor!assays,!unexpectedly!caused!an!

increased! replating! efficiency! of! mammary! epithelial! cells! (Figure! 6.13),! perversely!

indicating!increased!CSC!or!TA!number,!through!an!as!yet!unconfirmed!mechanism.!It!is!

known!that!SCs!generally!renew!by!asymmetric!division,!forming!one!TA!cell!and!one!SC!

to!maintain!SCs!at!a!steady!state.!Such!a!mechanism!relies!on!a!‘justHright’!Wnt!stimulus,!

whereby! too! low!an!activity!prevents! stem!cell! selfHrenewal,!while! too!high!an!activity!

inhibits!TA!formation!and!differentiation,!favouring!SC!formation.!It!is!therefore!possible!

that!CCT!reduces!Wnt!activity!to!alter!SC!dynamics,!promoting!a!SC!to!TA!population!shift!

that! results! in! increased! outgrowth! of! secondary! mammary! organoids! (ie.! organoid!

formation! may! be! a! property! of! both! stem! cells! and! TA! cells).! The! specific! biological!



! 203!

function!of!CCT!may!also!control!such!dynamics.!CCT!is!a!CDK8/19!inhibitor,!designed!to!

abrogate! the! function! of! WntHrelated! Mediator! transcriptional! machinery! (Dale! et# al.!

2015);! in!C.! elegans,! components!of! the!Mediator! complex!homologous! to! the!MED12!

and!MED13! subunits! in!mammals! are! key! regulators! of! asymmetric! cell! division,! their!

mutation!favouring!symmetric!division!(Yoda!et#al.!2005).!While!the!role!of!CDK8!in!this!

regulation!has!not!been!confirmed,!it!is!possible!that!as!part!of!the!same!transcriptional!

complex,! its! abrogation! could! cause! similarly! altered! SC! dynamics.! Whether! such! a!

mechanism!is!entirely!Wnt!dependent!or!unique!to!CDK8!inhibition!would!require!similar!

assays!using!a!different!inhibitor.!!

CCT! treatment! prior! to! replating,! presumably! by! virtue! of! an! increase! in! TA!

proportions,!paradoxically!aided!the!secondary! treatment!of!T1! tumour!organoids!with!

SoC,! Taxol! (Figure! 6.16),! potentially! indicating! a! benefit! of! such! sequential! therapy.!

Indeed,!similar!approaches!are!currently!used!in!treating!patients!with!metastatic!breast!

cancers;!sequential!doxorubicin!and!taxol!administration! increases!disease!free!survival!

compared! to! concurrent! therapy! (Henderson! et# al.! 2003),! while! tamoxifen! shows!

improved! results! when! given! after! SoC! therapy,! compared! to! simultaneous! treatment!

(Albain!et#al.!2009).!

Given! that! sequential! treatment! did! not! entirely! ablate! tumour! organoid!

outgrowth! (Figure!6.16),! further!detailed! investigation!of! its!potential! is! required,!with!

indications!that!different!assay!formats!are!needed.!!On!one!hand,!results!may!suggest!a!

dualHtreatment!resistant!population,!or!even!only!a!partial! inhibition!of!Wnt!activity!by!

CCT,! such! that! a! subpopulation! of! SCs! remains! able! to! undergo! asymmetric! division,!

producing!CSCs!able! to!evade!SoC! therapy,! thus! contraindicating! the!use!of! sequential!

therapy! in! the! clinic.! Alternatively,! since! it! has! already! been!demonstrated! in! ‘normal’!

culture!that!cell!plasticity!may!occur!under!altered!conditions,!results!may!simply!be!an!

artefact! of! a! similar! induced! plasticity! upon! replating.! That! is,! treated! cells! may! not!

possess!SC!like!qualities!prior!to!replating,!but!upon!replating!and!removal!or!change!of!

inhibition,!acquire!CSC!potential!to!enhance!replating!efficiency.!Such!plasticity!has!been!

shown!to!occur!in!basal!breast!cancers;!non!CSCs!undergo!a!epithelialHtoHmesenchymalH

like! transition! to! form! cells! with! a! CSC! profile! under! the! regulation! of! the! EMT!

transcription!factor!ZEB1!(Chaffer!et#al.!2013).!If!this!latter!explanation!is!indeed!true,!the!

current! replating!assay! format!may!actually!provide!more!useful!data! in! the!context!of!
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metastasis,!where!primary!tumour!cells!adapt!to!form!a!tumour!in!a!new!environment.!

An! alternative! assay! system! illustrating! the! effects! of! sequential! therapy! in! a! nonH

replating!format!would!be!required!to!pinpoint!which!of!the!above!mechanisms,!if!any,!

causes! such!persistent! tumour!organoid!outgrowth.! For! this,! a! tumour!model! in!which!

CSC!populations!could!be!easily!distinguished!from!more!differentiated!cell!types!would!

be!of!great!benefit.!!

7.6 Further*work*in*the*mouse*mammary*organoid*model*

7.6.1 Defining*basal*cell*involvement*and*‘longQterm’*capabilities*

Despite! showing! expansion! in! culture,!maintained! functionality,! phenotype! and!

karyotype! over! extended! periods,! it! is! evident! that! for! definitive! characterisation! as!

‘recapitulative’! of! the! in# vivo! gland,! the! question! of! whether! longHterm! mammary!

organoid! culture! can!be!performed!needs! resolving.!As!described!above,! the!extended!

culture!of!organoids! in!Nrg1,!EGF!and!RHSpondin1! low!containing!media!would!achieve!

this.!!

The!role!of!EGF! in!supporting!basal!cells! in!mixed!culture! is!as!yet!unconfirmed.!

qRTHPCR! analysis! of! mammary! expression! of! EGF! and! its! receptor! in! sorted! cell!

populations!could!be!performed!to!better!understand!this!potential!network.!Moreover,!

the!extended!investigation!of!other!growth!factors!(eg.!FGFs)!that!may!be!involved!in!a!

basal! cell! niche! could! be!performed.! For! example,! in# vivo,! an! as! yet! unstudied! (in! this!

system)! paracrine! network! is! known! to! exist! in! the!mammary! gland;! the! amphiregulin!

signalling! pathway.! Estrogen! stimulation! of! luminal! ER+! populations! induces! AREG!

release,!the!ligand!then!acting!upon!stromal!cells!to!initiate!release!of!factors!promoting!

basal! cell! activity! –! reportedly! including! FGFs,! amongst! other! factors! (Ciarloni! et# al.!

2007).! Currently,! mammary! organoid! cultures! lack! stromal! cells,! such! that! this! exact!

pathway!cannot!occur.!Thus,!inclusion!of!stromal!components!into!the!system!in!future!

experiments! could! enable! physiological! function! of! the! ligand! may! also! be! a! key!

consideration.!Recent!work!in!the!intestinal!organoid!field!supports!the!role!of!intestinal!

stromal! cells! in!providing!niche! forming! factors! such!as!Wnt3!and!RHSpondin!when!coH

cultured!in!Matrigel!(Kabiri!et#al.!2014).!Indeed,!this!method!may!also!be!beneficial!in!the!

context! of! tumour! organoid! growth,! for! further! assessment! of! the! role! of! the! tumour!

microenvironment!in!response!to!therapeutic!regimes.!!
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7.6.2 Optimisation*of*the*CSC*assay*format.*

Despite! best! efforts! to! generate! a! CSC! assay,! the! complicated! hierarchies! of!

mammary!epithelial!and!tumour!cells!mean!that!true!dynamics!within!the!system!cannot!

really!be!confidently!determined! in!the!above!assays!without!a!unique!marker!of!SC!or!

TA!identity.!A!T1!tumour! lentivirally! infected!with!a!dual!fluorescent!(7xTcfHeGFP/SV40H

mCherry)!reporter!of!Wnt!activity!has!been!obtained!from!the!Rosen!laboratory,!with!the!

intention! to! repeat! the! above! assays! and! quantitatively! analyse! Wnt! responsive! and!

more! differentiated! population! proportions! by! FACS,! before! and! after!Wnt! inhibition.!

Future!studies! into!inhibitor!effect!on!stem!populations!would!greatly!benefit!from!this!

work,!and!would!be!easily!performed!with!the!aid!of!the!3D!system.!!

7.6.3 Modelling*the*initiation*and*progression*of*cancer*

Genetic! predisposition! to! cancer! is! a!major! factor! that! could! be! assessed!with!

organoid! culture.! The! culture! conditions! detailed! in! this! thesis! support! the! growth! of!

mammary!tissue!from!several!genetic!backgrounds,!and!could!in!turn!aid!the!culture!of!

tissue!derived!from!countless!existing!mouse!models!with!known!genetic!predisposition!

to! breast! cancer,! i.e.! BRCA1H/+,! BRCA1H/H,! MMTVHHer2,! MMTVHMet,! MMTVHNeu.! In!

depth! analysis! of! the! propensity! of! individual! cell! populations! to! form! tumours,! their!

response!to!signalling!pathways!or!even!exhibit!growth!factor! independence! in!culture,!

would!be!possible!in!the!context!of!this!system.!NRL!conditions!should!allow!a!range!of!

differentiation!to!be!observed!from!different!backgrounds.!!

Separately,! organoids! in! this! culture! system! are! demonstrably! amenable! to!

genetic!manipulation!by!lentiviral!transfection,!allowing!the!targeted!gene!knockdown!or!

overexpression! and! the! assessment! of! consequence! to! mammary! development.! The!

study! of! breast! tumour! initiation! and! progression! could! benefit! from! such! targeted!

alterations!in!organoid!culture.!In!other!organoid!systems,!complex!gene!editing!has!also!

been!performed!using!increasingly!popular!‘clustered!regularly!interspersed!palindromic!

repeat’Hassociated!protein!9!(CRISPRHCas9)!based!techniques.!In!brief,!this!method!uses!a!

guide! RNA! template! and! the! Cas9! endonuclease! to! selectively! introduce! breaks! in! the!

genome!for!gene!removal!or!addition.!CRISPRHCas9!has!been!successfully!implemented!in!

cultures! of! normal! human! colon! organoids,! enabling! the! stepwise! progression! of! a!

tumour!and!the!associated!growth!factor!dependencies!to!be!monitored!in!an!accessible!
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system! (Matano! et# al.! 2015).! Targeting! gene! mutation! or! even! gene! correction! in!

individual!cell!populations!using!this!approach!in!the!mammary!organoid!system!may!aid!

the!resolution!of!CSC!identity!in!various!breast!tumour!subtypes.!!

NonHgenetic! factors,! including! age! and! parity,! shown! to! predispose! to! cancer,!

could!also!be!studied!in!the!organoid!system.!For!the!purposes!of!this!thesis,!tissue!has!

been!obtained!from!young!virgin!mice!to!study!the!effect!of!signalling!pathways!on,!and!

the!cell!of!origin!in,!mammary!organoid!culture.!However,!since!human!breast!cancer!risk!

is!raised!in!women!of!postHmenopausal!age,!and!can!be!linked!to!lifetime!estrogen!and!

progesterone! exposure! (Brisken! and! O'Malley! 2010)! H! early! menarche! increasing! risk,!

while! increased!parity! reduces! risk! (Dall!et#al.! 2016)! H! the! study!of! cells!obtained! from!

older! mice,! and! those! having! produced! offspring,! could! greatly! benefit! the! study! of!

tumour!predisposition.!How!does!cell!plasticity!change!with!age?!Can!pregnancyHinduced!

maturation! of! progenitors! reduce! plasticity,! conferring! protection! against! tumour!

development?!Mammary!organoid!culture!shows!potential!to!answer!questions!such!as!

these,!and!many!more.!

7.7 Future*directions*for*mammary*organoid*technology*

7.7.1.1 Human#mammary#organoid#culture#

Despite!the!clear!benefits!of!mouse!derived!organoid!systems!over!current!2D!or!

in# vivo! experimental! models,! some! disparities! still! exist! between! mouse! and! human!

tissues.!This!can!contribute!to!the!identification!of!toxicities!that!may!not!be!relevant!in!a!

patient,! or! false! negative! responses! to! targeted! therapies! H! both! of! which! can! cause!

compound!failure!H!or!conversely,!the!failed!detection!of!toxicity!due!to!a!unique!effect!in!

human! tissues,! only! detected! in! Phase! I! clinical! trials.! A! human! organoid! system!

therefore!is!the!ideal!representative!in#vitro!model.!!!

Many!organoid!culture!systems!originally!optimised!using!mouseHderived!tissues!

are!now!adapted! for! the! culture!of!human! tissue.!Notably,! the!original! intestinal! crypt!

culture! system! allows! the! growth! of! not! only! human! small! intestine,! but! also!

oesophageal!and!colonic!epithelium! (Sato!et#al.! 2011).!A! rapidly!growing! list!of!human!

organoid! systems! now! includes! the! liver! (Huch! et# al.! 2015),! prostate! (Anon! 2014),!

pancreas!(Boj!et#al.!2015;!Huang!et#al.!2015)!and!stomach!(Bartfeld!et#al.!2014),!to!name!

a! few.! In! the! liver! organoid! system,! speciesHspecific! hepatotoxicity! has! been! shown!
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between! rat! and! human! organoids,! confirming! the! need! for! species! relevant! models!

(Kostadinova!et#al.!2013).!Importantly,!many!of!these!systems!now!allow!the!growth!of!

matched! normal! and! diseaseHaffected! tissues,! allowing! nonHspecific! toxicities! to! be!

studied.!

Although! breast! carcinoma! cultures! have! reportedly! been! established! by!

Hubrecht! Organoid! Technology! (the! HUB)! under! a! nonHdisclosed! protocol,! a! system!

enabling!extended!normal!human!breast!organoid!culture!has!not!yet!been!described!in!

the! literature.! Recently,! attempts! to! culture! patient! derived! wild! type! material! have!

described! a! simple! growth! of! primary! tissue,! but! show! no! expansion! capabilities!

(Linnemann! et# al.! 2015;! Sokol! et# al.! 2016)! As! such,! the! adaptation! of! the! 3D! system!

described!in!this!thesis!for!the!culture!of!human!breast!tissue!would!be!of!considerable!

value!to!the!mammary!field.!!

7.7.1.2 Organoids#as#commercially#available#drug#screening#tools#

Although!the!inhibitor!studies!performed!in!this!thesis!were!on!a!relatively!small!

scale,!in!the!drug!discovery!pipeline!the!demand!exists!for!such!assays!on!a!much!larger!

scale.! Significant! correlations! of! drug! sensitivity! and! tumour! phenotype! require! high!

throughput!screening!of!compounds!across!a!large!range!of!tumours,!and!are!not!reliably!

made!in!2D,!while!in#vivo!work!is!costly!and!timeHconsuming.!!

A! recent! study! demonstrated! that! a! ‘living! bioHbank’! of! around! 20! paired!

colorectal! cultures! could! accurately! represent! the! spread! of! mutations! found! in!

colorectal! cancers,! and! was! amenable! to! high! throughput! drug! screening! for! the!

identification! of! mutationHlinked! sensitivities! (van! de! Wetering! et# al.! 2015).! Similarly,!

unwanted!drugHrelated!toxicity!to!wildHtype!tissue,!and!drug!delivery!mechanisms!can!be!

modelled! in! such! in# vitro! systems,! refining! the! likelihood!of! compound!success! in! later!

animal! and! clinical! based! stages! of! the! process! (Astashkina! and! Grainger! 2014;!

Astashkina!et#al.!2014).!Indeed!the!HUB,!as!mentioned!briefly!above,!have!begun!to!build!

such! bioHbanks! from! a! range! of! tissues.! Using! the! knowledge! of! mammary! organoid!

development! gained! in! this! thesis,! similar! advances! could! reasonably! be!made! in! the!

mammary!system,!with!huge!benefit!to!the!drug!discovery!process.!

!
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Taken!together,!work!in!this!thesis!has!demonstrated!the!utility!and!advantages!of!

the!mammary!organoid!system!as!a!physiologically!relevant!tool!for!investigating!various!

aspects! of! mammary! biology.! Conclusions! have! not! only! been! drawn! about! normal!

mammary! development! requirements! as! a!whole,! but! also! about! individual!mammary!

epithelial!cell! functions,!cellular! interactions!and!dependencies,!and!about!mechanisms!

that!may! control! tumour! initiation!and!development.! In! the! case!of!novel! compounds,!

the!organoid! culture! system!has!proven!useful! in! the! rapid! identification!of!efficacious!

inhibitors!and!their!suitable!treatment!ranges,!and!work!has!also!begun!to!illustrate!the!

benefits!of!such!a!system!in!understanding!CSCs.!

Organoid! culture! is! now! a! rapidly! expanding! field,! with! no! doubt! countless!

benefits! left! to!be!discovered.!Work!detailed! in! this! thesis!has!by!no!means!exhausted!

the!utilities!offered!by!a!mammary!organoid!system,!instead!offering!up!many!points!of!

further!enquiry!that!could!be!easily!addressed!using!such!cultures.!!
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9.1 Appendix*I:*Additional*figures*from*Jardé*et*al.*(2016)*
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!

Appendix I-1 R-spondin-1 treated mammary organoids recapitulate MMTV-Wnt1 tumour 

tissue histology.  

Mammary!epithelial!cells!were!cultured!with!600!ng/ml!RHspondinH1(R&D!systems),!50!ng/ml!EGF!and!100!

ng/ml! noggin! for! 21! days.! Organoids! were! fixed,! embedded! in! paraffin! and! sectioned.! Sections! were!

stained! for!Hematoxylin!and!Eosin! (H&E)!and!basal!markers! (keratinH14,!K14;!p63;! smooth!muscle!actin,!

SMA).! In! parallel,! MMTVHWnt1! driven! mammary! gland! tumours! were! fixed,! embedded! in! paraffin,!

sectioned!and!stained.!!
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Appendix I-2 Neuregulin 1 and its receptors Erbb3 and Erbb4 are expressed in distinct 

mammary cell populations.  

Mammary!epithelial!cell!populations!were!FACS!sorted!using!a!panel!of!antibodies:!CD24
low
!ScaH1

H
!CD49f

high
!

(stem! cell! enriched! fraction),! CD24
low
! ScaH1

H
! CD49f

low
! (myoepithelial! cell! population),! CD24

high
! ScaH1

H
!

(luminal! estrogen! receptor! negative! cells)! and! CD24
high

! ScaH1
+
! (luminal! estrogen! receptor! positive! cells).!

Expression! of! Neuregulin! 1,! Erbb3! and! Erbb4! was! evaluated! by! quantitative! RTHPCR! (n=3! independent!

experiments).! Fold! expression±95%! confidence! over! the! comparator! population! (CD24
high

Sca1
H
).! ND,! no!

expression!of!Erbb4!detected.!*,!p!<!0.05;!♯,!0.05!<!p!<!0.1!(vs!CD24
high

!Sca1
H
),!unpaired!Student!T!test.!
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Appendix I-3 Neuregulin 1 increases the growth of mammary organoids compared to EGF.  

(a)!Mammary!epithelial!cells!were!freshly!isolated,!embedded!in!matrigel!and!exposed!to!culture!medium!

containing!Noggin! (100ng/ml),! EGF! (100! ng/ml)! or!Neuregulin! 1! (100ng/ml)! for! 15! days.! The! number! of!

viable!cells!(Wst!assay)!was!evaluated!(n=3,!means±standard!deviation.).!*,!p!<!0.05,!paired!Student!T!test.!

(b)! Representative! pictures! of! mammary! organoids! treated! with! culture! medium! containing! Noggin!

(100ng/ml),!EGF!(100!ng/ml)!or!Neuregulin!1!(100ng/ml)!for!15!days.!Scale!bar,!50!μm.!(c)!The!number!of!

viable!cells!(Wst!assay)!was!evaluated!(n=3,!means!±standard!deviation)!under!increasing!concentrations!of!

Nrg1!in!culture.!*,!p<!0.05,!paired!student!THtest.!!
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Appendix I-4 Mammary organoids exhibit normal responses to steroid hormones after 30 

days in culture.  

!Expression!of!ER,!PR,!RankL!and!Wnt4! following! treatment!with!progesterone! (P,!40ng/ml),!estrogen! (E,!

4ng/ml)!or!both!hormones.!Mammary!organoids!cultured!for!30!days!were!treated!for!4!and!24!hours!and!

gene!expression!evaluated!by!quantitative!RTHPCR.!Data!are!expressed!as!fold!change!(vs!untreated,!n=3,!

means±standard!deviation.).!*,!p!<!0.05,!paired!Student!T!test.!

!

'
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9.2 Appendix*II:*Single*Wnt*inhibitor*titration*studies*
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Appendix II-1 Analysis of the effects of IWP-2 on T1 tumour organoid growth.  

Freshly! trypsinised! T1! tumour! cells! were! seeded! at! 1000! per! µl! Matrigel! and! overlaid! with! media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

IWPH2!from!a!two!fold!titration!range!(7.8nM!–!2000!nM),!or!a!matched!DMSO!control.!!

(i)*Growth! curves! from!days! 3! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis! software!under! the! IWPH2! titration! range,! expressed!here! as! log! fold! vs! control! at! day! 3! values!

(n=1).! (ii)* IC50!best! fit!curves!were!generated!at!day!4!of!culture,!and! (iii)*Fold!total!organoid!volume!(vs!

control)! graphs! at! day! 7! (mean! ±standard! deviation,!NRL! n=1,! ERH!n=1).! (iv)* Endpoint! Cell! Titer!Glo! 3D!

viability!(mean!±!standard!deviation,!n=1)!measurements. 
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Appendix II-2. Analysis of the effects of IWP-2 on MMTV-Wnt1 tumour organoid growth.  

Freshly!trypsinised!MMTVHWnt1!tumour!cells!were!seeded!at!750!per!µl!Matrigel!and!overlaid!with!media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

IWPH2!from!a!two!fold!titration!range!(7.8nM!–!2000!nM),!or!a!matched!DMSO!control.!!

(i)*Growth! curves! from!days! 2! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis! software!under! the! IWPH2! titration! range,! expressed!here! as! log! fold! vs! control! at! day! 2! values!

(n=1).! (ii)* IC50!best! fit!curves!were!generated!at!day!4!of!culture,!and! (iii)*Fold!total!organoid!volume!(vs!

control)! graphs! at! day! 7! (mean! ±standard! deviation,!NRL! n=3,! ERH!n=3).! (iv)* Endpoint! Cell! Titer!Glo! 3D!

viability!(mean!±!standard!deviation,!n=1)!measurements. 
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Appendix II-3. Analysis of the effects of Anti-Fzd on T1 tumour organoid growth. 

Freshly! trypsinised! T1! tumour! cells! were! seeded! at! 1000! per! µl! Matrigel! and! overlaid! with! media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

AntiHFzd!antibody!from!a!two!fold!titration!range!(0.05!nM!–!1000!nM),!or!a!matched!PBS!control.!!

(i)*Growth! curves! from!days! 3! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis!software!under!the!AntiHFzd!titration!range,!expressed!here!as!log!fold!vs!control!at!day!3!values!

(n=1).! (ii)* IC50!best! fit!curves!were!generated!at!day!4!of!culture,!and! (iii)*Fold!total!organoid!volume!(vs!

control)! graphs! at! day! 7! (mean! ±standard! deviation,!NRL! n=2,! ERH!n=2).! (iv)* Endpoint! Cell! Titer!Glo! 3D!

viability!(mean!±!standard!deviation,!n=1)!measurements. 

!
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Appendix II-4. Analysis of the effects of Anti-Fzd on MMTV-Wnt1 tumour organoid growth.  

Freshly!trypsinised!MMTVHWnt1!tumour!cells!were!seeded!at!750!per!µl!Matrigel!and!overlaid!with!media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

AntiHFzd!antibody!from!a!two!fold!titration!range!(0.05nM!–!1000!nM),!or!a!matched!PBS!control.!!

(i)*Growth! curves! from!days! 2! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis!software!under!the!AntiHFzd!titration!range,!expressed!here!as!log!fold!vs!control!at!day!2!values!

(n=1).! (ii)* IC50!best! fit!curves!were!generated!at!day!4!of!culture,!and! (iii)*Fold!total!organoid!volume!(vs!

control)! graphs!at!day!7! (mean!±! standard!deviation,!NRL!n=2,!ERH!n=2).! (iv)*Endpoint!Cell! Titer!Glo!3D!

viability!(mean!±!standard!deviation,!n=1)!measurements. 
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Appendix II-5 Analysis of the effects of IWR-1 on T1 tumour organoid growth. 

Freshly! trypsinised! T1! tumour! cells! were! seeded! at! 1000! per! µl! Matrigel! and! overlaid! with! media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

IWRH1!from!a!two!fold!titration!range!(4.7!–!1200!nM),!or!a!matched!DMSO!control.!!

(i)*Growth! curves! from!days! 3! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis! software!under! the! IWRH1! titration! range,! expressed!here! as! log! fold! vs! control! at! day!3! values!

(n=1).! (ii)* IC50!best! fit!curves!were!generated!at!day!4!of!culture,!and! (iii)*Fold!total!organoid!volume!(vs!

control)! graphs! at! day! 7! (mean! ±standard! deviation,!NRL! n=1,! ERH!n=1).! (iv)* Endpoint! Cell! Titer!Glo! 3D!

viability!(mean!±!standard!deviation,!n=1)!measurements. 
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Appendix II-6 Analysis of the effects of IWR-1 on MMTV-Wnt1 tumour organoid growth.  

Freshly!trypsinised!MMTVHWnt1!tumour!cells!were!seeded!at!750!per!µl!Matrigel!and!overlaid!with!media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

IWRH1!from!a!two!fold!titration!range!(4.7nMH1200!nM),!or!a!matched!DMSO!control.!!

(i)*Growth! curves! from!days! 2! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis! software!under! the! IWRH1! titration! range,! expressed!here! as! log! fold! vs! control! at! day!2! values!

(n=1).!(ii)* IC50!best!fit!curves!or!fold!total!organoid!volume!(vs!control)!graphs!were!generated!at!day!4!of!

culture,!and!(iii)*Fold!total!organoid!volume!(vs!control)!graphs!at!day!7!(mean!±standard!deviation,!NRL!

n=3,!ERH!n=3).!(iv)*Endpoint!Cell!Titer!Glo!3D!viability!(mean!±!standard!deviation,!n=1)!measurements. 
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Appendix II-7 Analysis of the effects of MSC2526550-A on T1 tumour organoid growth. 

Freshly! trypsinised! T1! tumour! cells! were! seeded! at! 1000! per! µl! Matrigel! and! overlaid! with! media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

MSC2526550HA!from!a!two!fold!titration!range!(31.25nM!–!8000!nM),!or!a!matched!DMSO!control.!!

(i)*Growth! curves! from!days! 3! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis!software!under!the!MSC2526550HA!titration!range,!expressed!here!as!log!fold!vs!control!at!day!3!

values!(n=1).!(ii)*Fold!total!organoid!volume!(vs!control)!graphs!were!generated!at!day!4!of!culture,!and!(iii)*

at!day!7! (mean!±standard!deviation,!NRL!n=2,!ERH!n=2).! (iv)*Endpoint!Cell!Titer!Glo!3D!viability! (mean!±!

standard!deviation,!n=1)!measurements. 
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Appendix II-8 Analysis of the effects of MSC2526550-A on MMTV-Wnt1 tumour organoid 

growth.  

Freshly!trypsinised!MMTVHWnt1!tumour!cells!were!seeded!at!750!per!µl!Matrigel!and!overlaid!with!media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

MSC2526550HA!from!a!two!fold!titration!range!(32.5nMH8000!nM),!or!a!matched!DMSO!control.!!

(i)*Growth! curves! from!days! 2! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis!software!under!the!MSC2526550HA!titration!range,!expressed!here!as!log!fold!vs!control!at!day!2!

values!(n=1).!(ii)*Fold!total!organoid!volume!(vs!control)!graphs!were!generated!at!day!4!of!culture!and!(iii)*

at!day!7! (mean!±standard!deviation,!NRL!n=3,!ERH!n=3).! (iv)*Endpoint!Cell!Titer!Glo!3D!viability! (mean!±!

standard!deviation,!n=1)!measurements. 
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Appendix II-9 Analysis of the effects of MSC2501490A-5 on T1 tumour organoid growth. 

Freshly! trypsinised! T1! tumour! cells! were! seeded! at! 1000! per! µl! Matrigel! and! overlaid! with! media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

MSC2501490AH5!from!a!two!fold!titration!range!(31.25nM!–!8000!nM),!or!a!matched!DMSO!control.!!

(i)*Growth! curves! from!days! 3! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis!software!under!the!MSC2501490AH5!!titration!range,!expressed!here!as!log!fold!vs!control!at!day!3!

values!(n=1).!(ii)*IC50!best!fit!curves!were!generated!at!day!4!of!culture!and!(iii)*Fold!total!organoid!volume!

(vs!control)!graphs!at!day!7!(mean!±standard!deviation,!NRL!n=2,!ERH!n=2).!(iv)*Endpoint!Cell!Titer!Glo!3D!

viability!(mean!±!standard!deviation,!n=1)!measurements.!
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Appendix II-10 Analysis of the effects of MSC2501490A-5 on MMTV-Wnt1 tumour organoid 

growth.  

Freshly!trypsinised!MMTVHWnt1!tumour!cells!were!seeded!at!750!per!µl!Matrigel!and!overlaid!with!media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

MSC2501490AH5!from!a!two!fold!titration!range!(32.5nMH8000!nM),!or!a!matched!DMSO!control.!!

(i)*Growth! curves! from!days! 2! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis!software!under!the!MSC2501490AH5!titration!range,!expressed!here!as!log!fold!vs!control!at!day!2!

values!(n=1).!(ii)!IC50!best!fit!curves!were!generated!at!day!4!of!culture!and!(iii)*Fold!total!organoid!volume!

(vs!control)!graphs!at!day!7!(mean!±standard!deviation,!NRL!n=3,!ERH!n=3).*(iv)*Endpoint!Cell!Titer!Glo!3D!

viability!(mean!±!standard!deviation,!n=1)!measurements. 
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Appendix II-11 Analysis of the effects of MSC2504877-A on T1 tumour organoid growth. 

Freshly! trypsinised! T1! tumour! cells! were! seeded! at! 1000! per! µl! Matrigel! and! overlaid! with! media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

MSC2504887HA!from!a!two!fold!titration!range!(31.25nM!–!8000!nM),!or!a!matched!DMSO!control.!!

(i)*Growth! curves! from!days! 3! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis!software!under!the!MSC2504877HA!titration!range,!expressed!here!as!log!fold!vs!control!at!day!3!

values! (n=1).! (ii)*Fold! total!organoid!volume!(vs!control)!graphs!or! IC50!best! fit!curves!were!generated!at!

day!4!of!culture!and!(iii)*Fold!total!organoid!volume!(vs!control)!graphs!at!day!7!(mean!±standard!deviation,!

NRL! n=2,! ERH! n=2).! (iv)* Endpoint! Cell! Titer! Glo! 3D! viability! (mean! ±! standard! deviation,! n=1)!

measurements.!
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Appendix II-12 Analysis of the effects of MSC2504877-A on MMTV-Wnt1 tumour organoid 

growth.  

Freshly!trypsinised!MMTVHWnt1!tumour!cells!were!seeded!at!750!per!µl!Matrigel!and!overlaid!with!media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

MSC2504877HA!from!a!two!fold!titration!range!(32.5nMH8000!nM),!or!a!matched!DMSO!control.!!

(i)*Growth! curves! from!days! 2! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis!software!under!the!MSC2504877HA!titration!range,!expressed!here!as!log!fold!vs!control!at!day!2!

values!(n=1).!(ii)!Fold!total!organoid!volume!(vs!control)!graphs!were!generated!at!day!4!of!culture!and!(iii)*

at!day!7! (mean!±standard!deviation,!NRL!n=3,!ERH!n=3).* (iv)*Endpoint!Cell!Titer!Glo!3D!viability! (mean!±!

standard!deviation,!n=1)!measurements. 
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Appendix II-13 Analysis of the effects of MSC2524070 on T1 tumour organoid growth. 

Freshly! trypsinised! T1! tumour! cells! were! seeded! at! 1000! per! µl! Matrigel! and! overlaid! with! media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

MSC2524070!from!a!two!fold!titration!range!(31.25nM!–!8000!nM),!or!a!matched!DMSO!control.!!

(i)*Growth! curves! from!days! 3! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis! software!under! the!MSC2524070! titration! range,! expressed!here! as! log! fold! vs! control! at! day! 3!

values! (n=1).! (ii)*Fold! total!organoid!volume!(vs!control)!graphs!or! IC50!best! fit!curves!were!generated!at!

day!4!of!culture!and!(iii)*Fold!total!organoid!volume!(vs!control)!graphs!at!day!7!(mean!±standard!deviation,!

NRL! n=1,! ERH! n=1).! (iv)* Endpoint! Cell! Titer! Glo! 3D! viability! (mean! ±! standard! deviation,! n=1)!

measurements.!
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Appendix II-14 Analysis of the effects of MSC2524070 on MMTV-Wnt1 tumour organoid 

growth.  

Freshly!trypsinised!MMTVHWnt1!tumour!cells!were!seeded!at!750!per!µl!Matrigel!and!overlaid!with!media!

containing!(A)!Neuregulin!(100!ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(2.65625!ng/ml);!or!(B)!EGF!(50!

ng/ml),!Noggin!(100!ng/ml)!and!RHSpondin!(42.5!ng.ml),!supplemented!with!either!a!set!concentration!of!

MSC2524070!from!a!two!fold!titration!range!(32.5nMH8000!nM),!or!a!matched!DMSO!control.!!

(i)! Growth! curves! from! days! 2! to! 7! in! culture.!Organoid! volume!was!measured! daily! using!GelCountTM!

analysis! software!under! the!MSC2524070! titration! range,! expressed!here! as! log! fold! vs! control! at! day! 2!

values!(n=1).!(ii)!Fold!total!organoid!volume!(vs!control)!graphs!were!generated!at!day!4!of!culture!and!(iii)*

at!day!7! (mean!±standard!deviation,!NRL!n=3,!ERH!n=3).* (iv)*Endpoint!Cell!Titer!Glo!3D!viability! (mean!±!

standard!deviation,!n=1)!measurement.!!
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