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Abstract+in+English+
Cutaneous!malignant!melanomas! result! from! neoplastic! growth! of!melanocytes! and! are!

the!most!severe!type!of!skin!cancer.!To!improve!overall!survival,!a!better!understanding!of!

melanoma! tumorigenesis! is! needed. Recent! findings! suggest! that!within! almost! all! solid!

tumors! in! anology! to! hematopoetic! tumors! a! small! subpopulation! of! tumor! cells!

exculsively! have! tumor! initiating! and! propagating! capacity. These so called cancer stem 

cells (CSCs) might also be the reason for the high rate of therapy failure, tumor relapse and 

metastasis. 

This! study! was! aimed! at! establishing! useful! methods! and! identifying! markers! or!

combinations! of! markers! to! characterize! CSCs! in! lowRpassage! melanoma! cells.# After!

establishing!primary!melanoma!cell!cultures!I!identified!subpopulations!of!melanoma!cells!

that!express!CD133,!which!is!correlated!with!asymmetric!cell!division!and!downregulated!

upon! cell! differentiation! and! OCT4A! the! master! regulator! of! pluripotency.! I! enriched!

CD133+!as!well!as!OCT4A+!cells!from!the!bulk!and!found!that!crucial!regulatory!pathways!

related! to! oncogenesis! and! stemness! such! as! Wnt,! Hedgehog! and! Notch! signaling! are!

significantly!overexpressed!in!the!respective!positive!populations.!I!validated!these!results!

for!the!TGF-β signaling pathway,!which!is!crucial!to!maintain!the!undifferentiated!state!in!

human!embryonic!stem!cells!(hESCs)!on!the!protein!level.!I!found!this!cascade!exclusively!

activated! in! CD133+! melanoma! cells.! In! addition,! an! overlap! of! both! putative! CSC!

populations!was! indicated!by!the!overexpression!of!OCT4A!in!the!CD133+!subpopulation!

compared!to!CD133R!melanoma!cells!and!vice!versa.!In#vivo!experiments!showed!enhanced!

tumor! growth! capabilities! of! CD133+! and! OCT4A+! melanoma! cells! compared! to! their!

negative! counterparts.! Thus,! CD133+! and! particularly! OCT4A+!melanoma! cells! comprise!

both!the!characteristics!of!stemRlike!cells!and!malignant!tumors!and!provide!strict!criteria!

for!selfRrenewal!and!asymmetric!cell!division!to!hold!up!the!term!of!CSCs!in!solid!tumors.!

Targeting!these!cells!may!lead!to!a!more!successful!tumor!intervention!in!the!future.!The!

dynamic! conversion! of! tumor! cell! phenotypes! that! I! have! observed! in! my! work! could!

substantially!hamper!a!successful!therapeutic!intervention.!Until!recently!it!was!believed!

that!tumor!heterogeneity!was!due!to!a!strict!hierarchical!order!where!only!dedicated!CSCs!

could!fuel! tumorRdevelopment!and!Rfate! in!an!unidirectional!manner.!My!results! indicate!

that! a! dynamic! plasticity! between! both! CSC! and! bulk! tumor! populations! exists,! which!

would! explain! tumor! survival! and! rapid! adaptation! to! unfavorable! microenvironments!

like!chemoR!and!radiotherapy.!Further!characterization!of!melanoma!cancer!stem!cells!and!

elucidation! of the interconversion between tumor cell populations! will! be! an! important!

prerequisite!for!a!lasting!prevention!of!tumor!recurrence!and!metastasis!and!may!pave!the!

way!for!better!understanding!tumor!biology.! !
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Abstract+in+German+
Das! kutane! maligne! Melanom,! eine! bösartige! Entartung! der! Melanozyten,! stellt! die!

gefährlichste! Form! von! Hautkrebs! dar.! Um! die! Gesamtüberlebenszeit! der! MelanomR

patienten! zu! verlängern,! ist! ein! besseres! Verständnis! der! Mechanismen! der! MelanomR

Tumorigenese! notwendig.! Studien! legen! nahe,! dass! fast! alle! soliden! Tumore! genau! wie!

hämatopoetische! Tumoren! eine! kleine! Subpopulation! von! Tumorzellen! enthalten,! die!

ausschließlich! die! Fähigkeit! zur! Tumorinitiierung! und! Selbsterneuerung! besitzen.! Diese!

sogenannten! Krebsstammzellen! stellen! vermutlich! auch! die! Ursache! für! das! häufige!

Therapieversagen,!sowie!das!Auftreten!von!Tumorrezidiven!und!Metastasen!dar.!

Ziel! dieser! Arbeit! war! die! Etablierung! geeigneter! Methoden! und! Identifizierung! eines!

geeigneten! Markers! oder! einer! Markerkombination! für! die! Charakterisierung! von!

Krebsstammzellen! in! primären,! niedrigRpassagigen! Melanomzellen.! Nach! Etablierung!

primärer! MelanomRZellkulturen! habe! ich! Subpopulationen! von! Melanomzellen!

identifiziert,! die! CD133! exprimieren,! einem!Marker,! der!mit! asymmetrischer! Zellteilung!

korreliert!und!während!der!Zelldifferenzierung!herunterreguliert!wird,!sowie!OCT4A,!den!

wichtigsten! Regulator! der! Pluripotenz.! Ich! habe! CD133+! und! OCT4A+! Zellen! aus! den!

Melanomkulturen! isoliert! und! herausgefunden,! dass! wichtige! regulatorische!

EntwicklungsR!sowie!krebsbezogene!Signalwege!wie!Wnt,!Hedgehog!und!Notch!signifikant!

in! diesen! MarkerRpositiven! Populationen! hochreguliert! sind.! Für! den! TGFRβRSignalweg,!

der! in! humanen! embryonalen! Stammzellen! essenziell! ist,! um! den! undifferenzierten!

Zustand! zu! erhalten,! habe! ich! diese! Ergebnisse! auf! Proteinebene! validiert.! Die! TGFRβR

Kaskade!war!ausschließlich!in!CD133+!Melanomzellen!aktiviert.!Eine!Überschneidung!von!

beiden! putativen! KrebsstammzellRPopulationen!wurde! außerdem! durch! Überexpression!

von!OCT4A!in!der!CD133+!Subpopulation!im!Vergleich!zur!CD133R!Fraktion!und!vice!versa!

angezeigt.! In# vivo! Experimente! zeigten! schließlich,! dass! CD133+! und! OCT4A+!

Melanomzellen! stärkere! TumorRinitiierende! und! Rpropagierende! Eigenschaften! besitzen!

als!CD133R!und!OCT4AR!Zellen.!Somit!weisen!CD133+!und!OCT4A+!Melanomzellen!sowohl!

die!Eigenschaften!von!Stammzellen!als!auch!malignen!Tumorzellen!auf!und!bieten!strenge!

Kriterien! für! Selbsterneuerung! und! asymmetrische! Zellteilung,! um! dem! Begriff!

Krebsstammzellen! in! soliden! Tumoren! gerecht! zu! werden.! Auf! diese! Zellen! gerichtete!

Therapien! könnten! in! der! Zukunft! effizientere! Strategien! zur! Heilung! von!

Melanompatienten!darstellen.!Die!dynamische!Konversion!von!TumorzellRPhänotypen,!die!

ich! während! meiner! Doktorarbeit! beobachtet! habe,! könnte! eine! erfolgreiche!

therapeutische!Intervention!jedoch!erschweren.!Bis!vor!kurzem!wurde!angenommen,!dass!

die! Heterogenität! in! Tumoren! einer! strikten! Hierarchie! unterliegt,! in! der! nur!
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Krebsstammzellen! die! Tumorentwicklung! und! das! Tumorschicksal! in! einer! streng!

unidirektionalen! Weise! steuern.! Ich! habe! gezeigt,! dass! stattdessen! eine! dynamische!

Plastizität! zwischen!KrebsstammzellR! und!nichtRstammzellartigen!Populationen! existiert,!

die! das! Tumorüberleben! und! eine! rasche! Adaption! an! Veränderungen! im! Tumorumfeld!

wie! bei! ChemoR! und! Strahlentherapie! erklären.! Eine! weitere! Charakterisierung! der!

MelanomRKrebsstammzellen! und! Aufklärung! der! gegenseitigen! Umwandlung! von!

Tumorzellpopulationen! wird! die! Voraussetzung! für! eine! langanhaltende! Verhinderung!

von!Tumorrezidiven!und!Metastasen!sein!und!den!Weg!für!ein!besseres!Verständnis!der!

Tumorbiologie!ebnen.!

!
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1 Introduction+

1.1 Human+skin+
The! skin! is! the! largest!multifunctional! organ! of! the! human! body.! It! provides! sensation,!

thermoregulation,! metabolic,! and! immune! functions! as! well! as! protection! from!

dehydration,!microorganisms!and!physical!and!chemical!injury!(Wysocki!1999).!It!consists!

of! two! layers,! the! epidermis! and! dermis,! separated! by! the! basement! membrane.! The!

schematic!structure!of!the!skin!with!its!most!important!components!is!shown!in!Figure!1.1.!

The! epidermis,! a! stratified! squamous! epithelium,! represents! the! outer! layer! of! the! skin!

and! is! composed! of! five! sublayers,! the! stratum! basale,! stratum! spinosum,! stratum!

granulosum,! stratum! licidum! and! stratum! corneum.!Within! the! epidermis! four! types! of!

specialized! cells! are! located:! keratinocytes! which! regulate! immune! and! inflammatory!

responses!in!the!skin!(Shirakata!2010);!melanocytes!which!produce!the!pigment!melanin;!

Langerhans! cells!which!are! a!prerequisite! for!T! cell! antigen!presentation! (Kaplan!2010)!

and!Merkel!cells!which!act!as!mechanoreceptors!(Lucarz#et#al.!2007).!

!

!

Figure+1.1:+Schematic+structure+of+the+human+skin.+
Shown! are! the! two! layers! of! the! skin,! the! epidermis! and! dermis! as! well! as! the! subcutis! with! its! most!
important!components!like!collagen!fibres,!sweat!glands,!nerves!and!hair!follicles.!
!

!

The!epidermis!is!maintained!by!mitosis!of!cells!within!the!stratum!basale.!Differentiating!

cells!delaminate! from! the!basement!membrane!and!are!displaced!outwards! through! the!

epidermal! layers.! Finally,! these! cells! flatten,! die! and! are! repelled! as! corneocytes.! In! this!

way,!the!entire!epidermis!is!renewed!about!every!28!days!(Hoath#et#al.!2003).!The!dermis!
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possesses! important! functions! like! stabilization! of! the! skin! and! immune! defense! and!

consists!of! the!papillary!and!reticular! layer.!These! layers! in!turn,!contain!collagen!fibres,!

immune!cells,!blood!vessels!and!nerves.!The!subcutis!is!a!layer!of!fat!and!connective!tissue!

below! the! dermis! that! comprises! larger! blood! vessels,! hair! follicles,! sweat! glands! and!

nerves.! This! layer! is! important! for! the! temperature! regulation! of! the! skin! itself! and! the!

body.!

1.1.1 Melanogenesis+
About! 2000! melanocytes! per! mm2! are! located! in! the! stratum! basale! of! the! epidermis!

(FukunagaRKalabis# et#al.! 2006,!Hoath# et#al.! 2003).! They! originate! from! highly!migratory!

embryonic!cells!of!the!so!called!neural!crest!(Uong#et#al.!2010).!The!cutaneous!melanocyte!

homeostasis!as!well!as!melanocyte!migration! to! the!epidermis,! function,!and! its! survival!

are!all!dependent!on!the!interaction!of!the!stem!cell! factor!(SCF)!with!its!tyrosine!kinase!

receptor,! CRKIT! (Grichnik# et# al.! 1998).! In! specific! cytoplasmic! organelles! called!

melanosomes! melanocytes! synthesize! and! deposite! the! pigment! melanin.! Melanocytes!

produce!two!main!types!of!melanin,!the!dark!brown!to!black!eumelanin!and!the!reddishR

yellow!pheomelanin.!The!ratio!of!eumelanin!and!pheomelanin!determines!the!color!of!the!

human! skin! and! hair.! The! higher! the! eumelanin/pheomelanin! ratio! the! darker! the! skin!

(Jimbow#et#al.!1993).!Melanin! is!a!polymere!of!dihydroxyindolecarboxylicacids,!and!their!

reduced! form! is! synthesized! from! the! amino! acid! tyrosine! using! the! enzyme! tyrosinase!

(Orlow! 1995).! When! skin! is! exposed! to! UV! light! the! tumor! suppressor! protein! p53! is!

stabilized! in!keratinocytes!and,! in! turn,! transcriptionally!activates! the!expression!of!proR

opiomelanocortin! (POMC)! followed! by! the! production! of! the! melanocytesRstimulating!

hormone! (MSH).! Subsequently,! MSH! is! released! by! keratinocytes! to! act! on! resting!

melanocytes!via!the!melanocortin!1!receptor!(MC1R)!(Cui#et#al.!2007).!Activation!of!MC1R!

leads! to! elevation! of! cAMP! levels! within! melanocytes,! which! in! turn! increases!

transcription! of! microphthalmiaRassociated! transcription! factor! (MITF).! In! response,!

tyrosinase! is! upregulated,! the! melanocytes! proliferate,! the! number! of! melanosomes!

increases!and!the!synthesis!of!melanin!from!tyrosine!starts!(Garibyan#et#al.!2010).!Melanin!

pigment!synthesized!by!each!melanocyte!is!packed!in!melanosomes!and!transferred!back!

to!an!average!of!36!keratinocytes.!The!transferred!melanin!then!forms!a!cap!at!the!top!of!

the!nucleus!of!mitotically!active!basal!cells,!prevents!the!ultraviolet!injurious!effects!on!the!

genomic!DNA!and!results! in!tanning!of!the!skin!(Bandarchi#et#al.!2010)!(compare!Figure+

1.2).!

!
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Figure+ 1.2:+ KeratinocyteG
MelanocyteGInteraction.+
Modified! from!Garibyan#et#al.!2010.!
UV! radiation! induced! DNA! damage!
leads! to! stabilization! of! p53! in!
keratinocytes,! which! activates! the!
expression!of!POMC!followed!by!the!
production!of!MSH.!MSH!is!released!
and! activates! resting! melanocytes!
via! the! receptor! MC1R.! After!
elevation! of! cAMP! within!
melanocytes,! which! in! turn!
increases! transcription! of! MITF,!
tyrosinase!gets!upregulated,!and!the!
synthesis! of! melanin! from! tyrosine!
starts.! Melanin! is! packed! in!
melanosomes! and! transferred! back!
to! keratinocytes! where! it! forms! a!
cap! at! the! top! of! the! nucleus.! This!
melanin! accumulation! results! in!
tanning!of!the!skin!and!protects!the!
cells! from! further! UV! induced! DNA!
damage.!
!

!
!

1.2 Malignant+melanoma+
Malignant! melanomas! represent! the! neoplastic! growth! of! melanocytes.! During! the!

following! sections! epidemiology,! etiology,! pathophysiology,! diagnosis,! classification! and!

therapy!of!malignant!melanoma!will!be!described.!

1.2.1 Epidemiology+and+etiology+
The!risk!factors!associated!with!melanoma!include!external!factors!such!as!exposure!to!UV!

radiation! and! host! factors! such! as! family! history,! history! of! dysplastic! nevi,! and! high!

number!of!nevi!(Cho#et#al.!2010).!Chronic!exposure!to!UV!radiation,!particularly!during!the!

childhood,!as!well!as!intermittent!UV!exposure!causing!severe!sunburns!increases!the!risk!

of!melanoma!development!dramatically!(Diepgen!2005).!In!1992!the!International!Agency!

for! Research! on! Cancer! (IARC)! classified! UV! radiation! from! sunlight! as! a! human!

carcinogen.! Upon! reaching! the! skin,! photons! of! UVR! are! absorbed! by! electrons! of! DNA!

producing! excited! electron! states! and! leading! to! DNA! damage.! UVR! can! also! lead! to!

generation! of! toxic! byRproducts,! which! then! indirectly! damage! DNA.! A! photochemical!

reaction!that!takes!place!after!DNA!is!exposed!to!UVB!usually!occurs!between!pyrimidine!

dimers!and!leads!to!formation!of!photoproducts!known!as!cyclobutane!pyrimidine!dimers!

(CPDs)!and!pyrimidine!6R4!pyrimidone.!Although,! for!the!most!part!DNA!repair!enzymes!

are!able! to! correct! this!damage,! this! is! an!errorRprone!process.! Incorrect! repair! leads! to!

mutations! in! epidermal! cells,! thus! initiating! the! development! of! cancer.! Furthermore,!

there! is! growing! evidence! of! the! involvement! of! UVA! radiation! in! development! of! skin!

cancer.! Upon! reaching! the! skin,! UVA! radiation! that! is! also! used! in! tanning! beds,! can!

generate! reactive! oxygen! species! (ROS)! capable! of! causing! oxidative! DNA! damage!
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(Garibyan#et#al.!2010).!Studies!showed!that!exposure!to!tanning!beds!increases!the!risk!of!

malignant!melanoma! formation,! especially! in!women! younger! than!45! years! (Ting# et#al.!

2007).!!

Individuals!with! a! low! eumelanin/pheomelanin! ratio! have! an! increased! risk! to! develop!

malignant!melanoma!because!only!eumelanin!is!able!to!absorb!harmful!UV!radiation!and!

transform! the! energy! into! harmless! heat! through! a! chemical! process! called! internal!

conversion.!This!photoprotective!property!prevents!UV!radiation!from!reaching!genomic!

DNA!where! it! can!cause!damage! (Garibyan#et#al.!2010).!The!generation!of!mutations!via!

UV! radiationRinduced! DNA! damage! in! key! tumor! suppressor! and! protoRoncogenes!

involved! in! apoptosis,!DNA! repair,! cell! cycle! regulation,! and!other! essential! homeostatic!

pathways,! is! believed! to! represent! the! driving! factors! in! carcinogenesis.! Several! reports!

have!implicated!UV!as!a!cause!of!mutations!in!important!melanomaRassociated!genes!such!

as!INK4A,!PTEN,!FGFR2,!NRAS,!and!BRAF!(Garibyan#et#al.!2010).!

Some!melanomas!arise!at!sites!such!as!palms,!soles,!and!mucosal!surfaces,!which!do!not!

have!direct!exposure!to!UV!light.!These!melanomas!are!increasingly!understood!to!harbor!

distinct! oncogenic! mutations,! suggesting! different! mechanisms! of! carcinogenesis!

(Garibyan#et#al.!2010)!(see!also!1.2.2.1).!

There! are! three! main! subtypes! of! skin! cancer:! basal! cell! carcinoma,! squamous! cell!

carcinoma!and!malignant!melanoma.!Malignant!melanoma!is!the! least!common!but!most!

serious!type!of!skin!cancer.!It!comprises!only!3%!of!all!malignant!tumors!of!the!skin,!but!

due!to!the!increasing!frequency!and!rapid!growth!and!dissemination!malignant!melanoma!

accounts!for!75%!of!deaths!due!to!malignant!skin!tumors!(RadovicRKovacevic#et#al.!1997,!

Garibyan# et# al.! 2010).! About! 80%! of! all! melanoma! cases! are! diagnosed! in! the! white!

populations! of! Northern! America,! Australia,! New! Zealand! and! Europe.! In! Europe!

cutaneous!melanoma! is! the! 11th!most! frequent! type! of! cancer!with! an! estimated! 84000!

cases!in!2008!(Ferlay#et#al.!2010a).!The!incidence!for!melanoma!strongly!increased!during!

the!last!3!decades;!in!Germany!it!increased!more!than!3Rfold!from!about!4.5!per!100000!in!

1980!up!to!about!15!per!100000!in!2005.! In!2008!the!melanoma!incidence!for!Germany!

was! 16230! (Ferlay# et# al.! 2010b).! In! females! melanoma! prevalence! is! slightly! higher!

compared! to!men!and!accounts! for!3%!of!all! cancer!cases! in!Europe!as!well!as! for!1.2%!

cancer! related! deaths.! Overall,! the! estimated! number! of! melanoma! related! deaths! in!

Europe!in!2008!was!20040;!in!Germany!it!was!2510!(Ferlay#et#al.!2010a).!

While! the! incidence! of! melanoma! is! further! increasing,! the! mortality! of! melanomas!

remains! more! or! less! stable! mainly! due! to! greater! awareness! resulting! in! an! earlier!
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diagnosis! when! compared! to! the! past! (Schubert! 2011).! About! 90%! of! melanomas! are!

diagnosed!as!primary!tumors!without!metastasis.!The!tumorRspecific!10Ryear!survival!for!

such! tumors! is! around!75–80%.!When!distant!metastases!have!developed! the!prognosis!

decreases! dramatically! to! a! median! survival! in! untreated! patients! of! only! 6–9! months!

(Garbe#et#al.!2007).!

Prognostic! factors! for! the! outcome! of! malignant! melanoma! are! the! age! and! sex! of! the!

patient!as!well!as!tumor!thickness,!histology,!body!site,!ulceration!and!mitotic!index!of!the!

tumor.! In! general! the! prognosis! is!most! favorable! in! young,! female! patients!with! a! thin!

superficial! spreading! melanoma! (compare! 1.2.3.1)! which! is! not! located! on! the! trunk,!

hands! or! feet,! has! a! low! mitotic! index! and! no! ulceration! (LeBoit# et# al.! 2006).! Further!

prognostic!markers!with!clinical!relevance!especially!for!thin!melanomas!are!MITF,!CRKIT,!

CRMYC,!P53,!GP100,!MMPR2!and!ICAMR1!(LeBoit#et#al.!2006).!

1.2.2 Pathophysiology+
Tumor!progression! that!originates! from!human!epidermal!melanocytes! can!be!classified!

into! six! distinct! lesional! steps:! 1)! the! common! acquired! melanocytic! nevus;! 2)! a!

melanocytic!nevus!with!lentiginous!melanocytic!hyperplasia;!3)!a!melanocytic!nevus!with!

aberrant! differentiation! and! melanocytic! nuclear! atypia.! Lesions! of! this! stage! are!

characterized! by! a! relatively! homogenous! brown! pigmentation! with! slightly! irregular!

borders.!The!malignant!melanocytes!are!still!confined!to!the!epidermis!(melanoma!in#situ);!

4)! the! radial! growth!phase!of! primary!melanoma,! showing!more! irregular! contours! and!

variegations! of! the! pigmentation,! and! revealing! histopathologically! involvement! of! the!

papillary!dermis.!When!the!papillary!dermis!is!filled!by!neoplastic!melanocytes!the!lesions!

appear!as!irregular,!unevenly!pigmented!plaques;!5)!the!vertical!growth!phase!of!primary!

melanoma;!and!6)!metastatic!melanoma!(Clark#et#al.!1984,!LeBoit#et#al.!2006).!

1.2.2.1 Genetic+characteristics+in+melanoma+

Recently,!several!oncogenic!mutations!in!melanomas!involving!NRAS!(15R30%),!BRAF!(50R

70%),! and! C@KIT! (2%)! have! been! identified.! Curtin! et# al.! found! that! 81%! of! cutaneous!

melanomas!without!chronic!sunRinduced!damage!had!mutations!in!BRAF!or!NRAS!(Curtin#

et#al.!2005).!The!BRAF!gene!encodes!a!serine/threonine!kinase!that!plays!a!key!role!in!the!

MAPK! signaling! pathway! and! has! emerged! as! an! important! therapeutic! target! for!

melanoma.!The!most!common!BRAF!mutation! found! in!melanomas! is!a!glutamic!acid! for!

valine!substitution!at!position!600!(V600E).!This!mutation!leads!to!constitutive!activation!

of! BRAF,! and! subsequently! activation! of! the! MAPK! pathway! (Garibyan# et# al.! 2010).!

Cutaneous!melanomas!without!sun!damage!with!wild!type!BRAF!or!NRAS! frequently!had!

increases!in!the!copy!number!of!the!genes!for!CDK4!and!CCND1,!downstream!components!
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of!the!RAS–BRAF!pathway!(Curtin#et#al.!2005).!DNA!copy!gain!involving!the!AKT3!locus!is!

found!in!40R60%!of!melanomas!and!leads!to!overexpression!of!this!oncogene.!On!the!other!

hand,!many! tumor! suppressors! are! genetically! altered! in!melanoma.!CDKN2A! is! deleted,!

mutated,!or!silenced!in!30R70%!of!the!melanoma!patients.!PTEN! is!deleted!or!mutated!in!

5–20%,!APAF1!silenced!in!40%!and!TP53!lost!or!mutated!in!10%!of!the!melanoma!patients.!

Other!common!gene!alterations!concern!CCND1!(6R44%!amplified)!and!MITF!(amplified!in!

15R! 20%! of! metastatic! melanoma)! (Palmieri# et# al.! 2009,! Romano# et# al.! 2011).! These!

genetic! aberrations! may! lead! to! a! prospective! molecular! classification! of! melanoma! in!

which! the! biologically! distinct! subsets! share! a! common! oncogenic! mechanism,! behave!

clinically!in!a!similar!fashion!and!require!similar!clinical!management!(Scolyer#et#al.!2011).!

1.2.3 Diagnosis,+classification+and+staging+of+melanoma+
The! presence! of! an! irregular! pigment! network,! of! black! or! brown! dots! irregularly!

distributed!within!the!lesion,!of! irregular!lines!at!the!periphery!of!the!lesion!that!are!not!

clearly!combined!with!the!pigment!network,!of!a!blueRwhitish!veil!below!a!thick!epidermis!

with!hypergranulosis,!of!an!atypical!vascular!pattern,!and!of!regression!structures!are!of!

particular!value!in!the!diagnosis!of!melanoma.!These!criteria!for!dermatoscopic!scoring!of!

atypical!melanocytic!lesions!allow!diagnosis!of!melanoma!with!a!sensitivity!of!95%!and!a!

specificity!of!75%!(LeBoit#et#al.!2006).!Examples!are!shown!in!Figure+1.3.!

+
Figure+1.3:+Skin+and+liver+melanoma+metastases.+
Typical!melanoma!metastases!on!the!skin!(A)!with! irregular!pigmentation!and! lesion!borders.!Two!
lesions!were!already!surgically!removed.!In!(B)!pigmented!liver!metastases!of!a!malignant!melanoma!
are!shown.!
!

!

The!most! common! signs! of!melanoma! are! considered! in! the! ‘‘ABCD! rule’’.!This! acronym!

stands!for:!(A)!asymmetry!(one!half!does!not!match!the!other),!(B)! irregular!border!(the!

edges!are!ragged,!notched!or!blurred),!(C)!color!(the!pigmentation!is!not!uniform)!and!(D)!

diameter!(the!width!is!>!6!mm)!(Gola!Isasi#et#al.!2011).!In!case!of!a!differential!diagnosis!

between!poorly!differentiated! carcinoma,! sarcoma,! lymphoma!and!melanoma!a!panel! of!
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various!differentiation!markers!is!applied.!Melanoma!is!likely!if!the!tumor!stains!positive!

for!S100β!and!MARTR1!(Ohsie#et#al.!2008).!

1.2.3.1 Histological+classification+

The! traditional! classification! scheme! for! melanoma! according! to! the! WHO! is! based! on!

clinical! and! pathological! features! and! includes! four!major! subtypes!which!were! already!

defined!by!Clark!et#al.!in!1986:!superficial!spreading!melanoma!(SSM),!nodular!melanoma!

(NM),!lentigo!maligna!melanoma!(LMM)!and!acral!lentiginous!melanoma!(ALM)!(Clark#et#

al.!1986,!Scolyer#et#al.!2011,!LeBoit#et#al.!2006).!The!main!criteria!for!these!most!common!

subtypes!of!malignant!melanoma!are!summarized!in!Table+1.1.!!

Table+1.1:+Criteria+for+subtypes+of+malignant+melanoma.+
Main! criteria! for! the! four! most! common! subtypes! of! malignant! melanoma! based! on! the! World! Health!
Organization!classification!of!tumors!(LeBoit#et#al.!2006).!
Superficial+spreading+melanoma+(SSM)+
Clinical+features+ Epidemiology+ Localization+ Somatic+genetics+ Prognosis+
Radial!growth!phase!
comprised!of!large!
neoplastic!
melanocytes!before!
vertical!invasion!
develops!

Most!frequent!type!of!
melanoma!≈!66%!of!
all!melanomas;!
Frequently! present! in!
young!patients!
!
!

On!almost!the!
entire!body,!on!
body!sites!with!
acuteR
intermittent!sun!
exposure!(legs,!
trunk)!

High!incidence!of!
BRAF!mutations!

Relatively!
favourable!
prognosis!

Nodular+melanoma+(NM)+
Rapidly!growing!
pigmented!papule,!
nodule!or!plaque!
with!bleeds!or!
ulcerates!exclusively!
in!vertical!growth!
phase!

Second!most!common!
subtype!of!melanoma!
≈!10R15%!of!all!
melanomas!in!
Caucasian!people;!
More!frequently!in!
older!individuals!than!
SSM!

On!body!sites!
with!intermittent!
sun!exposure,!
common!on!the!
trunk,!head!and!
neck!and!lower!
legs!

No!unique!genetic!
features!that!
distinguish!NM!
from!other!
malignant!
melanoma!

Most!
aggressive!
type!of!
melanoma!

Lentigo+maligna+melanoma+(LMM)+
Invasive!tumor!
along!the!dermalR
epidermal!junction!
and!down!the!walls!
of!hair!follicles!and!
sweat!ducts!which!
arises!in!a!lentigo!
maligna!

Most!frequent!in!the!
head!and!neck!region!
and!in!elderly!people!
(Elwood#et#al.!1987)!

On! chronically!
sunRdamaged!skin!
of! elderly! people!
(face,! neck,!
forearm)! evi–
denced! by! solar!
elastosis! (Forman#
et#al.!2008)!

BRAF!mutations!
rare;!
Accumulation! of!
unrepaired! DNA!
lesions!

Relatively!
favourable!
prognosis;!
Melanoma!
in# situ!
curative!by!
excision!

Acral+lentiginous+melanoma+(ALM)+
Pigmented!lesions!
arising!on!the!palm!
of!the!hand,!sole!of!
the!foot!or!under!the!
nails!

Most!common!type!of!
melanoma!in!heavily!
pigmented!people;!
≈2%!of!cuteneous!
melanoma!in!
Caucasian!and!80%!in!
darkRskinned!patients;!
More!frequent!in!older!
people!

On!the!palm!of!
the!hand,!sole!of!
the!foot!or!under!
the!nails;!
Exposure!to!sun!
light!is!negligible!!

Gene!amplifica–
tions!very!
common,!especi–
ally!the!chromo–
some!region!
11q13;!
Low!BRAF!
mutation!rate!

Poor!
prognosis!
of!invasive!
ALM!

!
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Epidemiological!studies!have!shown!that!SSM!is! the!most!common!subtype!of!malignant!

melanoma!in!Caucasians!(LeBoit#et#al.!2006)!while!LMM!is!particularly!frequent!in!white!

Americans!(Forman#et#al.!2008)!and!ALM!the!most!prevalent!form!of!malignant!melanoma!

in!Hispanics,!Asians!and!Black!patients!(Bradford#et#al.!2009,!Cress#et#al.!1997).!Since!this!

clinical! classification! has! little! prognostic! value! and! diagnostic! relevance! it! is! of! only!

marginal!profit!for!clinical!practice!(LeBoit#et#al.!2006).!

1.2.3.2 Staging+

Staging! of! tumors! is! used! to! predict! disease! progression! and! overall! survival! of! the!

patients!and!to!choose!the!optimal!treatment!procedure.!One!of!the!first!widely!accepted!

staging!systems!for!malignant!melanoma!was!published!in!1969!by!Wallace!Clark!(Clark#et#

al.! 1969).! He! graded! this! tumor! by! five! anatomic! levels! of! invasion,! which! can! be!

correlated!with! the!median!survival!of! the!patients.!These! levels!are!described! in+ Table+

1.2.!Accordant!to!Clark’s!findings,!only!invasion!into!deeper!dermal!layers!with!its!lymph!

and! blood! vessels! correlates!with! the! dissemination! of! the! tumor! and! congruously!with!

the!prognosis! for! the!patient! (Clark#et#al.! 1969).!However,! today! level! of! invasion! is!not!

used!as!sole!predictor!of!prognosis!but!is!complemented!by!other!staging!systems.!

+Table+1.2:+Definition+of+the+five+Clark+levels.+
Clark+Level+ Levels+of+invasion+
I! Melanoma!in#situ,!all!tumor!cells!are!above!the!basement!membrane!
II! Tumor!cells!invaded!the!papillary!dermis!but!not!the!reticular!dermis!
III! Invasion!to!the!junction!of!the!papillary!and!reticular!dermis!
IV! Tumor!cells!invaded!into!the!reticular!dermis!
V! Invasion!into!the!subcutaneous!tissue!

!

The!staging!of!melanoma!according!to!Breslow!considers!only!the!thickness!of!the!tumor!

(Breslow!1975)(see!Table+1.3).!There!is!an!inverse!relationship!between!tumor!thickness!

and! prognosis! with! a! significant! decrease! in! survival! with! increasing! tumor! thickness!

(Patnana# et# al.! 2011,! Balch# et# al.! 2000).! Furthermore,! the! relationship! between! tumor!

thickness!and!relative!risk!of!death!caused!by!melanoma!was!found!to!be!almost!linear!to!

a!tumor!thickness!of!6!mm!(Buttner#et#al.!1995).!

Table+1.3:+Melanoma+classification+according+to+Breslow´s+depth.+
Breslow+index+ Tumor+thickness+

I! <!0,75!mm!
II! 0.76R1.5!mm!
III! 1.51R!4.0!mm!
IV! >!4!mm!

!

The! tumorRnodesRmetastases! (TNM)! classification! model! involves! the! extent! of! the!

primary! tumor! (T)! (combination!of!Breslow!and!Clark),! regional!nodal! involvement! (N),!

and!the!presence!or!absence!of!distant!metastases!(M)!(Balch#et#al.!2004).!Thereby,!the!T!
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classification!combines!the!criteria!of!Breslow!and!Clark,!which!are!thickness!of!the!tumor!

and!depth!of!penetration.!Also!ulceration,!which! is! correlated!with! tumor! thickness! and!

poor! prognosis! of! melanoma! patients,! is! considered! in! the! T! classification! (Balch# et# al.!

1980,!McGovern#et#al.!1982).!Beyond!these!classical!staging!systems!a!variety!of!countryR

specific!models! like! the! American! Joint! Committee! on! Cancer! (AJCC)!model! do! exist.! In!

addition! to! the!TNM!classification,!AJCC! staging! comprises! several! important! prognostic!

factors,! including! the! mitotic! rate! per! mm2! and! the! presence! of! microtumor! burden! in!

lymph!nodes!(Gershenwald#et#al.!2010,!Nading#et#al.!2010).!

1.2.4 Therapy+of+malignant+melanoma+
Surgical! excision! of! the! primary! malignant! melanoma! is! still! the! most! promising!

therapeutic!intervention.!Based!on!prospective!trials!lateral!safety!margins!of!0.5R2!cm!for!

excision! depending! on! tumor! thickness! are! recommended! (Navysany# et#al.! 2010).! If! the!

tumor! thickness! exceeds! 1!mm! according! to! Breslow! criteria! surgical! removal! and!

examination!of!the!sentinel!lymph!node!is!also!suggested.!Adjuvant!therapy!with!IFNRα!is!

recommended!for!tumors!of!more!than!2!mm!depth!according!to!the!German!guideline!for!

malignant!melanoma! (Garbe#et#al.! 2008).! Clinical! trials! showed! that! IFNRα! increases! the!

overall! survival! remarkably! and! the! relapse! free! survival! of! melanoma! patients!

significantly! (Kähler# et# al.! 2011).! In! individual! patients! where! surgical! excision! of! the!

tumor!is!unfeasible,!radiotherapy!of!primary!malignant!melanoma!is!indicated!(Garbe#et#al.!

2005).!For!metastasized!melanoma!chemotherapy,! radiotherapy,! and! immunotherapy!as!

well! as! combined! chemoR! and! immunotherapy! are! applied! after! surgical! removal! of! the!

metastases.! Commonly! used! chemotherapeutics! include! dacarbazine! (DTIC),!

temozolomide,! vindesine,! fotemustin! and! cisplatin.! In! general! malignant! melanoma! is!

characterized! by! a! poor! response! rate! (5R12%)! to! chemotherapeutics! (Eigentler# et# al.!

2010).!E.g.!for!dacarbazine,!the!most!appropriated!cytostatic!drug!for!melanoma!patients!

with!distant!metastases,! the! response! rate! is! only!20%!and! the!5Ryear! survival! rate!2%!

(Keilholz#et#al.! 2003).!For!patients!with!brain!metastases! temozolomide! is! the!preferred!

chemotherapy!since!it!penetrates!the!blood–brain!barrier!(Quirbt#et#al.!2007).!Because!of!

the! very! low! success! rate! of! chemotherapeutics! the! German! guideline! for! malignant!

melanoma! explicitly! advises! melanoma! patients! with! distant! metastases! to! join! clinical!

trials!since!they!are!most!promising.!

The!most!promising!targeted!therapy!for!the!50R70%!patients!with!malignant!melanoma!

carrying!the!BRAF!V600E!gene!mutation!(compare!1.2.2.1)!is!the!use!of!vemurafenib!(PLXR

4032).!Response!rates!for!vemurafenib!of!about!80%!are!remarkably!higher!compared!to!

standard! chemotherapeutics.! Furthermore,! studies! showed! that! vemurafenib! produced!
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improved! rates! of! overall! and! progressionRfree! survival! in! patients! with! previously!

untreated!melanoma!with!the!BRAF!V600E!mutation!(Chapman#et#al.!2011).!Unfortunately,!

other! studies! revealed! that! the! tumor! cells! of! these! patients! develop! drug! resistance!

frequently! after! initial! responses.! Mechanisms! of! this! acquired! resistance! to! BRAF!

inhibition! include!PDGFRβ!upregulation,!which!activate!alternative!survival!pathways!or!

NRAS!mutations,!which!reactivate!the!MAPK!pathway!(Nazarian#et#al.!2010).!

1.3 Cancer+stem+cells+

1.3.1 History+of+the+CSC+theory+
Already!150!years!ago,!the!German!pathologist!Rudolf!Virchow!postulated!in!his!theory!of!

the!cellular!pathology!that!cancer!initiates!from!immature!cells!(Virchow!1858).!But!only!

100! years! later! Sajiro! Makino! introduced! the! term! “tumor! stem! cell”! for! a! small!

subpopulation! of! cells! that! were! insensitive! to! chemotherapy! and! had! chromosomal!

features! different! from! the! bulk! of! cells! (Makino! 1959).! In! the! 1970s! in# vivo!

transplantation! experiments! and! in# vitro! colonyRforming! assays! supported! Makino’s!

observation! that! tumors! could! arise! from! rare! cells! with! selfRrenewal! capacities.!

Experiments! indicated! that! these! cells! are! able! to! recapitulate! all! cell! types! within! an!

individual!tumor!and!establish!immortal!cell!lines!(Hamburger#et#al.!1977a,!Hamburger#et#

al.!1977b,!Park#et#al.!1971).!

These! so! called! cancer! stem! cells! (CSC)! have! been! proposed! to! originate! either! from!

malignant! transformation!of! a! normal! somatic! stem! cell! or! a! progenitor! cell! (Reya#et#al.!

2001,! Jacob! 1983,! Krivtsov# et# al.! 2006)! (Figure+ 1.4).! Since! stem! cells! proliferate!

throughout! life! they! are! more! susceptible! to! accumulate! oncogenic! mutations! than!

differentiated! cells!with! their! comparatively! short! life! span! (Monzani#et#al.! 2007,!Morris!

2000).!The!identification!of!melanocyteRproducing!stem!cells!in!the!dermis!of!the!skin,!led!

to!the!hypothesis!that!these!cells!might!be!the!origin!of!CSCs!in!melanoma!since!UVA!can!

penetrate! through! to! these! cells! and! can! potentially! target! them! for! malignant!

transformation!(Zabierowski#et#al.!2011).!This!would!result!in!cells!with!combined!tumor!

and! stem! cell! characteristics.! On! the! other! hand,! it! could! be! that! differentiated! cells!

reacquire!stem!cellRlike!characteristics!by! the!reactivation!of!signaling!pathways! like! the!

Wnt/βRcatenin! and!BmiR1!pathway!or! certain!HOX! genes! that! facilitate! selfRrenewal! and!

are! linked! to! malignant! transformation! of! cells! (Lessard# et# al.! 2003,! Regenbrecht# et# al.!

2008,!Reya#et#al.!2005).!
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Figure+1.4:+Origin+of+cancer+stem+cells.++
In! normal! tissue,! stem! cells! (green)! divide! asymmetrically! into! progenitor! cells!
(orange)! from!which! then! terminally! differentiated! cells! (red)! are! produced! (left).! In!
tumorigenesis!mutations! can! transform! stem! cells! into! cancer! stem! cells! (light! blue),!
which!then!result! in!tumorigenic!progenitor!cells!and!differentiated!tumor!cells!(dark!
blue).! But! also,! by! mutations! in! developmental! pathways! progenitor! cells! and!
differentiated!cells! can! reRacquire! stem!cellRlike!properties!and! turn! into! cancer! stem!
cells!(right).!
!

!

1.3.2 CSCs+and+the+failure+of+conventional+cancer+therapies+
One! of! the! great! advantages! of! the! cancer! stem! cell! hypothesis! is! that! it! also! helps!

understanding!other!cancer!concepts!such!as!cancer!as!a!minimal!residual!disease.!Even!a!

single! cell! that! evades! the! surgeon’s! blade! or! adjuvant! therapies! by! acquired! resistance!

mechanisms!recapitulates!the!whole!tumorigenesis!resulting!in!a!relapse!after!what!seems!

like!a!successful!cancer!treatment!(Figure+1.5).!

Existing!therapies!have!been!developed!largely!against!the!bulk!population!of!tumor!cells!

because! they! are! often! identified! by! their! ability! to! shrink! tumors.! Because! most! cells!

within!a!cancer!have! limited!proliferative!potential,!an!ability! to!shrink!a!tumour!mainly!

reflects! an! ability! to! kill! these! cells! (Reya# et#al.! 2001)! but! these! therapy! strategies!may!

spare!CSCs!as!indicated!by!recent!studies.!

For!normal!stem!cells!protection!from!damage!or!death!is!critical!because!these!cells!need!

to! remain! intact! throughout! the! life! of! an! organism.! One! principal! mechanism! of!

protection! is! through!high!expression!of!multifunctional!efflux!pumps!R! the!ATP–binding!

cassette! (ABC)! transporters! R! that! are! the! “guardians”! of! the! stem! cell! population.! ABC!

transporters! are! expressed! in! stem! and! progenitor! cells! derived! from! several! types! of!

normal! tissue! and! also! in! hematopoietic! cells.! Ironically,! it! has! been! shown! that! high!

amounts!of!active!ABC!transporters!also!afford!protection!to!CSCs,!shielding!them!from!the!

adverse!effects!of!chemotherapeutic!insult!(Moitra#et#al.!2011).!
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Figure+1.5:+Hypothesis+of+CSCGrelated+therapy+failure.+
Adapted!from!Reya#et#al.!2001.!Conventional!cancer!treatment!kills!the!majority!of!tumor!
cells! (dark! blue)! but! spares! therapy! resistant! CSCs! (light! blue).! This! leads! to! tumor!
recurrence! or! metastasis! after! completion! of! cancer! therapy! due! to! the! selfRrenewal!
capacities! of! CSCs.! Persistently! successful! cancer! therapies! need! to! be! CSCRdirected! so!
that!the!tumor!loses!ist!selfRrenewing!capacity!and!will!finally!degenerate!completely.!

!

Additionally! CSCs! comprise! very! efficient! antiRapoptotic! mechanisms! and! the! same!

effective!DNA!repair!mechanisms!used!by!tissueRspecific!stem!cells!to!mediate!resistance!

to!chemoR!and!radiotherapy!(Hussein#et#al.!2011)!as!well!as!possess!high!radioresistance!

(Blanpain! et# al.! 2011).! Hittelman! et# al.! suggested! that! radioresistance! of! CSCs!might! be!

owed!to!different!intrinsic!and!extrinsic!factors,!including!quiescence,!activated!radiation!

response! mechanisms! (e.g.! enhanced! DNA! repair,! upregulated! cell! cycle! control!

mechanisms!and!increased!freeRradical!scavengers)!and!a!surrounding!microenvironment!

that! enhances! cell! survival! mechanisms! (e.g.! hypoxia! and! interaction! with! stromal!

elements)! (Hittelman! et# al.! 2010).! Human! embryonic! stem! cells! possess! more! efficient!

DNA!mechanisms!due!to!higher!levels!of!several!DNA!repair!genes!and!overregulation!of!

multiple!DNA!repair!pathways.!At!least!for!glioma!CSCs!the!group!of!Frosina!showed!that!

DNA!repair!rates!are!normal!but!low!proliferation!and!constitutive!activation!of!the!DNA!

damage! checkpoint! response! confer! increased! time! for! lesion! removal! or! bypass! before!

arrival! of! the! replication! fork,! which! might! contribute! to! glioma! CSC! radioresistance!

(Frosina!2010,!Ropolo#et#al.!2009).!

If!CSCs!from!other!tumor!entities!have!similar!characteristics!as!all!normal!stem!cells!do,!

they!all!should!be!slowly!proliferating!cells!like!the!glioma!CSCs!investigated!by!Ropolo!et#

al.!(Ropolo!et#al.!2009).!The!antiRneoplastic!effect!of!many!cancer!drugs!e.g.!dacarbazine!R!

the!most!appropriated!cytostatic!drug!for!melanoma!patients!with!distant!metastases!R!is!

based! on! the! cell! cycle! dependent! inhibition! of! DNA! synthesis! and! prevention! of! cell!

division.!Thus,!slowly!cycling!CSCs!would!also!be!more!resistent!to!these!therapeutics.!
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Due! to! these! diverse! resistance! mechanisms! of! CSCs! even! therapies! that! lead! to! what!

seems!like!complete!remission!of!the!disease!might!spare!enough!CSCs!to!allow!regrowth!

of!the!tumor.!If!the!cancer!stem!cell!hypothesis!holds!true!at!least!for!some!tumor!entities,!

this!calls!for!new!pharmacological!approaches!that!are!more!specifically!directed!against!

these!cells!in!order!to!prevent!relapse!and!metastasis!(see!Figure+1.5). 

While! specific! cell! surface! markers! for! CSCs! in! hematological! malignancies! are! widely!

accepted! and! the! concept! of! only! a! rare! subpopulation! of! cancer! cells! that! exhibit! stem!

cellRlike! characteristics! and! promote! growth! of! hematological! tumors! is! far! beyond! any!

doubt,! the! situation! looks! totally! different! in! solid! tumors.!Whereas! some! scientists! still!

argue! about! the! best! method! to! identify! and! characterize! CSCs,! others! put! the! CSC!

hypothesis!in!solid!tumors!into!question!(Quintana#et#al.!2008).!So,!in!the!past!much!effort!

has! been! made! to! identify! novel! key! cancer! stem! cell! markers! for! specific! solid! tumor!

entities,! if!not!a!universal!marker!or!set!of!markers!for!CSCs! in!all!cancers.!But! in!reality!

the!biology!of!a!multicellular!organism!with!all!its!feedback!loops,!branching,!positive!and!

negative!modulators!is!much!more!complex.!This!makes!it!a!challenge!to!identify!the!right!

components!that!uniquely!define!cancer!stem!cells.!

1.3.3 Current+standards+of+identification+
For!the!identification!of!a!putative!cancer!stem!cell!subpopulation,!researchers!so!far!take!

advantage!of!known!stem!cell! characteristics! like! the!ability! to!selfRrenew,!expression!of!

stem!cell!markers!and!their!multipotency.!The!most!widely!accepted!assays!to!validate!a!

candidate! cancer! stem! cell! subpopulation! are! efflux! analysis! of! the! DNARbinding! dye!

Hoechst!(Grichnik#et#al.!2006),!sphere!formation!assays!(Roesch#et#al.!2010,!Perego#et#al.!

2010)! as!well! as! detection! of! known! stem! cell!markers! (Monzani# et#al.! 2007)! in! cancer!

cells!and!verification!by!xenotransplantations!(Quintana#et#al.!2008).!!

1.3.3.1 Cell+surface+markers+

In! the! last! decade! several! molecular! properties! have! been! utilized! to! identify! and!

characterize!CSCs!from!different!hematopoietic!and!solid!tumors.!The!first!markers!used!

were!cell!surface!proteins!already!known!to!define!stem!and!progenitor!cells,!e.g.!CD133!

and!CD166.! Furthermore,!molecules,!which! facilitate! drug! resistance! in! cancer! cells! like!

ABCB1!and!ABCG2!were!added!to!the!list!of!putative!CSC!markers,!as!well!as!proteins!for!

which!no!involvement!in!stemness!or!cancerogenesis!was!known,!e.g.!CD20.!!

Hematopoietic! stem! cells,! endothelial! progenitor! cells,! neuronal! and! glial! stem! cells!

express! CD133! (also! known! as! Prominin! 1),! a! member! of! pentaspan! transmembrane!

glycoproteins! (Kobari# et# al.! 2001,! Pfenninger# et# al.! 2007,! Quirici# et# al.! 2001),! which!
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specifically!localizes!to!cellular!protrusions!(Corbeil#et#al.!2000).!Expression!of!CD133!has!

previously! also! been! shown! in! subpopulations! of! cancer! cells! from! brain,! colon,! lung,!

melanoma! and! other! solid! tumors.! This! led! to! the! assumption! that! CD133! expressing!

tumor!cells!have!stem!cellR!or!progenitorRlike!properties!and!CD133!was!proposed!as!CSC!

marker!(Bertolini#et#al.!2009,!Gedye#et#al.!2009,!Ieta#et#al.!2008,!Monzani#et#al.!2007,!Singh#

et#al.!2004).!

In!2007!Klein!et#al.!observed!an!increased!expression!of!CD133!in!primary!and!metastatic!

melanoma! compared! to! melanocytic! nevi! (Klein# et# al.! 2007).! Previously,! disseminated!

tumor! cells! of! melanoma! patients! with!metastatic! disease! have! been! shown! to! express!

stem! cell! markers! CD133! and! NESTIN! (Fusi# et# al.! 2009:! e22056).! Those! disseminated!

tumor!cells!are!currently!under!debate!of!being! involved! in! the! formation!of!metastases!

and!correlate!with!poor!prognosis!(Ossowski#et#al.!2009).!However,!beyond!any!doubt! is!

the! anchorageRindependent! growth! of! these! disseminated! tumor! cells,! which! is! also! a!

characteristic! of! stem! cells! from! various! types! of! selfRrenewing! tissue! (Reynolds# et# al.!

1992b,!Toma#et#al.!2001).!

In!cell!culture!experiments,!antibody!reactivity!against!CD133!has!been!shown!to!correlate!

with! the! cell! cycle! DNA! profile! of! colon! cancer,!melanoma,! and! human! embryonic! stem!

cells.! Cells! with! highest! ectopic! expression! of! CD133! had! a! DNA! content! of! 4N! or! even!

greater! and! reflect! cycling! cells! (Jaksch#et#al.! 2008).!These! findings! are! concordant!with!

the!results!of!Grskovic!and!Liu!that!CD133+!cells!have!a!higher!mitotic!index!compared!to!

CD133R!cells!in!the!first!week!of!cultivation!(Grskovic#et#al.!2004,!Liu#et#al.!2006).!

Moreover,! Liu! et# al.! showed! that! CD133+! cells! in! three! primary! glioblastoma! cell! lines!

overexpress! proteins! associated! with! neural! precursors,! e.g.! CD90,! NESTIN! and! MSIR1!

compared!to!autologous!CD133R!cells!as!well!as!ABCG2,!the!DNA!repair!protein!MGMT!and!

antiRapoptotic! genes.! For! the! first! time! ever,! this! study! provided! evidence! that! these!

properties! contribute! to! the! tumor's! resistance! to! chemotherapy.! CD133+! CSCs! were!

significantly!more! resistant! to! chemotherapeutic!agents! compared! to!autologous!CD133R!

cells! (Liu# et# al.! 2006)! and! consequently,! treatment! of!melanoma! cells! with! dacarbazine!

selected!for!progressively!resistant!cells!with!increased!expression!of!CD133!(Gedye#et#al.!

2009).! CD133+! cells! within! human!melanomas!were! also! shown! to! have!many! CSCRlike!

properties! as! enhanced! clonogenicity! and! selfRrenewal! in# vitro! (Gedye# et# al.! 2009)! for!

example! formation! of! sphereRlike! colonies! after! cultivation! under! serumRfree! conditions!

(Monzani#et#al.!2007,!Tirino#et#al.!2008).!
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Finally,! CD133+! cells! of! various! tumor! entities! were! shown! to! have! an! increased!

tumorigenic! potential.! For!melanoma,!Monzani! and! collegues! demonstrated! this! for! the!

first!time.!Magnetically!sorted!CD133+!and!CD133R!cells!were!injected!into!NODRSCID!mice,!

respectively.! After! 40–50! days,! mice! injected! with! CD133+! cells! developed! detectable!

tumors,! whereas! mice! injected! with! CD133–! melanoma! cells! did! not! develop! neoplasia!

even!four!months!after!injection!(Monzani#et#al.!2007).!

Comparably! results! as! for! CD133!were! obtained! from! the! investigations! of! various!ABC!

transporters.! Schatton! et#al.! described! tumorRinitiating! cells! capable! of! selfRrenewal! and!

differentiation! in! human! melanoma! defined! by! expression! of! the! chemoresistance!

mediator! ABCB5.! The! expression! of! ABCB5! in! tumor! cells! correlates! with! clinical!

melanoma!progression.!In!serial!xenotransplantation!experiments!ABCB5+!melanoma!cells!

were! more! tumorigenic! than! ABCB5R! cells.! Additionally,! ABCB5R! cells! showed! no!

differentiation!capacity! since! they!exclusively!gave! rise! to!ABCB5R! cells!whereas!ABCB5+!

cells!regenerated!both!subpopulations.!Using!a!monoclonal!antiRABCB5!antibody!in!nude!

mice,! initial! tumor! growth! as! well! as! growth! of! established! tumors! was! inhibited! by!

antibodyRdependent! cellRmediated! cytotoxicity! in! ABCB5+! cells! (Schatton# et# al.! 2008).!

Monzani!et#al.!identified!a!subpopulation!of!human!melanoma!cells!coRexpressing!ABCB1,!

ABCB5! and! ABCC2! in! addition! to! stem! cell! markers,! which! demonstrated! higher!

clonogenicity,!selfRrenewal!capacity!and!anchorageRindependent!growth!than!the!negative!

fraction!(Keshet#et#al.!2008).!Furthermore,!they!identified!tumorRinitiating!cells!in!human!

melanoma!by!the!expression!of!ABCG2,!which!is!coexpressed!with!CD133!(Monzani#et#al.!

2007).!Concluding! these! results,! it! seems!as! if!CSCs! in! solid! tumors!can!be!defined!or!at!

least!enriched!with!certain!markers!or!set!of!markers.!

1.3.3.2 Dye+exclusion+assays+

In! contrast! to! preferably! cellRtype! specific! surface! markers,! the! use! of! Hoechst! dye! to!

identify! and! isolate! CSCs! as! a! so! called! side! population! (SP)! overcomes! the! barrier! of!

phenotypical!markers!and!replaces!it!with!more!direct!functional!markers!(Hadnagy#et#al.!

2006).! The! blue! fluorescent! Hoechst! 33342! is! a! cell! permeable! bisbenzimidazole!

derivative! that! binds! to! the! minor! groove! of! the! DNA.! After! excitation! of! Hoechst! its!

emission! can! be! measured! simultaneously! in! the! blue! and! red! spectrum.! But! although!

Hoechst!enters!viable!cells,!ABC!transporters!of!the!cell!membrane!actively!efflux!the!dye!

(Scharenberg#et#al.!2002,!Zhou#et#al.!2002,!Zhou#et#al.!2001).!Goodell!et#al.!were!the!first!to!

identify! that! hematopoietic! stem! cells! are! particularly! effective! at! pumping! out!Hoechst!

(Goodell#et#al.!1996)!since!they!express!high!levels!of!ABC!transporters!resulting!in!a!small!

side!population!of!weakly!stained!cells!which!can!be!identified!by!flow!cytometric!analysis.!
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To! determine! the! size! of! the! side! population,! verapamil,! an! LRtype! calcium! channelR

blocking!agent! serves! as! a! functional! control.!Blocking! the! calcium!channels! inhibits! the!

efflux!of!Hoechst!dye!from!these!cells,!so!it!is!then!possible!to!gate!for!the!side!population,!

which! is! suspected! to! consist! of! cancer! stem! cells.! Subsequently,! side! populations!were!

identified! in! various! established! cell! lines! from! breast! cancer,! lung! cancer! and!

glioblastoma,! suggesting! that! this! phenotype! defines! a! class! of! cancer! stem! cells! with!

inherently! high! resistance! to! chemotherapeutic! agents! due! to! rapid! efflux! of! those!

compounds!(HirschmannRJax#et#al.!2004).!Kondo!et#al.!were!the!first!to!come!up!with!the!

hypothesis!that!the!side!population!resembles!the!source!of!CSCs!in!C6!glioma!cells!since!

only!SP!cells!initiated!tumors!in!multiple!tissues!in!nude!mice!(Kondo#et#al.!2004).!

ABC!transporters!that!most!notably!account!for!the!efflux!of!Hoechst!are!ABCG2!(BCRP1)!

and!ABCB1!(also!known!as!PRglycoprotein!or!MDR1)!(Chaudhary#et#al.!1991,!Goodell#et#al.!

1996,!Scharenberg#et#al.!2002,!Schinkel#et#al.!1994,!Zhou#et#al.!2001).!This! is!concordant!

with!the!findings!that!these!genes!are!highly!expressed!on!SP!cells!but!not!on!nonRSP!cells!

(HirschmannRJax#et#al.!2004,!Patrawala#et#al.!2005).!Accordingly,!putative!CSCs!of! the!SP!

have!higher! capacity! to!expel! cytotoxic!drugs!used! in! cancer! therapy,! therefore! improve!

their!survival!and!finally!recapitulate!the!whole!tumorigenesis!resulting!in!a!relapse!after!

what!seems!like!a!successful!cancer!treatment!(HirschmannRJax#et#al.!2005,!HirschmannR

Jax#et#al.!2004).!

The! main! criterion! of! CSCs! in! contrast! to! nonRCSCs! is! their! unique! capability! to!

differentiate!and!recapitulate!all! cell! types!within!a! tumor.!The!results!of! several!groups!

demonstrated! that! only! SP! cells! generate! both! SP! and! nonRSP! cells! in! cell! culture!while!

nonRSP!cells!fail!to!do!so!(HirschmannRJax#et#al.!2004,!Kondo#et#al.!2004,!Wang#et#al.!2007,!

Wang# et# al.! 2009b).! Furthermore,! they! were! able! to! initiate! tumors! in! xenograft!

transplantation!experiments!with!very!low!numbers!of!SP!cells,!whereas!nonRSP!cells!were!

either!not!at!all!tumorigenic!or!only!upon!injection!of!multifold!more!cells!compared!to!the!

SP.!

Grichnik! et# al.! identified! SP! cells! in!metastatic!melanoma! cell! lines!which,! compared! to!

nonRSP!cells!were!small!in!size,!less!melanotic,!had!a!decreased!proliferation!rate!and!gave!

rise! to!a!heterogeneous! cell!population! (Grichnik#et#al.! 2006).!All! these! findings! support!

the!isolation!of!side!populations!via!Hoechst!staining!as!an!identification!method!for!CSCs.!

Additionally,! this!method!could!help! to! identify!more!specific!molecular!CSC!markers!by!

comparing! the! expression! profiles! of! SP! and! nonRSP! cells! which! is! crucial! for! the!

establishment!of!targeted!cancer!therapies.!
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1.3.3.3 Sphere+formation+assays+

Another!method! to! identify! and! enrich!CSCs! is! the! “sphere! formation! assay”.! This! assay!

has!its!origin!in!the!stem!cell!research!of!the!1990s,!where!stem!cells!have!been!described!

in! embryonic! and! postnatal! mouse! brain! in! the! form! of! proliferative! clusters,! called!

‘‘neurospheres’’,! that!can!be!harvested!and!cultured!from!different!brain!areas!(Kukekov#

et# al.! 1997).! Reynolds! et# al.! reported! that! via! induction! with! EGF! single! cells! from! the!

embryonic! striatum! gave! rise! to! a! cluster! of! undifferentiated! cells! with! properties! of!

neuroepithelial! stem! cells,!which! in! turn! can! generate! neurons! and! glia! (Reynolds# et#al.!

1992a,!Reynolds#et#al.!1992b).!Over! the! time!an! in#vitro#system!has!been!developed! that!

uses!serum!and!anchorage!withdrawal,!and!a!medium!supplemented!with!methyl!cellulose!

and!growth!factors![epidermal!growth!factor!(EGF),!basic!fibroblast!growth!factor!(FGF2),!

and! insulin]! to!generate!clonal!neurospheres! from!normal!and! tumor! tissue! (Singh#et#al.!

2003)!and!it!was!suggested!that!sphere!formation!may!be!a!common!growth!characteristic!

of!stem!cells!!(Fang#et#al.!2005).!!

Primarily,! in!cancer!research!sphere! formation!assays!were!used!to! identify!cancer!stem!

cells! from! brain! tumors.! Singh! et#al.! demonstrated! that! 0.3%R25.1%! of! cells! from! brain!

tumors!grow!as!neurosphereRlike!clusters,!termed!tumor!spheres.!Whereas!tumor!spheres!

remained!nonadherent!and!continued!to!proliferate,!the!remaining!majority!of!tumor!cells!

exhibited! adherence,! loss! of! proliferation,! and! subsequent! differentiation! (Singh# et# al.!

2003).! To! build! on! the! analogy! between! neurosphere! and! tumor! sphere,! Singh! et# al.!

subjected!tumor!spheres!to!stem!cell!assays!designed!to!test!the!selfRrenewal,!proliferation,!

and! differentiation! capacities.! They! found! that! cells! of! tumor! spheres! expressed! neural!

stem! cell! markers! but! no! markers! for! differentiated! neurons,! astrocytes,! or!

oligodendrocytes.! Furthermore,! they! showed! increased! chemoresistance! due! to! a! high!

activity!of!ABC!transporters!and!enhanced!rates!of!DNA!repair!and!had!the!ability!to!selfR

renew! and! to! differentiate! to! recapitulate! the! phenotype! of! the! tumor! from!which! they!

were!derived!(Hussein#et#al.!2011,!Singh#et#al.!2003).!Later!on,!sphereRforming!cells!were!

also! found! in!malignant!melanoma.! Several! studies! indicated! that! these! sphereRforming!

cells!compared! to!adherent!melanoma!cells!display!higher! tumorigenic!capacity,!express!

stem! cell! markers! like! the! transcription! factors! SOX2,! OCT4! and! NANOG,! have! higher!

migratory! and! invasive! capacities,! selfRrenew! and! can! differentiate! under! appropriate!

conditions! into! multiple! cell! lineages,! such! as! melanocytic,! adipocytic,! osteocytic,! and!

chondrocytic!lineages!(Monzani#et#al.!2007,!Roesch#et#al.!2010,!Fang#et#al.!2005,!Perego#et#

al.! 2010).! Furthermore,! sphereRforming! melanoma! cells! were! shown! to! have! immuneR

modulator! functions!since!they!elicit!a!poorer!allogenic!response!from!immune!cells!and!
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inhibit!mitogenRdependent!T!cells!activation!and!proliferation!more!efficiently!than!their!

adherent!counterparts!(Ramgolam#et#al.!2011).!

Taken!together,!sphere!formation!assays!can!provide!an!indication!of!the!existence!of!CSCs!

but!Clarke!et#al.!insisted!to!confirm!this!indication!by!in#vivo!transplantation!experiments!

(Clarke#et#al.!2006).!

1.3.3.4 In#vivo+transplantation+experiments+

Until!today,!the!gold!standard!in!validating!the!tumorigenic!potential!of!a!putative!human!

CSC!population!is!xenotransplanting!the!cells!into!immunodeficient!mice.!If!CSCs!are!really!

enriched!in!this!population,!these!cells!should!have!a!severalRfold!higher!capacity!to!form!

tumors! compared! to! the! control! fraction! where! the! cells! lack! this! CSC! marker! or! the!

typical! characteristics! as! rapid! efflux! of! Hoechst! due! to! high! expression! of! ABC!

transporters.!

Using!mouse!models,!the!Hoechst!SP!was!proved!to!be!enriched!of!tumorRinitiating!cells!in!

thyroid!(Mitsutake#et#al.!2007),!ovarian!(Szotek#et#al.!2006)!and!breast!cancer!(Patrawala#

et#al.!2005),!glioma!(Kondo#et#al.!2004,!Patrawala#et#al.!2005),!melanoma!(Dou#et#al.!2009)!

and! hepatocellular! carcinoma! (Chiba# et# al.! 2006).! Furtheron,! xenotransplantation!

experiments! validated! certain! CSC!markers! like!ABCB5,! CD20! and!CD133! for!melanoma!

(Schatton#et#al.!2008,!Monzani#et#al.!2007,!Fang#et#al.!2005).!

1.4 Human+embryonic+and+tissue+stem+cells+

1.4.1 Characteristics++
In! skin,! as! in! all! other! adult! tissues! a!highly! regulated!process!of! stem!cell! selfRrenewal,!

transientRamplifying! cells,! differentiation! and! death! sustains! homeostasis.! The! essential!

characteristics!of!all!stem!cells!are!prolonged!selfRrenewal!and!the!longRterm!potential!to!

form! one! or!more! differentiated! cell! types.!Whereas! stem! cells! present! in! adult! tissues!

form! only! a! limited! number! of! cell! types,! human! embryonic! stem! cells! (hESC)! are!

pluripotent!cells,!which!differentiate!into!derivatives!of!all!three!germ!layers!and!have!the!

potential!to!form!practically!any!cell!type!in#vivo!and!in#vitro.!(Thomson#et#al.!2000,!Dvash#

et#al.!2006).!!

Human!ESCs!are!derived!from!the!inner!cell!mass!of!human!blastocystRstage!embryos!and!

are!characterized!by!their!unlimited!capacity!to!selfRrenew!in!culture!with!maintenance!of!

a! normal! euploid! karyotype! (Dvash# et# al.! 2006).! To! analyze! pluripotency! of! hESCs,+

embryoid! body! formation! in# vitro# and! teratoma! formation! after! injection! into!

immunocompromised!mice!with!differentiation!into!ectoderm,!endoderm!and!mesoderm!



Introduction!
!

!
!

19!

are!currently!used!(Hoffman#et#al.!2005,!O'Connor#et#al.!2008).!Besides!pluripotency!and!

selfRrenewal! capacity! hESCs! are! characterized! by! the! expression! of! a! specific! set! of! cell!

surface! molecules! and! activity! of! several! enzymes! e.g.! telomerase! and! alkaline!

phosphatase!(Dvash#et#al.!2006).! In!2007!the! International!Stem!Cell! Initiative! identified!

several!markers,!which!characterize!hESCs!in!a!comparative!study!of!a! large!and!diverse!

set! of! 59! independently! derived! hES! cell! lines! derived! and! maintained! in! different!

laboratories! worldwide.! Among! these! markers! are! the! glycolipid! antigens! SSEA3! and!

SSEA4,! the! keratan! sulfate! antigens! TRAR1R60,! TRAR1R81,! GCTM2! and! GCT343,! and! the!

protein!antigens!CD9,!CD90,! tissueRnonspecific! alkaline!phosphatase!and!class!1!HLA,! as!

well! as! the! strongly! developmentally! regulated! genes! NANOG,! OCT4,! TDGF1,! DNMT3B,!

GABRB3!and!GDF3!(Adewumi#et#al.!2007).!

State! of! the! art! culture! media! formulations! contain! serum! replacement! and! basic!

fibroblast! growth! factor! (bFGF! or! FGF2)! to!maintain! undifferentiated! and! selfRrenewing!

hESCs! (Hoffman# et# al.! 2005,! Amit# et# al.! 2000)! because! it! is! known! that! representatives!

from!the!FGF,!TGFRβ,!Notch,!Hedgehog!and!Wnt!signaling!pathways!consistently!mark!and!

maintain!the!undifferentiated!state!(Noggle#et#al.!2005).!

1.4.2 Importance+of+TGFGβ+signaling+for+hESC+selfGrenewal+
TGFRβ1,! which! is! a! member! of! the! TGFRβ! superfamily! is! found! in! the! matrigel! matrix,!

which!supports!hESC!growth!in!feeder!layerRfree!conditions!(Amit#et#al.!2004).!In#vitro!the!

importance! of! the! TGFRβ! pathway! for! maintaining! selfRrenewal! and! pluripotency! was!

demonstrated! by! cellular! differentiation! in! shortRterm! cultures! as! a! result! of! TGFR

β1 signaling! inhibition! (Hoffman# et# al.! 2005).! Greber! et# al.! showed! that! FGF2! promotes!

selfRrenewal!of!hESCs!by!modulating!the!expression!of!TGFRβ!ligands!(Greber#et#al.!2007a). 

TGFRβ! ligands!can!be!classified! into! two!subfamilies:! the!TGFRβ/Activin/Nodal!subfamily!

(SMAD! 2/3! branch),! and! the! BMP/growth! and! differentiation! factor! (GDF)! subfamily!

(SMAD! 1/5/8! branch)! (Rao# et# al.! 2005).! To! prevent! differentiation! the! TGFR

β/Activin/Nodal!branch!of! the!pathway!needs! to!be!activated.!Data!suggest!a! regulatory!

circuit! essential! for! maintaining! selfRrenewal! in! hESCs,! which! is! characterized! by!

exogenous!and!autocrine!FGF2!signaling!being!upstream!of!key!TGFRβ!ligands!that!sustain!

OCT4,! NANOG,! and! SOX2! expression,! whereas! these,! in! turn,! activate! endogenous!

expression! of! FGF2! (Greber# et# al.! 2007a,! Vallier# et# al.! 2005,! Greber# et# al.! 2008).! In! this!

process!FGF2!contributes! to!maintenance!of!hESCs! through!activation!of! the!MEK1/ERK!

pathway!by!phosphorylating!ERK!and! inducing! the!early!response!gene!CRFOS.!CRFOS,! in!

turn,! is! linked! to! increased! activity! of! the! transcription! factor! complex! APR1,! and! APR1!

contributes,!at!least!in!part,!to!the!expression!of!genes!essential!for!stem!cell!proliferation!
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and!selfRrenewal!(Kang#et#al.!2005).!Figure+1.6! illustrates!the!correlation!of!TGFRβ,!FGF2!

and!MAPK!pathways.!

!Figure+ 1.6:+ TGFGβ,+ FGF2+ and+ MAPK+ pathway+ crossGsignaling+ for+ maintaining+
hESC+selfGrenewal.+
In!hES!cells!activation!of!the!TGFRβ/Activin/Nodal!branch!of!the!TGFRβ!pathway!or!
FGF2!mediated!activation!of!the!MEKRERK!cascade!and!subsequent!activation!of!the!
APR1! complex! prevent! differentiation.! FGF2Rmediated!modulation! of! TGFRβ! ligand!
expression!towards!the!expression!of!the!TGFRβ/Activin/Nodal!subfamily!regulates!
crossRsignaling!of!these!pathways.!
!

!

1.4.3 Pluripotency+factor+OCT4+
Several! studies!have!highlighted! the!existence!of!a! transcriptional!network! that!controls!

ES!cell!identity.!This!network!comprising!of!OCT4,!SOX2!and!NANOG!has!an!essential!role!

in! early!development! and! is! required! for! the!propagation!of!undifferentiated!embryonic!

stem!(ES)!cells!in!culture.!In!hESCs!OCT4,!SOX2!and!NANOG!coRoccupy!at!least!353!genes!

and! regulate! them! significantly! (Boyer# et# al.! 2005).! Target! genes! frequently! encode!

transcription! factors,! many! of! which! are! developmentally! important! homeodomain!

proteins.! Examples! are! components! of! the! TGFRβ! (e.g.,! TDGF1,! LEFTY2/EBAF)! and!Wnt!

(e.g.,! DKK1,! FRAT2)! signaling! pathways,! FGF4! (fibroblast! growth! factor! 4),! PDGFAR!

(plateletRderived! growth! factor! receptor! alpha)! (Boyer# et# al.! 2005,! Lee# et# al.! 2006).!

Furthermore,! studies! indicate! that! only! OCT4! might! be! the! master! regulator! of! the!

pluripotent!state!in!mammalian!cells!(Buitrago#et#al.!2007,!Nichols#et#al.!1998).  

OCT4,! sometimes! termed!OCT3,!belongs! to! the!POU! family!of! transcription! factors.!They!

are! composed! of! an! NRterminal! subunit! known! as! the! POURspecific! domain,! and! a! CR

terminal! subunit! called! the! homeobox! domain.! Both! subdomains! are! required! for! high!

affinity!sequenceRspecific!DNARbinding.!OCT4!activates!transcription!via!the!binding!of!the!

POU! domain! to! the! octamer! DNA! motif! 5´RATGCAAATR3´! at! promoter! and! enhancer!
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regions!of!its!target!genes!(Lee#et#al.!2006,!Rosner#et#al.!1990).!In!humans,!OCT4!is!present!

throughout!all!stages!from!the!unfertilized!oocyte!to!blastocysts.!It!is!also!present!in!hESCs!

(Hansis# et# al.! 2000,! Lee# et# al.! 2006).! Loss! of! OCT4! expression! allows! ES! cells! to!

differentiate! into! different! cell! fates.! In! addition,! previous! reports! have! detected! OCT4!

expression! in! human! embryonal! carcinoma! cells! as! well! as! in! somaticRcell! tumors!

(Buitrago#et#al.!2007).!

1.4.3.1 Splice+variants+and+pseudogenes+of+OCT4+

Alternative!splicing,!as!well!as!usage!of!alternative!translation!initiation!codons,!results!in!

multiple! OCT4! isoforms.! To! date! there! are! at! least! six! pseudogenes! and! several!

alternatively! spliced! transcripts! known! (Takeda# et# al.! 1992).! Some! are! expressed! in!

cancers,!both!at!the!mRNA!as!well!as!protein!level!(Zhao#et#al.!2011).!OCT4!pseudogenes!

have!been! identified!on! chromosomes!1,!3,! 8,! 10,! and!12!whereas! the! two!main!protein!

coding!isoforms!OCT4A!and!OCT4B!are!located!on!chromosome!6.!

All!human!OCT4!isoform!mRNAs!encode!proteins!with!identical!POU!DNA!binding!domains!

and!CRterminal!domains.!The!proteins!differ!only!in!their!NRterminal!domains.!The!longer!

isoform!OCT4A!consists!of!five!exons!with!1406!bp,!which!are!translated!into!a!360Ramino!

acid!protein.!OCT4B!differs!in!the!5'!UTR,!lacks!a!portion!of!the!5'!coding!region,!and!uses!a!

downstream! nonRAUG! (CUG)! start! codon,! compared! to!OCT4A.! The! resulting! isoform! is!

shorter!at!the!NRterminus,!compared!to!OCT4A.!It!consists!of!265!amino!acids!encoded!by!

1732!bp.!If!this!sequence!is!organized!in!four!or!five!exons,!is!still!under!debate.!Recently,!

a!novel!OCT4 alternative!spliced!variant,!termed!OCT4B1 was detected.!Compared!with!the!

OCT4B mRNA,! OCT4B1 mRNA! is! generated! by! retaining! intron! 2! as! a! putative! novel!

cryptic! exon! termed! exon! 2b.! Amino! acids! 1–80! of! OCT4B! and! OCT4B1! proteins! are!

identical,! including! a! similar! NRterminal! domain! and! a! part! of! the! POURspecific! domain.!

However,!OCT4B1!lacks!the!rest!of!the!POURspecific!domain,!as!well!as!the!homeodomain!

and!the!CRterminal!transactivation!domain!(Atlasi!et!al.,!2008).!

Previous!data! suggest! that! the!DNA!binding,! transactivation,! and! abilities! to! confer! selfR

renewal! differ! tremendously! between! the! human!OCT4! isoforms.! Unlike! human!OCT4A,!

OCT4B!cannot!sustain!stem!cell!properties.! It!was!shown!that,!OCT4B!does!not!bind!to!a!

probe!carrying!the!OCT4!consensus!binding!sequence!due!to!two!separate!regions!of!its!NR

terminal!domain!that!inhibit!DNA!binding!(Lee#et#al.!2006).!!

The! function!of!OCT4B! remains! elusive.!Due! to! alternative! translation! initiation! a! single!

OCT4B mRNA,!can!encode!at! least!three!protein!isoforms!of!which!one!isoform!has!been!

demonstrated! to! respond! to! cell! stress! (Wang# et# al.! 2009a).! OCT4B1 mRNA! is! highly!



Introduction!
!

!
!
22!

expressed! in! human! ESCs! and! embryonal! carcinoma! cells! and! downregulated! following!

differentiation.!Therefore,!a!potential! correlation!between!OCT4B1 and!pluripotency!has!

been! considered! (Gao# et#al.! 2010,! Atlasi! et! al.,! 2008).! In! accordance!with! the! functional!

properties,! the! subcellular! localization! of! OCT4! isoforms! differs.! Whereas,! the! human!

OCT4A! isoform! is! clearly! localized! to! the! nucleus,! OCT4B! is! mainly! present! in! the!

cytoplasm!of!the!cell!(Liedtke#et#al.!2008).!
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1.5 Aims+of+this+work+
The! focus!of! this!work!was!on! the! identification!and!characterization!of!so!called!cancer!

stem! cells! (CSCs),! tumor! cells! with! stem! cell! characteristics,! in! cutaneous! malignant!

melanoma.!In!order!to!accomplish!this!I!used!a!multiRlayered!approach!as!follows:!

The!primary!goals!comprised:!

• Establishment!of!patientRderived!melanoma!cell!lines!

• Establishing!approaches!which!allow!the!identification!and!enrichment!of!CSCs!

Secondary!aims!were:!

• Characterization!of!the!established!panel!of!melanoma!cell!lines!

• Application! of! the! current! standard! methods! to! identify! CSCs! which! comprise!

sphere! formation!assays,!dye!exclusion!assays! and!expression!analysis!of! known!

CSC!markers!

Tertiary!aims!involved:!

• Verification!of!the!usefulness!of!these!standard!identification!methods!

• Enrichment! of! a! putative! CSC! fraction! from!melanoma! cell! lines! using!magneticR

activated! cell! sorting! (MACS)! for! cell! surface!proteins!and! fluorescenceRactivated!

cell!sorting!(FACS)!for!intracellular!proteins!

• A!detailed!characterization!and!functional!analysis!of!melanoma!CSCs!by!means!of!

gene! expression! and! sequencing! analyses,! in# vitro! analyses! of! drug! resistance,!

growth!and!mobility!as!well!as!in#vivo!xenotransplantation!experiments.!

I! was! particularly! interested! in! identifying! a! useful! CSC! marker! or! a! combination! of!

markers! to!characterize!melanoma!CSCs.!Therefore,!human!embryonic!stem!cells! (hESC)!

and!human!embryonic!carcinoma!cells!were!used!as!control!and!comparative!cells!to!find!

common!features!between!stem!and!cancer!stem!cells.!Consequently,!I!focused!on!the!key!

stem!cell!properties!like!the!ability!to!selfRrenew!and!the!master!regulator!of!pluripotency!

OCT4.!

Furthermore,!the!study!was!aimed!at!investigating!the!robustness!of!putative!CSC!markers!

in# vitro! (dynamic! equilibrium! vs.! static! state).! Finally,! the! main! criterion! of! CSCs,! their!

tumorRinitiating!capacity,!was!proved!for!enriched!putative!melanoma!CSCs!and!compared!

to!bulk!tumor!cells. 
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2 Materials+and+Methods+
Trademarks! appear! throughout! this! thesis!without! any! trademark! symbol;! they! are! the!

property!of!their!respective!trademark!owner.!There! is!no! intention!of! infringement;! the!

usage!is!to!the!benefit!of!the!trademark!owner.!

2.1 Materials+
Table+2.1:+Chemicals+and+reagents+
Product( Company(
(±)RVerapamil!hydrochloride!≥99.0%!(TLC)! SigmaRAldrich,!Inc.,!USA!
2RMercaptoethanol! SigmaRAldrich,!Inc.,!USA!
30%!Acrylamide/Bis!Solution! BioRRad!Laboratories,!Inc.,!USA!
5RazaR2’Rdeoxycytidine! SigmaRAldrich,!Inc.,!USA!
Accutase! PAA!Laboratories!GmbH,!Germany!
Acidic!acid!(100!%)! Merck!KGaA,!Germany!
Agarose!NEEO!UltraRQualität! Carl!Roth!GmbH!&!Co.!KG,!Germany!
alamarBlue! Invitrogen!GmbH,!Germany!
Ammonium!acetate!(5!M)! Invitrogen!GmbH,!Germany!
Ammonium!persulfate!for!electrophoresis,!≥98%! SigmaRAldrich,!Inc.,!USA!
Bacto!Agar! BD!Biosciences,!USA!
Bacto!Trypton! BD!Biosciences,!USA!
Bacto!!yeast!extract! BD!Biosciences,!USA!
Basic!Fibroblast!Growth!Factor!(bFGF)! PeproTech,!UK!
Betaine!hydrochloride! SigmaRAldrich,!Inc.,!USA!
bisBenzimide!H!33342!trihydrochloride!(Hoechst)! SigmaRAldrich,!Inc.,!USA!
BlottingRGrade!Blocker,!nonfat!dry!milk! BioRRad!Laboratories,!Inc.,!USA!
Boric!acid! Merck!KGaA,!Germany!
Bromophenol!Blue!! SigmaRAldrich,!Inc.,!USA!
Bovine!serum!albumin!(BSA)!! Serva!GmbH,!Germany!
Calciumchlorid! Merck!KGaA,!Germany!
4´,6RDiamidinoR2Rphenylindole!dihydrochloride!(DAPI)! SigmaRAldrich,!Inc.,!USA!
DEPCRtreated!water! Applied!Biosystems,!USA!
Difco!Agar,!Noble! BD!Biosciences,!USA!
Dimethyl!sulfoxide!(DMSO)!(99.9!%)! SigmaRAldrich,!Inc.,!USA!
DNA!Marker!100!bp! Invitrogen!GmbH,!Germany!
DRPBS!without!Ca,!Mg! PAA!Laboratories!GmbH,!Germany!
ECL!Plus!Western!Blotting!Detection!Reagents! GE!Healthcare,!Germany!
Ethylenediaminetetraacetic!acid!disodium!salt!dehydrate!(EDTA)! SigmaRAldrich,!Inc.,!USA!
Endothelin!3!(ET3)!Lyophilized!!!!! Lonza!Walkersville,!Inc.,!USA!
Ethanol! Mallinckrodt!Baker,!Germany!
FACS!Clean!Solution!! BD!Biosciences,!USA!
FACS!Flow!! BD!Biosciences,!USA!
FACS!Rinse!Solution!! BD!Biosciences,!USA!
Fetal!bovine!serum!(FBS)!Superior! Biochrom,!Germany!
FicollRPaque!Plus! GE!Healthcare,!Germany!
GR418RSulphate!Solution!(50!mg/ml)! PAA!Laboratories!GmbH,!Germany!
GelRed!Nucleic!Acid!Stain!10000x!in!Water! Biotrend!Chemikalien,!Germany!
Glycerol! Merck!KGaA,!Germany!
Glycine! Merck!KGaA,!Germany!
GoTaq!DNA!Polymerase! Promega!Corporation,!USA!
Hanks’!balanced!salt!solution! Invitrogen!GmbH,!Germany!
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HEPES,!free!acid,!ULTROL!grade! Merck!KGaA,!Germany!
HiRDi!Formamide! Applied!Biosystems,!USA!
Isopropanol!(2RPropanol)! Mallinckrodt!Baker,!Germany!
Kaliumchloride! SigmaRAldrich,!Inc.,!USA!
KnockOut!DMEM! Invitrogen!GmbH,!Germany!
KnockOut!Serum!Replacement! Invitrogen!GmbH,!Germany!
Lipofectamine!2000!Reagent! Invitrogen!GmbH,!Germany!
LRGlutamine!(200!mM)! Invitrogen!GmbH,!Germany!
MagicMark!XP!Western!Protein!Standard!! Invitrogen!GmbH,!Germany!
Matrigel!Basement!Membrane!Matrix! BD!Biosciences,!USA!
Methanol! Merck!KGaA,!Germany!
MEM!NonREssential!Amino!Acids!Solution!(100X)!(NEAA)! Invitrogen!GmbH,!Germany!
MGMR4!BulletKit! Lonza!Walkersville,!Inc.,!USA!
Mitomycin!C!from!Streptomyces!caespitosus! SigmaRAldrich,!Inc.,!USA!
Natriumchloride! Merck!KGaA,!Germany!
Natriumdihydrogenphosphat! Merck!KGaA,!Germany!
diRNatriumhydrogenphosphat! Merck!KGaA,!Germany!
Natriumhydroxid! Merck!KGaA,!Germany!
Nonfat!dry!milk! BioRRad!Laboratories,!Inc.,!USA!
Odyssey!Blocking!Buffer! LIRCOR!Biosciences,!USA!
Orange!G! Carl!Roth!GmbH!&!Co.!KG,!Germany!
PageBlue!Protein!Staining!Solution! Fermentas,!Canada!
PageRuler!Prestained!Protein!Ladder! Fermentas,!Canada!
Paraformaldehyde!(PFA)! Merck!KGaA,!Germany!
PenicillinRStreptomycin,!liquid!(100x)! Invitrogen!GmbH,!Germany!
PolyAcryl!Carrier!! MRC,!Inc.,!USA!
Ponceau!S!practical!grade! SigmaRAldrich,!Inc.,!USA!
Potassium!phosphate!monobasic!ReagentPlus! SigmaRAldrich,!Inc.,!USA!
Propidium!iodide!≥94%,!suitable!for!fluorescence! SigmaRAldrich,!Inc.,!USA!
Protease!Inhibitor!Cocktail!for!mammalian!cell!and!tissue!
extracts! SigmaRAldrich,!Inc.,!USA!

Quantum!263! PAA!Laboratories!GmbH,!Germany!
Random!primers! Promega!Corporation,!USA!
Red!Blood!Cell!Lysis!Solution! Miltenyi!Biotec!GmbH,!Germany!
Ribonuclease!A!from!bovine!pancreas!R!Type!IIIRA! SigmaRAldrich,!Inc.,!USA!
RiboRuler!High!Range!RNA!Ladder! Thermo!Fisher!Scientific,!Inc.,!USA!
RNaseOUT!Recombinant!Ribonuclease!Inhibitor! Invitrogen!GmbH,!Germany!
RotiRBlock! Carl!Roth!GmbH!&!Co.!KG,!Germany!
Set!of!dATP,!dCTP,!dGTP,!dTTP! Promega!Corporation,!USA!
Sodium!Hydroxide,!Pellets!! Merck!KGaA,!Germany!
Sodium!nRDodecyl!Sulfate,!20%!Solution!(w/v)! Merck!KGaA,!Germany!!
SYBRRGreen!PCR!master!mix! Applied!Biosystems,!USA!
Tetramethylethylenediamine!(TEMED)! SigmaRAldrich,!Inc.,!USA!
Tris(hydroxymethyl)Raminomethan!(Tris!Base)! Merck!KGaA,!Germany!
Triton!XR100! Roche!Holding!GmbH,!Germany!
TrypsinREDTA!(1x)!0,05%/0,02%!in!DPBS! PAA!Laboratories!GmbH,!Germany!
Trypsin!Neutralizing!Solution!!!!! Lonza!Walkersville,!Inc.,!USA!
TrypsinRVersene!(EDTA)!Mixture!(1x)! Lonza!Walkersville,!Inc.,!USA!
Tween!20!Detergent! Merck!KGaA,!Germany!
UltraPure!Phenol:Chloroform:Isoamyl!Alcohol!(25:24:1)! Invitrogen!GmbH,!Germany!

!

!

!

!
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Table+2.2:+Kits+

Product( Company(
BCA!Protein!Assay!Kit! Thermo!Fisher!Scientific,!Inc.,!USA!
BigDye!Terminator!v3.1!Cycle!Sequencing!Kit!! Applied!Biosystems,!USA!
Cell!Death!Detection!ELISA!Plus! Roche!Holding!GmbH,!Germany!
EndoFree!Plasmid!Maxi!Kit!! Qiagen!GmbH,!Germany!
Indirect!CD133!Microbead!Kit!human! Miltenyi!Biotec!GmbH,!Germany!
Illumina!TotalPrep!RNA!Amplification!Kit!! Applied!Bioscience,!USA!
NERPER!Nuclear!and!Cytoplasmic!Extraction!Reagents! Thermo!Fisher!Scientific,!Inc.,!USA!
PlatinumR!SYBRR!Green!qPCR!SuperMix!UDG!! Invitrogen!GmbH,!Germany!
QIAamp!DNA!Mini!Kit! Qiagen!GmbH,!Germany!
QIAquick!PCR!Purification!Kit!! ! ! Qiagen!GmbH,!Germany!
QuantRiT!dsDNA!BR!Assay!Kit! Invitrogen!GmbH,!Germany!
QuantRiT!RNA!Assay!Kit! Invitrogen!GmbH,!Germany!
RiboMinus!Transcriptome!Isolation!Kit!! Invitrogen!GmbH,!Germany!
RNeasy!Mini!Kit!! Qiagen!GmbH,!Germany!
SuperScript!VILO!cDNA!Synthesis!Kit!! Invitrogen!GmbH,!Germany!
SuperScript!Double!Stranded!cDNA!Synthesis!Kit! Invitrogen!GmbH,!Germany!
Stemgent!Alkaline!Phosphatase!Staining!Kit!II! Miltenyi!Biotec!GmbH,!Germany!

!

Table+2.3:+Primary+and+secondary+antibodies+
Product( Dilution/Buffer( Company(

Alexa!Fluor!488!goat!antiRrabbit!IgG!(H+L)!! 1:800!in!2nd!antibody!
buffer! Invitrogen!GmbH,!Germany!

AntiRmouse!IgG,!HRPRlinked!Ab! 1:2000!in!milk!blocking!
solution!

Cell!Signaling!Technology,!
Germany!

AntiRrabbit!IgG,!HRPRlinked!Ab! 1:2000!in!milk!blocking!
solution!

Cell!Signaling!Technology,!
Germany!

CD133!(C24B9)!Rabbit!mAb! 1:1000!in!PBST/LIRCOR!
blocking!Buffer!(1:1)!

Cell!Signaling!Technology,!
Germany!

antiRGAPDH!(6C5)!mouse!mAb! 1:8000!in!milk!blocking!
solution! Applied!Biosystems,!USA!

GFP!antibody!rabbit!polyclonal!Ab! 1:2000!in!PBST/LIRCOR!
blocking!Buffer!(1:1)! Abcam!plc,!UK!

IRDye680CW!goat!antiRmouse!! 1:10000!in!PBST/LIRCOR!
blocking!Buffer!(1:1)! LIRCOR!Biosciences,!USA!

IRDye800CW!goat!antiRrabbit! 1:10000!in!PBST/LIRCOR!
blocking!Buffer!(1:1)! LIRCOR!Biosciences,!USA!

ßRTubulin!antibody!rabbit!polyclonal!Ab! 1:1000!in!PBST/LIRCOR!
blocking!Buffer!(1:1)!

Cell!Signaling!Technology,!
Germany!

OctR4!(C52G3)!rabbit!monoclonal!Ab! 1:1000!in!BSA!buffer! Cell!Signaling!Technology,!
Germany!

p44/42!MAP!Kinase!rabbit!polyclonal!Ab! 1:1000!in!milk!blocking!
solution!

Cell!Signaling!Technology,!
Germany!

PhosphorRp44/42!MAPK!(Thr202/Tyr204)!
(E10)!mouse!monoclonal!Ab!

1:1000!in!milk!blocking!
solution!

Cell!Signaling!Technology,!
Germany!

Stemgent!DyLight!488!rabbit!antiR
human/mouse!OCT4!Ab!

1:100!in!PBST/LIRCOR!
blocking!Buffer!(1:1)!

Miltenyi!Biotec!GmbH,!
Germany!

!

!

+ +
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Table+2.4:+Enzymes+

Product( Company(
ApaI!restriction!enzyme! New!England!Biolabs,!Inc.,!USA!
Collagenase!IV! SigmaRAldrich,!Inc.,!USA!
DNase!I! Applichem!GmbH,!Germany!
RNaseRFree!DNase!Set!(50)! Qiagen!GmbH,!Germany!
Tsp45I!restriction!enzyme! New!England!Biolabs,!Inc.,!USA!
!

Table+2.5:+Drugs/+Kinase+inhibitors+

Product( Target( Company(
ABTR869! VEGFR,!PDGFR! Selleck!Chemicals!LLC,!USA!
Bosutinib! SRC,!ABL! Axon!Medchem!BV,!Netherlands!
Dasatinib! ABL,!SRC! Axon!Medchem!BV,!Netherlands!
GDCR0941! PI3K! Axon!Medchem!BV,!Netherlands!
Gefitinib! EGFR! Axon!Medchem!BV,!Netherlands!
Imatinib! ABL,!KIT,!PDGF! Axon!Medchem!BV,!Netherlands!
Lapatinib! EGFR,!HER2! Axon!Medchem!BV,!Netherlands!
Nilotinib! ABL! Axon!Medchem!BV,!Netherlands!
PD184352! MEK! Axon!Medchem!BV,!Netherlands!
PD98059! p38!MAPK! Merck!KGaA,!Germany!
PIR103! PI3K,!DNARPK,!mTOR1/2! Cayman!Chemical!Company,!USA!
PLXR4032! BRAF! Selleck!Chemicals!LLC,!USA!
Rapamycin! MTOR! SigmaRAldrich,!Inc.,!USA!
Sorafenib! PDGFR,!VEGFR,!RAF! Axon!Medchem!BV,!Netherlands!
Staurosporin! Broad!Spectrum! Selleck!Chemicals!LLC,!USA!
SU5402! FGFR1! Merck!KGaA,!Germany!
Sunitinib! PDGFR,!VEGFR! Axon!Medchem!BV,!Netherlands!
U0126! MEK1! Promega!Corporation,!USA!
Vandetanib! VEGFR,!EGFR! Axon!Medchem!BV,!Netherlands!
!

Table+2.6:+Human+cell+ines+and+primary+cells+
Cell(line( Cell(type( Melanoma(

subtype(
Sex( Breslow(

Index(
Clark(
Level(

Source(

A375! malignant!
melanoma! NA! female! NA! NA! DKFZ,!Heidelberg!

ChaMel19!

melanoma!
metastasis!

NM! male! 3.81!mm! IV!

Clinical!Research!
Group!Tumor!
Immunology,!!
Department!of!
Dermatology,!
Charité!Berlin!

ChaMel21! SSM! female! 1.00!mm! III!
ChaMel39! SSM! female! 1.10!mm! NA!
ChaMel41! SSM! female! 2.20!mm! IV!
ChaMel47! NA! male! NA! NA!
ChaMel68! NA! male! NA! NA!
ChaMel73! SSM! female! 3.70!mm! NA!
ChaMel81! SSM! female! 1.30!mm! NA!
ChaMel84! NM! male! 4.00!mm! IV!
ChaMel91! SSM! male! 1.83!mm! III!
ChaMel100! NA! male! NA! NA!
ChaMel114! NA! female! NA! NA!
ChaMel115! NA! male! NA! NA!

NHEMR
melanocytes!!

neonatal!
melanocytes!
from!foreskin!!

RRR!
male!

RRR! RRR!
Lonza!
Walkersville,!Inc.,!
USA!
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NHEMRAdR
melanocytes!!

adult!
melanocytes!
from!breast!
tissue!

RRR!

female!

RRR! RRR!
Lonza!
Walkersville,!Inc.,!
USA!

NCCIT!

embryonal!
carcinoma;!
teratocarcinom
a!

RRR!

male!

RRR! RRR! LGC!Standards!
GmbH,!Germany!

Pat1T1k! melanoma!
metastasis! NM! male! 2.50!mm! IV! AG!Regenbrecht,!

Charité!Berlin!
!

Table+2.7:+Primer+sequences+for+standard+PCR+and+cycle+sequencing+
Gene( ( Sequence((5´(G(3´)(

ABCB1! se!
as!

CATTGGTGTGGTGAGTCAGG 
GACCACTGCTTCGCTTTCTGT 

ABCB5! se!
as!

CAATGGCCTTTTGTGGTTCTG 
CCCTGCTCTGCCGTAAAATA 

ABCC2! se!
as!

CTTAGTGGGGGTCAGAAGCA 
CCAGGAGAGCACTGTAGGA 

ABCG2! se!
as!

CGTGGTGTGTCTGGAGGAGA 
CGAGGCTGATGAATGGAGAAG 

BMIR1! se!
as!

CGATACTTACGATGCCCAGCA 
TGGATGAGGAGACTGCACTG 

BRAF! se!
as!

TCATAATGCTTGCTCTGATAGGA 
GGCCAAAAATTTAATCAGTGG!

CRKIT! se!
as!

CCGTTTGGAAAGCTAGTGGT 
AAGGAGTGAACAGGGTGTGG 

CRMYC! se!
as!

CCTACCCTCTCAACGACAGC 
CTCTGACCTTTTGCCAGGAG 

CD133! se!
as!

CCTGGGGCTGCTGTTTATTA 
TTGATCCGGGTTCTTACCTG 

CD166! se!
as!

CGATCTAGCCCGTCATTTTC 
ACGCTTCCACTGCCAGTAAT 

CD20! se!
as!

GCTGCCATTTCTGGAATGAT 
TTCCTGGAAGAAGGCAAAGA 

CD90! se!
as!

TAGTGGACCAGAGCCTTCGT 
GCCCTCACACTTGACCAGTT 

CSPG4! se!
as!

TCTGGGTCTGAGGATCTGGT 
CTTCAGCGAGAGGAGCACTT 

DNMT3B! se!
as!

TACCATCGACCTCACAGACG 
GGTCCCCTATTCCAAACTCC 

EDNRB! se!
as!

TTGTGTCCTGCCTTGTGTTC 
TGATTCCCACAGAGGCTTTC 

EGFP! se!
as!

GTAAACGGCCACAAGTTCAGC 
GGCGGATCTTGAAGTTCA 

FGF2! se!
as!

ACCGTTACCTGGCTATGAAGG 
GACTGCCCAGTTCGTTTCAGT 

FGFR1! se!
as!

GTGGGAGATCTTCACTCTGG 
GCTTGAAGGTGGGTCTCTGT 

GABRB3! se!
as!

AGTGTCACTGAGCTTTCGGTTG 
GGTTGCCTTGGCTGTCTTTTCT 

GDF3! se!
as!

CTTCACCCCAGAAGTTCCAA 
GCAGGTTGAAGTGAACAGCA 

HPRT! se!
as!

GTTGTAGGATATGCCCTTGAC 
GCCCAAAGGGAACTGATAGT 

JARID1B! se!
as!

AACAACATGCCAGTGATGGA 
TACCAGGTTTTTGGCTCACC 

KLF4! se!
as!

TCCCATCTTTCTCCACGTTC  
GGTCTCTCTCCGAGGTAGGG 

! !



Materials!and!Methods!
!

!
!

29!

LIN28! se!
as!

CTTCTCCGAACCAACCCTTT 
CGCACGTTGAACCACTTACA 

MITF! se!
as!

CTTGGGCTTGATGGATCCTG 
GGTTGGCTGGACAGGAGTTG 

MSIR1! se!
as!

GTTCGGGTTTGTCACGTTTG 
ATGAAGGCGTCCATTCCGTA 

NANOG! se!
as!

CAACTGGCCGAAGAATAGCAA 
CGAATTTGGCTGGAACTGCAT 

NESTIN! se!
as!

TCCAAGACTTCCCTCAGCTT 
TGCTTACCACTTTGCCCTCT 

OCT4A! se!
as!

CCTTCGCAAGCCCTCAT 
TGATGTCCTGGGACTCCTC 

OCT4A!nested! se!
as!

CGCCGTATGAGTTCTGTGG 
TGCTCCAGCTTCTCCTTCTC 

SOX2! se!
as!

CAGCTCGCAGACCTACATGA 
TGGAGTGGGAGGAAGAGGTA 

TDGF1! se!
as!

CGGAATTTGCTCGTCCATCTC 
CACATCGTGCTCACAGTTCC 

TNC! se!
as!

ACAGTAGAGGCAGCCCAGAA 
TCTACAGCAAGGGGTCGAGT 

TYR! se!
as!

ACCGGGAATCCTACATGGTT 
TGAGGAGTGGCTGCTTTTCT 

se!=!sense!primer;!as!=!antisense!primer.!
Green!nucleotides!are!unspecific!primer!extensions!to!adjust!the!GCRcontents!to!50%!and!approximate!the!
length!of!sense!and!antisense!primer.!All!primers!were!obtained!from!Eurofins!MWG!GmbH,!Germany.!
!

Table+2.8:+Primer+sequences+for+realGtime+PCR+
Gene( ( Sequence((5´(G(3´)(

ABCB1! se!
as!

GCTGTCAAGGAAGCCAATGC 
GCTTCTGCCCACCACTCAAC 

ABCB5! se!
as!

GAGAGCAGCAAGGGAAGCAA 
CAGGGCAGACGTAGCCTCAT 

ABCC2! se!
as!

CTGGTTCCTGTCCCTATTCTGG 
CTGGAATCCGTAGGAGATGAAGA 

ABCG2! se!
as!

CGTGGTGTGTCTGGAGGAGA 
CGAGGCTGATGAATGGAGAAG 

ACTB! se!
as!

TCAAGATCATTGCTCCTCCTGAG 
ACATCTGCTGGAAGGTGGACA 

BMIR1! se!
as!

GATGCCCAGCAGCAATGACT 
GGCTGTTGGCCTTGTCACTC 

CD166!
se!
as!

ACTGGCAGTGGAAGCGTCAT 
GTCTGCCTCATCGTGTTCTGG 

CSPG4! se!
as!

TCGTGCTGTTCTCACACAGA 
CTTCAGCGAGAGGAGCACTT 

FGFR1! se!
as!

TACGGCAGCATCAACCACAC  
TTGTCTGGGCCAATCTTGCT 

GAPDH! Se!
as!

CTGGTAAAGTGGATATTGTTGCCAT 
TGGAATCATATTGGAACATGTAAACC 

MITF! se!
as!

CTTGGGCTTGATGGATCCTG 
GGTTGGCTGGACAGGAGTTG 

MSIR1! se!
as!

GACGCCATGCTGATGTTTGA 
ATGAAGGCGTCCATTCCGTA 

se!=!sense!Primer;!as!=!antisense!Primer.!All!primers!were!obtained!from!Eurofins!MWG!GmbH,!Germany.!
!

! !
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Table+2.9:+Buffers,+solutions+and+media+

Agarose(gels(
Agarose!gels!! 1R2%!Agarose!(w/v)!in!1x!TAE,!2!µl/50!ml!GelRed!

50x!TAE! 242!g!Tris!Base!(MW!121.13),!18,6!g!EDTA!(MW!372.24)!ad!1!l!dH2O,!pH!
8.0!

DNARLoading!Buffer!! 1!ml!1!M!Tris/HCl!pH!7.5,!0.1!g!Orange!G,!20!ml!Ficoll!Plus!ad!100!ml!dH2O!
DNA!Ladder!(50!ng/µl)! 25!µl!100!bp!DNA!Ladder,!125!µl!DNARLoading!Buffer,!ad!500!µl!dH2O!

Cell(culture(

Dissociation!mix! 1%!PenicillinRStreptomycin,!1!mg/ml!Collagenase!IV!and!0.1!mg/ml!DNase!
I!in!RPMI!

2x!RPMI!medium!for!soft!agar!
assays!

20!ml! 10x! RPMI,! 20!ml! FCS,! 2!ml! PenicillinRStreptomycin,! 2!ml! LR
Glutamine,!10!ml!NaHCO3!ad!100!ml!dH2O!

Q263! Quantum!263!and!1%!PenicillinRStreptomycin!
RPMI! RPMI,!1%!PenicillinRStreptomycin!and!10%!FCS!

bFGF!solution! 10!µg!bFGF!in!1!ml!bFGFRbuffer!(2!mM!EDTA,!0.5%!BSA,!ad!50!ml!DRPBS),!
aliquots!stored!at!R20°C!

hESC!medium!

20!ml! KnockOut! DMEM,! 5!ml! KnockOut! Serum! Replacement,! 0.25!ml! LR
Glutamine,! 0.25!ml! PenicillinRStreptomycin,! 0.25!ml! NEAA,! 1.75!µl! 2R
Mercaptoethanol,! mixed! and! sterileRfiltered,! addition! of! 10!µl! bFGF!
solution!(10!µg/ml)!

PCR(
dNTPsRMix!(10!mM)! 10!μl!100!mM!ATP,!GTP,!CTP,!TTP!ad!100!µl!H2O!
Primermix!(25!μM)!! 25!µl!100!μM!sense!Primer!and!25!µl!100!μM!antisense!Primer!ad!100!µl!

dH2O!

Standard!PCRRMix! 5!μl! 5x! Green! GoTaq! Reaction! buffer,! 0.5!μl! dNTPRMix,! 1!μl! Primermix,!
0.125!μl!GoTaq!Polymerase,!1!µl!template!ad!25!μl!dH2O!

RealRtime!PCRRMix! 3.5!µl!cDNA,!1.5!µl!primermix!(each!primer!2.5!µM),!5!µl!SYBRRGreen!PCR!
master!mix!

Transformation(and(E.#coli(culture!
LB!medium!! 10!g!Bacto!Trypton,!5!g!Bacto!yeast!extract,!10!g!NaCl!ad!1!l!dH2O!(pH!7.0)!

LB!agar! 15!g!Bacto!Agar,!10!g!Bacto!Trypton,!5!g!Bacto!yeast!extract,!10!g!NaCl!ad!1!
l!dH2O!(pH!7.0)!

Immunofluorescence(
10x!PBS! 80!g!NaCl,!2!g!KCl,!14.4!g!Na2HPO4,!2.4!g!KH2PO4!ad!1!l!dH2O,!pH!7.4!
DAPI!solution! 2!µg!DAPI!ad!10!ml!with!PBS!
2nd!antibody!buffer! 0.05%!TweenR20,!1%!BSA!in!1x!PBS!

SDSGPAGE(

Lysis!buffer! 2,5!ml!20%!SDS!solution,!0.5!ml!1!M!TrisRHCl!(pH!7.5),!0.2!ml!0.5!M!EDTA!
(pH!8.0)!ad!50!ml!dH2O!

4x!Loading!buffer! 8%!SDS,!40%!Glycerol,!0.25!M!TrisRHCl!(pH!6.8),!0.1%!Bromophenol!Blue,!
20%!2RMercaptoethanol!

Running!buffer! 0.192!M!Glycine,!0.1%!SDS,!0.025!M!Tris!Base!pH!8.3!in!dH2O!
Resolving!gel!buffer! 0.8%!SDS,!1.5!M!Tris!Base!pH!8.8!in!dH2O!
Stacking!gel!buffer! 0.4%!SDS,!0.25!M!Tris!Base!pH!6.8!in!dH2O!

Resolving!gel!(10%)! 3.3!ml!30%!Acrylamide!/!Bis! solution,!2.5!ml! resolving!gel!buffer,!4.2!ml!
dH2O,!10!µl!TEMED!and!60!µl!10%!APS!

Stacking!gel! 0.49!ml!30%!Acrylamide!/!Bis!solution,!1.88!ml!stacking!gel!buffer,!1.39!ml!
dH2O,!3.75!µl!TEMED!and!22.5!µl!10%!APS!

Western(Blot(
BSA!buffer! 0.1%!TweenR20,!5%!BSA!in!1x!TBS!
Milk!blocking!buffer! 0.1%!TweenR20,!5%!Nonfat!dry!milk!in!1x!TBS!
LIRCOR!blocking!buffer! PBS!and!Odyssey!Blocking!Buffer!mixed!1:1!
PBST! 0.1%!TweenR20!in!1x!PBS!
10x!TBS! 100!ml!1!M!TrisRHCl!(pH!8.0),!300!ml!5!M!NaCl!ad!1!l!dH2O!
TBST! 0.1%!TweenR20!in!1x!TBS!
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MACS(
MACS!buffer! 2!mM!EDTA,!5%!FCS!in!PBS!

FACS(
HBSS+!buffer! 2%!FCS,!10!mM!HEPES!in!HBSS!

MTT(assay(
MTT!solution! 2.5!mg!MTT!in!1!ml!PBS!
Sequencing+

Sequencing!reaction!mix!
0.25!µl! Ready! Reaction! Mix! (BigDye! Terminator! v3.1! Cycle! Sequencing!
Kit),! 2!µM! sense! and! antisense! primer,! 2!µl! BigDye! Terminator! v3.1!
Sequencing!Buffer!(5X),!1!µl!5!M!Betaine,!100!ng!template!ad!10!µl!dH2O!

!

Table+2.10:+Instruments+and+materials+
Product( Company(

6!tube!magnetic!stand! Applied!Biosystems,!USA!
19G!x!1.5“,!1.1!mm!x!40!mm!BD!Microlance!3!needles! BD!Biosciences,!USA!
3730xl#DNA!Analyzer! Applied!Biosystems,!USA!
BD! BioCoat! BD! Matrigel! Invasion! Chamber,! 8.0! μm! Pore,! PET!
Membrane,!24!well! BD!Biosciences,!USA!

BD!BioCoat!Control!Chamber,!8.0!μm!PET!Membrane,!24!well! BD!Biosciences,!USA!
Biological!Safety!Cabinets! NuAire,!Inc.,!USA!
Biopur!Combitips!plus!0.2ml,!1!ml!and!5!ml! Eppendorf!AG,!Germany!
Cell!culture!flasks;!25,!75!and!175!cm2! BD!Biosciences,!USA!
Cell!scraper! TPP!AG,!Switzerland!
Cell!Strainer!(70!µm!mesh!size)! Miltenyi!Biotec!GmbH,!Germany!
Centrifuge!Avanti!JR25! Beckman!Coulter!GmbH,!Germany!
Centrifuge!5424! ! Eppendorf!AG,!Germany!
Centrifuge!5810R! Eppendorf!AG,!Germany!
Centrifuge!MiniSpin!Plus! Eppendorf!AG,!Germany!
Combitips!0.1,!0.2,!1!and!5!ml! Eppendorf!AG,!Germany!
EPICS!XLRMCL!flow!cytometer!with!MPLUS!cell!cycle!software! Beckman!Coulter!GmbH,!Germany!
FACSCalibur!System!with!CellQuest!Pro!Software!4.0.1! BD!Biosciences,!USA!
FACSDiva! Flow! Cytometer! &! Cell! Sorter! with! BD! FACSDiva!
Software!6.0! BD!Biosciences,!USA!

Gel! documentation! system! Syngene! G:Box! Chemi! HR16! with!
Gene!Snap!7.04.05!software! New!England!BioGroup,!USA!

gentleMACS!dissociator! Miltenyi!Biotec!GmbH,!Germany!
gentleMACS!C!Tubes! Miltenyi!Biotec!GmbH,!Germany!
Glass!coverslips! Carl!Roth!GmbH!&!Co.!KG,!Germany!
Heraeus!Cytoperm!2!CO2!incubator! Thermo!Fisher!Scientific,!Inc.,!USA!
iBlot!Dry!Blotting!System! Invitrogen!GmbH,!Germany!
iBlot!Transfer!Stack,!Mini!(Nitrocellulose)! Invitrogen!GmbH,!Germany!
iBlot!Transfer!Stack,!Mini!(PVDF)! Invitrogen!GmbH,!Germany!
Illumina!HumanWGR6_V3!Expression!BeadChips! Illumina,!Inc.,!USA!
Illumina!HumanRefR8_V3!Expression!BeadChips! Illumina,!Inc.,!USA!
Illumina!HumanWGR12_V4!Expression!BeadChips! Illumina,!Inc.,!USA!
Illumina!BeadStation!500!platform!! Illumina,!Inc.,!USA!
Laminar!flow!hood!Antair!BSK! Heraeus!Holding!GmbH,!Germany!
LSR!II!Flow!Cytometer!System!with!FlowJo!Software!6.4.7! BD!Biosciences,!USA!
Luminescent! Image!Analyzer!LASR1000!with!Image!Reader!LASR
1000!Pro!V2.61!software! FujiFilm,!USA!

MACS!Seperation!Columns!25!LS!Columns! Miltenyi!Biotec!GmbH,!Germany!
MicroAmp!optical!384!well!reaction!plates! Applied!Biosystems,!USA!
MicroAmp!8RTube!Strip!(0.2!ml)! Applied!Biosystems,!USA!
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MicroAmp!8RCap!Strip! Applied!Biosystems,!USA!
Microplate!Spectrophotometer!Benchmark!Plus! BioRRad!Laboratories,!Inc.,!USA!
Microscope!slides,!cut!edges! Carl!Roth!GmbH!&!Co.!KG,!Germany!
MiniRProtean!Tetra!System! BioRRad!Laboratories,!Inc.,!USA!
NanoDrop!spectrophotometer! NanoDrop!Technologies,!USA!
Neubauer!improved!counting!chamber! Carl!Roth!GmbH!&!Co.!KG,!Germany!
Odyssey!(Infrared!Imaging!Systems)! LIRCOR!Biosciences,!USA!
One!Shot!TOP10F´!chemically!competent!E.#coli! Invitrogen!GmbH,!Germany!
Optical!adhesive!covers! Applied!Biosystems,!USA!
Orbital!shaking!incubator!GFL!3031! GFL,!Germany!
pHRMeter!Φ!340! BD!Biosciences,!USA!
Pipet!SafeRSealRTips!Premium!Line;!10,!20,!200,!1000!µl! Biozym!Scientific!GmbH,!Germany!
Power!supply!PowerPac!Basic! BioRRad!Laboratories,!Inc.,!USA!
PreRSeparation!Filters! Miltenyi!Biotec!GmbH,!Germany!
QuadroMACS!Separator! Miltenyi!Biotec!GmbH,!Germany!
Qubit!assay!tubes!*set!of!500*! Invitrogen!GmbH,!Germany!
Reaction!tubes!0.5!ml,!1.5!ml!and!2!ml!! Eppendorf!AG,!Germany!
RoundRbottom!tubes,!5!ml,!polystyrene! BD!Biosciences,!USA!
RoundRbottom!tube!with!cell!strainer! BD!Biosciences,!USA!
RPMIR1640,!1x! Invitrogen!GmbH,!Germany!
Savant!Speed!Vac!SC100!with!refrigerated!Vapor!Trap!RVT100! Savant,!Inc.!Laboratory,!USA!
Serological!pipets,!steril;!2,!5,!10!and!25!ml! BD!Biosciences,!USA!
S.O.C.!Medium!(10x!10!ml)! Invitrogen!GmbH,!Germany!
SteritopRGP!Filter!Unit!250!and!500!ml! Millipore,!USA!
Syringes!1ml! BD!Biosciences,!USA!
Thermal!cycler!PTCR100! MJ!Research,!Inc.,!USA!

Thermal!cycler!PeqStar!96!HPL! PEQLAB! Biotechnologie! GmbH,!
Germany!

Thermomixer! Eppendorf!AG,!Germany!
Tissue!culture!plates;!6,!12,!24!and!96!well! BD!Biosciences,!USA!
Vacofuge!Concentrator!5301! Eppendorf!AG,!Germany!
VECTASHIELD!Mounting!Medium!for!fluorescence! Biomol!GmbH,!Germany!
Water!Purification!System! Millipore,!USA!
Zeiss!Axiovert!40!CFL!microscope!with!illuminator!HPX!120C!and!
AxioVision!Rel.4.8!software! Carl!Zeiss!AG,!Germany!

!

2.2 Cell+culture+

2.2.1 Establishment+of+primary+cell+cultures+
Surgically! obtained! tumor! samples! were! cut! into! small! pieces! of! 2R4!mm! with! sterile!

scalpels! and! transferred! into! gentleMACS! C! Tubes! containing! 10!ml! dissociation!mix.! C!

Tubes!were!placed!into!the!gentleMACS!dissociator!and!program!“h_tumor_01”!was!used!

to!mince!the!tumor!followed!by!30!min!incubation!at!37°C!with!continuous!rotation.!After!

a! subsequent! run! in! the! gentleMACS! dissociator! with! program! “h_tumor_02”! this!

incubation!step!was!repeated!and!a!final!run!with!the!gentleMACS!program!“h_tumor_03”!

was!performed.!The!resulting!cell!suspension!was!dissociated!by!applying!it!onto!a!70!µm!

cell! strainer! placed! on! a! 50!ml! tube! followed! by! a! washing! step! with! 5!ml! Q263.! After!
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5!min!centrifugation!at!1000!rpm,!the!supernatant!was!discarded!and!the!cell!pellets!were!

resuspended!in!500!µl!PBS.!!

To! remove! erythrocytes! from! the! cell! suspension,! 5!ml! of! the! 1x! Red! Blood! Cell! Lysis!

Solution!was!added,!vortexed!and! incubated!at!room!temperature! for!10!min.!Cells!were!

spun! down! for! 5!min! at! 1000!rpm,! resuspended! in! Quantum! 263! medium! (Q263)! and!

seeded!into!an!appropriate!cell!culture!flask.!Q263!is!a!basal!medium!optimized!for!tumor!

cells! and! based! on! RPMI! 1640! medium.! Q263! contains! an! optimized! mixture! of! trace!

elements,! growth! factors! and! selected! serum! components! and! a! synthetic! ironRbinding!

molecule!which!facilitates!the!transport!of!iron!ions!into!the!cells.!All!cells!were!routinely!

cultivated!at!37°C!and!5%!CO2.!

2.2.2 Maintenance+of+primary+cell+cultures+
According! to! the!requirements!of! the!cells!medium!was!replaced!every!2! to!5!days!until!

confluence!had!reached!80R100%.!Then,!cells!were!washed!with!PBS!and!incubated!with!a!

thin! layer! of! TrypsinREDTA! until! cells! detached! from! the! surface.! Trypsination! was!

stopped! by! adding!medium.! For! further! cultivation! cells!were! splitted! into! new! culture!

dishes.!For!RNA,!DNA!or!protein!isolation!cell!numbers!were!determined!using!a!Neubauer!

counting! chamber.! Required! amounts! of! cells! (usually! 2x! 106! cells)! were! centrifuged,!

washed!once!with!PBS!and!pelleted!into!1.5!ml!tubes.!Supernatant!was!discarded!and!cell!

pellets! were! shock! frozen! in! liquid! nitrogen.! Finally,! pellets! were! stored! at! R80°C! for!

further!use.!

2.2.3 Melanocyte+culture+
Melanocytes! obtained! from! Lonza! were! thawed! and! subcultured! according! to! the!

manufacturer´s! instructions! for! the! Clonetics! Normal! Human! Melanocyte! Cell! System.!

Neonatal! melanocytes! were! acquired! from! a! newborn,! male! Caucasian! and! adult!

melanocytes!from!a!29!years!old!female!Caucasian!individual.!

2.2.4 Cell+culture+with+hESC+medium+
Tumor!cells!grown!to!80%!confluence!in!Q263!medium!in!75!cm2!flasks!were!harvested!as!

described! above! (see! section!2.2.2),! splitted!1! to!10,! resuspended! in!2!ml!hESC!medium!

and! seeded! in! 6! well! culture! plates.! Every! other! day! medium! was! exchanged! without!

disrupting!the!colonies!and!replaced!by!freshly!prepared!hESC!medium.!
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2.3 Cell+sorting+

2.3.1 MACS+
In! order! to! sort! tumor! cells! into! CD133+! and! CD133R! fractions! the! Indirect! CD133!

MicroBead!kit!was!used!on!LS!columns!and!the!QuadroMACS!from!Miltenyi.!80%!confluent!

cells! were! washed! with! PBS! and! detached! from! the! flasks! by! 3!min! incubation! with!

accutase.! Enzyme! activity! was! stopped! by! adding! medium! and! cell! numbers! were!

determined!using!a!Neubauer!counting!chamber.!A!maximum!amount!of!4x!107!cells!was!

centrifuged! and! resuspended!with! 350!µl!MACS! buffer,! 100!µl! FcR! blocking! reagent! and!

50!µl! CD133/1! (AC133)RBiotinRconjugated! antibody! from! the! Indirect! CD133!MicroBead!

kit.! Subsequently,! cells! were! incubated! at! 4°C! for! 10!min! and!washed! twice!with! 10!ml!

MACS!buffer.!A!15!min!incubation!at!4°C!with!antiRBiotin!microbeads!and!a!final!washing!

step!with!10!ml!MACS!buffer! followed.! Labeled! cells!were! resuspended! in! 500!ml!MACS!

buffer! and! loaded! onto! an! equilibrated! LS! column! placed! in! a! QuadroMACS! separator.!

Columns!were!washed!and!CD133+!cells!were!eluted!following!the!company’s!protocol.!To!

achieve!a!higher!purity!of!CD133R!cells,!cells!were!applied!again!onto!a!new,!equilibrated!

LS!column.!CD133+!and!CD133R!cells!were!counted!and!seeded!for!24!h!in!an!appropriate!

culture!dish!before!harvesting!them!for!further!analysis.!

2.3.2 FACS+
FluorescenceRactivated! cell! sorting! (FACS)! was! performed! in! order! to! fractionate!

melanoma! cells! on! the! basis! of! intracellular!markers! into! OCT4REGFP+! and! OCT4REGFPR!

cells.! Cells! were! harvested! as! described! earlier! (section! 2.2.2),! spun! down! for! 5!min! at!

1000!rpm!and!the!cell!pellet!resuspended! in!an!appropriate!volume!of!MACS!buffer.!The!

cells!were!sorted!and!analyzed!by!the!Flow!Cytometry!and!Cellsorting!Core!Facility!(DRFZ,!

Berlin)!using!the!FACS!DiVa!Flow!Cytometer!&!Cell!Sorter!with!BD!FACSDiva!Software!6.0.!

To! recover! from! stress! OCT4REGFP+! and!OCT4REGFPR! cells!were! spun! down! and! seeded!

again! in! an! appropriate! culture! dish! before! harvesting! them! five! days! later! for! further!

analysis.!

2.4 RNA+and+DNA+analyses+

2.4.1 Isolation+and+quantification+of+genomic+DNA+
QIAamp!DNA!Mini!Kit!was!used!for!isolation!of!genomic!DNA!from!frozen!cells!according!

to!the!manufacturer’s!instructions.!Isolated!DNA!was!quantified!using!the!QuantRiT!dsDNA!

BR!Assay!Kit!according!to!the!manufacturer´s!instruction.!
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2.4.2 RNA+isolation+and+quantification+
RNA! isolation! from! frozen! cells! was! performed!with! the! RNeasy!Mini! Kit! following! the!

manufacturer’s! protocol.! Additionally! at! each! time,! 2x! 106! cells! were! homogenized! in!

350!µl!RLT!buffer!by!passing!the!lysate!five!times!through!a!19G!needle!and!a!DNase!I!on!

column! digestion!was! performed! to! remove! trace! amounts! of! genomic! DNA.! Total! RNA!

was! eluted! in! 30!µl! RNaseRfree! water.! To! ensure! RNA! integrity,! all! RNA! samples! were!

directly!frozen!in!liquid!nitrogen!after!RNA!quantification!and!stored!at!R80°C!until!further!

use.! Isolated! RNA! was! quantified! using! the! QuantRiT! RNA! Assay! Kit! according! to! the!

manufacturer´s!instruction.!

2.4.3 Reverse+transcription+
FirstRstrand! cDNA! was! generated! from! 2!µg! RNA! using! the! SuperScript! VILO! cDNA!

synthesis! kit! in! 20!µl! reaction! volume.! Generated! cDNA!was! diluted! with! DEPCRtreated!

water!to!a!final!volume!of!50!µl!for!standard!PCR!and!of!100!µl!for!realRtime!PCR.!

2.4.4 Primer+design+
Starting! point! for! the! primer! design! were! transcript! sequences! described! by! Ensembl!

Genome! Browser,! assembly! GRCh37.p5,! February! 2009! (Retrieved! 10! May! 2011!

<http://www.ensembl.org/index.html>).! This! database! was! chosen! because! here,! the!

positions! of! exonRexon! boundaries! are! marked! for! each! multiRexon! transcript.! This!

facilitates!the!design!of!primers!where!sense!and!antisense!primer!are!located!in!different!

exons.! Consequentially,! only! mRNA! is! amplified! during! PCR! and! no! genomic! DNA! that!

could!be!present!in!trace!amounts!after!RNA!isolation!and!reverse!transcription.!!

Primer!design!was!performed!with!Primer3!0.4.0!software!(Rozen#et#al.!2000)!(Retrieved!

10!May!2011!<http://frodo.wi.mit.edu/primer3/>).!Thereby,!primer!size!was!restricted!to!

18R22!bp!and!3’self!complementarity!of!each!primer!as!well!as!complementarity!of!sense!

and!antisense!primer!were!supposed!to!be!very!low.!

To! adjust! the! GCRcontents! to! 50%! and! approximate! the! length! of! sense! and! antisense!

primer! recommended! primers! of! Primer3! were! unspecifically! extended! by! single!

nucleotides!at!the!5´end.!The!size!of!the!resulting!PCR!products!was!chosen!according!to!

the!method! applied.! For! realRtime! PCRs! ideal! product! size! should! be! 80R200!bp! and! for!

standard!PCR!it!should!range!from!200R500!bp!

2.4.5 Standard+polymerase+chain+reaction+(PCR)+
Standard! PCRs! were! performed! in! 96! well! PCR! Plates! or! MicroAmp! 8Rtube! strips! with!

10!ng!cDNA!as!template!(adjusted!to!1!µl).!The!standard!PCRRmix!for!one!reaction!is!listed!
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in!Table+2.9!and!all!primers!used!in!Table+2.7.!Standard!PCR!was!carried!out!on!thermal!

cycler!PeqStar!96!HPL!with!the!program!specified!in+ Table+2.11.!Sole!exception!was!the!

PCR!with! the! OCT4A! primers.! This!was! performed! on! thermal! cycler! PTCR100!with! the!

same!PCR!program!but!an!annealing!temperature!of!58.5°C!and!a!total!of!35!cycles.! !For!

the! sequencing! and! restriction!digest! 1!µl! of! the!OCT4A!PCR!product!was! used! again! as!

template! in! a! ReRPCR! with! OCT4A! nested! primers! to! increase! the! yield! of! the! OCT4A!

sequence!in!melanoma!samples.!

+Table+2.11:+Program+for+standard+PCR.+
Step+ Process+ Time+ Temperature+
1! Denaturation! 2!min! 95°C!
2! Denaturation! 30!sec! 95°C!
3! Primer!annealing! 45!sec! 55°C!
4! Amplification! 50!sec! 72°C!
5! Repeat!of!step!2R4!for!an!additional!29!times!
6! Final!extension! 10!min! 72°C!
7! Cool!down! ∞! 4°C!

!

2.4.6 RealGtime+polymerase+chain+reaction+(realGtime+PCR)+
Quantitative!realRtime!PCR! for!analysis!of!differential!gene!expression!was!performed! in!

optical!384!well!reaction!plates!in!a!total!volume!of!10!µl!realRtime!PCRRmix!(see!Table+2.9)!

and! in! duplicates! for! each! gene! (Primer! sequences! are! listed! in! Table+ 2.8).! Used! PCR!

instrument! was! the! ABI! PRISM! 7900HT! Sequence! Detection! System! with! the! program!

shown!in!Table!2.12.!The!last!heating!step!in!stage!4!was!performed!with!an!increment!of!

2%!in!order!to!allow!the!generation!of!a!dissociation!curve!from!the!product.!

+Table+2.12:+Program+for+quantitative+realGtime+PCR.+
Step+ Process+ Time+ Temperature+
1! ! 2!min! 50°C!
2! Denaturation! 10!min! 95°C!
3!
!
!

Amplification! 15!sec! 95°C!
1!min! 60°C!

Repeat!of!step!3!for!an!additional!39!times!

4! Dissociation!curve! 15!sec! 95°C!
15 sec! 60°C!
15 sec 95°C!

!

The! output! data! generated! by! the! Sequence! Detection! System! 2.2.1! software! were!

analyzed!with!Excel!2007!(Microsoft,!USA).!Calculation!of!the!differential!gene!expression!

was! done! with! the! comparative! Ct! (threshold! cycle)! method! recommended! by! the!

manufacturer.!Housekeeping!genes!GAPDH!and!ACTB!served!as!endogenous!controls! for!

normalization.!
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2.4.7 Gel+electrophoresis+
PCR!products!and!RNA!samples!for!Illumina!Bead!Chip!hybridization!were!separated!via!

agarose!gel!electrophoresis.!!

2.4.7.1 Electrophoresis+of+DNA+samples+

According! to! the!PCR!product! size!2%!agarose!gels!were!prepared! (Table+ 2.9).! 10!µl!of!

each!product!were!loaded!on!the!gel!and!were!run!in!1x!TAE!at!80!V.!As!marker!5!µl!of!the!

DNA! ladder! (Table+ 2.9)! were! used.! The! results! were! documented! with! the! gel!

documentation!system!Syngene!G:Box!Chemi!HR16!with!Gene!Snap!7.04.05!software.!

2.4.7.2 Electrophoresis+of+RNA+samples+

Isolated!total!RNA!(see!section!2.4.2)!was!quality!checked!by!agarose!gel!electrophoresis.!

1!µg!RNA!was!diluted!with!7!µl!dH2O!and!8!µl!2x!RNA!Loading!Dye! (supplemented!with!

RiboRuler!High!Range!RNA!Ladder)!heated!to!70°C!for!10!min,!chilled!on!ice!and!loaded!on!

a!1%!agarose!gel!(Table+2.9).!4!µl!of!the!RNA!Ladder!were!also!denaturated!and!loaded!on!

the!gel!as!control.!RNA!integrity!was!evaluated!by!the!sharpness!and!ratio!of!the!28S!and!

18S!rRNA!signals.!For!running!conditions!and!documentation!see!section!2.4.7.1.!

2.4.8 Restriction+digest+
For!the!restriction!digest!the!OCT4!PCR!product!(using!OCT4!nested!primers)!was!purified!

with! the!QIAquick!PCR!Purification!Kit!according! to! the!manufacturer´s! instructions!and!

eluted! in! 50!µl! EB! buffer.! DNA! concentration!was! determined! again! using! the! QuantRiT!

dsDNA! HS! Assay! Kit! and! 500!ng! purified! DNA! was! digested! with! 5!U! of! the! restriction!

enzymes!ApaI!and!Tsp45I!in!a!total!volume!of!20!µl,!respectively!applying!the!protocol!and!

buffers!from!New!England!Biolabs.!!

2.4.9 Synthesis+ of+ biotinGlabelled+ cRNA+ and+ Illumina+ Bead+ Chip+

hybridization+
cRNA!was!BiotinRlabelled!using!Illumina!TotalPrep!RNA!Amplification!Kit!according!to!the!

manufacturer´s!instructions!with!500!ng!of!qualityRchecked!total!RNA!in!11!µl!RNaseRfree!

water! as! input.! The! quantity! and! quality! of! labeled! cRNA! was! determined! using! a!

NanoDrop!spectrophotometer.!750!ng!cRNA!in!5!µl!RNaseRfree!water!and!1500!ng!cRNA!in!

10!µl! RNaseRfree! water! were! hybridized! on! Illumina! HumanWGR6,! HumanRefR8!

Expression!and!HumanHTR12!v4!Expression!BeadChips,!respectively.!If!the!concentrations!

were! below! appropriate! values! the! samples! were! concentrated! by! speed! vac!

centrifugation.!Chip!hybridization,!washing,!Cy3Rstreptavidin!staining,!and!scanning!were!
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performed!on!an!Illumina!BeadStation!500!platform!using!reagents!and!protocols!supplied!

by!the!manufacturer.!

2.4.10 Gene+expression+and+cluster+analyses+
Illumina! beadRlevel! data! were! summarized! with! the! Illumina! BeadStudio! software! and!

were!quantileRnormalized!in!R/Bioconductor!(Gentleman#et#al.!2004)!via!the!lumi!package!

(Du#et#al.!2008).!Gene!expression!was!determined!via!a!threshold!of!0.05!for!the!Illumina!

detection! pRvalue.! Differential! expression! with! respect! to! the! control! group! was! tested!

using!Student's!tRtest,!the!Welch!test!and!the!Wilcoxon!test! in!parallel.!The!Bioconductor!

package! q@value! (Storey! 2002)!was! employed! to! control! the! false! discovery! rate.! Genes!

were! considered!differentially! expressed!when! the! Illumina!detection!pRvalue!of! at! least!

one!of! the!control!or! treatment!group!and!at! least!one!of! the!pRvalues!of! the!above!tests!

was!less!than!0.05!and!the!ratio!laid!outside!predefined!thresholds!(<0.75,!>1.5).!

Pathways! and! Gene! Ontologies! (GOs)! were! analyzed! using! the! GOstats! package! and!

annotations! packages! from! the! R/Bioconductor! environment! (Ihaka# et# al.! 1996,! R!

Development! Core! Team! 2008).! Significant! genes! that! have! been! determined! in! the!

preceding!analyses!were!used!as!input.!The!signifcant!genes'!IDs!were!mapped!to!Entrez!

IDs.!All!IDs!on!the!dedicated!microarray!mappable!to!Entrez!IDs!were!used!as!background.!

The!enriched!KEGG!(Kyoto!Encyclopedia!of!Genes!and!Genomes)!pathways!(Kanehisa#et#al.!

2010)!were! determined! analogously.! Enriched! KEGG! pathways! and! GO! categories!were!

calculated!via!the!hypergeometric!test.!

Cluster! analysis! was! performed! via! the! methods! "hclust"! and! "heatmap"! from! the!

statistical! software! package! R! (R! Development! Core! Team! 2008).! Genes! found! to! be!

differentially! expressed! were! filtered! from! the! quantile! normalized! Illumina! bead!

summary!data.!The!resulting!genes!were!read!into!a!data!matrix!with!rows!corresponding!

to! different! genes! and! columns! corresponding! to! different! experiments.! Spearman's!

correlation!was!used!as!distance!measure!for!the!method!"hclust"!and!"complete!linkage"!

as!agglomeration!method.!Cluster!analysis!following!RTRPCR!experiments!was!performed!

analogously.! The! values! to! be! analyzed! were! read! into! a! data! matrix! with! rows!

corresponding! to! different! experiments,! here! different! cell! lines! and! columns!

corresponding!to!different!genes.!

2.4.11 Cell+cycle+analysis+
Cell! cycle! analysis! was! performed! by! our! collaboration! partners! at! the! Elbeklinikum!

Buxtehude!in!the!department!of!Molecular!Cell!Biology.!Cells!were!harvested,!fixed!in!70%!

iceRcold! ethanol! and! stored! at! R20°C! for! further! use.! For! propidium! iodide! (PI)! staining!
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cells!were!mixed!with!500!µl!TBS!and!pelleted!at!3550!rpm!for!10!min.!The!supernatant!

was! discarded! and! the! cells! were! resuspended! in! 1000!µl! RotiRBlock.! Following! 10!min!

blocking! and! a! second! centrifugation! step,! cells! were! incubated! with! 1000!µl! PBS! for!

10!min!at!room!temperature.!Subsequently,!cells!were!pelleted!and!resuspended!in!497!µl!

0.01%!RNase! supplemented!with!6!µg/ml!PI.!Cells!were! incubated! in! the!dark! for!5!min!

before! cell! cycle! distribution!was! determined! on! an! EPICS! XLRMCL! flow! cytometer!with!

excitation!wavelength!of!488!nm!and!analyzed!with!MPLUS!cell!cycle!software.!!

2.5 Cycle+Sequencing+
Cycle!sequencing!was!performed! in!96!well! reaction!plates!on!a! thermal!cycler!PTCR100!

using! the!BigDye! Terminator! v3.1!Cycle! Sequencing!Kit! and! isolated! genomic!DNA! (see!
2.4.1)! or! purified! PCR! products! (using! the! QIAquick! PCR! Purification! Kit)! as! template.!

Ingredients! of! the! sequencing! reaction!mix! are! listed! in!Table+ 2.9! and! the! program! for!

cycle!sequencing!in+Table+2.13.!!

+Table+2.13:+Program+for+cycle+sequencing.+
Step+ Process+ Time+ Temperature+
1! Denaturation! 1!min! 96°C!
2! Denaturation! 30!sec! 96°C!
3! Primer!annealing! 15!sec! 50°C!
4! Amplification! 4!min! 60°C!
5! Repeat!of!step!2R4!for!an!additional!24!times!
7! Cool!down! ∞! 4°C!

!

To!obtain!best!sequencing!results!excess!dye!terminators!had!to!be!completely!removed!

after! cycle! sequencing! since! they! can! interfere!with! basecalling! in! the! early! part! of! the!

sequence.!For!this!the!ethanol/EDTA!precipitation!method!was!used.!The!96!well!reaction!

plate!was!removed!from!the!thermal!cycler!and!spun!briefly.!1!µl!3!M!sodium!acetate!(pH!

5.5),!1!µl!125!mM!EDTA!and!25!µl!100%!ethanol!were!added!to!each!well.!Subsequently,!

the! plate! was! sealed! and! the! samples! mixed! by! extensive! shaking.! After! an! incubation!

period!of!15!min!at!room!temperature!and!a!60!min!centrifugation!step!at!3200!rpm!and!

4°C!the!supernatant!was!discarded!and!the!DNA!pellet!washed!with!70!µl!of!70%!ethanol.!

Samples!were!again!mixed!by!extensive!shaking!and!centrifuged!at!3200!rpm!and!4°C!for!

30!min.! The! supernatant! was! discarded! and! the! last! washing! step! repeated.! Finally,!

purified!DNA!pellets!were!dried!by!inverting!the!reaction!plate!and!spun!up!to!800!rpm!for!

1!min!and!resuspended!in!10!µl!HiRDi!Formamide.!Sample!electrophoresis!was!performed!

on!a!3730xl#DNA!Analyzer.!
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2.6 Whole+transcriptome+mRNA+sequencing+
For!whole!transcriptome!mRNA!sequencing!total!RNA!was!isolated!as!described!in!section!

2.4.2.! The! quantity! and! quality! of! RNA! was! determined! using! the! NanoDrop!

spectrophotometer! and! the! QuantRiT! RNA! Assay! Kit! according! to! the! manufacturer´s!

instruction.!

2.6.1 rRNA+removal+
The!selective!removal!of!18S!and!28S!rRNA!molecules!from!total!RNA!using!the!RiboMinus!

Transcriptome!Isolation!Kit!enabled!the!analysis!of!the!whole!transcriptome!without!any!

interference!from!rRNA!molecules.!This!was!performed!with!10!µg!total!RNA!following!the!

manufacturer’s! instructions.! Resulting! rRNA! depleted! RNA! fraction! was! concentrated!

using!ethanol!precipitation.!

2.6.2 Ethanol+precipitation+
Samples!were! transferred! to!clean!RNaseRfree!2!ml!microcentrifuge! tubes.!1!μl!PolyAcryl!

Carrier!(acryl!polymer! for!precipitation!of!RNA!and!DNA),!oneRtenth!RNA!volume!of!3!M!

sodium!acetate!(∼!50!µl)!and!2.5x!RNA!volume!of!100%!ethanol!were!added,!mixed!well!
and! incubated! at! R80°C! for! 30!min.! Subsequently,! tubes! were! centrifuged! for! 15!min! at!

12000!g! at! 4°C! and! the! supernatant! was! discarded! without! disturbing! the! pellet.! After!

adding!500!μl!70%!cold!ethanol!tubes!were!centrifuged!again!for!5!min!at!12000!g!at!4°C!

and! supernatant! discarded.! The! washing! step! with! 70%! ethanol! was! repeated! and! the!

pellet! airRdried! for!∼5!min.! Finally,! RNA! pellets! were! resuspended! in! 10!μl! RNaseRfree!
water.!

2.6.3 DoubleGstranded+cDNA+synthesis+
DoubleRstranded! cDNA! was! synthesized! using! the! SuperScript! Double! Stranded! cDNA!

Synthesis!Kit!with! 1!µl! random!hexamers! (500!µg/ml)! and! eluted!with! 11!µl! RNaseRfree!

water.! Further! processing! for! the! transcriptome! mRNA! sequencing! was! performed! by!

Bernd!Timmermann!at!the!MPI!for!Molecular!Genetics,!Berlin.!

2.6.4 Sequencing+data+analysis+
Detection! analysis! of! differential! single! nucleotide! polymorphisms! (SNPs)! in! pairedRend!

CD133+!and!CD133R! samples!was!performed!by!Wasco!Wruck!as! follows.!First! the! reads!

were!aligned!versus!a!reference!sequence!(human!hg19!from!UCSC,!provided!as!preRbuilt!

bowtie! index)! via! the! alignment! software! bowtie! (Langmead# et# al.! 2009)! using! default!

parameters,!except!parameters!for!pairedRend!alignment,!multiRprocessor!parallel!thread!

launching!and!output! in!SAM!(Sequence!Alignment/Map)!file! format!(Li#et#al.!2009).!The!
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SAM! file! format!was! used! for! followRup! processing! via! the! SAMtools.! Here! the! software!

environment! picard! (Retrieved! 10! March! 2011! <http://picard.sourceforge.net>)! was!

applied!to!remove!duplicate!reads.!The!SAMtools!mpileup!routine!detected!SNPs!and!short!

insertions! and! deletions! of! less! than! 50! nucleotides! filtering! out! high! maximum! read!

depths!(greater!than!twice!the!average!read!depth).!Differing!genotypes!in!the!CD133+!and!

CD133R! samples!were! found!applying! the! following! criteria:! both! samples!have!differing!

genotypes;!one!of!both!samples'!genotypes!differs!in!both!alleles!from!the!reference!base;!

the!Phred!score!of!the!differing!genotype!is!greater!than!20!(corresponds!to!a!pRvalue!of!

0.01).!Finally,!chromosomal!positions!found!to!differ!between!CD133+!and!CD133R!samples!

were! annotated! with! ENSEMBL! gene! and! gene! symbol! via! Biomart.! Prediction! method!

SIFT! (Sorting! Intolerant! From! Tolerant)! was! used! to! predict! whether! an! amino! acid!

substitution!affects!protein!function!(Ng#et#al.!2006).!

2.7 Plasmid+works+

2.7.1 phOCT4GEGFPG1+construct+
The! phOCT4REGFPR1! construct!was! kindly! provided! by!Dr.!Wei! Cui.! It!was! generated! in!

2004!by!amplifying!the!human!OCT4#promoter!with!the!following!primers:!hOCT4prRF!(5'R

TT!CCC!ATG!TCA!AGT!AAG!TGG!GGT!GGR3')! and!hOCT4prRR! (5'RCGA!GAA!GGC!AAA!ATC!

TGA!AGC!CAG!GR3')!using!human!genomic!DNA!as! a! template.!The! fragment!was! cloned!

into!TOPO!vectors!(Invitrogen)!and!the!fidelity!of!the!DNA!sequence!was!confirmed!by!biR

directional! sequencing.! Subsequently,! the! correct! hOCT4! promoter! was! cloned! into! the!

multiple!cloning!site!(MCS)!of!the!pEGFPR1!vector!(BD!Biosciences)!upstream!of!the!EGFP!

coding!sequence!(Gerrard#et#al.!2005).!!

EGFP!is!a!derivative!of!wild!type!GFP,!which!has!been!optimized!for!brighter!fluorescence!

and!higher!expression! in!mammalian!cells.! !Proper!processing!of! the!3'!end!of! the!EGFP!

mRNA!is!assured!by!the!SV40!polyadenylation!signals!downstream!of!the!EGFP!gene.!The!

vector!also!contains!an!SV40!origin!for!replication!in!mammalian!cells!expressing!the!SV40!

T!antigen.!A!neomycinRresistance!cassette!allows!stably!transfected!eukaryotic!cells!to!be!

selected! using! GR418.! It! consists! of! the! SV40! early! promoter,! the! neomycin/kanamycin!

resistance! gene! of! Tn5,! and! polyadenylation! signals! from! the! Herpes! simplex! virus!

thymidine!kinase! (HSV!TK)!gene.!A!bacterial!promoter!upstream!of! this!cassette!confers!

kanamycin! resistance! in! E.! coli.! The! pEGFPR1! backbone! also! provides! a! pUC! origin! of!

replication!for!propagation!in!E.!coli!and!an!f1!origin!for!singleRstranded!DNA!production.!

A!map!of!the!phOCT4REGFPR1!construct!is!shown!in!Figure+2.1. 

!
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Figure+2.1:+Map+of+the+phOCT4G
EGFPG1+construct.+
The! phOCT4REGFPR1! plasmid!
was! kindly! provided! by! Dr.!Wei!
Cui.! It! contains! the! EGFP!
reporter! under! control! of! the!
OCT4!promoter!and!a!neomycinR
resistance!cassette!as!well!as!the!
SV40! origin! for! replication! in!
mammalian! cells! expressing! the!
SV40!T!antigen.!

!

2.7.2 Transformation+and+E.#coli+culture+
50!µl!aliquots!of!One!Shot!TOP10F´!chemically!competent!E.#coli!were!thawed!on!ice!and!

divided!into!two!tubes.!25!µl!were!mixed!with!10!ng!phOCT4REGFPR1!plasmid!vector,!the!

other!half!with!equal!volume!dH2O!as!negative!control.!Following!30!min!incubation!on!ice!

cell!suspensions!were!heated! for!30!sec!at!42°C!and!again!cooled!down!on! ice! for!2!min.!

Thereafter,!250!µl!S.O.C.!medium!were!added,!respectively!and!incubated!in!a!water!bath!

at!37°C!for!1.5!h.!Cells!were!centrifuged!at!5000!rpm!for!5!min!and!supernatant!discarded!

except!for!50!–!100!µl.!Subsequently,!cells!were!resuspended!in!the!remaining!supernatant!

and!spread!on!lysogeny!broth!(LB)!plates!supplemented!with!30!µg/ml!kanamycin.!!After!

16R18!h!incubation!at!37°C!single!colonies!were!picked!with!sterile!tips!and!grown!in!4!ml!

LB!medium!supplemented!with!30!µg/ml!kanamycin!for!8!h!shaking!at!37°C.!500!µl!starter!

culture!were!diluted!with!100!ml!LB!medium!supplemented!with!30!µg/ml!kanamycin!and!

incubated!overnight!at!37°C!shaking.!

2.7.3 Isolation+of+plasmid+DNA+
Bacteria!from!the!main!100!ml!culture!were!pelleted!via!centrifugation!at!3000!g!and!4°C!

for!10!min.!Isolation!of!plasmid!DNA!was!then!perfomed!with!the!EndoFree!Plasmid!Maxi!

Kit! according! to! the!manufacturer’s! instructions.! Plasmid! DNA! of! one!maxi! preparation!

was! finally! eluted! in! 150!µl! endotoxinRfree! TE! buffer! provided! with! the! kit.! DNA!

concentration!was!determined!using!the!QuantRiT!dsDNA!BR!assay!kit.!
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2.7.4 Plasmid+transfection+
One! day! prior! to! transfection! 3.5x! 105! ChaMel91! cells! or! 4x! 105! CD133+! and! CD133R!

ChaMel91! cells! were! seeded! in! 2!ml! RMPI/10%! FCS! without! PS! into! 6! well! plates.! For!

plasmid! transfection! 6!µg! plasmid! DNA! were! diluted! ad! 250!µl! with! RPMI! and! mixed!

gently.!In!a!second!reaction!tube!15!µl!Lipofectamine!2000!were!diluted!with!235!µl!RPMI!

and! incubated! for! 5!min! at! room! temperature.! Prepared! DNA! and! Lipofectamine! 2000!

were! combined! and! incubated! for! 20!min! at! room! temperature.! Subsequently,! 500!µl! of!

complexes!were!added! to! each!well!with! cells! and!2!ml!medium!and!mixed!gently.!Cells!

were! incubated!at!37°C!and!5%!CO2!with!one!medium!change!5!h!post! transfection!and!

tested!for!transgene!expression!after!24!h.!

2.7.5 Cultivation+of+stable+clones+
For! cultivating! stably! transfected! clones! of! ChaMel91! cells! they! were! treated! with!

500!µg/ml!GR418RSulphate!(GR418).!GR418!blocks!polypeptide!synthesis!by! inhibiting!the!

elongation! steps! in! cells.! Only! tumor! cells! that! contain! the! phOCT4REGFPR1! plasmid! are!

resistant! to! this! concentration! of! GR418! due! to! the! neomycinRresistance! cassette! of! the!

plasmid!(see!2.7.1).!

2.8 Protein+analyses+

2.8.1 Protein+isolation+and+quantification+
For! isolating!proteins! from! frozen!cells,!pellets!were! thawed!on! ice,! loosened!by! flicking!

the!tubes!and!resuspended!in!appropriate!amounts!of!lysis!buffer.!After!5!min!incubation!

at!99°C!denaturated!proteins!were!cooled!down!on! ice!and!protein!concentrations!were!

determined!by!BCA!assay!according!to!the!microplate!procedure!of!the!Pierce!BCA!protein!

assay!kit!with!1:10!dilutions!of!the!protein!lysates.!

2.8.2 Fractionation+of+total+protein+lysates+
Total!protein!lysates!were!fractioned!into!nuclear!and!cytoplasmic!components!using!the!

NERPER! Nuclear! and! Cytoplasmic! Extraction! Reagents! according! to! the! manufacturer’s!

instructions.!Reagents!CER!I!and!NER!were!supplemented!with!protease!inhibitor!cocktail!

from!Sigma.!To!obtain!a!better!fractionation!the!insoluble!pellet!of!step!9!of!the!protocol,!

which! contains! the!nucleic! fraction,!was! rinsed! twice!with!PBS!before! it!was! lysed!with!

35!µl!iceRcold!NER!reagent.!
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2.8.3 SDSGPAGE+gel+electrophoresis+
Protein!gels!were!prepared!in!MiniRProtean!Tetra!System!protein!chambers.!The!resolving!

gel! (8R10%)!was!prepared! (see!Table+ 2.9)!and!stacked!with! isopropanol! to!get!an!even!

surface.!After!polymerization!the!isopropanol!was!discarded,!the!resolving!gel!rinsed!with!

dH2O!and!the!stacking!gel!was!poured!(see!Table+2.9).!Protein!lysates!were!mixed!with!4x!

loading!buffer!and!lysis!buffer!(to!adjust!equal!volume).!The!samples!were!heated!to!99°C!

for!5!min!and!cooled!down!on!ice!for!1!min!before!they!were!loaded!onto!the!gel.!Per!lane!

40R100!µg!protein!lysate!were!applied!and!per!gel!at!least!one!lane!with!a!protein!marker.!

2.5!μl!of!PageRuler!Prestained!Protein!Ladder!was!used!for!fluorescent!western!blots!and!

5!µl!MagicMark!XP!Western!Protein!Standard!for!ECL!western!blots.!The!gel!was!run!in!1x!

running!buffer!at!80!V!until! the! loading!buffer!reached! the! lower!end!of! the!stacking!gel!

and!then!a!current!of!120!V!was!applied.!

2.8.4 Western+blotting+

2.8.4.1 ECL+western+blots+

Protein! lysates!were! separated!on!PAA!gels! and! transferred! to!a!PVDF!membrane!using!

the!iBlot!Dry!Blotting!System.!The!blots!were!incubated!in!milk!blocking!solution!(Table+

2.9)!for!1!h!at!room!temperature!and!overnight!at!4°C!with!primary!antibody!dissolved!in!

milk! blocking! solution.! Thereafter,! the! membrane! was! extensively! washed! by! shaking!

three!times!for!10!min!in!TBST!before!the!HRPRconjugated!secondary!antibody!dissolved!

in!milk!blocking!solution!was!added!and!shaked! for!1!h!at!room!temperature.!Again,! the!

membrane!was!extensively!washed!in!TBST!and!the!bands!were!visualized!using!the!ECLR

Plus! western! blotting! detection! system! for! 5!min! in! the! dark.! Chemiluminescence! was!

detected!using! the!Luminescent! Image!Analyzer!LASR1000!with! Image!Reader!LASR1000!

Pro! V2.61! software.! After! stripping! the! membranes! with! 0.5!M! NaOH! for! 15!min! and!

incubation! in!milk!blocking!solution,!membranes!were! incubated!with!primary!antibody!

against!GAPDH!or!βRTubulin!as!housekeeping!genes!for!1!h!at!room!temperature.!Washing,!

secondary! antibody! incubation! and! chemiluminescence! detection! were! performed! as!

described!above.!Primary!and!secondary!antibodies!used!are!listed!in!Table+2.3.!

2.8.4.2 Fluorescent+western+blots+

After!separation!of!protein!lysates!they!were!blotted!on!a!nitrocellulose!membrane!using!

the! iBlot!Dry!Blotting!System.!Blocking!of! the!membrane!was!performed!for!1!h!at!room!

temperature! in! LIRCOR! blocking! buffer.! Primary! antibodies! were! incubated! in! LIRCOR!

blocking! buffer! supplemented! with! 0.1%! TweenR20! at! 4°C! overnight! and! membrane!

extensively! washed! by! shaking! three! times! for! 10!min! in! PBST.! Subsequently,! IRDye!
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secondary!antibodies!diluted!1:10000!in!LIRCOR!blocking!buffer!supplemented!with!0.1%!

TweenR20!were!incubated!for!1!h!at!room!temperature!in!the!dark.!Again,!the!membrane!

was!washed!three!times!for!10!min!in!PBST!and!finally!in!PBS.!Fluorescence!was!detected!

using! the!Odyssey! Infrared! Imaging!System.!Primary!and! secondary!antibodies!used!are!

listed!in!Table+2.3.!

2.8.5 Immunocytochemistry+

2.8.5.1 Immunofluorescence+staining+with+antiGOCT4G488+antibody+

For! immunofluorescence!staining!cells!were!seeded! in!24!well!plates!on!glass!coverslips!

and!cultivated!for!24!h!at!37°C!and!5%!CO2.!Subsequently,!they!were!washed!with!PBS!and!

fixed! for!30!min! in!4%!PFA! in!PBS!at! room!temperature!and!30!min! in!methanol!at!4°C.!

After!two!washing!steps!cells!were!permeabilized!with!iceRcold!0.1%!Triton!XR100!in!PBS!

for!10!min!and!washed!again!twice.!Blocking!was!performed!for!1!h!at!room!temperature!

with! LIRCOR!blocking! buffer! followed! by! overnight! incubation! at! 4°C!with! the! Stemgent!

DyLight! 488! rabbit! antiROCT4! antibody! diluted! 1:100! with! LIRCOR! blocking! buffer!

supplemented!with!0.1%!TweenR20.! Finally,! the! cells!were!washed! four! times! for! 5!min!

with! PBS! thereby! diluting! the! PBS! at! the! second! washing! step! 1:1! with! DAPIRsolution!

(200!ng/ml)!and!mounted!in!VECTASHIELD!mounting!medium.!Fluorescence!images!were!

visualized! with! a! Zeiss! Axiovert! 40! CFL! microscope! with! illuminator! HPX! 120C! and!

AxioVision!Rel.4.8!software.!

2.8.5.2 Alkaline+Phosphatase+Staining+

Staining!of!alkaline!phosphatase!in!cell!cultures!was!carried!out!in!24!well!plates!by!using!

the!Stemgent!Alkaline!Phosphatase!Kit!II!according!to!the!manual.!The!substrate!solution!

was!incubated!for!15!min!to!obtain!the!maximum!color!reaction.!

2.9 Functional+assays+

2.9.1 Dye+exclusion+assay+
After! incubating! cell! culture! flasks! for!5!min!on! ice! cells!were!detached!by! scraping!and!

resuspended!to!a!concentration!of!1x!106!cells/ml!in!media!containing!1.5!µg/ml!Hoechst!

33342.!For!the!control!experiments,!100!µM!verapamil!was!also!included.!Solutions!were!

maintained!at!37°C!for!1!h!with!repeated!mixing.!Stained!cells!were!centrifuged!for!5!min!

at! 1000!g! at! 4°C! and! resuspended! in! iceRcold! HBSS+! buffer.! Directly! before! analysis!

1!µg/ml!PI!was! added! to! the! samples! to! allow! the! exclusion!of!dead! cells.! Presence!of! a!

side! population! was! evaluated! on! the! LSR! II! flow! cytometer! system! with! an! excitation!

wavelength!of!355!nm!and!analyzed!with!FlowJo!software!6.4.7.!
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2.9.2 Drug+resistance+analyses+

2.9.2.1 Drug+treatment+

6500!ChaMel91!cells,!5000!neonatal!melanocytes!and!7000!ChaMel47!cells!were!seeded!in!

200!µl!medium!on!96!well!plates,!respectively.!After!24!h!one!half!of!the!medium!per!well!

was!removed!and!replaced!by!different!concentrations!of!kinase!inhibitors!(see!!

Table+ 2.5)! diluted! with! 100!µl! medium.! Each! concentration! was! tested! in! technical!

triplicates.!

2.9.2.2 Apoptosis+assay+

48!h!post!drug!addition!the!induction!of!apoptosis!was!measured!by!use!of!the!Cell!Death!

Detection!ELISA!Plus!following!the!manufacturer’s! instructions.!The!Cell!Death!Detection!

ELISA! Plus! is! a! photometric! enzymeRimmunoassay! for! the! quantitative! in# vitro#

determination!of!cytoplasmic!histoneRassociatedRDNARfragments!after!induced!cell!death.!

Untreated! cells! served! as! negative! controls.! ELISA! plates! were! read! by! the! microplate!

spectrophotometer!Benchmark!Plus!at!450!nm!with!a!reference!wavelength!of!490!nm.!

2.9.2.3 Viability+assay+

72!h! after! the! addition! of! kinase! inhibitors! viability! of! treated! and! untreated! cells! was!

determined!by!alamarBlue!assay.!20!µl!alamarBlue!was!added!to!each!96!well!and!plates!

were! incubated! for! an! additional! 12!h! at! 37°C! and! 5%! CO2.! Reduction! of! alamarBlue! in!

each!well!was!calculated!using+ Equation+ 2.1! after!measuring! the!absorbance!at!570!nm!

and!600!nm.!Blanking!of!the!reader!was!done!with!wells!containing!media!only.!

%!!"#$#%&"'(!!"#$%&'() = !!".!"#×!"#.!"#!!" − !".!"#×!"#.!""!!"
!"".!""×!"#.� !""!!" − !".!"#×!"#.� !"#!!"

×!""+

117.216! molar!extinction!coefficient!of!alamarBlue!oxidized!form![600!nm]!
80.586! molar!extinction!coefficient!of!alamarBlue!oxidized!form![570!nm]!
155.677! molar!extinction!coefficient!of!alamarBlue!reduced!form![600!nm]!
14.652! molar!extinction!coefficient!of!alamarBlue!reduced!form![570!nm]!
Abs.! absorbance!of!test!wells!
Abs.'! absorbance!of!negative!control!well!(contains!media!+!alamarBlue,!but!no!cells)!

+Equation+2.1:+Calculation+of+alamarBlue+reduction.+
!

Finally,!IC50s!were!determined!using!the!sigmoidal!(LogEC50)!model!of!the!BioDataFit!1.02!

software! provided! by! Chang! Bioscience! (Retrieved! 24! June! 2011! <http://!

www.changbioscience.com/stat/ec50.html>).!
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2.9.3 AnchorageGindependent+growth+assay+
To! test! the! ability! of! tumor! cells! to! grow! anchorageRindependent! they!were! cultured! in!

25!cm2!flasks!filled!with!soft!agar.!Soft!agar!was!prepared!by!dissolving!0.3%!Difco!Noble!

agar!in!dH2O!and!autoclaving!it!at!121°C!for!30!min.!Soft!agar!was!allowed!to!cool!down!to!

60°C!and!stored!at!45°C!in!a!water!bath!until!tumor!cells!were!prepared.!Cells!growing!in!

exponential! phase! were! trypsinized,! counted! and! serial! dilutions! of! 1:10! dilution! steps!

were!made!in!32!ml!2x!RPMI!medium.!Cell!suspensions!were!mixed!with!32!ml!45°C!agar!

solution! in!25!cm2! flasks!by! inverting! several! times.! Subsequently,! flasks!were!placed! in!

iceRcold! water! for! 10!min! and! finally! incubated! at! 37°C! 5%! CO2! in! vertical! orientation.!

After! 4R6! weeks! I! analyzed! anchorageRindependent! growth! by! counting! and! photo!

documenting! the! colony! phenotype! with! a! Zeiss! Axiovert! 40! CFL! microscope! and! Axio!

Vision!Rel.4.8!software.!

2.9.4 Invasion+and+mobility+assays+
Invasion!assays!with!BioCoat!BD!Matrigel!Invasion!Chambers!allow!for!the!assessment!of!

cell!invasiveness!in#vitro.!These!chambers!have!a!PET!membrane!with!a!standard!pore!size!

of!8!μm!with!a!thin!layer!of!matrigel!matrix,!an!equivalent!to!the!basement!membrane! in#

vivo!(see!Figure+2.2).!The!matrigel!matrix!occludes!the!pores!of!the!membrane,!blocking!

nonRinvasive! cells! from!migrating! through! the!membrane.! In! contrast,! invasive! cells! are!

able! to! invade! through! the!matrix!and! the!membrane!pores.! In!parallel! to!each! invasion!

assay!migration! assays!with! BioCoat!Control! Chambers!were! performed,!which! lack! the!

matrigel!matrix!on!the!PET!membrane.!

!

Figure+ 2.2:+ Illustration+ of+ an+
invasion+assay.+
Schematic!diagraph!of!the!invasion!
assay!according! to! the!description!
of! BD! Biosciences.! BD! Falcon! Cell!
Culture! Inserts! are! placed! in! a! 24!
well! cell! culture! plate! with!
medium! supplemented! with! 10%!
FCS.! Cells! are! seeded! into! the!
insert! in! medium! with! lower! FCS!
concentration.! Invasive! cells! are!
able! to! digest! the!matrigel!matrix!
and! invade! through! the! pores! of!
the!membrane.!
!

!

To! rehydrate! invasion! and! control! chambers! they! were! first! acclimatized! for! 5!min! at!

room! temperature! followed! by! 2!h! incubation! at! 37°C! and! 5%!CO2!with! 500!μl!medium!

without! supplements! in! insert! and! bottom! of! wells.! After! rehydration,! medium! was!

removed!and!105!CD133+!and!CD133R!cells!seeded!in!500!μl!RPMI!medium!without!phenol!

red!supplemented!with!1%!FCS!into!the!inserts,!respectively.!The!inserts!were!placed!into!
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wells!containing!750!µl!RPMI!medium!without!phenol!red!with!10%!FCS!which!served!as!

chemoattractant!for!the!cells!seeded!in!1%!FCSRcontaining!medium.!After!24!h!incubation!

at!37°C!and!5%!CO2!the!number!of!migrated!or!invaded!cells!was!determined!by!the!use!of!

HE!staining!and!MTT!assay.!

2.9.4.1 HE+staining+

First,!the!medium!in!inserts!and!wells!was!aspirated!and!cells!that!remained!on!the!surface!

of! the!membrane!were! removed!with! a! cotton! bud.! Subsequently,! migrated! or! invaded!

cells!were!fixed!with!iceRcold!100%!methanol!for!10!min!and!rehydrated!for!30!sec!in!70%!

EtOH!and!10!sec!in!dH2O.!Nuclei!of!the!cells!were!then!stained!blue!by!swaying!the!inserts!

for!30!sec!in!100%!hematoxylin!and!1!min!in!tap!water.!After!15!sec!in!dH2O!and!15!sec!in!

70%!EtOH!cytoplasms!of!the!cells!were!counterstained!in!pink!for!30!sec! in!100%!eosin.!

Finally,!cells!were!dehydrated!by!two!30!sec!incubation!steps!in!95%!EtOH!and!airRdried!

for!2!min.!Dry!membranes!were!cut!out!of!the!inserts!and!covered!on!a!glass!slide!with!one!

drop!of!immersion!oil.!

2.9.4.2 MTT+assay+for+cell+number+determination+

The! basic! principle! of! the! MTT! assay! is! the! conversion! of! waterRsoluble! 3R(4,5R

DimethylthiazolR2Ryl)R2,5Rdiphenyltetrazolium!bromide! (MTT)! into!purpleRcolored!water!

insoluble! formazan!by!metabolically!active!cells!via!a!mitochondrial!dehydrogenase.!The!

purple! formazan! can! in! turn! be! solubilized! by! a! SDS! solution! and! quantified!

photometrically! at! 550!nm.! The! measured! absorbance! is! directly! proportional! to! the!

number!of!viable!cells.!

350!µl!RPMI!medium!without!phenol!red!was!removed!from!the!wells!and!the!remaining!

400!µl! spiked!with!43!µl!MTT!solution.!BD!Falcon!Cell!Culture! Inserts!were! incubated! in!

MTT! solution! for! 4.5!h.! After! the! formation! of! formazan!was! confirmed!microscopically,!

267!μl!10%!SDS!solution!were!added!and!the!culture!plate!was!shaken!for!1!min.!During!

an!overnight!incubation!at!37°C!and!5%!CO2!a!clear!solution!formed!and!its!absorbance!at!

550!nm!was!determined.!To!determine!the!number!of!migrated!cells,!which!is!correlated!

with! the! measured! absorbance! value,! a! standard! curve! with! known! cell! numbers! was!

generated!in!every!experiment.!

2.10 Xenotransplantation+
EPO!GmbH,!Berlin,!performed!mouse! transplantation!experiments.!Required!numbers!of!

melanoma!cells!were!pelleted,!resuspended!in!50!µl!PBS!and!mixed!1:1!with!matrigel.!The!

prepared! cell! suspension! (100!µl)! was! then! injected! subcutaneously! into! the! flank! of!

genderRmatched,!8RweekRold! immunodeficient!NSG!mice! (NODRSCID!mice!which! lack! the!
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interleukin! 2! receptor! gamma! chain).! Weight! of! transplanted! mice! as! well! as! tumor!

volume! was! monitored! and! documented! twice! a! week.! Mice! were! maintained! in! the!

pathogenRfree!animal!facility!following!institutional!guidelines!and!with!approval!from!the!

responsible! authorities.! The! animals! were! housed! under! pathogenRfree! conditions! in!

individually! ventilated! cages! under! standardized! environmental! conditions! (22°C! room!

temperature,! 50!±!10%! relative! humidity,! 12!h! lightRdark! rhythm).! They! received!

autoclaved! food! and! bedding! (Ssniff,! Soest,! Germany)! and! acidified! (pH! 4.0)! drinking!

water! ad# libitum.! Tumor! size! was! measured! in! two! dimensions! with! a! caliperRlike!

instrument.!Individual!tumor!volumes!(V)!were!calculated!by!the!formula!V!=!0.5!x!(length!

x!width2)!and! related! to! the!values!at! the! first!day!of! treatment! (relative! tumor!volume,!

RTV).!

!
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3 Results+

3.1 Identification+ of+ CSCs+ in+ malignant+ melanoma+ by+

established+methods+
In!order!to!have!full!control!of!patient!and!tissue!selection!and!to!work!with!melanoma!cell!

lines! that! resemble! the! tumor! from! which! they! originate! from! and! not! with! wellR

established!commercially!available! cell! lines! I! started!my!work!establishing! lowRpassage!

melanoma!cell!lines!from!freshly!excised!metastases.!After!I!raised!ten!primary!melanoma!

cell! cultures! I! started!my!work!on!melanoma!CSCs!with! these! cell! lines!by!applying!and!

comparing!three!different!approaches,!which!have!been!described!in!literature!to!identify!

CSCs,! which! are! “sphere! formation! analysis”,! “dye! exclusion! assay”! and! “expression!

analysis!of!wellRdescribed!stem!cell/CSC!markers”.!

3.1.1 Spheroid+formation+under+ES+cell+culture+conditions+
The! formation!of! spherical! colonies! in#vitro! is!a!common! feature!of! stem!cells!of!various!

origins! and! degrees! of! maturation.! In! cancer! cell! lines,! the! ability! to! grow! as! spheres!

serves!as!an!indicator!for!selfRrenewal!and!tumorigenicity!and!thus!an!approach!to!identify!

CSCs.! I! successfully! established! the! sphere! formation! assay! in! our! laboratory! and!

investigated!the!melanoma!cell!lines!established!so!far.!For!all!ten!primary!melanoma!cell!

lines!routinely!grown!in!Q263!the!phenotype!was!that!of!epithelial!cells!which!is!adherent,!

elongated! and! spindleRlike! (Figure+ 3.1,! left).! After! switching! to! hESC! medium,! which!

contains!FGF2!(compare!Table+2.9!and!section!2.2.4),!six!of!the!cell!lines!tested!gradually!

changed! their! phenotype.! Within! five! days! the! cells’! morphology! turned! to! small! and!

roundRshaped! cells! that! began! to! grow! in! colonies! (Figure+ 3.1,! center).! After! ten! days!

most!cells!of! these!six!cell! lines!grew! in!suspension!and! formed! large!spheroids! (Figure+

3.1,!right).!This!phenotype!remained!stable!for!at!least!four!months.!When!switching!back!

to! the! standard! Q263! medium,! the! phenotype! reverted! into! its! original! epithelialRlike!

shape!within!a!few!days.!In!the!other!four!melanoma!cell! lines!sphere!formation!was!not!

observed! even! after! four!months! of! cultivation! in! hESC!medium.! Thus,! according! to! the!

sphere!formation!assay!six!melanoma!cell!lines!exhibit!CSC!characteristics!and!four!do!not.!
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!
Figure+3.1:+Change+of+phenotype+of+the+melanoma+cell+line+ChaMel115+in+ES+medium.++
Within!ten!days!of!cultivation! in!hESC!medium,!originally!adherent,! large,!elongated!ChaMel115!cells!
(A)!formed!spheres!of!nonRadherent,!small,!roundRshaped!cells!(B).!Under!hESC!culture!condition!this!
phenotype! remained! stable! for! at! least! four! months! whereas! in! standard! medium! an! adherent!
monolayer!was!maintained.!
!

!

3.1.2 Identification+of+a+Hoechst+SP+in+most+melanoma+cell+lines+
Another!property!of!putative! cancer! stem!cells! is! their! ability! to! strongly! efflux!Hoechst!

33342! fluorescent!dye!due! to! their!high!expression!of!ABC! transporters.!These! cells! are!

referred!to!as!the!Hoechst!„side!population”!(SP).!To!identify!such!putative!CSCs!in!the!ten!

melanoma! cell! lines! (compare! 3.1.1),! I! stained! the! cells! with! preRdetermined! optimal!

concentrations!of!Hoechst!33342!and!analyzed!the!emission!by!FACS!(see!section!2.9.1).!

After!staining!with!Hoechst!most!cells!retained!the!dye!and!emitted!light! in!the!blue!and!

red! spectra.! In!nine! cell! lines,! however,! a! small! SP!of!only!weakly! stained! cells! could!be!

identified! (Figure+ 3.2,! A).! In! control! experiments! I! blocked! ABC! transporters! with! the!

phenylalkylamine!verapamil.!In!all!nine!melanoma!cell!lines!verapamil!effectively!blocked!

the! rapid! efflux! of! Hoechst! dye! and! decreased! the! SP! significantly! (Figure+ 3.2,! B).! The!

relative!amount!of!observed!side!populations!in!the!nine!melanoma!cell!lines!ranged!from!

0.81!to!3.81%.!The!results!were!briefly!summarized!in!Table+3.1!below.!

!
Figure+3.2:+Presence+of+a+Hoechst+side+population+in+dye+exclusion+assay.!
Identification!of!CSCs!as!side!population!via!Hoechst!dye!staining.!Example!of!the!melanoma!cell!
line! ChaMel91! containing! 0.81%!putative! cancer! stem! cells! (A).! Inhibition! of! ABC! transporters!
that!efflux!the!Hoechst!dye!by!verapamil!led!to!a!decrease!of!the!side!population!(B).!
!

!
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One!melanoma!cell!line!(ChaMel115,!compare!Table+2.6)!showed!no!SP!in!Q263!medium!

(Figure+ 3.3,!A!and!B).!But!since! this!cell! line!showed!efficient!sphere! formation! in!hESC!

medium,! it!was!also!cultivated! in!hESC!medium!prior! to!dye!exclusion!analysis.!After!14!

days!the!side!population!increased!significantly!from!0.04%!to!5.97%!(Figure+3.3,!C!and!

D).!

!
++
Figure+3.3:!Enrichment+of+Hoechst+SP+under+hESC+culture+condition.+
Melanoma! cell! lines! cultivated! in! standard! medium! (A)! and! hES! Cmedium! (C)! were!
incubated!with!Hoechst!33342!dye!and!analyzed!for!Hoechst!dye!emission.!Whereas!in!
standard!medium!no!SP!of!putative!CSCs!was!detected,!a!SP!of!about!6!%!emerged!under!
hESC!culture!condition.!B!and!D!show!the!corresponding!verapamil!controls.!
!

!

In! summary,! the!Hoechst! 33342!dye! exclusion! assay!was! implemented! successfully! and!

putative! melanoma! CSC! subpopulations! could! be! identified! in! nine! of! ten! primary!

melanoma!cell! lines.!Culturing!melanoma!cells! in!hESC!medium!drastically! increased!the!

percentage!of!these!putative!CSCs.!

3.1.3 Expression+of+putative+CSC+markers+in+melanoma+cell+lines++
The! expression! of! several! markers! characteristic! of! melanoma! cells! and! hESCs,! which!

might! also! serve! as! putative! melanoma! CSC! markers,! was! analyzed! by! RTRPCR.! The!

original!ten!melanoma!cell!lines!as!well!as!one!wellRestablished!melanoma!cell!line!(A375),!

neonatal! and! adult! melanocytes! and! the! embryonic! carcinoma! cell! line! NCCIT),! which!

served!as!a!positive!control! for!stem!cell!markers!were!used.!Additionally,! I! investigated!

four! lowRpassage!melanoma!cell! lines! (ChaMel19,!ChaMel73,!ChaMel81,!Pat1T1k),!which!

were! newly! established! during! the! course! of! my! thesis.! The! analyzed! markers!
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encompassed! genes! related! to! the! development! of! melanocytes! and! melanoma!

progression! (TYR,# CSPG4,# MITF),! ABC! transporters! (ABCB1,# ABCB5,# ABCC2,# ABCG2),!

common! cancerRrelated! genes! (C@MYC,# C@KIT,# BMI@1),! genes! involved! in! proliferation,!

migration,! angiogenesis! and! tumor! progression! (e.g.!TNC,# CD166,# FGF2,#MSI@1,# JARID1B)!

and! genes! crucial! for! stemness! and! asymmetric! cell! division! (e.g.!CD133,#NESTIN,# SOX2,!

NANOG,#LIN28).!HPRT!was!used!as!loading!control.!

The!results!confirmed!that!all!cell!lines!were!indeed!of!neoplastic!origin!(positive!for!TNC,!

CD166,# FGF2,# MSI@1! and/or! JARID1B)! and! melanoma! derived! (positive! for! TYR,# CSPG4!

and/or!MITF).!Most!cell! lines!showed!a!strong!expression!of!ABC!transporters!and!were!

relatively! undifferentiated! (expression! of! SOX2! and!NANOG).! Furthermore,! all! cell! lines!

expressed! wellRdescribed! genes! crucial! for! stemness! (e.g.!NESTIN)! and! asymmetric! cell!

division! (CD133)! as!well! as! the! common! cancerRrelated! genes!C@MYC! and!C@KIT! (Figure+

3.4).!Of!the!genes!investigated,!CD20!and!LIN28!were!the!only!genes!that!I!could!not!detect!

in! any! of! the! tested! cell! lines.!GDF3,! a! gene! only! active! in! development!was! exclusively!

shown!in!NCCIT!cells!(Figure+3.4).!

+ (
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+

+
+
Figure+3.4:+Expression+analysis+of+15+melanoma+cell+lines,+NCCIT+and+melanocytes.++
RTRPCR! analysis! of! genes! related! to!melanocyte! development! and!melanoma!progression! (e.g.!TYR,#
MITF),! ABC! transporters,! cancerRrelated! genes! (e.g.! C@KIT,# BMI@1),! genes! involved! in! tumor!
progression!(e.g.!TNC,#CD166)!and!genes!crucial!for!stemness!and!asymmetric!cell!division!(e.g.!CD133,#
NESTIN)!showed!a!heterogeneous!expression!pattern!of!all!markers!in!melanoma!cell!lines.!HPRT!was!
used!as!loading!control.!!
+

+++++++++
+
+
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Cluster!analysis!was!performed!with!all!analyzed!cell!lines!and!transcripts!to!find!putative!

CSC! markers! or! a! set! of! markers,! which! define! stem! cell! characteristics! similar! to! the!

properties! of! the! embryonic! carcinoma! cell! line! NCCIT.! The! resulting! dendrogram!

illustrates! that!none!of! these!markers!or! groups!of!markers! are! able! to!define! stemness!

since!all!clusters!of!cell!lines!have!the!same!distance!from!NCCIT!(Figure!3.5).+

+
!

!
Figure+ 3.5:+ Cluster+ analysis+ of+ putative+ CSC+markers+ and+ investigated+melanoma+
cell+lines.+
Hierarchical! clustering! of! all! analyzed! putative! CSC! markers! and! melanoma! cell! lines!
represented! as! dendrogram.! Spearman! correlation! was! used! as! distance! measure! to!
determine! the! similarity! between! the! markers! and! cell! lines! and! above! all! to! find!
similarities!to!the!embryonal!carcinoma!cell!line!NCCIT.!No!putative!CSC!marker!or!set!of!
markers! was! found! that! defines! characteristics! more! similar! to! the! stem! cell!
characteristics!of!NCCIT!than!others.!
!

!

The!results!of!the!identification!of!stemRlike!populations!from!the!ten!cultivated!melanoma!

cell! lines! on!which! all! established!methods!were! applied! and!NCCIT! are! summarized! in!

Table+ 3.1.! These! findings! indicated! no! direct! correlation! between! the! three! methods!

applied.!Whereas,! nine!of! ten! analyzed! cell! lines! exhibited! a! side!population!by!Hoechst!

staining!only!six!of!these!cell!lines!grew!in!spheres!under!hESC!culture!conditions.!E.g.,!the!

only!cell!line!(ChaMel115)!which!had!no!defined!SP,!established!the!largest!spheres!under!
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hESC!culture!conditions!and!expressed!stem!cell!and!precursor!markers!like!NESTIN,!SOX2,!

NANOG!and!TDGF1.!Furthermore,!cell!lines!which!had!a!SP!after!Hoechst!staining!or!which!

developed! spheroids! in!hESC!medium!are! evenly!distributed! in! all! groups!of! the! cluster!

analysis! and!do!not! define! similarity! to! the! stemness! of!NCCIT.! Expression! levels! of! the!

investigated! ABC! transporters! and! of! every! other!marker! investigated! did! not! correlate!

with!the!size!of!the!Hoechst!SP.!Also,!the!formation!of!spherical!colonies!did!not!correlate!

with!the!expression!of!any!gene!analyzed!by!RTRPCR.!

Table+3.1:+Summary+of+CSC+characteristics.+
Overview!of!the!expression!pattern!of!different!putative!cancer!stem!cell!markers,!the!presence!
of!a!Hoechst!side!population!and!spheres!in!hESC!medium!in!ten!melanoma!cell!lines!and!NCCIT!
(0R4!emblematize!the!signal!intensity!after!RTRPCR;!0:!no!expression;!1:!very!weak!expression;!
4:!very!strong!expression;!+!presence!of!Hoechst!SP!and!spheres!in!hESC!medium;!R!absence!of!
Hoechst!SP!and!spheres!in!hESC!medium).!
!
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TYR# 0! 4! 0! 4! 2! 4! 3! 1! 3! 4! 1!
TNC# 1! 4! 2! 4! 2! 3! 2! 1! 1! 2! 1!
MITF# 1! 4! 3! 4! 4! 4! 3! 3! 4! 3! 2!
CSPG4# 0! 4! 1! 3! 2! 3! 2! 1! 1! 4! 1!
CD133# 2! 1! 0! 1! 2! 0! 1! 2! 0! 1! 0!
CD166# 2! 1! 4! 4! 4! 4! 4! 3! 4! 4! 1!
CD20# 0! 0! 0! 0! 0! 0! 0! 0! 0! 0! 0!
FGFR1# 4! 1! 3! 3! 2! 3! 2! 2! 1! 4! 1!
FGF2# 4! 3! 2! 2! 1! 3! 2! 3! 1! 4! 1!
c=KIT# 1! 1! 2! 1! 1! 4! 1! 1! 3! 1! 3!
c=MYC# 3! 4! 4! 4! 4! 4! 4! 4! 4! 4! 3!
ABCB1# 1! 3! 3! 1! 4! 1! 1! 1! 1! 2! 1!
ABCB5# 0! 0! 0! 2! 3! 3! 3! 3! 2! 0! 1!
ABCC2# 3! 1! 2! 4! 4! 3! 2! 3! 4! 1! 2!
ABCG2# 4! 3! 3! 2! 3! 1! 1! 1! 1! 1! 1!
BMI=1# 4! 4! 4! 4! 4! 4! 4! 2! 4! 4! 3!
NESTIN# 3! 4! 1! 4! 3! 3! 2! 1! 3! 4! 1!
MSI=1# 4! 1! 0! 1! 0! 1! 2! 3! 1! 0! 1!
JARID1B# 4! 3! 3! 3! 3! 3! 3! 4! 3! 3! 3!
SOX2# 4! 2! 1! 1! 1! 2! 1! 1! 1! 1! 1!
NANOG# 3! 1! 1! 1! 1! 1! 1! 1! 1! 1! 1!
KLF4# 3! 1! 2! 1! 1! 2! 1! 3! 1! 2! 1!
LIN28# 0! 0! 0! 0! 0! 0! 0! 0! 0! 0! 0!
GDF3# 3! 0! 0! 0! 0! 0! 0! 0! 0! 0! 0!
TDGF1# 4! 1! 1! 1! 1! 1! 1! 1! 1! 1! 1!
GABRB3# 3! 2! 0! 3! 1! 1! 1! 2! 1! 1! 2!
DNMT3B# 4! 1! 1! 1! 1! 1! 2! 2! 1! 1! 1!
EDNRB# 2! 3! 1! 4! 3! 4! 3! 4! 3! 3! 2!
CD90# 3! 0! 3! 1! 1! 1! 1! 1! 1! 2! 0!
SP+ +! +! +! +! +! +! +! +! +! +! R!
Spheres+ +! R! +! +! +! R! +! R! +! R! +!

!

Cell!line!

CSC!
marker!
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To! investigate! the! correlation! of! BRAF! mutations! in! melanoma! cell! lines! with! the!

clustering! of! these! cell! lines! in! similarity! groups,! cycle! sequencing!was! performed!with!

genomic!DNA.! According! to! the! literature! 50R70%!of!melanomas! have! a!BRAF!mutation!

(refer!to!1.2.2.1).!Of!the!melanoma!cell!lines!I!investigated,!75%!were!BRAF!mutated!(see!

Table+ 3.2).! Cell! lines! with! wild! type! BRAF! as! well! as! homozygous! and! heterozygous!

mutated!BRAF!were!equally!distributed!between!the!different!cell!line!clusters!illustrated!

in!the!dendrogram!(Figure+3.5).!

Table+3.2:+Sequence+analysis+of+the+BRAF+gene+in+melanoma+cell+lines.+
Cell(line( BRAF(status( Type(of(mutation( Zygosity(

ChaMel19! Wild!type! NA! Homozygous!
ChaMel21! Mutated! V600E! Heterozygous!
ChaMel47! Mutated! V600R! Heterozygous!
ChaMel68! Wild!type! NA! Homozygous!
ChaMel73! Wild!type! NA! Homozygous!
ChaMel81! Mutated! V600E! Heterozygous!
ChaMel84! Mutated! V600E! Homozygous!
ChaMel91! Mutated! V600E! Heterozygous!
ChaMel100! Mutated! V600E! Heterozygous!
ChaMel115! Mutated! V600K! Homozygous!
Pat1T1k! Mutated! V600E! Homozygous!

!

3.2 Comparison+of+CD133++and+CD133G+melanoma+cells+
The! transmembrane! protein! CD133! has! been! widely! used! to! isolate! putative! CSC!

populations! in! several! cancer! types.! In! order! to! further! characterize! the! molecular!

properties!of!CSCs,!I!used!magnetic!cell!sorting!against!CD133!to!enrich!for!putative!CSCs!

in! ChaMel47,! ChaMel91! and! PatT1k! melanoma! cells.! These! cell! lines! had! the! highest!

expression!of!CD133!as!observed!in!PCR!experiments.!

!

!

!

Figure+3.6:+Verification+of+MACS+via+immunofluorescence+staining+and+western+blotting.+
A:!Immunofluorescence!micrographs!from!ChaMel91!cells!24!h!after!sorting!with!the!Indirect!CD133!
Microbead!Kit!from!Miltenyi.!Cells!were!seeded!on!cover!slips!and!stained!with!Alexa!Fluor!488!goat!
antiRrabbit! secondary! antibody,! which! bound! to! the! antiRCD133! microbeads.! Only! in! the! CD133+!
fraction! a! specific! signal! at! the! cell! membrane! was! observed! as! indicated! by! white! arrows! (left!
panel).! CD133R! cells! did! not! stain! for! the! presence! of! the! protein! (right! panel).!B:! Confirmation! of!
sorting!purity!by!quantitative! fluorescent!western!blotting.!A! strong!CD133!signal!was!detected! in!
the!CD133+!fraction,!whereas!a!very!weak!CD133!expression!was!observed!in!the!CD133R!population.!
!

!
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CD133+!cells!were!then!compared!with!the!bulk!tumor!cells!in!the!CD133R!fraction!on!the!

level!of!mRNA!transcripts!and!proteins!as!well!as!in!functional!assays.!With!the!modified!

protocol!from!the!Indirect!CD133!Microbead!Kit!(see!2.3.1),!a!high!purity!(>99.75%)!and!

yield! of! CD133+! and! CD133R! fraction! as! well! as! a! high! viability! of! both! fractions! after!

sorting! was! achieved.! Sorting! efficacy! and! purity! was! always! verified! by!

immunofluoresence! staining!or!western!blot! analysis! (Figure+ 3.6).! The! average! yield! of!

CD133+! cells! was! cell! line! specific:! 6.75%! (SD! 2.06)! in! ChaMel91,! 3.60%! (SD! 0.49)! in!

ChaMel47!and!4.63%!(SD!1.40)!in!Pat1T1k.!

3.2.1 CD133+related+gene+expression+profiling+

3.2.1.1 Realtime+analysis+of+commonly+used+putative+CSC+markers+

To!depict!if!CD133!correlates!with!other!commonly!used!putative!CSC!markers!I!analyzed!

the!expression!of!a!panel!of!putative!CSC!markers!such!as!ABCB1,!ABCB5,!ABCG2,!BMIR1,!

CD166,!CD90,!CSPG4,!MITF,!MSIR1,!NESTIN!and!TNC!(Cheli#et#al.!2011,!FukunagaRKalabis#

et#al.!2010,!Jiang#et#al.!2009,!Legg#et#al.!2003,!Lim#et#al.!2011,!Moitra#et#al.!2011,!Schatton#

et# al.! 2009b,! Wang# et# al.! 2010),! the! stem! cell! mediators! FGF2,! FGFR1! as! well! as! the!

differentiation!marker!TYR.!Gene!expression!data!of!CD133+!and!CD133R!ChaMel91!cells!as!

well! as! neonatal! melanocytes! were! investigated! by! realRtime! PCR,! normalized! and!

calculated! relative! to! NCCIT! cells! (see! 2.4.6).! For! none! of! the! selected! markers! could! I!

detect!a!significantly!differential!expression!between!CD133+!and!CD133R!ChaMel91!cells.!

Figure+3.7!exemplarily!shows!expression!of!ten!of!the!investigated!genes.!

!

!
Figure+3.7:+RealGtime+PCR+results+of+CD133++and+CD133G+ChaMel91+cells.+
Gene! expression! data! of! CD133+! and! CD133R! ChaMel91! cells! as! well! as! neonatal! melanocytes! were!
normalized!and!calculated!relative!to!NCCIT!cells.!There!was!no!significant!difference!in!gene!expession!
between!CD133+!and!CD133R!ChaMel91!cells.!
!
!

!
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3.2.1.2 GenomeGwide+expression+profiling+using+Illumina+BeadChips+

To! determine! further! differences! between! CD133+! and! CD133R!melanoma! cells! genomeR

wide! expression! profiling! was! performed! using! the! Illumina! BeadChip! technology! with!

HumanRefR8_V3!Expression!BeadChips!(see!2.4.9).!Only!RNA!of!very!high!purity!and!yield!

was! used! for! gene! expression! profiling.! This! was! ensured! by! sharp! 28S! and! 18S! rRNA!

signals!and!by!a!2:1!ratio!of!28S!to!18S!rRNA!in! the!agarose!gel.!Amplified!RNA!for!chip!

hybridization!was! also! checked! using! a!NanoDrop! spectrophotometer.! Only! RNA!with! a!

260:280!nm!ratio!of!around!2!was!processed.!

Gene! expression! data! were! normalized! and! analyzed! for! significant! gene! expression!

differences!between!CD133+!and!CD133R!Pat1T1k!melanoma!cells!(detection!pRvalue!<0.01,!

pRvalue! <0.05).! 599! genes! were! at! least! 1.5Rfold! upregulated! in! CD133+! compared! to!

CD133R!cells.!Figure+ 3.8! shows!the!185!genes,!which!were!at! least!2Rfold!upregulated! in!

CD133+!cells.!This!gene! list!was! further!analyzed!using!gene!annotation! tools! to! identify!

gene! ontologies! (GOs)! and! KEGG! pathways! significantly! overrepresented! in! CD133+!

melanoma! cells! (see! 2.4.10).! I! found! that! genes! involved! in! angiogenesis,! inhibition! of!

apoptosis,!adhesion,!cellular!migration!and! invasion!as!well!as!cell!cycle!regulation!were!

upregulated!and!overrepresented!in!the!CD133+!melanoma!fraction.!Also,!members!from!

the!MAPK,!WNT,!NOTCH,!Hedgehog!and!TGFRβ!signaling!pathway!were!overrepresented!in!

the!CD133+!melanoma!fraction!compared!to!CD133R!melanoma!cells!(not!significant).!The!

total!list!of!these!overrepresented!GOs!is!shown!in!Table+S+1.!

!

Figure+ 3.8:+ Heatmap+ of+
gene+ expression+ profile+
from+ CD133++ and+ CD133G+
melanoma+cells.+
Gene! expression! analysis! of!
CD133+! and! CD133R! melaR
noma!cells!revealed!that!185!
genes! are! >2Rfold! upregulaR
ted! in! the! CD133+! compared!
to!the!CD133R!subpopulation.!
As! analysis! parameRters! a!
detection!pRvalue!<0.05! in!at!
least! one! subpopulation! and!
a! pRvalue! <0.05! for! differenR
tial! gene! expression! were!
chosen.!

!
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3.2.2 Activated+FGF+pathway+in+CD133++melanoma+cells+
In! the! following! experiment! I! focused! on! the! TGFRβ! signaling! cascade,! to! validate! the!

differences!between!CD133+!and!CD133R!melanoma!cells!on!protein!level!exemplarily!for!

one!signaling!cascade!(compare!3.2.1.2).!The!TGFRβ!signaling!cascade!is!closely!related!to!

the! FGF! pathway! as! shown! by! Greber! et# al.! and! described! in! 1.4.2.! To! prevent!

differentiation!and!maintain!selfRrenewal!in!hESCs!the!FGF!pathway!needs!to!be!activated!

and!is!characterized!by!exogenous!and!autocrine!FGF2!modulating!the!expression!of!TGFR

β! ligands!and!activating! the!MEK1/ERK!pathway! (Greber#et#al.! 2007a).!The! readRout! for!

activation! is! the! phosphorylation! of! the! protein! kinase! ERK,! which! was! consequently!

analyzed! in! melanoma! subpopulations.! In! unsorted! melanoma! cells! I! was! only! able! to!

detect!phosphorylated!ERK!when!the!cells!were!cultivated!in!hESC!medium!for!at!least!ten!

days.!Under! normal! growth! conditions! in!RPMI!medium!almost! no! phosphorylated!ERK!

was!detected!(Figure+3.9,!A).!Sorting!of!melanoma!cells!into!CD133+!and!CD133R!fraction!

revealed!that!phosphorylated!ERK!is!indeed!expressed!when!cultivating!the!cells!in!RPMI!

medium,! but! preferentially! in! CD133+! cells! (Figure+ 3.9,! B).! In! contrast! to! the! nonR

phosphorylated! form! of! ERK! it! was! not! detected! in! CD133R! ChaMel91! and! CD133R!

ChaMel47!melanoma!cells.!

+

+

Figure+ 3.9:+ Activated+ FGF+
signaling+ cascade+ in+ puG
tative+melanoma+CSCs.++
Whereas! the! expression! of!
ERK! can! be! detected! in!
melanoma! cells! cultivated!
under! both! culture!
conditions,! activated! phosR
phorylated!ERK!can!only!be!
detected! under! hESC!
culture!conditions!(A)!or!in!
the! CD133+! fraction! after!
normal! culture! conditions!
in! RPMI! (B).! It! is! not!
expressed!in!CD133R!cells.!

!

3.2.3 Whole+ transcriptome+ mRNA+ sequencing+ of+ CD133++ and+

CD133G+melanoma+cells+
Whole! transcriptome! mRNA! sequencing! (see! section! 2.6)! revealed! that! the! differences!

found!during!gene!expression!analysis!could!not!only!be!caused!by!mutations!or!genomic!

aberrations!at!the!sequence!level.!Only!rare!single!nucleotide!polymorphisms!(SNPs)!were!

found!to!be!different!between!CD133+!and!CD133R!ChaMel91!melanoma!fractions.!Most!of!

these!SNPs!were!nonRgenic!or!located!within!the!5’UTR!or!3’UTR!of!a!gene.!!
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SNPs! located! in! the! coding! region! of! a! gene! were! mostly! synonymous! nucleotide!

exchanges! (see! Table+ S+ 2).! Only! one! nonRsynonymous! mutation! located! in! the! coding!

region! of! the! CoA! synthase! gene! was! SIFT! predicted! to! affect! the! protein! function!

(damaging).!In!this!case!the!amino!acid!substitution!S55Y!was!caused!by!the!homozygous!

nucleotide!exchange!C#>!A! in!CD133+!cells!as!shown!in!Figure+3.10.!CD133R!cells!show!a!

heterozygous!phenotype!at!this!position!(C!and!A).!

!
Figure+3.10:+Reads+for+gene+COASY+displayed+by+the+IGV+software+package+(Robinson#et#al.+2011).!
In!the!track!at!the!bottom!the!reference!sequence!of!COASY!is!indicated!(UCSC!HG19)!showing!a!C!at!the!
location! of! interest.! In! the! first! sample! (CD133+! cells)! the! reads! consistently! gave! evidence! to! the!
alternative!base!A.!The!second!sample!(CD133R!cells)!showed!a!heterozygous!phenotype!of!the!wildtype!
sequence!and!a!SNP!from!C!to!A.!
!

!

3.2.4 Is+the+CD133+expression+epigenetically+regulated?+
Since! I! could!not!detect!any!coding!mutations!at! the!genome!or! transcriptome! level! that!

could! explain! the! differences! between! CD133+! and! CD133R! melanoma! cells! found! by!

genomeRwide! expression! profiling! and!western! blot! analysis! of! the! FGF! pathway,! I! was!

interested!in!a!putative!epigenetic!regulation!of!CD133!and!if!CpG!methylation!facilitates!

the!maintenance! of! the! phenotype.! After!magnetic! cell! sorting! CD133R! cells!were! either!

grown!in!Q263!medium!alone!or!in!Q263!medium!supplemented!with!0.1!µM!of!the!DNA!

methyltransferase!inhibitor!5RazaR2’Rdeoxycytidine!for!seven!days.!In!preexperiments!with!

different! concentrations! of! 5RazaR2’Rdeoxycytidine! I! determined! 0.1!µM! as! the! most!

suitable! concentration! since! 0.1!µM! 5RazaR2'Rdeoxycytidine! reduced! the! expression! of!

DNMT1! the!most! abundant! and!key!maintenance!DNA!methyltransferase! in!mammalian!

cells! to! a! level! below!western!blot!detection! threshold!without! reducing! cell! viability! as!

determined!by!alamarBlue!assays.!In!parallel!control!experiments!cells!were!treated!with!

1!µg/ml!of!the!DNA!crosslinker!mitomycin!C.!



Results!
!

!
!
62!

Western! blot! analysis! of! the! cultured! cells! revealed! that! the! CD133! expression! in!

untreated! cells!had!doubled!within! seven!days.! In! contrast,!CD133!expression! increased!

only!during! the! first! two!days! in!cells! treated!with!5RazaR2’Rdeoxycytidine!but!not!above!

the! level! of! untreated! cells.! Subsequently,! CD133! expression! in! 5RazaR2’Rdeoxycytidine!

treated!cells!decreased!significantly!below!the!CD133!expression! level!of!untreated!cells!

(Figure+3.11,!A).!This!effect!could!not!be!credited!to!the!demethylating!activity!of!5RazaR2’R

deoxycytidine!since!similar!results!were!obtained!when!treating!the!melanoma!cells!with!

mitomycin!C.!As! shown! in!Figure+ 3.11,! B!DNA!demethylation!via! the! treatment!with!5R

azaR2’Rdeoxycytidine! and! crosslinking! of! DNA! using! mitomycin! C! resulted! in! a! slower!

proliferation!of!ChaMel91!cell!when!compared!to!untreated!cells,!resulting!in!remarkably!

lower!cell!confluence!after!seven!days!of!cultivation.!

+
+
+

+
+
+

Figure+ 3.11:+ Influence+ of+ 5GazaG2’G
deoxycytidine+ and+ mitoGmycin+ on+
CD133+expression.+
After! magnetic! cell! sorting! CD133R!
cells! were! either! grown! in! Q263!
medium! alone! or! in! Q263! medium!
supplemented!with!0.1!µM!!
5RazaR2’Rdeoxycytidine! or! 1!µg/ml!
mitomycin!C! for! seven!days.!Western!
blot! analysis! of! CD133! expression!
showed! an! increase! of! the! protein! in!
untreated! cells! but! a! decrease! under!
5RazaR2’Rdeoxycytidine!and!mitomycin!
treatment! (A).! With! both! agents! cell!
confluence! was! noticeably! lower!
compared! to! the! control! experiment!
(B).!

+

!

! !
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3.2.5 Functional+comparison+of+CD133++and+CD133G+cells+
To! elucidate! the! implications! of! the! observed! differences! between! CD133+! and! CD133R!

melanoma! cells! on! cancerR! and! stem! cellRrelated! capabilities! I! performed! various!

functional!assays!with!both!subpopulations!as!well!as!unsorted!melanoma!cells.!

3.2.5.1 Tumor+initiation+capability+of+CD133++and+CD133G+cells+

The! ultimate! functional! assay! to! depict! differences! between! CD133+! and! CD133R!

melanoma!cells! is!xenotransplantation!of!both!subpopulations!(see!2.10).!After!magnetic!

cell! sorting! 105! CD133+,! CD133R! and! unsorted! ChaMel91! cells! were! injected! into! three!

male! NSR! mice,! respectively.! Nine! weeks! thereafter,! a! difference! in! the! tumor! growth!

capability!between!CD133+!and!CD133R!was!examined.!CD133+!cells! formed!significantly!

bigger!tumors!compared!to!CD133R!and!unsorted!cells!(Figure+3.12).!

!

+

Figure+ 3.12:+ Tumor+ formation+
capability+ of+ CD133+ sorted+
ChaMel91+cells.+
On! average,! injection! of! 105!
CD133+! ChaMel91! cells! into! NSR!
mice! led! to! the! formation! of!
significantly! larger! tumors!
compared! to! CD133R! and! unsorted!
cells.!
Tumor! formation! was! monitored!
for!62!days.!Error!bars!indicate!the!
standard! deviation! among! the!
group!of!three!mice.!pRvalues!were!
determined! for! unpaired! samples!
of!CD133+! and!CD133R! cells! by! the!
Student’s!tRtest.!
!

!

Using! different! in# vitro! assays! these! differences! in! tumor! growth! capabilities! between!

CD133+! and! CD133R! melanoma! cells! as! well! as! its! other! disparities! were! further!

investigated.!

3.2.5.2 AnchorageGindependent+growth+

The!ability!of!cell! lines!to!form!tumors!is!highly!correlated!with!the!ability!of!anchorageR

independent!growth!in#vitro,!which!was!analyzed!by!means!of!softagar!assays!(see!2.9.3).!

Different! numbers! of! NCCIT! cells! served! as! positive! control! and! were! tested! for! their!

colony! formation! capability! as!well.!Whereas,! 103! seeded!NCCIT! cells! formed! dozens! of!

large! 0.5R1.7!mm! colonies! after! five! weeks! in! softagar,! ten! times! more! melanoma! cells!

were!necessary!to!form!colonies,!initially.!A!minimum!of!104!ChaMel91!cells!was!required!

to! form! colonies! in! the! performed! softagar! assays.! Comparison! of! CD133+! and! CD133R!

ChaMel91! cells! evinced! that! there! was! no! difference! in! the! colonyRforming! capability!

between!these!two!fractions.!An!example!with!5x!104!seeded!cells!is!shown!in!Figure+3.13.!



Results!
!

!
!
64!

Compared! to! NCCIT,! colonies! formed! by! ChaMel91! were! on! average! much! smaller!

(maximum!0.5!mm).!

+
Figure+3.13:+Soft+agar+assays+from+CD133++and+CD133G+ChaMel91+cells.+
103!seeded!NCCIT!cells!built!dozens!of!large!colonies!after!five!weeks!in!soft!agar!(A).!ChaMel91!showed!
anchorageRindependent!growth!only!after!seeding!at! least!104!cells.!No!difference! in!colony!formation!
was! visible! between! CD133+! (B)! and! CD133R! (C)! ChaMel91! cells! when! 5x! 104! were! seeded! and!
cultivated!for!five!weeks.!Both!fractions!built!hundreds!of!small!colonies.+
!

!

3.2.5.3 Alkaline+phosphatase+activity+

An! additional! indicator! for! an! undifferentiated! phenotype! is! alkaline! phosphatase! (AP)!

activity.! I! investigated! the! activity! of! AP! in! CD133+! and! CD133R! ChaMel91! cells! and!

compared! it! to! NCCIT! cells.!Whereas! the! embryonic! carcinoma! cell! line! showed! a! very!

strong! staining! for!AP! in! 100%!of! cells! nearly! no!AP! activity!was! detected! in! ChaMel91!

cells.!Only!a!small!number!of!ChaMel91!cells!stained!positive!for!AP,!which!was!very!weak!

in! contrast! to!NCCIT! cells! (Figure+ 3.14)! and!not! significantly!different!between!CD133+!

and!CD133R!cellsR.!No!AP!activity!was!seen!in!neonatal!melanocytes!(data!not!shown).!

!

!
Figure+3.14:+AP+staining+of+NCCIT+and+ChaMel91+cells.+
NCCIT! cells! (left)! showed! strong! staining! for! alkaline! phosphatase! in! 100%! of! cells.! Whereas! in!
ChaMel91!only!rare!melanoma!cells!stained!weakly!for!AP!(middle!and!right).!No!AP!activity!was!seen!
in!neonatal!melanocytes!(data!not!shown).!
!
!

!
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3.2.5.4 Migration+and+invasion+capability+

To!investigate!the!cell!invasiveness!in#vitro!migration!and!invasion!assays!were!performed!

with!CD133+,!CD133R!and!unsorted!ChaMel91!cells!and!analyzed!microscopically!as!well!as!

via!MTT!assays!(see!2.9.4).!ChaMel91!melanoma!cells!had!migratory!and!invasion!capacity,!

which! was! higher! in! unsorted! cells! (data! not! shown)! but! did! not! differ! between! the!

CD133+!and!CD133R!fractions!as!shown!in!Figure+3.15.!On!average,!about!5%!of!the!cells!

migrated! through! the! PET!membrane! of! the! BD!BioCoat!Control! Chambers!within! 24! h.!

The! invasion! capacity! of! these! cells!was! even! smaller.! Only! very! few! cells!were! able! to!

invade!through!the!matrigel!matrix!and!the!membrane!pores!of!the!invasion!chambers.!!

!

+

Figure+ 3.15:+ Invasion+
and+mobility+ assays+ of+
ChaMel91+ melanoma+
cells.+
Invasion! (right! panels)!
and! mobility! (left!
panels)! capacity! was!
analyzed! in# vitro! for!
CD133+! (A)! and! CD133R!
(B)! ChaMel91! cells,!
respectively.! Invaded!
and! migrated! tumor!
cells! were! HE! stained!
and! documented! microR
scopically.!
!

!

3.2.5.5 Chemoresistance+

To!further! investigate!main!signaling!pathways,!which!drive!tumorigenesis!key!signaling!

pathways!such!as!RAS,!WNT!or!PI3K!pathways!were!inhibited!to!learn!about!their!specific!

effects!on!CSCs!and!bulk!melanoma!cells.!Targeted!protein!kinase!inhibitors,!most!of!them!

in!clinical!evaluation,!were!used!to!inhibit!crucial!signaling!molecules!from!these!pathways!

such!as!SRC,!ABL!which!were!inhibited!with!dasatinib!and!bosutinib,!MEK!with!PD184352,!

FGFR1! with! SU5402,! EGFR! with! erlotinib,! PDGFR,! VEGFR,! RAF! with! sorafenib! and!

sunitinib,! and! PI3K! with! GDCR0941.! After! magnetic! sorting! CD133+! and! CD133R! cell!

populations!were!treated!with!different!concentrations!of!the!inhibitors!and!viability!and!

apoptosis! were! assessed! by! reduction! of! alamarBlue! reagent! and! Cell! Death! Detection!

ELISAPlus,! respectively! (refer! to!2.9.2).!The!calculated! IC50!values! (+ Equation+ 2.1)! for! the!

viability! experiments! showed!no! significant! difference! in! resistance! to! any! of! the! tested!

compounds! between!CD133+! and!CD133R! cells! (Table+ 3.3).!When! comparing! the! kinase!

inhibitors! used! three! different! kinetics! were! observed.! Some! inhibitors! like! dasatinib,!

lapatinib!and!sorafenib!(sorafenib!is!shown!in!Figure+3.16)!induced!a!high!apoptosis!rate!
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in!all!melanoma!cells!and!led!to!100%!mortality.!Other!kinase!inhibitors!like!PD98059!and!

SU5402! had! only! a! light! effect! on! viability! and! apoptosis! of! the! tested!melanoma! cells.!

Even!high!concentrations!of!these!compounds!(up!to!100!µM)!reduced!the!viability!only!by!

about!20%!(see!SU5402!as!an!example!in!Figure+3.16).!And!few!inhibitors,!e.g.!GDCR0941!

reduced! the! viability! and! induced! apoptosis! of! melanoma! cells! already! at! very! low!

concentrations! clearly! but! did! not! reduce! viability! further! at! increasing! concentrations.!

That! means! a! very! high! and! stable! amount! of! melanoma! cells! survived! these! kinase!

inhibitors!also!at!high!concentrations.!As!an!example!the!effect!of!GDCR0941!on!ChaMel47!

is! shown! in!Figure+ 3.16.!Concentrations!up! to!10!µM!GDCR0941!reduced! the!viability!of!

ChaMel47! continuously! by!20%!and! induced! apoptosis! remarkably.! This! level! remained!

stable!for!all!higher!concentrations!tested.!The!phenotype!of!the!surviving!melanoma!cells!

did!not!differ!from!the!one!of!untreated!control!cells.!

Table+3.3:+Summary+of+in#vitro+cytotoxicity+assays.+
IC50!values!of!CD133+!and!CD133R!fraction!from!ChaMel91!and!ChaMel47!melanoma!cells!did!not!differ!in!any!
tested!kinase!inhibitor.!Neonatal!melanocytes!served!as!normal!control!cells.!
Compound+ Target+ ChaMel91+

CD133++
ChaMel91+
CD133G+

ChaMel47+
CD133++

ChaMel47+
CD133G+

neonatal+
melanocyte++

Bosutinib! SRC,!ABL! 5.20!µM! 5.20!µM! 9.70!µM!! 9.45!µM!! 4.60!µM!
Dasatinib! ABL,!SRC! 15.10!µM! 15.00!µM! 29.76!µM!! 29.68!µM!! 14.80!µM!
Sunitinib! PDGFR,!VEGFR! 9.70!µM! 9.80!µM! 9.76!µM!! 10.00!µM!! 4.90!µM!
Sorafenib! PDGFR,! VEGFR,!

RAF!
9.80!µM! 9.90!µM! 9.94!µM!! 9.98!µM!! 2.10!µM!

Vandetanib! VEGFR,!EGFR! 10.00!µM! 9.90!µM! 7.45!µM!! 7.62!µM!! 7.30!µM!
Lapatinib! EGFR,!HER2! 11.20!µM! 11.10!µM! 14.49!µM!! 15.01!µM!! 3.20!µM!
Gefitinib! EGFR! 14.70!µM! 10.30!µM! 15.25!µM!! 15.25!µM!! 7.50!µM!
Nilotinib! ABL! 10.20!µM! 9.80!µM! 10.35!µM!! 14.77!µM!! 2.50!µM!
Rapamycin! MTOR! 19.60!µM! 19.70!µM! 19.88!µM! 20.59!!µM! 10.70!µM!
Staurosporin! Broad!Spectrum! 25.30!nM! 26.80!nM! 136.10!nM! 110.50!nM! 50.90!nM!
Imatinib! ABL,!KIT,!PDGF! 30.01!µM!! 29.80!µM!! 49.56!µM!! 49.60!µM!! 39,87!µM!
U0126! MEK1! 1.93!µM!! 4.36!µM!! 1.22!µM!! 1.78!µM!! 1.19!µM!
ABTR869! VEGFR,!PDGFR! 9.77!µM!! 9.86!µM!! 10.09!µM!! 10.22!µM!! nd!
SU5402! FGFR1! 30.73!µM! 30.76!µM! 29.99!µM!! 30.09!µM!! 29.03!µM!
PD98059! p38!MAPK! 19.80!µM! 20.10!µM! 20.06!µM!! 19.98!µM!! 3.22!µM!
PLXR4032! BRAF! 1.01!µM!! 0.74!µM!! 4.13!µM!! 7.57!µM!! nd!
PD184352! MEK! 2.00!µM! 2.10!µM! 2.17!µM!! 2.32!µM!! 1.87!µM!!
GDCR0941! PI3K! NaN! NaN! NaN! NaN! NaN!
PIR103! PI3K,!DNARPK,!

mTOR1/2!
0.74!µM!! 0.58!µM!! 0.32!µM!! 0.44!µM!! 0.40!µM!!
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Figure+3.16:+Effect+of+kinase+
inhibitors+ on+ viability+ and+
apoptosis+of+ChaMel47.+
A! shows! the! typical! phenolR
type! of! untreated! ChaMel47!
melanoma! cells! after! sorting!
in! CD133R! (left)! and! CD133+!
(right)!subpopulations.!
Treatment! of! these! cells!with!
kinase! inhibitors! (BGD)!
resulted! in! no! significant!
differences! in! the! IC50! values!
for! viability! of! CD133R! (left)!
and!CD133+!(right)!cells.!
BGD! also! compares! viability!
and! apoptosis! rate! of!
ChaMel47! cells! after!
treatment! with! the! kinase!
inhibitors! sorafenib,! SU5402!
and!GDCR0941.!
Sorafenib! induced! a! high!
apoptosis! rate! in! ChaMel47!
cells! and! resulted! in! 100%!
mortality!after!treatment!with!
30!μM!(B).!SU5402!had!only!a!
light! effect! on! viability! and!
apoptosis! of! ChaMel47.! Even!
100!μM! reduced! the! viability!
only! by! about! 20%! (C).! GDCR
0941! reduced! viability! and!
induced! apoptosis! of!
ChaMel47! cells! already! at!
very! low! concentrations! but!
had! no! increasing! effects! on!
the! cells! with! increasing!
concentrations.! Many! cells!
survived! even! high! conR
centrations!of!GDCR0941!(D).!
Phenotype! and! amount! of!
surviving! cells! was! recorded!
microscopically! and! is! shown!
exemplary! for! one! concenR
tration! of! sorafenib,! SU5402!
and!GCDR0941,!respectively.!
Error! bars! indicate! standard!
deviations! of! technical! triR
plicates. 
!

! !



Results!
!

!
!
68!

3.2.5.6 Influence+of+kinase+inhibitors+on+CD133+expression+

Since!no!significant!difference!in!chemoresistance!for!the!tested!substances!was!observed!

between!CD133+!and!CD133R!melanoma!cells,! the! influence!of! three!kinase! inhibitors!on!

the! expression! of! CD133!was! examined.! Sorafenib,! SU5402! and! GDCR0941!were! tested,!

representative! for! effective! kinase! inhibitors! (sorafenib),! nonReffective! kinase! inhibitors!

(SU5402)!and!effective!only!on!a!small!fraction!of!the!melanoma!population!(GDCR0941).!

ChaMel91! cells! were! sorted! into! CD133+! and! CD133R! fraction! and! treated! with! two!

concentrations!of!each!compound!(IC50!and!IC80!concentrations!in!unsorted!ChaMel91!cells,!

which! were! calculated! from! previous! experiments;! for! GDCR0941! concentrations!

correspond! to! the! range! of! the! inhibitor,! where! an! effect! on! a! small! ChaMel91!

subpopulation! was! observed).! 48! h! later! CD133! expression! of! the! treated! cells! was!

examined!and!compared!with!untreated!control!cells.!Whereas!upon!sorafenib!treatment!

the! CD133! expression!was! reduced! significantly! in! CD133+! and! CD133R! ChaMel91! cells,!

SU5402! and! GDCR0941! increased! the! CD133! expression! remarkably! at! both! tested!

concentrations!but!only!in!the!CD133+!fraction!(Figure+3.17).!

 

Figure+ 3.17:+ Effect+ of+ kinase+
inhibitors+on+CD133+expression.+
Whereas! sorafenib! reduced! the!
CD133! expression! compared! to!
the!untreated!control!in!ChaMel91!
cells,! SU5402! and! GDCR0941!
increased! the! CD133! expression!
significantly! in! the! CD133+!
fraction.!In!CD133R!ChaMel91!cells!
there!was!no!effect!of!SU5402!and!
GDCR0941.! CD133! expression! of!
untreated! CD133+! and! CD133R!
cells! was! set! to! 1! independently.!
Error! bars! indicate! the! standard!
deviation! of! two! biological!
replicates.!
!

!

3.3 Dynamic+of+CD133+expression+
Yield!of!CD133+!melanoma!cells!varied!from!2.8R10%!in!ChaMel91!in!all!magnetic!sorting!

procedures!performed.! It! turned!out! that! these!differences!were! independent!of! the! cell!

density!in!the!culture!flasks!(see!Figure+3.18)!or!cell!number!loaded!on!the!MACS!columns!

(within! the! range! indicated!by! the! company,! data! not! shown).! These! observations!were!

followed! in! more! depth! by! longRterm! experiments! with! sorted! ChaMel91! cells.! After!

magnetic!cell!sorting!CD133+,!CD133R!and!unsorted!cells!were!seeded!and!subcultured!for!

38! days.! Every! 2R4! days! about! 2x! 106! cells!were! pelleted! and! analyzed! for! their! CD133!

expression!via!fluorescent!western!blot!(see!2.8.4.2).!
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+

Figure+3.18:+Correlation+
of+ cell+ confluence+ and+
yield+ of+ CD133++
ChaMel91+cells.+
Evaluation! of! twelve! inR
dependent! magnetic! sorR
tings! of! ChaMel91!
showed! that! no!
correlation! between! the!
confluence! of! melanoma!
cells! in! culture! and! yield!
of!CD133+!cells!exists.!
!

!

Throughout! the! experiment! CD133! expression! was! highest! in! CD133+! ChaMel91! cells.!

After! 38! days! the! different! fractions! (CD133+,! CD133R! and! unsorted! cells)! still! did! not!

reach! the! same! CD133! expression! level! compared! to! each! other.! However,! in! all! three!

melanoma!fractions!a!cyclic!increase!and!decrease!of!CD133!was!seen!(Figure+3.19).!The!

length! of! the! observed! period! differed! in! the! three! populations! and! also! within! each!

population.! The! halfRperiod! ranged! from! 3R11! days! from! the! minimal! to! the! maximal!

CD133! expression.! CD133+! cells! had! the! longest! CD133! fluctuation! period.! About! three!

cycles!of!CD133!fluctuation!were!observed!within!the!38!days!of!the!experiment!and!are!

indicated! by! the! greyRtoRwhite! shadings! in!Figure+ 3.19.! The! difference! between! CD133!

minimum!and!maximum!expression!was!about!2R4!(a.u.).!

!
Figure+3.19:+LongGterm+analysis+of+CD133+expression.+
CD133! expression! behaved! cyclic! in! the! observed! period! of! 38! days! in! sorted! and! unsorted! cells! of!
ChaMel91! with! a! difference! between! minimum! and! maximum! expression! of! about! 2R4.! Error! bars!
indicate!the!standard!deviations!of!three!biological!replicates.!
!

!
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This! cyclic! behavior! could! not! directly! be! correlated! with! routine! cell! culture! handling!

such! as! splitting! or!medium! change! since! antiRcyclic! shifting! of! the! routine! handling! by!

4!days! during! the! biological! triplicates! did! not! change! the! cyclic! behavior! of! CD133!

expression.! In! further! experiments! the! cell! cycle! distribution! of! CD133+,! CD133R! and!

unsorted!ChaMel91!cells!as!well!as!the!doubling!time!of!these!fractions!were!investigated!

to! test! for! a! correlation!with! the! observed! cyclic! CD133! expression.! These! experiments!

were! performed! in! collaboration! with! the! department! of! Molecular! Cell! Biology! at! the!

Elbeklinikum!Buxtehude.!No!significant!difference!in!doubling!times!between!CD133+!and!

CD133R!populations!was!observed.! It!was!31.7!h! for!CD133+! cells! and!32.1!h! for!CD133R!

cells!respectively!(data!not!shown).!

Also,!neither!significant!differences!in!the!cell!cycle!distribution!between!the!populations!

nor! a! correlation! of! the! individual! cell! cycle! phases! with! the! CD133! expression! was!

observed! using! PI! staining! and! FACS! analysis! on! an! EPICS! XLRMCL! flow! cytometer! (see!

section!2.4.11).!On!average!about!74%!of!cells!from!all!fractions!were!in!G1Rphase,!20%!in!

SRphase! and! the! remainder! in! G2Rphase.! Figure+ 3.20! exemplarily! shows! the! cell! cycle!

distribution!of!CD133+!cells!plotted!together!with!the!CD133!expression!measured!at! the!

same!time!points!during!the!longRterm!experiment.!This!analysis!did!not!show!any!change!

of!the!CD133!expression!in!dependence!of!a!certain!cell!cycle!phase.!In!summary,!doubling!

times!and!cell!cycle!distribution!of!CD133+,!CD133R!and!unsorted!ChaMel91!cells!did!not!

account!for!the!cyclic!behavior!of!CD133!expression.!

!
Figure+3.20:+Independence+of+CD133+expression+from+cell+cycle+distribution.+
Illustrated!is!the!CD133!expression!in!CD133+!ChaMel91!cells!at!nine!different!time!points!during!the!
longRterm! experiment! described! in! Figure+ 3.19! and! the! corresponding! cell! cycle! distribution.! No!
correlation! of! CD133! expression! with! G1R,! SR! nor! G2Rphase! could! be! observed.! Error! bars! indicate!
assumed!standard!deviations!of!5%.!

!
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To!elucidate!if!the!CD133!fluctuations!result!from!overgrowing!of!one!subpopulation!over!

the! other! or! from! an! interconversion! of! CD133+! and! CD133R! cells! I! then! sorted! CD133!

populations! and! cultivated! the! populations! separately! for! seven! days! before! the! next!

sorting! round.! By! six! repetitive! sorting! cycles! I! aimed! to! dilute! the! amount! of! false!

negative!cells!(=!CD133+)!within!the!CD133R!subpopulation!subsequently.!During!six!cycles!

of! sorting! and!with! an! average! of! 0.25%! false! negative! cells! after! each! sorting! round! I!

theoretically!should!have!diluted!the!false!negative!cells!down!to!7.8R8!%.!But!still,!I!ended!

up!with!an!average!of!5R10%!CD133+!cells!in!the!CD133R!subpopulation.!In!order!to!explain!

this! observation! by! an! increased! cell! cycle! rate! of! CD133+! cells,! the! cells! would! have!

needed!to!double! two!times!as! fast!as! the!CD133R!cells,!meaning!the!average!duration!of!

the!cell!cycle!in!CD133+!would!be!as!short!as!16.5!minutes.!!

!

Figure+ 3.21:+ Bidirectional+
interconversion+ of+ CD133++
and+CD133G+melanoma+cells.+
In!a!proposed!static!population!
serial! MACS! experiments!
would! result! in! subsequent!
dilution! of! false! negative! cells!
in! the! CD133R! fraction.!
Theoretical! amount! of! cells!
was! calculated! as! shown! on!
the! left.! Shown! on! the! right! is!
the! measured! percentage! of!
CD133+! cells,! which! in! our!
experiments! always! returned!
towards! initial! proportions!
over! time.! This! indicates! a!
dynamic!equilibrium!of!CD133!
expressing! cells! in! melanoma!
and! a! bidirectional! interR
conversion! of! CD133+! and!
CD133R!melanoma!cells.!
!

!

To! study! whether! the! cell! density! and/or! frequency! of! fresh! mediumRsupply! during!

culture! could! influence! expression! of! CD133! and! the! observed! plasticity! of! CD133+! and!

CD133R! cells,! we!modified! the! experimental! conditions.! In! comparative! experiments!we!

seeded!only!half! the!number!of!cells!or!changed!the!cell!culture!medium!daily! instead!of!

every! three! days.! In! both! experiments! we! observed! a! comparable! periodic! behavior! as!

before! in! terms!of! the! amplitude,! however,!with! altered!dynamics! of! CD133! expression.!

While!one!halfRperiod!of!the!CD133!fluctuation!in!unsorted!ChaMel91!cells!was!seven!days!

(max)!in!the!original!experiment,!we!saw!that!under!the!conditions!of!sparser!cell!seeding!
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(data!not!shown)!and!frequent!medium!supplements!the!halfRperiod!was!increased!to!>14!

days!(Figure+3.22).!

!

Figure+ 3.22:+ CD133+ fluctuation+ is+
significantly+ influenced+ by+ change+ of+
routine+culture+conditions.+
In! comparative! experiments!we! changed!
the! cell! culture! medium! either! every!
three! days! (routine! culture)! or! daily.! In!
both! experiments! we! observed! a!
comparable! periodic! behavior! of! CD133!
expression!in!terms!of!the!amplitude.!But!
daily! medium! change! decreased! the!
frequency! of! the! CD133! dynamic.! While!
in! the! original! experiment! one! halfR
period! of! the! CD133! fluctuation!was! 7! d!
(max),! we! saw! that! upon! daily! medium!
supply! the! halfRperiod! was! significantly!
longer!(>14!d).!

!

3.4 Analysis+of+OCT4A+expression+in+melanoma+cells+

3.4.1 OCT4A+is+expressed+in+melanoma+cells+
Standard! PCR! with! OCT4A! primers! (see! section! 2.4.5)! and! cDNA! revealed! that! all!

melanoma! cell! lines! tested! as!well! as! adult! and! neonatal!melanocytes! express!OCT4.! To!

verify!that!the!weak!signals!from!the!PCRs!are!really!due!to!OCT4A!expression!and!not!the!

amplification! products! of! other! OCT4! splice! variants! or! even! pseudogenes,! the! PCR!

products!were! reRamplified!with!OCT4A! nested! primers! to! increase! the! putative!OCT4A!

product.! Then,! resulting! PCR! products! were! purified! and! digested! with! the! restriction!

enzymes!ApaI!and!Tsp45I!(see!protocol!in!section!2.4.8).!The!OCT4A!transcript!specifically!

encodes!the!recognition!sites!of!both!enzymes.!In!Figure+3.23!A!the!restriction!digests!of!

the!OCT4A!PCR!products! from!the!melanoma!cell! line!ChaMel91!and!the!positive!control!

NCCIT! is! shown! exemplarily! (in! this! example! no! reRamplification! with! OCT4A! nested!

primers! was! performed).! Digest! of! the! 474! bp! products! with! ApaI! resulted! in! the! two!

expected!fragments!of!288!bp!and!185!bp!and!with!Tsp45I!in!a!403!bp!and!70!bp!fragment.!

The!OCT4A! PCR!products!of! all! tested! cell! lines! could!be!digested!by! the! two! restriction!

enzymes,!which!indicated!the!presence!of!OCT4A!specific!mRNA!sequence.!

To! verify! these! results,! all! PCR! products! generated! by! OCT4A! nested! primers! were!

sequenced!by!means!of!BigDye! Terminator!v3.1!Cycle!Sequencing!Kit!and!the!3730xl!DNA!
Analyzer! (compare! section!2.5).! In! the! range! investigated,! the! analyzed! sequences! of! all!

tested! cell! lines!were!100%! identical! to! the! annotated!OCT4A! sequence! on! the!Ensembl!

Genome!Browser.!
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3.4.2 Differential+ expression+ of+ OCT4A+ between+ CD133++ and+

CD133G+melanoma+cells+
The! expression! of!OCT4A! was! then! analyzed! on! transcript! and! protein! level! in! CD133+,!

CD133R!and!unsorted!ChaMel91!cells.!Whereas!standard!PCR!from!cDNA!of!these!three!cell!

fractions! revealed! only! a! very!weak!OCT4A! expression! in! unsorted!melanoma! cells,! the!

signal!was!much!stronger!in!CD133+!ChaMel91!cells!(Figure+3.23!B).!Restriction!digest!of!

the! OCT4! PCR! product! with! restriction! enzymes! ApaI! and! Tsp45I! revealed! that! the!

transcript! of! the! pluripotency! related!OCT4A! and! not!OCT4B#or! any! other! alternatively!

spliced!transcript!was!amplified.!In!CD133R!melanoma!cells!no!OCT4A!transcript!could!be!

detected.!The!same!held!true!for!the!OCT4!protein,!which!by!western!blotting!could!only!

be! detected! in! CD133+! ChaMel91! cells! and! not! in! CD133R! cells! (Figure+ 3.23! C).!OCT4A!

transcript! as! well! as! protein! expression! was! much! higher! in! NCCIT! cells! compared! to!

CD133+!melanoma!cells.!

! !

!

Figure+3.23:+OCT4+expression+in+cancer+stem+cells.++
Restriction! digest! of! the! OCT4! PCR! product! from! NCCIT! and!
melanoma!cells!with!ApaI!and!Tsp45I!revealed!that!the!transcript!
of! the! pluripotency! related!OCT4A! and! not!OCT4B#or! any! other!
alternatively! spliced! transcript! was! amplified! (A).! RTRPCR!
analysis! of! sorted! melanoma! cells! showed! that! OCT4! is! only!
expressed!in!CD133+!cells!and!cannot!be!detected!in!CD133R!cells!
(B).! These! results! were! validated! on! protein! level! via! western!
blot! analysis! where! OCT4! protein! could! only! be! detected! in!
CD133+! melanoma! cells! (C).! The! embryonic! carcinoma! cell! line!
NCCIT!served!as!positive!control.!

!

To!be! able! to! sort!ChaMel91! into!OCT4A+! and!OCT4AR! cells! and!examine! the!differences!

between!both!fractions!as!well!as!their!similarities!to!hESCs!or!the!embryonic!carcinoma!

cell! line!NCCIT,! I! stably! transfected! ChaMel91! cells!with! a! plasmid! expressing! the! EGFP!

reporter! gene! under! the! control! of! the! OCT4! promoter! (phOCT4REGFPR1! plasmid)! (see!

section! 2.7).! Microscopic! and! flow! cytometric! analysis! (at! FACSCalibur! System! with!

CellQuest!Pro!Software!4.0.1)!of!these!cells!revealed!a!small!subpopulation!of!about!2R10%!

cells!which!express!EGFP.!The!percentage!of!OCT4REGFP+!cells!was!shown!to!increase!with!
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decreasing! cell!density.!After!decreasing! the! cell!number!below!5x!104! cells!per! cm2! the!

fraction!of!OCT4REGFP!expressing!cells!was!even!increased!to!more!than!10%!as!shown!in!

Figure+3.24.!Most!notably,!the!subpopulation!of!OCT4REGFP+!cells!is!significantly!greater!

in!CD133+!ChaMel91!cells!when!compared!to!CD133R!cells!as!already!observed!in!previous!

experiments!(compare!Figure+3.23).!

!

Figure+ 3.24:+ Correlation+ of+ OCT4G
EGFP+expression+and+cell+density.+
ChaMel91! cells! were! transiently!
transfected! with! the! phOCT4REGFPR1!
plasmid.!5!h!post!transfection!different!
cell! numbers! were! seeded! into! cell!
culture! dishes.! After! incubation! for!
48!h! OCT4REGFP! expression! was!
analyzed! by! flow! cytometry! and!
plotted! together!with! the! cell! number!
per! cm2.! Decreasing! cell! density!
correlated! with! an! increase! of! OCT4R
EGFP+!cells.!

!

3.4.3 Sorting+of+OCT4GEGFP++and+OCT4GEGFPG+melanoma+cells+
ChaMel91! cells! stably! transfected! with! the! phOCT4REGFPR1! plasmid! were! sorted! into!

OCT4REGFP+!and!OCT4REGFPR!cells!using!a!FACSDiva!Flow!Cytometer!&!Cell!Sorter!with!BD!

FACSDiva!Software!6.0.!A!representative!example!for!the!sorting!is!shown!in!Figure+3.25.!

First,! melanoma! cells! were! analyzed! in! forward! and! side! scatter! to! find! the! main!

population!of! viable,! isolated! cells! (Figure+ 3.25!A).!This!population!was! then!gated!and!

analyzed!for!its!EGFP!expression.!Cells,!strongly!expressing!EGFP!(gate!P2)!and!cells!that!

did!not!express!EGFP!(gate!P1)!(Figure+3.25!B)!were!sorted!into!two!different!tubes!and!

seeded!in!appropriate!culture!flasks.!48!h!after!sorting!accuracy!of!the!flow!cytometer!and!

instrument!settings!was!verified!microscopically! (Figure+ 3.25!C).!Nearly!all!cells!of!gate!

P2!expressed!EGFP!whereas!no!EGFP!expression!was!observed! in! cells! of! gate!P1.!Even!

five!days!post!sorting!this!result!had!not!changed.!

As! an! additional! control,! the! sorting! efficiency! and! consistency! was! evaluated! on!

transcript! level! by! standard! PCR! and! on! protein! level! using! fluorescent! western! blot!

(Figure+3.26).!Even!72!h!post!sorting!the!EGFP!transcript!was!much!higher!expressed!in!

the! OCT4REGFP+! fraction! compared! to! the! OCT4REGFPR! fraction.! Furthermore,! the! EGFP!

signal! intensity! of! unsorted! ChaMel91! cells! was! intermediate! of! both! sorted! fractions!

(Figure+ 3.26! A).! This! result!was! validated!on!protein! level! via! fluorescent!western!blot!

where!the!EGFP!signal!was!85%!lower!in!the!OCT4REGFPR!fraction!compared!to!the!OCT4R

EGFP+!fraction!(Figure+3.26!B).!
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!
Figure+3.25:+FACS+of+ChaMel91+into+OCT4GEGFP++and+OCT4GEGFPG+cells.+
ChaMel91!melanoma!cells!were!stably!transfected!with!the!phOCT4REGFPR1!plasmid!and!sorted!with!
FACSDiva!Flow!Cytometer!&!Cell!Sorter.!First,!the!main!population!of!ChaMel91!was!gated!in!forward!
and!side!scatter!plot!(A).!Then,!OCT4REGFP+!(gate!P2)!and!OCT4REGFPR!cells!(gate!P1)!were!separated.!
In!the!sort!shown!here,!2.5%!of!all!cells!were! located!in!gate!P2!(B).!Accuracy!of!the!cytometer!and!
instrument! settings! was! verified! microscopically! 48!h! after! sorting! (C).! Nearly! all! cells! of! gate! P2!
express!EGFP!(upper!panels)!whereas!no!cells!of!gate!P1!do!so!(lower!panels).!
!

!

!
Figure+ 3.26:+ Verification+ of+ OCT4GEGFP+ sorting+ via+ RTGPCR+ and+ western+ blot+
analysis.+
RTRPCR!with!EGFPRspecific!primers!showed!that!cells!sorted!with!FACS!DIVA!as!OCT4R
EGFP+! strongly! expressed! EGFP! while! OCT4REGFPR! cells! showed! nearly! no! EGFP!
expression! on! mRNA! level! (A).! This! result! was! verified! also! on! protein! level! via!
western!blot!analysis!(B).!
!
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3.4.3.1 Nuclear+expression+of+OCT4A+in+OCT4GEGFP++melanoma+cells+

To! confirm! that! EGFP! expression! in! sorted! ChaMel91! correlated!with! their! endogenous!

expression! of!OCT4A,! cells!were! cultivated! for! 120!h! after! sorting! into!OCT4REGFP+! and!

OCT4REGFPR! fractions! to! recover! from! the! procedure! and! then! stained! with! an! OCT4AR

specific!antibody!conjugated!to!AlexaFluor488.!Whereas!OCT4REGFPR!cells!showed!only!a!

weak! and! diffuse! unspecific! staining! all! over! the! cell! body! with! this! antibody! (Figure+

3.27!A),!a!distinct!and!strong!staining!for!OCT4A!in!the!nuclei!was!demonstrated!in!OCT4R

EGFP+!cells! (Figure+ 3.27!B).!NCCIT,!which!served!as!positive!control! for!OCT4A!showed!

also!a!strong!staining!for!OCT4A!in!the!nuclei!and!neonatal!melanocytes!were!negative!for!

OCT4A!(data!not!shown).!

+
Figure+3.27:+OCT4A+immunofluorescence+staining+of+ChaMel91.+
After!sorting!ChaMel91!cells!with!FACSDivaflow!cytometer!into!OCT4REGFP+!and!OCT4REGFPR!fractions,!
cells!were!cultivated!for!120!h!to!recover!from!sorting!procedure.!Thereafter,!cells!were!stained!with!an!
OCT4ARspecific! antibody! conjugated! to! AlexaFluor488! (green).! Left:!Whereas!OCT4REGFPR! cells! show!
only!a!weak!and!diffuse!unspecific!staining!(A)!a!distinct!and!strong!staining!for!OCT4A!in!the!nuclei!is!
demonstrated!in!OCT4REGFP!positive!cells!(B).!Middle:!CoRstaining!with!the!nuclear!stain!DAPI!(blue).!
Right:!Corresponding!phase!contrast!micrographs!of!ChaMel91!cells.!
!

!
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3.4.4 Comparison+ of+ OCT4GEGFP++ and+ OCT4GEGFPG+ melanoma+

cells+

3.4.4.1 Gene+expression+analysis+of+OCT4GEGFP++and+OCT4GEGFPG+cells+

GenomeRwide! expression! analysis! of! OCT4REGFP+! and! OCT4REGFPR! ChaMel91! cells! was!

performed!with!cells!harvested!five!days!post!sorting.!Sustained!differential!expression!of!

EGFP! in! the! sorted! cells!was! confirmed! by! fluorescent!microscopy.! cRNA! samples!were!

hybridized!on! Illumina!HumanHTR12!v4!and!HumanWGR6_V3!Expression!BeadChips!and!

analyzed! as! described! in! section! 2.4.10.! Gene! expression! data! were! normalized! and!

analyzed! for! significant! gene! expression! differences! (detection! pRvalue! <0.05,! pRvalue!

<0.05).!The!transcriptome!of!OCT4REGFP+!and!OCT4REGFPR!was!than!compared!with!hESCs!

to! find! genes! exclusively! expressed! in! OCT4REGFP+! and! hESCs! but! not! in! OCT4REGFPR!

melanoma!cells.! 156!genes!were!at! least!1.5Rfold!upregulated! in!OCT4REGFP+!and!hESCs!

compared! to!OCT4REGFPR! cells! (Figure+ 3.28).! This! gene! list!was! further! analyzed! using!

gene!annotation!tools!to! identify!gene!ontologies!(GOs)!and!KEGG!pathways!significantly!

overrepresented!in!OCT4REGFP+!melanoma!cells.!KEGG!pathway!analysis!revealed!that!key!

developmental! pathways! such! as! Wnt,! Notch! and! Hedgehog! signaling! (overexpressed!

genes! were! e.g.! DVL1,# TCF7L2,# CTBP1,# CSNK1A1)! were! amongst! the! overrepresented!

pathways!in!OCT4REGFP+!as!well!as!hES!cells.!Besides,! I! found!that!genes!involved!in!the!

inhibition!of!apoptosis,!cellular!migration!as!well!as!cell!cycle!regulation!were!upregulated!

and! overrepresented! in! the! OCT4REGFP+! melanoma! fraction.! Total! lists! of! these!

overrepresented!GOs!and!KEGG!pathways!are!shown!in!Table+ S+3!and!Table+ S+4.!These!

results! are! similar! to! the! expression! data! obtained! for! CD133+! and! CD133R! cells.! The!

important! cancerR! and! stem! cellRrelated! WNT,! NOTCH,! Hedgehog! pathways! as! well! as!

genes! involved! in! apoptosis,! cellular! migration! and! cell! cycle! regulation! are!

overrepresented!in!CD133+!and!OCT4REGFP+!putative!melanoma!CSC!fractions!compared!

to!their!negative!counterparts.!
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!

Figure+3.28:+Heatmap+of+hESCs,+OCTGEGFP++and+OCT4GEGFPG+cells.+
Gene!expression!analysis!of!hESC!cells!as!well!as!OCTREGFP+!and!OCT4REGFPR!melanoma!cells!revealed!
that!156!genes!are!at!least!1.5Rfold!upregulated!in!hESCs!and!OCTREGFP+!cells!compared!to!OCT4REGFPR!
cells.! Numbers! on! top! of! the! heatmap! represent! correlation! coefficients! of! the! OCT4REGFP!
subpopulation!duplicates!and!of!these!subpopulations!with!hESCs.!
!

!

3.4.4.2 Tumor+initiation+capability+of+OCT4GEGFP++and+OCT4GEGFPG+cells+

In!comparison!to!CD133+!and!CD133R!ChaMel91!cells!tumor!formation!capability!of!OCT4R

EGFP+!and!OCT4REGFPR!cells!was!also!examined!and!compared!(see!2.10).!Five!days!after!

fluorescent! activated! cell! sorting! 105! OCT4REGFP+,! OCT4REGFPR! and! unsorted! stably!

transfected!ChaMel91!cells!were!injected!into!six!NSR!mice,!respectively.!Eight!weeks!after!

implantation,!a!difference!in!tumor!growth!between!OCT4REGFP+!and!OCT4REGFPR!cells!as!

for!CD133+! and!CD133R! cells!was! examined.!OCT4REGFP+! cells! resulted! in!bigger! tumors!

(Figure+ 3.29)! in! a! shorter! period! of! time! after! injection! compared! to! OCT4REGFPR! and!

unsorted!cells!(Figure+3.30).!

!
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!

Figure+3.29:+Excised+tumors+from+
NRS+ mice+ eight+ weeks+ after+
xenotransplantation.+
Comparison!of!the!tumors!with!the!
biggest! volume! developed! after!
injection! of! 105! OCT4REGFP+!
ChaMel91! (A)! and! 105!OCT4REGFPR!
cells! (B)! into! male! NSR! mice,!
respectively.!On!average,!tumors!of!
OCT4REGFP+! had! a! larger! volume!
compared! to! the! tumors! of! OCT4R
EGFPR!cells.!

+

!!! +
+

Figure+ 3.30:+ Tumor+ formaG
tion+ capability+ of+ OCT4GEGFP+
sorted+ChaMel91+cells.+
Tumor! formation! and! growth!
capability! of! 105! OCT4REGFP+!
cells! injected! into!six!NSR!mice!
was!higher!than!of!OCT4REGFPR!
or! unsorted! cells! (monitored!
for! 57! days).! Error! bars!
indicate! the!standard!deviation!
among!the!group!of!six!mice.!pR
values! were! determined! for!
unpaired! samples! of! OCT4R
EGFP+!and!OCT4REGFPR!cells!by!
Student’s!tRtest.!
!

!

3.4.4.3 Comparison+ of+ OCT4GEGFP++ melanoma+ cells+ with+ partially+ and+ fully+

reprogrammed+iPS+cells+

To!determine!if!putative!OCT4REGFP+!CSCs!share!similarities!in!gene!expression!not!only!

with! hESCs! but! also! with! induced! pluripotent! stem! (iPS)! cells! we! performed! a! metaR

analysis!of!expression!profiling!data!sets!of!partially!and!fully2reprogrammed!iPS!cells!and!

OCT4REGFP+! melanoma! cells.! The! only! available! genomeRwide! expression! data! from!

partially! and! fully2 reprogrammed! iPS! cells! are! from! a! study! of! Mikkelsen! et# al.! who!

reprogrammed!mouse!fibroblasts!by!ectopic!expression!of!the!four!reprogramming!factors!

Oct4,!Sox2,!Klf4!and!cRMyc!(Mikkelsen#et#al.!2008).!Data!from!this!study!were!downloaded!

from!the!NCBI!GEO2platform!accession!GSE10781.!Comparison!with!my!data!from!OCT4R

EGFP+!melanoma!cells!was!enabled!by!mapping!all!probes!to!human!gene2symbols!(probe!

sets! of! mouse! genes! were! mapped! to! orthologous! human! gene! symbols! via! Biomart2

version! 62).! Gene! expression! data! were! normalized! and! analyzed! for! significant!

differential!gene!expression!differences!(detection!pRvalue!<0.05,!pRvalue!<0.05).!

We!found!an!overlap!in!the!expression!of!several!hundred!genes!with!known!functions!for2

stemness,!epigenetic!regulation,!DNA!repair!as!well!as!genes!of!important!developmental!

pathways! like2 TGFRβ/BMP,! Wnt! and! Notch.! Also! the! master! regulator! of! pluripotency!

OCT4A! is! expressed! in! partially! and! fully2 reprogrammed! iPS! cells! and! OCT4REGFP+!
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melanoma!cells!as!shown!in!Figure+3.31.!This!comparison!provides!further!evidence!that!

melanoma!cancer!stem!cells!display!features!of!partially/fully!reprogrammed!iPS!cells!and!

embryonic!stem!cells!and!vice!versa.!

!
Figure+3.31:+ Comparison+of+ expression+profiles+ of+OCT4GEGFP++melanoma+ cells+with+partially+ and+
fully+reprogrammed+iPS+cells.+
MetaRanalysis! of! microarray! datasets! from! partially! and! fully! reprogrammed! iPSCs! obtained! from!
Mikkelsen! et# al.! (Mikkelsen# et# al.! 2008)! and! OCT4REGFP+! melanoma! cells.! The! VennRdiagram! reflects!
commonly!regulated!genes!of!CSCs!and!embryonic!stem!cells! like!members!of! the!TGFRβ/!BMP,!Wnt!and!
Notch!pathways,!Histon!modifiers,!regulators!of!EMT/MET!and!components!of!the!DNA!repair!machinery.!
!

!

!
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4 Discussion+
There! are! three! ways! of! identifying! and! sorting! CSCs! described! in! current! literature.!

Interestingly,!not!a!single!publication!evaluated!and!compared!the!methods!in!regards!of!

conformity! in! results! of! the! approaches.! Therefore! I! started! the! project! by! comparing!

these! current! standard! assays! of! CSC! identification:! “sphere! formation! analysis”,! “dye!

exclusion!assay”!and!“expression!analysis!of!well!described!stem!cell/CSC!markers”!on!a!

cohort!of!ten!patient!derived!lowRpassage!melanoma!cell!lines.!

By! all!methods,! I! identified! subpopulations! of!melanoma! cells!with! stem! cell! properties!

but! there! was! no! exact! congruency! in! the! outcome! of! these! assays.! E.g.,! nine! of! ten!

analyzed! cell! lines! exhibited! a! side! population! (SP)! by! Hoechst! staining! but! only! six! of!

these! cell! lines! grew! in! spheres! under! hESC! culture! conditions.! The! low! concordance!

between! the! three!methods! that! I! found! in!my!work,!as!well!as! recent! findings!by!other!

groups!question!the!applicability!of!these!current!standards!of!CSC!identification.!Potential!

reasons! for! this! low! concruency! and! likely! technical! pitfals! of! these! assays! will! be!

discussed!below.!

4.1.1 Sphere+formation+assays+
Recently,! the! use! of! sphere! formation! assays! to! identify! and! enrich! CSCs! was! put! into!

question.! Tumor! spheres! are! defined! as! clonally! derived! nonRadherent! colonies! of! cells!

derived!from!a!single!tumor!stem!cell!(Singh#et#al.!2003).!Clarke!et#al.! found!out!that!the!

rate! of! sphere! development! in! many! in# vitro! models! makes! it! unlikely! that! single! cells!

solely! through! clonal! expansion! form! those! spheres.! The! difficulty! of! distinguishing! the!

relative!contributions!of!aggregation!and!proliferation!in!sphere!formation!represents!the!

major!hurdle!to!their!use!(Clarke#et#al.!2006).!In!my!experiments!spheres!started!to!form!

after!about! five!days.!With!an!average!doubling! time!of!32!h! the!cells!would!double! four!

times!in!those!five!days.!Some!of!the!observed!colonies!were!definitely!composed!of!more!

than!just!16!cells.!Therefore!we!need!to!think!of!other!mechanisms!to!explain!formation!of!

spheres.!Given!the!fact!that!stem!cells!are!highly!dependent!on!their!microenvironment,!it!

is!likely!that!different!cell!types!attract!each!other!to!form!the!spheres!as!a!highly!robust!

and! complex! structure! that! helps! to! overcome! harsh! conditions.! Another! possible!

explanation! could! be! that! the! cell! cycle! accelerates! so! that! the! spheres! obtained! in!my!

experiments! are! after! all! generated! from! single! cells! by! clonal! expansion.! Sorting! at! the!

single!cell!level!would!of!course!be!the!most!reliable!source!of!clonal!growth.!But!we!know!

from!the!stem!cell!research!that!single!cell!sorting!leads!to!undesired!differentiation!of!the!

cells! making! it! impossible! to! analyze! the! stem! cell! properties.! In! the! field! of! stem! cell!
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research!it!therefore!is!a!commonly!used!and!accepted!technique!to!pick!colonies!in!order!

to!propagate!and!maintain!an!undifferentiated!stem!cell!culture.!

To! fathom! the! sphere! forming!mechanism! one! could! use! a! strategy! of! “lineage! tracing”!

where! you! use! a! DNA! dye! to! mark! the! cells! prior! to! the! culture! in! hESC! medium! and!

analyze!the!formed!spheres!by!flow!cytometry.!If!spheres!had!formed!by!clonal!expansion!

of! single!cells!one!would!observe!a!measurable!decrease!of! the!DNA!dye!retained! in! the!

DNA!double!strand!since!each!cell!doubling!halves!the!dye!in!the!resulting!daughter!cells.!

On!the!other!hand,!if!cells!attract!each!other!to!form!the!spheres,!an!equal!amount!of!DNA!

dye! among! the! spheroid! cells! would! be! detected.! Another! technical! difficulty! of! sphere!

formation!assays!is!their!sensitivity!to!the!culturing!method!used!(i.e.,!media!composition,!

coating! of! the! flasks! with! feeder! cells! or! matrix! and! general! cell! culture! handling!

techniques),! making! it! difficult! to! compare! experimental! findings! from! different!

laboratories.!Moreover,!it!has!been!shown!that!differentiated!cells!exhibit!sphereRforming!

capability!and!because!spheroid!bodies!themselves!display!marked!cellular!heterogeneity,!

experiments!using!spheres!should!be!interpreted!as!studies!of!mixed!cell!populations,!not!

purified!stem!cells!(Schatton#et#al.!2010,!Jensen#et#al.!2006).!Ramgolam!et#al.!showed!that!

sphere! forming! cancer! cells! display! higher! capacity! to! differentiate! along!mesenchymal!

lineages.! In! their! experiments! they!measured! an! increased! expression! of! SOX2,!NANOG,!

KLF4,! and/or! OCT4! transcription! factors,! but! failed! to! show! increased! selfRrenewal! or!

tumorigenicity! of! spheroid! cells! when! compared! to! their! adherent! counterparts.! They!

concluded! that! sphere! formation! assays! are! of! limited! efficiency! for! melanoma! CSC!

identification,! but! rather! predict! an! aggressive! and! heterogeneous! phenotype! which! is!

likewise!relevant!to!patients!and!clinical!transferability!(Ramgolam#et#al.!2011).!

4.1.2 Dye+exclusion+assay+
Stem!cells!are!known!to!express!ABC!transporters.!ABC!transporters!are!used!to!actively!

eliminate!small!molecules!from!the!cell.!This!trait!evolved!as!a!protection!mechanism!from!

chemically! induced!cell!damage.!High!expression!of!ABC!transporters! is!also!observed!in!

cancer!cells!and!plays!an!important!role!in!failure!of!chemotherapy.!HirschmannRJax!et#al.!

showed! that! ABC! transporter! expression! is! not! evenly! distributed! in! the! tumor! cell!

population.!High! expression! of!ABC! transporters! is! linked! to! only! a! few! cells!within! the!

tumor,!which! they! conclude! could! be! potential! cancer! stem! cells! (HirschmannRJax# et# al.!

2004).!

Unfortunately,!encouraging!earlier!findings!of!dye!exclusion!assays!(compare!1.3.3.2)!are!

accompanied!by!results!from!newer!studies!with!thyroid,!gastrointestinal,!adrenocortical!

and! glioma! cancer! cells,! which! question! the! possibility! to! identify! CSCs! by! their! effluxR
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capacity.! Functional! studies! depicted! very! well! that! SP! and! nonRSP! cells! were! similarly!

clonogenic! in#vitro,! tumorigenic! in#vivo,! and!displayed!similar!differentiation!potential! in#

vitro! and! in# vivo.! Furthermore! both! fractions! showed! selfRrenewal! capabilities,! similar!

growth!rates!and!chemoresistance!(Burkert#et#al.!2008,!Lichtenauer#et#al.!2008,!Mitsutake#

et#al.!2007,!Platet#et#al.!2007).!

My!hypothesis! is! that! these!controversial!results!are! in! large!parts!due!to! inefficient!and!

lenient!sorting!procedures!that!lead!to!false!positive!and!negative!sorted!cells.!Variations!

in! the! staining! protocol! (enzyme! dissociation! method,! Hoechst! and! verapamil!

concentrations,! incubation! time)! and! FACS! procedure! (flow! cytometer,! nozzle! size)! do!

have!enormous!influence!on!the!yield,!viability!and!homogeneity!of!side!population!cells,!

affecting! all! later! analyses! performed!on! these! cells.! A! good! example! of! the! influence! of!

technical! factors! on! the! results! is! the! comparison! of! studies! from! Kondo! et# al.! and!

Patrawala! et# al.! Both! groups! studied! the! same! cell! lines,! but! with! variation! in! their!

protocols! and! of! course! in! their! technical! equipment.! The! yield! of! SP! cells! varied! by! a!

magnitude!of!10!(Kondo#et#al.!2004,!Patrawala#et#al.!2005).!In!order!to!gain!reproducible!

results,! tissue!dissociation! to! single! cell! suspension! levels! and! cell! counting!needs! to! be!

optimized!and!standardized.!Montanaro!et#al.!showed!that!optimal!Hoechst!concentration!

should! be! independently! determined! for! each! new! cell! type! studied! and! the! optimal!

Hoechst!concentration!should!be!within!the!plateau!region!of!retained!SP!cells!(Montanaro#

et#al.!2004).!Remarkably,!none!of!the!researchers!who!has!investigated!SP!cells!tested!for!

the!optimal!Hoechst!concentration!in!the!used!cell!type!or!modified!the!staining!procedure!

although! initial! studies! published! the! optimal! concentration! of! Hoechst! (Asakura# et# al.!

2002,!Bhattacharya#et#al.! 2003,!Dou#et#al.! 2009,! Fukaya#et#al.! 2009,!Grichnik#et#al.! 2006,!

Haraguchi#et#al.!2006,!Kondo#et#al.!2004,!Mimeault#et#al.!2009).!Moreover,!it!is!more!than!

likely! that! even! different! cell! lines! derived! from! the! same! tissue! origin! exhibit! distinct!

sensitivities! towards! Hoechst! since! cell! lines! from! different! patients! or! various! tumor!

grades!probably!have!different! amounts!or! activity!of!ABC! transporters.! Furthermore,! it!

has!been!shown!that!various!cell!types!are!unequally!sensitive!to!verapamil,!which!serves!

as! an! important! control.! A! concentration! of! 50!µM! verapamil! is! what! seems! to! be! the!

current! standard! without! further! determination! of! cellRline! specific! sensitivity! towards!

verapamil!prior!to!the!SP!sorting!(Asakura#et#al.!2002,!Grichnik#et#al.!2006,!Patrawala#et#al.!

2005).! In! addition! to! the! variations! in! technical! setup! of! FACS! sorting,! it! has! been!

demonstrated! that! the! SP! size! depends! on! the! density! of! cells! in! culture.! SP! cells!

preferentially!survive!at!very! low!plating!density,!because!such!clonal!growth! favors! the!

presence! of! CSCs! (Mitsutake# et#al.! 2007).!Due! to! the!wide! range! of! parameters! that! can!

significantly! influence! SP! analyses,! results! from! such! sorting! experiments! should! be!
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compared!very!cautiously.!Optimized!and!standardized!protocols!for!each!cell!type!as!well!

as! stringent! cell! culture! and! isolation! settings! are! required! to! eliminate! the! risk! of!

analyzing!different!SP!cells.!

Ultimately,! the! toxicity! of! Hoechst! should! be! addressed! and! always! kept! in!mind!when!

applying!this!dye!to!isolating!putative!CSCs.!As!Hoechst!binds!to!DNA,!it!can!disrupt!DNA!

replication!during!cell!division.!Consequently,!it!is!potentially!mutagenic!and!carcinogenic.!

Already! in! 1986,! Siemann!et#al.! evaluated! the! toxicity! of! this! stain! in! cells! derived! from!

sarcomas.! Hoechst! toxicity! increased!with! increasing! exposure! times! resulting! in! 25R! to!

45Rfold!reduced!survival!in!irradiated!cells!and!4R!to!5Rfold!reduced!survival!in!untreated!

cells.! Furthermore,! cytotoxic! effects! of! Hoechst! 33342! were! found! to! be! significantly!

greater! in! cells! in! the! SRphase! than! in! cells! in! G1R! and! G2RMRphases! of! the! cell! cycle!

(Siemann#et#al.!1986,!Shen#et#al.!2008).!This!toxicity,!particularly! its!cell!cycle!specificity,!

suggests! a! potentially! severe! limitation! for! the! use! of! Hoechst! dye! in! combination!with!

fluorescenceRactivated!cell!sorting.!NonRSP!cells!with!lower!capacity!to!efflux!this!dye!will!

suffer!more!from!its!effects!compared!to!putative!CSCs!of!the!SP.!Hence,!Wu!et#al.!argued!

that!SP!cells!may!not!represent!stemRlike!cells,!but!rather,!a!population!of!cells!that!is!able!

to!escape!the!lethal!effects!of!Hoechst!staining!(Wu#et#al.!2008).!The!alternative!use!of!the!

nonRcytotoxic! Rhodamine! 123! for! identifying! side! populations! of! CSCs! was! previously!

discussed! in! more! detail! (Welte# et# al.! 2010).! Due! to! the! controversial! findings! and!

technical!hurdles!of! applying!dye!exclusion!assays,! it! is!doubtful! if!Hoechst! staining! and!

isolation!of!SP!cells!can!be!used!to!identify!and!isolate!CSCs.!

4.1.3 Expression+of+CSC+markers+
I!used!RTRPCR!for!confirmation!of!a!selection!of!published!putative!markers!of!cancer!stem!

cells,! like!CD20!(Fang#et#al.!2005),!CD133!(Gedye#et#al.!2009,!Monzani#et#al.!2007),!ABCB5!

(Frank#et#al.! 2005),!ABCG2! (Frank#et#al.! 2005,!Monzani#et#al.! 2007)!and!TNC! (FukunagaR

Kalabis# et# al.! 2010).! The! expression! of! these! markers! was! specifically! described! for!

melanoma.!For!the!melanoma!cell!lines!I!used!for!this!thesis,!I!showed!the!expression!of!all!

these!markers!except!for!CD20.!Fang!et#al.!were!the!first!who!described!the!expression!the!

BRlymphocyte! antigen! CD20! also! in! melanoma! cells.! In! their! work! they! found! that!

melanoma! spheres,! which! in! turn! were! more! tumorigenic! than! their! adherent!

counterparts,! consistently! express! CD20.! Furthermore,! it! was! shown! that! this! CD20+!

melanoma! subpopulation! was! multipotent! (Fang# et# al.! 2005).! Another! group!

demonstrated!that!CD20! is!a!relevant!marker!to!distinguish!highly!aggressive!metastatic!

melanoma! from! malignant! melanoma! with! better! prognosis.! This! could! guide! to! a!

prospective!molecular!classification!of!malignant!melanoma!(Bittner#et#al.!2000)!(compare!
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1.2.3).! Finally,! different! preclinical! in# vivo! models! confirmed! that! targeting! CD20R

expressing! melanoma! cells! by! cytotoxic! T! cells! or! cytotoxic! antiRCD20! monoclonal!

antibody!significantly!reduces!the!growth!of!human!melanoma!xenografts!in!mice!whereas!

targeting! of! any! random! 10%! tumor! cell! subset! is! not! effective! (Schmidt# et# al.! 2011,!

Wagner# et# al.! 2010).! Currently,! a! Phase! II! pilot! study! with! patients! diagnosed! with!

unresectable! stage! IIIb,! IIIc! or! stage! IV!melanoma! assesses! the! effectivity! of! the! human!

monoclonal!antiRCD20!antibody!ofatumumab!as!a!first!line!treatment.!In!my!work!I!did!not!

detect! the!expression!of!CD20! in!melanoma!cells,!neither!on!enriched!CSCs!of!melanoma!

spheres!nor!on!CD133+!or!OCT4A+! cells,! although! the! cell! lines! that! I! have!used! for! this!

work!were!derived! from!patients!with!highly!aggressive!stage! III!and! IV!melanoma.!So! I!

would!assume!that!CD20!is!more!of!a!bystander!finding!and!only!a!relatively!small!group!

of!melanoma!patients!would!benefit!from!a!targeted!antiRCD20!therapy.!A!comprehensive!

study!is!needed!to!investigate!the!abundance!of!CD20+!melanomas.!

In! order! to! better! compare! cancer! stem! cells! and! normal! stem! cells,! I! investigated! the!

expression! of! several! markers! of! human! embryonic! stem! cells! as! defined! by! the!

International! Stem!Cell! Initiative! (Adewumi#et#al.! 2007)! in!melanoma! cells! as!well! as! in!

normal!melanocytes.!These!markers!are!also!expressed! in! the!embryonic! carcinoma!cell!

line!NCCIT!(Damjanov#et#al.!1993,!Greber#et#al.!2007b),!which!I!used!as!positive!control!for!

stem!cell!markers!and!characteristics.!A!study!of!Greber!et#al.!demonstrated! that!human!

embryonic!stem!(hES)!and!embryonic!carcinoma!(hEC)!cells!share!a!number!of!properties!

such! as! surface! antigen! expression,! growth! characteristics,! control! of! selfRrenewal! and!

maintenance! of! the! undifferentiated! state! by! the! same! core! transcription! factors! and!

autocrine! FGF! signaling! (Greber# et# al.! 2007b).! In! my! studies! NCCIT! cells! showed!

expression!of!stem!cell! factors!e.g.!SOX2,!OCT4A!and!GDF3;!alkaline!phosphatase!activity;!

anchorageRindependent! growth! as!well! as!migration! and! invasion! capabilities.! Thus,! the!

ethically! unobjectionable! NCCIT! cells! served! as! suitable! positive! control! and! were! an!

elegant!alternative!for!hESCs.!

The!challenge!with!these!markers!is!that!their!expression!is!not!restricted!to!cancer!stem!

cells,!but!they!are!also!expressed!on!the!surface!of!normal!cells!in!healthy!tissue!(i.e.!adult!

and!neonatal!melanocytes).!Laga!et#al.!have!identified!rare!SOX2Rimmunoreactive!cells!in!

normal!fetal!and!adult!human!skin!coRlocated!with!the!established!stem!cell!niches!(i.e.!the!

follicular!papilla,!the!basal!layer!of!the!epidermis,!and!the!bulge!region!of!the!hair!follicle),!

as!well!as!in!neural!crestRderived!tumors.!Rare!SOX2Rimmunoreactive!cells!also!coRstained!

with!MITF,!suggesting!that!some!precursors!of!melanocytes!may!be!SOX2Rpositive!(Laga#et#

al.!2010).!Also,!EDNRB,!CD166!and!NANOG!are!expressed!in!normal!melanocytes!(Degen#
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et# al.! 1998,! SaldanaRCaboverde# et# al.! 2010).! EDNRB! has! been! implicated! in! the! deR

differentiation! of! mature! melanocytes,! a! process! that! takes! place! during! malignant!

transformation.!But!also!interaction!of!EDNRB!and!KIT!signaling!are!specifically!required!

in! the! final! differentiation! step! of! melanocytes! (SaldanaRCaboverde# et# al.! 2010).! This!

prevalent! expression! of! putative! CSC! markers! in! malignant! as! well! as! normal! tissue!

queries!their!use!as!molecular!targets!in!cancer!treatment.!

I!also!investigated!the!expression!of!genes!related!to!tumorigenesis!(C@MYC,!C@KIT,!BMI@1,!

TNC,!MSI@1)!and!drug!resistance!(ABC!transporters)!in!melanoma!cell!lines!to!see!if!a!set!of!

markers!or!maybe!even!a! single!marker!alone!can!be!used! to! identify!melanoma!CSCs.! I!

found! a! prevalent! and! heterogeneous! expression! pattern! among! all! cell! lines! as!well! as!

melanocytes!and!NCCIT.!There!was!no!obvious!marker!combination!present!in!all!cancer!

cell!lines!I!investigated!and!no!expression!of!markers!was!found!to!be!mutually!exclusive.!

My! findings! were! coherent! with! reports! that! put! the! usefulness! of! single! putative! CSC!

markers! into! question! (Quintana# et# al.! 2008).! Most! notably,! the! applicability! of! ABC!

transporters! and! CD133! was! discussed! (Patrawala# et# al.! 2005,! Wang# et# al.! 2008).!

Patrawala!et#al.!compared!ABCG2+!and!ABCG2R!colon,!breast!and!prostate!cancer!cells!with!

respect!to!their!tumorigenicity!in#vivo,!but!no!significant!difference!in!tumor!incidence!or!

latency!periods!comparing!the!two!populations!was!observed!(Patrawala#et#al.!2005).!The!

most!commonly!used!and!widely!accepted!marker!to!identify!CSCs!in!melanoma!as!well!as!

certain! other! tumor! entities! is! CD133! (refer! to! 1.3.3.1).! Nevertheless! controversial!

findings!regarding!CD133!as!CSC!marker!are!described!in!the!literature.!In!fact,!tumor!cells!

that! do! not! express! CD133! are! also! capable! of! selfRrenewal,! colony! formation,!

differentiation!and!invasion,!as!well!as!resistance!to!chemotherapeutic!drugs,!and!they!are!

tumorigenic.!This!was!demonstrated! for!human!colon!and! lung!cancer!as!well! as!glioma!

(Wang#et#al.!2008,!Meng#et#al.!2009,!Shmelkov#et#al.!2008).!

Most! contradictory!were! results!published!on!C6!glioma!cells:!Whereas!Zhou!et#al.! have!

demonstrated! that! this! cell! line! contains! only! a! small! population! of! cells! that! can! form!

tumor!spheres!in!serumRfree!stem!cell!medium!and!express!stem!cell!markers!CD133!and!

NESTIN!(Zhou#et#al.!2009),!Zheng!et#al.!concluded!that!the!C6!line!is!mainly!composed!of!

CSCs,!although!many!of!them!are!CD133R!(Zheng#et#al.!2007).!Each!of!the!tested!single!C6!

cells! was! able! to! generate! a! clone! and! subclones! in! serumRcontaining! medium,! which!

subsequently! gave! rise! to! a! xenograft! glioma! in! nude!mice.! The! latter! group! confirmed!

these!results!the!following!year!showing!that!most!C6!cells!are!cancer!stemRlike!cells!with!

characteristics! of! selfRrenewal,! multiRlineage! differentiation! potentials! in# vitro,! and!

tumorigenic!capacity!in#vivo!irrespective!of!their!CD133!expression!(Shen#et#al.!2008).!
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To!correlate!the!expression!of!CD133!with!the!level!of!differentiation!of!a!certain!cell!type,!

the!group!of!Huttner!raised!an!antibody!that!recognizes!CD133!independently!of!eventual!

posttranslational!modifications.!They!found!that!the!expression!of!CD133!is! independent!

from! the! cell’s! state! of! differentiation,! while! posttranslational! glycosylation! negatively!

correlates!with!differentiation!(Florek#et#al.!2005).!Only!AC133,!the!glycosylated!epitope!of!

CD133,! is! downregulated! upon! cell! differentiation.! Therefore! it! seems! likely! that! upon!

dedifferentiation!of!cells!as!observed!in!oncogenesis,!the!glycosylation!of!CD133!(AC133)!

might!also!increase!and!serve!as!a!marker!for!the!tumorigenic!potential!of!a!cell.!Keeping!

this!in!mind,!one!has!to!be!cautious!when!interpreting!results!from!experiments!where!it!

is!unclear! if! the!antibody!used!was!directed!against!CD133!or!AC133!as!many!groups! in!

the!field!seem!to!use!the!term!CD133!synonymously!to!AC133.!This!inattentiveness!could!

lead!to!confusions!in!interpreting!the!results.!

Despite!the! fact! that!not!all!groups!concurrently!used!the!antiRAC133!antibody!to! isolate!

CD133+!cells,!the!choice!of!antibody!specificity!would!explain!these!contradictory!findings!

only! to! some!extent.!But!even! research!groups! that! investigated! the! same!cell! type!with!

the!same!type!of!antibody!drew!opposing!conclusions!regarding!the!use!of!CD133/AC133!

as!CSC!marker!(Shen#et#al.!2008,!Zhou#et#al.!2009).!Taken!together,!CD133/AC133!can!be!

an! indicator! for!defining!a!population!of!cells! that!may!contain!CSCs! in!solid! tumors!but!

CD133/AC133! should! be! seen! as! a! necessary! however! insufficient! criterion! to! identify!

CSCs! in! solid! tumors.! Quintana! et# al.! examined! the! expression! of!more! than! 50! surface!

markers! on! melanoma! cells! and! injected! these! cells! into! NOD/SCID! mice! lacking! the!

interleukinR2!gamma!receptor.! In!all! animals,! tumors!arose! from!all!populations!of! cells.!

No!known!marker!distinguished!tumorigenic! from!nonRtumorigenic!cells!(Quintana#et#al.!

2008).!

Concluding! these! findings,! it! seems! as! if! tumorRinitiating! cells! are! phenotypically!

heterogeneous!and!no!single!marker!or! set!of!markers!has!been! found!so! far! to! identify!

CSCs! in! any! solid! tumor! entity.! Furthermore,! the! results! of! the! different! approaches!

described! above! suggest! that! there! is! not! a! single!method! so! far! known! that! allows! to!

specifically!depicting!all!cells!with!tumor!initiating!capacity!in!melanoma.!

Because! the!phenotypic! correlation!of!CD133!with!asymmetric! cell! division! seems! to!be!

widely!accepted! (Dubreuil#et#al.! 2007),! and!AC133! the!glycosylated!epitope!of!CD133,! is!

shown!to!be!downregulated!upon!cell!differentiation!(Florek#et#al.!2005),!I!used!AC133!to!

separate!putative!CSCs!from!the!bulk.!To!avoid!confusion,!melanoma!cells!sorted!with!antiR

AC133!antibody!were!nevertheless!named!CD133+!and!CD133R!cells.!!
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In! addition! to! its! role! as! a! putative! CSC!marker,! CD133!was! described! as! an! important!

therapeutic! target! for!metastatic!melanoma! and! potentially! for! other! CD133Rexpressing!

cancer! types.! In! 2008,! Rappa! et#al.! investigated! the! effects! of! CD133! downregulation! in!

human! metastatic! melanoma,! which! resulted! in! reduced! cell! growth,! less! cell! motility,!

decreased! capacity! to! form! spheres!under! stem!cellRlike! growth! conditions! and! reduced!

capacity! of! the! cells! to! metastasize! in# vivo.! Monoclonal! antibodies! directed! against! two!

different!epitopes!of!the!CD133!protein!induced!a!specific,!doseRdependent!cytotoxic!effect!

(Rappa#et#al.!2008).!In!further!experiments!I!investigated!the!applicability!to!enrich!CSC!by!

CD133.! First! hints! that! CD133! is! useful! to! enrich! CSCs! were! obtained! by! western! blot!

analysis!and!gene!expression!profiling.!

4.2 CD133++ melanoma+ cells+ comprise+ stem+ cell+ characG

teristics+
In!western!blot!analyses! I!demonstrated!that,! if!cultivated! in!normal! tumor!medium,! the!

phosphorylated!form!of!ERK!is!only!detectable!in!CD133+!melanoma!cells!(refer!to!Figure+

3.9).!This!is!an!indication!for!an!activated!TGFRβ!signaling!pathway!in!CD133+!melanoma!

cells.!In!hESCs!the!TGFRβ!pathway!is!known!to!be!crucial!to!maintain!the!undifferentiated!

state! (refer! to! 1.4.2).! The! same! was! observed! in! melanoma! cells! cultivated! in! hESC!

medium.!This!medium!contains!soluble!FGF2,!which!was!shown!to!promote!selfRrenewal!

in!hESCs!by!modulating!the!expression!of!TGF!ligands!(Greber#et#al.!2007a)!and!activating!

ERK!via!its!phosphorylation (Kang et al. 2005). 

Whereas! FGF2! signaling! participates! in! regulating! selfRrenewal! and! maintenance! of! an!

undifferentiated!state! in!hESCs,!studies!suggest! that!aberrant!expression!of!FGF2!and! its!

receptors! in! cancer! cells! increases! their! transforming! activity,! providing! a! growth!

advantage!and!selfRrenewal!stimulation!to!CSCs!(Dvorak#et#al.!2006).!These!data!indicate!

that! CD133+! melanoma! cells! indeed! comprise! stem! cell! characteristics! and! sorting! of!

CD133+!cells!is!a!useful!tool!to!enrich!CSCs.!Such!a!constitutively!activated!MAPK!pathway!

by! phosphorylation! of! ERK! has! already! been! reported! for! CD133+! hepatocellular!

carcinoma!CSCs!(Ding#et#al.!2009)!as!well!as!CD133+!glioblastomas!cells!(Dong#et#al.!2010).!

Moreover,! the! latter! group! suggested! that! CD133! is! involved! in! activation! of! the!

MAPK/ERK! pathway! since! overexpression! of! CD133! in! U87MG! glioblastoma! cells!

significantly! increased! levels! of! phosphorylated! ERK! (Dong# et# al.! 2010).!

Mirmohammadsadegh! et# al.! showed! that! the! MAPK! pathway! is! also! activated! in!

melanomas!and!that!an!activated!MAPK!pathway!reduces!the!sensitivity!of!melanomas!to!

cisplatin,! a! commonly! used! chemotherapeutic! for!melanoma! treatment.! They! concluded!

that!inhibition!of!ERK1/2!by!MEK!inhibitors!such!as!U0126!in!combination!with!selected!
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chemotherapeutic! agents! might! hold! promise! for! more! effective! therapy! of! melanoma!

(Mirmohammadsadegh!et!al.!2007).!

Nevertheless,!U0126!mediated!inhibition!of!MEK1!located!upstream!of!ERK!in!the!MAPK!

pathway! and! responsible! for! its! phosphorylation,! did! not! have! differential! effects! in!

CD133+!and!CD133R!melanoma!cell!lines!even!though!phosphorylated!ERK!was!expressed!

at!much!higher!levels!in!CD133+!ChaMel91!and!ChaMel47!cells!(compare!Figure+3.9).!Both!

fractions! responded! within! a! comparable! IC50! range! when! investigating! the! effects! of!

U0126! on! the! cells’! viability! and! no! significant! difference! on! apoptosis! induction! was!

observed.!This!argues!in!favor!of!a!constitutive!activation!of!ERK!independent!of!MEK1.!If!

this!activation!is!directly! influenced!by!CD133!as!shown!for!glioblastomas!cells,!needs!to!

be!further!investigated.!

The! amplification! of! upstream!oncogenic! drivers! of! ERK! signaling!was! identified! as! one!

mechanism!for!MEK!inhibitor!resistance!in!cells!with!mutant!BRAF!or!KRAS.!ChaMel47!as!

well!as!ChaMel91!are!heterozygous! for!BRAF!mutations!V600R!and!V600E,! respectively.!

Increased!abundance!of!BRAF!or!KRAS!in!response!to!prolonged!drug!treatment!results!in!

increased! flux! through! the! ERK! pathway! and! restoration! of! ERK! activity! above! the!

threshold!required!for!cell!growth!(Poulikakos#et#al.!2011).!

To!determine! the!underlying!mechanisms!of!differences! in! the!TGFRβ! signaling!pathway!

and! to! identify! further! distinct! characteristics! of! CD133+! and! CD133R! melanoma! cells! I!

analyzed! genomeRwide! expression! profiles! of! these! populations.! I! found! that! genes!

involved! in! angiogenesis,! inhibition! of! apoptosis,! cell! lineage! determination,! adhesion,!

cellular! migration! and! invasion! were! most! upregulated! in! the! CD133+! CSC! fraction.! In!

regards! to! the! “hallmarks! of! cancer”! proposed!by!Hannahan! and!Weinberg! in! 2001! and!

revised!in!2011!these!properties!represent!the!foundation!of!tumorigenesis!(Hanahan#et#al.!

2000,!Hanahan#et#al.!2011).!This!indicates!that!sorting!for!the!surface!marker!CD133!can!

enrich!melanoma!CSCs.!On! the!other!hand,! genomeRwide! expression!profiling! as!well! as!

validation!by!realRtime!PCR!revealed!that!commonly!used!putative!CSC!markers!described!

in!literature!are!not!differentially!expressed!between!CD133+!and!CD133R!melanoma!cells!

(see!3.2.1).!This!is!consistent!with!findings!of!Gedye!et#al.!who!also!found!that!known!CSC!

markers!reported!to!be!expressed!in!melanoma!such!as!ABCB5,!ABCG2,!CD166,!CD20!and!

NESTIN!were! not! consistently! differentially! expressed! in! their! CD133! sorted!melanoma!

populations! (Gedye#et#al.!2009).!Consequently,! these!surrogate!markers!were!unsuitable!

to!identify!CSCs!in!melanoma!samples!I!worked!with.!
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4.2.1 Rare+differential+SNPs+between+CD133++and+CD133G+cells+on+

transcript+level+
Between! CD133+! and! CD133R! melanoma! fractions! I! found! only! few! differential! single!

nucleotide! polymorphisms! (SNPs).! SNPs,! found! in! coding! regions! of! genes,!were!mostly!

synonymous! nucleotide! exchanges.! Only! one! nonRsynonymous! mutation! located! in! the!

coding! region! of! the! CoA! synthase! gene! was! SIFT! (Sorting! Intolerant! From! Tolerant)!

predicted!to!be!damaging!for!the!protein!function!(compare!3.2.3).!CoA!Synthase!(COASY)!

is! a!mitochondriaRassociated! enzyme,!which! facilitates! the! last! two! catalytic! steps! of!de#

novo! Coenzyme!A! (CoA)!biosynthesis! in!mammalian!cells.!CoA!and! its!derivatives!play!a!

key!role!in!cell!metabolism!and!also!participate!in!regulatory!processes.!(Breus#et#al.!2009).!

Despite! its! role! in! metabolism,! CoA! synthase! cannot! account! for! differences! between!

CD133+! and! CD133R! melanoma! cells! related! to! stemness! since! no! correlation! of! this!

enzyme! to! developmental! pathways! or! stem! cell!markers! has! been! found.! Furthermore,!

the! detected! SNP! in! the! CoA! synthase! gene! needs! to! be! validated! by! single! gene!

sequencing.!

Most!of!the!found!SNPs!were!nonRgenic!or!located!within!the!5’UTR!or!3’UTR!of!a!gene.!I!

investigated! all! cytosine! and! guanineRrelated! SNPs! of! potentially! regulatory! regions! like!

introns! and!5’UTRs! for! their!potential! location! in!CpG! islands.! CpG! islands! are! stretches!

within! the! genome! with! a! high! CG! content! (GardinerRGarden# et# al.! 1987)! and! frequent!

absence!of!DNA!methylation.!Methylation!of!CpG!sites!within!the!promoter!of!a!gene!could!

inhibit! the! expression! of! a! gene.! Therefore! CpG! islands! are! generically! equipped! to!

influence! local! chromatin! structure! and! regulation! of! gene! activity! (Deaton# et#al.! 2011).!

None!of!the!nonRgenic!SNPs!found!to!be!different!between!CD133+!and!CD133R!melanoma!

fractions!was!located!in!CpG!islands.!Thus,!a!potential!influence!of!these!nonRgenic!SNPs!by!

causing! hypoR! or! hypermethylated! DNA! sequences! is! unlikely.! Taken! together,! these!

results! indicate! that! mutations! on! the! transcriptome! level! are! not! responsible! for! the!

different!expression!pattern!between!CD133+!CSCs!and!CD133R!nonRCSCs!in!melanoma.!

4.2.2 Epigenetic+regulation+of+CD133+
The! tremendous! varieties! among! gene! expression! patterns! between! CD133+! CSCs! and!

CD133R!nonRCSCs!in!melanoma!could!not!be!credited!to!differences!in!coding!mutations!at!

the! transcriptome! level! (refer! to! section! 3.2.3).! This! argues! in! favor! of! epigenetic!

regulation!and!maintenance!of!the!phenotype!or!alternative!splicing.!Epigenetic!regulation!

of! gene! transcription! by! DNA! methylation! can! be! investigated! using! DNA!

methyltransferase! inhibitors! like! 5RazaR2’Rdeoxycytidine.! 5RazaR2’Rdeoxycytidine! causes!

DNA! demethylation! or! hypomethylation,! which! “opens”! the! chromatin! structure! and!
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allows!transcription!factors!to!bind!to!the!promoter!regions,!assembly!of!the!transcription!

complex,!and!gene!expression.!

Friel!et#al.! showed! that! treatment!of! endometrial! cancer! cell! lines! for!72!h!with!5!µM!5R

azaR2’Rdeoxycytidine! increases!relative! levels!of!CD133!suggesting!a!role! for!methylation!

in!the!regulation!of!CD133.!To!support!this!finding,!they!demonstrated!that!regions!of!the!

CD133!promoter!were!hypomethylated!in!malignant!endometrial!tissue!relative!to!benign!

control! tissue! and! that! methylation! of! the! CD133! promoter! decreases! over! serial!

transplantation!of!endometrial! tumor!xenografts!resulting! in!an! increase!of!CD133+!cells!

(Friel#et#al.! 2010).!The! correlation!of!CD133!expression!with!promoter!methylation!was!

also!observed!in!ovarian!cancer!cells!via!treatment!with!DNA!methyltransferase!inhibitors!

(Baba#et#al.!2009).!Moreover,!recent!data!from!hepatocellular!carcinoma!cell!lines!link!the!

TGFRβ!signaling!pathway!to!CD133,!since!they!show!that!TGFRβ1!is!able!to!regulate!CD133!

expression! through! inhibition! of! the! DNA! methyltransferases! DNMT1! and! DNMT3b!

expression!and!subsequent!promoter!demethylation!(You#et#al.!2010).!The!importance!of!

the!TGFRβ!pathway!for!maintaining!selfRrenewal!and!pluripotency!in!undifferentiated!cells!

is!defined!more!in!detail!in!section!1.4.2.!

Western!blot!analysis!showed!that!already!treatment!with!0.1!µM!5RazaR2'Rdeoxycytidine!

reduced!the!DNMT1!expression!to!a!level!below!the!detection!threshold!in!the!melanoma!

cell! lines! I! investigated.! DNMT1! is! the! most! abundant! DNA! methyltransferase! in!

mammalian! cells,! and! is! considered! to! be! the! key! maintenance! methyltransferase! in!

mammals.!On!the!other!hand,!higher!concentration!of!this!agent!remarkably!reduced!cell!

viability!as!determined!by!alamarBlue!assays.!This! is!why!concentrations!of!5!µM!mostly!

used!in!experiments!described!in!literature!were!not!used!in!my!experiments.!Treating!the!

melanoma! cell! line! ChaMel91! with! 0.1!µM! 5RazaR2'Rdeoxycytidine! did! not! result! in! an!

increase!of!CD133!expression.!Rather,!the!CD133!expression!was!comparable!to!untreated!

cells! during! the! first! two! days! of! the! experiment.! This! was! expected! due! to! 5RazaR2'R

deoxycytidine’s!mode!of!action!as!a!cytidine!analog.!DNMT1!degrading!effects!of!5RazaR2'R

deoxycytidine!are!dependent!upon!the!incorporation!of!the!inhibitor!into!DNA!during!DNA!

synthesis! (Patel# et# al.! 2010).! 5RazaR2'Rdeoxycytidine! incorporates! into! the! progeny! DNA!

strands! only! following! DNA! replication! and! results! in! depletion! of! the! DNA!

methyltransferase.! The! unavailability! of! functional! DNMTs! prevents! methylation! of! the!

newly! replicated! strand! leading! to! DNA! demethylation! of! genes! and! consecutive!

reexpression!of!corresponding!proteins!(Ghoshal#et#al.!2005).!With! the! tested!melanoma!

cells!doubling!time!of!32!h!no!effects!of!5RazaR2'Rdeoxycytidine!on!CD133!could!have!been!

observed!before!day!three!of!the!experiment. Three!days!after!initial!treatment!these!very!
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low! concentrations! of! the! DNA! methyltransferase! inhibitor! resulted! in! a! remarkably!

decreased! CD133! expression,! which! further! decreased! during! the! next! days! of! the!

experiment.! This! effect! could! not! be! linked! to! the! demethylating! property! of! 5RazaR2'R

deoxycytidine! since! also! the! DNA! crosslinker! mitomycin! reduced! CD133! expression! in!

ChaMel91!(compare!Figure+3.11).!Rather,!these!results!suggested!a!potential!correlation!

of! CD133! expression! with! cell! proliferation! since! the! decline! in! CD133! expression! was!

accompanied!by!a!slow!cell!proliferation!followed!by!a!low!cell!density!after!seven!days.!In!

summary,! I! could!not! prove! that! in!melanoma!CD133! is! influenced!by!DNA!methylation!

and!other!regulating!mechanism!must!therefore!be!investigated.!One!possibility!could!be!

the!dynamic!control!of!CD133!by!chromatin!condensation.!Pellacani!et#al.!showed!that!in!

benign! and! malignant! prostate! primary! tissues,! regulation! of! CD133! is! independent! of!

DNA!methylation,!but!is!under!the!dynamic!control!of!chromatin!condensation.!Condensed!

chromatin! was! also! associated! with! CD133! downregulation! in! prostate! cell! lines,! and!

treatment!with!histone!deacetylase!inhibitors!resulted!in!CD133!reRexpression!in!both!cell!

lines!and!primary!samples!(Pellacani#et#al.!2011).!

4.3 Functional+comparison+of+CD133++and+CD133G+cells+
For! the! maintenance! of! a! stem! cellRlike! phenotype! many! factors,! such! as! angiogenesis,!

invasion! and! migration,! hypoxia,! immune! evasion,! multiple! drug! resistance,! and!

radioresistance! are! needed! (Oishi# et# al.! 2011).! During! my! work! I! investigated! some! of!

these! functional! characteristics! to!directly! link! the!expression!of! the! cell! surface!marker!

CD133!to!attributes!known!from!stem!cells!and/or!to!cancer!characteristics.!I!showed!that!

ChaMel91!melanoma!cells!are!able!to!grow!anchorageRindependently!and!have!migrative!

as! well! as! invasive! capabilities.! Using! various! functional! in# vitro! assays! no! differences!

between!CD133+!and!CD133R!cells!have!been!observed!(see!3.2.5).!Furthermore,!I!analyzed!

and!compared!alkaline!phosphatase!(AP)!activity!of!melanoma!with!NCCIT!cells.!Alkaline!

phosphataseRpositive! staining! is! a! sensitive,! specific! and! quantitative! indicator! of!

undifferentiated! human! embryonic! stem! cells! (O'Connor# et#al.! 2008).! But! in! contrast! to!

NCCIT! almost! no! AP! activity! was! observed! in! ChaMel91! cells.! Only! a! small! number! of!

melanoma!cells! stained!positive! for!AP,!which!was!very!weak! in! contrast! to!NCCIT! cells!

(compare!Figure+ 3.14).! This! is! concordant!with!published!data!where!AP! activity!plays!

only!a!minor!role!in!adult!stem!cells.!

On! the! other! hand,! results! by! Prasmickaite! et# al.! illustrated! that! not! all! fundamental!

properties!of!stem!cells!are!also!found!in!CSCs!of!all!tumor!entities:!High!ALDH1!activity!is!

characteristic!of!normal!stem!cells!of!most!human!tissues!investigated.!Numerous!cellular!

processes! such!as!differentiation,!proliferation,!morphoregulation,! and!development,! are!
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directly!and/or! indirectly!regulated!by! the!enzymatic!activity!of!ALDH1! family!members!

(Gires!2011).!Recently,!it!appeared!that!ALDH!may!be!able!to!fulfill!the!role!as!a!marker!for!

both!normal!and!cancer!stem!cells!since!overRexpression!of!ALDH1!was!found!in!CSCs!of!

breast,!lung,!head!and!neck,!pancreas,!cervix,!prostate,!liver,!colon,!and!bladder!cancer!and!

is!now!widely!used!as!a!marker!to!identify!and!isolate!various!types!of!normal!stem!cells!

and! CSCs! (Ma# et# al.! 2011,Gires! 2011).! But! Prasmickaite! et# al.! showed! that! although!

aggressive!melanomas!harbour!a!large,!distinguishable!ALDH+!subpopulation,!this!marker!

does! not! define! CSCs! with! tumorRinitiating! capabilities! in# vivo.! These! findings! argue!

against!ALDH!as!a!‘‘universal’’!marker!(Prasmickaite#et#al.!2010).!This!example!illustrates!

the!ambiguity!and!ongoing!debate!of!CSC!research!well.!On!the!one!hand,!many!markers!

that!link!to!stem!cells!and!their!properties!are!found!in!rare!tumor!cells.!On!the!other!hand,!

not!all! the!traits! found!in!normal!stem!cells!seem!to!play!a!role!for!the!maintenance!of!a!

cancer!stem!cell!population.!

4.3.1 BRAF+ mutations+ and+ targeted+ therapy+ for+ malignant+

melanoma+
The!discovery!of!BRAFRactivating!mutations!in!50R70%!of!human!melanomas!provides!an!

attractive! target! for! the! therapy! of! malignant! melanoma.! Vemurafenib! (PLXR4032)! the!

currently!most!promising!drug! that! specifically! targets!BRAF!V600E!mutant! cells! is!well!

tolerated! and! induces! high! response! rates! and! improved! survival! in! patients! with! the!

BRAF!V600E!mutation!(refer!to!section!1.2.4).!75%!of!the!melanoma!cell!lines!used!in!my!

work! were! BRAF!mutated! and! as! expected! from! literature! the! glutamic! acid! for! valine!

substitution!at!position!600!(V600E)!was!also!the!most!common!BRAF!mutation!in!these!

melanoma! cell! lines.! Using! in#vitro! cytotoxicity! assays! I! analyzed! the! effects! of! two!RAF!

kinase!inhibitors!on!the!heterozygous!BRAF!V600E!mutant!melanoma!cell!line!ChaMel91,!

the!heterozygous!BRAF!V600R!mutant!melanoma!cell!line!ChaMel47!and!the!homozygous!

BRAF! V600E! mutant! melanoma! cell! line! Pat1T1k.! Whereas! treatment! with! sorafenib!

resulted! in! identical! IC50! values! in! all! three! cell! lines! (9.7R9.9!µM),! I! observed! different!

effects!with!PLXR4032.!Most!sensitive!were!Pat1T1k!cells!with!an!IC50!<!0.4!µM,!followed!

by!ChaMel91!with!an!IC50!of!about!1!µM.!Both!of!these!cell!lines!carry!the!V600E!mutation!

and! lay! within! the! sensitivity! range! for! BRAF! V600E! mutants! specified! by! the!

manufacturer.! On! the! other! hand,! BRAF! V600R!mutant! ChaMel47! cells! showed! a!much!

higher!resistance!towards!PLXR4032!with!an!IC50!>!4!µM.!This! is!accordant!with!the!high!

IC50! >! 2.4!µM! for! BRAF!wild! type! tumor! cells! indicated! by! the!manufacturer.! I! conclude!

from! these! results! that!PLXR4032! is! indeed!very! specific!not!only! for!BRAF!mutant! cells!

but! specifically! for! the! V600E! mutation.! In! contrast! to! PLXR4032,! the! broadRspectrum!
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kinase!inhibitor!sorafenib,!which!acts!more!specific!against!CRAF!than!BRAF!(Vultur#et#al.!

2010)! did! not! show! an! increased! antiRtumorigenic! effect! on! BRAF! V600E! mutant!

melanoma! cells! compared! to! others.! Previous! clinical! trials! also! provided! data! that!

patients!did!not!benefit!when!using!sorafenib!as!a!secondRline! treatment! in!combination!

with! systemic! chemotherapy! (Hauschild# et# al.! 2009).! Therefore,! selective! targeting! of!

BRAF! mutant! melanoma! cells! using! vemurafenib! seemed! to! be! the! only! promising!

breakthrough! in! melanoma! therapy.! Unfortunately,! recent! findings! query! the! use! of!

vemurafenib!for!melanoma!treatment.!On!the!one!hand,!Lin!et#al.!found!that!most!primary!

melanomas!harbor!both!BRAF!wild!type!and!BRAF!mutant!tumor!cells!and!conclude!that!

BRAF!mutation! is! not! a! founder! event,! but!may! be! one! of! the!multiple! clonal! events! in!

melanoma! development! (Lin# et# al.! 2011).! Further! on,! Halaban! et# al.! showed! that!

paradoxically,! while! PLXR4032! inhibits! ERK1/2! in! highly! sensitive! BRAF!mutant! cells! it!

activates!the!pathway!in!the!resistant!BRAF!wild!type!cells,!via!RAF1!activation,!triggering!

downstream! effectors! and! thus,! ultimately! increasing! proliferation! and! mobility,! while!

reducing!cell!adherence!of!BRAF!wild!type!cells!(Halaban#et#al.!2010,! Joseph#et#al.!2010).!

These!results!illustrate!the!importance!of!selecting!only!patients!with!ideally!homozygous!

mutant!BRAF!for!vemurafenib!treatment!as!well!as!frequently!monitoring!BRAF!mutation!

status! in!any!secondary!or! recurrent! lesions!of! the!patients! to!minimize!potentially!proR

tumorigenic!effects!of!vemurafenib!in!BRAF!wild!type!melanomas!(Lee#et#al.!2010).!

On! the! other! hand,! BRAF! mutant! tumor! cells! develop! drug! resistance! frequently! after!

initial!responsiveness!(Nazarian#et#al.!2010)!(compare!1.2.4).!Tumors!with!mutant!BRAF!

and! some! with! mutant! RAS! are! dependent! upon! ERK! signaling! for! proliferation,! while!

their! growth! is! suppressed! by!MAPK/ERK! kinase! (MEK)! inhibitors! (Joseph# et#al.! 2010).!

For!patients!with!BRAF!mutant! tumors,! the! results! suggest! that! a! combined!BRAF/MEK!

inhibition!may! delay! or! overcome! drug! resistance! (Paraiso# et#al.! 2010,! Poulikakos# et#al.!

2011).!Emery!et#al.! showed! that!exposing!BRAFRmutant!melanoma!cells! to! the!allosteric!

MEK! inhibitor! AZD6244! and! the! BRAF! inhibitor! PLXR4720! in! combination! prevented!

emergence!of!resistant!clones.!These!results!confirm!the!importance!of!MEK!dependency!

in! BRAFRmutant! melanomas! and! suggest! novel! mechanisms! of! resistance! to! MEK! and!

BRAF!inhibitors!that!may!have!important!clinical!implications!(Emery#et#al.!2009).!Further!

resistance!mechanisms!described!include!flexible!switching!among!the!three!RAF!isoforms,!

upregulation! of! the! receptor! tyrosine! kinase,! IGFR1R/PI3K! signaling! (Villanueva# et# al.!

2010),! and! enrichment! of! a! subpopulation! of! melanoma! cells! expressing! a! histone!

demethylase,!JARID1B!(Roesch#et#al.!2010).!Taken!together,!it!seems!that!melanoma!cells!

are! extremely! plastic! and! can! readily! adapt! to! extreme! selective! pressures! (Lee# et# al.!

2010).!
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4.3.2 Drug+resistance+
As! with! PLXR4032,! I! did! not! detect! significant! differences! in! drug! resistance! between!

CD133+! and! CD133R! melanoma! cells! following! treatment! with! any! of! the! tested! kinase!

inhibitors.! Moreover,! apart! from! staurosporin! no! inhibitor! specifically! blocked!

proliferation!or!induced!apoptosis!in!melanoma!cells!at!nanomolar!concentrations,!which!

could! be! used! in#vivo.! Only! immense! high! concentrations! at!whose! any! kinase! inhibitor!

induces!toxic!offRtarget!effects!were!effective.!For!some!inhibitors!like!PLXR4032!this!was!

expected! because! they! are! specific! for! distinct! mutations,! which! are! not! present! in! all!

melanoma! cells.! Furthermore,! functional! analysis! of! both! subpopulations! did! not! detect!

significant!discrepancies!in!anchorageRindependent!growth!capacity,!alkaline!phosphatase!

activity!or!migration!and!invasion!potential.!Possible!reasons!for!these!observations!were!

discussed! in! previous! parts! of! this! work.! But! also! the! plasticity! of! cancer! cells! and!

interconversion!between!different!cell! states!would!explain! that! I! could!not!observe!any!

functional!differences!between!CD133+!and!CD133R!melanoma!cells.!

The! first! allusion! to! the! existence! of! such! plastic! melanoma! cells! was! provided! by! the!

influence!of! the!kinase! inhibitors! sorafenib,! SU5402!and!GDCR0941!on! the!expression!of!

CD133!in!ChaMel91!cells.!Within!48!h!CD133!expression!has!been!significantly!altered!in!

these!melanoma!cells,!most!notably! in!the!CD133+! fraction!and!following!treatment!with!

inhibitors!that!affect!only!a!minor!fraction!of!the!melanoma!population!(SU5402!and!GDCR

0941).!

4.4 Dynamic+ cell+ state+ transitions+ in+ tumors+ challenge+

cancer+therapy+concepts+
Recently,!Gupta!et#al.!proposed!a!dynamic!equilibrium!between!CSCs!and!nonRCSCs!within!

breast!cancer.!This!equilibrium!may!be!shifted! in!one!direction!or!another!by!contextual!

signals! within! the! tumor! microenvironment! that! influence! the! probability! of!

interconversion! between! the! CSC! and! nonRCSC! compartments! (Gupta# et# al.! 2009).! This!

could!account!for!the!varying!amounts!of!putative!cancer!stem!cells!within!the!same!tumor!

entity!described!by!different!groups.!!

Platet!et#al.!and!Lichtenauer!et#al.!gave!evidence!for!a!conversion!of!CSC!into!nonRCSCs!and!

vice!versa.!Both!groups!found!that!nonRSP!cells!in!flow!cytometric!analyses!after!Hoechst!

staining! are! able! to! generate! SP! cells! (Lichtenauer# et# al.! 2008,! Platet# et# al.! 2007).! In!

consequence,! this! finding! would! allow! nonRCSCs! to! convert! into! CSCs! and! explains! the!

maintenance! of! the! SP! phenotype! in! longRterm! cell! cultures.! This! dynamic! equilibrium!

seems! not! to! be! a! feature! exclusively! found! in! cancers.! Switching! cell! fate! was! also!
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described! for! partially! reprogrammed! cells! in! the! group! of! Rudolf! Jaenisch! where! cells!

positive! for! SSEA1! as! well! as! cells! negative! for! this! stem! cell! marker! reverted! to! the!

heterogeneous!state!within!1R2!passages!in!cell!culture!(Mikkelsen#et#al.!2008).!Recently,!

Gupta! et#al.! showed! that! purified! stemRlike,! basal! and! luminal! subpopulations! of! breast!

cancer! cells! return! towards! equilibrium! phenotypic! proportions! over! time.! These!

observations! could! be! explained! by! a!Markov!model,! a! stochastic!model,! in! which! cells!

transition! randomly! between! states! with! each! proliferative! cycle! and! transition!

probabilities!depend!only!on!a!cell’s!current!state,!not!on!its!prior!states.!The!rapid!rate!of!

return! to! equilibrium! proportions! excluded! the! possibility! of! establishing! equilibrium!

through!differential!growth!alone!(Gupta#et#al.!2011).!Subsequently,!this!proposed!Markov!

model!predicted!that!breast!cancer!stemRlike!cells!could!arise!de#novo!from!nonRstemRlike!

cells.!Gupta!et#al.#validated!this!prediction#in#vivo!with!xenotransplantation!experiments!in!

mice.!Also!Chaffer!et#al.!demonstrated!that!a!subpopulation!of!basalRlike!human!mammary!

epithelial! cells! spontaneously! dedifferentiates! into! stemRlike! cells! and! that! oncogenic!

transformation! enhances! this! conversion! of! nonRCSCs! into! CSCs! in# vitro! and! in# vivo!

(Chaffer#et#al.! 2011).!These! findings! led! these! groups! to! the! conclusion! that! the! existing!

hierarchical!model! of! cancer! cell! populations!must!be! replaced!by! a! stochastic!model! in!

which!CSCs!and!nonRCSCs!can!interconvert!bidirectionally!(Chaffer#et#al.!2011,!Gupta#et#al.!

2011).!

In!my!experiments!I!investigated!the!cell!state!transition!properties!of!CD133+,!CD133R!and!

unsorted!melanoma!cells!over!a!period!of!38!days.!Like!Gupta!et#al.!in!breast!cancer!cells!I!

found!an! interconversion!of!melanoma!cells! towards!equilibrium!proportions!of!CD133+!

and!CD133R!cells.!But! in!contrast! to!Gupta’s! results!even!38!days!of!cultivation!were!not!

enough! for!melanoma!cells! to!return! to! their!original!CD133!equilibrium.!Rather,!CD133!

expression!in!melanoma!cells!showed!a!consistent,!nonRtrivial!variation!around!a!certain!

level.!The!length!of!one!halfRperiod!from!CD133!expression!minimum!to!CD133!expression!

maximum!differed!between!the!three!subpopulations!and!also!within!each!subpopulation!

and!ranged!from!three!to!eleven!days.!Gupta!et#al.!observed!conversions!of!sorted!breast!

cancer!cell!populations!only!for!six!days!and!concluded!that!the!cells!reached!a!determined!

cell!state!equilibrium.!Observing!cells!for!a!longer!period!of!time!revealed!that!cell!states!

do!not!return! to! the!equilibrium,!at! least!not!over!such!a!short,!defined!period.! It! rather!

seems! that! cancer! cells! oscillate! around! a! dynamic! and! not! fixed! equilibrium.! Even! in!

unsorted!melanoma!cells!average!CD133!expression!varied!by!about!33%.!

Like!Chaffer!et#al.!and!Gupta!et#al.!our!observations!in!melanoma!cell!lines!in#vitro!clearly!

show! that!also!cells! in!CD133Rdepleted! fractions!give! rise! to!CSCs!expressing! the!CD133!
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marker.!My!observations!indicate!that!this!phenomenon!is!not!caused!by!a!lack!in!purity!of!

the!respective!population!by!false!positive!or!negative!cells:!There!are!only!two!possible!

explanations!for!the!reappearance/reconstitution!of!the!original!amount!of!CD133+!cells!in!

the!culture!after!only!seven!days.!Either!the!small!number!of!contaminating!CD133+!cells!

rapidly! divided! and! expanded! or! CD133R! cells! switched! their! phenotype! to! CD133+.! The!

former! would! imply! that! the! contaminating! CD133+! cells! have! to! cycle! far! faster! than!

CD133R!cells!to!catch!up.!The!cells!would!have!needed!to!double!about!two!times!as!fast!as!

the! CD133R! cells.! However,! we! measured! no! significant! differences! in! doubling! time!

between! CD133+! and! CD133R! cells,! which! would! explain! the! reappearance! the! CD133+!

population! in! the! short! time! span! of! the! experiment.! Also! there! are! no! indications! that!

CD133+! cells! would! be! able! to! speed! up! their! cell! cycle! in! this! way.! Furthermore,! the!

increase!in!CD133+!cells!is!a!selfRlimiting!process!that!occurs!in!a!waveRlike!pattern.!If!the!

increase! in!CD133+!would!be!simply!the!result!of!one!population!overgrowing!the!other,!

an!exponential!increase!in!CD133+!would!be!expected.!Taken!together,!these!observations!

strongly! point! to! a! mechanism! independent! from! doubling! time! and! the! most! likely!

mechanism!to!explain! these! findings! is! that!CD133R! cells! can!give!rise! to!a!population!of!

CD133+!cells.!This!conclusion!is!also!supported!by!the!cell!cycle!analysis,!where!we!did!not!

detect! a! correlation! between! the! phases! of! the! cell! cycle! and! CD133! expression.! This!

observation! is! adverse! to! the! findings! from! Jaksch! et# al.! where! least! CD133! reactive!

embryonic! stem,! colon! cancer!and!melanoma!cells!were! in! the!G1RG0!portion!of! the! cell!

cycle.! So! they! associated! CD133! with! actively! cycling! cells! (Jaksch# et# al.! 2008).! In! the!

melanoma!cell!lines!of!this!work!I!could!not!confirm!this!correlation.!So,!the!question!for!

the!underlying!regulatory!mechanisms,!which!drive!the!dynamic!equilibrium!between!cell!

states,!remains!unsolved.!Are!the!nonRCSCs!alone!really!able!to!deRdifferentiate!into!CSCs!

or! do! they! obtain! the! priming! signals! to! reconstitute! the! balance! within! the! tumor!

microenvironment!from!the!small!part!of!CSCs!or!the!tumor!niche?!

For!explaining!the!dynamics!between!CSCs!and!nonRCSCs!the!Markov!model!postulated!by!

Gupta!et#al.!assumes!that! interconversion!rates!depend!only!on!a!cell’s!current!state!and!

remain!constant!under! fixed!microenvironmental!conditions.!Furthermore,! they!suppose!

deviations! from! equilibrium! proportions! will! be! corrected! even! in! the! absence! of! any!

intercellular!communication!(Gupta#et#al.!2011).!Modified! iterations!of! the!38!days! longR

term!experiment!with!ChaMel91! cells! in!my!work! supported! the! interpretation! that! cell!

state! transitions! likely! depend! on! the! tumor!microenvironment! as! well! as! intercellular!

communication.! Daily!medium! change! during! the! longRterm! experiment! or! reduction! of!

cell! density! prolonged! the! frequency! remarkably! but! did! not! lead! to! an! increase! of! the!

amplitude! of! the! CD133! dynamic.! Hence,! I! found! no! discrepancy! when! comparing! this!
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finding! with! the! results! of! the! 5RazaR2’Rdeoxycytidine! experiment! (compare! 3.2.4! and!

4.2.2).! Furthermore,! results! from! anchorageRindependent! growth! assays!with! ChaMel91!

melanoma! cells! suggested! how! important! tumor! microenvironment! and! cellRcellR

communication!are!for!tumor!cell!growth!in#vitro.!A!minimum!number!of!104!tumor!cells!

was!required!to!form!colonies!in!soft!agar!at!all.!Using!fewer!cells!did!not!result!in!fewer!

colonies!but!prevented!colony!growth!entirely,!suggesting!that!a!given!threshold!had!to!be!

exceeded.! Therefore,! explaining! cell! state! transition! by! a! stochastic! process! like! the!

Markov!model! is!not!suitable! in!my!opinion!because! it!does!not!consider! influences!by!a!

changing/variable! microenvironment.! Various! speculations! regarding! the! underlying!

regulatory! mechanisms! were! made! in! the! past! e.g.! the! putative! role! of! microRNAs! in!

facilitating!the!equilibrium!of!CSCs!and!nonRCSCs!like!they!promote!iPS!cell! formation!by!

their! regulatory! effects! on! epigenetic! and! transcriptional!modulation! (Chen#et#al.! 2009).!

This! is! also! consistent!with! the! plasticity! of! cancer! because! epigenetic!modulations! can!

efficiently!be!activated!and!reverted!in!short!intervals.!On!the!other!hand,!Iliopoulos!et#al.!

demonstrated! that! breast! and! prostate! CSCs! and! nonRCSCs! do! not! represent! distinct!

epigenetic!states,!and!these!CSCs!do!not!behave!as!or!arise!from!classic!stem!cells.!Instead,!

tumor! heterogeneity! involves! a! dynamic! equilibrium! between! CSCs! and! nonRCSCs!

mediated! by! IL6! and! activation! of! the! inflammatory! feedback! loop! required! for!

oncogenesis! (Iliopoulos# et# al.! 2011).! Summarizing! these! findings,! I! suppose! that! absent!

differences! between! CD133+! and! CD133R! melanoma! cells! in! functional! assays! like!

anchorageRindependent! growth! assay! and! migration! and! invasion! assays! may! also! be!

explained! by! dynamic! state! transitions! between! CD133+! and! CD133R! cells.! Unfavorable!

microenvironment! in! softagar! as!well! as! serumRfree!medium! in!migration! and! invasion!

assays! could! have! promoted! the! transition! to! more! robust,! mobile! and! tumorigenic!

melanoma! cells,!which!would! have! prevented! the! observation! of! endogenous! functional!

disparities.!

Understanding!how!cell!states!coexist!and!evolve!within!tumors!is!of!fundamental!interest!

for! the! development! of! more! effective! cancer! therapies.! The! study! from! Gupta! et# al.!

indicated!that!treatment!of!cancer!patients!could!result!in!selective!changes!in!phenotypic!

proportions! within! tumors! since! some! cell! states! may! be! more! resistant! to! the! cancer!

therapy!than!others.!Selectively!targeting!CSCs!during!anticancer!therapies!would!result!in!

de#novo!generation!of!CSCs!from!nonRCSCs,!which!subsequently!would!lead!to!reRgrowth!of!

the!tumor!after!completion!of!therapy.!Therefore,!in!order!to!be!effective,!cancer!therapies!

will!need!to!combine!agents!that!are!selectively!toxic!to!CSCs!with!agents!that!either!target!

the! bulk! nonRCSC!populations!within! tumors! or! inhibit! transitions! from!nonRCSC! to! CSC!

states!(Gupta#et#al.!2011).!
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4.5 Expression+ of+ the+ pluripotency+ factor+OCT4A+ in+ rare+

melanoma+cells+
In!the!final!stages!of!my!work,!I!focused!on!major!stem!cell!properties!such!as!selfRrenewal!

and!pluripotency!to!identify!additional!common!characteristics!between!normal!stem!cells!

and! cancer! stem! cells! that! would! allow! a! specific! identification! of! CSCs! in! the! future.!

Several! studies! show! that! OCT4A! is! the! master! regulator! of! the! pluripotent! state! in!

mammalian! cells! (Buitrago# et# al.! 2007,! Nichols# et# al.! 1998),! therefore! I! investigated! a!

putative!OCT4A!expression!in!melanoma!cells.!

4.5.1 Data+misconception+
In!the!past,!various!authors!illustrated!the!risk!of!data!misinterpretation!when!analyzing!

OCT4! expression! on! transcriptome! as! well! as! protein! level.! The! presence! of! several!

pseudogenes! and! alternatively! spliced! transcripts,! which! show! high! homology! to! the!

OCT4A! sequence,! can! be! a! potential! source! of! false! positive! results! and! might! be!

misinterpreted!in!RTRPCR!experiments!addressing!OCT4 expression!(Atlasi#et#al.!2008).!

Many!studies!have!used!nonspecific!primers!that!detect!transcripts!from!the!OCT4!gene!as!

well!as!from!pseudogenes!or!splice!variants.!This!could!be!a!major!reason!for!measuring!

expression! of! OCT4! in! a! broad! extent! of! cells! and! tissues.! In! addition,! the! presence! of!

intronless!pseudogenes,!which!are!not!transcribed!can!result! in! false!positive!artifacts,! if!

DNA!contamination!is!present!in!RNA!preparations!(de!Jong#et#al.!2006).!Furthermore,!de!

Jong!et#al.! indicated! that! probe! sets! used! in!microarray! expression!profiling! such! as! the!

Affymetrix!chips!are!not!specific!for!the!OCT4A!transcript,!but!also!detect!at!least!some!of!

the!pseudogenes!(de!Jong#et#al.!2006).!

The! design! of! primers! for! PCR! that! specifically! anneal! to! polymorphic! regions! of! the!

sequence,!which!are!unique!for!the!OCT4A!transcript,!followed!by!cloning!and!sequencing,!

is!mandatory.!OCT4A#polymorphisms!are!located!at!position!48,!234!and!353!within!exon!

1!starting!at!the!transcriptional!start!codon!AUG!and!can!discriminate!between!OCT4A!and!

its! pseudogenes.! Furthermore,! this! region! of! the! sequence! is! not! present! in! the!

predominant! alternative! splice! variant! OCT4B! (Liedtke# et# al.! 2008).! In! my! studies! I!

exclusively!used!primer!pairs!that!anneal!to!the!5’coding!region!of!exon!1,!so!amplification!

of! OCT4B,! which! does! not! sustain! stem! cell! properties! is! avoided.! Furthermore,! used!

primer!pairs!flank!OCT4A!polymorphisms!within!the!first!exon.!Thus,!subsequent!SangerR

sequencing! and! restriction! digest! confirmed! expression! of!OCT4A! in! melanoma! cells! as!

well!as!melanocytes!beyond!doubt.!
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The!published!reports!for!OCT4!expression!in!differentiated!cells!are!ambiguous!not!only!

on! the! transcriptome! level,!but!also!on! the!protein! level.!Many!of! the!antibodies!used! in!

these! studies!are!not! specific! for!OCT4A!because! they!bind! to! the!CRterminal!part!of! the!

proteins! which! is! identical! in! all! known! splice! variants! of!OCT4! or! they! are! polyclonal!

which!increases!the! likeliness!of!background!fluorescence!by!unspecific!binding!(Liedtke#

et# al.! 2008).! In! FACS! analyses! results! from! such! unspecific! antibodies! can! never! be!

interpreted!correctly.!In!western!blot!experiments!the!resulting!signals!can!and!should!be!

discriminated! by! protein! size.! OCT4B! has! a! lower! molecular! weight! than! OCT4A.!

Nevertheless,!Liedtke!et#al.!recommend!using!a!blocking!peptide!to!confirm!the!identity!of!

a!western!blot!signal,!because!the!size!of!a!protein!itself!might!not!be!accurate!enough!to!

ensure!its!identity,!taking!into!account!that!even!the!buffer!system!used!for!western!blot!

experiments! influences! the! resulting! band! size! of! the! analyzed! protein! (Liedtke# et# al.!

2008).! In! immunohistochemical! analysis! only! a!precisely! localized!nuclear! signal! can!be!

regarded! as! derived! from! OCT4A! protein! expression! and! responsible! for! stem! cell!

properties.!All!cytoplasmic!staining!is!solely!caused!by!splice!variant!OCT4B!or!nonspecific!

artifacts! (de! Jong# et# al.! 2006,! Liedtke# et# al.! 2008).! Summarizing! these! facts,! a! careful!

analysis!of!the!pluripotency!factor!OCT4A!is!strongly!advised.!

To! confirm! that! OCT4REGFP+! melanoma! cells! express! nuclear! OCT4A,! I! performed!

immunocytological! staining! with! an! antiROCT4ARspecific! antibody.! Results! showed! a!

strong!nuclear!staining!pattern!for!OCT4A!in!OCT4REGFP+!melanoma!cells!whereas!OCT4R

EGFPR!melanoma!cells!were!only!weakly!and!unspecificly!stained!all!over!the!cell!body.!If!

this! diffuse! staining! was! due! to! expression! of! OCT4B! or! nonspecific! artifacts! was! not!

further!determined.!The!results!of! this!experiment!clearly!show!that!EGFP!expression! in!

stably! transfected! ChaMel91! cells! correlates! with! nucleic! expression! of! constitutively!

expressed!OCT4A.!Furthermore,!immunocytological!staining!showed!that!on!protein!level!

OCT4A! is! not! expressed! in! neonatal! melanocytes.! This! was! the! first! time! OCT4A!

expression! has! been! shown! on! transcript! as! well! as! protein! level! in! melanoma! cells!

whereas! authors! that! previously! described! OCT4! expression! in! melanoma! did! not!

specifically!analyze!OCT4A!(Cheli#et#al.!2011,!Ramgolam#et#al.!2011).!

4.5.2 OCT4GEGFP++ melanoma+ cells+ overrepresent+ stem+ cell+

related+pathways+
From!annotation!analysis!we!learned!that!crucial!regulatory!pathways!related!to!stemness!

such! as!Wnt,!Hedgehog! (Hh)! and!Notch! signaling! are! significantly!more! activated! in! the!

OCT4REGFP+! population! compared! to! OCT4REGFPR! melanoma! cells,! thus! suggesting! that!

the!expression!of!OCT4A!plays!a!crucial!role!in!maintaining!cancer!stemRlike!properties!in!
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melanomaRderived!cells.!In!embryonic!stem!cells!processes!that!govern!development,!selfR

renewal! and! cell! fate! are! in! large! part! regulated! by! the! Wnt,! Notch! and! Hedgehog!

pathways!(Curtin#et#al.!2010).!These!pathways!are!also!found!to!be!frequently!aberrant!in!

many!types!of!cancers!and!will!therefore!be!discussed!in!more!detail!in!this!section.!!

Under! normal! conditions,! HH! signaling! plays! an! important! role! in! the! embryonic!

development!as!well!as!adult!tissue!regeneration!of!many!cell!types!and!organs!including!

the! brain,! bone,! skin,! gonads! and! lungs.! A! surprising! number! of! apparently! unrelated!

human!diseases,!including!familial!and!sporadic!cancers!and!a!number!of!syndromes!and!

malformations,!seem!to!be!associated!with!abnormal!function!of!the!HH!signaling!pathway!

(Ruiz! i! Altaba! 1999,Varjosalo# et# al.! 2008).! Notch! signaling! also! regulates! numerous!

processes! in! both! embryonic! development! and! in! adult! tissue! renewal.! In! the! adult!

organism,! Notch! governs! the! fate! of! hematopoietic! stem! cells! and! gastrointestinal! stem!

cells,!as!well!is!playing!a!role!in!angiogenesis.!Like!HH!signaling!aberrant!Notch!signaling!

has!been!observed!in!several!tumor!types!(Curtin#et#al.!2010).!Mounting!experimental!data!

support! a! role! for! Notch! in! regulating! cell! differentiation! and! growth! arrest! at! the!

boundary! between! the! basal! layer! cluster! of! progenitor! cells! and! the! adjacent! cells.!

Whether!Notch! dysRregulation! has! a! role! in! the! pathogenesis! of! certain! types! of! human!

skin!cancer!remains!speculative!(Allenspach#et#al.!2002).!Weijzen!et#al.!showed!for!the!first!

time!a!correlation!of!oncogenic!Ras!signaling!and!Notch!signaling!in!human!fibroblast!and!

epithelial!transformed!cell!lines.!They!demonstrated!that!wild!type!NOTCHR1!is!necessary!

to!maintain!the!neoplastic!phenotype!in!RASRtransformed!human!cells!in#vitro!and!in#vivo.!

Oncogenic!RAS!increases!levels!and!activity!of!the!intracellular!form!of!wild!type!NOTCHR1,!

and! upregulates! NOTCHRassociated! proteins.! These! observations! place! Notch! signaling!

among!key!downstream!effectors!of!oncogenic!RAS!and!suggest! that! it!might!be!a!novel!

therapeutic!target!(Weijzen#et#al.!2002).!

Wild! type!Wnt! signaling! is! crucial! for! tissue!homeostasis,! selfRrenewal,! cell! polarization,!

differentiation! and! proliferation! in! a! variety! of! adult! tissues! as! well! as! embryonic!

development! and! hematopoiesis! (Espada# et# al.! 2009,! Gat# et# al.! 1998).! Haegebarth! et# al.!

showed!that!stem!cells!in!the!small!intestine!and!the!skin!are!regulated!by!Wnt!signaling.!

Wnt! ligands! activate! the! canonical! Wnt! signaling! pathway! resulting! in! subsequent!

stabilization! of! βRcatenin.! βRcatenin! translocates! to! the! nucleus,! where! it! binds! to! TCF!

transcription!factors,!thus!activating!Wnt!target!genes!(Haegebarth#et#al.!2009).!

Additionally,! WNT! has! been! implicated! as! being! one! of! the! drivers! of! oncogenesis! in!

various!organs!(Korinek#et#al.!1998,!Larue#et#al.!2006,!Taipale#et#al.!2001).!The!relevance!

of! Wnt! signaling! in! human! cancers! is! highlighted! by! the! frequency! with! which! this!
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pathway! is!aberrantly!activated!across!a!vast! range!of!malignancies.!The! first!described,!

and!perhaps!best!understood!role!for!Wnt/βRcatenin!signaling!is!in!colon!cancer,!where!βR

catenin! mutations! are! commonly! observed.! Furthermore,! the! Wnt! pathway! regulates!

epithelialRmesenchymal! transition!(EMT),!an! important!component!of!metastasis! (Curtin#

et#al.!2010).!

Interestingly,!growing!evidence!illustrates!a!critical!role!of!βRcatenin!in!CSCs.!For!example,!

stemRlike! colon! cells! with! a! high! activation! of! Wnt/βRcatenin! signaling! have! a! much!

greater! tumorigenic! potential! than! counterpart! cells! with! low!Wnt/βRcatenin! signaling.!

Wnt!stimulation!may!occur!in!an!autocrine!fashion!due!to!Wnt!secretion!by!CSCs,!and!may!

be!potentiated!by!secreted!factors!from!cells!within!the!CSC!microenvironment!(Curtin#et#

al.! 2010).! Malanchi! et# al.! described! Wnt/βRcatenin! signaling! as! being! essential! in!

sustaining! the!CSC!phenotype! in! early! epidermal! tumors.!Ablation!of! the!βRcatenin! gene!

resulted! in! the! loss! of! CSCs! and! complete! tumor! regression! (Malanchi! et! al.! 2008).!

Microarray! analysis! of! human! metastatic! melanoma! cells! with! downregulated! CD133!

expression!by!Rappa!et#al.! revealed! that!Wnt! inhibitors! are!upregulated! in! this!nonRCSC!

fraction! suggesting! an! interaction! between! CD133! and! the! canonical! Wnt! pathway! in!

melanoma!and!supporting!the!role!of!CD133!as!a!CSC!marker!(Rappa#et#al.!2008).!The!link!

between!CD133!and!the!Wnt!pathway!was!further!supported!by!the!findings!of!Katoh!et#al.!

who!identified!tandem!TRcell!factor/!lymphoid!enhancer!factor!(TCF/LEF)!binding!sites!in!

the!CD133!gene! suggesting! it! as! a! target! of! canonical!Wnt! signal! activation! (Katoh#et#al.!

2007).!Also,!a!link!of!the!Notch!pathway!with!CD133!was!found!recently.!Fan!et#al.!showed!

that! inhibition!of!Notch!reduced!CD133+!cells!significantly,!abolished!the!side!population!

and!blocked!engraftment!in!embryonal!brain!tumors!(Fan#et#al.!2006).!

Recent! results! of! various! groups! and! of! different! tumor! entities! (retinoblastoma,! lung!

cancer,! brain! astrocytoma,! neck! squamous! cell! carcinoma! and! breast! cancer)!

demonstrated!an!overexpression!and!activation!of!Wnt,!Notch!and!Hedgehog!pathways!in!

putative!CSCs!of!the!Hoechst!side!population!indicating!that!these!cascades!control!tumor!

formation,!selfRrenewal!and!metastasis!by!regulating! the!CSC!population!(Balbuena#et#al.!

2011,!Kruger#et#al.!2006,!Salcido#et#al.!2010,!Silva#et#al.!2010,!Song#et#al.!2010,!Tian#et#al.!

2011).! Inhibiting! these! pathways! resulted! in! reduced! SPs! and! reduced! tumor! growth.!

Fodde!et#al.!postulated!that!both!intrinsic!(tumor!cellRautonomous)!and!extrinsic!(secreted!

by! the! tumor! microenvironment)! factors! are! likely! to! influence! cancer! stemness,!

epithelialRmesenchymal! transition,! local! invasion! and! metastasis! by! differentially!

modulating!Wnt!and!other!signaling!pathways!such!as!Notch,!TGFRβ!and!Hedgehog!since!
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they! found! an! upregulation! of!Wnt! signaling! in! tumor! cells! at! the! invasive! front! and! in!

those!migrating!into!the!adjacent!stromal!tissues!(Fodde#et#al.!2007). 

These!findings!and!the!similarities!between!normal!adult!stem!cells!and!CSCs,!suggest!that!

the!Wnt,!Hedgehog,!and!Notch!signaling!pathways!involved!in!regulating!somatic!stem!cell!

maintenance!are!also!involved!in!the!regulation!of!CSCs!(Merchant#et#al.!2010,!Pannuti#et#

al.!2010,!TakahashiRYanaga#et#al.!2010).!The!results!of!my!work!provide!further!evidences!

that! Wnt,! Notch! and! Hedgehog! pathways! might! maintain! stem! cell! characteristics! of!

melanoma!CSCs.!Thus!targeting!Wnt,!Notch,!and!Hedgehog!pathways!in!CSCs!especially!in!

combination! with! classic! chemotherapeutic! agents! is! a! plausible! therapeutic! strategy!

(Takebe#et#al.!2011).!A!cytotoxic!agent!such!as!cisplatin!may!target!the!bulk!of!a!tumor!but!

not!the!putative!chemoresistant!CSCs.!However,!if!the!CSCs!were!targeted!in!parallel!with!

a!Wnt,! Notch,! and/or!Hedgehog! pathway! inhibitor,! a! better! curative! response!might! be!

achieved!(Curtin#et#al.!2010).!Recent!results!of!in#vitro!and!in#vivo!models!already!showed!

that! pharmacological! blockade! of! Hedgehog! signaling! most! notably! following!

chemotherapy! inhibited! the!growth!of!SCLC!and!CML!(Mar#et#al.!2011,!Park#et#al.!2011).!

On! the! other!hand,! shared!key! signaling!molecules! by!both!CSCs! and!normal! stem! cells,!

add! further! challenges! for!designing!molecularly! targeted! strategies! specific! to!CSCs!but!

sparing!normal!stem!cells!to!avoid!side!effects!(Oishi#et#al.!2011).!

4.6 Tumorigenic+abilities+of+CSCs+in+in#vivo+experiments+
The!first!immunodeficient!mouse!model!of!cancer!to!be!developed!was!based!on!athymic!

nude!mice,!which!support!the!growth!of!solid!human!tumors!since!they!lack!functioning!T!

cells.! This! prevents! nude!mice! from! rejecting! not! only! allografts,! but! they! cannot! even!

reject!most!xenografts,! that! is,! transplants!of! tissue!or! cells! from!another! species.! In! the!

following,!severe!combined!immunodeficiency!(SCID)!mice,!which!have!severely!reduced!

numbers!of!mature!T!and!B!cell!lymphocytes!were!shown!to!support!disseminated!tumor!

growth!for!a!number!of!human!tumors,!particularly!hematologic!disorders!and!malignant!

melanoma,! and!were! used! preferentially! for! the! investigation! of! such!malignancies.! But!

tumor!growth!was!limited!by!high!levels!of!host!natural!killer!(NK)!cell!activity!(Becker#et#

al.! 2009,!Mueller# et#al.! 1991).! Thus,! NODRSCID!mice!were! developed! and! are! nowadays!

used!in!most!laboratories.!In!these!mice!the!SCID!mutation!has!been!transferred!onto!nonR

obese!diabetic!(NOD)!mice!with!absent!hemolytic!complement!system,!reduced!dendritic!

cell! function,! and! defective!macrophage! activity.! Furthermore,! it!was! observed! that!NKR

cell!activity!is!reduced!in!NODRSCID!mice!what!allowed!even!the!growth!of!melanoma!cell!

lines!that!grew!poorly!or!not!at!all!in!SCID!mice!(Shultz#et#al.!2007).!Until!two!years!ago,!it!

seemed!that!only!few!cells!isolated!from!a!tumor!have!the!ability!to!initiate!tumor!growth!



Discussion!
!

!
!
104!

in!transplantation!experiments.!But!in!2008!Quintana!et#al.!put!this!dogma!of!rare!CSCs!at!

least!for!melanoma!into!question.!They!found!out!that!melanomaRinitiating!cells!are!only!

rare! in! NOD/SCID! mice! if! monitoring! tumor! formation! for! a! short! term,! like! most!

researcher! do,! and! using! the! common! assays! described! in! literature.! But! this! frequency!

could! be! significantly! increased! by! following! melanoma! formation! for! more! than! eight!

weeks,! using! NOD/SCID! IL2Rγnull! mice! that! lack! natural! killer! cell! activity! compared! to!

NOD/SCID! mice! and! injecting! melanoma! cells! together! with! matrigel,! a! mixture! of!

structural! proteins! and! growth! factors.! Overall,! after! injection! of! single,! unselected!

melanoma!cells,!27%!initiated!a!tumor!suggesting!that!so!far!the!frequency!of!melanomaR

initiating!cells!was!significantly!underestimated!(Quintana#et#al.!2008).!

This! is! concordant! with! results! from! the! xenotransplantation! experiments! I! did! in!

collaboration!with!EPO!GmbH.!All!melanoma!subpopulations!tested!(i.e.!CD133+,!CD133R,!

OCT4+,! OCT4R)! were! tumorigenic.! Nevertheless,! both! positive! fractions! were! more!

tumorigenic!after!injecting!105!cells.!They!induced!faster!growing!tumors!and!OCT4REGFP+!

melanoma!cells! initiated!tumors!earlier!compared!to!OCT4REGFPR!cells.!However,!not! for!

every! time! point! differences! in! tumor! volume! between! markerRpositive! and! markerR

negative! cells! were! significant.! Post! sorting! stress! response! is! one! possible! explanation!

that!I!did!not!observe!greater!differences.!The!CD133Rspecific!magnetic!sorting!as!well!as!

the!FACSRsorting!of!OCT4REGFPRtransfected!melanoma!cells! induces!greater!stress!to!the!

markerRpositive!CSC!fractions.!During!the!MACS!procedure!CD133+!cells!are!labeled!with!

antiRCD133!antibody!and!magnetic!beads!and!remain!in!the!sortingRcolumns!for!a!longer!

period!compared!to!CD133R!cells.!Furthermore,!it!is!known!from!in#vitro!experiments!that!

the!magnetic!beads!can!stay!bound! to! the! cells! for! several!weeks,!which!may!negatively!

influence! the! viability! and! tumorigenicity! of! CD133+! cells.! The! same! is! true! for! OCT4R

EGFP+! cells.! Here! of! course! the! stress! during! FACSRsorting!was! equal! to! all! cells! and! to!

recover!from!sorting!stress!OCT4REGFPRtransfected!cells!were!cultured!for!five!days!after!

FACS!before!they!were!used!for!xenotransplantation.!But!the!expression!of!EGFP!in!OCT4R

EGFP+!cells!eventually!reduced!their!viability.!In!1999!Liu!et#al.!showed!for!the!first!time!

that! expression! of! EGFP! can! induce! apoptosis! in! human! cell! lines! (Liu#et#al.! 1999).! This!

would! have! disadvantaged! OCT4REGFP+! melanoma! cells! during! xenotransplantation!

experiments.!

The!amount!of!tumorRinitiating!cells!is!influenced!by!the!experimental!setup!like!enzyme!

treatment! during! the! preparation! of! the! cell! suspensions.! Detachment! of! adherent! cells!

might! decrease! the! viability! of! tumor! cells! and! modify! protein! expression,! thereby!

affecting!the!population!into!which!the!cells!are!sorted!and!the!ability!of!these!proteins!to!
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play! a! role! in! tumor! formation! following! transplantation! (Hill! 2006).! By! the! use! of!

accutase! instead!of! the!widely!used! trypsin! in!my!experiments! I! tried! to!minimize! these!

potentially!negative! effects.!According! to! the!manufacturer!PAA!accutase! is! a!mixture!of!

enzymes,!which!more!gently!detaches!adherent!cells!without!decreasing!cell!viability!but!

protecting! surface! epitopes.! However,! also! the! use! of! accutase! cannot! entirely! exclude!

negative! influences!on! cell! viability!and! tumorigenicity.!These!might!be!explanations! for!

our! unsuccessful! attempts! of! xenotransplantations! with! fewer! than! 105! injected! cells.!

Those!experiments!resulted!in!delayed!tumor!development!and!large!variances!of!tumor!

volumes! among! the! replicate! of! each! subpopulation! and! could! not! be! evaluated.!

Nevertheless,! with! 105! injected! cells! per! xenotransplantion! we! established! an! efficient!

mouse! model! together! with! EPO! Gbmh,! which! is! currently! commercially! used! for! preR

clinical!in#vivo!drug!testings.!

The!fact!that!markerRpositive!as!well!as!markerRnegative!cells!induced!tumors!in!NSR!mice!

can! also! be! explained! by! the! dynamic! equilibrium! between! CSCs! and! nonRCSCs.!

Observations!in!breast!cancer!lines!by!Gupta!et#al.!as!well!as!my!longRterm!observations!of!

the! CD133! fluctuations! in! melanoma! cells! in# vitro! indicate! that! cells! in! CSCRdepleted!

fractions! give! rise! to! cells! expressing! marker! profiles! of! CSCs! (see! 4.4).! If! a! similar!

interconversion! occurs! after! in# vivo! injection,! a! prediction! would! be! that! CSCRdepleted!

fractions!would!give!rise!to!tumors!if!they!survived!long!enough!at!the!site!of!implantation!

to!regenerate!CSCs!(Gupta#et#al.!2011).!The!use!of!severely!immunosuppressive!NSR!mice!

in!our! experiments! could! facilitate! the! survival! of! injected! tumor! cells! and! the! cell! state!

transition! necessary! to! produce! tumorigenic! CSCs.! Furthermore,! we! diluted! tumor! cell!

suspensions!1:1!with!matrigel!prior!to!injection!as!described!by!Quintana!et#al.!(Quintana#

et#al.!2008).!Matrigel!represents!a!rich!store!of!matrix!proteins!as!well!as!angiogenic!and!

growth!factors,!which!promote!tumor!growth!and!metastasis!(Kleinman#et#al.!2005).!

With! this!modified! assay!Quintana! et#al.! provided! a! good! example! of! the! importance! of!

interactions! between! tumor! cells! and! their! extracellular! matrix! and! how! they! dictate!

whether!or!not!a!tumor!develops!from!a!mutated!cell.!But!still! the!aberrant!extracellular!

matrix! of! immunodeficient! mice! cannot! substitute! for! all! factors! of! the! human!

microenvironment,!and!the!stem!cell!niche!which!is!crucial!to!initiate!tumor!growth!is!not!

reconstituted! in! xenotransplantation! models! (Bissell# et# al.! 2005).! This! is! supported! by!

studies,! which! show! that! the! frequency! of! cells! that! sustain! tumor! growth! was!

dramatically!increased!using!allograft!transplantation!models!(Kelly#et#al.!2007).!

After!all,!one!has!to!bear! in!mind!that!all! these!experiments!and!findings!about!CSCs!are!

based!on! in#vitro!models,!which!might! not! reflect! the! complexity! of! the!human!body.! In!
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2009! Schatton! and! Frank! proposed! that! CSCs! in! human! melanoma! that! express! the!

chemoresistance!mediator! ABCB5!might! be! responsible! for! melanoma! immune! evasion!

(Schatton# et# al.! 2009a).! Recently,! the! results! of! Di! Tomaso! et# al.! indicated! lower!

immunogenicity! and!higher! suppressive! activity!of! glioblastoma!CSCs! compared! to! their!

nonRCSC!counterparts!(Di!Tomaso#et#al.!2010).!Thus,!immunomodulation!might!represent!

the!key!mechanism!by!which!CSCs!promote!tumorigenic!growth.!

4.7 Categorization+of+CSCs+
A! far!more! transRdisciplinary! approach! to! learn! about! the! early! events! in! tumorigenesis!

could!be!the!analysis!and!comparison!of!CSCs!and!induced!pluripotent!stem!(iPS)!cells.!In!

2006! Takahashi! and! Yamanaka! were! the! first! who! successfully! reversed! differentiated!

mouse!embryonic!or!adult!fibroblasts!into!pluripotent!stem!cells!by!introducing!only!the!

four! factors! Oct3/4,! Sox2,! cRMyc! and! Klf4! and! named! these! reprogrammed! cells! which!

exhibit! the!morphology!and!growth!properties!of!embryonic!stem!(ES)!cells!and!express!

ES! cell! marker! genes,! induced! pluripotent! stem! cells! (Takahashi# et# al.! 2006).! After!

inducing! somatic! cells! with! these! four! “Yamanaka! factors”,! Mikkelsen! and! colleagues!

found!out!that!about!20%!of!the!cells!stained!positive!for!the!stemRcell!marker!SSEA1,!but!

only! about! 1.2%!were! fully! reprogrammed.!Whereas! fully! reprogrammed! cells! showed!

gene!expression!and!epigenetic!states!similar!to!that!of!ES!cells,!gene!expression!profiling!

revealed!that!partially!reprogrammed!cells!reactivated!only!a!small!group!of!genes!related!

to!stem!cell!renewal!and!maintenance,!but!yet!these!cells!are!not!pluripotent.!Instead!they!

exhibit! a! downregulation! of! structural! genes! and! regulatory! factors! expressed! in!

differentiated!cells!and!upregulation!of!some! lineageRspecific!and!proliferative!genes!not!

expressed!in!iPS!cells!(Mikkelsen#et#al.!2008).!Potentially,!the!same!is!true!for!cancer!stem!

cells.!Probably!they!represent!an!intermediate!state!between!stem!cells!and!differentiated!

tumor!cells!like!partially!reprogrammed!cells!do!between!iPS!cells!and!differentiated!cells!

(compare!Figure+4.1).!Mikkelsen!et#al.!showed!that!these!differences!are!due!to!epigenetic!

events! like!persistent!DNA!hypermethylation!at!pluripotencyR!and!germRcellRspecific! loci!

(Mikkelsen# et# al.! 2008).! DNA! deRmethylation! is! an! inefficient! step! in! the! transition! to!

pluripotency.! Several! groups!demonstrated! that! treatment!with! small!molecules! like! the!

histone! deacetylase! inhibitor! valproic! acid,! the! DNA! methyltransferase! inhibitor! 5RazaR

cytidine! or! the! kinase! inhibitor! kenpaullone! can! improve! the! overall! efficiency! of! the!

reprogramming! process! by! modeling! epigenetic! information! (Huangfu# et# al.! 2008,!

Lyssiotis#et#al.!2009,!Wernig#et#al.!2008).!
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Figure+ 4.1:+ Relationship+
between+stem+cell+species.++
Stem!cells!are!characterized!
by!their!ability!to!form!many!
different! types! of! tissues!
and! their! capacity! to! selfR
renew.!With!increasing!level!
of! differentiation! from!
progenitor! cell! to! differenR
tiated! cell,! the! plasticity!
reduces,! as! does! the!
proliferative! capacity.!
Cancer! stem! cells! form! at!
the! interface! between! stem!
cell! and! progenitor! cells.!
This!phenomenon!has! lately!
also! been! credited! to! iPS!
cells! and! their! partially!
reprogrammed!precursors.!

!

In!my!work!this!‘intermediate’!state!of!CSCs!is!indicated!by!the!expression!and!activation!

of! some! crucial! stem! cell! genes! and! pathways! like! shown! for! OCT4A! and! the! TGFRβ!

signaling!cascade!but!absence!of!other!important!stem!cell!characteristics!like!expression!

of!GDF3!and!LIN28.!Furthermore,!OCT4+!melanoma!cells!comprise!both!the!characteristics!

of! stemRlike! cells! and! malignant! tumors! as! indicated! by! high! tumorRinitiating! and!

migratory!capabilities!as!well!as! the!ability! to!grow!anchorageRindependent.!My! findings!

provide! evidence! that! cancer! cells! oscillate! between! different! states! in! a! dynamic!

equilibrium!as!shown!by!fluctuations!of!CD133!expression.!This!observation!is!concordant!

with! the! transient! state! of! partially! reprogrammed! cells.! Epigenetic!modeling! of! cancer!

cells!might!guide!directed! transition!between!CSCR!and!non!stemRlike!states!as!observed!

for!iPS!cells.!Additional!investigations!are!needed!to!classify!CSCs!in!melanoma!and!other!

tumors!and!further!characterize!them.!
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5 Conclusion+and+perspectives+
In!my!work!I!identified!OCT4+!melanoma!cells,!which!comprise!both!the!characteristics!of!

stemRlike! cells! and! malignant! tumors! and! provide! strict! criteria! for! selfRrenewal! and!

asymmetric! cell! division! to! hold! up! the! term! of! stem! cellRlike! cells! in! solid! tumors.! My!

findings!provide!further!evidence!to!what!has!already!been!published!on!cancer!stem!cells!

and!the!shift! in!paradigms!related!hereto.!Until! today!the!origin!of!cancer!stem!cells!and!

their!defining!properties!remain!elusive,!but!at!least!for!melanomas!defining!CSCs!by!the!

expression!of!the!pluripotency!factor!OCT4A!might!be!possible.!

Among! the! properties! specific! for! OCT4+! melanoma! cells! I! identified! Wnt,! Notch! and!

Hedgehog!pathways,!which!associate!with!the!maintenance!of!stem!cell!characteristics!in!

OCT4+!melanoma! CSCs.! Targeting! these! pathways! in! CSCs! in! combination!with! “classic”!

chemotherapeutic! agents! might! be! an! effective! therapeutic! strategy.! In# vitro! downR

regulation!of!Wnt,!Notch!and!Hedgehog!signaling!using!siRNAs!could!give!first!hints!about!

the!influence!of!these!pathways!on!viability!and!apoptosis!of!melanoma!CSCs.!Challenging!

for! the! development! of! new! therapies! is! the! heterogeneous! and! dynamic! behavior! of!

tumor! cell! populations! that! can! substantially! hamper! successful! intervention! based! on!

chemotherapy! and! targeted! therapies.!The! results! of!my!work! indicate! that! a! strict! topR

down!organization!of!stem!cellRlike!populations,!which!determines!tumor!fate!in!a!strictly!

hierarchical!order,!does!not!exist.! Instead,!a!dynamic!equilibrium!between!stem!cellRlike!

and!nonRstem!cell!populations!seems!to!replace!the!unidirectional!process!of!enlargement!

and!development!in!melanoma.!This!plasticity!could!facilitate!tumor!survival!even!under!

unfavorable! environmental! conditions! and! allows! for! rapid! adaptation! to! changes! in!

tumor! microenvironment.! Accurate! characterization! of! tumor! cell! dynamics! and!

interconversion!between! cell! populations!will! be! an! important!prerequisite! for! a! lasting!

prevention!of! tumor! recurrence!and!metastasis.! For!our! further! research! this! calls! for! a!

careful! investigation!of!xenograft! tumors!regarding! the!presence!of!CSCRrelated!proteins!

as!OCT4A! and!CD133! as!well! as! activation! of! oncogenic! drivers! like!Wnt! and!Hedgehog!

signaling.!

Future! experiments! should! focus! on! two! main! aspects:! (a)! further! investigation! of! the!

regulatory! mechanisms! that! influence! and! control! the! dynamic! cell! state! transitions.!

Reversible!modifications!on! the!epigenetic! level! are!of!particular! interest! to!explain! fate!

switching! or! cyclic! processes! between! different! cellular! subpopulations.! In! addition! to!

DNA! methylation! also! chromatin! condensation,! histone! modification! or! acetylation! of!

proteins!can!influence!tumor!heterogeneity.!Furthermore,!regulation!by!microRNAs!might!

play! a! significant! role! in! tumor! cell! plasticity! and! the!metastatic! phenotype.! They! have!
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been!shown!to!be!incorporated!into!a!large!regulatory!network!to!control!the!selfRrenewal!

of!stem!cells!e.g.!by!regulating!key!pluripotency!factors!like!OCT4!and!that!they!function!as!

regulators! of! signal! transduction! in! cancer.! (b)! exploitation! of! key! regulatory! signaling!

pathways! for! therapeutic! intervention.! I! found! a! number! of! potentially! significant!

signaling!molecules!overactivated! in!putative!CSCs,! including!Wnt!signaling!molecules!as!

well!as!CD133!and!OCT4A.!Molecules! involved!in!these!pathways!could!potentially!make!

good! targets! in! gene! therapy! together! with! classical! chemotherapeutic! agents! to!

circumvent!the!escape!mechanisms!of!tumor!cells!by! interconversion!between!stem!cellR

like!and!nonRstem!cell!populations.! In!order!to!apply! inhibitors!against!the!above!named!

targets,! one! has! to! envision! an! application! strategy! that! is! more! localized! than! today’s!

treatment!options.!One!way! to!precisely! target! cutaneous!melanomas! is! the! jetRinjection!

technology.! JetRinjection! is! gaining! increasing! acceptance! as! nonviral! gene! delivery!

technology!(Mitragotri!2006).!The!principle!is!based!on!the!use!of!fluid!jets!at!high!velocity!

and! it! allows! gene! transfer! with! deep! penetration! of! the! naked! DNA! and! high! transfer!

efficiencies!(Walther#et#al.!2009).!The!results!of!a!phase!IRstudy!demonstrate!that!the!use!

of! jetRinjection! could! be! employed! for! the! treatment! of! patients!with! skin!metastases! of!

malignant!melanoma!(Walther#et#al.!2008).! It!has!also!been!shown!that! intratumoral! jetR

injection! of! shRNA! expressing! vectors! targeting! ABCB1! is! sufficient! to! reconvert! drug!

resistant! tumors! into! chemo! sensitive! tumors! (Stein# et# al.! 2008).! Local! application! of!

shRNA!expressing!vectors! targeting!Wnt!signaling!molecules,!CD133!or!OCT4A! in! tumor!

lesions!in!combination!with!chemotherapeutics!could!improve!future!melanoma!therapy.!

In!conclusion,!my!approach!of!combining!knowledge!and!experiments!from!stem!cell!and!

cancer!research!enabled!the!identification!of!cancer!stem!cells!and!provided!new!insights!

into!how!melanomas!develop,!propagate!and!potentially!evade!treatment.!I!am!confident!

that! consequent! use! of! this! interdisciplinary! approach! will! provide! us! with! new!

understandings!that!in!the!future!might!lead!to!new!therapeutic!strategies!to!fight!cancer.!
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Supplementary+tables+
Table+S+1:+List+of+GOs+enriched+in+CD133++melanoma+cells.+
Shown! are! interesting! GOs! (e.g.! related! to! cancer! development),! which! were! significantly! (pRvalue! <0.05)!
overrepresented!in!CD133+!Pat1T1k!melanoma!cells!compared!to!CD133R!cells.!Count:!number!of!upregulated!
genes! in! CD133+! cells! assigned! to! the! respective! biological! process;! Size:! total! number! of! genes! generally!
assigned!to!the!respective!biological!process.!

GO(Biological(Process( Count( Size( pGvalue(
translation! 56! 410! 3.49eR25!
cellular!component!organization! 129! 3254! 4.28eR08!
gene!expression! 141! 3750! 2.01eR07!
mitotic!cell!cycle!checkpoint! 13! 122! 1.60eR05!
mitotic!cell!cycle!G1/S!transition!checkpoint! 10! 74! 1.94eR05!
G1/S!transition!checkpoint! 10! 74! 1.94eR05!
regulation!of!G1/S!transition!of!mitotic!cell!cycle! 10! 77! 2.76eR05!
response!to!copper!ion! 5! 16! 3.87eR05!
translational!initiation! 9! 66! 4.70eR05!
mitotic!cell!cycle!G1/S!transition!DNA!damage!checkpoint! 9! 66! 4.70eR05!
cell!cycle!arrest! 21! 316! 7.57eR05!
S!phase!of!mitotic!cell!cycle! 12! 125! 9.46eR05!
S!phase! 12! 131! 1.48eR04!
regulation!of!cell!cycle!arrest! 16! 218! 1.76eR04!
M/G1!transition!of!mitotic!cell!cycle! 9! 78! 1.76eR04!
G1/S!transition!of!mitotic!cell!cycle! 13! 155! 1.93eR04!
interphase!of!mitotic!cell!cycle! 20! 315! 2.06eR04!
regulation!of!mitotic!cell!cycle! 17! 247! 2.40eR04!
cell!death! 56! 1353! 2.60eR04!
apoptosis! 52! 1230! 2.67eR04!
death! 56! 1355! 2.70eR04!
interphase! 20! 323! 2.87eR04!
programmed!cell!death! 52! 1239! 3.18eR04!
negative!regulation!of!cell!cycle! 22! 376! 3.19eR04!
transcription! 101! 2861! 3.44eR04!
cell!cycle!checkpoint! 15! 209! 3.55eR04!
regulation!of!cell!cycle! 29! 575! 4.66eR04!
antiRapoptosis! 16! 238! 4.72eR04!
cell!cycle! 48! 1140! 5.14eR04!
DNA!damage!response,!signal!transduction!by!p53!class!mediator! 9! 94! 7.17eR04!
DNA!integrity!checkpoint! 10! 114! 7.37eR04!
DNA!damage!response,!signal!transduction!by!p53!class!mediator!
resulting!in!cell!cycle!arrest! 7! 59! 7.80eR04!
signal!transduction!involved!in!cell!cycle!checkpoint! 7! 59! 7.80eR04!
signal!transduction!involved!in!DNA!integrity!checkpoint! 7! 59! 7.80eR04!
signal!transduction!involved!in!G1/S!transition!checkpoint! 7! 59! 7.80eR04!
signal!transduction!involved!in!mitotic!cell!cycle!checkpoint! 7! 59! 7.80eR04!
signal!transduction!involved!in!DNA!damage!checkpoint! 7! 59! 7.80eR04!
signal!transduction!involved!in!mitotic!cell!cycle!G1/S!transition!DNA!
damage!checkpoint! 7! 59! 7.80eR04!
signal!transduction!involved!in!mitotic!cell!cycle!G1/S!checkpoint! 7! 59! 7.80eR04!
negative!regulation!of!programmed!cell!death! 23! 431! 8.46eR04!
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positive!regulation!of!cell!cycle!arrest! 7! 62! 1.05eR03!
negative!regulation!of!cell!death! 23! 443! 1.22eR03!
angiogenesis!involved!in!wound!healing! 3! 9! 1.28eR03!
wound!healing! 27! 559! 1.38eR03!
regulation!of!programmed!cell!death! 41! 987! 1.73eR03!
cellular!copper!ion!homeostasis! 3! 10! 1.79eR03!
regulation!of!cell!cycle!process! 18! 323! 1.89eR03!
mitotic!cell!cycle! 29! 634! 2.10eR03!
regulation!of!cell!death! 41! 999! 2.16eR03!
regulation!of!apoptosis! 40! 977! 2.55eR03!
cell!cycle!phase! 31! 702! 2.56eR03!
cell!cycle!process! 36! 856! 2.69eR03!
copper!ion!homeostasis! 3! 12! 3.17eR03!
negative!regulation!of!apoptosis! 21! 426! 3.63eR03!
vascular!wound!healing! 2! 4! 3.86eR03!
regulation!of!vascular!wound!healing! 2! 4! 3.86eR03!
positive!regulation!of!cell!cycle!process! 8! 101! 4.62eR03!
response!to!wounding! 37! 917! 4.67eR03!
regulation!of!cell!division! 5! 54! 1.26eR02!
positive!regulation!of!ERK1!and!ERK2!cascade! 4! 38! 1.62eR02!
germ!cell!migration! 2! 8! 1.68eR02!
cellular!homeostasis! 22! 533! 2.10eR02!
glial!cell!migration! 2! 9! 2.13eR02!
leukocyte!migration! 10! 184! 2.14eR02!
cell!aging! 4! 43! 2.45eR02!
negative!regulation!of!DNA!repair! 1! 1! 2.58eR02!
negative!regulation!of!calciumRdependent!cellRcell!adhesion! 1! 1! 2.58eR02!
cell!adhesion!molecule!production! 1! 1! 2.58eR02!
regulation!of!cell!adhesion!molecule!production! 1! 1! 2.58eR02!
positive!regulation!of!cell!adhesion!molecule!production! 1! 1! 2.58eR02!
negative!regulation!of!vascular!wound!healing! 1! 1! 2.58eR02!
negative!regulation!of!wound!healing! 1! 1! 2.58eR02!
negative!regulation!of!smooth!muscle!cellRmatrix!adhesion! 1! 1! 2.58eR02!
regulation!of!interferonRgamma!production! 4! 44! 2.64eR02!
induction!of!apoptosis!by!extracellular!signals! 7! 113! 2.72eR02!
'de!novo'!posttranslational!protein!folding! 4! 45! 2.85eR02!
positive!regulation!of!apoptosis! 20! 491! 3.04eR02!
positive!regulation!of!programmed!cell!death! 20! 495! 3.27eR02!
regulation!of!ERK1!and!ERK2!cascade! 4! 47! 3.27eR02!
epidermal!growth!factor!receptor!signaling!pathway! 6! 95! 3.64eR02!
positive!regulation!of!cell!death! 20! 502! 3.70eR02!
'de!novo'!protein!folding! 4! 50! 3.98eR02!
cellRsubstrate!adhesion! 8! 150! 4.10eR02!
vascular!endothelial!growth!factor!receptor!signaling!pathway! 3! 30! 4.15eR02!
developmental!process! 107! 3568! 4.17eR02!
induction!of!apoptosis! 15! 355! 4.30eR02!
induction!of!programmed!cell!death! 15! 357! 4.48eR02!
cell!migration! 21! 551! 4.92eR02!
!
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Table+S+2:!Differential+SNPs+in+coding+regions+of+CD133+sorted+melanoma+cells.+
Using!whole!transcriptome!mRNA!sequencing!various!SNPs!were!found!to!be!different!between!CD133+!and!
CD133R!ChaMel91!cells.!From!all!SNPs,!which!are!located!in!coding!sequences!only!the!nucleotide!substitution!
in!the!COASY!gene!was!SIFT!predicted!to!be!damaging!for!the!protein!function.!Nonsyn:!nonsynonymous;!Syn:!
synonymous;!NP:!not!predicted;!Tol:!tolerated;!Dam:!damaging.!

Coordinates+
SubG
stitution+ Region+

SNP+
Type+

PreG
diction+ Gene+ SNP+details+

14,23312594,1! D273N! EXON!CDS! Nonsyn! TOL! MMP14! REF:G;CD133+:A/A;CD133R:G/G!

1,89449029,1! S161P! EXON!CDS! Nonsyn! Tol! RBMXL1! REF:A;CD133+:A/G;CD133R:G/G!

1,155186246,1! G188S! EXON!CDS! Nonsyn! Tol! GBAP1! REF:C;CD133+:T/T;CD133R:C/T!

10,93135,1! T365T! EXON!CDS! Syn! Tol! TUBB8! REF:C;CD133+:C/T;CD133R:T/T!

12,49297467,1! V203V! EXON!CDS! Syn! Tol! ARF3! REF:C;CD133+:C/T;CD133R:T/T!

14,70793058,1! T105P! EXON!CDS! Nonsyn! Tol! COX16! REF:T;CD133+:G/G;CD133R:T/G!

14,81712743,1! H55H! EXON!CDS! Syn! Tol! DYNLL1P1! REF:G;CD133+:G/A;CD133R:A/A!

16,21847857,1! N617N! EXON!CDS! Syn! Tol!
RP11R
645C24.1! REF:G;CD133+:A/A;CD133R:G/A!

17,40714804,1! S55Y! EXON!CDS! Nonsyn! Dam! COASY! REF:C;CD133+:A/A;CD133R:C/A!

17,66039350,1! V267V! EXON!CDS! Syn! Tol! KPNA2! REF:A;CD133+:A/G;CD133R:G/G!

2,86756381,1! A189A! EXON!CDS! Syn! Tol! FLJ58988! REF:T;CD133+:T/G;CD133R:G/G!

2,107039743,1! F1560F! EXON!CDS! Syn! Tol! RGPD3! REF:A;CD133+:G/G;CD133R:A/G!

2,130832120,1! H975H! EXON!CDS! Syn! Tol! POTEF! REF:A;CD133+:G/G;CD133R:A/G!

2,130832213,1! D944D! EXON!CDS! Syn! Tol! POTEF! REF:A;CD133+:G/G;CD133R:A/G!

2,130832669,1! N792N! EXON!CDS! Syn! Tol! POTEF! REF:G;CD133+:A/A;CD133R:G/A!

2,131221241,1! N792N! EXON!CDS! Syn! Tol! POTEI! REF:G;CD133+:A/A;CD133R:G/A!

2,131221265,1! K784K! EXON!CDS! Syn! Tol! POTEI! REF:C;CD133+:T/T;CD133R:C/T!

2,131221349,1! K756N! EXON!CDS! Nonsyn! Tol! POTEI! REF:C;CD133+:G/G;CD133R:C/G!

2,179406191,1! R23665H! EXON!CDS! Nonsyn! NP! TTN! REF:C;CD133+:C/T;CD133R:T/T!

20,42089511,1! P281P! EXON!CDS! Syn! Tol! SRSF6! REF:T;CD133+:C/C;CD133R:T/C!

22,43036027,1! T85M! EXON!CDS! Nonsyn! Tol! ATP5L2! REF:G;CD133+:G/A;CD133R:A/A!

22,43036061,1! L74V! EXON!CDS! Nonsyn! Tol! ATP5L2! REF:A;CD133+:A/C;CD133R:C/C!

6,34212743,1! H113R! EXON!CDS! Nonsyn! Tol! HMGA1! REF:A;CD133+:G/G;CD133R:A/G!

X,134930703,1! Q120R! EXON!CDS! Nonsyn! Tol! CT45A4! REF:T;CD133+:C/C;CD133R:T/C!
!

Table+S+3:+List+of+GOs+enriched+in+OCT4GEGFP++melanoma+cells.+
Shown! are! interesting! GOs! (e.g.! related! to! cancer! development),! which! were! significantly! (pRvalue! <0.05)!
overrepresented!in!OCT4REGFP+!ChaMel91!melanoma!cells!compared!to!OCT4REGFPR!cells.!Count:!number!of!
upregulated! genes! in! OCT4REGFP+! cells! assigned! to! the! respective! biological! process;! Size:! total! number! of!
genes!generally!assigned!to!the!respective!biological!process.!

GO(Biological(Process( Count( Size( pGvalue(
translational!elongation! 12! 103! 5.96eR11!
translation! 19! 410! 1.44eR09!
translational!termination! 10! 92! 5.05eR09!
cellular!process!involved!in!reproduction! 14! 349! 1.41eR06!
cellular!protein!metabolic!process! 43! 2720! 1.14eR05!
protein!metabolic!process! 46! 3182! 5.19eR05!
cellular!metabolic!process! 85! 7636! 6.85eR05!
ATP!metabolic!process! 7! 124! 8.54eR05!
ATP!catabolic!process! 5! 66! 2.34eR04!
cell!cycle!phase! 16! 702! 2.68eR04!
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cell!cycle!process! 18! 856! 2.91eR04!
metabolic!process! 90! 8540! 3.11eR04!
gene!expression! 49! 3750! 3.62eR04!
posttranscriptional!regulation!of!gene!expression! 9! 263! 3.88eR04!
reproductive!process! 19! 964! 4.38eR04!
reproduction! 19! 969! 4.67eR04!
regulation!of!translational!initiation! 4! 44! 5.06eR04!
M/G1!transition!of!mitotic!cell!cycle! 5! 78! 5.10eR04!
cell!cycle! 21! 1140! 5.22eR04!
regulation!of!epidermal!growth!factor!receptor!activity! 3! 20! 6.03eR04!
regulation!of!cellular!protein!metabolic!process! 18! 910! 6.04eR04!
mitotic!cell!cycle! 14! 634! 9.05eR04!
regulation!of!protein!metabolic!process! 18! 968! 1.23eR03!
regulation!of!epidermal!growth!factor!receptor!signaling!pathway! 4! 56! 1.27eR03!
ATP!biosynthetic!process! 4! 63! 1.96eR03!
G1/S!transition!of!mitotic!cell!cycle! 6! 155! 2.91eR03!
regulation!of!translation! 6! 155! 2.01eR03!
regulation!of!receptor!activity! 3! 30! 2.02eR03!
translational!initiation! 4! 66! 2.33eR03!
regulation!of!cell!cycle! 12! 575! 3.38eR03!
S!phase!of!mitotic!cell!cycle! 5! 125! 4.14eR03!
S!phase! 5! 131! 5.05eR03!
interphase!of!mitotic!cell!cycle! 8! 315! 5.24eR03!
T!cell!mediated!immune!response!to!tumor!cell! 1! 1! 8.45eR03!
regulation!of!T!cell!mediated!immune!response!to!tumor!cell! 1! 1! 8.45eR03!
positive!regulation!of!T!cell!mediated!immune!response!to!tumor!cell! 1! 1! 8.45eR03!
intracellular!copper!ion!transport! 1! 1! 8.45eR03!
epidermal!growth!factor!receptor!signaling!pathway! 4! 95! 8.54eR03!
regulation!of!metabolic!process! 47! 4141! 1.11eR02!
developmental!cell!growth! 3! 56! 1.18eR02!
DNA!damage!checkpoint! 4! 107! 1.28eR02!
M!phase! 9! 445! 1.31eR02!
DNA!damage!response,!signal!transduction!by!p53!class!mediator!
resulting!in!cell!cycle!arrest! 3! 59! 1.35eR02!
signal!transduction!involved!in!cell!cycle!checkpoint! 3! 59! 1.35eR02!
signal!transduction!involved!in!DNA!integrity!checkpoint! 3! 59! 1.35eR02!
signal!transduction!involved!in!G1/S!transition!checkpoint! 3! 59! 1.35eR02!
signal!transduction!involved!in!mitotic!cell!cycle!checkpoint! 3! 59! 1.35eR02!
signal!transduction!involved!in!DNA!damage!checkpoint! 3! 59! 1.35eR02!
signal!transduction!involved!in!mitotic!cell!cycle!G1/S!transition!DNA!
damage!checkpoint! 3! 59! 1.35eR02!
signal!transduction!involved!in!mitotic!cell!cycle!G1/S!checkpoint! 3! 59! 1.35eR02!
positive!regulation!of!cell!cycle!arrest! 3! 62! 1.55eR02!
DNA!integrity!checkpoint! 4! 114! 1.58eR02!
canonical!Wnt!receptor!signaling!pathway!involved!in!positive!
regulation!of!epithelial!to!mesenchymal!transition! 1! 2! 1.68eR02!
negative!regulation!of!translational!elongation! 1! 2! 1.68eR02!
negative!regulation!of!ubiquitinRprotein!ligase!activity!involved!in!
mitotic!cell!cycle! 3! 65! 1.76eR02!
cell!cycle!arrest! 7! 316! 1.77eR02!
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mitotic!cell!cycle!G1/S!transition!DNA!damage!checkpoint! 3! 66! 1.83eR02!
regulation!of!mitotic!cell!cycle! 6! 247! 1.83eR02!
transcription! 34! 2861! 1.90eR02!
regulation!of!cell!cycle!process! 7! 323! 1.97eR02!
positive!regulation!of!ubiquitinRprotein!ligase!activity!involved!in!
mitotic!cell!cycle! 3! 69! 2.06eR02!
mitotic!cell!cycle!G1/S!transition!checkpoint! 3! 74! 2.47eR02!
G1/S!transition!checkpoint! 3! 74! 2.47eR02!
regulation!of!cilium!movement! 1! 3! 2.51eR02!
cilium!movement!involved!in!cell!motility! 1! 3! 2.51eR02!
regulation!of!cilium!movement!involved!in!cell!motility! 1! 3! 2.51eR02!
regulation!of!cilium!beat!frequency!involved!in!ciliary!motility! 1! 3! 2.51eR02!
regulation!of!ubiquitinRprotein!ligase!activity!involved!in!mitotic!cell!
cycle! 3! 75! 2.55eR02!
regulation!of!G1/S!transition!of!mitotic!cell!cycle! 3! 77! 2.73eR02!
developmental!growth!involved!in!morphogenesis! 3! 78! 2.83eR02!
cell!cycle!checkpoint! 5! 209! 3.21eR02!
regulation!of!phosphorylation! 10! 606! 3.23eR02!
DNARdependent!DNA!replication!initiation! 2! 35! 3.51eR02!
regulation!of!canonical!Wnt!receptor!signaling!pathway! 3! 85! 3.52eR02!
negative!regulation!of!epidermal!growth!factor!receptor!signaling!
pathway! 2! 36! 3.70eR02!
regulation!of!cell!cycle!arrest! 5! 218! 3.75eR02!
transmembrane!receptor!protein!tyrosine!kinase!signaling!pathway! 9! 542! 4.00eR02!
negative!regulation!of!cell!cycle! 7! 376! 4.02eR02!
negative!regulation!of!epidermal!growth!factor!receptor!activity! 1! 5! 4.15eR02!
ciliary!cell!motility! 1! 5! 4.15eR02!
DNA!damage!response,!signal!transduction!by!p53!class!mediator! 3! 94! 4.53eR02!
sensory!cilium!assembly! 1! 6! 4.96eR02!
copper!ion!transmembrane!transport! 1! 6! 4.96eR02!

!

Table+S+4:+List+of+KEGG+pathways+enriched+in+OCT4GEGFP++melanoma+cells.+
Shown!are! interesting!KEGG!pathways! (e.g.! related! to!cancer!development),!which!were!overrepresented! in!
OCT4REGFP+!ChaMel91+melanoma!cells!compared!to!OCT4REGFPR!cells.!Count:!number!of!upregulated!genes!in!
OCT4REGFP+! cells! assigned! to! the! respective!pathway;! Size:! total!number!of! genes!generally! assigned! to! the!
respective!pathway.!

KEGG(generic(term( KEGG(pathway( Count( Size( pGvalue(
Translation! Ribosome! 11! 88! 2.06eR11!
Signal!Transduction! Wnt!signaling!pathway! 6! 149! 5.63eR04!
Translation! RNA!transport! 5! 140! 2.77eR03!
Cell!Growth!&!Death! Oocyte!meiosis! 4! 111! 7.12eR03!
Cell!Growth!&!Death! Cell!cycle! 4! 122! 9.86eR03!
Replication!&!Repair! DNA!replication! 2! 36! 2.51eR02!
Signal!Transduction! Notch!signaling!pathway! 2! 47! 4.10eR02!
Transcription! Spliceosome! 3! 124! 5.33eR02!
Metabolism! Metabolic!pathways! 12! 1086! 6.85eR02!
Folding,!Sorting!&!Degradation! RNA!degradation! 2! 69! 8.09eR02!
Translation! mRNA!surveillance!pathway! 2! 78! 0.10!
Cell!Growth!and!Death! Apoptosis! 2! 88! 0.12!
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Cell!Communication! Gap!junction! 2! 89! 0.12!
Cancers! Pathways!in!cancer! 4! 322! 0.18!
Signal!Transduction! Hedgehog!signaling!pathway! 1! 55! 0.31!
Xenobiotics!Biodegradation!&!
Metabolism! Drug!metabolism!R!cytochrome!P450! 1! 70! 0.38!
Translation! Ribosome!biogenesis!in!eukaryotes! 1! 72! 0.39!
Cell!Communication! Adherens!junction! 1! 72! 0.39!
Signal!Transduction! Phosphatidylinositol!signaling!system! 1! 78! 0.41!
Signal!Transduction! ErbB!signaling!pathway! 1! 86! 0.45!
Signaling! Molecules! and!
Interaction! Cell!adhesion!molecules!(CAMs)! 1! 128! 0.59!
Development! Axon!guidance! 1! 129! 0.59!
Signal!Transduction! JakRSTAT!signaling!pathway! 1! 153! 0.65!
Signal!Transduction! Calcium!signaling!pathway! 1! 174! 0.70!
Cell!Communication! Focal!adhesion! 1! 197! 0.74!
Cell!Motility! Regulation!of!actin!cytoskeleton! 1! 211! 0.77!
Signal!Transduction! MAPK!signaling!pathway! 1! 261! 0.84!
2


