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Abstract!

Response!and!Resistance!to!Targeted!Inhibitors!in!TJLineage!Leukemias!
Kegan!Laureen!Donlan!

!

!
!

Ras!pathway!mutations!are!prevalent!in!T!lineage!leukemias!and!the!Ras/PI3!

kinase/PTEN/AKT!pathway!plays!an!important!role!in!the!maintenance!and!

evolution!of!this!disease.!SecondJsite!mutants!of!Ras!are!a!unique!biological!system!

that!allows!us!to!study!the!effects!of!distinct!downstream!Ras!effectors!for!cancer!

initiation!and!maintenance.!By!adding!chemical!inhibitors!to!this!genetically!

modified!system,!further!information!regarding!the!cells!requirements!for!pathway!

activation!can!be!assessed.!

To!accomplish!this!goal,!second!site!cell!lines!were!exposed!to!the!MEK!

inhibitor!PD0325901,!PI3!kinase!(PI3K)!inhibitor!GDCJ0941,!and!the!AKT!inhibitor!

MK2206!and!proliferation!assays!were!performed.!No!significant!differences!were!

seen!between!mutational!groups!when!lines!were!exposed!to!inhibitors!of!PI3K!or!

AKT.!However,!exposing!TJALL!cells!to!PD0325901!revealed!significant!differences!

between!lines!with!PTEN!expression!and!those!lacking!PTEN,!despite!equal!

inhibition!of!the!RAF/MEK/ERK!pathway.!Cells!expressing!PTEN!are!uniquely!

sensitive!to!MEK!inhibition!and!the!cells!respond!to!PD0325901!by!undergoing!

apoptosis.!!

Dual!inhibition!of!AKT!and!MEK!causes!cell!lines!that!are!resistant!to!MEK!

inhibition!to!become!sensitive,!despite!significantly!higher!basal!pathway!activation.!

These!data!implicate!AKT!as!an!important!mediator!of!resistance!to!PD0325901.!
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ProJsurvival!proteins!BCLJxl!and!MCLJ1!are!expressed!at!low!levels!in!cell!

lines!with!PTEN!expression,!and!in!the!presence!of!PD0325901,!the!levels!decrease.!!

However,!in!PTEN!negative!lines!that!all!show!resistance!to!PD0325901,!expression!

of!these!proteins!is!high!and!remains!high!or!increases!in!the!presence!of!drug.!Our!

results!argue!that!AKT!is!activated!by!loss!of!PTEN!expression,!and!that!AKT!

mediates!drug!sensitivity!through!BCLJxl!and!MCLJ1.!

We!implicate!loss!of!PTEN!expression!as!integral!to!PD0325901!resistance!in!

TJALL!cells.!DNA!sequencing!of!most!lines!lacking!PTEN!expression!did!not!uncover!

mutations,!so!we!sought!to!determine!whether!methylation!and!epigenetic!silencing!

were!the!mechanism!of!Pten!silencing.!Bisulfite!sequencing,!5!azacytidine!treatment,!

Trichostatin!A!treatment,!and!EpiQ!analysis!all!came!back!negative,!leading!us!to!

believe!that!methylation!is!not!the!cause!of!PTEN!silencing!in!our!cells.!!
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Introduction!to!Ras!

! Ras!proteins!are!members!of!a!large!family!of!GTPJbinding!proteins!that!

function!to!integrate!information!from!the!cell!surface!and!relay!it!to!various!parts!

of!the!cell!by!exerting!control!on!numerous!signalJtransduction!pathways.!1,2!Ras!

proteins!function!as!molecular!switches!by!cycling!between!an!active!GTPJbound!

form,!which!interacts!productively!with!downstream!pathways,!and!an!inactive!

GDPJbound!form!(Figure!1).!Ras!inactivation!is!augmented!by!GTPase!activating!

proteins!(GAPs)!that!bind!to!Ras!proteins!and!markedly!enhance!their!slow!intrinsic!

GTPase!activity.!3!Regulation!of!Ras!GTP!is!crucial!to!modulate!proliferation,!

survival,!differentiation,!and!various!other!cellular!functions.!4!RasJGTP!exerts!its!

downstream!effects!in!part!by!initiating!serine/threonine!phosphorylation!cascades,!

including!the!Raf/MEK/ERK,!PI3K/AKT,!and!RalJGDS!pathways,!with!redundancy!

and!crossJtalk!between!them.!Thus,!Ras!is!a!nodal!signaling!molecule!that!regulates!

pathways!involved!in!proliferation,!apoptosis,!stress!response,!growth,!and!

differentiation.!5!

RasJGTP!is!a!key!transmitter!of!signals!within!the!cell,!but!activation!of!Ras!is!

shortJlived!as!hydrolysis!of!GTP!is!rapid,!especially!in!the!presence!of!GTPase!

activating!proteins!(GAPs)!6,7.!Ras!GAPS!insert!an!“arginine!finger”!into!the!

phosphateJbinding!pocket!(PJloop),!which!markedly!increases!GTP!hydrolysis!by!

stabilizing!the!transition!state!between!RasJGTP!and!RasJGDP.!8!The!two!bestJ

studied!Ras!GAPs!are!neurofibromin,!which!acts!as!a!tumor!suppressor!and!is!

mutated!in!many!myeloid!malignancies!and!other!cancers!and!p120!GAP.!9!Guanine!

nucleotide!exchange!factors!(GEFs)!such!as!SOS!are!essential!positive!regulators!!
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!
!
!
!
!
!
!
!

Ellis et al, Cellular Signaling (2000) 

Figure!1!L!Regulation!of!Ras."Ras'cycles'between'an'active'GTP'bound'form'and'an'
inactive'GDP'bound'form.'Activation'of'Ras'is'increased'by'the'presence'of'Guanine'
Nucleotide'Exchange'Factors'(GEFs)'that'act'to'increase'the'disassociation'of'guanine'
nucleotides'and'allow'Ras'to'bind'to'prevalent'GTP'in'the'cell.'Ras'has'intrinsic'GTPase'
activity'that'is'modulated'by'GTPase'Activating'Proteins'(GAPS).'Common'mutations'in'Ras'
at'residues'at'residues'12'and'61'decrease'the'ability'of'Ras'to'hydrolyze'GTP.'
!
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that!link!activated!growth!factor!receptors!and!other!inputs!to!Ras.!GEFs!increase!

guanine!nucleotide!dissociation!from!Ras!by!binding!near!the!P!loop!of!Ras!and!

inhibiting!the!interaction!of!Ras!with!the!guanine!phosphate.!Negative!residues!in!

the!switch!II!region!move!a!lysine!away!from!the!guanine!nucleotide,!resulting!in!its!

release!from!Ras.!10,11!Ras!is!then!more!likely!to!bind!the!GTP,!which!is!highly!

prevalent!in!cells.!12!!

Ras!Effector!Binding!

Ras!proteins!contain!five!G!domains!that!bind!GTP/GDP.!GTP!binding!induces!

a!conformational!change!in!the!switch!I!and!II!domains!of!Ras!at!regions!G2!and!G3.!

10!When!GTP!bound,!Ras!is!subtly!but!essentially!altered,!existing!in!a!more!stable!

conformation!that!allows!Ras!to!interact!with!high!affinity!with!downstream!

effectors!(Figure!2).!13,14!The!switch!I!(residues!32J40)!and!switch!II!(residues!60J

76)!regions!are!mobile,!but!when!Ras!is!bound!to!GTP,!the!protein!adopts!a!more!

stable!confirmation!due!to!strong!hydrogen!bonds!between!the!γ!phosphate!of!GTP!

and!residue!35!(in!Switch!I)!and!60!(in!Switch!II).!15!This!stabilization!is!essential!for!

efficient!binding!to!effectors!and!GAPs,!with!binding!of!downstream!effector!PI3K!

and!Ral!increased!dramatically!when!Ras!is!bound!to!GTP!versus!GDP.!16,17!

! Oncogenic!Ras!accumulates!in!the!active,!GTPJbound!conformation!because!

the!most!common!Ras!mutations!(in!Glycine!12!and!Glutamine!61)!result!in!

decreased!GTP!hydrolysis.!This!increases!effector!binding!and!aberrantly!activates!

downstream!signaling.!18!In!Glycine!12!mutants,!the!arginine!finger!required!by!

GAPs!to!hydrolyze!GTP!cannot!bind!in!the!GTP!pocket,!so!GTP!hydrolysis!is!blocked.!!
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! !

Figure!2!L!Structure!of!Ras."Ribbon'structure'of'Ras'bound'to'Magnesium'and'GTP.'The'
effector'loop'is'shown'in'orange'and'the'switch'I'and'II'regions'in'lime'and'aqua,'respectively.'
Conserved'sequence'elements'that'facilitate'guanine'nucleotide'binding'are'indicated.''

Adapted From Vetter et al, Science (2001) 
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Likewise,!mutations!in!Glutamine!61!result!in!the!inability!of!the!protein!to!form!a!

catalytic!residue!that!is!necessary!for!the!hydrolysis!of!GTP.!8,19!

!

Downstream!Effectors!of!Ras!

! Ras!effectors!are!defined!as!proteins!that!show!a!markedly!increased!affinity!

for!RasJGTP!versus!RasJGDP!and!are!important!for!RasJregulated!cellular!function.!

Endogenous!Ras!must!bind!the!fullJlength!effector,!and!RasJGTP!must!change!the!

protein,!either!by!causing!it!to!form!a!complex,!changing!its!localization,!or!initiating!

a!conformational!change.!14,20!While!there!are!10!classes!of!Ras!effectors!that!meet!

these!criteria,!PI3K,!Raf,!and!RalGDS!are!considered!to!be!the!major!Ras!effectors!

involved!in!transformation!and!oncogenesis!(Figure!3).!21!

! PI3Ks!are!localized!to!the!plasma!membrane!and!become!activated!by!

receptor!tyrosine!kinases!or!Ras!activation.!At!the!membrane,!PI3Ks!catalyze!the!

reaction!of!phosphatidylinositol!(4,5)Jbisphosphate!(PIP2!)!converted!to!

phosphatidylinositol!(3,4,5)Jtriphosphate!(PIP3).!!PIP3!acts!as!a!ligand!for!AKT,!

which!is!recruited!and!activated!at!the!membrane.!AKT!is!phosphorylated!by!the!

mTOR/Rictor!complex!and!PDK1,!where!it!then!plays!a!role!in!decreasing!apoptosis,!

increasing!cell!survival,!and!increasing!proliferation.!22,23!Phosphatase!and!tensin!

homolog!(PTEN)!is!one!of!the!most!frequently!mutated!tumor!suppressors!in!human!

cancer.!A!phosphatase!that!catalyzes!second!messenger!PIP3!to!PIP2,!PTEN!plays!an!

essential!role!in!negatively!regulating!PI3K!signaling.!24!

The!Raf/MEK/ERK!pathway!in!also!recruited!to!the!membrane!upon!Ras!

activation.!Raf!is!activated!at!the!membrane!and!in!turn!activates!MEK!by!!



! 7!

!!!!!
!

Figure"3"–"Ras"Effectors."'The"3'major'Ras'effectors'PI3K,'Raf,'and'RalSGEF.'Upon'activation'by'
binding'to'Ras,'these'3'effectors'initiate'signal'cascades'with'unique'functions'within'the'cell'
that'contribute'to'Ras'transformation.'The'PI3K'and'Raf'pathway'are'commonly'mutated'in'
human'cancers.'
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phosphorylation,!which!then!activates!ERK.!25!ERK!can!localize!to!the!nucleus!where!

it!plays!a!role!in!translation!of!genes!important!in!cell!survival,!proliferation,!and!

mobility.!26,27!ERK!regulates!the!function!of!several!important!transcription!factors,!

including!cJMyc.!28!

RalA!and!RalB!are!small!GTPases.!!Like!Ras,!Ral!proteins!cycle!between!an!

activated!GTP!bound!form!and!an!inactive!GDP!bound!form!due!to!the!competing!

biochemical!activities!of!GAPs!and!GEFs.!29!Activated!Ras!causes!RalJGDS!(a!Ral!GEF)!

to!localize!to!the!membrane.!At!the!membrane!RalGDS!interacts!with!Ral!at!the!

membrane!to!activate!it.!Additionally,!activation!of!PI3K!leads!to!the!activation!of!

Ral!through!PDK1,!which!relieves!autoJinhibition!of!RalGDS.!RalA!functions!in!gene!

expression,!vesicle!trafficking,!and!control!of!translation.!RalB!contributes!to!

immune!response,!exocyst!formation,!and!cell!survival.!30,31!

!

Ras!Pathway!in!Cancer!

Nearly!30%!of!human!cancers!contain!mutations!in!Ras,!most!often!amino!

acid!substitutions!at!codons!12,!13,!and!61.32!These!mutations!result!in!resistance!to!

GAPs!and!decrease!the!intrinsic!GTPase!activity!of!Ras,!allowing!it!to!accumulate!in!

the!GTP!bound!form!and!positively!interact!with!its!downstream!effectors.!1,10!

Different!cancer!types!show!preference!for!specific!Ras!isoforms!(Table!1),!perhaps!

due!to!isoform!abundance!in!different!tissues,!membrane!targeting,!postJ

translational!modifications,!or!differences!in!the!ability!of!Ras!isoforms!to!activate!

downstream!effectors.!33J36!

!
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!

!
Organ/Tissue! HJras' !NJras! KJras!
Biliary!tract! 0! 2! 35!
Bladder! 12! 2! 4!
Breast! 1! 2! 4!
Cervix! 9! 3! 8!
Colon! 0! 2! 30!
Ganglia! 0! 8! 23!
Leukemias! 0! 11! 4!
Lymphomas! 1! 14! 6!
Liver! 0! 4! 4!
Lung! 0! 1! 13!
Pancreas! 0! 3! 68!
Prostrate! 6! 2! 8!
Skin! 3! 19! 5!
Stomach! 4! 2! 6!
Testis! 6! 6! 6!

!

!
!

!

!

!

!

!

!

!

!

Table!1!–!Ras!Mutations!in!Cancer."Total'percentages'of'cases'studied'with'mutations'in'
the'various'isoforms'of'Ras.'Data'was'obtained'from'the'Sanger'Catalogue'of'Somatic'
Mutations'in'Cancer'and'modified'from'FernandezSMedarde'et'al,'Genes'and'Cancer'(2011).'
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!

! In!addition!to!mutations!that!alter!Ras,!mutations!in!other!Ras!pathway!

proteins!are!seen!in!cancer,!including!lossJofJfunction!mutations!in!Ras!GAP!NF1.!

Neurofibromatosis!(von!Recklinghausen!disease)!is!an!autosomal!dominant!

disorder!caused!by!mutations!in!NF1.!37!Patients!are!predisposed!to!plexiform!

neurofibromas,!myelodysplastic!syndromes,!leukemias,!and!optic!nerve!gliomas.!38!

Tumors!in!these!patients!often!reveal!somatic!inactivation!of!the!normal!NF1'allele,!

indicating!that!NF1!functions!as!an!important!tumor!suppressor.!9,39!Recent!highJ

throughput!sequencing!data!have!also!uncovered!frequent!somatic!NF1!mutations!in!

glioblastoma!and!other!sporadic!cancers.!40!

Mutations!in!proteins!upstream!of!Ras!pathway!are!also!common!in!cancer.!

For!example,!the!epidermal!growth!factor!receptor!(EGFR)!is!mutated!in!17%!of!

nonJsmall!cell!lung!cancer!(NSCLC).!41!A!transJmembrane!growth!factor!receptor,!

EGFR!has!tyrosine!kinase!activity!signals!primarily!through!the!Ras!pathway.!42!

Mutations!in!EGFR!can!lead!to!increased!copy!number!and!overexpression!of!the!

protein,!resulting!in!increased!signaling!through!the!Ras!pathway.!KRAS!is!the!most!

common!mutation!found!in!NSCLC,!but!mutations!in!KRAS!and!EGFR!appear!to!be!

mutually!exclusive,!which!is!consistent!with!the!idea!that!EGFR!mutations!act!

similarly!to!activated!Ras!in!the!cell!and!that!Ras!is!essential!for!EGFR!

transformation.!43!

Mutations!in!proteins!downstream!of!Ras!are!also!often!found!in!cancer.!

BRAF!mutations!occur!in!almost!70%!of!melanoma.!The!most!common!mutation!is!a!

single!amino!acid!substitution!(V600E)!which!results!in!a!constitutively!active!BRAF!
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and!signaling!through!Raf/!MEK/ERK!at!levels!similar!to!those!seen!with!oncogenic!

Ras.!44!NRAS'mutations!are!not!found'with!BRAF!mutations,!which!is!consistent!with!

the!idea!that!these!mutations!act!similarly!in!the!cell.!45!

PI3K!pathway!mutations!are!also!common!in!many!cancer!types.!In!breast!

cancer,!at!least!50%!of!cancers!contain!mutations!in!the!PI3K!pathway,!including!

mutations!in!PIK3CA, AKT, and!PTEN.!46!Interestingly,!mutations!are!often!found!in!

RAS!in!these!tumors!as!well,!indicating!that!sole!activation!of!the!PI3K!is!not!

sufficient!for!transformation.!47!It!is!also!worth!noting!that!while!Ral!has!been!

implicated!in!aberrant!growth!of!cancer!cell!lines,!mutations!in!Ral!are!rare!in!

cancer,!though!the!reason!for!this!not!yet!known.!48        

Ras!Mutations!in!Hematologic!Cancers 

 RasJregulated!signaling!pathways!are!frequently!deregulated!in!myeloid!

malignancies!through!NRAS'or!KRAS!point!mutations!or!by!other!mechanisms!that!

deregulate!Ras!signaling!(Figure!4).!2,49!NRAS!and!KRAS2!mutations!occur!in!40%!of!

chronic!myelomonocytic!leukemias!(CMML)!and!25%!of!juvenile!myelomonocytic!

leukemias!(JMML).!These!aggressive!myeloproliferative!disorders!(MPDs)!that!

share!clinical!and!biologic!features!and!progress!to!AML!in!many!patients!50,51,52.!

Proteins!upstream!of!Ras!are!also!commonly!mutated!in!myeloid!malignancies,!as!

children!with!NF1!have!an!increased!risk!of!developing!JMML,!and!show!a!complete!

loss!of!NF1!in!tumors.!39!Ras!enhancers!CBL!and!PTPN11!are!also!mutated!in!JMML,!

further!illustrating!that!it!is!indeed!a!disease!of!aberrant!Ras!signaling.!53J55!RAS!!  
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!

!

!

!

!

!

!

!

!

Figure"4"–"Ras"Pathway"Mutations"in"Myeloid"and"Lymphoid"Leukemias."Red'lettering'
indicates'proteins'that'negatively'regulate'Ras'activation'such'as'Cbl,'Neurofibromin,'and'PTEN.'
Green'indicates'positive'regulators'of'Ras'activation'JAK,'cKIT,'FLT3,'Ras,'SHPS2,'and'BCRSAbl.'
Proteins'colored'blue'are'commonly'mutated'in'myeloid'disease.'Yellow'indicates'mutations'
commonly'found'in'lymphoid'disease,'and'the'combination'of'yellow'and'blue'are'mutated'in'both'
myeloid'and'lymphoid'leukemias.'Myeloid'disease'is'more'commonly'associated'with'mutations'in'
Ras'or'upstream'of'Ras,'while'lymphoid'disease'is'most'often'seen'with'mutations'at'or'below'the'
level'of'Ras.'
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mutations!are!less!common!in!acute!myeloid!leukemia!(AML),!where!NRAS'is!

mutated!in!about!10%!of!patients!and!KRAS!in!about!5%.!56,57!However,!recent!highJ

throughput!studies!have!found!significantly!higher!percentages!of!20J25%!of!RAS!

mutations!in!AML.!58!Importantly,!AML!is!a!disease!where!mutations!are!often!

gained!and!lost,!making!it!possible!that!RAS!mutations!play!an!important!role!early!

in!the!development!of!disease,!but!less!important!later!on,!or!vice!versa.!In!multiple!

myeloma!Ras!is!the!most!commonly!mutated!gene!family,!with!mutations!in!codons!

12,13,!or!61!found!in!23%!of!patients,!most!commonly!in!NRAS.!59!!

Although!Ras!pathway!mutations!are!most!commonly!associated!with!

myeloid!disease,!sequencing!studies!have!uncovered!an!increasingly!important!role!

of!RAS!mutations!in!lymphoid!leukemias.!58!A!recent!deepJsequencing!and!geneJ

array!study!found!that!over!70%!of!near!haploid!ALL!patients!harbored!mutations!

in!genes!encoding!receptor!tyrosine!kinases!(RTKs)!or!Ras!pathway!genes!including!

NF1,!NRAS,!KRAS,!and!MAPK1.'Although!less!common,!RAS!and!RTK!mutations!were!

also!found!in!lowJhypodiploid!and!nearJdiploid!ALL!at!frequencies!of!!9%!and!30%,!

respectively.!60!In!acute!lymphoblastic!leukemia!(ALL),!mutations!in!NRAS'and'KRAS'

are!seen!in!about!15%!of!cases,!though!studies!have!recently!found!mutations!in!

RAS!pathway!genes!in!a!far!greater!number!of!patients!with!early!TJcell!ALL!(67%),!

implicating!Ras!as!an!initiator!of!TJcell!disease.!61,62!Mutations!downstream!of!Ras!

are!common!in!T!lineage!ALL,!with!nearly!50%!of!cases!showing!mutations!in!the!

PI3K!pathway,!including!5%!with!mutations!in!PTEN,!a!negative!regulator!of!the!

PI3K,!and!another!17%!with!decreased!PTEN!expression.!63,64!Mutations!upstream!
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of!Ras!are!found!in!NF1'(3%),'and'JAK1'(20%)!and!lead!to!elevated!levels!of!ERK!and!

AKT,!indicating!the!essential!role!of!Ras!signaling!in!leukemic!growth.!65J67!

!

Second!Site!Mutants!

! Second!site!mutants!of!oncogenic!Ras!are!partial!lossJofJfunction!proteins!

with!defective!binding!to!one!or!more!classes!of!effectors.!These!alleles!are!

generated!by!introducing!an!amino!acid!substitution!into!one!of!the!Switch!domains!

in!the!background!of!a!“first!site”!oncogenic!mutation!such!as!G12D.!These!“second!

site”!mutations!alter!the!ability!of!Ras!proteins!to!bind!specific!effectors.!68,69!

SecondJsite!mutants!are!useful!as!a!way!to!help!determine!which!Ras!effectors!are!

required!for!cancer!initiation!and!maintenance,!as!endogenous!Ras!signaling!is!not!

altered!in!these!mutants.!Studies!in!fibroblasts!and!epithelial!cell!lines!supported!

the!idea!that!all!three!major!effectors!of!Ras!are!required!for!transformation.!8,68!

Because!Ras!itself!remains!undruggable,!determining!the!minimum!pathway!

activation!required!for!oncogenesis!might!be!used!to!guide!therapeutic!strategies!

combining!targeted!inhibitors.!!

! Second!site!mutants!were!originally!created!by!random!mutation!of!Ras!by!

PCR!in!a!yeastJtwo!hybrid!screen.!69!Crystal!studies!predicted!that!amino!acid!

changes!at!GluJ37!would!still!allow!for!Ral!and!PI3K!binding!but!would!decrease!

affinity!for!Raf,!and!that!amino!acid!changed!at!TyrJ64!would!still!allow!for!binding!

with!Raf!and!Ral!but!decrease!affinity!for!PI3K!(Figure!5).!70!Drawbacks!of!this!

secondJsite!system!include!that!effector!binding!may!not!be!completely!abolished!!

! !
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Figure!5!–!Ras!Second!Site!Switch!Mutants."Diagram'of'the'location'of'the'E37G'and'Y64G'
second'site'mutants.'Switch'I'mutations'in'Glutamic'Acid'37'to'Glycine'have'been'predicted'to'
decrease'Ras'effector'binding'with'Raf,'but'maintain'binding'with'Ral'and'PI3K.'Mutations'in'
Switch'II'of'Tyrosine'64'to'Glycine'are'predicted'to'decrease'Ras'affinity'for'PI3K'but'maintain'
binding'affinity'with'Raf'and'Ral.'

Adapted From Pacold et al, Cell (2000) 
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and!effectors!may!still!bind!weakly!to!the!mutants.!In!addition,!it!is!difficult!to!

produce!a!secondJsite!mutant!that!maintains!binding!of!only!one!Ras!effector.!

!

Mechanisms!of!Acquired!Resistance!to!Targeted!AntiLCancer!Agents!

Several!overJarching!classes!of!resistance!to!tyrosine!kinase!inhibitors!(TKIs)!

have!been!observed!in!human!cancer.!TKI!resistance!mechanisms!in!specific!cancers!

can!be!broadly!classified!as!due!to!‘onJtarget’!mutations,!‘offJtarget’!mutations,!or!

some!combination!of!the!two.!!In!chronic!myeloid!leukemia!(CML),!acquired!

resistance!to!imatinib!(Gleevec)!most!commonly!results!from!mutations!to!the!

kinase.!Imatinib!forms!6!bonds!with!BCRSABL,!and!mutations!affecting!several!

domains!on!the!kinase!cause!structural!changes!such!that!the!drug!is!unable!to!exert!

its!inhibition,!allowing!BCRSABL!to!continue!to!signal.!71'There!are!four!distinct!

classes!of!BCRSABL!mutations!seen!in!acquired!resistance,!including!mutations!to!

the!phosphate!binding!site,!imatinib!binding!site,!activation!loop,!and!catalytic!loop.!

72!In!addition!to!mutations!in!BCRSABL,'amplification!of!BCRSABL!is!also!seen!in!

patients!with!acquired!resistance.!73!

Although!most!acquired!resistance!to!imatinib!results!from!point!mutations!

that!alter!BCRSABL'kinase!activity,!other!classes!of!resistance!are!also!seen!in!CML,!

though!far!less!commonly.!Overexpression!of!SRC!family!kinases!LYN!and!HCK!have!

been!implicated!in!acquired!resistance,!as!has!expression!of!efflux!proteins.!74J76!

The!epidermal!growth!factor!receptor!(EGFR)!in!lung!adenocarcinoma!is!an!

example!of!both!on!and!offJtarget!mechanisms!of!TKI!resistance.!77!The!genetic!

lesions!seen!in!almost!90%!of!EGFR!mutations!are!either!missense!mutations!or!inJ
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frame!deletions.!These!mutations!confer!sensitivity!to!EGFR!kinase!inhibitors,!

specifically!erlotinib!and!gefitinib.!78J80!Although!patients!presenting!with!EGFR!

mutations!initially!respond!well!to!treatment,!the!majority!develop!resistance.!81!

Approximately!50%!of!these!secondary!mutations!are!also!in!the!EGFR!kinase!and!

are!responsible!for!resistance!to!erlotinib!and!gefitinib,!effectively!rendering!them!

unable!to!inactivate!the!kinase!through!the!inability!of!the!inhibitor!to!bind!

effectively.!77,82J86!Through!genomeJwide!profiling!on!the!remaining!50%!of!EGFR!

resistant!tumor!samples!that!do!not!harbor!additional!kinase!mutations,!the!MET!

protoJoncogene!was!implicated!in!acquired!resistance.!87!Mutations!and!

amplifications!in!MET!are!often!present!in!tumors!resistant!to!EGFR!kinase!

inhibitors!that!do!not!harbor!additional!kinase!mutations.!EGFR!is!still!inhibited!in!

these!tumors,!and!resistance!is!mediated!through!alternate!pathways.!!

Finally,!some!tumors!acquire!“off!target”!but!“on!pathway!mutations”!as!the!

major!mechanism!of!resistance!to!TKI!treatment.!BRAF!!(V600E)!mutations!are!

common!in!melanoma!and!this!discovery!led!to!the!development!of!the!targeted!

inhibitors!of!BRAF!RG7204/PLX4032.!88!In!patients,!response!rates!were!an!

impressive!81%,!but!resistance!commonly!emerged.!89,90!Studies!have!implicated!

mutations!in!MAP3K8'as!a!potential!driver!of!resistance.!MAP3K8'encodes!

COT/Tpl2,!a!kinase!that!can!bypass!BRAF!to!activate!MEK/ERK!signaling.!91!

Additionally,!some!resistant!melanomas!showed!mutations!in!MAP2K1!and!NRAS,!

which!restore!aberrant!MEK/ERK!signaling.!92!These!data!indicate!that!tumors!are!

dependent!on!over!activation!of!the!pathway,!and!resistance!is!driven!by!mutations!
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that!maintain!pathway!flux!even!in!the!presence!of!potent!targeted!inhibitors!to!

BRAF.!

The!overall!goal!of!this!thesis!project!was!to!characterize!the!response!of!T!

cell!ALL!cell!lines!generated!from!bone!marrow!expressing!two!second!site!KJRas!

mutant!proteins!(KrasD12/G37!and!KJRasD12/G64)!to!targeted!inhibitors.!I!characterized!

how!these!second!site!mutations!and!PTEN!status!modulate!drug!responses.!We!also!

performed!experiments!to!investigate!potential!nonJmutational!mechanisms!of!

PTEN!silencing!in!these!TJALL!lines.!

In!Chapter!2!we!show!that!second!site!Ras!mutants!initiate!TJALL!in!vivo!and!

that!these!leukemias!undergo!secondary!genetic!alterations!to!alter!signaling,!

including!loss!of!PTEN!expression!and!reactivation!of!PI3K!signaling.!Cell!lines!that!

retain!PTEN!expression!are!uniquely!sensitive!to!inhibition!by!the!MEK!inhibitor!

PD0325901,!and!cell!lines!that!have!lost!expression!are!resistant.!

In!Chapter!3!we!perform!studies!with!additional!targeted!inhibitors!and!

elucidate!the!mechanism!underlying!sensitivity!and!resistance!to!PD0325901.!We!

demonstrate!that!sensitive!cells!undergo!apoptosis!in!response!to!PD0325901!and!

that!sensitivity!correlates!with!decreased!expression!of!proJsurvival!proteins!BCLJxl!

and!MCLJ1.!Using!siRNA!to!reduce!PTEN!expression!reverses!the!sensitive!

phenotype!in!cell!lines!with!PTEN!expression,!indicating!the!importance!of!PTEN!in!

conferring!sensitivity!to!PD0325901.!Inhibition!of!AKT!in!combination!with!

PD0325901!causes!sensitivity!in!lines!with!loss!of!PTEN!expression,!implicating!

AKT!as!an!important!component!of!sensitivity!in!our!system.!!
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Chapter!4!focuses!on!understanding!the!mechanism!of!PTEN!loss!in!our!

system.!We!focused!on!methylation!and!epigenetic!silencing!through!Bisulfite!

sequencing,!5!azacytidine!treatment,!Trichostatin!A!treatment,!and!EpiQ!analysis.!

Together,!our!data!indicate!that!altered!methylation!is!not!the!cause!of!PTEN!

silencing!in!our!lines.!

In!Chapter!5!we!address!experiments!that!will!build!upon!our!studies!and!

future!directions!for!this!research.!

!
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Chapter!2:!Defective!KLRas!Oncoproteins!Overcome!Impaired!Effector!
Activation!to!Initiate!Leukemia!In!Vivo!
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Abstract!

Reversing!the!aberrant!biochemical!output!of!oncogenic!Ras!proteins!is!one!of!the!

great!challenges!in!cancer!therapeutics;!however,!it!is!uncertain!which!Ras!effectors!

are!required!for!tumor!initiation!and!maintenance.!To!address!this!question,!we!

expressed!oncogenic!KJRasD12!proteins!with!“second!site”!amino!acid!substitutions!

that!impair!PI3!kinase/Akt!or!Raf/MEK/ERK!activation!in!bone!marrow!cells!and!

transplanted!them!into!recipient!mice.!In!spite!of!attenuated!signaling!properties,!

defective!KJRas!oncoproteins!initiated!aggressive!clonal!T!lineage!acute!

lymphoblastic!leukemia!(TJALL).!Murine!TJALLs!expressing!“second!site”!mutant!

proteins!restored!full!oncogenic!Ras!activity!through!diverse!mechanisms,!which!

included!acquiring!novel!somatic!“third!site”!KrasD12'mutations!and!silencing!PTEN.!

TJALL!cell!lines!lacking!PTEN!had!elevated!levels!of!phosphorylated!Akt,!a!gene!

expression!pattern!similar!to!human!early!T!precursor!ALL,!and!were!resistant!to!

the!potent!and!selective!MEK!inhibitor!PD0325901.!Our!data!demonstrating!strong!

selective!pressure!to!overcome!defective!activation!of!PI3!kinase/Akt!and!

Raf/MEK/ERK!implicate!both!Ras!effector!pathways!as!drivers!of!aberrant!growth!

in!TJALL,!and!further!suggest!that!leukemia!cells!will!deploy!multiple!mechanisms!

to!develop!resistance!to!targeted!inhibitors!in'vivo.!!!!!
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Introduction!

Somatic!RAS!mutations!encode!oncogenic!proteins!that!accumulate!in!an!

active!signaling!conformation.1J3!Although!the!biophysical!properties!of!Ras!

oncoproteins!render!them!exceedingly!challenging!targets!for!rational!drug!

discovery,!recent!data!suggest!that!this!might!be!feasible.4!There!is!also!intensive!

interest!in!inhibiting!RasJregulated!kinase!cascades!in!cancer,!particularly!the!

Raf/MEK/ERK!and!PI3K/Akt/mTOR!pathways.1,5!To!maximize!the!efficacy!of!either!

therapeutic!strategy,!it!is!essential!to!identify!Ras!effectors!required!for!cancer!

initiation!and!maintenance.!!

Expressing!Ras!oncoproteins!with!“second!site”!amino!acid!substitutions!that!

mediate!binding!to!individual!effectors!is!a!robust!approach!for!investigating!this!

question,!complementing!the!use!of!small!molecule!inhibitors!while!avoiding!

potential!confounding!problems!such!as!off!target!activities!and!unpredictable!levels!

of!kinase!inhibition'in'vivo.6J8!Previous!studies!in!fibroblasts!and!epithelial!cells!

support!the!idea!that!simultaneous!activation!of!PI3K,!Raf,!and!RalJGDS!is!essential!

for!RasJinduced!tumorigenesis.1J3,6J8!Determining!requirements!for!hyperactive!

signaling!through!different!effector!pathways!in!hematologic!cancers!has!

translational!implications!given!the!high!prevalence!of!somatic!RAS'mutations.4,9!

A!glycine!to!aspartic!acid!substitution!at!codon!12!(D12)!is!the!most!common!

KRAS!mutation!found!in!human!cancer.!Here!we!show!that!oncogenic!KJRasD12!

proteins!containing!second!site!substitutions!at!glutamate!37!(KJRasD12/G37)!or!

tyrosine!64!(KJRasD12/G64)!are!impaired!for!activating!Raf/MEK/ERK!and!PI3K!

signaling,!respectively.!Expressing!either!mutant!protein!in!mouse!bone!marrow!
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cells!unexpectedly!deregulated!the!growth!of!myeloid!progenitors!in'vitro,'and'

initiated!aggressive!T!lineage!acute!lymphoblastic!leukemia!(TJALL)!in'vivo.!These!

leukemias!displayed!biochemical!properties!that!correlated!with!responses!to!

targeted!inhibitors!and!with!distinct!secondary!genetic!alterations,!including!

acquired!“third!site”!mutations!within!KrasD12!transgenes.!We!conclude!that!

aberrant!PI3K/Akt!and!Raf/MEK/ERK!signaling!contribute!to!TJALL!growth,!and!

suggest!that!leukemia!cells!will!deploy!both!“on!target”!and!“off!target”!mechanisms!

to!overcome!targeted!inhibitors.!!!!

!

Results!

KrasD12"substitutions"at"codons"37"and"64"retain"GMHCSF"hypersensitivity.'We!

constructed!MSCVJIRESJGFP!retroviruses!encoding!WT!KJRas,!KJRasD12,!or!KJRasD12!

proteins!containing!amino!acid!substitutions!within!the!switch!I!and!switch!II!

domains!(Supplemental!Table!1).2,6,7!After!infection,!GFP+!mouse!fetal!liver!cells!

were!plated!in!methylcellulose.!As!expected,!cells!infected!with!the!MSCVSKrasD12S

IRESSGFP!vector!formed!CFUJGM!colonies!without!added!cytokines,!and!those!that!

grew!in!plates!containing!GMJCSF!were!abnormally!large!and!monocytic.1,11!Second!

site!mutant!KJRas!proteins!that!interact!with!a!single!class!of!effectors6,7!did!not!

perturb!colony!growth!(Supplemental!Table!1!and!Supplemental!Figure!1A).!

However,!KrasD12!alleles!encoding!glycine!substitutions!at!either!glutamate!37!(KJ

RasD12/G37)!or!tyrosine!64!(KJRasD12/G64)!induced!modest!hypersensitivity,!

characterized!by!an!increase!in!the!number!of!CFUJGM!colonies!formed!at!low!

concentrations!of!GMJCSF!(Figure!1A).!These!data!indicate!that!KJRasD12/G37!and!KJ
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RasD12/G64!exhibit!“gain!of!function”!compared!to!WT!KJRas,!but!are!biologically!less!

activated!than!oncogenic!KJRasD12.!!!

'

GluH37"and"TyrH64"substitutions"selectively"impair"Ras"effector"activation."The!

crystal!structures!of!Ras!bound!to!Raf,!RalJGDS,!and!PI3K!suggest!how!amino!acid!

substitutions!at!codons!37!and!64!of!Ras!selectively!impair!effector!interactions.2,19!

GluJ37!is!expected!to!form!two!hydrogen!bonds!with!Raf,!and!substitutions!at!GluJ

37!impair!Raf!binding!while!only!weakly!affecting!Ral!binding.20!GluJ37!also!

interacts!with!a!basic!residue!on!the!p110α!subunit!of!PI3K!that!is!not!present!on!

p110δ!or!p110γ.!TissueJspecific!differences!in!PI3K!isoform!expression!likely!

underlie!the!variable!effects!of!HJRasD12/G37!expression!on!PI3K!signaling.7,8!Notably,!

blood!cells!express!high!levels!of!p110δ!and!p110γ,!suggesting!that!Ras!proteins!

containing!substitutions!at!GluJ37!will!retain!the!ability!to!activate!PI3K!signaling!in!

hematopoietic!tissues.21!Substitutions!at!switch!II!residue!TyrJ64!selectively!disrupt!

the!interaction!between!Ras!and!PI3K,!as!Raf!and!RalJGDS!do!not!bind!to!this!

effector!domain.22!Consistent!with!these!data,!mutating!amino!acids!within!p110α!

that!contact!TyrJ64!abolished!Ras!binding.23!Supplementary!Table!1!summarizes!

what!has!been!learned!about!substitutions!at!codons!37!and!64!from!in'vitro'binding!

assays,!structural!studies,!and!biochemical!investigation.!Notably,!Ras!proteins!

containing!E37G!and!Y64G!substitutions!retain!the!ability!to!bind!to!and!activate!

RalJGDS.6,22!

! !
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"

" "

Figure"1"H"Second"site"KrasD12
"
mutant"alleles"induce"hypersensitive"myeloid"progenitor"growth"

and"initiate"THALL."(A)'CFUSGM'formation'by'fetal'liver'cells'expressing'WT'Kras'(closed'circle),'KrasD12'
(closed'square),'KrasD12/G37'(closed'triangle),'or'KrasG12/G64'(closed'diamond).'Mean'+/S'SEM'of'5'
independent'experiments'is'shown.'Data'points'marked'with'an'asterisk'(*)'are'significantly'different'
from'WT'by'paired,'oneStailed'tStest'(p<0.05).'(B)'Signaling'in'transfected'COSS7'cells'under'basal'(B),'
starved'(S),'and'EGFSstimulated'(E)'conditions.'"(C)'Signaling'in'transduced'S49'cells'under'starved'
conditions.'These'cells'were'infected'with'MSCVSGFPSKras'vectors'and'sorted'to'equalize'Ras'expression'
levels.'GFPSKSRas'fusion'proteins'run'at'a'different'molecular'weight'than'endogenous'Ras'proteins.'(D)'
Morphology'of'3T3'cells'expressing'WT'Kras,'KrasD12,'KrasD12/G37,'or'KrasG12/G64..'Note'that'KrasD12and'
KrasG12/G64'induce'morphologic'changes.'(E)'Survival'of'lethally'irradiated'WT'mice'transplanted'with'
bone'marrow'cells'transduced'with'MIG'vector'(';'n=8)'or'MIG'vectors'expressing'WT'Kras'(closed'circle;'
n=10),'KrasD12

'
(closed'square';'n=9),'KrasD12/G37'(closed'triangle;'n=15)'or'KrasG12/G64'(closed'diamond;'

n=14).'(F)'White'blood'cell'(WBC)'counts'at'death'in'recipients'of'bone'marrow'transduced'with'MIG'
vector'(n=8),'KrasD12/G37'(n=15)'or'KrasG12/G64'(n=14)'viruses.'Data'plotted'as'mean'+/S'SEM'with'an'
asterisk'(*)'indicating'data'points'significantly'different'from'WT'by'unpaired,'oneStailed'tStest'(p<0.05).'
(G)'Peripheral'blood'smear'showing'blast'morphology'in'a'mouse'with'TSALL.'
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We!expressed!KJRasD12/G37!and!KJRasD12/G64!in!COSJ7!cells!and!the!murine!TJ

ALL!cell!line!S4924!and!assayed!the!phosphorylation!of!downstream!effectors.!The!

serumJstarved!state!was!most!informative!for!differentiating!WT!KJRas!from!KJ

RasG12D,!and!for!testing!the!effects!of!the!G37!and!G64!second!site!substitutions.!

Phosphorylated!Akt!(pAkt)!levels!were!elevated!in!serumJdeprived!cells!expressing!

KJRasD12/G37,!while!phosphorylated!ERK!(pERK)!levels!were!normal!(Figures!1B!and!

1C).!By!contrast,!KJRasD12/G64!increased!pERK,!but!not!pAkt,!levels!(Figures!1B!and!

1C).!KJRasD12/G64!expression!in!3T3!fibroblasts!induced!morphological!changes!

consistent!with!Raf/MEK/ERK!pathway!activation!(Figure!1D).25!!

!

KrasD12/G37"and"KrasD12/G64"induce"THALL"in"vivo.'We!infected!bone!marrow!cells!

from!5JfluorouracilJtreated!WT!donor!mice!with!a!control!MSCVSIRESSGFP!vector!

(MIG)!or!with!viruses!encoding!WT!Kras,!KrasD12,!KrasD12/G37,!or!KrasD12/G64'and!

transferred!them!into!lethally!irradiated!WT!mice.!Recipients!of!cells!transduced!

with!the!KrasD12!virus!died!early!from!hematopoietic!failure!(Figure!1E).!

Endogenous!KrasD12!reduces!the!size!of!the!hematopoietic!stem!cell!compartment;26!

ectopic!expression!from!the!MSCV!promoter!likely!exacerbates!this!defect,!resulting!

in!engraftment!failure.!'

Mice!transplanted!with!cells!expressing!KJRasD12/G37!or!KJRasD12/G64!

recovered!hematologic!function!but!began!to!die!after!60!days!(Figure!1E)!from!TJ

ALL!characterized!by!elevated!blood!leukocyte!counts,!circulating!GFP+!blasts,!and!

thymic!enlargement!with!invasion!by!CD4+/CD8+!blasts!(Figures!1F,!1G!and!

Supplemental!Figures!1B,!1C).!Secondary!recipients!died!of!fulminant!leukemia!with!
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a!latency!of!26.6!days!(data!not!shown).!The!morphology!and!immunophenotype!

were!identical!in!TJALLs!initiated!by!KJRasD12/G37!or!KJRasD12/G64!expression,!and!

Southern!blot!analysis!revealed!clonal!retroviral!integrations!(Supplemental!Figure!

1D).!!None!of!the!mice!transplanted!with!cells!transduced!with!the!MIG!vector!or!

with!a!virus!encoding!WT!KJRas!developed!hematologic!disease.!!

Somatic!NOTCH1!mutations!are!found!in!~50%!of!human!TJALLs,27!and!are!

also!observed!in!mouse!models!of!TJALL!characterized!by!endogenous!KrasD12'

expression.12,26,28!Western!blot!analysis!of!KJRasD12/G37!and!KJRasD12/G64!leukemias!

with!an!antibody!that!detects!activated!(cleaved)!Notch1!revealed!abnormal!

fragments,!and!DNA!sequencing!confirmed!Notch'1'PEST!domain!mutations!in!7!out!

of!11!primary!TJALLs!that!persisted!in!secondary!recipients!(Supplemental!Figure!

1E!and!Supplemental!Table!2).!!

!

Ras"and"PTEN"expression"in"KrasD12/G37"and"KrasD12/G64Hinduced"leukemias."We!

hypothesized!that!leukemias!initiated!by!KJRasD12/G37!or!KJRasD12/G64!might!be!under!

selective!pressure!to!augment!signaling!through!Ras!effector!pathways.!To!address!

this!question,!we!biochemically!assessed!cell!lines!generated!from!four!independent!

KJRasD12/G37!(E1JE4)!and!six!independent!KJRasD12/G64!(Y1JY6)!leukemias.!"

TJALL!cell!lines!expressing!KJRasD12/G37!showed!elevated!Ras!protein!levels,!

particularly!lines!E2!and!E4!(Figure!2A),!which!corresponded!to!elevated!expression!

of!KJRasD12/G37!(Figure!2B),!and!elevated!viral!Kras!DNA!copy!number!(Figure!2C).!

Three!of!four!KJRasD12/G37!cell!lines!retained!PTEN!expression.!Of!these,!two!had!low!

levels!of!pAkt!and!pERK,!while!cell!line!E3!showed!a!modest!increase!in!pAkt!under!!
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! !

Figure"2"H"Leukemias"initiated"by"KrasD12/G37"and"KrasG12/G64"expression"demonstrate"

distinct"signaling"profiles."(A)'Immunoblot'of'TSALL'cell'lines'under'basal'(B)'and'starved'(S)'
conditions.'Two'control'TSALL'cell'lines'with'WT'Kras'(C)'from'a'retroviral'insertional'
mutagenesis'screen11'were'included.'Ten'cell'lines'were'generated'from'independent'leukemias'
induced'by'either'KrasD12/G37'(E1SE4)'or'KrasG12/G64'(Y1SY6).'(B)'Ras'was'immunoprecipitated'from'
cell'lines'E1SE4,'then'probed'with'an'antibody'that'recognizes'the'D12'substitution.'(C)'QSPCR'
analysis'of'Kras'expression'in'TSALL'cell'lines'compared'to'WT'thymus.'

 



! 41!

basal!growth!conditions!(Figure!2A).!We!unexpectedly!identified!a!somatic!

Pten!mutation!in!cell!line!E4,!which!also!had!no!detectable!PTEN!protein!or!mRNA!

expression!and!exhibited!markedly!elevated!levels!of!pAkt!(Figure!2A!and!

Supplemental!Figures!2A!and!2B).!This!mutation!was!also!found!in!the!TJALL!that!

gave!rise!to!the!cell!line!(Supplemental!Figure!2A).!!

!By!contrast,!5!of!6!KJRasD12/G64!TJALL!cell!lines!had!normal!Ras!protein!

levels.!PTEN!was!absent!or!barely!detectable!in!all!5,!and!RTJPCR!analysis!revealed!

markedly!reduced!Pten!mRNA!levels,!but!no!Pten'mutations!(Figure!2A,!

Supplemental!Figure!2B,!and!data!not!shown).!KJRasD12/G64!TJALL!cells!without!

PTEN!expression!had!high!basal!pAkt!levels!that!persisted!during!serum!and!

cytokine!deprivation!(Figure!2A).!These!data!support!the!idea!that!TJALL!cells!

overcome!the!deleterious!effects!of!the!TyrJ64!substitution!by!downJregulating!

PTEN!expression,!thereby!activating!PI3K!signaling.!!!

!

Acquired"“third"site”"Kras"mutations"in"KrasD12/G37"and"KrasD12/G64"THALLs."E1!

and!E3!had!lower!levels!of!Ras!expression!than!E2!and!E4!(Figure!2A),!and!DNA!

sequencing!uncovered!the!same!“third!site”!Kras!mutation!in!both!lines!that!

introduced!a!threonineJtoJisoleucine!substitution!at!codon!50!(T50I)!(Figures!3A,!

3B).!Germline!T50I!NRAS!mutations!cause!Noonan!syndrome,!a!developmental!

disorder!characterized!by!hyperactive!Raf/MEK/ERK!signaling,29!and!ectopic!

expression!of!KJRasT50I!increased!pERK!levels.30!These!data!suggest!that!the!

acquired!T50I!mutation!compensates!for!defective!Raf!binding!in!KrasD12/G37J

induced!leukemias.!Y4!was!distinct!from!the!other!KJRasD12/G64!lines,!exhibiting!!
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! !

Figure"3"–"Somatic"“third"site”"Kras"mutations"in"THALL.'In'cell'lines'E1'(A)'and'E3'(B),'the'
single'amino'acid'substitution'T50I'was'present'at'~50%'frequency'based'on'relative'abundance'
of'sequence'reads.'It'was'detected'at'a'similar'frequency'in'the'spleens'of'the'secondary'recipients'
used'to'generate'these'cell'lines'and'in'one'primary'recipient.'(C)'The'sequence'GAGACC'was'
inserted'between'amino'acids'69'and'70'of'Kras'in'TSALL'cell'line'Y4.'This'mutation'is'present'in'
~50%'of'Kras'transcripts'in'cell'line'Y4,'at'lower'frequency'in'the'spleen'of'the'secondary'recipient'
used'to'generate'this'cell'line,'and'is'not'seen'in'the'primary'leukemia.'

'
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elevated!Ras!levels!and!persistent!PTEN!expression!(Figure!2A).!DNA!sequence!

analysis!revealed!Kras!molecules!containing!the!D12!and!G64!substitutions!along!

with!a!de'novo!in!frame!insertion!of!an!arginine!and!aspartic!acid!between!codons!

69!and!70!(69RN70)!of!the!KJRas!switch!II!domain!(Figure!3C).!"

To!determine!when!each!third!site!mutation!occurred,!we!analyzed!DNA!

from!the!recipients!of!MSCVJinfected!bone!marrow,!from!secondary!recipients,!and!

from!cell!lines!E1,!E3,!and!Y4.!Each!cell!line!with!a!third!site!mutation!also!contained!

viral!Kras!DNA!encoding!the!respective!parental!second!site!mutation,!suggesting!

that!the!third!site!mutations!arose!de'novo!(Supplemental!Figure!3).!Consistent!with!

this!idea,!PCRJbased!sequencing!of!DNA!uncovered!the!T50I!mutation!in!primary!TJ

ALL!E1!and!in!a!secondary!recipient!of!TJALL!E3!(Figures!3A,!3B).!The!69RN70!third!

site!mutation!was!not!detected!in!primary!TJALL!Y4,!but!was!present!in!the!

secondary!recipient!and!further!enriched!in!the!cell!line!(Figure!3C).!Together,!these!

data!suggest!that!third!site!Kras'mutations!are!not!required!to!initiate!TJALL,!but!

confer!a!strong!clonal!growth!advantage.!

!

KHRas"third"site"mutations"restore"full"oncogenic"activity."We!assayed!CFUJGM!

colony!growth!in!transduced!marrow!cells!to!ask!if!KJRasD12/G37/I50!and!KJ

RasD12/G64/69RN70!are!reactivated!compared!to!the!corresponding!second!site!mutant!

proteins.!Remarkably,!progenitors!expressing!either!third!site!mutation!fully!

recapitulated!the!aberrant!KJRasD12!growth!phenotype,!including!cytokineJ

independent!CFUJGM!colony!formation,!pronounced!GMJCSF!hypersensitivity,!and!

abnormal!morphology!(Figures!4A,!4B).!!
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!  

Figure!4!–!Acquired!"thirdsite"!mutations!restore!oncogenic!activity!to!KrasD12/G37!and!
KrasG12/G64.!(A)!CFUJGM!formation!of!fetal!liver!cells!expressing!WT!Kras'(closed'circle),!KrasD12'
(closed'square)!,'KrasD12/G37/I50!(!open!triangle),!or!KrasG12/G64/69RN70!(!open!diamond).!Data!show!
the!mean!of!3!independent!experiments.!(B)!Representative!CFUJGM!morphology!from!fetal!
liver!cells!expressing!Kras'mutant!alleles!grown!in!0.1!ng/mL!GMJCSF.!(C)!Ras!expression!in!
GFP+,!Mac1+!fetal!liver!cells!infected!with!MSCV!viruses!encoding!different!Kras'alleles.!(D)!
Levels!of!pERK,!pAkt,!and!pS6!in!GFP+,!Mac1+!fetal!liver!cells!infected!with!MSCV!viruses!
encoding!different!Kras'alleles!as!determined!by!flow!cytometry!using!phosphoJspecific!
antibodies.!PhosphoJprotein!levels!in!cells!expressing!WT!KJRas!were!set!at!1!in!each!
experiment.!Data!shown!are!derived!from!6!independent!experiments.!!

 

'
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!
"

To!assess!the!biochemical!consequences!of!each!third!site!mutation,!we!

expressed!KJRasD12/G37/I50!and!KJRasD12/G64/69RN70!in!mouse!fetal!hematopoietic!cells.!

Cells!expressing!oncogenic!KJRasD12!or!either!third!site!mutant!proliferated!

vigorously!and!had!higher!Ras!expression!than!GFP+!cells!infected!with!MSCV!

vectors!encoding!WT!KJRas!or!either!second!site!mutant!(Figure!4C).!KJRasD12/G37/I50!

or!KJRasD12/G64/69RN70!expression!resulted!in!elevated!pERK,!pAkt,!and!pS6!levels!

compared!to!cells!expressing!WT!KJRas!or!the!corresponding!second!site!mutant!

proteins,!which!was!particularly!evident!for!KJRasD12/G64/69RN70!(Figure!4D!and!

Supplemental!Figures!4A!and!4B).!The!modest!increase!in!pERK!levels!in!

hematopoietic!cells!expressing!the!T50I!mutant!protein!is!consistent!with!data!from!

cell!lines!E1!and!E3!(Figure!2A).!

We!examined!the!potential!consequences!of!the!T50I!substitution!and!the!

69RN70!insertion!on!predicted!RasJRaf!and!RasJPI3K!coJcrystal!structures.!While!

our!analysis!of!T50I!suggested!potential!effects!on!Ras!dimer!interactions,!with!the!

mutant!protein!reJorienting!the!neighboring!Ras!molecule!to!enhance!binding!to!

RafJ1,!we!are!cannot!exclude!other!potential!consequences!of!this!substitution!

(Supplemental!Figures!5A!and!5B!and!Supplemental!Methods).!The!69RN70!

insertion!is!predicted!to!restore!contact!with!PI3Kγ!(Supplemental!Figure!5C).!!

"

Responses"of"THALL"cells"to"chemical"inhibitors."We!exposed!our!TJALL!cell!lines!to!

inhibitors!of!PI3K!(GDCJ0941),31!Akt!(MK2206),32!or!MEK(PD0325901)33!to!ask!if!
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their!biochemical!characteristics!and/or!the!presence!of!third!site!mutations!

correlated!with!drug!sensitivity.!GDCJ0941!efficiently!reduced!pAkt!levels!in!TJALL!

cell!lines!(Supplemental!Figure!6A)!and!blocked!their!growth!(Figure!5A).!While!the!

half!maximal!inhibitory!concentration!(IC50)!was!lower!for!lines!that!retained!PTEN!

expression,!this!difference!was!modest!(Figure!5A).!Similarly,!MK2206!both!

abrogated!Akt!phosphorylation!and!inhibited!growth!in!a!doseJdependent!manner!

(Figure!5B!and!Supplemental!Figure!6B).!As!with!GDCJ0941,!we!observed!similar!

IC50!values!in!TJALL!cell!lines!with!and!without!intact!PTEN!that!were!treated!with!

MK2206.!Together,!these!data!indicate!that!TJALL!cells!are!dependent!on!PI3K!

signaling!for!growth!irrespective!of!basal!pathway!activation.!The!somewhat!higher!

IC50!values!observed!in!lines!lacking!PTEN!expression!likely!reflect!a!requirement!

for!greater!drug!concentrations!to!fully!suppress!pAkt.!!"

! We!next!assessed!the!effects!of!blocking!Raf/MEK/ERK!signaling.!

Remarkably,!loss!of!PTEN!expression!and!elevated!pAkt!levels!strongly!correlated!

with!resistance!to!PD0325901!despite!equivalent!target!inhibition!(Figure!5C!and!

Supplemental!Figure!6C).!The!median!IC50!values!were!0.00625!µM!and!>4µM!in!

PTENJpositive!and!PTENJnegative!cells,!respectively!(Figure!5C).!Resistance!to!

PD0325901!in!PTENJnegative!cells!appears!to!occur!via!abrogation!of!apoptosis!

(Figure!5D!and!supplemental!Figure!6D).!!

!

THALL"cell"lines"with"PI3K"pathway"activation"and"human"early"T"precursor"ALL"

have"similar"gene"expression"profiles."MicroarrayJbased!gene!expression!profiling!!
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Figure"5"H"PTEN"loss"confers"resistance"to"inhibition"of"MEK"but"not"PI3K"or"Akt.'IC50s'and'
mean'growth'curves'of'TSALL'cell'lines'with'and'without'PTEN'expression'in'varying'doses'of'(A)'
the'PI3K'inhibitor'GDCS0941,'(B)'the'Akt'inhibitor'MKS2206'(C)'and'the'MEK'inhibitor'
PD0325901.'(D)'PD0325901'induces'apoptosis'in'PTENSpositive,'but'not'PTENSnegative'cell'lines.'
Curves'indicate'mean'growth'of'four'PTEN'positive'cell'lines'(E1,'E2,'E3'and'Y4)'and'six'PTEN'
negative'cell'lines'(E4,'Y1,'Y2,'Y3,'Y5'and'Y6)'±'SEM.'(***)'indicates'p<0.001'and'(*)'indicates'
p<0.05.'

'
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on!our!TJALL!cell!lines!revealed!one!cluster!of!cell!lines!without!PI3K!pathway!

activation!(E1,!E2!and!Y4)!and!a!second!cluster!of!cell!lines!with!loss!of!PTEN!!

expression!and!markedly!elevated!pAkt!levels!(Figure!6A).!E3,!the!KJRasD12/G37!line!

with!a!modest!increase!in!basal!pAkt!(Figure!2A),!did!not!clearly!segregate!with!

either!group!(Figure!6A).!Gene!set!enrichment!analysis!(GSEA)!showed!that!cell!

lines!with!PI3K!pathway!activation!demonstrated!differential!expression!of!many!

genes!functionally!linked!to!JAK/STAT!and!Raf/MEK/ERK!signaling!(Supplemental!

Tables!3J8).!The!expression!profile!of!these!TJALL!cell!lines!is!highly!similar!to!that!

of!early!T!precursor!(ETP)!TJALL,!an!aggressive!cancer!characterized!by!a!high!risk!

of!treatment!failure!and!frequent!RAS!mutations!(Figures!6B,!6C).34,35!This!

association!persisted!when!the!data!were!reanalyzed!to!include!E4!with!either!

group!of!TJALL!cell!lines!(Supplemental!Figures!6A,!6B).!!

"

Discussion!

CFUJGM!progenitors!expressing!second!site!KJRasD12!mutant!proteins!that!

only!signal!through!Raf/MEK/ERK!(KJRasD12/E38)!or!PI3K/Akt!(KJRasD12/C40)!

displayed!normal!growth!in!methylcellulose!cultures!over!a!range!of!GMJCSF!doses!

(Figure!1A).!By!contrast,!Kras!oncogenes!encoding!proteins!that!retain!the!ability!to!

engage!RalJGDS,!but!are!defective!for!either!PI3K/Akt!(KJRasD12/G64)!or!

Raf/MEK/ERK!(KJRasD12/G37)!pathway!activation!demonstrated!in'vitro'and'in'vivo'

transforming!activity.!The!leukemias!initiated!by!these!“second!site”!mutant!alleles!

underwent!clonal!evolution!in'vivo,!characterized!by!rapid!outgrowth!of!cells!with!!
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! !

Figure!6!L!PI3K!activated!TLALL!cell!lines!and!human!ETP!ALLs!have!similar!gene!
expression!profiles.!(A)!Principal!component!analysis!of!the!gene!expression!profiling!data!of!
all!10!mouse!TJALL!cell!lines!using!200!representative!genes!selected!by!kJ!means!algorithm,!
showing!cases!clustered!according!to!PI3K!activation!status!(red=activated,!blue=not!
activated).!(B)!Gene!set!enrichment!analysis!demonstrates!significant!enrichment!of!the!top!
100!mouse!PI3K!upJregulated!genes!in!ETP!ALL!(p=0.057,!FDR=0.224).!(C)!Heatmap!of!the!
leadingJedge!mouse!PI3K!upJregulated!genes!in!GSEA!analysis,!showing!overJexpression!of!
these!genes!in!ETP!ALL.!

'

'
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secondary!mutations!that!overcome!impaired!signaling!properties.!While!the!

use!of!a!retroviral!transduction/transplantation!system!likely!facilitated!

transformation!in!our!studies,!Ras!protein!levels!were!not!elevated!in!most!KJ

RasD12/G64!cell!lines!(Figure!2A).!The!absence!of!hematologic!cancers!in!mice!

transplanted!with!cells!overJexpressing!WT!Kras!from!the!same!MSCV!vector!

further!demonstrates!that!KJRasD12/G37!and!KJRasD12/G64!have!“gain!of!function”!

oncogenic!activity.'!

Endogenous!KrasD12!expression!causes!both!TJALL!and!myeloid!leukemia!in!

mice,!which!is!influenced!by!a!number!of!factors.26,28,36J39!Use!of!the!Mx1SCre!

transgene!to!express!a!latent!KrasD12'oncogene!causes!an!aggressive!

myeloproliferative!neoplasm!(MPN),36,39!but!transferring!bone!marrow!from!Mx1S

Cre;'KrasD12!mice!into!irradiated!recipients!induces!TJALL,26,28,38!and!NRAS,'KRAS,'

and!other!genes!commonly!mutated!in!myeloid!malignancies!are!also!mutated!in!

ETP!TJALL.35!While!the!signaling!profiles!of!these!aggressive!cancers!and!their!

susceptibility!to!targeted!therapies!have!not!been!reported,!our!data!linking!gene!

expression!in!ETPJALL!to!aberrant!PI3K!signaling!and!the!observation!that!TJALL!

cell!lines!with!Kras!mutations!are!sensitive!to!PI3K!inhibition12!supports!developing!

clinical!trials!in!which!PI3K!pathway!inhibitors!are!administered!with!conventional!

antiJleukemia!therapy.!The!paradigm!of!combining!targeted!and!conventional!

agents!has!recently!been!applied!successfully!to!BCRJABLJpositive!ALL.40!!

PI3K!binds!to!and!is!activated!by!RasJGTP;6,19,41!however,!the!precise!role!of!

PI3K!signaling!in!RasJinduced!cancer!initiation!and!maintenance!is!uncertain.!An!

elegant!study!by!Gutpa!et!al23!demonstrating!dramatic!inhibition!of!KrasD12Jinduced!
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lung!cancer!in!mice!expressing!a!“knock!in”!PI3K!p110α!protein!that!is!defective!for!

Ras!binding!supports!an!essential!role!of!PI3K!activation!in!tumorigenesis.42!On!the!

other!hand,!PI3K/AktJmediated!growth!and!survival!of!colon!cancer!cell!lines!

appears!to!be!dependent!on!receptor!tyrosine!kinase!(RTK)!signaling,!but!

independent!of!oncogenic!KRAS.43!Genetic!analysis!of!TJALL!specimens!implicated!

Ras/PI3K!pathway!mutations!as!important!“drivers”!of!leukemic!growth.9!

Consistent!with!this!idea,!TJALLs!initiated!by!Kras!oncogenes!with!second!site!

mutations!frequently!silenced!PTEN!and!activated!Akt,!demonstrating!strong!

selective!pressure!for!leukemia!cells!to!acquire!aberrant!PI3K/Akt!signaling!in'vivo.'!

The!role!of!aberrant!Raf/MEK/ERK!signaling!in!TJALL!is!less!clear.!The!

identification!of!somatic!“third!site”!T50I!mutations!that!enhance!signaling!and!fully!

transform!progenitor!growth!supports!the!idea!that!the!Raf/MEK/ERK!cascade!

contributes!to!leukemogenesis.!Indeed,!TJALL!cell!lines!that!retained!PTEN!

expression!were!susceptible!to!the!MEK!inhibitor!PD0325901.!However,!our!studies!

suggest!that!PI3K!pathway!activation!confers!resistance!by!providing!a!survival!

signal!in!TJALL!cells!that!overcomes!the!proJapoptotic!effects!of!MEK!inhibition.!

This!observation!is!supported!by!in'vivo'data!showing!that!administering!a!MEK!

inhibitor!to!Mx1SCre;'KrasD12!mice!abrogated!signs!of!MPN,!but!that!some!animals!

nevertheless!progressed!to!TJALL!during!treatment.44!

The!discoveries!of!Pten!inactivation!in!a!KJRasD12/G37!TJALL!and!a!69RN70!

insertion!with!elevated!pERK!levels!in!a!KJRasD12/G64!leukemia!indicate!unexpected!

plasticity!in!the!spectrum!of!secondary!mutations,!and!suggest!that!enhanced!

signaling!through!an!alreadyJactivated!pathway!can!compensate!for!impaired!
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binding!to!another!effector.!This!idea!is!consistent!with!recent!studies!of!resistance!

to!MEK!inhibitors!showing!that!the!underlying!mechanisms!include!amplification!of!

KRAS!and!BRAF!oncogenes45!and!overJexpression!of!RasGRP!guanine!nucleotide!

exchange!factors.46!!

Although!the!Ras!GTPase!switch!is!widely!viewed!as!“undruggable”,47!the!

development!of!chemical!inhibitors!of!other!Ras!domains!is!an!emerging!area!of!

investigation.4!As!strategies!for!targeting!oncogenic!Ras!are!tested!in!advanced!

cancers,!acquired!resistance!is!inevitable.!Indeed,!our!data!demonstrate!that!KrasD12!

can!evolve!rapidly!in'vivo!by!acquiring!novel!secondary!mutations,!suggesting!that!

“on!target”!mutations!leading!to!drug!resistance!will!emerge!in!patients!who!are!

treated!with!inhibitors!of!oncogenic!Ras.!Indeed,!the!recent!identification!of!

insertions!similar!to!the!69RN70!alteration!in!human!lung!and!colorectal!

cancers48,49!underscores!the!relevance!of!this!potential!mechanism!in!facilitating!

malignant!growth.!!

!

Methods!

Kras!expression!constructs!

WildJtype!(WT)!Kras!mouse!cDNA!was!cloned!into!the!pENTR/DJTOPO!vector!

(Invitrogen).!We!used!a!QuikChange!siteJdirected!mutagenesis!kit!(Stratagene)!to!

introduce!point!mutations,!and!Gateway!technology!(Invitrogen)!to!clone!Kras'

cDNAs!into!the!pDEST12.2!vector!(Invitrogen)!and!into!a!murine!stem!cell!virus!

(MSCV)!vector!containing!a!green!fluorescent!protein!(GFP)!cassette!driven!by!an!

internal!ribosome!entry!site!(IRES)!downstream!of!the!Kras!sequence!(MIG;!MSCVJ
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IRESJGFP).!For!some!in'vitro'experiments,!we!used!MSCV!vectors!in!which!GFP!was!

fused!to!the!NH2!end!of!Kras!(MSCVJGFPJKras).10!

!

Retroviral"transduction"and"progenitor"colony"assays'

The!UCSF!Committee!on!Animal!Research!approved!procedures!involving!mice.!!

E14.5!C57Bl/6!fetal!livers!were!isolated!as!described.1,5,11!MIG!plasmids!were!coJ

transfected!with!packaging!plasmids!into!293T!cells!using!Lipofectamine2000!

(Invitrogen)!and!viral!3T3!fibroblasts!and!fetal!liver!cells!transduced!with!

supernatant.!GFPJpositive!(GFP+)!fetal!liver!cells!were!isolated!on!a!FACSAria!(BD!

Biosciences)!and!seeded!in!methylcellulose!(M3231,!StemCell!Technologies)!

containing!recombinant!mouse!granulocyte!macrophage!colony!stimulating!factor!

(GMJCSF).!Colony!forming!unit!granulocyte!macrophage!(CFUJGM)!colonies!were!

counted!by!indirect!microscopy!after!eight!days.!All!cytokines!were!from!Peprotech!

unless!otherwise!noted.!!

!

Studies"in"COSH7"and"S49"cells'

COSJ7!cells!were!transfected!with!pDEST12.2!plasmids.!After!24h,!medium!was!

changed!to!IMDM!(UCSF!Core;!starve)!or!IMDM!+!20%!fetal!bovine!serum!(FBS,!

Hyclone;!basal).!Cells!were!harvested!24h!later!(starve)!or!after!exposure!to!50!

ng/mL!of!epidermal!growth!factor!for!5!min!(stimulated).!Unstarved!cells!were!

harvested!in!parallel!(basal).!S49!cells!were!transduced!with!MIG!plasmids!and!

sorted!as!above.!GFP+!cells!were!starved!for!2h!in!DMEMJH21!(UCSF!Core)!prior!to!
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harvest.!Immunoblotting!was!performed!as!previously!described.6J8,12!All!

immunoblot!antibodies!were!from!Cell!Signaling!except!total!Akt!(Biosource).!

"

Transduction/transplantation"procedure"

WT!Balb/c!mice!were!injected!with!150mg/kg!of!5Jfluorouracil!4!days!before!

euthanasia.!Bone!marrow!cells!were!collected!into!IMDM!+!20%!FBS,!cultured!in!

StemSpan!SFEM!(Stem!Cell)!with!15%!FBS,!100!ng/mL!ILJ11!(R&D!Technologies),!

100!ng/mL!SCF,!50!ng/mL!Flt3,!50!ng/mL!ILJ6!and!10!ng/mL!ILJ3,!transduced!with!

retroviral!supernatant!after!24J72h!and!transplanted!24h!later.!Male!WT!Balb/c!

mice!were!lethally!irradiated!with!a!single!850!cGy!dose!and!retroJorbitally!injected!

with!transduced!cells!2J3h!later.!Secondary!recipients!of!established!leukemias!

received!a!single!500!cGy!dose.!Blood!cells!were!counted!by!Hemavet!(Drew!

Scientific)!and!smears!stained!with!Wright!Giemsa!(SigmaJAldrich).!The!UCSF!

Mouse!Pathology!Core!analyzed!organs.!For!fluorescence!activated!cell!sorting!

(FACS)!analysis,!cells!were!resuspended!after!red!cell!lysis!in!HBSS+3%FBS!and!Fc!

block,!then!stained!with!antibodies!against!myeloid/erythroid!(PEJCy7JMac1,!

PacBlueJGr1,!PEJCD71!and!APCJTer119),!TJcell!(PEJCy7JCD3,!PEJCD8,!and!APCJ

CD4)!BJcell!(PEJCy7JB220,!PacBlueJCD19)!and!stem!cell!(PEJSca1,!APCJckit)!

markers!(BD!Biosciences).!Data!were!acquired!with!LSRII!(BD!Biosciences)!using!

FACSDiva!software!and!analyzed!with!FlowJo!(Tree!Star).'

"

DNA"purification"and"Southern"blotting'

Hematopoietic!tissues!were!lysed!with!100!mM!TrisJHCl!pH!8.5,!5!mM!EDTA!pH!8.0,!
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200!mM!NaCl,!and!0.2%!SDS.!Genomic!DNA!was!digested!with!EcoRI!then!

hybridized!with!a!sequenceJverified!GFP!probe!as!previously!described.12!!

"

THALL"cell"lines"

SingleJcell!suspensions!from!bone!marrow,!thymus,!or!spleen!of!sick!mice!were!

used!to!general!TJALL!cell!lines!as!previously!described.12!After!serial!passage,!cells!

were!harvested!from!basal!culture!conditions!or!after!24h!starvation!in!DMEMJH21!

and!lysed!(50mM!TrisJHCL!pH!8.0,!150mM!NaCl,!5mM!MgCl,!1%!Triton!XJ100,!0.5%!

sodium!deoxycholate,!0.1%!SDS).!Ras!was!immunoprecipitated!with!HJRas!(scJ259)!

and!probed!with!panJRasAspS12'(both!Santa!Cruz!Biotechnology)!to!detect!mutant!Ras.!

RasJGTP!was!immunoprecipitated!with!Raf1JRBD!agarose!conjugate!beads!

(Millipore).!Total!Ras!(Millipore)!was!measured!prior!to!immunoprecipitation.!'

"

Biochemical"analysis"of"fetal"liver"cells"

E14.5!fetal!liver!cells!transduced!as!above!were!resuspended!in!HBSS+3%FBS!and!

Fc!block,!then!stained!with!Pac!BlueJMac1.!Sorted!GFP+,!Mac1+!cells!were!

immunoblotted!with!antiJRas.!!For!phosphoJflow!analysis,!unsorted!cells!were!

resuspended!in!starve!(IMDM+1%BSA)!or!basal!(IMDM+20%FBS)!media,!then!

incubated!for!2h!at!37°C.!Fixed!and!permeabilized!cells!were!incubated!with!Fc!

Block,!then!stained!with!Pac!BlueJMac1!and!either!Alexa!647JpAkt!(Thr308),!antiJ

pERK!plus!PE!secondary!(Jackson!Immune!Research),!or!antiJpS6!plus!PE.!FACS!data!

were!collected!as!above.!

!
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Proliferation"and"Apoptosis"Assays"

TJALL!cell!lines!were!plated!at!a!density!of!30,000/100µL!in!96!well!plates.!Drug!

was!added!in!varying!concentrations!in!triplicate.!After!48!hours,!20µL!CellTiter!

96®!AQueous!NonJRadioactive!Cell!Proliferation!Assay!(Promega,!USA)!was!added!and!

the!plates!were!incubated!for!4!hours.!Plates!were!read!according!to!the!

manufacturer’s!instructions.!Growth!curves!were!established!as!percentages!of!

maximal!growth!in!DMSO!and!IC50!values!were!calculated.!For!apoptosis!assays,!

50,000!cells!were!plated!in!1µM!PD0325901.!After!48!hours,!the!cells!were!

collected,!fixed!with!PFA,!and!stained!with!an!antibody!against!cleaved!CaspaseJ3!

(BD).!FACS!data!were!acquired!as!above.!!

!

Expression"profiling"

Gene!expression!data!was!generated!with!GeneChip!Mouse!Genome!430!2.0!arrays!

(Affymetrix)!with!signals!normalized!to!the!trimmed!average!of!500!in!MAS!5.0!

algorithm.!Probe!sets!with!absent!calls!for!all!samples!were!excluded,!and!probe!set!

signals!were!variance!stabilized!by!adding!32!and!log2!transformation.!!Statistical!

analyses!were!performed!using!R!2.11.0!(http://rJproject.org),!Bioconductor!2.613!

and!Spotfire!Decision!Site!9.1.1!(Tibco).!Supervised!analysis!to!detect!differentially!

expressed!genes!between!PI3K!activated!and!nonJactivated!groups!was!performed!

using'limma14!with!estimation!of!false!discovery!rate.15!Genes!with!an!FDR!below!

20%!were!considered!significantly!differentially!expressed!and!used!to!assess!

pathway!enrichment!in!Database!for!Annotation,!Visualization!and!Integrated!

Discovery!(DAVID)!v6.7.16,17!Gene!expression!profiling!of!52!TJ!ALL!samples!was!
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performed!with!Affymetrix!GeneChip!HT!HGJU133+!PM!arrays,!with!signals!

normalized!by!RMA!algorithm.!The!correlation!between!mouse!PI3K!activation!and!

ETP!ALL!expression!was!examined!with!Gene!Set!Enrichment!Analysis!(GSEA)18!on!

human!ETP!against!nonJETP!using!the!repository!of!gene!sets!available!at!MSigDB!

v3.0!and!the!top!100!upJregulated!mouse!genes!in!PI3K!activation.!

"

Statistical"analysis"

Statistics!were!analyzed!with!Prism!4!(GraphPad).!KaplanJMeier!survival!curves!

were!compared!by!log!rank!test!with!a!twoJtailed!P!value.!%!maximum!growth!=!

(mean!colonies!in!3!replicate!plates)/(mean!colonies!in!plates!with!no!GMJCSF)!x!

100.!TwoJtailed!tJtests!were!used!to!compare!all!other!data!sets.!

!

Accession"codes"

Gene!Expression!Omnibus!(GEO;!http://www.nbct.nlm.nih.gov/geo/):!GSE28687!

and!GSE2870!

!
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Supplemental"Figure"1'H'Second"site"KrasD12"mutant"alleles"induce"hypersensitive"myeloid"
progenitor"growth"and"initiate"THALL.'(A)'CFUSGM'colony'formation'of'fetal'liver'cells'expressing'WT'
Kras'(closed circle),'KrasD12'(closed square),'KrasD12/S35

'
(open'circle),'KrasD12/E38

'
(open'triangle),'and'

KrasD12/C40
'
(open square)'over'a'range'of'GMSCSF'concentrations.'Representative'data'from'1'of'2'

independent'experiments'are'shown.'(B)'Thymic'weight'at'time'of'death'of'mice'that'were'transplanted'
with'bone'marrow'cells'infected'with'a'control'MSCV'vector'(MIG)'or'with'viruses'containing'KrasD12/E37

'

or'KrasD12/G64.'The'data'are'plotted'as'mean'+/S'SEM.'(C)'Analysis'of'leukemia'cells'in'hematopoietic'
tissues'of'a'representative'primary'recipient'with'TSALL.'Tissues'were'homogenized'and'then'labeled'
with'surface'marker'antibodies'to'distinguish'between'the'myeloid'(Mac1,'Gr1+),'TScell'(CD4,'CD8+),'and'
BScell'(B220+)'lineages.'Leukemia'cells'are'Mac1S,'Gr1S,'B220S,'CD4+,'CD8+,'GFP+'and'make'up'the'
dominant'population'in'bone'marrow,'cardiac'blood,'spleen,'and'thymus.'(D)'Mouse'2203'(D=donor)'
was'lethally'irradiated'and'transplanted'with'bone'marrow'cells'expressing'KrasD12/G64.'When'the'mouse'
developed'leukemia,'thymocytes'were'harvested'and'injected'into'the'tail'vein'of'irradiated'secondary'
recipients'(R),'which'also'developed'TSALL.'Southern'blot'analysis'of'tissues'from'these'mice'
(TH=thymus,'BM=bone'marrow,'SP=spleen,'LN=lymph'node)'using'an'alphaSdCTP'radiolabeled'0.7kbS
GFP'probe'reveals'clonal'retroviral'integrations'maintained'from'primary'to'secondary'recipients.'A'
similar'finding'was'seen'in'mouse'3303'(D),'which'was'transplanted'with'bone'marrow'cells'expressing'
KrasD12/E37.'Cells'obtained'from'the'lymph'node'of'this'animal'caused'leukemia'in'secondary'recipients.'
Interestingly,'in'mouse'1304'(D),'transplanting'malignant'thymocytes'into'four'secondary'recipients'
yielded'two'distinct'clones.'(E)'Activated'Notch1'was'detected'in'TSALL'cell'lines'by'Western'blot'using'
an'antibody'that'detects'cleaved'Notch1.'Y1S6'leukemias'express'KrasD12/G64'while'E1S3'leukemias'
express'KrasD12/E37.'Bands'ranged'in'size'from'75S110'kDa. 

 

 



! 67!

!

!

Supplemental"Figure"2"H"Some"leukemias"initiated"by"KrasD12/E37"and"KrasD12/G64"expression"

have"reduced"PTEN"expression.'(A)'The'GGATC'was'inserted'into'exon'6'of'Pten'in'the'TS'ALL'
cell'line'E4'(blue'arrow).'Based'on'relative'abundance'of'sequence'reads,'this'mutation'is'present'
at'high'frequency'in'the'cell'line'and'at'moderate'frequency'in'the'spleen'cells'of'the'transplant'
recipient'that'were'used'to'generate'this'cell'line'(red'arrow).'(B)'Expression'of'Pten'was'assessed'
by'quantitative'RTSPCR'in'cell'lines'generated'from'leukemias'expressing'KrasD12/E37'(E)'or'
KrasD12/G64'(Y),'and'correlated'with'PTEN'protein'expression'(see'Figure'2).'FoldSincrease'is'
compared'to'WT'thymus'and'normalized'to'GAPDH'expression'Asterisk'(*)'indicates'undetectable'
levels.'

 

.''
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"Supplemental!Figure!3!L!Somatic!“third!site”!Kras!mutations!in!TLALL.!Kras!cDNA!was!
amplified!from!TJALL!cell!lines!E1,!E3,!and!Y4,!cloned,!and!used!to!transform!competent!cells.!
Fifteen!individual!colonies!were!picked!for!each!cell!line!to!assess!the!relative!frequencies!of!
Kras!molecules!containing!two!or!three!mutations.!Of!these,!11J13!yielded!readable!sequence!
from!each!cell!line.!The!number!of!individual!Kras!molecules!with!two!or!three!mutations!is!
indicated!to!the!right!of!each!representative!sequence!tracing.!

'
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Supplemental!Figure!4!L!Acquired!"third!site"!mutations!restore!oncogenic!activity!to!
KrasD12/E37

!
and!KrasD12/G64.!(A)!Gating!strategy!used!to!analyze!transduced!primary!fetal!liver!

cells!doubly!positive!for!GFP!and!for!the!myeloid!lineage!marker!(Mac1+).!The!data!presented!
are!from!one!of!six!independent!experiments!that!were!combined!to!generate!Figure!3D.!Gates!
were!set!using!untransduced!WT!fetal!liver!cells!at!the!beginning!of!each!independent!
experiment,!and!then!used!on!all!transduced!samples.!(B)!Representative!original!phosphoJflow!
cytometric!data!from!one!of!six!independent!experiments!used!to!generate!Figure!3D.!The!black!
lines!depict!median!fluorescence!intensity!for!cells!transduced!with!the!WT!Kras!vector,!which!
was!assigned!a!value!of!1.0!and!then!compared!to!cells!expressing!the!5!Kras!mutant!alleles!in!
that!were!transduced!and!analyzed!in!same!experiment.!

'
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Supplemental!Figure!5!L!Structural!and!biochemical!analysis!of!the!“third!site”!KLRas!
mutants.!(A,!B!(enlarged!area))!Superimposing!Ras!monomer!A!(KJRasD12/G37/I50)!with!the!
published!crystal!structure!of!Rap1A!bound!to!the!RBD!of!RafJ11!suggests!that!RafJ1!RBD!forms!
several!contacts!with!Ras!monomer!B!in!addition!to!a!betaJsheet!with!the!switch!I!region!of!
monomer!A.!An!analysis!of!the!packing!between!Ras!monomers!in!~70!published!crystal!
structures!showed!that!ThrJ50!frequently!appears!in!or!near!the!contact!interface!between!two!
Ras!monomers,!and!we!speculate!that!the!T50I!mutation!of!one!Ras!protein!may!reJorient!the!
neighboring!Ras!molecule!to!enhance!its!binding!with!RafJ1.!This!idea!implies!that!the!
asymmetric!dimers!found!in!the!crystal!are!functionally!relevant,!and!is!consistent!with!similar!
arguments!recently!proposed!for!asymmetric!Raf!dimers.2!(C)!In!silico!model!of!KJ!Ras!
D12/G37/69RN70!demonstrates!a!potential!mechanism!of!restored!interaction!with!PI3K.!In!contrast!
to!other!effectors,!PI3K!makes!critical!interactions!with!the!switch!II!domain!of!Ras.!Because!of!
the!close!homology!between!the!69RN70!insertion!and!the!two!residues!just!before!the!
insertion!site!(ArgJ68!and!AspJ69),!we!predict!that!the!insertion!is!likely!to!occupy!the!original!
positions!of!ArgJ68!and!AspJ69!in!the!unmodified!protein,!thereby!extending!the!a2!helix!by!a!
half!turn.!In!its!new!location,!ArgJ68!is!in!position!to!form!a!salt!bridge!with!GluJ302!of!PI3Kg.!
Because!the!secondary!structure!is!modified,!it!is!difficult!to!accurately!predict!the!extent!of!
change!in!the!mutant!GlyJ64!loop!caused!by!the!69RN70!insertion.!However,!the!extended!a2!
helix!is!expected!to!push!the!GlyJ64!loop!to!restore!contact!with!PI3Kg.!GluJ63!of!Ras!
D12/G37/69RN70!!may!also!form!additional!hydrogen!bonds!with!LysJ234!of!PI3Kg,!further!
strengthening!the!interaction!between!the!two!molecules.!

'
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! !Supplemental!Figure!6!L!TLALL!cell!lines!are!sensitive!to!chemical!inhibitors!and!undergo!
apoptosis.!Representative!western!blot!of!TJALL!cell!line!(Y5)!shown.!(A)!GDCJ0941!and!(B)!
MKJ2206!inhibit!pAkt!in!cell!lines!after!4!hours!of!treatment!with!varying!doses!of!inhibitor.!(C)!
pERK!inhibition!48!hours!after!treatment!with!PD0325901.!(D)!Gating!strategy!used!to!
generate!Figure!5D.!PTENJexpressing!lines!induce!apoptosis!in!response!to!1!μM!PD0325901!as!
indicated!by!an!increase!in!cleaved!CaspaseJ3,!while!cell!lines!without!PTEN!expression!do!not.!
Both!PTEN!positive!and!negative!cell!lines!undergo!apoptosis!in!the!presence!of!Staurosporine.!

'

'
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Supplemental"Figure"7"H'PI3K"activated"THALL"cell"lines"and"
human"ETP"ALLs"have"similar"gene"expression"profiles.'(A)'
With'the'exclusion'of'E3'cell'line,'principal'component'analysis'on'
expression'profiling'of'the'remaining'nine'mouse'cell'lines'using'
200'representative'genes'selected'by'kSmeans'algorithm.'(B)'With'
all'ten'cell'lines'included'in'the'analysis,'gene'set'enrichment'
analysis'continues'to'demonstrate'significant'enrichment'of'the'
mouse'PI3K'upS'regulated'genes'in'ETPSALL.'

!
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Supplemental!Table!1!L!Summary!of!published!data!on!“second!site”!KJRas!mutants.!3J6!

!
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Supplemental"Table"2"H'TSALLs'develop'Notch1'mutations.'Genomic'DNA'isolated'from'diseased'
organs'(peripheral'blood,'thymus,'or'spleen)'was'used'to'screen'for'mutations'in'exon'34'of'Notch1,'
which'encodes'the'PEST'domain.'All'mutations'identified'are'predicted'to'result'in'a'premature'stop'
codon'and'were'also'present'in'leukemias'isolated'from'transplant'recipients.'Ins'='insertion,'Del'='
deletion.'
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Supplemental"Table"3"H"Top"250"differentially"expressed"probesets"between"six"PI3K"

activated"(G1)"and"three"nonHactivated"(G2)"mouse"cell"lines.'G1:'PI3K'nonSactivated'mouse'
cell'lines,'G2:'PI3K'activated'mouse'cell'lines.'

'
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Supplemental!Table!4.!DAVID!KEGG!pathway!analysis!of!TLALL!mouse!cell!lines.!A!list!of!
genes!in!each!pathway!are!available!from!the!authors!upon!request.!

'
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Supplemental"Table"5."Differentially"expressed"probesets"in"the"KEGG"JakHSTAT"signaling"

pathway.'G1:'PI3K'nonSactivated'mouse'cell'lines,'G2:'PI3K'activated'mouse'cell'lines.'

!

'

'
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Supplemental"Table"6."Differentially"expressed"probesets"in"the"KEGG"THcell"receptor"

signaling"pathway.'G1:'PI3K'nonSactivated'mouse'cell'lines,'G2:'PI3K'activated'mouse'cell'lines.'

!

'

'
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Supplemental!Table!7.!Differentially!expressed!probesets!in!the!KEGG!MAPK!signaling!
pathway.!G1:!PI3K!nonJactivated!mouse!cell!lines,!G2:!PI3K!activated!mouse!cell!lines.!

!

'
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Supplemental"Table"8."Differentially"expressed"probesets"in"the"KEGG"mTOR"signaling"

pathway.'G1:'PI3K'nonSactivated'mouse'cell'lines,'G2:'PI3K'activated'mouse'cell'lines."
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Supplemental!Methods!Quantitative!PCR!

RNA!was!prepared!with!Qiagen!RNEasy!Midi!kit,!and!150!ng!used!to!generate!cDNA!

with!Superscript!III!Reverse!Transcriptase!(Invitrogen).!Quantitative!PCR!was!

performed!using!TaqMan!Assays!(Applied!Biosystems)!for!Pten'(Mm00477208_m1),!

Kras'(Mm00517494_m1)!and!GAPDH'(Mm99999915_g1)!with!the!TaqMan!Gene!

Expression!Master!Mix!and!1ul!of!cDNA.!Reactions!were!run!in!triplicate!on!an!ABI!

7900HT.!Cycling!conditions!were!2!minutes!at!50oC!and!10!minutes!at!95oC,!then!

40!cycles!of!15!seconds!at!95oC!and!1!minute!at!60oC.!Target!quantities!were!

determined!by!relative!standard!curve,!normalized!to!Gapdh'and!compared!with!WT!

thymus.!

DNA!sequencing!

Exon!34!of!Notch1,'Kras'transgenes,!and!Pten'were!amplified!then!directly!

sequenced!using!standard!methodologies.7!PCR!conditions!and!primer!sequences!

are!available!upon!request.!To!sequence!individual!Kras'molecules!in!TJALL!cell!

lines,!PCR!products!were!ligated!into!pCR®II!vector!(Invitrogen).!Plasmid!DNA!from!

individual!colonies!was!sequenced!using!the!M13F!primer!(5’J

GTAAAACGACGGCCAGJ3’).!
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Chapter!3:!Mechanism!of!Resistance!to!MEK!Inhibition!
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Introduction!

Chapter!1!of!this!dissertation!describes!what!is!known!about!the!molecular!

pathogenesis!of!TJALL,!including!the!role!of!Ras/PI3K!pathway!mutations!in!this!

aggressive!cancer.!Chapter!2!is!a!research!article!showing!that!transplanting!

primary!mouse!bone!marrow!transduced!with!retroviral!vectors!encoding!mutant!

KJRas!proteins!containing!“second!site”!amino!acid!substitutions!that!abrogate!or!

impair!PI3K/AKT!or!Raf/MEK/ERK!pathway!activation!initiated!aggressive!TJALL!in!

recipient!mice.!Cell!lines!generated!from!10!independent!leukemias!carried!diverse!

secondary!genetic!alterations!that!correlated!with!discrete!effects!on!the!

biochemical!activation!of!Ras!effectors.!Remarkably,!exposing!this!panel!of!TJALL!

cells!to!targeted!inhibitors!of!PI3K,!AKT,!or!MEK!showed!that!lines!with!high!levels!

of!pAKT!and!markedly!reduced!or!absent!PTEN!expression!are!resistant!to!a!potent!

and!selective!MEK!inhibitor.!I!went!on!to!demonstrate!that!these!cell!lines!failed!to!

undergo!apoptosis!in!response!to!PD0325901,!while!this!MEK!inhibitor!triggered!

apoptosis!in!cell!lines!with!low!basal!pAKT!levels!and!robust!PTEN!expression.!In!

this!Chapter,!I!describe!unpublished!studies!of!additional!inhibitors!in!this!system!as!

well!as!functional!and!biochemical!experiments!to!elucidate!mechanisms!of!

response!and!resistance!to!PD0325901!in!TJALL!cells.!!

!

Results!

Sensitivity"of"THALL"Cells"to"Chemical"Inhibitors"of"PI3K/AKT"Signaling."To!

extend!the!studies!of!GDCJ0941!and!MK2206!presented!in!Chapter!2!(see!Figure!5!

and!Supplemental!Figure!6!in!Chapter!2),!we!interrogated!the!effects!of!additional!
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PI3K/AKT/mTOR!pathway!inhibitors!on!the!growth!of!TJALL!cell!lines.!These!

molecules!included:!(1)!PP242,!an!ATP!competitive!mTORC1/2!inhibitor!and!less!

potent!inhibitor!of!PKCα,!p110ϒ,!and!JAK2;!and!(2)!Rapamycin,!which!inhibits!

mTOR!and!mTORC1.!1,2!As!with!GDCJ0941!and!MK2206,!TJALL!cells!with!and!

without!detectable!PTEN!expression!displayed!equivalent!sensitivity!to!these!

inhibitors!(Figure!1)."

"

PD032901"causes"sensitive"cells"to"undergo"apoptosis."In'vitro!proliferation!

assays!characterized!lines!as!sensitive!or!resistant!to!MEK!inhibition,!but!the!

method!of!determining!proliferation!did!not!distinguish!between!cell!death!and!cell!

stasis.!In!studies!presented!in!the!article!included!as!Chapter!2,!we!assessed!the!

mechanism!of!action!of!PD325901!in!TJALL.!"

! We!plated!TJALL!cell!lines!with!PD0325901!for48!hours,!then!fixed!and!

permeabilized!them,!and!stained!for!activated!CaspaseJ3!and!Draq5.!CaspaseJ3!is!a!

member!of!the!cysteineJaspartic!acid!protease!family!and!is!activated!by!both!

intrinsic!and!extrinsic!pathways.!!3!The!caspaseJ3!is!zymogen!is!activated!by!

Caspases!8!and!9!once!apoptosis!has!begun!in!the!cell.!4!Draq5!is!a!farJred!DNA!stain!

used!in!FACS!analysis!to!determine!cell!cycle!distribution.!5!

! Cell!lines!with!PTEN!expression!that!were!exposed!to!PD0325901!underwent!

apoptosis,!while!those!without!detectable!PTEN!were!resistant!(Figure!2!and!

Supplemental!Figure!6!in!Chapter!2).!TJALL!cell!lines!with!and!without!PTEN!were!!
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! !

Figure"1"–"PTEN"expression"does"not"alter"response"to"PI3K"inhibitors."Proliferation'assays'of'PP242'
and'Rapamycin."Data'are'represented'as'percent'maximum'of'DMSO'wells.'Three'doses'per'cell'line'were'
run'and'no'significant'differences'were'seen'between'lines'that'have'lost'PTEN'expression'and'those'that'
retain'PTEN'expression.'
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!

! !

Figure"2"–"Second"site"mutants"sensitive"to"PD0325901"undergo"apoptosis.''PTEN'expressing'lines'
undergo'apoptosis'in'the'presence'of'PD0325901'as'indicated'by'expression'of'cleaved'caspaseS3.'Cells'
that'do'not'express'PTEN'show'no'marked'increase'in'apoptosis'in'the'presence'of'PD0325901.'Both'
lines'with'and'without'PTEN'undergo'apoptosis'when'treated'with'staurosporine.'
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!
able!to!undergo!apoptosis!when!exposed!to!staurosporine,!a!potent!protein!kinase!C!

inhibitor.!6!These!data!indicate!that!PD0325901Jresistant!TJALL!cells!do!not!have!a!

global!impairment!in!apoptosis,!but!they!selectively!fail!to!die!when!Raf/MEK/ERK!

signaling!is!inhibited.!No!difference!was!observed!in!cell!cycle!between!lines!with!

and!without!PTEN!(Figure!3).!

!

MEK"inhibition"alters"expression"levels"of"proHapoptotic"proteins."We!performed!

Western!blotting!of!candidate!proteins!as!an!initial!step!toward!characterizing!the!

mechanisms!underlying!whether!or!not!TJALL!cells!undergo!apoptosis!in!response!

to!PD0325901.!Apoptosis,!or!programmed!cell!death,!is!a!cellular!response!to!stress!

that!results!when!various!regulatory!signals!initiate!a!conserved!“death!program”!in!

the!cell.!7,8!The!BclJ2!family!of!proteins!plays!an!essential!role!in!triggering!the!

apoptotic!pathway!(ref).!This!family!contains!over!25!proteins,!both!proJapoptotic!

members!(BAX,!BAK,!BAD)!and!antiJapoptotic!(MCLJ1,!BclJ2,!BCLJxl)!that!primarily!

reside!on!the!outer!mitochondrial!surface.!9!Upon!activation,!proJsurvival!BclJ2!

family!proteins!inhibit!the!release!of!cytochrome!c!from!the!mitochondria.!

Conversely,!proJapoptotic!proteins!activate!cytochrome!c!release,!and!after!it!is!

released!into!the!cytosol!it!activates!caspases!3!and!9,!initiating!apoptosis.9,10"

! We!exposed!sensitive!and!resistant!TJALL!cells!to!PD0325901!and!collected!

the!cells!0,!2,!4,!8,!12,!24,!and!48!hours!later.!We!hypothesized!that!cells!that!

undergo!apoptosis!in!response!to!MEK!inhibition!and!might!differentially!express!

proteins!associated!with!apoptosis.!Consistent!with!this,!we!found!that!sensitive!cell!!
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! !

Figure"3"–"THALL"lines"show"no"changes"in"cell"cycle"in"the"presence"of"PD0325901."TSALL'lines'with'
and'without'PTEN'expression'show'no'gross'differences'in'cell'cycle'after'treatment'with'1µM'
PD0325901.'DNA'stain'Draq'5'was'used'48'hours'after'treatment'with'PD0325901.'
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lines!express!equal!or!lower!levels!of!the!antiJapoptotic!proteins!MCLJ1!and!BCLJxl!

at!0,!and!that!these!levels!decreased!after!exposure!to!PD0325901!(Figure!4).!By!

contrast,!cell!lines!resistant!to!inhibition!of!MEK!by!PD0325901!show!equal!or!

higher!levels!of!these!proteins!in!basal!conditions!and!their!expression!increases!or!

remains!the!same!after!drug!exposure.!

! While!our!studies!implicated!hyperJactivated!PI3K!signaling!in!resistance!to!

PI3KJinduced!apoptosis,!these!data!were!correlative!in!nature.!We!therefore!

assessed!the!response!of!TJALL!cells!to!a!combination!of!AKT!and!MEK!inhibitors!to!

test!the!hypothesis!that!reducing!PI3K!signaling!in!resistant!lines!would!sensitize!

them!to!PD0325901.!We!exposed!TJALL!cells!to!an!intermediate!concentration!of!

MK2206!(0.1!µM)!that!reduced!pAKT!to!levels!seen!in!cell!lines!with!intact!PTEN!

expression!(Supplemental!Figure!6!in!Chapter!2)!and!a!range!of!MEK!doses.!

Exposing!resistant!TJALL!cells!lacking!PTEN!expression!to!MK2206!increased!

sensitivity!to!MEK!inhibition!(Figure!5).!

We!also!collected!lysates!from!cell!lines!treated!with!a!combination!of!

PD0325901!and!MK2206!as!well!as!MK2206!alone,!and!performed!Western!

blotting.!!These!experiments!showed!that!the!expression!of!proJapoptotic!proteins!

BCLJxl!and!MCLJ1!remained!stable!or!increased!in!resistant!cells!treated!with!single!

agents.!However,!combined!MEK!and!PI3K!inhibition!decreased!the!expression!of!

both!proteins!to!levels!that!were!similar!to!cell!lines!that!are!sensitive!to!MEK!

inhibition!alone!(Figure!5).!!

!

! !
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!

Figure"4"–"Varied"expression"of"proHsurvival"proteins"in"the"presence"of"PD0325901.'PTEN'
null'cell'lines'express'equal'or'higher'basal'levels'of'BCLSxl'and'MCLS1'and'levels'increase'or'
remain'steady'after'exposure'to'drug.'Cell'lines'that'express'PTEN'express'lower'levels'of'these'
proteins'and'in'the'presence'of'drug'the'expression'decreases'further.'Time'indicated'is'hours'after'
exposure'to'drug.'

'
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!

!  

Figure"5"–"Inhibition"of"AKT"alters"sensitivity"to"PD0325901"and"expression"of"proHsurvival"

proteins."(A)'Increasing'doses'of'MEK'inhibitor'PD0325901'alone'and'in'combination'with'1µM'
MK2206'(B)'Western'blot'analysis'of'lysates'of'cells'treated'with'MK2206'alone'and'with'
PD0325901'show'altered'expression'of'proSsurvival'proteins'BCLSxl'and'MCLS1'in'the'combination'
treated'samples.'Levels'of'proSsurvival'proteins'decrease'over'time'after'exposure'to'PD0325901'
and'MK2206.'

 

'

A 

B 
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Knockdown"of"PTEN"alters"sensitivity"to"PD0325901."Because!cell!lines!with!intact!

PTEN!expression!are!uniquely!sensitive!to!MEK!inhibition,!we!asked!if!altering!

PTEN!expression!would!modulate!sensitivity.!

! We!designed!shortJinterfering!RNA!(siRNA)!hairpins!based!on!published!

sequences!and!annealed!them!into!a!lentivirus!vector.!11J13!Efficient!knockdown!of!

PTEN!protein!expression!was!confirmed!in!NIH!3T3!cells!(Figure!6).!We!transduced!

TJALL!cell!lines!with!these!hairpins,!and!after!72!hours!placed!the!cells!in!0.1!µM!

PD0325901.!After!72!hours!we!increased!the!dose!to!1µM,!waited!72!hours,!then!

performed!flow!cytometry.!

! Cell!lines!with!intact!PTEN!expression!that!were!treated!with!the!hairpin!

survived!in!PD00325901!at!levels!similar!to!cell!lines!lacking!PTEN!that!were!

resistant!to!PD0325901!(Figure!7).!Additionally,!cells!from!lines!with!PTEN!that!

were!alive!in!the!presence!of!PD0325901!expressed!the!hairpin!at!much!higher!

frequency,!indicating!a!growth!advantage,!whereas!cells!from!lines!that!express!no!

PTEN!expressed!the!hairpin!at!low!levels.!

! Western!blots!from!cell!lines!with!PTEN!expression!that!have!been!exposed!

to!the!hairpin!showed!increases!in!AKT,!BCLJxl,!and!MCLJ1!(Figure!7),!similar!to!

what!is!seen!in!second!site!cell!lines!that!have!lost!PTEN!expression.!

! Together!with!studies!in!which!we!exposed!PD0325901Jresistant!TJALL!cell!

lines!to!both!MEK!and!AKT!inhibitors,!these!data!implicate!loss!of!PTEN!expression!!

as!a!critical!determinant!of!sensitivity!of!MEK!inhibitions!and!suggests!that!activated!

AKT!mediates!resistance!through!BCLJxl!and!MCLJ1!expression.!

! !
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Figure"6"–"Knockdown"of"PTEN"using"siRNA"vectors.'Western'blot'showing'efficient'knockdown'
of'PTEN'in'NIH3T3'cells.'
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Figure"7"H"PTEN"knockdown"alters"sensitivity"to"PD0325901"and"expression"of"proHsurvival"

proteins.'(A)'Percentage'of'live'cells'expressing'hairpins'in'the'presence'of'PD0325901'indicates'a'
selective'advantage'for'PTEN+'cells'to'express'PTEN'siRNA'hairpins.'(B)'PTEN'knockdown'
increases'expression'of'pAkt,'BCLSxl'and'MclS1.'
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!
Discussion!

SecondJsite!mutants!of!Ras!are!a!unique!biological!system!that!facilitate!

studies!of!distinct!downstream!Ras!effectors.!As!Ras!is!yet!undruggable,!these!

secondJsite!mutants!can!shed!insight!into!which!downstream!pathways!are!most!

important!for!cancer!initiation!and!maintenance.!Adding!chemical!inhibitors!to!this!

geneticallyJdefined!system!provides!further!information!regarding!signaling!

pathways!that!are!required!for!proliferation!and!survival.!

To!determine!if!pathway!activation!of!second!site!mutants!could!influence!

responses!to!chemical!inhibition,!cell!lines!were!treated!with!a!variety!of!inhibitors!

(Figure!1).!Interestingly,!both!E37G!and!Y64G!cell!lines!were!sensitive!to!inhibition!

of!the!PI3K!pathway!irregardless!of!PTEN!status.!This!was!surprising!given!that!in!

lines!without!PTEN!expression,!pAKT!levels!were!significantly!higher.!It!has!

previously!been!thought!that!higher!activation!of!a!pathway!is!correlated!to!a!

greater!sensitivity!to!inhibition!of!the!pathway,!as!cells!that!have!increase!flux!

through!a!pathway!may!become!dependent!on!that!increased!signal.!SecondJsite!TJ

ALL!cell!lines!are!sensitive!to!PI3K!pathway!inhibition,!regardless!of!basal!pathway!

activation.!

To!elucidate!the!effects!PD0325901!was!having!in!sensitive!TJALL!cells,!we!

assessed!cell!cycle!status!and!apoptosis!in!the!presence!of!this!drug!(Figures!2,!3).!

Chemically!inhibiting!the!Raf/MEK/ERK!pathway!can!alter!proliferation,!as!

demonstrated!in!thyroid!cancer!cell!lines,!or!cause!cells!to!undergo!apoptosis,!as!

seen!in!studies!on!multiple!myeloma,!nonJsmall!cell!lung!cancer,!and!ovarian!cancer.!

14J17!While!we!observed!no!changes!in!cell!cycle!status!in!sensitive!TJALL!cells!
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treated!with!PD0325901,!there!was!a!marked!increase!in!apoptosis,!as!measured!by!

cleaved!Caspase!3.!Cell!lines!that!were!sensitive!to!inhibition!of!pERK!by!

PD0325901!demonstrated!lower!basal!levels!of!the!antiJapoptotic!proteins!BCLJxl!

and!MCL1,!and!levels!decreased!over!time!after!exposure!to!PD0325901.!By!

contrast,!resistant!secondJsite!cell!lines!showed!higher!basal!levels!of!these!proteins!

that!persisted!or!increased!in!the!presence!of!PD0325901!(Figure!4).!

We!investigated!if!treating!our!secondJsite!cell!lines!that!were!resistant!to!

PD0325901!with!an!AKT!inhibitor!would!alter!their!sensitivity!to!pERK!inhibition.!

MEK!inhibition!has!been!seen!to!synergize!with!PI3K!inhibition!in!many!models!

including!nonJsmall!cell!lung!cancer,!rhabdomoyosarcoma,!NRAS!driven!melanomas,!

breast!cancer,!and!KRAS!mutant!colorectal!cancer.!18J20!In!hematopoietic!cells!

activated!PI3K!and!MEK!pathways!converge!to!regulate!the!cell!cycle.!21!

The!influence!of!PTEN!status!on!sensitivity!to!MEK!inhibitors!was!

characterized!with!the!inhibitor!E6201!in!melanoma!cell!lines,!where!wildJtype!

PTEN!correlated!with!sensitivity!to!MEK!inhibition!and!resistance!correlated!with!

PI3K!pathway!activation,!as!we!saw!in!our!studies.!22!Similarly,!in!KRAS!mutant!

colorectal!cell!lines,!PI3K!activation!through!loss!of!PTEN!led!to!reduced!sensitivity!

resistance!to!PD0325901.!23!The!resistant!phenotype!was!seen!more!robustly!in!cell!

lines!lacking!PTEN!compared!to!those!with!activating!PIK3CA!mutations,!which!the!

authors!interpreted!as!indicating!that!either!loss!of!PTEN!activated!the!pathway!

more!potently,!or!loss!of!PTEN!had!other!effects!on!the!cell!that!allowed!them!to!

survive!despite!MEK!inhibition.!A!combination!of!a!PD0325901!and!inactivation!of!

PIK3CA!resulted!in!the!cells!becoming!sensitive!to!PD0325901,!similar!to!we!saw!in!
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our!experiments.!!In!breast!cancer!cell!lines,!PTEN!loss!was!demonstrated!to!be!a!

negative!predictor!of!MEK!sensitivity,!and!PI3K!inhibition!synergized!with!MEK!

inhibition!to!decrease!cell!proliferation.!24!In!an!ovarian!cancer!mouse!model!

generated!by!KrasG12D!expression!and!tissueJspecific!PTEN!deletion,!tumors!were!

resistant!to!PI3K!inhibition!by!PFJ04691502,!but!when!combined!with!PD0325901!

these!tumors!regressed.!14!! 

In!our!studies,!when!cell!lines!were!treated!with!PD0325901!and!MK2206,!

lines!that!were!resistant!to!ERK!inhibition!became!sensitive,!indicating!that!high!

levels!of!phosphorylated!AKT!is!not!just!a!bio!marker!of!resistance!to!PD0325901,!

but!AKT!is!mediating!the!resistant!phenotype!(Figure!7).!!

Phosphorylated!AKT!serves!a!strong!proJsurvival!function!in!cells.!

Phosphorylated!AKT!directly!regulates!apoptosis!by!inhibiting!the!proJapoptotic!

protein!Bad,!causing!it!to!dissociate!from!proJsurvival!BclJ2!family!members!BCLJ2!

and!BCLJxl,!which!allows!them!to!localize!to!the!surface!of!the!mitochondria!where!

they!block!cytochrome!c!release.!25,26!Cytochrome!c!is!a!heme!protein!and!an!

intermediate!in!apoptosis!that!is!released!from!the!mitochondria!and!signals!to!the!

endoplasmic!reticulum!to!release!calcium,!which!triggers!more!cytochrome!c!in!a!

positive!feedback!loop.!27!When!calcium!levels!are!high!enough,!cytochrome!c!is!

released!at!such!levels!that!it!activates!caspase!9,!which!activates!caspases!7!then!3,!

and!the!cell!undergoes!apoptosis.!28!AKT!also!directly!blocks!apoptosis!through!

phosphorylating!Bax,!which!hinders!its!ability!to!localize!to!the!mitochondria!and!

make!pores!to!stimulate!cytochrome!c!release.!29!Several!forkhead!transcription!

factors!are!also!direct!targets!for!AKT,!and!when!phosphorylated!by!AKT!they!are!
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sequestered!in!the!cytoplasm,!unable!to!localize!to!the!mitochondria!and!mediate!

the!mitochondrial!independent!death!pathway.!30!Indirectly,!phosphorylated!AKT!

inhibits!GSK3β,!which,!when!activated,!degrades!MclJ1.!MclJ1!works!on!the!surface!

of!the!mitochondria!to!block!cytochrome!c!release!and!this!inhibit!apoptosis,!so!in!

the!presence!of!AKT,!MclJ1!is!able!to!exert!its!proJsurvival!function.!Activated!AKT!

can!also!activate!Mdm2,!which!negatively!regulates!p53.!31!

Because!of!the!known!proJsurvival!role!of!AKT!and!the!finding!that!

PD0325901Jsensitive!TJALL!cells!were!undergoing!apoptosis,!we!performed!

Western!blotting!to!determine!if!proJsurvival!proteins!were!being!altered!in!the!

presence!of!drug,!and!if!sensitive!and!resistant!cell!lines!had!altered!levels!of!these!

proteins!(Figure!4).!Indeed,!we!found!that!cell!lines!that!retained!PTEN!expression!

and!were!sensitive!to!MEK!inhibition!expressed!low!basal!levels!of!the!proJsurvival!

proteins!BCLJxl!and!MCLJ1.!Alternatively,!cell!lines!lacking!PTEN!expression!had!

high!AKT!levels!and!also!showed!higher!levels!of!these!proteins!in!basal!conditions,!

which!remained!steady!or!increased!in!the!presence!of!PD0325901.!

The!Raf/MEK/ERK!pathway!also!plays!a!role!in!apoptosis,!though!it!is!

thought!to!be!less!pivotal!than!AKT.!ERK!activates!transcription!factors!that!can!lead!

to!upregulation!of!BclJ2!family!members.!32!Phosphorylation!of!BIM!by!ERK!

decreases!the!interaction!of!BIM!and!BAX,!and!decreases!BIMs!proJapoptotic!

function.!33!MclJ1!is!also!phosphorylated!by!ERK,!and!this!phosphorylation!slows!

MclJ1!protein!turnover.!34!

The!discovery!that!proJsurvival!proteins!differed!between!sensitive!and!

resistant!cell!lines!leads!us!to!hypothesize!that!a!cells!ability!to!survive!in!the!
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presence!of!PD0325901!is!largely!dependent!on!its!inability!to!avoid!apoptosis.!Cells!

with!high!levels!of!AKT!have!likewise!high!levels!of!proJsurvival!protein!MCLJ1,!and!

BCL!family!members!in!the!cell!are!blocking!cytochrome!c!release!and!inhibiting!

apoptosis.!In!cell!lines!with!PTEN,!phosphorylated!AKT!is!reduced!and!thus!the!proJ

survival!effects!are!diminished.!This!makes!cells!more!sensitive!to!cell!death!by!

decreases!in!phosphorylated!ERK,!as!the!cells!lose!the!contribution!of!the!

Raf/MEK/ERK!pathway!to!their!survival,!and!as!they!express!PTEN!and!have!low!

levels!of!phosphorylated!AKT,!had!lower!activity!of!proJsurvival!proteins!to!begin!

with.!

There!are!no!previous!reports!correlating!the!expression!of!proJsurvival!BclJ

2!family!members!at!baseline!in!cells!with!elevated!AKT.!However,!the!differences!

we!observed!could!be!due!postJtranslational!mechanisms!or!the!involvement!of!

other!pathways!known!to!regulate!expression!of!proJsurvival!proteins!such!as!Ets!

transcription!factors,!NFJkappaB!signaling,!or!activated!integrins.!35J37!

!When!our!secondJsite!cell!lines!were!treated!with!a!combination!of!

PD0325901!and!MK2206,!the!lines!that!had!been!resistant!to!inhibition!became!

sensitive.!Western!blots!showed!that!levels!of!proJsurvival!proteins!BCLJxl!and!

MCLJ1!increased!or!did!not!change!in!the!presence!of!MK2206!alone,!but!in!the!

presence!of!the!combination,!these!proteins!decreased!to!levels!seen!in!sensitive!sell!

lines!(Figure!5).!

The!failure!of!MK2206!to!reduce!expression!of!proJsurvival!proteins!may!be!

explained!by!the!complex!compensatory!network!of!proJsurvival!proteins!in!the!cell.!

It!may!be!that!in!cells!with!a!high!basal!level!of!these!proteins,!shutting!down!
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phosphorylated!ERK!or!AKT!alone!is!not!enough!to!cause!the!levels!of!proJsurvival!

proteins!to!fall!and!apoptosis!to!occur,!but!a!combination!of!a!shut!down!in!both!the!

MEK/ERK!and!PI3K!pathways!causes!the!cells!to!undergo!apoptosis.!

We!sought!to!determine!if!PTEN!was!responsible!for!the!changes!in!AKT!that!

allowed!for!resistance!to!PD0325901,!so!hairpins!were!designed!to!knockdown!

PTEN.!Cells!were!transduced!and!treated!with!PD0325901,!and!collected!for!

analysis!by!FACs.!We!showed!that!cell!lines!that!retained!PTEN!expression!and!were!

sensitive!to!PD0325901!were!made!resistant!when!they!expressed!the!hairpin!

(Figure!6).!A!scrambled!hairpin!had!no!effect,!and!the!PTEN!siRNA!did!not!affect!cell!

lines!lacking!PTEN!expression.!

Experiments!in!colorectal!cancer!cell!lines!mentioned!previously!showed!that!

PI3K!activation!due!to!loss!of!PTEN!enhanced!resistance!to!PD0325901.!23!These!

authors!engineered!a!KRAS!mutant!cell!line!to!express!an!shRNA!targeted!to!PTEN.'

Similar!to!our!findings,!they!observed!that!decreasing!PTEN!levels!in!cells!sensitive!

to!PD0325901!reversed!the!sensitivity.!23!Likewise!in!the!breast!cancer!study,!RNAJ

interference!knockdown!in!KrasJdriven!tumor!cells!decreased!the!cells!sensitivity!to!

PD0325901.!These!date!support!our!conclusion!that!loss!of!PTEN!expression!may!be!

responsible!for!decreased!sensitivity!to!MEK!inhibition!in!Kras!driven!cancers.!24!

Our!studies!show!that!cell!lines!with!and!without!PTEN!are!equally!sensitive!

to!inhibition!of!AKT,!that!inhibition!of!AKT!and!MEK!in!combination!cause!cell!lines!

that!were!resistant!to!MEK!inhibition!to!become!sensitive,!and!that!proJsurvival!

proteins!are!altered!in!cell!lines!that!are!sensitive!to!PD0325901.!Though!further!

investigations!are!needed!to!determine!whether!MCLJ1!and!BCLJxl!are!required!for!



! 110!

a!resistant!phenotype!and!to!prove!that!PTEN!is!mediating!this!response!through!

AKT,!our!results!argue!that!activated!AKT!through!loss!of!PTEN!plays!a!role!in!drug!

sensitivity!through!the!actions!of!proJsurvival!proteins!BCLJxl!and!MCLJ1.!Activation!

of!AKT!through!loss!of!PTEN!renders!cells!resistant!to!MEK!inhibition.!

!
Materials!and!Methods!
! !
! Proliferation"Assays.!TJALL!second!site!cell!lines!were!plated!at!a!density!of!

30,000/100µL!in!96!well!plates.!Drug!was!added!in!varying!concentrations!in!

triplicate.!After!48!hours,!20µL!CellTiter!96®!AQueous!NonJRadioactive!Cell!

Proliferation!Assay!(Promega,!USA)!was!added!and!the!plates!were!incubated!for!4!

hours.!Plates!were!read!according!to!the!manufacturer’s!instructions.!Growth!curves!

were!established!as!percentages!of!maximal!growth!in!DMSO!and!IC50!values!were!

calculated.!!

"

Western"Blots.!Cells!were!collected!and!subsequently!lysed!in!a!RIPA!buffer,!

quantitated!by!Bradford!assay,!and!run!on!10%!TGX!gels!(BioRad).!Blots!were!

blocked!with!5%!milk!in!TBSJT!for!20!minutes!and!in!primary!antibody!overnight.!

Antibodies!used!for!immunoblotting!included!BclX!(Epitomics)!and!actin!and!Mcl1!

(Cell!Signaling).!

Apoptosis"and"Cell"Cycle"Assays.!TJALL!second!site!cell!lines!were!plates!to!a!

density!of!50,000!cells!per!well!in!1µM!PD0325901.!After!48!hours,!the!cells!were!

collected,!fixed!with!paraformaldehyde,!and!treated!with!an!antibody!against!

cleaved!CaspaseJ3!(BD)!or!DNA!stain!Draq!5!(Invitrogen).!FACS!data!were!acquired!
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with!LSRII!(BD!Biosciences)!using!FACSDiva!software!and!analyzed!with!FlowJo!

(Tree!Star).!!

"

PTEN"Hairpin"constructs.!Published!hairpin!sequences!to!PTEN!were!modified!to!

19mers!with!compatible!ends!for!the!pSicoR!vector.!Oligos!ordered!from!IDT!and!

annealed!via!PCR,!ligated,!and!checked!by!miniprep!and!sequencing!(MCLab).!!

"

Transfection"and"Transduction"With"PTEN"Constructs.!Pten!hairpin!lentivirus!was!

made!using!Fugene!reagent!(Promega)!and!293T!cells.!After!48!hours,!supernatents!

were!collected,!filtered,!and!concentrated!by!ulcentrifugation!(25,000!g!for!90!

minutes).!After!resuspension,!second!site!TJALL!cell!lines!were!transduced!with!

virus.!100,00!cells!were!plated!in!2mls!of!media!with!virus!in!a!6Jwell!plate!and!

spun!at!2500rpm!for!2!hours!in!the!presence!of!1x!polybrene,!then!incubated!for!an!

additional!2!hours!before!6ml!of!clean!media!was!added.!

"

Sensitivity"Assays"with"PTEN"knockdown.!72!hours!after!transduction!cell!lines!

were!placed!in!.01µM!PD0325901.!After!72!more!hours,!the!odes!of!drug!was!

increased!to!1µM.!72!hours!after!the!does!increase,!cell!lines!were!collected!and!

analyzed!by!FACS!as!described!above.!Cell!sorting!for!Western!blot!analysis!was!

done!on!a!FACSAria!III.!

!

!

!
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Introduction!

! Phosphatidylinositol!(3,4,5)Jtriphosphate![PtdIns(3,4,5)P3]!phosphatase!and!

tensin!homolog!(PTEN)!is!one!of!the!most!commonly!mutated!tumor!suppressors!in!

cancer.!1!PTEN!is!the!major!regulator!of!cellular!levels!of!PtdIns(3,4,5)P3, and its 

major roll in the cell is to catalyze!the!integral!second!messenger!PtdIns!(3,4,5)P3!to!

phosphatidylinositol!(4,5)J!bisphosphate![PtdIns(4,5)P2].!2!High!levels!of!

PtdIns(3,4,5)P3!decreases!signaling!of!downstream!receptor!tyrosine!kinases!

including!the!PI3!kinase!pathway,!and!it!is!through!this!negative!regulation!of!

PI3K/AKT!signaling!that!PTEN!is!thought!to!exert!its!tumor!suppressor!activity.!3!

AKT!activation!is!dependent!on!PtdIns(3,4,5)P3,!so!dephosphorylation!of!

PtdIns(3,4,5)P3!by!PTEN!leads!to!inhibition!of!AKT.!!Loss!of!PTEN!expression!leads!

to!activated!AKT!as!it!is!recruited!by!a!build!up!of!PtdIns(3,4,5)P3!at!the!plasma!

membrane,!and!an!increase!in!flux!through!the!PI3K!pathway!leading!to!increases!in!

cell!proliferation,!metabolic!activities,!and!a!decrease!in!apoptosis.!4!

PTEN!is!mutated!in!many!human!cancers,!including!skin,!prostrate,!

endometrial!carcinoma,!and!glioblastoma!multiforme,!and!individuals!with!germline!

PTEN!mutations!are!predisposed!to!multiple!cancers.!5!PTEN!plays!a!role!in!a!variety!

of!essential!cellular!functions!including!leukemic!stem!cell!self!renewal!through!

mTOR,!cell!cycle!progression!and!DNA!repair!through!RAD51,!proliferation!and!

apoptosis!through!AKT,!and!recently,!PTEN!has!been!shown!to!act!in!a!nonJPI3K!

dependent!matter!to!regulate!eukaryotic!translation!initiation!factor!2α!kinase!2!

(eIF2αK2),!JNK,!and!SRC.!6J8!!
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! PTEN!is!ubiquitously!expressed!in!human!cells,!but!its!expression!is!carefully!

controlled.!9!One!such!control!of!PTEN!is!epigenetic!silencing.!!In!several!cancer!

types,!the!promoter!region!of!PTEN!is!highly!methylated,!resulting!in!the!region!

being!less!transcriptionally!active.!10!Additionally,!PTEN!transcription!can!be!altered!

by!changes!in!the!chromatin.!11!Histone!acetylation/deacetylation!is!controlled!by!

the!transcription!factor!SALL4,!which!represses!PTEN!through!recruitment!of!an!

ATPase!and!histone!deacetylase!complex.!12!A!lack!of!methylation!in!several!genes!

including!PTEN!correlated!with!good!prognosis!in!TJALL!patients,!and!promoter!

methylation!and!subsequent!silencing!of!PTEN!has!been!observed!in!gliomas,!

glioblastomas,!JMML,!gastric!carcinoma,!hepatocellular!carcinoma,!nonJsmall!cell!

lung!carcinoma,!melanoma,!and!breast,!prostrate,!and!colorectal!cancers.!13J17!

! PTEN!expression!is!lost!and!PI3K!signaling!is!activated!in!5!of!the!6!secondJ

site!TJALL!cell!lines!that!harbor!Y64G!mutations!(Figure!2!in!Chapter!2).!

Quantitative!realJtime!PCR!indicated!markedly!reduced!mRNA!expression!levels!of!

PTEN!(Supplemental!Figure!2!in!Chapter!2).!One!E37G!line,!E4/4203,!has!no!PTEN!

expression!but!harbors!a!somatic!mutation!in!PTEN!(Supplemental!Figure!2!in!

Chapter!2).!The!one!Y64G!cell!line!that!does!not!lose!PTEN!expression,!Y4/3006,!had!

a!6!nucleotide!insertion!in!the!switch!II!region!of!Ras,!between!codons!69!and!70.!

This!inJframe!insertion!partially!activates!the!PI3K!and!is!seen!in!patients!with!lung!

cancer,!colon!cancer,!and!JMML.!18,19!DNA!sequencing!of!the!5!Y64G!TJALL!cell!

without!PTEN!expression!revealed!no!mutations,!so!we!sought!to!determine!the!

mechanism!of!Pten!silencing!in!these!lines.!
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!

Results!

Bisulfite"sequencing"does"not"alter"PTEN"DNA"Sequence."Because!DNA!

methylation!is!an!important!regulator!of!gene!expression!and!the!Pten'promoter!is!

often!methylated!in!cancer,!we!performed!bisulfite!sequencing!of!secondJsite!TJALL!

cell!lines.!!

! Genomic!DNA!from!cell!lines!underwent!bisulfite!modification,!where!cells!

are!treated!with!sodium!bisulfite,!which!converts!unmethylated!cytosines!to!

thymines!but!leaves!methylated!cytosines!unchanged.!20!Samples!are!then!purified,!

and!sent!for!DNA!sequencing.!

! DNA!sequencing!revealed!no!differences!between!TJALL!cell!lines!treated!

and!untreated!with!bisulfite!(Figure!1).!In!the!presence!of!methylated!promoters,!we!

would!expect!that!bisulfite!sequencing!would!result!in!DNA!that!would!consist!of!

thymines!and!cytosines,!but!sequencing!confirmed!the!absence!of!any!cytosines!

across!all!the!regions!studied,!showing!no!evidence!of!methylation!in!the!promoter!

region!of!Pten.'

'

5"azacytidine"Does"Not"Alter"PTEN"Expression."5Jazacytidine!inhibits!DNA!

methyltransferases!and!induces!hypomethylation.!21!We!hypothesized!that!if!PTEN!

is!methylated!in!our!secondJsite!cell!lines!and!methylation!is!leading!to!the!loss!of!!



! 121!

! !

Figure"1"–"Bisulfite"sequencing"of"PTEN"deficient"cells."Genomic'DNA'from'TSALLs'that'have'lost'
PTEN'expression'underwent'bisulfite'conversion,'which'revealed'no'protected'cytosines,'as'evidenced'by'
the'loss'of'cytosines'in'sequenced'samples.'Line'shown'is'Y5'but'is'representative'of'all'PtenS'lines'and'all'
primer'sets'tested.'
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PTEN!expression,!treating!cells!with!an!inhibitor!of!methylation!may!reverse!this!

effect.!Therefore,!we!exposed!cell!lines!lacking!PTEN!expression!to!1.0!or!0.5!µM!

doses!of!5Jazacytidine!for!3!days.!We!reasoned!that!if!PTEN!was!reJexpressed!as!a!

result!of!5Jazacytidine!treatment!that!this!might!result!in!a!decrease!in!proliferation!

as!the!PI3K!pathway!was!inhibited.!However,!no!gross!changes!in!proliferation!were!

seen!and!cell!lines!were!collected!for!qRTJPCR!to!evaluate!PTEN!levels.!Although!we!

were!able!to!detect!PTEN!in!our!PTEN+!lines,!no!changes!in!PTEN!mRNA!were!seen!

after!treatment!in!5Jazacytidine,!further!leading!us!to!presume!that!methylation!is!

not!the!mechanism!by!which!PTEN!expression!is!lost!in!our!cell!lines!(Figure!2).!

! To!confirm!that!the!dose!of!5Jazacytidine!we!were!using!was!biologically!

active,!a!published!study!was!replicated!wherein!5Jazacytidine!was!seen!to!increase!

expression!of!ZNF645!in!293T!cells!(Figure!2).!22!The!same!doses!used!on!our!

secondJsite!cell!lines!did!indeed!induce!expression!of!a!known!methylated!and!

transcriptionally!repressed!gene.!

Trichostatin"A"Does"Not"ReHActivate"PTEN."Trichostatin!A!is!a!histone!deacetylase!

inhibitor!with!epigenetic!activity.!23!Histone!deactylases!remove!acetyl!groups!from!

amino!acids!on!histone.!This!removal!allows!histones!to!bind!DNA!more!tightly,!

condensing!the!DNA!and!decreasing!transcription.!!HDAC!inhibitors!increase!histone!

acetylation!and!decrease!the!deacetylation,!making!DNA!more!accessible!on!the!

histone.!24!In!addition!to!its!action!on!the!chromatin,!Trichostatin!A!has!been!

demonstrated!to!induce!PTEN!transcription!and!is!known!to!promote!EgrJ1!

expression.!!EgrJ1!is!the!main!transcription!factor!regulating!PTEN,!and!upJ
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regulation!of!EgrJ1!has!been!seen!to!increase!PTEN!expression.!25!Finally,!histone!

acetyltransferase!synergistically!activates!PTEN!transcription!with!EgrJ1,!which!

implicates!the!role!of!histone!acetylation!in!PTEN!regulation.!26
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Figure"2"–"5Hazacytidine"treatment"does"not"alter"PTEN"expression.''(A)''qRTSPCR'on'
samples'treated'with'.5'and'1µM'5Sazacytidine'did'not'indicate'reSexpression'of'PTEN'as'
determined'by'fold'values'using'deltaSdelta'Ct.'(B)'Western'blots'of'293T'cells'treated'with'.5'
and'1µM'5Sazacytidine'did'reveal'reSexpression'of'ZNF645.'
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! We!asked!if!histone!deacetylation!was!responsible!for!the!loss!of!PTEN!

expression!in!our!secondJsite!cell!lines.!We!set!up!proliferation!assays!of!our!

secondJsite!cell!lines!in!the!presence!of!varying!doses!of!Trichostatin!A.!When!the!

control!well!was!confluent,!wells!were!counted.!We!hypothesized!that!if!histone!

modification!was!responsible!for!PTEN!loss,!treatment!of!Trichostatin!A!could!

reverse!this!effect!and!cause!reJexpression!of!PTEN!in!our!lines,!which!might!then!

decrease!proliferation!through!PTENs!effects!of!the!PI3K!pathway.!Although!all!of!

our!cell!lines!were!sensitive!to!doses!of!Trichostatin!A,!we!observed!no!measurable!

differences!in!the!sensitivity!of!lines!with!and!without!PTEN!to!an!HDAC!inhibitor!

(Figure!3).!!

! After!96!hours!in!Trichostatin!A,!cell!lines!were!collected!for!Western!

blotting!to!determine!if!expression!of!PTEN!was!altered!in!the!presence!of!drug.!We!

saw!no!reJexpression!of!PTEN!in!lines!with!PTEN!loss!after!treatment!with!

Trichostatin!A.!As!a!control,!we!looked!at!levels!of!H3,!a!histone!protein!involved!in!

nucleosome!structure.!27!H3!is!known!to!be!acetylated,!so!it!served!as!a!positive!

control!for!our!studies!and!validated!the!doses!of!Trichostatin!A!used!in!our!cell!

lines!were!sufficient!to!cause!modulate!H3!(Figure!4).!!

! Finally,!after!cells!were!treated!with!Trichostatin!A!for!96!hours,!they!were!

collected!and!RNA!was!isolated!for!QrtJPCR.!We!saw!no!induction!of!PTEN!in!lines!

after!treatment!of!Trichostatin!A!(Figure!5),!leading!us!to!surmise!that!histone!!



! 126!

! !

Figure"3"–"Cell"lines"show"no"changes"in"proliferation"in"response"to"treatment"with"

Trichostatin"A."Proliferation'assays'of'TSALL'cells'treated'with'varying'doses'of'Trichostatin'A.'
Values'are'shown'as'percent'of'control'(DMSO)'well.'Plus'signs'indicate'lines'that'express'PTEN.'
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!

! !

Figure"4"–"Trichostatin"A"does"not"alter"PTEN"expression.'Western'blot'analysis'of'TSALL'cells'
treated'with'Trichostatin'A'indicates'that'(A)'PTEN'levels'are'not'altered'after'96'hours'of'
Trichostatin'A'treatment'and'(B)'Trichostatin'A'at'doses'used'in'our'experiments'was'able'to'
increase'expression'of'known'acetylated'protein'H3.'Blue'boxes'indicate'lines'with'little'or'no'H3'
expression'at'basal'levels'where'induction'of'H3'was'observed'after'Trichostatin'A'treatment.'
Green'triangles'indicate'increasing'doses'of'drug'from'0S.01'in'A'and'0S.1'in'B.'

'

A!

B!
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Figure!5!–!Fold!change!of!PTEN!in!TLALL!cell!lines!exposed!to!Trichostatin!A.!qRTJPCR!
indicated!negative!or!insignificant!changes!in!PTEN!mRNA!expression!when!cell!lines!were!
exposed!to!Trichostatin!A.!Fold!values!were!calculated!using!deltaJdelta!CT.!

 

'
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modification!is!unlikely!to!be!the!mechanism!of!PTEN!loss!in!these!cells.!

!

EpiQ"Analysis"Does"Not"Implicate"Chromatin"Remodeling."To!further!investigate!

the!role!of!chromatin!remodeling!in!the!loss!of!PTEN!in!our!cell!lines,!EpiQ!analysis!

was!performed.!EpiQ!uses!RTJPCR!to!quantitate!the!structure!of!chromatin,!which!

can!exist!in!2!states!within!the!nucleus.!Heterochromatin!is!inaccessible!to!

nucleases,!and!is!thus!transcriptionally!silent.!28!It!is!unable!to!be!digested!due!to!its!

tightly!wound!nature,!and!therefore!in!our!experiments!is!able!to!be!amplified!by!

PCR!and!will!not!result!in!a!threshold!change!when!analyzed!by!RTJPCR.!

Euchromatin,!on!the!other!hand,!is!unwound!DNA.!It!is!available!and!easily!

accessible!to!nucleases,!and!is!able!to!be!digested.!As!such,!it!is!unable!to!be!

amplified!by!PCR!and!will!therefore!result!in!a!large!threshold!shift!in!RTJPCR.!

! We!exposed!our!secondJsite!TJALL!cell!lines!to!a!chromatin!buffer!either!

containing!a!nuclease!or!nuclease!free.!Genomic!DNA!was!isolated!and!chromatin!

structure!was!assessed!by!RTJPCR.!Results!are!normalized!to!a!known!

epigenetically!silenced!gene,!and!are!displayed!as!accessibility!percentages,!where!

95J100%!is!fully!accessible,!65J95!is!mostly!accessible,!20J65!indicates!low!

accessibility,!and!0J20%!in!highly!inaccessible!chromatin.!The!percentages!are!

calculated!by!comparing!the!delta!Ct!of!the!digested!versus!undigested!samples!of!

each!cell!line!and!comparing!the!values!to!the!known!epigenetically!silenced!

reference!genes!values!for!the!same!cell!line!(Figure!7).!

! Results!using!the!EpiQ!kit!were!mixed!and!were!never!reproducible!across!
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!!

! !

Figure"6"–"EpiQ"Analysis"of"PTEN"chromatin"structure."Percent!accessibility!of!PTEN!
promoter.!Values!are!determined!by!calculating!comparing!the!delta!Ct!of!known!epigenetically!
silenced!gene!and!that!of!PTEN.!!

'

PTEN+ 

PTEN- 
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!
RTJPCR!runs.!While!some!experiments!yielded!results!seeming!to!indicate!that!the!

chromatin!in!lines!without!PTEN!expression!were!in!an!inaccessible!position,!

subsequent!runs!did!not!verify!this!result,!and!our!data!therefore!did!not!support!

chromatin!remodeling!as!the!mechanism!underlying!PTEN!silencing.!

!

Discussion!

PTEN!is!regulated!by!a!variety!of!processes!within!the!cell.!In!cancer!there!is!

varied!evidence!that!epigenetic!regulation!of!PTEN!plays!a!role!in!drug!response,!

disease!progression,!and!tumor!maintenance.!10!We!sought!to!investigate!if!PTEN!

was!being!epigenetically!silenced!in!our!secondJsite!TJALL!cell!lines!that!do!not!

exhibit!PTEN!expression!as!a!way!to!reJactivate!the!PI3K!pathway.!

! Bisulfite!sequencing!did!not!indicate!that!the!promoter!of!Pten!is!methylated!

in!our!cell!lines.!Sequencing!did!not!reveal!any!protected!thymine!residues!(Figure!

1).!This!method!relies!heavily!on!the!design!of!primers!for!areas!in!the!promoter!

likely!to!be!methylated.!Although!our!primers!were!designed!using!a!program!

designed!to!help!determine!likely!CpG!islands!and!using!published!sequences!used!

in!previous!Pten!methylation!studies,!it!is!possible!that!there!is!methylation!of!the!

Pten!promoter!but!that!we!just!never!designed!the!appropriate!primers!to!detect!it.!

! Our!experiments!with!5Jazcytidine!did!not!indicate!that!PTEN!was!being!

negatively!regulated!by!methylation!(Figure!2).!The!doses!we!used!induced!the!



! 132!

expression!of!ZNF645,!a!gene!silenced!by!methylation!(Figure!3),!but!the!

experiments!never!yielded!any!change!in!PTEN!expression.!22!

! Likewise,!exposing!TJALL!cell!lines!to!Trishostatin!A!did!not!result!in!an!

induction!of!PTEN!expression.!We!expected!that!if!PTEN!expression!was!being!

influenced!by!histone!acetylation!and!chromatin!structure,!Trichostatin!A!might!

reverse!the!effect.!We!examined!time!points!commonly!used!in!the!literature,!but!

saw!no!changes!by!either!proliferation!assay,!Western!blot,!or!RTJPCR!(Figures!

4,5,6).!29!

! Finally,!analysis!of!chromatin!accessibility!by!nuclease!digestion!and!RTJPCR!

did!not!yield!a!clear!positive!result.!Experimentally!the!results!were!inconsistent.!

This!could!perhaps!be!corrected!for!by!optimizing!the!time!of!nuclease!digestion!

and!the!amount!of!nuclease!used.!Values!for!the!reference!gene,!which!is!essential!

for!calculating!accessibility!were!not!ideal,!which!could!be!due!to!it!being!in!a!

partially!accessible!configuration!in!our!cell!lines.!Some!cell!lines!also!contain!

endogenous!nuclease!activity,!so!it!is!possible!that!this!experiment!could!have!been!

successful!with!more!optimization.!

! Although!we!focused!our!studies!on!epigenetic!silencing,!PTEN!expression!is!

highly!regulated!in!the!cell!by!various!mechanisms,!many!of!which!can!lead!to!its!

decreased!expression,!any!of!which!may!be!responsible!for!the!lack!of!PTEN!in!our!

secondJsite!cell!lines!and!all!of!which!could!be!explored!further.!!

PTEN!is!regulated!by!phosphorylation.!Its!membrane!recruitment!and!lipid!
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phosphatase!activity!is!dependent!on!phosphorylation!in!its!CJterminal!tail.!30!By!

contrast,!PTEN!phosphorylation!at!Thr366!leads!to!degradation!of!the!protein.!31,32!

! PTEN!can!be!subject!to!ubiquitylation!by!E3!ligases.!NEDD4,!XIAP,!and!

WWP2!have!all!been!shown!to!ubiquitylate!PTEN,!though!only!NEDD4!is!wellJ

studied.!33,34!NEDD4!ubiquitylates!PTEN!in!a!contextJdependent!manner,!

downregulating!PTEN!when!the!PI3K!pathway!is!required!for!neuronal!survival.!35!

In!breast!cancer!the!relationship!between!NADD4!and!PTEN!has!been!observed!to!

be!altered!by!other!proteins.!Authors!observed!that!RAK!phosphorylation!of!PTEN!

stabilizes!and!prevents!PTEN!from!binding!to!NEDD4,!rescuing!PTEN!from!

degradation.!36!

! PTEN!is!susceptible!to!degradation!due!to!oxidation.!37!Changes!in!the!

catalytic!activity!by!oxidation!can!occur!directly!by!ROS!in!the!active!site!forming!a!

diJsulfide!bond!or!indirectly,!as!oxidation!of!PTEN!binding!partner!PARK7!induces!

binding!to!PTEN!and!the!subsequent!inhibition!of!lipid!phosphatase!activity.!38!

! SJnitrosylation!is!another!mechanism!of!PTEN!regulation.!Nitric!Oxide!

induces!PTEN!SJnitrosylation,!inactivating!its!lipid!phosphatase!activity!via!NEDD4!

degradation.!Pten!can!also!be!SJnitrosylated!by!NO,!and!the!degree!of!SJnitrosylation!

of!PTEN!has!been!correlated!with!reduced!PTEN!levels!and!increases!in!AKT!

activation!in!early!Alzheimer!disease.!39!

! In!addition!to!postJtranslational!modifications,!PTEN!is!regulated!by!many!

nonJcoding!RNAs.!!Expression!of!miRNAs!that!have!been!observed!to!downJregulate!
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PTEN!have!been!found!in!patients!with!metabolic!disease,!Cowden!disease,!and!

leukemia!and!have!been!demonstrated!to!promote!tumorigenesis!or!advance!

disease.!40J44!In!addition!to!miRNAs!themselves,!regulators!of!miRNA!that!modulate!

PTEN!have!also!been!discovered!and!found!to!be!altered!in!disease!states,!as!miRJ

19,!a!miRNA!known!to!decrease!PTEN!expression!is!upregulated!by!MYC.!45!

Interestingly,!the!PTEN!psuedogene!PTENP1'has!been!shown!to!act!as!a!sort!of!

miRNA!decoy,!playing!a!role!in!the!regulation!of!PTEN!by!sequestering!miRNA!

targeting!PTEN!and!thus!preserving!PTEN!expression.!46,47!

! Although!we!were!unable!to!determine!the!mechanism!by!which!PTEN!is!

silenced!in!our!secondJsite!TJALL!cell!lines,!it!is!a!scientifically!important!question!

that!can!and!should!be!answered!by!further!studies.!

!

Materials!and!Methods!

Bisulfite"Sequencing."Bisulfite!conversion!was!performed!using!the!EZ!DNA!

MethylationJDirect!Kit!(Zymo!Research).!Briefly,!secondJsite!TJALL!cell!lines!were!

collected!and!digested!with!Proteinase!K.!Bisulfite!conversion!was!performed!using!!

the!CJT!Conversion!Reagent,!heated!to!98!degrees!and!the!lowered!to!64!degrees!for!

3.5!hours.!The!resulting!product!was!bound!to!a!spin!column,!washed,!eluted,!and!

sent!for!immediate!sequencing.!

!
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5"Azacitidine"Studies."SecondJsite!TJALL!cell!lines!were!plated!to!a!density!of!2!

million!per!3!milliliters!of!media!in!12Jwell!plates.!5Jazacytidine!(Sigma)!was!added!

to!a!final!concentration!of!.5!and!1!µM.!New!drug!was!added!every!24!hours,!and!cell!

lines!were!collected!at!96!hours.!RNA!was!isolated!using!the!RNeasy!Mini!Kit!

(Qiagen)!and!cDNA!made!with!SuperscriptIII!(Invitrogen).!Taqman!PTEN!primers!

(Invitrogen)!were!used!in!a!gene!expression!QrtJPCR!assay!(ABI!Invitrogen)!run!on!

an!AB!7900!using!Taqman!Gene!Expression!Master!Mix!(Invitrogen).!

"

Trichostatin"A"Experiments."Trichostatin!A!(Sigma)!was!added!to!secondJsite!TJ

ALL!cell!lines!plated!to!a!density!of!2!million!per!3!milliliters!of!media!in!a!12Jwell!

plate.!Drug!was!added!at!concentrations!of!.001,!.01.!and!.1!µM.!Trichostatin!A!was!

added!fresh!daily!and!cell!lined!were!counted!on!a!hemocytometer!when!the!DMSO!

well!was!confluent!(96!hours).!Lysates!were!collected!for!Western!blot!and!run!on!a!

10%!gel!as!described!previously.!Antibodies!used!were!from!Cell!Signaling.!QrtJPCR!

was!performed!as!described!above.!

"

EpiQ"Analysis."EpiQ!(BioRad)!experiments!were!performed!as!described!in!the!

manufacturers!instructions.!In!summary,!a!chromatin!buffer!is!added!to!cells!and!

incubated!in!a!tissue!culture!incubator!for!one!hour.!Ethanol!is!added!and!genomic!

DNA!is!isolated.!qPCR!was!performed!using!EpiQ!Chromatin!SYBR!Supermix!

(BioRad)!on!an!AB!7900.!Data!were!analyzed!using!the!EpiQ!chromatin!kit!data!

analysis!tool.!
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Concluding!Remarks!

! Our!studies!of!TJALL!cell!lines!generated!from!leukemias!that!were!initiated!

by!expressing!“second!site”!KRAS!mutations!in!mouse!bone!marrow!unexpectedly!

showed!that!PTEN!expression!strongly!modulated!sensitivity!to!MEK!inhibition.!

Further!analysis!indicates!that!this!sensitivity!is!due!to!a!decrease!in!proJsurvival!

proteins,!as!susceptible!cells!succumb!to!apoptosis.!Additionally,!we!have!shown!

that!AKT!phosphorylation!is!required!for!the!proJsurvival!proteins!BCLJxl!and!MCLJ

1!to!be!expressed!and!lines!to!remain!resistant!to!MEK!inhibition.!These!data!

indicate!that!it!is!not!only!increased!pathway!activation!that!drives!whether!a!given!

drug!will!be!effective,!but!a!complex!interplay!of!feedback!and!signaling!must!be!

considered.!

!

Future!Directions!

! In!our!work!we!have!described!the!response!of!various!secondJsite!TJALL!

cell!lines!to!MEK!inhibition!by!PD0325901.!These!studies!have!informed!us!of!the!

role!of!PTEN!as!a!marker!of!drug!sensitivity.!We!showed!through!a!knockdown!

experiment!that!decreasing!PTEN!expression!in!our!second!site!cell!lines!that!are!

sensitive!to!MEK!inhibition!altered!the!sensitivity!and!caused!cells!to!become!more!

resistant!to!PD0325901.!These!data!reinforce!the!idea!that!PTEN!is!responsible!for!

the!sensitive!phenotype.!However,!to!fully!elucidate!the!role!of!PTEN!as!the!

gatekeeper!of!sensitivity,!further!study!is!required.!!!

First,!to!more!fully!prove!that!PTEN!is!the!driver!of!MEK!sensitivity!in!our!

system!it!would!be!important!to!reJintroduce!PTEN!into!the!lines!that!are!deficient!



! 145!

for!it,!to!determine!if!PTEN!expression!can!reverse!resistance!to!PD0325901.!E37G!

and!Y64G!mutants!are!different!genetically!and!biochemically,!so!it!is!important!to!

firmly!establish!that!though!varied,!expression!of!just!the!PTEN!protein!can!alter!the!

resistant!phenotype!we!observed.!

! Through!our!experiments!we!showed!that!even!partial!inhibition!of!AKT!

caused!cell!lines!that!had!lost!expression!of!PTEN!become!sensitive!to!MEK!

inhibition!by!PD0325901.!Our!data!indicates!that!PTEN,!acting!through!its!lipid!

phosphatase!activity!to!regulate!AKT!levels,!is!altering!sensitivity!to!MEK!inhibition.!

! The!drug!we!used!in!our!combination!study,!MK2206,!is!a!specific!AKT!

inhibitor.!1!It!would!be!interesting!to!note!if!other!PI3K!inhibitors!would!likewise!

cause!sensitivity!to!PD0325901!in!cell!lines!without!PTEN!expression.!Although!

BCLJxl!and!MCLJ1!are!both!regulated!by!AKT!!and!their!levels!correlate!with!

resistance,!perhaps!other!proJsurvival!proteins!could!likewise!alter!the!resistant!

phenotype.!Apoptosis!is!tightly!controlled!in!the!cell,!with!much!redundancy.!2!Using!

inhibitors!targeting!different!nodes!of!the!PI3K!pathway!could!elucidate!other!

mechanisms!by!which!cell!lines!may!become!resistant!to!MEK!inhibition.!

As!an!alternative!to!utilizing!chemical!inhibitors,!RNA!knockdown!studies!

could!also!help!to!elucidate!the!specific!role!of!AKT!for!drug!resistance.!Decreasing!

AKT!in!the!cell!in!this!manner!and!performing!proliferation!assays!would!allow!us!to!

determine!if!PTEN!is!exerting!its!effect!strictly!through!its!regulation!of!AKT.!

Although!the!main!lipid!phosphatase!activity!of!PTEN!is!through!regulation!of!

PtdIns(3,4,5)P3!and!thus!AKT!levels!in!the!cell,!PTEN!exhibits!nonJcanonical,!nonJ

PI3K!related!!activity!as!well.!PTEN!loss!has!been!shown!to!activate!the!JNK!pathway!
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independent!of!AKT!activation,!and!based!on!in'vitro!studies!PTEN!is!able!to!

dephosphorylate!Ser,!Tyr,!and!Thr!residues!and!focal!adhesion!kinase!(FAK)!and!

cAMP!responsiveJelementJbinding!protein!(CREB).!3J5!!Loss!of!PTEN!can!also!lead!to!

activation!of!nonJreceptor!tyrosine!kinase!SRC!and!conferred!resistance!to!HER2!

breast!cancer!cell!lines.!6!It!is!possible!that!although!AKT!is!clearly!involved!in!the!

resistant!phenotype,!PTEN!may!be!altering!sensitivity!to!MEK!inhibition!in!a!nonJ

canonical!manner.!

We!found!that!the!levels!of!proJsurvival!proteins!BCLJxl!and!MCLJ1!were!

increased!in!cell!lines!that!are!resistant!to!MEK!inhibition.!To!determine!if!these!

proteins!are!responsible!for!the!resistant!phenotype,!it!would!be!necessary!to!alter!

their!expression!and!assess!responses!to!PD0325901.!ABTJ737!is!an!inhibitor!of!

Bcl2!proteins!and!is!active!against!BCLJxl!but!not!MCLJ1.!7!Preliminary!studies!in!

our!laboratory!have!showed!no!effect!on!sensitivity!to!PD0325901!when!this!drug!is!

used!on!PTEN!deficient!secondJsite!TJALL!cell!lines.!However,!studies!in!a!mouse!

lymphoma!model!have!shown!that!inhibition!of!MCLJ1!is!required!for!ABTJ737!to!

effectively!induce!apoptosis!in!cell!lines!with!MCLJ1!expression.!8!This!data!indicate!

that!MCLJ1!inactivation!is!capable!of!sensitizing!resistant!cells!and!that!these!2!proJ

survival!proteins!work!together!in!the!evasion!of!apoptosis.!Designing!a!hairpin!to!

MCLJ1!and!using!it!alone!and!in!combination!with!ABTJ737!would!elucidate!the!role!

of!these!2!specific!proJsurvival!proteins!in!the!response!to!MEK!inhibition.!

Alternatively,!hairpins!to!NOXA,!which!negatively!regulates!MCLJ1!and!targets!it!for!

degradation!could!be!designed!and!used!in!combination!with!ABTJ737.9!

Alternatively,!the!inhibitor!TWJ37!could!be!used.!This!drug!has!been!demonstrated!
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to!target!MCLJ1!and!BCLJxl!in!BJcell!lymphomas.!10!As!an!alternative!to!inhibitor!

studies,!the!role!of!MCLJ1!and!BCLJxl!in!sensitivity!to!PD0325901!could!be!assessed!

through!the!generation!of!constructs!to!overJexpress!MCLJ1!and!BCLJxl!proteins!in!

lines!which!express!PTEN!and!show!sensitivity!to!MEK!inhibition.!It!would!be!

interesting!to!note!if!both!of!these!proteins!are!required!for!resistance!to!develop.!

Our!studies!of!the!regulation!of!PTEN!did!not!elucidate!the!mechanism!by!

which!PTEN!expression!is!lost!in!our!secondJsite!cell!lines.!We!sought!to!determine!

if!PTEN!was!silenced!through!epigenetic!mechanisms!through!bisulfite!sequencing,!

5Jazacytidine!and!Trichostatin!A!treatment,!and!epiQ!analysis.!That!all!our!results!

were!negative!indicates!that!PTEN!is!being!regulated!by!another!mechanism!than!

methylation!or!chromatin!remodeling.!!

PTEN!can!be!down!regulated!by!phosphorylation!events,!oxidation,!

ubiquitylation,!and!SJnitrosylation.!11!Additionally,!PTEN!interacts!with!and!the!lipid!

phosphatase!activity!is!increased!by!interaction!with!p85.!12!Interactions!with!

shankJinteracting!proteinJlike!1!(SIPL1)!or!PtdIns(3,4,5)P3–!RACJexchanger!2!

(PREX2)!can!decrease!PTENs!lipid!phosphatase!activity.!13,14!Since!PTEN!is!not!

mutated!in!our!TJALL!cells,!any!of!these!mechanisms!for!down!regulating!PTEN!may!

be!acting!in!our!lines.!

! Our!experiments!indicate!the!role!of!antiJapoptotic!proteins!in!resistance!to!

MEK!inhibition!and!the!role!of!PTEN!in!mediating!this!response.!That!so!many!of!our!

cell!lines!have!lost!PTEN!expression!suggests!its!importance!as!a!mechanism!by!

which!cells!will!reJwire!and!reJactivate!lost!pathways.!The!mechanism!by!which!

PTEN!loss!occurs!is!important!for!our!understanding!of!potential!effects!of!Ras!
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effector!pathway!inhibition.!!
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