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Abstract: Thesignaltransduceandactivatorof transcriptionStatbis transientlyactivated
by growth factor andcytokinesignalsin normalcells, but its persistentictivationhasbeen
observedn a wide rangeof humantumors.AberrantStat5activity wasinitially observed
in leukemiasbut subsequenthalsofound in carcinomasWe investigatedhe importance
of Stat5in humantumor cell lines. shRNA mediateddownregulatiorof StatSrevealedhe
dependencef prostateandbreastcancercells on the expressiorof this transcriptionfactor.
We extendedtheseinhibition studiesand derived a peptide aptamer(PA) ligand, which
directly interactswith the DNA-binding domainof Stat5in a yeasttwo-hybrid screen.The
Stat5 specific PA sequencas embeddedn a thioredoxin (hTRX) scaffold protein. The
resulting recombinant protein S5DBD-PA was expressedin bacteria, purified and
introduced into tumor cells by protein transduction. Alternatively, S5DBD-PA was
expressedn the tumor cells after infection with a S5DBD-PA encaling genetransfer
vector. Both strategiesimpaired the DNA-binding ability of Stat5, suppressedStat
dependentransactivatiorandcausd its intracellulardegradationOur experimentsiescribe
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a peptide basedinhibitor of Stat5 protein activity which can serve as a lead for the
developmenof aclinically usefulcompoundor canceitreatment.

Keywords: peptideaptamer(PA); signaltransduceandactivatorof transcription5 (Stat5)
RNA interference(RNAI); yeasttwo-hybrid (Y2H); protein transduction;prostateand
breastcancercell lines;inhibition of DNA-binding

1. Introduction

The JakStat signaling pathway is an essentialcellular communicationroute from the plasma
membraneto the nucleus.It can be activatedby cytokines, hormonesand growth factors and is
involved in the regulationof homeostasisand tissuespecific functions[1,2]. In mammalsthe Stat
proteinfamily consistsof sevenmemberqStatl,2, 3, 4, 5a,5b and 6) with similar domainstructures
andlengthsrangingfrom 750 to 850 amino acids. They comprisean amino terminal tetramerization
domain, followed by a coiled-coil and central DNA-binding domain (DBD), a linker domain,
a characteristiSH2domainanda carboxylterminaltransactivatiordomain.The TAD determineghe
tissueandcell type specificactivity of Stats.Its functionis modulatedoy secondarynodificationsand
cofactor interactions.Activation of Statsoccursvia phosphorylationof a tyrosine residuelocated
betweenthe SH2 and TAD-domains. The activating kinasescomprisereceptorassociatedlanus
family kinases(Jak),receptortyrosinekinasese.g, EGFRor cytoplasmictyrosinekinasesge.g, Src.
Stat proteinsform transactivatingdimers of parallel conformationby reciprocalinteractionof their
SH2 andtheir tyrosinephosphorylatedlomains[3]. This conformationexposes nuclearlocalization
signal (NLS) within the DBD of Stat dimers[4], which allows them to bind to importin-U and
translocatento the nucleus.Therethey bind to consensu$sAS-motifs, gammainterferon activated
site: TTCNNNGAA, presentin targetgenepromoters. Additional noncanonicalfunctions,functions
not dependentupon the transcriptionaltransactivationof genes,have recently beendescribedfor
membersof the Stat family. Phosphorylatedlimers or nonphosphorylatednonomersof Stat3and
Stat5canassumeadditionalfunctionsin varioussubcellularcompartmentsThesefunctionsregulatethe
maintenancend modification of mitochondria,the Golgi apparatusnd roughendoplasmigc reticulum,
themodificationof heterochromatimndthe cytoskeletoraswell ascofactoractivities[1,5,6].

The isoforms Stat5aand Stat5b share 95% sequencedentity at the protein level. Homo and
heterodimercan be formed. They were originally identified as transcriptionfactors of milk protein
geneq7,8], but manyadditionalStatsmediatedfunctionshavesincebeendiscoveredBoth genesare
ubiquitouslyexpressedand3,000to 100,000 moleculeshavebeendetectedper cell, dependingn the
cell type anddifferentiationstate[9,10]. Statbis a mastemregulatorof hematopoiesiandmammogenesis
andalsoexertsa strongimpacton immune,prostateandliver cell functions.The activationof Stat5is
linked to malignanttransformationn thesetissues.The deregulatiorof the extentandthe durationof
Stat3and Statbactivationis animportantcontributorto tumorigenesisPersistenthactivatedStat3and
StatbmoleculesandStatinducedtargetgeneexpressiorcanbefoundin tumorcells. They canregulate
hallmarksof cancer[11] and causeincreasedoroliferation, survival, immune evasion,angiogenesis,
migrationandmetastasi®r reprogrammingf energymetabolism{12,13]. The survival of tumor cells
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canbecomedependentn the continuousactivity of Stat3or Stat5.Tumor cellsreactto their inhibition
with inductionof apoptosisBoth, Stat3and Stat5,represenpromisingmoleculesin targetedcancer
therapy.In hematologicamalignanciesthe constitutiveStat5activity, inducedby leukemiconcogenes
like Ber-Abl, is associatedvith tumor maintenancdy regulatingsurvival, selfrenewalandexpansion
of leukemicstem and progenitorcells [14i 16]. In solid tumorsthe deregulationof Stat5canbe a
consequencef anexcesf activatingligandsin thetumor microenvironmentbut alsoa consequence
of the overexpressiomr mutationof cognatereceptorsHowever,aberrantStatSactivationdoesnot
equally affect the phenotypesof tumorsof different origins. In prostatecancersconstitutive Stat5
activity is associatedvith the developmenbf aggressivefast proliferating andinvasive phenotypes.
The activity of Stat5in breastcancersis correlatedwith more differentiated and less invasive
phenotypesnda morefavorableclinical outcome[17].

Thetransformingpotentialof persistentlyactivatedStat5is not limited to particularindications.We
evaluatedstatSexpressiorandactivity in solid tumor cells of differentorigins. Four humantumor cell
lines, derived from breast(T-47D), prostate(PG-3), epidermal (A431) and colorectal (HCT116)
cancerswereemployedandtheir responséo theinhibition of StatSwasinvestigatedTwo approaches
to the inhibition of Stat5 were used. RNA interferencewas usedto affect the stability and the
translationof Stat5specific mMRNA and causethe downregulatiorof its expressionshRNAsdirected
againstbothisoformsof StatSwerederived.The effectsof Stat5inhibition dueto downregulatiorof
MRNA were comparedto the effectselicited by an inhibitor of the DNA-binding function of Stat5.
This was achievedby a peptideaptamer(PA) ligand which specifically binds to the DBD of Stat5
(S5-DBD-PA: Stats-DNA-binding domainspecificpeptideaptamer).

We employed a peptidebased ligand of Stat5 as a specific inhibitor, becauseStat5 lacks
hydrophobicbinding pockets,which usually characterizeconventionaldrug targetsand which are
necessaryo identify effective inhibitors of low molecularweight. Proteinsoften interactwith each
other through flat surfacesand their interaction is not necessarilydependenton a presenceof
hydrophobicpocketstructures[18]. PA can thereforebe exploited as specific ligands and potential
inhibitors. They are able to bind to any pre-determinedtarget domain and can be developedinto
therapeuti@agents.They possiblycaninhibit abroadspectrunof intracellularproteinsandthusextend
the rangeof conventionaldrug targets.Yeasttwo-hybrid screenswith syntheticand random212mer
peptidesasprey constructdhavebeenusedto identify a PA sequencewhich bindsto the DNA-binding
domainof Stat5(StatsDBD) with high specificity and affinity. The PA sequencéasbeendisplayed
in a constrainedanduniqueconformationon the surfaceof a stablescaffoldprotein by introductionin
the protrudingactive site of a modified versionof the humanthioredoxinprotein (hTRX). Additional
functionaldomainswereaddedwhich optimizedthe expressiorof the recombinanS5DBD-PA protein
construct allowed for its purification andits delivery into targetcells by protein transduction[19].
Complexformation of the Stat5DBD with S5-DBD-PA led to the inhibition of the DNA binding
capacity of Stat5, preventednuclear translocationof Stat5 dimers and induced its proteasomal
degradationThe expressionof Stat5shRNA or S5DBD-PA upon lentiviral genetransferstrongly
affectedtumor cell viability. The samewasobservediponuptakeof recombinanS5DBD-PA protein
addedto the cell culture medium.HCT116 colorectalcarcinomacells servedas controls,thesecells
expresonly very low levelsof StatSandarenot dependenbn Stat5functions.However the cell lines
A431 and T-47D also expressrelatively low levels of tyrosine phosphorylatedstat5. Nevertheless,
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survival of thesecells seemsto be sensitiveto Stat5 downregulation,an effect possibly due to the
inhibition of the nontranscriptionalfunctions of Stat5. Therapeuticagentsable to discriminate
betweenthe individual functions of Stat5 in different subcellular compartmentsmight become
desirabldor effectivetumortherapyandthe preventionof sideeffectsin normaltissues.

2. Resultsand Discussion

2.1.RNAlInterference ValidateStat5asa Therapeutic Targen Breast Prostateand Epidermoid
Carcinoma Cells

Stat5 activation has been shown to strongly influence the growth and survival of leukemic
cells [14,16,20]. Leukemiaassociatedbncogenickinases,e.g, Bcr-Abl, FIt3-ITD, c-kit(D816V) or
Jak2(V617F)are able to phosphorylateStats and contributeto its persistentactivation [15,211 23].
Aberrant Stat5 activity has also been observedin solid tumors Activation occurs mainly as a
consequencef mutationsor overexpressioonf cytokinereceptorandpara andautocrinesignalingof
secretedligands presentin the tumor microenvironment.Stat5 activation can causeinduction of
aggressiveumor cell growth of prostatecancercells or sustaina moredifferentiatedandnoninvasive
phenotypean breastumorcells[17,24].

We investigatedtumor cell lines derived from different types of humancancerand performed
downregulationexperimentswith Stat5 specific ShRNA. The sequencesvere chosento affect both
isoforms of human Stat5, Statbaand Stat5b. Four tumor cell lines were selected.They vary with
respecto StatSexpressiorandactivationundernormalculture conditions.The prostateepithelial PG3
cell line, derivedfrom bone marrow metastasi®f a patientwith gradelV prostateadenocarcinoma,
exhibitsthe highestStat5tyrosinephosphorylatioowhencomparedo the othercells (Figure 1a). This
aggressivetumor cell line is characterizedoy a deletion of the Stat3 and Stat5b gene locus and
exclusivelyexpresseStatbg25]. It alsocarriesanamplificationof the c-myc geneandp53andPTEN
loss of function mutations[26]. Autocrine prolactin signals(Prl) are responsiblefor the constitutive
activation of Stat5in thesecells, which is further enhancedby reducedlevels of SOCS protein
(suppressorof cytokine signaling) expression,a negative regulator of Stat signaling [27,28].
The epidermal carcinomacell line A431 showsa basallevel of Stat5 tyrosine phosphorylation,
although much lower than PG-3 cells. This cell line is characterizedby an overexpressiorof the
prolactin (PrIR) and epidermal growth factor receptor ErbB1. Additionally, the formation of
selfactivatingerbB2/ErbB4heterodimerganbe detectedStatproteins,including Stat5,canbe found
associatedvith overexpresseérbB receptoran melanomaandepidermoidcarcinomalike the A431
cell line. This associationis accompaniedyy an increasedphosphorylationof Stat proteinsby the
intrinsic ErbB-receptorkinaseactivity or by recruitedSrc family kinases[29]. In both cell lines, the
downregulatiorof StatSexpressiorby lentiviral transferof Stat5directedshRNA, resultedin a strong
decreas®f cell growthandviability (Figurelab). In the PG3 cell line, this dependencganpossibly
be explainedto the loss of expressionof antiapoptoticand growth promoting genes,induced by
constitutiveStat5aactivation.In thesecells, it cannotbe compensatetly Stat3duethe deletionof this
gene.In many prostatecancersthe transcriptionalactivity of Stat5is enhancedy a synergismof
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active Statsdimerswith the androgenreceptor[30]. Similar effectsof Stat5inhibition by RNAi or
antisenseligonucleotidehavebeenobservedefore[31,32].

Figure 1. Infection with a lentivirus genetransfervectorencodingStat5directedshRNA
reducesStat5 expressionand suppressethe growth and viability of humantumor cells
(a) A431 epidermaland PG-3 prostatecarcinomacell lines were infectedwith lentiviruses
encoding either the empty vector (LeGO-G: eGFP), a scrambledshRNA (LeGO-C:
mCherry) or pairs of ShRNA specific for the mRNA of the human StatS5aand Stat5b
isoforms.6daysafter infection knockdownefficiency was verified by western blatusing
antibodiesrecognizingeithertotal or tyrosinephosphorylatedbtat5protein. The detection
of totd Stat3servedas a control of shRNA specificity. Eight days after infection cell
densityand morphologywas documentedy phasecontrastand fluorescencemicroscopy.
(b) Overa periodof 20 daysatfter viral transductionchangesn proliferationand viability
of A431 and PG3 cells were measuredby XTT assayat regularintervals. The infection
with emptyvectorand StatsshRNA expressindentiviruseswasdonein triplicatesandthe
simultaneousinfection with scrambledshRNA expressinglentiviruseswas done once.
Resultsare shownasthe percentagef viable cells comparedo the mocktreatedcontrol.
(c) The sameexperimentsvere performedwith the T-47D breastand HCT116 colorectal
cancercell line. (n = 3; @ + SD) Significanty reducedXTT-valuesin comparisorto empty
vectorexpressingellsareindicated* p < 0.05,* p<0.01,*** p<0.001(2-way-ANOVA
with Bonferronicorrection)
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Figure 1. Cont.
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The relatively low levels of Stat5tyrosine phosphorylationin A431 cells suggesthat the effects
observedupon Statsdownregulatiormight be dueto Stat5functionsindependentrom transcriptional
induction. In phenotypicallyrelatedmelanomacells, correlationsbetweenthe loss of Stat5mediated
expressiorof theantiapoptoticgeneBcl-2 or Bel-xL andenhancedell deathhavebeenobserved33,34].
Thedelivery of Stat5shRNAinto T-47D breastcancercellsled to a similar conclusion.This cell line
has beenderived from an invasive adenocarcinomaf the mammaryductal epithelium. It exhibits
overexpressiorof PrIR and the estrogenreceptor(ER), but no activatedStat5 was detectedunder
normal cell culture conditions.In spite of the absencef activatedStat5,downregulationof StatSby
RNAI alsoresultedn a strongdecreasef cellulargrowth andviability. This indicatesa StatSdependence
of thesecells unrelatedto its transactivatiorfunction (Figure 1c). T-47D cells havebeenusedasa
modelsystemto study mechanism®f Stat5regulatedohenotypesTherebyeffectsof StatSinhibition
wereanalyzedn the contextof Prl stimulation.The stronggrowth suppressionhowever,inducedby
the downregulationof Stat5aand StatSbmRNA utilization, has not beenobservedbefore [351 37].
The growth inhibition is mostlikely due to effectsresultingfrom Stat5downregulation.Cytotoxic
effects,causedyy anexcessiveshRNAexpressiorandanoversaturatiomndexhaustiorof the shRNA
processingnachinery38] canmostlikely be excludedInfection of the cellswith virusesencodingan
irrelevantshRNA sequencéiad no influence on the viability of the cells. Sincethereis little or no
Stat5regulatedgeneexpressiorin unstimulatedT-47D cells, theseobservationsuggestn influence
of nonphosphorylate®tat5on the maintenancef cellularsurvival.

Recent studies identified non-canonical activities of nonphosphorylatedStat5 involved in
the formation of the heterochromatinstructure and the function of cell organelles [6,39i 41].
Non-phosphorylatedStat5 monomers are permanently associatedwith the Golgi apparatusin
endothelialand smoothmusclecells. Downregulationof Stat5aand Stat5bresultedin the dilatation
andfragmentatiorof Golgi cisternaea tubuleto-cyst changein the ER, the distortion of the nucleus
and reduced mitochondrial function. The cells showed a cytoskeletal deformation and a round
morphology, comparableto the observationswe made with A431 and PCG3 cells (Figure 1a).
In contrast HCT116colorectalcarcinomacells, characterizedby a very low StatSexpressionsurvive
Stat5 downregulation.The viability of thesecells was only slightly influenced by the lentiviral
transductionof Stat5shRNA (Figure 1c¢). Other Statfamily memberscould possibly compensatdor
the Stat5 functions. Neverthelessthe morphology of HCT116 cells seemedalso slightly to be
influencedby Stat5downregulation.This is reminiscentof recentobservationsnadeby conditional
StatSknockoutin the epithelial layer of the intestinal mucosa.lt resultedin an increaseof NF-2 B
signalingwhich affectsthe permeabilityof tight junctions[42]. Delayedmucosalwound healingand
the loss of intestinalbarrier function resulted.This mechanisnmight also affect HCT116 cells upon
shRNA administration.The induction of NF-a Bcould increasetight junction permeability and a
disintegratiorof the cell monalayer.

2.2.ldentificationof a Stat5Specific Peptide Ligand

Peptide aptamer (PA) constructsare fusion proteins composedof a short target specific PA
sequenceof 10 to 20 amino acids, integratedand presentedn a constrainedconformationon the
surface of a stable scaffold protein. Comparedto other combinatorial proteins with therapeutic
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propertiedike antibodiesor scFv+fragmentsthey possesseveraladvantageousharacteristicsPA are
small in size, of simple designand do not contain disulfide bridges. They can be used against
intracellulartargetstructureq43,44]. The yeasttwo-hybrid system(Y2H) hasbeenestablishedis a
suitable methodto identify PA sequencesble to bind to defined protein target domains[43,45)].
This systemallows the detectionof protein interactionsunderintracellular conditionsin eukaryotic
yeastcells. In addition, effectsof posttranslationalfolding or secondarymodifications,on the ligand
protein interactionscan be studied. The Y2H systemis basedon the transcriptionalregulation of
reportergenesby the dimeric yeasttranscriptionfactor Gal4. Gal4 comprisesa DNA-binding domain
(DBD) andatranscriptionabctivationdomain(AD) andis ableto regulategeneexpressiorwhenboth
domains are brought into close proximity. This can be accomplishedby noncovalent protein
interactionsmediatedoy proteinsor proteinrdomains expresseasfusion proteinswith the Gal4DBD
or Gal4AD, respectively.Reportergeneswith designedyarying promoterstrength,can be usedto
identify proteininteractionsof differentintensity.PA sequencesspecificligandsfor a pre-determined
targetdomain,canbeidentified from peptideexpressionibrariesof high complexity.For this purpose,
the targetproteinsequences fusedto the Gal4DBD, bait fusion protein. The peptidesare expressed
as fusion proteinswith the Gal4-AD, prey fusion proteins(Figure 2a). We usedthe DNA-binding
domainof the humanStat5aprotein (Stat5DBD) as bait (Figure 2b). The DBD of the humanStat5
isoforms exhibit an amino acid sequencehomology of 97%. An oligonucleotidelibrary, encoding
random 12mer PA sequencesand including all amino acids was synthesized.The library has a
theoreticaldiversity of 3 x 10" sequencesnd a stop codonlikelihood of 3.1%. It was preparedor
screeningaspreviouslydescribed46].

The peptideswere introducedinto the protruding, active site of the 12 kDa humanthioredoxin
protein (hnTRX), which servedasthe PA displayingscaffold fusedto the Gal4AD (Figure 2b). The
introductioninto the active loop inactivatesthe enzymaticactivity of hTRX. Five cysteineresidues
presentn hTRX, two in the active site andthreein the carboxylterminal part, havebeensubstituted
by glycines and serines.This generatedan optimized version of the hTRX scaffold (hnTRX®¢ Y)$ °
unableto form macromolecularaggregatesy disulfide-interactionsduring protein expressionand
purification. Thesemodificationsstronglyfavor the monomericform of recombinanh TRX®® ¥ &iider
nonreducingconditions[19].

About 1 x 10’ distinct constructsrom the peptideexpressioribrary were transformednto yeast
cellsandscreenedsprey-constructdor their bindingto the Stat5DBD underconditionsof increasing
stringency.Sevenyeastcloneswere isolated.One of them exhibited superiorbinding strengthafter
re-validation. The affinity of its interactionwith the DBD of Stat5was comparableto the affinity
observedor theinteractionbetweerp53andthe SV40largeTantigen(Figure2c) which wasusedasa
control. The interactionwas also confirmed by the measurementf b-galactosidaseactivity and the
Miller units (MU) measuredaorroboratedhe intenseproteininteraction.The specificity of binding of
this PA was verified by comparativeinteractionmeasurementwith the DBD and SH2-domainsof
Stat3and Stat5.0nly very weakbindingto the Stat3DBD wasobservedThis reflectsthe fact thatthe
sequencéomologybetweerthe DBD of Stat3andStat5is only 42%.
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Figure 2. Identificationof a 12merpeptideaptamersequenc¢S5-DBD-PA) thatspecifically
bindswith high affinity to the DNA-bindingdomain(DBD) of Stat5 (a) Yeasttwo-hybrid
(Y2H) screeningstrategyfor the isolationof PA sequencethat interactwith a functional
domainof humanStat5.Y2H screensvereperformedwith a yeaststrain(KF1) containing
four different Gal4-dependenteportergenesof different stringency.This includedgenes
for the biosynthesisf histidine (His-3), adening(Ade-2) anduracil (Ura-3) aswell asthe
LacZreporter gene for b-galactosidaseexpressionand activity measurement.The
correspondingexpressionvectors (bait and prey) were co-transformedinto yeastcells,
which wereplatedandgrown underhighly stringentconditionson selectivemedialacking
uracil, for identifying the strongestPA interactions.The clone with the best binding
propertiesafter revalidationwas chosenfor further analysis.(b) Schematiaepresentation
of the clonedbait and prey fusion proteinsusedfor Y2H screening.The DBD of human
StatSAcomprisesaminoacids331to 473, indicatedin redin the crystallographicstructure
of a Statdimer boundto DNA [47]. This domainwas fusedto the Gal4 DNA-binding
domain (Gal4-DBD) and usedas bait. The complex 12-mer PA library was expressed
within the active loop of the modified human thioredoxin scaffold (hTRX®¢Y,S >
schematicallyindicated by the hTRX crystal structure),which was fused to the Gal4
transcriptional activation domain (Gal4AD). Theserandom PA sequencegresenting
fusionproteinswereusedasprey constructs(c) The specificity of binding of theidentified
aptamer(S5DBD-PA) to the STAT5-DBD was verified after plasmid sequencingand
retransformationby plating the yeast culturesin 1:10, 1:100 and 1:1,000 dilutions on
selective media lacking leucine (L) and tryptophan (T), which synthesisgeneswere
encodedby the correspondingoait and prey expressionvectors,and additionally either
histidine(H), adening(A) or uracil (U). Weakinteractionsallow growthon -LTH, whereas
growth on -LTU requiresstronginteractions.The interactionof p53 or lamin C with the
SV40LargeT antigenservedaspositiveandnegativecontrols.The Gal4-AD (GAD) fused
S5DBD-PA binding propertiesagainstthe single GAL4-DBD (GBD) and other fused
domainsof Stat3and Stat5(DBD- or SH2domain)were additionally evaluated Protein
interactionswere alsoquantifiedby measuringb-galactosidasectivity. Resultsare shown
asMiller-Units (n= 3; @ + SD).
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The S5DBD-PA (Stats-DBD specific PA) was equippedwith functionaldomainswhich optimize
its recombinanexpressionprotein purification and delivery into targetcells by proteintransduction.
hTRX®® Y-presented55DBD-PA wasfusedwith a proteintransductiordomain(PTD), consistingof
9-arginine residues(9-R), and with a histidine tag at the carboxyl terminus.A nuclearlocalization
sequencelLS, for enhanceducleartranslocatioranda Flag epitopetag for the immunohistochemical
detectionupon proteintransductiorwere addedto the aminoterminus(Figure 3a). This multifunctional
frameworkproteinconstructhasbeensuccessfullytestedbeforewith a PA of 23 aminoacidsin length
(rS3PA). This protein is able to specifically interfere with the function of Stat3. It binds to the
dimerisation and transactivationdomains of Stat3. RecombinantrS3-PA is rapidly taken up by
culturedcells uponadditionto the growth mediumandintracellularlyinteractswith its targetdomain.
It causeghe inhibition of Stat3activationanddimerisationandreduceghe viability andthe growth of
Stat3dependentumor cells[48]. The binding of S5DBD-PA to the Stat5DBD is expectedo block
thefunctionof Statbandelicit similar phenotypessrS3-PA (Figure3b).

Figure 3. Domainstructureof the S5-DBD-PA proteinconstructusedfor viral andprotein
transductionexperimentsand a model for its inhibitory function (a) The Stat5DBD
specific12merPA sequenc€S5DBD-PA) wasintroducedn the protrudingactiveloop of
the hTRX®® Y protein,which servesasa scaffoldfor enhancedinding affinity andstability.
A proteintransductiordomain(PTD) consistingof 9 arginines(9-R) is addedfor intracellular
uptake Additionally a C- terminalhistidinetag (His) for purification,a NLS-domainfor an
enhancedhuclearimport anda N-terminalFlagtag (Flag) for properdetectionwereadded.
ThecompleteS5DBD-PA proteinconstructhasa sizeof 21 kDa. As a negativecontrolfor
furtheranalysisthe scaffoldprotein containingan unspecificOmerlinker sequencénstead
of the PA sequenceavas used.This control protein was termedhTRX and hasa size of
20 kDa. (b) Model for inhibition of the Stat5DNA-binding activity by the interacting
peptideligand S5-DBD-PA. The specificinteractionof S5DBD-PA with the Stat5DBD
preventghe binding of Stat5andits DNA responselementlt blocksessentialregionsfor
therecognitionandbindingto GAS DNA.
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Figure 3. Cont.
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2.3.S5DBD-PA Interfereswith the DNA-Binding Activityof Stat5

The PA within the constructS5DBD-PA wasidentified on the basisof its affinity to the DBD of
Statb. This binding interactioninitially does not ascertainthat S5DBD-PA functions as a Stat5
inhibitor. We carriedout experimentsvhich confirmedour expectationshat S5-DBD-PA is notonly a
Stat5DBD ligand, but also an inhibitor of Stat5functions.For this purposeelectrophoretianobility
shift experimentsand promoterreporterassayswere conducted We observedthat S5DBD-PA can
causetheinhibition of StatSbindingto its DNA responselementin gelshift(EMSA) experimentand
thatit caninhibit a luciferasereporterconstructin cells. RecombinanS5DBD-PA wasaddedto cell
culture media or S5DBD-PA was expressedafter lentiviral transduction.The experimentswere
carriedin a HeLacell line (B9-HeLa), which stablyoverexpresseStat5andthe PrIR. The stimulation
of thesecells with Prl leadsto the inductionof Stat5tyrosinephosphorylatiormediatedby PrIR and
Jak2 (Figure 4a). In control experimentsa scaffold construct,hTRX, was usedwhich expressesn
irrelevantpeptidesequencéFigure3a).

The applicationof recombinantS5DBD-PA to the cell culture mediumat concentration®f 1 and
2 M resultedin the uptakeof the proteininto the cellsanda dosedependenteductionof StatsDNA
binding (Figure 4b,c). The recombinantS5DBD-PA constructalso causedthe reduction of the
expressiorof the Stat5regulatediuciferasereportergene.EMSA experimentswere also performed
with extractsfrom Prl stimulated,nontransducedB9-Hela cells. The S5DBD-PA and the hTRX
control proteinswereaddedalsoto cell lysatesn vitro beforethe EMSA werecarriedout, which led to
similar effects.Theinfection of the cellswith lentivirus andsubsequenintracellularexpressiorof the
proteinsemphasizedhe ability of S5DBD-PA to suppresshe complexformationbetweenStat5and
its DNA responselement(Figure4d).
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Figure 4. Inhibition of StatSDNA-bindingby S5DBD-PA. (a) Extractsof modifiedHelLa
cells (B9-HeLa) were usedfor measuringhe Stat5 DNA-binding activity by gelshiftand
luciferasereporterassays.Tyrosine phosphorylatedStatsdimers are rapidly inducedin
thesecells by Prl stimulationdue to a stable overexpressiorof Stat5and the PrIR. (b)
Evaluationof Stat5DNA binding activity by electrophoretienobility shift assayEMSA).
For assessinghe therapeutigotentialof S5DBD-PA after beingtakenup by targetcells,
Stat5 inducible B9-HelLa cells were treated with recombinantS5DBD-PA and the
nonspecific hTRX-scaffold control protein for 4 h in the indicated concentrations
(experimenton the left). Stat5 was activated subsequentlyby adding 100 ng/mL Prl.
Untransducedmembranebound proteins were removed by acidwash prior to lysate
preparation.Three g of the cell lysateswere mixed with P**labelled double strand
oligonucleotidesrepresentinga Stat5 responseelementof the b-caseinpromoter. The
reactionwas carriedout at room temperaturgor 30 min in a binding buffer. Lysatesof
uninducedor/and untreatedcells were usedas control. To underlinethe Stat5 mediated
DNA shift a control oligonucleotideanda Stat5antibody(supershift)iwasadded.Another
experimentwas donewithout preincubationof the cells with the recombinantconstructs
(experimenton the right). B9-HeLa cells were stimulatedfor 30 min with Prl directly and
lysates were prepared.10 g of the lysateswere incubatedfor 2 h with 5 g of
recombinanS5DBD-PA or hTRX undershakingat roomtemperature3 g of the protein
mixturesand3 g of untreatedB9-HeLacell lysates(i /+ Prl) wereusedfor the assay(c)
Measuremenbf StatSregulatedluciferase expressionwith the dual luciferasereporter
assay.B9-Hela cells were co-transfectedwith a firefly luciferase Stat5reporterand a
renillaluciferasecontrolreporterto improvethe accuracyof the measuremen#fter 2 days
cellsweretreatedfor 4 h eitherwith S5-DBD-PA or the scaffoldcontrol constructhTRX)
in theindicatedconcentrationsr with the samevolumeof solvent(dialysisbuffer) or PBS.
Stat5 was induced by adding 100 ng/mL Prl and luciferaseactivity was detectedafter
further 4 h. (n = 3; @ + SD) Significanty reducedluciferaseactivitiesin comparisonto
PBStreatedcells areindicated.** p < 0.01 (1-way-ANOVA with Bonferronicorrection)
(d) Stat5 DNA-binding is inhibited by intracellular S5DBD-PA expression.STAT5
inducible B9-HelLa cells were transducedwith the pSIEW lentiviral vector expressing
either S5DBD-PA, hTRX or the empty vector. 10 days after infection STAT5 was
activatedby adding100 ng/mL Prl andcellular lysatesweretaken.4pg of the cell lysates
wereanalyzedoy EMSA asdescribedefore.As controlsa Stat5supershiftandlysatesof
untreatedB9-HeLacells (1 /+ Prl) wereused.
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2.4. The Binding of SBBD-PA to the DBD of Stat5 Prevents the Nuclear Translocation of Stat5 upon
Prolactin Stimulation in 947D Cells

We infected 747D cells with a lentiviral gene expression vector encodingdBB-PA and
analyzed the intracellular lation of endogenously expressed[¥BD-PA by immune fluorescence
and confocal microscopy.-47D cells have been derived from an invasive breast cancer and are
characterized by PrIR expression. Stat5 can be activated in these cells by Prl stimulatien5@igur
We compared the intracellular location ofBBD-PA in Prl treated and controt47D cells (Figure 50
In unstimulated 47D cells, SEDBD-PA is mainly present in the nucleus. It is possibly associated
with unphosphorylated Stat5. Upon treatmenthef cells for 30 minutes with Prl, Stat5 was activated
and the accumulation of SBBD-PA in the cytoplasm was observed. The expression of the hTRX
protein was followed in control cells. This protein is equally distributed in cytoplasmic and nuclear cell
compartments, independent of a -Btimulation. Activated Stat5 enters the nucleus by nuclear
translocation, mediated by the interaction of impetin ¢ o mp | e x e sseqwande twithia theN L S
DBD of Stat proteins. They become exposed upon dimer formitjé8]. In hTRX expressing -B7D
cells active Statslimers are found in the cytoplasm and in the nucleus 30 minutes after Prl induction.
In S5DBD-PA expressing cells nearly all tyrosine phosphorylated Stat5 was found in the cytoplasm
and celocalized with $-DBD-PA. We conclude that the binding of -BBD-PA to the DBD of
activated Statblimers prevents their nuclear translocation, a process which contributes to the functional
Stat5 inhibition.

Figure 5. S5DBD-PA interferes with the nuclear translocation of Stat5 upon
prolactininduction (a) Stat5activationin T-47D breastcancercells stimulatedwith Prl.

(b) Immunofluorescentmagesof lentiviral transducedT-47D cells either expressing
S5DBD-PA or hTRX were taken 7 days after infection by confocal laser scanning
microscopyin the absencer presencef Prl. Cells were stainedwith a Flag-tag antibody,
markedwith a Alexa 546 conjugatedsecondaryantibody, and a Alexa 647 conjugated
antibody recognizingtyrosine phosphorylatedStat5aand Stat5b. Nuclear staining was
performedwith DAPI and fluorescencemarker(eGFP)expressiorof the SIEW-lentiviral

transfervectorwasmonitored.
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Figure 5. Cont.
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2.5.S5DBD-PA Suppressethe Viability of TumorCells

Theinhibition of StatS5functionin tumor cells hasconsequencef®r cell viability andcell growth.
We carriedout experimentgo evaluatethe potentialeffectsof S5DBD-PA on theseparameterswWe
infected A431, PCG-3, T-47D and HCT116 cells with lentiviral vectorsencodingS5-DBD-PA, the
hTRX non-specific scaffold control or an empty vector. Vector inducedexpressionof S5DBD-PA
resultedin significantreductionsof growth and viability during the first threeweeksafter infection
(Figure 6). HCT116 cells, cells with very low Stat5 expressionwere only slightly affected. These
resultsconfirm the observationsnadeby downregulatiorof StatSexpressionthroughRNAI, described
above.A431, PG-3 andT-47D cells are moststrongly affected.S5DBD-PA is ableto suppressStats
function and causethe reductionof cell growth. The growth inhibition inducedby a Stat5 mRNA
downregulation, however, was more pronounced. It is possible that the shRNA mediated
downregulationof Statbexpressioraffectsmore of the Stat5functions,canonicaland nonrcanonical
ones,thanthe complexformationwith S5DBD-PA. In A431 andPGC-3 cellsit is reasonabléo assign
the reductionin cellular viability to the loss of the StatStransactivatiorfunction dueto S5DBD-PA
binding. This confirms previously published results. Prostate cancer cell survival and growth,
dependenupon Stat5regulatedgeneexpressionhasbeendescribed 24,31]. Not entirely expected,
however,wasthe observatiorthatunstimulatedr-47D cells were affectedby the S5DBD-PA ligand.
Thesecells exhibit no Stat5activationin the absenceof cytokine treatmentj.e., their survivalis not
dependentupon the expressionof Stat5 target genes.Immunofluorescencanalysesrevealedthe
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presenceof S5DBD-PA in the nucleusof unstimulatedT-47D cells (Figure 5b). It is possiblethat
S5DBD-PA is associateavith nonphosphorylate@tat5in the nucleus.This associationrmight inhibit
the function of StatS5asa cofactorof transcription.Sucha function hasbeensuggestedn supportof
glucocorticoidreceptomediatedranscriptionn mammarycellsor hepatocyte$50,51].

Figure 6. S5DBD-PA suppressethe viability andthe growth of tumor cells (a) A431
epidermal PC-3 prostateand HCT116 colorectalcarcinomacell lines were infectedwith

SIEW-lentiviral vectorsencodingeither S5DBD-PA, hTRX or the empty vector. Over a
period of 20 dayscell viability and concomitantgrowth was monitoredby XTT assay.
Resultsare shownasthe percentagef viable cells comparedo the mocktreatedcontrol

Stat5and transgeneexpressionwas verified by western blot7 daysafter infection using
antibodiesrecognizingeithertotal or tyrosinephosphorylatedstat5proteinanda flag tag
antibody. (b) The sameexperimentswere done with unstimulatedT-47D breastcancer
cells. Protein expressionwas analyzed after 7 days with and without 30 min Prl

stimulation.(n = 3; @ + SD). Significanty reducedXTT-valuesin comparisornto empty
vectorexpressingellsareindicated* p < 0.05,** p<0.01,*** p<0.001(2-way-ANOVA

with Bonferronicorrection)
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