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Abstract

The human ethes-go-go-related gene (HERQ@)otassiunthannel, a known regulator of
cell proliferationis overexpresseith several cancer cell lineBespite its importance, there have
not been many studies regarding the medmariy which it contributes to aberrant proliferation
of cancer cellsln thisstudy, we identified a novedstrogersignalling pathwayhatplays a role
in regulatingcell proliferationin estrogen receptor positive breast cancer déésprovide the
initial characterization ohis signaltransduction pathwayhich results irup-regulaton of
HERG channeland increased proliferation of estrogen receptor positive breast cancer cell lines

Using biochemical and confocal microscopy imagingrevealedhatthere is a protein
protein interaction between HERf®Bd Signal Transducers and Activators of Transcrigtion
(STAT1)in breast cancerell lines that express estrogen receptors (ERQF-7, T47D)and in
those that lacERs (ER) (MDA-MB-231, BT-20). After estrogen treatment (E2, 10uM), only
the ER+ human breast cancer cell lines showed increagaecipitation of HERG and STAT1
and higher levels of subcellular colocalization, and these effects were prevented by
pharmacabgical blockers of ERs (ICI 18280, 5M) or STAT1 (fludarabine50uM).
Furthermoreye demonstrated th#te enhance@TAT1 and HERG interaction induced by
estrogen is important farpregulation of thélERG channel surfacexpression Consistent with
our prediction that HERG surfacgpmession plays a critical role in cancer cell proliferation,
proliferation assays revealed a marked upregulation of ER+ cancer cell proliferation after E2
stimulation, and this was prevented by ICI, fludaralaind the HERG blocker E4031 {1\).
Togetherthese resultsuggest that theiis an estrogen receptor mediated signalling pathway
involving a physical complex betwe&TAT1 and HERG channeland thigoroposed pathway

may be an attractive strategy for acdincer therapeutic targeting of ER+ humagalst tumors.
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Next, since it is known that HERG contains multiple tyrosine residues whose phosphorylation
could be increased after estrogeceptor stimulationye hypothesized that these
phosphorylated tyrosine residues could serve as binding sites $Hh domain of STAT1We
haveused FRpeptide, &8 amino acid peptidaimeticof STAT1SH2 domain, to disrupt
interaction between HERG and STAT1. Our biochemiaty imaginglata demonstrated that
FR-peptidedid disrupt the HERGSTAT1 interactionandthis cellpermeable peptideid

prevent the estrogenduced upregulation of HERG chanaeld cancer cell proliferation of ER+
breast cancer cell&inally, we also demonstrated that the HERTGAT1 interaction was

specific to breast cancer cells, as simideochemical studies failed to show physical interactions
in normal brain and cardiac tissue.

Together, this study reveals a nogstrogen receptaignalling pathwayvhich enhances
the HERG channel surface expression and its contribution to cancerotédiration inER+
humanbreast cancegell lines The identification of th&R-peptideto occlude HERGSTAT1
interactionand prevent HERG surface expression and cancer cell proliferation, may form the
basis for a rational design of agtincer therapgics. The regulatory factors involved in the

regulation of endogenous HER&TAT1 interaction in ERcell line remains to be established.
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1. GENERAL INTRODUCTION

1.1 Breast Cancer

Breast cancer ihe most common type of malignancy and the leading cause of cancer
death among females worldwifld. Amongst all types of cancer diagnosed in women, its
incidenceaccounts foabout23 % andhas14 % mortality rate[2]. Thoughthe etiology of this
devastahg disease is still unclear, known risk factors are age, ethnicity, high mammographic

density increased alcohol consumption, genetic factors and hormone replacement[Blerapy

1.1.1 Different types of breast cancer

Breast tumours are diverse and their molecular variation results in different
responsiveness to treatmeftk Based on gene expression patsethere are mainly 4 different
subtypes of breast cansgncluding luminal A, luminal B, basal and HER&. The luminal and
basal subtypes of breast cancer distinguished byxpressiorof cytokerating6]. Both ofthe
luminal subtypswhich arise from thendothelialuminal cellslining the mammary ducts
express high levels of luminal cytokeratins (CKsgluding CK7/8,18 and 196]. Luminal A
subtype is characterized bypression of estrogen receptBR+) and progesterone receptor
(PR+), lack ofhuman epidermal growth factor receptoHER2-), andlow expression of Ki6,;7
which is a cellular marker for proliferatigf]. Luminal A tumours grow slowly compared to
other tumour subtypebave the best prognosend represent theost common subtype
accounting for about 50% of all breast tumour occurr¢nicén contrast, iminal B subtype
account for bout 20% of all caseand areER+, PR+, and HERZ with high expression of Ki67
[5]. Both of the luminal subtypes depend on estrogen signalling for cell division and

proliferation. Therefore, angstrogen adjuvdrtherapy using Selective Estrogen Receptor



Modulators (SERIs), aromatase inhibitors aigtlective Estrogen Receptor Downregulators

(SERDs) areeffective in the treatment &R+ tumours

Basal subtypewhich arises from the outer basal cell layer of hutmaastis
distinguished by high expressionmftokeratins 5,14 and 146]. Basal subtype accounts for
about 15 to 20 % of the entire breast cancer incidéhtsmajority of basal subtype cancer lacks
expressia of ER, PR and HERZ2herdore, this subtype is often called tripiegative breast
cancer. Since basal subtype breast cathoes not express the key hormone receptors or HER2,
surgical intervention is the only treatment known sd6arBasal subtype tumours are more
aggressive and have a poorer prognosis compared to the luminal subtype {8inQinse the
basal subtype tumours are H8Rgative and HERRegative theycannot be treated with hormone
therapy oHerceptin (an antibody which directly blccER?2). Current therapeutic intervention
of basal type tumours include surgery, radiation therapy and chemotherapy, however, epidermal

growth factor receptor and androgeaeptor are potential targets for future theraf@gs

HER2 subtype accounts for about 15 % of all breast cancer incifigrered it is
characterized by ER negative, PR negative and overexpressittiR¥, a receptoftype tyrosine

kinas€[5]. Anti-HER2 drug such as Herceptin cdreused to treat HER2 type breast cancer.

1.1.2 Estrogen and Breast Cancer

Estogen isasteroid hormone thatlaysarole in growth, development and maintenance
of female sexual dracteristics and reproductiofhere are three different types of estrogens
produced in women: estrone (E1), estradiol (E2), and estriol (E3). Athesedifferent types,
estradiol is the most active form of estrogérserole of estrogn in the development of breast

tumous has been well established. The siakbreast tumowin breast cancer patientvere



observed to be changing during menstrual cycle due to the changes in estrogen pri@uction
Furthermore, surgically removing ovaries from breast cancer patients resulted in dramatic
remission of the breast tumduO]. Thus, @phorectomy was a popular intervention for breast

cancer before angistrogen adjuvant therapy wasraduced

The plama level of estrogens, especially E2, significantly goes down in postmenopausal
women[11] and thisincreases risk fgpostmenopausal womén developa number of health
conditions including osteoporogis2], heart diseagd 3] and depressiofi4]. Therebre,
postmenopausal women sometimes choose to receive hormone replacement therapy to alleviate
such postmenopausal health conditions. However, the hormone replacementithasapyiated

with increased risk of developing breast carj8gr

1.1.3 Estrogen signalling and breast cancer

The estrogen eceptor (ER)s a ligandreguated transcription factor thaelongs to the
nuclear receptosuperfamily{l5]. Ther e ar e t wo subtBytlpsebsypes f ERSs,
are expressed warious tssues including breast, ovaries, prostate, bone, liver, heart, thyroid and
brain tissud16]. However, the expression level of the two ERse&irom tissue to 8sue and
the expression ratio has besrown to be functionally importafit7]. In the normal breast
tissueE R rasfoundtobether edomi nant form of ERBS&RE was
nor mal breast cell s, wii@®uaoktlesrgrmaEbreast celidosvevern!| y f o
different expression levels of ERs were foundancerous breatissue sggesting different
roles for the ER§18-22). The e x pr e s s i was found o belincreasedlidast
cancersuggestinghat ERxis a positive regulator of cell proliferati¢h8-20]. In contrast,
reduced expression level BRB was observed in ER positive M&Hcells and in a number of

breast tumours suggestiagti-proliferative and tumour suppressing roté€R3 [21].



ERs become activated when estrogen biodhem.Even though all three types of
estrogens bind to estrogen receptors (ERs), their binding affinity and binding preference differ
[23]. E2 has the highest affinity f&Ra of all thedifferent subtypes of estrogens and has equal
binding affinityforERa and ERf. E1 h &Ro hoiveehre rE ReB3f, f iwnmhietr ye afso,
hi gher af f i nBRd[33]. The activdiel ERsaimeamnd translocate to the nucleus
where they can directiypteract with their target gene promoters through estrogen response
elements (ERS§) [24]. The activated ERs cartsa interact with their targefenes indirectly
through other DNAbound transcription factorsuch as members of the activating protein
(AP-1), specificity proteinsl (SP1) andbignal Transducer and Activator of Transcription 1

(STAT1)[24-26].

ERa regulatesrarious genesicludingpS2[27] and cyclin D1]28] that are involved in
proliferation of cell§29]. The pS2 gene is an eggenresponsive gentnatis only expressed in
breast cancer cells but not in normal breast §glls31]} In MCF7 cells, ectopic expression of
pS2wasshown to be highly associated with increased proliferg88h ERa regulation of
cyclin D1 demonstrates clear mechanism for E&duced cell proliferationCyclins are proteins
which playa crucial role ircontrolling the cell cycle progressicend they are responsibler f
G1to S phase transitian breast epithelial cel|83]. Cyclin D1 is a type of cyclin which is
responsive to E2 signallirf{@8]. Overexpression of cyclin Dias beenlswn to increasthe
probability of developing breast tumaumwhereasleficiency in cyclin Dlhas been shown to

arrestmammary gland developmeji34].

Estrogen can also regutatell proliferation thouglextranuclear signallingnon
genomic) The majority of the ERs are found in the nuclbusthere aresome ERgound in the

cytoplasm[35]. E2 binding to ERs localed in cytoplasm triggers several signal transduction



pathwayd36, 37] Severalf the downstream targets of rgenomic ER activation include
growth factor receptorsuch as epidermal growtactor receptor (EGFR) and insudilke
growth factorl (IGF1) receptof38]. ERa activation ofthe IGF-1 gene has beetown to have
aproliferativeeffectin breas cancer cell$39]. An extra-nuclear action of E2 also activatdse
src/p21lras/MAPK pathway in breast cancer cpli3]. Upon E2 binding, ERimmedately and
transientlyinteracts withsrc and as a resuditimulatessrc activity [41]. Srcactivation
subsequently increasactive p21/ras protejavhich in turn stimulate MAP-kinase activity{40].
MAPK cascades propagate and amplify signals involved in cell grovdalifepation and
differentiation and thuabnormalities in MAPK signallings highly associated wittine
development and progression of breast cap&d. The phosphatidylinositeB-kinase(P13K)
pathway is another downstream signalling pathway ofgemomic activation of ER known to
participate in cell growth, proliferation and differentiat{dg]. It has been shown that BR
activation activates PI3K by binding to p85 regulatory subunit of PI3K, thereby increasing

estrogerAnduced cell proliferation in ER positive breast carjddi.



1.2 HERG Potassium lon Channel

1.2.1 Cancer and Potassium Channels

Recently, potassiurthannels have been recognizedraportant playesin cancer
pathology as they contribute to cancer initiation and progressioegojatingcell proliferation
[45-47]. Inhibition of potassium channelsasbeen reportetb decreasthe proliferation of
various cell type$45]. Regulation otell proliferationby potassium channetan be explained
by their capability to regulate the membrane poteidia) 49] Membrane potential is a net
electrical charge created by the difference in ionic concentration betiaeeariracellular and
extracellular environmenkany studies have shown thhgtcells with little or no mitotic
activity, such as muscle cells and neurdre/ea hyperpolarized resting pential, whereas
highly proliferating cells such as cancer céldse depolarized membrane potest@mpared to
nonproliferatingcells[48, 5053]. Furthermore, mbrane potential changes throaghthe cell
cycle progression and the membrane potential of the cells goinggthh phase are shown to

be depolarizefb4].

1.2.2 Structure and Role of HERG

The humarethera-go-gorelated gne(HERG) encods the pordorming alpha subunit
of thevoltagegated potassium chanpalhich is composed of 6 transmembrapanningalpha
heliceg[55, 56] Each HERG subunit has ldnd Gtermiral regionghatare located

intracellularlyandmayplay critical rolesin regulatory pathwaygb7].



Figure 1.1 Topology of HERG Channel. Diagramo f  -aubunitiof the HERG channel. Each
o-subunit is composed of siransnembrane domains (S36) with cytoplasmic NH2 terminus

and COOH terminusS4 region is positively charged and it acts as a voltage sensor. S5 and S6
membrane domains form the pore of the charir@wn binding sites for PKA (S283, S890,

T895 and S1137) arsic (Y475) are shownmthe diagram.

The role of HERG is best understood in the hé#ERG plays a crucial role in
regulationof arepolarizing current in the hed#&8-60]. This current, termed.l, terminates the
plateau phase of ¢haction potential (AFp5, 56] HERGhas unique gating kinetics thete
responsible for its role in regulating repolarization. HERG has slow activation and deactivation
processeshutits voltagedependent inantation and recovery from inactivation processes are
extremely fasf61]. Thereforeupon repolarizatiortlERG potassium conductance increases as
recovery from inactivation occurs much faster than channel deaativakhese distinct
biophysical characteristics of HERG channels distinguish HERG from other vgltaeg
potassium channels that are normally activated @gpenincreased conductandey
depolarization. In contrast to other voltagpgted potassium ennels, oveexpression of HERG
channels is associated with increased resting membrane potg#j®8] Any factorcausinga

disturbance in HERG functiasuch as loss of function mutatiof@®] or use of HERG blocking



drugs[64] can inducdong QT syndrome type @ QT 2), which is a lethal ventricular

arrhythmia characterized by irregular heart )5éj.

HERG is not only expressed in cardiac tissues but also in mangandrac tissues
including neuronal tissug¢65], pancreatic tissug¢66], smooth muscle tissugd7] and several
cancerous tissug¢68]. In the noncardiac cells, HERG clnael participatesn settingthe resting
membrane potenti§9]. The role of HERG channels in cancer cell proliferation warrants

further elucidation.

1.2.3 Regulation of HERG

The HERG channel (HERG1) consists of 1159 amino acids (approximatekph2dore
protein), whereas HERG2 and HERG3 are 994 and 958 amino acids, respg¢cayeine
immature(coreglycosylatedand maturépoly-glycosylated) forms afERG are found in
differentsubcelluladocations. The immaturdERG refers to a corglycosylatednonomeiwith
a molecular mass aipproximatelyl35 kDa and the mature HERG refers to a fully glycosylated
HERG, with a molecular mass of 155 kDBhe HERG protein is synthesized as core
glycosylated monomers in the entlgmic reticulumandarethenassembled into tetramers
[71]. Once they are transferred to Golgi apparatus, they become fully glycosylated
Subsequently, the mature HERG gets transported to the plasma membrand istienctional
and contributes potassium membrane currgtitg This positranslational modificationfo
HERGVvia glycosylations critical for trafficking efficiency and stability of HERGannelon
the cell sirface.Mutation ofN-linked glycosylation site (N629) is shown to impair HERG
trafficking to the plasma membrafi2].

In addition to glycosylation, HERG hasimerous consenspfosphorylation sites fo

differentkinases including serine/threonine protein king$8s/6] and proteirtyrosine kinases



(PTKg [77, 78] Many studies have revealdthtphosphorylation ofhe HERG channks
crucial for regulating its functiorCayabyab et al. showed trsat tyrosine kinasésrc) can
increase HERG current by shifting the voltage dependence of activation to more negative
potentials and slowing down the deactivaiiéi]. The same study showed that inhibitsig
activity using PTK inhibitorssud as genistein and herbimycin éauses reduction inHERG
current whereasactivatingendogenousrc with src-activating peptidéencreases the currefit7].
Furthermore, posphoryléion of HERG does not only paetpate in regulatiomf HERG
function but it isalsocritical forHE R G’ s pr ot e i n Phospholatioman faciitatea c i t y
proteinprotein interadbns, thereby coordinating various cellular signalling pathways
Recently, transcriptional regulation of HERG overexpression has been revealed. It has
been reported théthe promoter region of the HERG gene contains binding sites for many
oncoproteins antumour suppressors including NKx3.1, SP1 andkdppaB which hare been
shown to regulate HERG transcription in car{@®]. Preventing SP1 and N&ppaB binding to
the promoter region of HERG decreased HERG ptemantivity, whereasnhibiting NKx3.1
activity increased HERG transcription in 8R3 breast cancer cell if@9]. More recently,
posttranscriptional regulation of HERG by microRNAs, includmgRr-328, miR22and miR
23a, and miRL33b (for HERG1]80-82] andmiR-224 for HERGZ83] have been shown to
decrease HERG expression and reduce cancer cell proliferation. Other formRGf HE
regulation, including HERG DNA methylation, require further elucidaf8s). However, post
translational modification of HERG is by far the most studied aspect of HERG regiit]on
In this thesis, | will characterize the potential pvanslational modification of HERG by
STAT1 (see Section 1.3although possible transcriptional regulation of HERG by STAT1

remains to be established.



1.2.2 Role of HERG in cancer

The majority ofpreviousstudeson HERG was done on itanction in the heart, however
in recent years, special interest was given to the role of HER@ncer research as itf@ind to
be overexpressed in many types of caf@®y 85] Analyzing thedifferential expressiorpatterns
of HERGgives acluetot he channel ' s r oHERG is transerdly expregsetb | i f er
the developmeat stageof muscle cells and quail neural crestrived neurons, butis expression
is replaced by classic inward rectifiéte potassium currents at later staf#o, 87]
Interestingly,neural crestellsthatgo through malignant transformationegpress high levels
of HERG[86, 87] Furthermore, developmental changes of ergl current in mouse heart was
observed88, 89] The ergl current was shown to be the predominant repolarizing current in
fetal mouse heart, but it disappeared in adult mouse [8a189] Theseobservations reveal that
HERG expression is important fproliferating celldbecause iteverexpressionesulsin
depolarized membrane pot&ts. The depolarized membrane potential of various tumour cells
may be explained by overexpression of HER@]. Together, tk differential patterns of HERG

expressi on r iepoganttole oh celdydaBogression and cell proliferation.

Indeed, many studiesalie provided more direct lislbetween the role of HERG and cell
proliferationin normal and cancerous cel&3, 87, 90] It has been reported that reprac
HERG with other inward rectifielike potassium channels induced hyperpolarized membrane
potential, and subsequently inhibited cell proliferaf@h, 92] Furthermore, recurrent
expression of HERG channel walsserved during transformation and differentiation of highly
proliferatingneuroblastoma cell ling3]. It has been reported that several tumour cells including
leukemic[63, 93]and neuroblastom@4] cancerougells overexpress the full length HERG

protein as well as the-derminal truncated isoform HERG1®4]. The N-terminal truncated



version is 819 amino acids in length (approximately 90kDa), which is significantly shorter than
the immature and mature forms of filehgth HERG (138.55kDa)[94]. The Nterminus of

HERG regulates detigation kinetcs and Nterminal deletiomesults in much faster deactivation
[63]. HERG1b can produce arfctional HERG current bitls deactivation kinetic is abo6&tfold
faster than the normal HERG currgdd, 95] As a result, HERG1lisoformis shown to reduce

the HERG current conductandaterestinglyHERG and HERG1b are shown to-assemble in
various tissues including the heart tisf@@], brain tissu¢65] and cancerous tisSugst].
Moreover,HERG1 and HERG1b are differentially expressed during cell cycle pfade3he

full length HERG is upgregulated during G1 phase, whereas, tHeudcated isoform is up

regulated during S phage4].

1.2.3 Therapeutic value of HERG channel in cancer

Overexpression and functionalevance of HERG channel in cancer makedHERG
channel a potential target for asincer drugdHERG has a large pore cavityat can
accommodatédifferent types of drug@7]. Indeed there haveen a numbesf HERG blocking
drugs includinghe antihistamineastemizoleandthe class Il antarrhythmic agenE4031that
have been shown to prevent cell proliferafi®@& 100]. However, HERG blocking drugs are
associateavith ahighrisk of cardiotoxicity[71]. Now, all newdrugsbeing synthesized kato
go throudpn HERG screening to ensure thiry notblock the HERG channel. Thereforepre
studies need to be dotebetter undetand HERG regulatigrespecially in cancerous cells, in
orderto identify novel signding mechanisms that can be specifically targeted for cancer

therapeutics
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1.3STAT1

1.3.1STAT1

Signal Transducer and Activator of Transcription 1 (STA$H transdption factor that
belongs tahe STAT protein family{101]. As its name suggests, STAT1 transdigignals from
transmembrane receptors ink@ nucleus where it activates the transcription of target genes.
STATL is best understoddr itsrolein the immune systenm regulating the inflammatory
processes duringathogen infectiongl02]. However, STAT1 alsomodulaes many cellular
processes including cell proliferatiand cell apoptosis. Therefotbgeexpression level of
STATL1 is a powerful prognostic tool for different types of cancers, includietgstatic

melanomd103], colorectal cancdd04], pancreatic cancg¢t05] and breast canc§t06].

1.3.2 Structure and STAT1 signalling

STAT1is composéd of six domainsthe DNA-binding, N-terminal, coiledcoil, linker,
src homology 2 §H2) and transactivation donres (Fig. 1) Thefunctions of these domains
have been well studied. The DNAinding domain binds to DNA and it also plays a role in
nuclear tanslocation. The linker domain is involved in transcriptional activadtjofacilitating
STAT1 binding to gammactivated sites (GASyvhich is crucial for a gene activati¢h07,
108]. The Nterminal domain forma site fordimerization and tetramerizatiavhich regulates
the nuclear translocation of STATL09]. The coiledcoil domain facilitate STAT1 interaction
with interferon regulatory factors (IRFmily proteing[110, 111] The SH2 domain, which is
very highly conserved ithe STAT family binds to phosphorylated tyrosinesiduesn the

intracellular domains afytokinereceptos includingtheinterferongamma IFNy) recepor and
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theinterferon alphalENh eceptor[112, 113] The SH2 domains are also critical for STAT1

activation and phosphdimerformation[111].

N-terminal Coiled Coil DNA Binding Linker SH2 Transactivation
Domain Domain Domain Domain Domain Domain

134 317 4388 576 683

Y701
Phosphorylation
Site

Figure 1.2 Schematic structure of STATL. The figure shows 6 domains of STAT1 and the
regulatory Gterminal tyrosine residue (Y701) responsible for STAT1 dimerization. It is unclear

whether the SH2 domain of STAT1 mediatgsraction with HERG channels.

Upon stimulation by cytokines or growth factors, STAT1 becomes tyrosine
phosphorylated by JAKL14] andsrc kinaseq115] atthetyrosine 701 residyevhich is located
at the Gterminus Subsequentlyit dimerizes withotherSTAT1 or other membexsf STAT
family. The dimerization is achieved through reciprocal binding of phosphorylated tyrosine
residue of STAT to the SH2 domain of the binding partner. The dimers then translocate into the
nucleusby binding to importinalpha[116] where it egulatstarget gene expressi¢hl7].
Althoughthe STAT1 SH2 domain binds to various tyrosine residues involved in signal
transductionit remains to be established whether STAT1 SH2 domain also participate in the
subcellular localization and ational regulation of membratecalized ion channels, including

HERG channels.



1.3.3STAT1 in cancer

The role of STAT1 in cancer is controvetsiTraditionally, STAT1 is considered as a
tumour suppressorf.heanticancer functiorof STATL1 in cancer is best illustrated in STAT1
deficientmouse studiesvhich showedhat gene deletiomcreased susceptibility to
tumorigenesi$118]. An increasd sponaneous ER mammary tumour formation was observed
in STAT1-/- micein two studies suggesting the aptbliferative role of STAT]118, 119]
Otherstudies havalsoshown that STAT1 is transcriptionally regulating other transcription

factors such asanyc and CDK6which play a role in cell cycle progressidr20-122].

In contrastthereis growing evidence that STATL1 is inw@d inthedevelopment of
tumous. An elevation of STAT1 activity was reported in breast tissue compared to normal
breast tissugl23]. Furthermore, am vitro studyconducted on breast cancer cells suggested that
STATL activity is creating an immunosuppresgivaour microenvironment by inhibiting the

antirtumorT-cells[124].
1.3.4 HERG, STAT1 and ER

As previously mentioned, estrogen can regulate cell proliferatiomnoecous cells by
binding to cytoplasmic ER$\orn-genomic activation of ERs has a downstream target which is
known to regulate HERG current, namely sietyrosine kinase. HERG current has been reported
to be regulated by tyrosine phosphorylaién, 125] Thus, aberrant estrogen signalling in breast
cancer may reinforce HERG function by activaterg in ER+ breast cancerThe src family
kinases also activate STAT proteins which are also known to regulate nataifieof cancer cells
[126-128]. Therefore, there may be a crosstatitviieen HERG and STAT1 mediated by activated

src in ER positive breast cancer.
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Figure 1.3 Proposed model for estrogen-induced overexpression of HERG channels in
estrogen receptor-positive human breast cancer cell lines. Estrogen stimulation leads to
increase in HERG and STAT1 interaction throggbactivity. The interaction between HERG
and STAT1 leads to increased expression of HERGreHsuion the surface, as a result,
enhancing breast cancer cell growincmediatedactivation of STAT1couldalsoleadto
dimerization and translocation to the nucleus where it turns on HERGrgeseription
However, this study will only focus on thegttranslatioml regulation of HERGy protein
protein interaction with STAT.1



1.4 Research Objectives and Hypotheses

The main objective of this thesis is to examine the interaction of HERG and STAT1 in
response to estrogen stimulatiorhiimanbreastcancer cells.

Specific Ains:
1. ToinvestigateHERG and STATL1 interactions breast cancer.

HERG has tyrosine residues tlsan be phosphorylatday cytosolic tyrosine kinasesd
STAT1 hasa SH2 domain thatould potentially bindo phosphorylated tyrosenresiduen
HERG. We hypothesize thahcreasedrc activity results imnendogenouslERG and STAT1
interaction in breast cancer cells, and this interaction can be potentiated by estrogen stimulation.

2. To examinghe effect of estrogen dHERG and STAT interaction

Estrogen, a key regulator of cell proliferation in breast cancer, actsratggosine
kinase by binding to ER429]. This activation okrctyrosine kinase can phosphorylate tyrosine
residues othe HERG channel[77]. In breast cacer where there is aberrant signalling of
estrogensrc may be constitutively aiste to phosphorylate its target stfates, including HERG
and STAT1 Therefore, we hypothesize that estrogen will incréaseElERG and STAT1
interaction.

3. To examine the foctional role ofestrogen stimulation dHERG and STAT1
interactions.

HERG channelsontribute tgproduce more depolarized membrane potential, therefore,
regulation of HERG is important in cancer physioloigyras been shown that tyrosine
phosphorylations important for HERG functiofv7, 125] Therefore, if estrogen increases
HERG function througlsrc and STAT1 binding, we hypothesize that estrogen stimulation will
increase cell proliferation of ER positive breeancer cells.

4. To examine ifa mimetic STAT1 SH2 domaifrR-peptide)exhibits an antiproliferative
effect in breast cancer cells by disrupting the STAIERG interaction.

If HERG and STAT1 binding is mediated by SH2 domain and pTyr motifs, we
hypothesie that FRpeptide will prevent estrogenduced cell poliferation by disrupting HERG
and STAT1 interactian
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2. GENERAL METHODS

2.1 Cell culture

Four different human breast cancer cell lines were utilized in this study--MER+),
MDA-MB-231(ER-), BT-20 (ER-) and T47D(ER+). MCF-7 cells were grown in MEM medium
(Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin (antibiotic treatment), 1% sodium pyruvate, and 0.16% human insulin.
MDA-MB-231 cels were grown in RPMI 1640 medium (Life Technologies) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin2BTells were grown in EMEM
medium (Life Technologies) supplementeith 10% FBS and 1% penicillin/streptomycin. Finally,
T47D cells were grown in RPMI 1640 medium that was supplemented with 10% FBS, 1%
penicillin/streptomycinand0.2 units/ml bovine insulin. All cell lines were cultured at 37°C in a

humidified 5% CQcell incubator.

2.2 Cell proliferation assay

Assessmenbf cell proliferation was performed using the WS$Tcolorimetric dye
(Clontech Laboratories, Inc., Mountain View, CA). Cells (4 % aér well) were seeded into 96
well plates and cultured for 48h. Then they were treated with the estragg@toreantagast ICI
182780 (BM, Tocris, Bristol, UK), theHERG-selective potassium channel blocker-4031
dihydrochloride (10 M, T ahe 6TIAT1) inhibitor Fludarabine (30 M, T ,osKc tyrosmg
kinasse i nhibitors haadHDL66Z28S (100nMJor RKRp @& p M i dlefor@ 3 O p
hour followed by thgs-Estradiol treatment (8 M SigmaAldrich, St. Louis, MO). The cells wer

then incubated with WST for 4 hoursat 37°Cprior to taking measurement at different time
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points after incubation, the absorbance (at 450nm) was measured aga&ifeseaae wavelength

of 620nm at 4h and 48kach treatment was done in triplicates.

2.3 Biochemistry

WhenMCF-7, T47D, BT-20 and MDA-MB-231 breast cancer cell lines weseeded in
T25 platesand have reached 70% confluency, cells were ithewbatedn new culture medium
(7ml) with pharm& ol ogi ¢ agent s ) Rérbinganr Aa(@@mvn, 2D (66 @85 M
(100rMv), E4031 and FRpeptide( 3 0 pdv30 mins to h, followed by treatment with estrogen
(3pM) for 48h. After tr e-addphosphasbufferedesalihegPB8)er e we
Cells were then incubated with 1 mg/ml Nt$SBiotin (Thermo Scientific, Waltham, MA) at
4°C for 45min and the reaction was quenched with a quenching glycine (giffeine and Tris,
PH 7.9. Following the biotinylation, cells were homogenized wa00uL of lysis buffer
containing protease inhibitors and 1% -M@ detergent (Sigma). After determining the protein
concentrations using Bradford assay, equal ansmfrjrotein lysates (268600ug) werediluted
in lysis buffer(Tris, NaCl, EDTA, NaF, PMSF, Aprioiin, Pepstatin A, Peupeptin and NA3Vp4)
and biotinylated proteins were incubated overnight with the streptavidin beads (Thermo Scientific).
The beads were then washe® #@mes on the next day with lysis buffer contami0.1% NP40
detergent (SigmaThe proteins were eluted by adding 50ul of 2X Laemmli sample buffer (Bio

Rad), and the samples were boiled at 95°C for 5 min and ran on 109 A6 gels.

Immunoprecipitation was performed to examine interactions between HERG and STAT1

HERG andsrc, or STAT1 andsrc by incubating 500ug of protein extract from cell lysatgth

25uL of 50% slurryprotein AG agarose beads (Sigma) &rhour at 4°CAfter this preclearing
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stage, the agarose beads were removed by pulsergpat 6000rpm for 5s, and thepgarnatant

was subsequently reacted with an immunoprecipitating antilag@yinstHERG (Alomone,
Jerusalem IsreglSTAT1 (Santa Cruz Biotechnologies, Santa Cruz, ,GH)src (Santa Cruz
Biotechnologies, Santa Cruz, Céyernight at 4°C. After overnig incubation of lysates with an
antrHERG (5ug, polyclonal rabbit) antrSTAT1 (5ug, polyclonal rabbit)or anti-src antibody(5

Mg polyclonal rabbit)50ul of 50% slurryagarose beads were added and incubated for 4 hours then
collected by pulse spins. The beagse washed four times with wash buffer (solubilization buffer
containing 0.1% NR0). Then proteins were eluted by adding 50ul of 2X Laemmli sample buffer
(Bio-Rad), and the samples were boiled at 95°C for 5min. The samples were ran on 10%
polyacrylamidegel and then electrotransferred to polyvinylidene fluoride membrane (PVDF,
Millipore, Billerica, MA). After blocking with 5% norfat milk in TBST (Tris buffered saline
containing Tis and NaCl with 10% tween 2@)r 1 hourat room temperatur@ overnightat £C,

the membranes were incubated with primary antibody in 5%fatomilk in TBST containing
0.025% sodium azide overnight at 4°C. The PVDF membranes were washed with TBST for 15
minutes four times, and then incubated with a rabbit horseradish pe®galgugated secondary
antibody against IgG (1:1000; Santa Cruz) in 5%-faammilk blocking solution. After four 15
minutewashes with TBST, proteins were visualized using enhanced chemiluminescence (Santa

Cruz). Densitometry analysis was performed usinggeJ softwarésee below)

2.4 Immunohistochemistry, immunocytochemistry and confocal imaging microscopy
Prefixed, paraffirembedded 4um slices of healthy apathology certified cancerous
breast tissue (Prosci Inc. U.S.Wgre first deparaffinized vith xylene, then permeabilized with

0.3% Triton %100 and blocked with 5% BSA in PBSPhosphate buffered saline containing



NaCl, KCIl, Na2HPO4andKH2PO4with 10% tween 20)Then the tissues were incubafedt
with antrtHERG (goat, Santa Cruz, 1:10@nhdeither aniSTAT1 (abbit, Santa Cruz,:100)or
anti-src (rabbit, Santa CruZ,:100)overnight a°C andthen in appropriateecondary antibodies
(1:2000)for an hour After subsegent nuclear labeling with Hoedhstain, the cells and tissues
were mouted on slides.

The four @ll lines wee grown on coverslips. For immacytochemistry, cells we treated
with Fludarabine (50M) for 2 hous before estrogen treatmenfi8). After 48 hourof estrogen
treatmentscells were fixedvith 4% paraformaldehydgyermeabilized witlD.23% TritonX-100,
and blocked with PBS containing 5% bovine serum albdianian hour atoom temperature (BSA,
Sigma).HERG, STAT1 andsrc were labeled by overnigleb-incubation (at 4°C) witlyoat ant
HERG and either rabbit arBTAT1 or rabbit antisrc diluted at 1:150n blocking buffer This
wasfollowed by brief wasks(three times; 10 minutes each) authsequerihcubation with Alexa
Fluor 555conjugated or Alexa Fluor 48®njugated secondary antibodies (Invitrogen) at 1:1000
for 1h at room temperature. Thélme cells were labeled with Hoechst (Sigmiastly, the
coverslips were mounted on newly cleaned slides using Prolong Gold Antifade Reagent
(Invitrogen, Carlsbad, CA).

Images were taken with a Zeiss LSM 700 laser scanwinipcal fluorescence microscope
(Carl Zeiss, Oberkochen, Germany), and Particle Analysis and Intensity Correlation Analysis were
performed usinglug-ins fromthe WCIF (Wright Cell Imaging Facilityymage J software (public
domain software download from IM version 1.44f. The degree of colocalization between
fluorescent probes was quantified using the Intensity Correlation Analysis plugin in Image J,
which calcul ated the Pearson’s correlation

stronger degge of colocalization between the two labelled proteirRarticle counts were



determined by performing background subtraction of images, and setting threésteaition to 2
SDs above the mean background intenaitg particle sizesetween 1 prhand infinity. Images
were then converted to gresgale values before applying the Particle Analiesasure ofimage J

Statistical analysissed unpairedtest, and p<0.05 was considered significant.

2.5 Preparation of FR-peptide

FR-peptide (>98%purity) wassynthesized by Dgdptide Co., LTD (Hang Zhou, China).
The fluorescent labelling of the peptide was done usingrboxyfluorescein (Sigma) according
to the manuf ac TheScarbotyftuoresceis was dissotved inmBISO atitk FR-
peptideandits scrambled version wenecubated with the-Barboxyfluoracein overnight ad°C.
The bbelled FRpeptideand scrambled FReptide werepurified using thepeptide purifying
column (BieRad). Non-labelled peptides or-8arboxyfluorescein reagents alowere used as

negative controls for the labelled peptides.

2.6 Data Analysis

Protein eénsitomety analysiswas performed using Quantity OriBio-Rad) software
program Measured densitometry values of protein bands were normalized to either beta actin or
GAPDH. Then the densitometry valués each of the treatment groupere normalized to their
control. Statistical significancef resultsbetween treatment groups biochemical, confocal
imaging, and proliferation studiegere examined usings t u d enpairédigest ora oneway
ANOVA with a Student NeunraKeuls post hoc test with a confidence level of p<@®épending

on the number of treatment groups.
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3. RESULT: ESTROGEN-INDUCED HERG AND STAT1 INTERACTIONS
IN HUMAN BREAST CANCER

3.1 Breast cancer tissue shows both significantly increased expression and co-localization of

HERG and STAT1 compared to healthy tissue.

Many studies haveeportedthatHERGand STAT larefound in breast cancr9, 90,
98, 118, BO, 131] but it is not yet known whether these proteins are expressed in the same
subcellular compartments and whether they exist in a+smalecular physical complex to
regulate cancer cell growthlere, we first examined the expression level of HERG 3TAT1
in cancerous human breast tissue compared to the normal tissug confocal imaging
microscopy and particle analysige showed thalERG expression (shown in gmre, Fig.3.1A)
was significantly higher in cancerous breast tissue comparedItbyhegssue Similarly, STAT1
(shown in red, Fig3.1B) was also expressed at significantly higher levels in the cancersus tis
compared to healthy tissuderged images of HERG ar®TAT1 (Fig.3.1C) showedhata high
degree of cdocalization (shown iryellow) occurred only in the cancerous tissue but not in the
healthy breast tissudnterestingly, HERG and STATL1 appeared ted@calize in the cytosolic
and perinuclear compartments. Also, there is colocalization occurring inside nuclear
compartmentgwithin Hoechststained regions). Since a plasma membrane marker was not
included, it is not clear whether colocalization also exiat this regionTaken together, these
datashow that HERG and STAT1 are both overexpressédnmanbreast cancerous sise
compared to the normal breast tissue and they exist in apnoliéin complexn different

subcellular regions
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Figure 3.1
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Figure 3.1 Comparison of HERG and STATL1 expression and their colocalization in healthy

versus cancerous breast tissue. A. HERG expression denoted by green was significantly greater

in cancerous breast tissue than in hedhl@astissue. B. STAT1 expression denoted by red was
significartly greater in cancerous breast tissue thamegthybreast tissueC. The colocalizatia

of HERG and STAT1, denoted by yellow, was comparably higher in cancerous tissue compared
to health tissuejalues are mean + SEM; nfat healthy and n=5 for cancerous breast tissue slices
***pn<0.01. Blue denotes nuclei in all images and particle amalyss performed using Image J
software.



3.2 HERG and STAT1 interact in ER+ and ER- human breast cancer cell lines

To furtherinvestigate a potential interaction betwé#&RG and STAT1, we performed
co-immunoprecipitatiorstudiesof HERG and STAT1 usg four differenthumanbreast cancer
cell lines:the ER+ MCF7 and T47D and the ERMDA-MB-231 and BT20cell lines In all
four cell lines immunoprecipitation with a STAT1 antibody shedvHERG immunoreactivityn
the STAT1 immunoprecipitaté€fig. 3.2A), indicatingthat these two proteins interact with each
other. Conversely, immunopredation with the HERG antibody and subsequent
immunoblottingwith STAT1 antibody showed th#tie HERGImmunarecipitates also
contained STAT1, indicatinthat HERG andTAT1 werein a physical complex togethéfig.

3.2 B). We also confirmed that HERG immunoprecipitates contasgne¢rig. 3.2 C), which is

also contained in STAT1 immunoprecipitates (Fig. 3.2 D).
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Figure 3.2 Co-immunoprecipitation of HERG and STATL1 in MCF-7 (ER+), T47D (ER+)
BT-20 (ER-) and MDA-MB-231 (ER-) cell lines. A. STAT1 immunoprecipitates (lane aphd
positive control lysates (lane 3) showed HERG doublets at near 130 and 150 &Dfour cell
lines.B. HERG immunopecipitates (lane 2) and positive control lysates (Brshowed STAT1
band at near 8KDA in all cell lines. C. HERG immunoprecipitates (lane2) and positive control
(lane 3) showedrc band at near 58 kDa. D. STAT1 immunoprecipitates (lane2) and positive
control (lane 3) showesrcband at near 59 kDalegative controls (lane 1) represent the omission
of the immunoprecipitatig antibody, and rabbit IgGs were used.



3.3 Estrogen treatment increases STAT1 and HERG co-localization in MCF-7 cells.

Next, having shown that HERG and STAT1 exista physical complexye
hypothesized that interaction between the two promansepotentially regulated bgstrogen
receptor stimulationTo test this hypothesiER+ MCF7 cells and ERMDA-MB-231 cells
were trated with estrogerEndogenous levels of HERG and STAT1 were found in both MCF
andMDA-MB-231 In MCF-7 cells, immunofluorescence staining in the pneseof estrogen
showed increased expression of both HERG STAT1compared to the controMoreover,
estrogen inducehlighercolocalization of HERG and STAT1 in the cytoplasmic and nuclear
distributions, as shown by the yellgixelsin the merged image$he sae experiment was
done on MDAMB-231 cells. herelative increase in thegegree of colocalizaih of HERG and
STAT1lin MDA-MB-231 cellswassmaller compared to that observed in MCEcompare Figs.
3C and 3F), but this modest increase was significantly greater compareddootioduntreated

cells (Fig. 3F)
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Figure 3.3
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Figure 3.3 Confocal images showing the effect of estrogen on HERG and STAT1
colocalization in MCF-7 and MDA-MB-231 cell lines. A-C: Estrogen treatmer(BuM) (right
panels) increased HER@reen)and STATL1 (red) expssion, resulting imcreased colocalization
(yellow punctde) between HERG an8TAT1 compared to contrsl(left panelsin MCF7 cells
The quantified datahows significant increase in the degree of colocalization in-MC&lls when
they are treated witestrogerfC); Values are mean + SEM, and9 for the control and n=10 for
the estrogen treated groufi*p<0.001 by paired ttest.D-F: Estrogen treatment also increased
colocalization of HERG and STAT1 in MDMB-231 cells (F); however, themagnitude of
increasavas not as high as it is in MCFcells (F vs . The Pearsonorrelationcoefficient values
(mean £ SEM; n=)are increased in MGF (P value is 0.008%s. P value <0.001 for MGF).
**p<0.01;*p<0.05.
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3.4 Estrogen treatment induces increased surface expression of HERG channels in ER+
human breast cancer cells: Role of STAT1

Having shown that an endogenous interaction between HERG and STATL1 exists in ER+
and ER human breast cancer cell lines, we tested the hypothesis that HERG expression and
interaction with STAT1 was regulated by ER stimulatibo investigate thpossible
potentiating effects of estrogen on HERG expression andrasffect of estrogeinduced
HERG and STAT1 interactions human breast cancer cell linegll surface biotinkation
experiments were performedlVe hypothesized that HERG surface upregulation can be
increased by estrogen stimulation and subsequent STAT1 activBiimtimylation results
showed that fludarabine selective STAT1 inhibitor, indedadocked the esbgeninduced
upregulation of HERGurface expressiaifrig. 3.4 A lanes3vs. 2. However, it did not change
the surface expression of HERGtie MCF7 cell line on its own (Fig. 3.4 lane 4) suggesting
that the estrogemduced HERG surface upregutatiis dependent on STAT1 activatibat
other regulatoryactorscould contribute to the baseline levels of HERG expression in MCF
cells In comparison, estrogeandfludarabine alone or in combinatiorlid notalter the surface
expression of HERG chaahin the estrogen receptor negatidDA -MB-231 cell line (Fig3.4
B). The total HERG expression (middle blots of A and B) did not show significant alteration in
the presence of estrogen or fludarabine or both treatments. These data indicate that-a STAT1

dependent HER@pregulation exigtin ER+ human breast cancer cells.
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Figure 3.4 Surface upregulation of HERG potassium channels after estrogen treatment. A.
Estrogen (BM, 24h) significantly increased biotinylated HERG in MCFhuman breastancer
cells. The selectiv8 TAT1 inhibitor fludarabine (56M) prevented the HERG surface
upregulationnducedby estrogen. B. Estrogen did not significantly increase biotinylated HERG
in MDA-MB-231 cells. The HERG bands in total whole cell lysateisidle of blots) did not

differ significantly with the various treatment groug$ERG signals from total lysate (middle)
were normalized by beta acsignals (bottom blots), antiese normalized values were then
used to normalize the biotinylated HERG signalse values are means = SEM and they are
representative of 6 independent experimenis<0.05, ** p<0.01.



3.5 Inhibition of HERG channel, STATL, srcor estrogen receptor prevents estrogen
induced proliferation of breast cancer cell lines

Since we fond earlier that HERG, STAT1, asdc appeared to form hysical complex
in the various human cancer cell lines, we then perforet! proliferation assay to assess the
functional consequence of inhibiting HERG, STAE(c or estrogen receptsrHere we found
that estrogen (BM, 48h significantly increased cell proliferation ER+(MCF-7 and T47D
human breast cancer cell linest not inER- (MDA-MB-231andBT-20 celly (Fig. 3.51).
Estrogeninduced cell proliferation was prevented in MZlnd T47Dcellswith pre-treatment
of the cell lines withithe selective HERG channel bloaké=4031(10uM). Interestingly,E4031
alonealso inhibited cell proliferationf MDA-MB-231and BT-20 cell linesat 48h(Fig. 3.5.7).
Together with the above biochemical anthging results, these proliferation data indicate that
HERG function can be upregulated by estrogen stimuléigmomote proliferation of ER+
cancer cellsbut that blocking HER®unction alonds insufficient to reduceell proliferationof

ER- cancercell lines
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Figure 3.5.1
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Figure 3.5.1 Cell proliferation assay and block of estrogen-induced proliferation by HERG
channel blocker (E4031) in MCF-7, MDA-MB-231, BT-20 and T47D cells. Estrogen (BM,
48h) significantly increasedell proliferation in MCF7 andT47D (A and B) human breast cancer
cells. The seéctive HERG channel inhibitor (E4031,1M) prevented the estrogenduced cell
proliferation 4& after estrogen stimulatioof MCF-7 and T47D cells Estrogen did not
significantly incease cell proliferation in thER- MDA-MB-231 and BT20 cells (C and D
However, E403Wwasable to prevent baseline proliferatiohn MDA-MB-231 and B¥20. One
way ANOVA followed by StudenfNewmanKeuls posthoc multiple comparison test was used
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for statigical analyses of these proliferation assay data. Sigmifies are indicated as follows,
*p<0.05, **p<0.01, **p<0.001. Values are means * standard deviations from 4 independent
experiments.

Next, since STAT1 activation after estrogen receptor stinmmaticreased HERG
surface expression, we hypothesized that inhibiting STAT1 function will result in inhibition of
estrogerinduced cell proliferation dER+human breastancer cell lines. Figui@5.2shows
that inhibition of STAT1 activation with fludaabine (5@tM) significantly inhibited cell
proliferation induced by estrogen after 48 hanrBMICF-7 and T47D cellsKig. 3.5.2A and B.
However fludarabine alone also decreased baseline cell proliferation irbedbdt cancer cell
lines Fig. 3.5.2B) with T47D showing the greatest sensitivitfflou d ar abi ne’ s ef f ect

proliferation
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Figure 3.5.2 Cell proliferation assay and block of estrogen-induced proliferation by STAT1
inhibitor (fludarabine) in MCF-7, MDA-MB-231, BT-20 and T47D cells. Estrogen (RM, 48h)
significantly increasedell proliferation in MCF7 andT47D (A and B) human breast cancer cells.
Fludarabine (5@M) prevented the estrogenduced cell proliferation 48 after estrogen
stimulationof MCF7 and TZD cells Estrogen did not significantly increase cell proliferation in
the estrogen receptmegative MDAMB-231 and BT-20 cells (C and P However, fludarabine
was able to prevent baseline proliferati@i MDA-MB-231 and BT20. Oneway ANOVA
followed by StudentNewmanKeuls posthoc multiple comparison test was used dtatistical
analyses ofthese proliferation assay dat8ignificances are indicated as follows, *p<0.05,
**p<0.01, **p<0.001. Values are means + standard deviations from 4 independeninesipts.

To determine whether the effects of estrogen on HiER@Nndent cell proliferation was
indeed sensitive to estrogen receptor antagonism, we tested whether inhibitioogarest
receptors with aon-specificestrogen receptor antagonist (1832 780)also decreased estrogen
induced proliferatioof MCF-7 and T47D cells. (Fig. 3.58 and B. ICI alone or in
combination with estrogen inhibited cell proliferation of MZRnd T47D, but did not affect
cell proliferation of estrogen receptor negatoell lines(Fig. 3.5.3. Interestingly, ICI alone
inhibited baseline proliferation of T47D, similar to the effect of E4031 and fludarabine on this

cell line.
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Figure 3.5.3 Cell proliferation assay and block of estrogen-induced proliferation by estrogen
receptor blocker (ICI 182 780) in MCF-7, MDA-MB-231, BT-20 and T47D cells. Estrogen
(3uM, 48h) significantly increasedell proliferation in MCF7 andT47D (A and B) human breast
cancer cellsICl 182 780(5uM) prevented the estgeninduced cell proliferation 48 after
estrogen stimulatioof MCF-7 and T47D cells Estrogen did not significantly increase cell
proliferation in theER- MDA-MB-231and BT-20 cells (C and p Oneway ANOVA followed
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by StudertNewmanKeuls posthoc multple comparison test was used $tatistical analyses of
these proliferation assay dat&ignificances are indicated as follows, *p<0.05p<0.01,
***p<0.001. Values are means + standard deviations from 4 independent experiments.

Previously, HERG funa@dn was shown to be upregulated by endogesauiactivation
[77], and we have shown above that HERG interacts su¢th Therefore, we tested the
hypothesis that HER@ependent cell proliferation can be inhibitagsrc inhibitors. As shown
in Figure 3.5.4 srcinhibitors herbimycin A and PD 166 285 both significantly reduced estrogen

induced cell proliferation.
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Figure 3.5.4
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Figure 3.5.4 Cell proliferation assay and block of estrogen-induced proliferation by src
inhibitors (herbimycin A and PD 166 285) in MCF-7, MDA-MB-231, BT-20 and T47D cells.
Estrogen (AM, 48h) significantly increaseaell proliferation in MCF7 andT47D (A and B)
human breast cancer celderbimycin A(3uM) and PD166 B5 (100nM) prevented the estrogen
induced cell proliferation 48after estrogen stimulatiasf MCF-7 and T47D cellsEstrogen did
not significantly increase cell proliferation in the estrogen recepgative MDAMB-231 and
BT-20 cells (C and [P Oneway ANOVA followed by StudentNewmanKeulsposthoc multiple
comparison test was used fiatistical analyses of these proliferation assay @atgificances
are indicated as follows, *p<0.08p<0.01, **p<0.001. Values are means + standard deviations
from 4 independent experiments.
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3.6 Probing HERG-STAT1 interaction with FR-peptide
3.6.1 Cellular Uptake of FR-peptide

To determine whether the SH2 domain of STATL1 is required for HERGT1 binding,
we developed a gptide mimeticof the STAT1 SH2 domain. This 28 amino acid peptide
corresponds to the SH2 domain of STAT1 had a phenylalanine at the beginning and an arginine
at the end (hence, this peptide is calleddeRtide) First, we determined whether the fpRptide
was cell permeable by incubating MZFcells with the labelled or nelabelled peptide for 48h
before performing immunocytochemistry. We fluorescently tagged the N terminuspFiée
using 5carboxyfluorescein.Confocal microscopy of MGCHF cells showeda significant
intracdlular accumtation of green fluorescence in cells treated witkcasboxyfluorescein
labelled FRpeptide (Fig. 3.9, indicating that the labelled peptide had been successfully
incorporated by the cellsThe green fluorescence showadlistinct punctate pattethatwas
reminiscent ofthe HERG or STAT1 punctate stainintn contrast, cells treated with the Ron
labelled FRpeptide or just E£arboxyfluorescein displayed little or no intracellutaesence of
green fluorescence. Moreover, the labelled peptide was lotalez the plasma membrane and
in intracellular compartments with the punctate pattern characteristic of HERG or STAT1 labelling
pattern.Furthermore, the labelled scrambled-p&ptide also appeared to be accumulated but the
staining pattern appeatse be homogeneous, consistewith the lack of specific intracellular
binding of this peptideThese results indicate that the-pBptide crosses the plasma membrane
(and to a lesser extent, the nuclear envelop) and may interact with the endogenous bineirsy partn
presumably including the STAT1 SH2 domain region (i.e., STAT1 SH2 donmagriding with

the FRpeptide)or the phosphotyrosirenriched region(s) of the HERG channels.



Figure 3.6
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Figure 3.6 Cellular uptake of FR-peptide by MCF-7 cells. Fluorescene imaging oMCF-
7 cells following treatmentvith 30 uM of 5-carboxyfluorescein labelled Fpeptide for 48
hours (thirdrow) shows significat intracellularpunctategreenfluorescence Incubations
with either noAlabeled FRpeptide (second romor 5-carboxyfluoresceironly (top row) did
not show any fluorescence labelling. A&rboxyfluorescein labellestrambled FFpeptide
(bottom rowy showedhomogeneous intracellular accumulation of green fluorescence.



3.7 Effects of FR-peptide on HERG-STATL1 interaction in MCF-7 cells

Co-immunoprecipitation studies showadincrease in HERG and STAT1 interaction
48h after estrogen treatmex({BuM) of MCF-7 cells(see above)We predicted that FiReptide
pre-incubation to disrupt the potential HER&TAT1 binding prio to estrogen treatments should
dramatically reduce the HERSTAT1 interaction. Consistent with this suggestion, we showed
that theFR-peptide (3tM) alone or in combination with estrogstimulation(48h)significantly
decreasethe level ofHERG and STAT interactionas suggested by the forward and reverse co
immunoprecipitation studig$ig. 3.7A,B) Moreover, even with only 4h preincubation with the
FR-peptide alone or in combination with estrogen treatment, we observed decreased or complete
preventionof HERG-STAT1 binding §eelast two lanes in the reverse-tbmunoprecipitations,
Fig 3.7D. The decreaskco-IP observed at 48h fastrogen + FRpeptide treatmergroupcould
be explained by altered exgmsion of either HERG or STAT1. Therefones perbrmed Western
blotting of MCR7 lysatesusing HERG antibodymiddle blots) However, there wereo
significantdifferences in thetotal expression of HERG in peasce of estrogen with or without
FR-peptide (middle blotsyhennormalized to GAPDH (quantifation not shown). To determine
whether the decreased HERBI AT1 interactiorinvolvesdisruption of STAT1 SH2 domain
binding to HERG, wéestedwhether the FRpeptide showsimilar effects after only 4h (when it
is expected that significanbhange in protei translationis urikely, or no significant protein
degradatiorhas takemplacg. As shown in Fig. 3., D, estrogen did not sigitantly increase
HERGIevels or HERGSTAT1 interaction. However, FReptidealoneappeared to disrupt
endgenous HEREGSTAT 1 interaction aftedh peptide incubation (Fig 3j, when HERG
levels appear to be unaltered. Howetke reverse ctP (Fig. 3.1C) showed no decrease in
HERG and STAT1 in presence of fRRptide aloneTogether, FRoeptide may affect HERG

STATL1 interactio as early as 4 hours after initial incubation with the peptide.
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Figure 3.7 FR-peptide prevented the estrogen-induced HERG and STATL1 interaction in
estrogen receptor-positive MCF-7 human breast cancer cells. A. STAT1 immunoprecipitates
showedHERG doublés near 130 and 150 kDa4#gh of treatments. Estrogeny(8l, 48h)
significantly increased interaction of HERG and STAIEh¢ 2). FRpeptide (3(1M, 48h)
significantly reduced HERG and STATL1 interactions at.83lhe reverseo-

immunoprecipitabn showedhat HERG immunoprecipitate®ntained STAT1 proteins near the
predicted87 kDamolecular masat48h of treatments. Estrogercreasednteraction of HERG
and STAT1 (lan&), andFR-peptide (3QM, 48n) reduced HERG and STAT1 interactios.D.
co-immunoprecipitation studies of STAT1 (C) or HERG (D) after 4h treatment of estrogen with
or without FRpeptide showed that a similar inhibition ofprecipitationbetween HERG and
STAT1was observedfter 4hpeptideincubation. In D, the HERG immunajecipitate did not
appear to contain STAT1 after 4h peptide incubation (last lane).

3.8 Effects of FR-peptide on regulation of surface HERG channels in MCF-7 cells
Having shown edier that the STATL1 inhibitorlfidarabine decreased the estrogen

induced HRG surface upregulation, we predicted that thepeptide would produce a similar
effectby inhibiting HERG surface expressiogks shown in Figure 3.8, Western blot analys
of surface biotinylated proteim®nfirmed that the FiReptide was indeed efféat in preventing
HERG surface upregulatioafter48h estrogen treatment (8V) of MCF-7 cells(n=4). In
contrast, the 4h estrogen treatments with or without thpdfRide did not significantly alter the
level of HERG surface expression, likely owinghe very short time period to allow for any

appreciable level of newly translated HERG protein to be observed.
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Figure 3.8 Surface upregulation of HERG potassium channels 48 hours after estrogen
treatment in estrogen receptor-positive MCF-7 human breast cancer cells. A. Estrogen

(3uM, 48n) significantlyincreased surface biotinylatedERG in MCF7 cells. FRpeptide

(30uM) prevented the HRG surfae upregulation by estrogds. Estrogen did not sigficantly
increase biotinylated BRG in MCF-7 cells after ours. The ERG bauls in total whole cell
lysatesdid not differ significantly with the various treatment groups. The values are means +
SEM and they are representative of 4 independent experiments.



3.9 Effects of FR-peptide on proliferation of MCF-7 cells

Earlier we showed thas&togen (M, 48h) significantly increased cell proliferati@nd
fludarabine prevented this effestER+MCF-7 human breast cancer celowever,estrogen
did notaffectcell proliferation in theeR- MDA-MB-231 cell line. Having shown earlier that
FR-peptide decreased HERG surface expressiehypothesized that the Fieptide would
prevent binding of endogeno83 AT1 to HERG channels, and therefore we predictedtiaat
estrogernduced proliferation wdd also be decreased by fRptide prereatmentsin MCF-7
cells, FRpeptideindeedprevented the estrogénduced proliferation at athe tested
concentratios (10uM, 30uM and 10@M) (n=11)as shown in Figurd.9.1. However, the
peptide did not signif@antly decrease the proliferation in MBMB-231 cells (n=9)despite the
demonstration of a positive goecipitation of HERG andTATL1 in this cell line (Figure 3.2
and B. Scrambled version of FReptide was synthesized and used in proliferation assay
experiments as a negative control for-pBptide (Labelled scrambled peptide was also shown to
be cell permeable). In contrast to4pBptide, the scrambled Fbeptidedid not have angffect

on proliferation of MCF7 or MDA -MB-231 cell lineqFig. 3.9.3.



Figure 3.9.1
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Figure 3.9.1. FR-peptide prevented estrogen-induced proliferation of MCF-7 breast cancer
cell line. Estrogen (3uM, 48h) significantly increased cell proliferation in MCF-7 human
breast cancer cells. Three different concentratisiof FR-peptide (10, 30 and 1084) prevented
the estrogefinduced cell proliferation 48 h after estrogen stimulation. Estrogen did not
significantly increase cell proliferation in the estrogen recepégiative MDAMB-231 cells.
Oneway ANOVA followed by StaentNewmanKeuls nethod was used in statistical analyses
of these proliferation assay data. Significancesratfieated as follows, *p<0.0%*p<0.01,
***n<0.001. Values are means + standard deviations from 4 independent experiments.



Figure 3.9.2
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Figure 3.9.2. FR-peptide, but not the scrambled version of this peptide, prevented estrogen-
induced proliferation of MCF-7 breast cancer cell line. FR-peptide (3iM) prevented the
estrogerinduced cell proliferation at #8ncubation but the scrambl&dR-peptide did not
prevent the estrogeinduced proliferation in MCH cells. Onevay ANOVA followed by
StudentNewmanKeuls posthoc multiple comparisons testis used in statistical analyses of
these proliferation assay data. Significances are indieatetiows, *p<0.05,**p<0.01,
***n<0.001. Values are means + standard deviations from 3 independent experiments.



3.10 STAT1 and HERG do not interact in normal cardiac or brain tissue

HERG which encodes thesubunit of the rapidomponenbf the clayed rectifier K
current(lks), is known to play arucial role in regulating the repolarization of the cardiac action
potential[58-60]. Thereforeanydisturbance in its conductance or expresgwoel prolong QT
intervals and increases the risk of lethal arrhythifaus,to determine whether the estrogen
induced and STAT-tlependent upregulation of HERG channels is important in cardiac tissue,
we thenexaminedvhetherthe interaton between STAT1 and HERGists in cardiac tissue
and other normal tissue from r&TAT1is ubiquitously expressed, including neuronal and
cardiac cells, and is known to regulate the immune system to prevent pathogen infe@fons
132]. Since STAT1 is only upregulated upon adaptive immune responses to infé8&hnve
predicted that STAT1 and HERG expression in healthy cardiac or brain tissue would be
comparatively lower compared to cancerous tissue, and this will be expected to result in little or
no interactbn between HERG and STAT1 in healthy tissue. As we predicted, we did not observe
STAT1 and HERG cammunoprecipitation in normal cardiac or brain tiséleig. 3.10) but we
observed cegrecipitation in MCF7 lysates as shown earlier (Fig. 3.2 and.3Wg also did not
observe the effect of 3uM estrogen applied for 24h on increased HERG expression or HERG
STATL interaction in isolated rat cardiomyocyte cultures (data not shdmmunoprecipitation
with the STATL1 antibody (A, lanes4) did notco-precipitate HERG proteins in rat ventricular
lysate (lane 2) or rat brain lysate (lane 3). However, MGell lysate showed a positive-co
precipitationbetween and HERG and STATReverseo-immunoprecipitatiorstudiegB) also
showed that HERG immunoprecipitat@mtained STAT1 (lane 4jom MCF7 lysate but rat
ventricular lysate (lane 2 rat brain lysate (lane 2lid not reveal cgrecipitation of HERG and
STAT1 Taken togethetthese data indicate that HERETAT1 interaction may be specific to

cancerous $isue.



Figure 3.10
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Figure 3.10 Lack of co-immunoprecipitation of HERG and STAT1 in normal rat cardiac

and brain tissue. A. STAT1 immunoprecipitates from MCF cell lysate (lane Yand positive
control lysates from rat ventricle, rat brain, and MCffares 57) showed HERG doublets atar

130 and 150 kD. However, lysates from normal rat ventricle and brain did not show an interaction
between HERG and STAT1 (lanes 2 and 3 vs. lane 4HERGimmunoprecipitates from MGF

7 cell lysate (lane)andpositive control lysates (lane’® showed STAT1 band near 87 kDa. This
reverse cammunoprecipitation study also did not show an interaction between HERG and STAT1
in normal rat tissue (lanes 2 and 3 vs. lane 4). Negative controlsljarseng MCF7 lysates
represent the omission of the immunoprecipigantibody, and rabbit IgGs were used instead for

all blots.



4. DISCUSSION

The pathwaysnvolved in estrogesstimulated tumour progression vamydely and there
is still a scarcity of knowledge on the maléar targets in estrogeshependent breast cancExen
though it is known that HERG channel is overexpressed in various breast cancer c@0lines
130], little is known about the mechanism of HERGexpressiom breast cancer.

Here, we propose a novel downstream signalling pathway of estrogen involving STAT1
and HERG interactions ER positive breast cancehe data reported here show that HERG and
STAT1 form a multiproter complex in breast cancer tltah beincreasedby estrogen stimulation.
Moreover, our results showed that the HERTGAT1 interaction is important for surface
expression of HERGI his new knowledgés expected to contribute to the development of novel
therapeutic tayets for ER+breast ances, by minimizing the potentiaide effects of blocking
HERG channelgxpressed in cardiac tissue

The expression of HERBas been previoushtudied in various tumour cell linesander
to examine the underlying mechamof HERGregulaton of can@r cell proliferation.Regulation
of HERG current could result from anytbemechanisms listed: (i) change in number of channels
expressed on the cell surface, (ii) change in singnnel conductance or (iii) altered kinetics of
the channeldn cancercells wherghe expression level of HERG channel is significantly leigh
compard to their normal counterparts, the first mechanism can acdoumicrease in HERG
function.The data reported here also demonstrate that HERG is overexpressed in cémeasbus
tissue comparkto the normal breast tissue. Furthermore, expression of HERG was confirmed in
various breast cancer cell lines withfdientialestrogen recept@xpressionHowever, our studies
do not rule outthatwheter estrogen stimulatioroud alterthe biophysical properties of HERG

that promote increed HERG channel conductancesture electrophysiological sties will be



required to testhis possibility, especially to examinghether STAT1 binding to HERG at the
plasma membrane is sudient to alter the gating kinetics of HERG channels.

In breast cancerhte e x pr e s s i @ mcrdasedne hbermamt esEdgen signalling
is often observefll8-20]. We hypothesized that estrogen signalimgy be involved in HERG
expression sinceon-genomic activation of ERs has a downstream targehely thesrctyrosine
kinase which i&known to regulate HERG currefmi7]. It has been previously reported that HER
current is positively regulated byc [77], whereas it is negatively regulated the tyrosine
phosphatas&HP-1 [125]. This findingdemonstratethe importance of tyrase phosphorylation
of HERG on its function. Furthermore, HERG tyrosine phosphorylatay provide an
explanation for the upegulaton of HERG channels in breast cancer whareis constitutively
active[134, 13§. In pilot studies, we showed the&tinhibitors or the FRoeptide decreases HERG
phosphetyrosine levels as well as HERG surface expression. Our present study showed that
estrogerAnduced cell proliferation was decreasedshbyinhibitors, fludarabineand FRpeptide.
Our resultsshowing thatsrc inhibitors are effective inpreventing estrogemduced ell
proliferationare in line with our proposed mechanism that estrogen contributes to incseased
mediated tyrosine phosphorylation and functwhHERG channelsSince we alsmbserved
increased expression of HERG upon estrogen stimulatiersuggest that both increased HERG
function (by increased tyrosine phosphorylatiorsimand potentially by increased protginotein
interaction with STAT1) anchcreasedHERG surface expressidmoth contribute to the estrogen
induced cell proliferation iER+human breast cancer cell lines

Moreover, sc family kinases activate STAfamily proteins which are also known to
regulate proliferation of cancer ce[526-128]. Therefore, aberrant estrogen signalling in breast

cancer couldnvolve activaton of STAT1 throughsrc. Many studies have demonstrated that not



only activation buglsoexpression level of STAT1 has anpact on tumour progressifiil7, 118,
124, 131] The current knowledge on the expression lewel functiorof STAT1 in breast cancer
is controversial. Many studies have reported low levels of STAT1 found enpgSitive breast
cancerf117, 118] However, recent studies on STAT1 showed inci@&J6AT1 expression and
activity in breast canc¢t24, 131] In this studyour resultshowedthat STAT1 is overexpressed
in cancerous breast tissue compared to normal breast tissue. Furthermore, we showed that estrogen
can inducanincrease irtheHERG-STATL1 interactionAlthough we used IC182 780to inhibit
estrogen receptors and this vea®wn to be effective in reducing estrogeduced HERG surface
expression and cancer cell proliferation, it remains to be established which estrogen receptor
subtype (ER alpha or beta) is responsible for the upregulation of STAT1 and HER& RN
breast cancer cells. Future studies with ER subsgeeific antagonists or SIRNA knockdown of
either ER alpha dER beta will aid in the elucidation of this sighag pathway that contributes to
HERG-STATL interaction and proliferation in breast cancdlisce

To examingheeffect of disruptinghe HERG-STAT1 interactionwe useda peptide
which encompasses the full 28 amino acid region of STAT1 SH2 domain and examined its
potential therapeutic value in minimizing estrogeduced HERG surface upregulatiand,
consequently, increased cell proliferati@ur results showed that FHieptidewas cell
permeable andndeed was able to disruphe HERG and STAT1 interaction in ERreast
cancer cell line. Moreover, we observed thatgaptde was able to preveastrogerAnduced
upregulation oburfaceHERG channels. Our eprecipitation results also provided supporting
evidence that HERG&TATL1 interaction occurs, in part, through STAT1 SH2 domain binding to
phosphetyrosine HERG residues, although the availalaiea could not rule out that indirect

interaction through an intermediary si¢jivey protein may also account for the HEFB3AT1

LG



binding. In previous studidg7, 125] there were a number of tyrosine residuesidied that
could serve as potential binding sites forgheSH2 domain. These regions includgerminal
tyrosine residues (Y54SRA, Y329RTI, and/or Y4A05SPF)SS4inker Y544SEY, and several
C-terminal tyrosine residues (Y814ARP, Y829CDL, Y847PEEQY3QEL, or Y1082SAV)
Whether any or all of these tyrosine residues can be phosphorylated by endogenous tyrosine
kinases remains tcelestablished. It would also lmeportant to establish whether any of these
phosphetyrosine residues could similarlyrse as docking sites for multiple signalling proteins
that have SH2 domains, including STAamily of proteinssrc, and others. Since we showed
that HERG also cprecipitates witlsrc, it will be important to test in future studies whether the
src SH2 danain peptide could similarly prevent STAHERG interactions. If so, this would
indicate that estrogen signalling leadstoactivation, which is presumably upstreantiod
HERG and STAT1 interaction. This might explain why thepgeRtide completely pvented
the estrogetnduced cell proliferation but did not cause further reduction in cell proliferation
below baselia (ethawol control in Fig. 3.9.1 and Fig. 2.9,As other potential HERG interacting
proteins, such asrc, continue to be activated andaffected by the FiReptide. Moreover,
determination of the binding specificity of SH2 domains may not only extend to other signaling
proteins (e.g., SH2 domains of Grb2, Cbl, or o8reifamily members, ett,. but also whether
the SH2 domain of oth&TAT-family members mediate direct binding to the HERG phospho
tyrosine residues, will require further investigation.

It is likely that the disruption of HERG and STAT1 interaction bygdptide is in a form
of competitive inhibition. FRpeptide, actig as a competitive inhibitor, may lower the number of
available HERG proteins for STAT1 binding. Since HERG and STAT1 interaction appears to be

important in inducing HERG overexpression, the ability to disrupt HERG and STAT1 interaction



raises the possilily that FRpeptideor a small molecule with similar effeatan be used as a
potential anticancer therapeutic.

There are several advantages of usingpepBtide over other HERG blockers as an
intervention to prevent aberrant cell proliferation of ERifpee breast cancer cells. One
advantage of using FReptide is that this peptide may not produce any cacdic side effects
produced by direct blockade of cardiexpressed HERG channels. Rather than directly blocking
the HERG channelsur results sbwed thathis peptidenay allow the downregulatioof
HERG ssurface expression in ER+ breast cancers only. AlsdjBRG-STAT1 interaction
appears to occur exdively in human breast cancedshough it remains to be established
whethertheHERG-STATL interaction also ccurs in other types of cancefss shown
previously,our results suggest thitere are nmativeHERG-STAT1 interactions in normal
brain or cardiac tissugased on our conmunoprecipitation studieJhus, the FFpbeptide or a
small molecle compound that mimicsFRept i de’' s ef fect should not
deleterious effects on cardiac HERG regulation, thusdawgpithe unwanted cardioxic side
effects associated with most drugs that fail the Food and Drug Administration éfprgval.

Howeve, there needs to be more studiesie on the use of Fpeptide. STAT3 is
another member of the STA&mIly proteins, which is also known to regulate proliferation of
cancer cell$136-139]. STAT3 heterodimerizes with STAT1 in different cell types to exert its
transcriptional effect in the nucle[#40, 141] The use of FRpeptide may reduce the interaction
between STAT1 and STATS3. Indegukptidemimeticof theSH2 domain of STAT3 has been
shown to decrease the STAT1 and STAT3 dimerization in hematopoietic cancgtr43|ls
Reducing the availability of STAT1 for STAISTAT1 dimerization may promotgreater

STAT3-STAT3 interaction which is known to haaeapoptotic effect. Therefore, it is crucial to



study other potential side effects of using-péptide specifically to determinevhether these
effects promote cell death in cancer cells or promote toxicity i tseie. Furthermore, more
analysis needs to be done on this peptide regarding itifeahd IC50 for more effective use
of the peptide in futuren vivostudies.

For the first time, this study demonstrated thate is eHERG and STATL1 interactioim
breast canceHERGtyrosinephosphorylatioy src tyrosine kinasecan facilitate proteiprotein
interaction with proteinghat havethe src homology 2(SH2) domain which binds to phospho
tyrosine enriched protein substratEs43]. Therefore, we hypothesidethat there exists an
interaction betweeRIERG and STAT1 which can be wwpgulated by estrogen stimulatiohsrc
activity. Indeed, our data revealedvel STATIHERG, STAT1-src, andsrc-HERG interactiors
in cancerous breast tissue ands#ieteractiors werereinforced with estrogen stimulatiom ER+
human breast cancer cell lin€ésirthermore, oubiotinylation results showed an increased surface
expression of HERG channel uponregen stimulation in ER-breast cancer celland this
upregulation was inhibited by STAT&rc and estrogen receptarhibitors. Thus, STAT1 and
HERG appear to exist the sameignaling complexassrc (and possibly estrogen receptdist
are downstream astrogen stimulatio This finding is relevant to oncogenesis, since increased
estrogen levah hormone replacement therapisgssociated with development of breast tumour
[3]. Moreoverthese novel proteiprotein interactions between HERG and intracellular signgal
proteinsprovide amechanism for how estrogencreases prdkration in ER+breast cancer.
Future studies are needed to gain further insight into the precise interactions between HERG and
signalling proteins, specifically whether the interactions are mediated by direct or indirect-protein
protein ineractions and to determine tpeeciselocations in the HERG channel where these

interactions are occurring.



This study demonstrates the importance of estragguced HERG and STAT1 interaction
in upregulation of HERG chanmseHowever, thereciserole of HERG and STAT Interaction in
overall HERG expression and cell proliferation and cancer progresseus further elucidiai.
Some of the possible roles of HERBFAT1 interactioron HERG regulatiogan be derived from
looking at where the interactios happeningOur confocal imaging data showed thiad HERG
and STATL1 interaction occurred in differesubcelluladocations including plasma membranes,
intra-nuclearandcytosolic regionsilt is known thathe HERG gene has a pronsstregion which
binds to transcription factoysuch as SP1 and N&B [79]. It is plausible thaBTAT1 could also
bind tothe HERG genen the same manner to reguld&RG transcriptionbut future studies
involving chromatin immunogcipitation assays are required dtart to unravel the possible
transcriptional regulation of HERG by STAT1

Although there were some HERG and STAddtlabelled punctate stainingbserved
within the nucleusf breast tumor cells as well as human breaster cell linesthe majority of
the interactions were fourat or near the plasma membraaeslin the perinucleaandcytosolic
regions.HERG is synthesized in the endoplasmic reticylamdis then modifiedin the Golgi
apparatus before being trangjearto the cell surfadg’1l]. There are chaperone proteins such as
Hsp70 and Hsp90 which transiently bind to HERG in the cytosol to facilitate HERG trafficking to
the cell surfacd144]. Since STATL1 inhibition prevented estrogeaucedplasma membrane
HERG upregulatioms shown from biotinylation studigsis possible that STAT1 majay a role
in HERG trafficking as well.

Among all the voltag@ated potassium charlesgHERG channels are unique in thadit
biophysical propertieare such that membrane depolarization forces these channels to undergo

rapid inactivatior(resulting inminimum HERG conductancepdthenproduce significantly more

Lo



currents upon recoverydm inactivation during membrane hyperpolarizats8, 84, 119] In
contrast to most potassium channels, the overexpression of HERG channels are associated with
more depolarized membrane potentials which is a typical characteristic of highly prolgeratin
cancerous cell§Ve predict that after estrogen stimulation, the resting membrane potenE&s of
human breast cancer cells will bBeenmore depolarizedompared to notreated cellswhich

would be expected to contribute to the observed increasdliproliferation. However, further
electrophysiological studies are required to confirm whether membrane potentials are indeed more
depolarized after estrogen stimulation and subsequent upregulation of-HERTA interaction

and plasma membrane HERG exgsien. It is possible that STAT1 binding to HERG may play
arole in reguting HERG channelonductance N-terminal truncation of HERG channels results

in mud faster deactivation rates thiswe fullk-length wild type channe[845, 146] The N terminus

of HERG which is important foslowing deactivation rat¢l45, 147] alsohas sites for tyrosine
phosphorylationwhichmay facilitateSTAT1 binding via itsSH2domain If the STAT1 binds to
HERG at its Nterminus, STAT1 may createsteric hindrance téurtherslow down deactivation

of HERG channel. As a result, HERG conductance may increase favouring proliferation of cancer
cells. However, future studies are required stadlish whicltHERGN-terminal tyrosine residues
(Y54SRA, Y329RTI, and/or Y405SPHye tyrosine phosphorylated, and whetber tyrosine

kinase s intimately involved in this HERG tyrosine phosphorylatidiso, it will be important to
establish whetherite directed mutagenesis of these tyrosine residues can abrogate the STAT1
binding, presumably resulting from the removaltbé SH2 domain target substrates in HERG N
terminus. Moreover other HERG tyrosine residues located in theSS4inker (Y544SEY)r in

the Gterminus (Y814ARP, Y829CDL, Y847PEF, Y1013QEL, or Y1082SAwN need to be

examined for their potential binding to the STAT1 SH2 domatmally, the specificity of the

v X



STAT1 SH2 domain will also need to be tested against similar SH2 dofr@msther signalling
molecules, includingrc-family tyrosine kinases, Grb2, Cbl and other STamily members, for

their ability to bind to these HERG phosphotyrosine residues. To our knowledge, this is the first
report of a potential STATEH2 domain mding to HERG, whicltan have important implications

in anticancer therapeutic development.



5. GENERAL DISCUSSION

ER positive breast cancer is the most prevalent subtype of breast[&nCeirrently,
there are strategies for targeting estrogen signaling and ERs uskegtamgierdrugs such as
tamoxifen and raloxifem[148]. Thoughantiestrogen therapy has been effective in many cases,
there areanumber @ issues with the existing ardistrogen therapy. First, patients develop
resistance to lonterm use of antestrogen therapy. Second, agsgtrogen drugs are associated
with increased risk for endometrial canfB49]. Thereforethere is a crucial need for

development ohewanti-cancerttherapeutics

HERG has a great therapeuwtalue as an antiancer target as its overexpression in
cancerous tissues p&a role in aberrant cell proliferatid68]. However, it is difficult to target
the HERG channsthat areonly located in cancerous tissudalfunction ofHERG chanelsin
other normal tissuesuch as cardiac tissugan cause long QT syndrome typbg]. HERG is
also expressed in braigut,hematopoietic, immune amgturoendocrineells[67, 150152], so
blocking the HERG channels directly could have adverse consequences in normal physiological
functions.Therefore, molecular mechanism of HERG overexpressicancerous cellwarrants

further investigation

In the present study,enshow for the first time that thereagphysical complex consisting
of HERG and STAT land thastimulaton by estrogen in ER positive breast carleads to
increased expression of both HERG and STAT1, and consequently increased interactions in
differert locations within a cancerous celfhesrctyrosine kinase is also a component of this
multi-protein complex, and together with STAEBL¢tyrosine kinase may increase the overall

expression of HERG in cancerous cells. This-p@stslational modificadbn of HERG by



STAT1 (andsrc) may also increase the overall function of HERG channels by altering the
biophysical properties of this channel, but further electrophysiological studies are needed to test
this possibility. In addition to the podranslational modification of HERG by STAT1, a
transcriptional regulation of HERG by STAT1 cannot be ruled out. We found that both STAT1
and HERG colocalized inside the nucleus of both human breast cancer tumors and breast cancer
cell lines. As there has been @gedence for transcription factors playing a roleegulating

HERG transcription [73]it is reasonable to speculate a similar potential role for STAT1 binding
to HERG promoter sequence and inducing HERG transcription. Other potential mechanisms for
estogeninduced increase in HERG surface expression (and funatioloide upregulation of
regulatory processes involved in the forward trafficking of HERG channels to the plasma
membrane, decreased endocytosis of HERG channels, increased stability of kEEREby

other postranslational modification (e.g.,-Nhked glycosylation), and possibly increased
localization of HERG channels in specialized membrane domains (e.g., lipidCééts)ly, tere

are numeroumechanisrathat could contribute tBIERG overexpression i&R positive breast
cances, but ouffinding that HERG and STAT1 interaction appears to be specific in cancerous
tissue and cancerous cellzimically significant aswe have shown that selective disruption of

this interaction wit a p@tide mimetic can prevethe estrogeiinduced HERG overexpression

and reduce cancer cell proliferatiodnlike the previouproposedherapeutic interventions

based on HER@8, 153] targeting HERG and STAT1 iettactionselectivelycan provide a way

to avoid proarrhythmic and cardiotoxic risks of targeting HERG charBglspecifically

targeting the HER&TATL interaction usingur FR-peptide, ve demonstrated that we can

prevent the proliferation &R positivebreast cancer cellButure studies are planned to study

the effects of this peptide on HERG channel expression in human induced pluripotent stem cell



derived cardiomyocytes from commercial sources, to rule out any potential cardiotoxicity side

effects ofthis peptide.
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6. CONCLUSION AND FUTURE DIRECTIONS

6.1 Future directions

This studymainly focused on the postarslational modification of HERG chansel
However further investigation on transcriptional regulation of HERG is needed for better
understanding of HERG regulatiog tvanscription factor STAT1. Thereeaseveral tumour
suppressors(g. NKx3.2 and oncoproteing(g. Spl and Nk Bwhich are known to regulate
HERG expression by binding to the promoter region of HERG pg&jeSimilarly, STAT1 may
also bind to the promoter region of HERG gene in the nutteregulate HERG transcriptiom
silico analysiscan be done to determine iBRG promoter region has potential binding site for
STAT1. Then chromatin immunoprecipitatioan be performed to examine if STAT1 protein is
binding to promoter sequence of HERG gene.

Also, further studies on HERG current conductance need pertti@emedn the future
using FRpeptide In the present study, we demonstrated thapERtide treatmnt results in
reduced number of surface HERG channels. However, it is important to examine the effect of
FR-peptide on HERG current conductance to investitidunctional consequences of
disrupting theSTAT1-HERG interactiorat theplasma membraneandthe overall resting
membrane potential of human breast cancer.cells

To move these findings to clinical translation, it would be valuable to establish in an
animal breast cancer model whether thedeRtide is effectivén vivo. It is known that breast
tumour cells can metastasize to other organs, including the lungs, bone and3#4ais7]. In
coll aboration with Dr. Mendez’'s | ab (Depart me
Cayabyab lab is currenttjeveloping a rat model of breast cancer brain metastasis, whereby ER+

MCEF-7 cancer cells are transplanted into the rat brain striatum. Similar procedures from

(UN



Mendez’ s | ab are routinely used to traaespl ant

administered with daily doses of cyclosporine A after MCiransplantation in order to prevent
xenogratft rejection. In addition, the Fieptide and its scrambled versions are injected
intraperitoneally ér 4 weeks postranspantation. The pilot sidies show that the growth of
MCF-7 cells was greatly blunted by H#eptide but not by the scrambled versidinis suggests
the cellpermeabld-R-peptide successfully penetrated the blood brain barrier and inhibited
HERG-STATL interactiorin vivo. Futurestudies are required tmnfirmthese pilot studies and
to further characterize the effects of-pBptide on the transplanted cells and normal brais cell
(e.g., neurons, astrocytes, microglia, and oligodendrocytes) at the transplanted brain region. It
will also be important in future studies to determine whetherdels (e.g., MDAMB-231, BT
20, SKBR3) can also be successfully transplanted and their growth inhibited by -{bepfRe.
Since these ERbreast cancer cell lines are considered to be aggeessive than ER+ breast
cancer cell lines, it will be important to demonstrate whethepé&iide will have greater
efficacy in preventing breast cancer cell growthvivo.
6.2 Conclusion

This thesis examined the underlying mechanism of HERG ovessipnein ER positive
breast cancer using confocal microscopy, cell proliferation assay and different biochemistry
techniques. The data presented in this study show for the first time that (i) HERG and STAT1
interact in breast cancerous cells and tissuegadituin normal brain or heart tissues; (ii) estrogen
increases HERG and STAT1 interactions; (iii) estrogen upregulates surface HERG channels by
increasing HERG and STAT1 interactions; (iv)-pBptide can prevent estrogen induced cell
proliferation by disupting HERG and STATL1 interactions. This study not only elucidates the

molecular mechanism for HERG overexpression in ER positive human breast cancer but also



provides a method to prevent the overexpression. The new findings in this study may open up a

newarea for treating breast cancer.
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