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ABSTRACT OF THE DISSERTATION

Suppression of Mammary Tumorigenesis by

a Gemini Vitamin D Analog and a Synthetic Triterpenoid

By: Jae Young So

Dissertation Director: Professor Nanjoo Suh

Breast cancer ia heterogeneous diseasategorizednto multiple subtypesincluding
luminal, HER2positive and basdike subtypes, which exhibit distinct gene signatures and
clinical outcomesBasatlike breast cargr hasthe worst prognosiamongthesesubtypesand has
no clinically approved targeted therapyhile HER2targetingtherapy witha humanized HER2
monoclonalantibodymarkedy improved the prognosief HER2positive breast cancethe de
novoand acquiredesistance against the antibody lesserged as new challengefor patients

with HER2positive breast cancer

MCF10 cell lines, a human breast cancer progression mepedsentinghe basallike
breast cancer subtyperere employed to identifykey proteinsinvolved in different stagesof
mammarytumorigenesisincreased levels dGF-IR, cydin D1 and eMyc were associatedith
HRAS-driven transformationHigher levels ofpErk, pAkt, STAT3 and Pak4ontribue to
tumorigenidty in vivo, whereasCD44, HER2, COX2 and Smad4nay beinvolved inthe breast

cancer progression.

The MCF10DCIS.com cefl, one of the MCF10 cell linesighly expressa breast cancer

stem cell markerCD44. A Gemini vitamin D analog BXL0124 markedly repressed the CD44



protein level and the growth of MCF10DCIS.com xenograft tumBB44 overexpression was
correlated with invasive phenotype in MCF10DCIS.com cells, and the repression of CD44 by
BXL0124 contributed to the inhibition of cell invasioBTAT3, which interactdirectly with

CD44, was identified asa key downstream signalingnolecule affected by BXL0124 in
MCF10DCIS.com cellsThe CD44 knockdown study supportétk critical role of CD44STAT3

signalingin the invasive potential of MCF10DCIS.com cefisvitro andin vivo.

The anticancer effects of BXL0124 aral synthetictriterpenoidCDDO-Im on HER2
positive breast cancer were &in MMTV -HER2/neu transgenic mic8XL0124, CDDO-Im
and thé& combination delayed théevelopment of mammary tumaasid markedlyinhibited he
activation of HER2 and EGFR as well as their downstream moleauel,asErk, Src and €

Myc in MMTV -HER2/neu mammary tumars

In conclusion, we demonstratedherapeutic potential oemini vitamin D analog
BXL0124 targeting CD44STAT3 sigraling in basallike breast cancer. In additiome found
anticancer activies of BXL0124 and CDD@m in HER2-positive breast cancer and poteriyial

additive effecs of theircombination.
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Chapter 1: Introduction

1.1 Breast cancer

Breast cancer is the most common cancer and the second leading cause ettzader
deathamongwomenin America[l]. Approximately 1 in 8women in America will develop
invasive breast cancer over their lifetirfly. At the pathological and molecular level, breast
cancer habeenrecognized as skingly heterogeneous diseagd®,3]. According to pathological
evaluation breast cancerhas beendivided into several types, invasive ductal carcinoma and
invasive lobularcarcinomaas well asnflammatory breast cancar rare case§2,4]. In addition
to pathological classificatigiased omeneexpression pattesnbreast cancer kdeenclassified
into luminal A, luminal B, HERZ2positive and basdike subtypes[3,5,6]. Moreover, each
subtypehasdistinctgene expression profilesdis associated witllifferentclinical outcomeand

selectivesensitivityto anticancer therapids,7,8].

1.1.1Luminal breast cancerand therapies

Luminal breast cancersvhich express estrogen receptor (ER) and luminal cytokeratin
8/18, are the most common subtype of breast caandraccount fo60-70% of invasive breast
cancer casef9,10,11]. Luminal breastancerscan be further divided into lumih& [ER" or
progesterone receptd?R)” andhuman epidermal growth factor receptor#ER2)] and luminal
B (ER' or PR and HER2). Although both luminal A and luminal B breast cancers express ER,
luminal B breast cancerdisplay poor differentiation higher histologic gradesand higher
expression of liferative genes such as CCNBdncoding cyclin B1)MKI67 (encoding Ki67)

and MYBL2 (encoding Mybrelated protein B) than luminal A breast cancer$5,1213. In



general patients withluminal breast cancer sholetter prognosis tharpatients withall other
subtypes of breast cancddd]. Patients with luminal breast cancer tyglly receiveendocrine
therapies with selective estrogen receptor modulators (SERM)aromatase inhibitors for
premenopausahnd postmenopausal women, respectivgéld]. Among the two subtypes of
luminal breast cancertuminal B subtypehas significantly poorer outcome and higher chance
of beingresistant to endocrine theraglyan luminal A subtypg¢l15]. Moreover,the luminal B
breasttumors with resistanceo endocrine therapieare lessresponsiveto chemotherapies
many casesurging the development of nesvugstargeting thoseendocrine therapyefractory

luminal B breast tumork8,16].

The endocrine theraips have been importansystemic therdps to treat the cancer
patientswith ER-positive tumorg17]. Tamoxifen,an antagonist of ERvhich binds to ER and
blocks the function of ER, has been the finsé treatment for both early and advanced- ER
positive breast cancer patieflsl]. Moreover, several clinical trials found thamoxifenreducel
the incidence ofER-positive breast cancefunctioning as a preventive agent fowomen with
highrisk of breast cancdd9,20,21]. In the treatment for advand®reast cancehalf of patients
exhibit de novoresistance toamoxifen but many patients who respond &noxifeneventually
develop resistandd 8]. Moreover, tamoxiferhasER-agonistic effects oonther tissues including
bone, liver and uterus, causing increased riskidé effects, such asndometrialcancer and
thromboembolic disead@2]. Another treatment option for Epositive breast cancerstise use
of aromatase inhibita; such as aminoglathimide and 4ydroxyandrostenedioneihich repress
the activity of cytochrome p450 enzyme aromatasedue circulating estradiol levelg22,23].
With a series of improvemest now the third-generation of aromatase inhibitors, such as
anastrozole, letrozole and exemestashBpw high selectivity to aromatase enzymend
significantly suppresglasmaestradiol level by 8592% [22,23]. However, in patierst with

advanced breast cancer, the response ta@m®matase inhibitors are justgiily higher tharto



tamoxifen, andnany patients also exhilde now andacquired resistande aromatase inhibitors

[22). Particularly for luminal B subtype, the activation of HER2 signaling has beewnfdhe
mechanisms of resistance, and combination of HER2 targeted therapies has been utilized to
overcome theendocrine therapyesistancqd24]. A steroidal analogue of estradiol, fulvestrant,
wasdeveloped to provide specific Edtagonistic effects without agonistic effeatsd showed

potent anticancer activity on ERositive breast cancer in many preclinical stufig26,27,28].

However,in the clinical studiesfulvestrantshowed extremely poor bioavailabjlitleadingto a

failure of clinical studies[29]. The development of amy steroidal analogues of estradisl

undegoingto achieve better bioavailabilify29].

1.12 HER2-positive breast cancerand therapies

HER2 @lso known as ErbR) is a transmembraneceptortyrosine kinase which has
been shown to be overexpressed2th30% o invasive breastancercases[30]. The breast
tumorswith HER2 overexpressiashowhigh histologicgradeandelevated growth ratg81]. The
patients with HERverexpressing tumors develeprly systemignetastais andhavedecreased
rates of diseaskee andoverall survivalascompared to patients without HERZerexpression
[31]. The aberrant activation dRasMAPK and Akt-mTOR signalinghasbeen identifiecas key
biological featuresin HER2driven breast tumor[32]. Currently, trastuzumab (Hesgtin, a
humanized monoclonal antibodynding to HER2) and lapatinib (Tykerb, a sraadblecule
inhibitor of HER2 tyrosine kinase activity) have bediliaed astypical thergeutic options for
the patienwith HER2positive breastumors[33]. Since theherapeutics are selectivedffective
for the HER2 overexpressing breast tumors, diagnostic tests, such as immunohistochemistry to
detect protein overexpression or in situ hybridization to detect gene amplification, are ednduct

to determine HER2 overexpressiorpatientsefore drug treatmeig4).



For metastat HER2positive breast cancdrastuzumab has been part of the standérd o
care, and the combination eastuzumab with chemotherapies has significantly improved median
overall survival of patientg35]. However, about half of patient with HER®sitive breat cancer
did not ehibit objective response withastuzumab, indicatinde novaresistanced trastuzumab
[35]. In addition, many patients who shoad objective responsacquired resistancever the
trastuzumab treatmenand developed disease progressi@d]. Loss of funtion of the
phosplatase and tesin homolog (PTEN)and activating mutatios of PI3K which lead
constitutive activation of PI3K signalingavebeen reported as the mecharssof rastuzumab
resistance[36]. Another mechanism of resistance tastuzumab is the accumulation of a
truncated form of HR2 receptor (p9BER?2), which is constitutvely active [37]. Lapatinih a
reversible ATP-competitive inhibitor of HER2 and EGFR tyrosine kinagas deeloped to treat
trastuzumabresistant breast cancer patief8]. However, treatment d¢@patinibor trastuzumab
refractory patients also exhibitede novoand acquired resistance fapatinib [39]. The
combination treatment ofdstuzumab with other HER2 targetingtibodes such as pertuzumab
significantly improved complete response rateHER2posdtive patients tham single treatment
of trastuzumalf4Q]. The mmbination of trastuzumab with downstream pathway inhibitors or
inhibitors for other receptorssuch as Met recept@nd IGF1R,are ongoinginvestigaitons in

preclinical studiesisanew approach to overcome trastuzumab resisfaicé?,43].

1.13 Basaltlike breast cancerand therapies

Basallike breast canceexhibits gene expression profilsimilar to basalmyoepithelial
cells including cytokeratin 5, cytokeratii7 and EGFR[3,12]. Most of the basallike breast
cancers are negative for ER and HER2, conferdagiovoresistaice to endocrine and HER?2

targeted therapiept4]. Basallike breast cancer comprises approximately 15%lbinvasive



breast cancey and majority of basdike breast cancer Baigh histologic grade[44,45]. More
than 75% of breast cancer patients carrying BRQAudtation havea basallike phenotype,
indicating BRCAL asnimportant basalike breast cancer susceptibility gefdel]. Mutations in
TP53are also frequent (482%), which leado defect of cell cycle check pomtand genome
instability in basallike breast cancdi3,45,46]. Amongdifferentsubtypes, basdike subtype has
the worst prognosis, andajority of basalike breast cancer patients are at high riskearly

relapse within first 25 years after treatmeft7,48].

Without validated molecular targets, the conventional chemotherapie®é&an the only
therapeutic option for patients with batiie breasttumors and no standardregimen has been
established8,4549]. EGFR and «it, which are expresseih a high proportion obasallike
breast cancer have been emerged as potential therapeutic tarfj#,51]. For the basadlike
breast cancersarrying BRCA1 mutation, lptinumbasedchemotherapies qooly ADP ribose
polymerase PARP inhibitor have been investigated as targeted thergp#sin addition to the
development of potential targeted itiygies, recently there has been accumulating evidence that
basallike subtypemight not be a single entity but rather greug different breast cancers
sharingbasallike gene signatue[48]. Therefore,identification of distinct subgroups within
basallike breast cancers might be onetbé& new directionsof researchfor basallike breast

cances [4548§].

1.2. The preclinicalmodelsof breast cancer

Preclinical studies have beenvaluable for improvement of ounnderstanding on
cancer biology andevelopment o&nti-cancer therapeutics. With the complex and heterogeneous
nature of breast cancers, variety of preclinical model® leen developedncludingin vitro

human breast canceell lines, in vivo xenograft animalmodek, carcinogerinduced tumor



modebk and transgenic mouse mosi¢b3]. Although each of preclinical modelhas different
limitationsin terms of ecapitulaing human breast cancarsingmultiple modelsmnay providea

powerful tool to investigate human breast cancer.

1.2.1 Human breast cancer cell lines

Breastcancer cell lines have been widely used in the preclinical studies to investigate the
biology of breast cancer and to develop new therape(i8s Breast cancecell lines are
inexpensiveand easy to maintajrand the experimental condition is easy to control, yielding
reproducible and quantifiable resu[ts3]. There aravide ranges of weltlefined assay tools for
the biology of breast cancer cell lings3]. The characteristsof each breast cancer cell line2
well-established, providing selective options depending on the purpose of[5d)8%]. Major
limitation is the obvious difference between cell culture system and microenvironment of human
breasttissue[56]. The apicalbasal polarityof cellsand thecapability of cells to fornfunctional
structura in vivo cannot be replicated ithe cell culture system56]. In addition,establishing the
model to elucidate complex ntigellular interaction is practically difficulin the cell culture
system[53]. The 3D culture system with a reconstituted basement membrane matrix and co
culturesystem with stromal or immune cells have been developed to make up the shortcoming of
common cell culture systef®3,56]. With the recent discovery of human breast cancer subfypes
the panels of human breasincer cell lines that represent each subtype has been very useful to
investigate the biological responses among different subtypes upon thearadir drug

treatment$54,55].



1.2.2 Xenograft animal models

In xenograft animal modek, human breast cancer cells are subcutaneously or
orthotopically transplanteiito immunodeficient mice allowing the investigation of human breast
cancer cell biology in th@n vivo environment57]. As preclinical modeal the xenograftanimal
modek havebeen extensively utilized to develop asuwteeranti-cancer drug$57]. Althoughthe
xenograftanimalmodek provide convenienin vivotools, there are some limitatiotselucidae
the interactions between tumor cells and microenvironment happening in human breast cancer. In
many cases of xenograft tumpthe stromakells do not involve as much as in human breast
cancer[58]. In addition the different species origin of epithelial human cane#ls @and mouse
stromal ceb may have significant impacts on the properties of xenograft tuniog.
Interestingly some breast caec cell lines such as MCF10DCIS.com and SUM225 cells
demonstrated significant infiltration of stromal cells ambntaneous progression of xenograft
tumors from DCISto invasive breast canceteplicating the properties of human breast cancer
[59,60,61]. Another limitation of the xenograftanimal model is the lack of immuneystens
against the tumor cells whidh acrucial component of human breast cancer developB&ht
The cotransplantation of tumesuppressing or tumgaromoting immune cells has been utilized
to address the role dhe immunesystem in breast cancer developmgb®]. With the recent
identification ofbreast cancer stem ce{lso known asumorinitiating cellg in breast cancean
saial transplantatiorof human breast cancer celias been utilized taentify the tumorigenic

breast cancer stem cell populatiarbreast cancd62].

1.2.3 Carcinogenrinduced mammary tumor modek

The demical carcinogeinduced mammary tumor model dhbeenserved as a useful

tool for preclinical studiesvith multiple advantage such as easgumorinduction, short latency



period, and hormone responsiveng&s]. Not like most of xenograftumors which are
developed frommalignant breast cancer cells, carcinogetuced mammary tumorscan
represent multiple stages from initiation, promotion and progression of cancer development as the
tumors are developed from normal mammary epithelial ¢él$. In general,the chemical
carcinogerinducedtumor model develops hormoradependent tumoyshereforehas been served

as a conventional model to investigate-g#sitive breast cancer arid screenER-targeting
pharmaceutical agenfg4]. A polycyclic aromatic hydrocarbon DMBA and alkylating agert, N
methykN-nitrosourea (NMU) are the most commonly used chemical carcinogens to study
mammary tumorigenesis in rgt85,66]. The tumoranduced by thee chemicals arise frothe
terminal end budswhich is also theproposedsite of origin for human DCI$64,67]. The
histological similarities betweegarcinogerinduced mammary tumors and human breast cancers
have been reported in many stud[€s8,68,69]. However, both DMBA and NMU-induced
mammary tumors rarely metastasize and do not have enp@ionwhich is common in human
breast cancef70]. With more aggressive histological phenotypes and estrogen depenttency,
NMU-induced model has been considered égtter model to study ERositive breast cancer
thanthe DMBA-induced mode[64]. As found in human breast cancens,atered expression of
TGRU, HER2, <cyclin D1 and -ingueddsmarhmary tumwags4. f ound
Moreover, gene expression profilstudy demonstratedhat the carcinogerinduced mammary
tumors share molecular features with lawintermediate grade, ERositive human breast cancer

[70].

1.2.4Genetically engineered mouséGEM) models

The GEM modelhas beena useful tool to understand the specific functionshoman

breast cancesissociatedjenes in mammary tumorigeneprd]. Tumor suppressor genes such as



p53 and BRCAL ooncogenes such asMyc and HER2 have been genetically manipulated in
GEM modé, leadingto development of mammary tumoiSeveral promoters, including mouse
mammary tumor virus (MMTV) and whey acidic protdMWAP), have been utilized to have
selective gene expressionmammary glandgs3]. In addition to the conventional promoters, the
advance of genetic engineerirgyich as tetracyclin (tetegulated transgene and Cre/loxP
recombinasenediated gene regulatiaystemsallowed more precise controlvertiming, tissue

and cell selectivityin geneic alterationd53]. The precise spatiaiemporal control demonstrated
that the phenotypes of mammary tumors are determined in more comateembydifferent

origin of the target cell and timing of genetic alteratips3]. One major limitationof GEM
tumors is that most adhe GEM tumors are hormonmdependent while more than half of human
breast cancers are hormone dependé&i@. In addition, most GEM tumors metastasize
predominantly to lungvhile human breast tumors metastasize to multiple tissues such as lymph
nodes, lung, live and bone[72. With numerous GEM models of different genetic
manipulationsthe gene expression profiles about 100 mammary tumors from 13 different
types of GEM modek were compared ta large panel ohuman breast cancéo identify the
association of each GEM models to the subtypes of breast cdi@prdhe different tumor
samples from same GEM model showed significant similarities in gene expression profiles,
confirming the molecular phenotypes of tumors in GRE models were detdrinirtbe genetic
alteration [73]. In addition, the 13 GEM models were clustered into two groups, sharing features
of luminal B or basalike subtypes[73]. In particular, the gene expression profiles of two
BRCAL1 deficient GEM models showed significant overlap with the gene expression profile of
basallike human breast cancer, supporting the tumorigenic role of BRCAdtiom in basalike

breast cancdi73]. Although no single GEM model exhibits all the features of given subtype, the
various options of GEM modelswith distinct molecular signature to drive tumorigenesis may

useful to dissect distinct signaling pathway for the investigation of targeted therapies.
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1.3 Molecular targets of breast cancer
1.3.1 Estrogenreceptor (ER) signaling

The persistently elevated levef esrogen hadeen closely associated with the risk of
breast cancerspggesting that thexcessive exposure to endogenous estrogen may be key casual
factor of breast cancév4,75]. With binding of estrogen, ERndergoes conformational change
andbinds to estrogen response element (ERE) to regulatedtitated gers including eéMyc
and cyclin D1, leadingo dramatic stimulation of cell proliferatiofirg]. In addition to estrogen,
growth factoractivated Akt or MAPK can also activate ER by phosphorylating ER, suggesting
dynamic crossalk between ER and other signaling pathsv§iy6]. ERU a n dre tBeRvb
members of ER familf77]. As the key transcriptional regulator associated cell proliferation and
tumor malignancythe titmoigeni ¢ functi on of ER[F7.WhieERRen
appears to have dphpeo shiindg oeyfifceadt roofl eERPU, ERD

still controversial among different research grofug.

1.32 Human epidermal growth factor receptor HER) family receptors

The HER family (also known as ErbB recaptamily) consiss of four transmembrane
receptor tyrosine kinases, HER1 (also known as EGFR), HER2, HER3 and[AgRBhe HER
family receptors, expressed in various tissues, are activatdk BGF family of growth &ctors,
such as EGF, transforming growth factff&F) and neuregulins, in a tightly controlled manner
[78]. In breast cancer, EGFR and HER?2 are frequently overexpressed, and the ov@mexjmes
assaeiated withmore aggressive clinical phenotyd&1,79]. The HER familyof receptors has

conplex signaling network by crotssking with each other, for example HER2 without known

we

n
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soluble ligand can heterodimerize with EGFR and HER®lifying signalingas cereceptor

[32). In addition, the &nsactivation of HER family receptors I&+proteincoupled receptors
(GPCR) or sevepass membrane receptor Frizzled (FADjuced activation of pr&GFR
ligands contributes the complex nature of HER receptor signaling network in breast cancer
[80,81,82]. With the understanding of complexity tife HER receptor signaling pathway and the
frequent resistance to drugs targeting single molecule, combination of multiple drugs er multi
functional agents targeting different factors among the HER receptor signalingkbawerbeen

the new directiop83).

1.3.3BRCA1 and BRCA2

BRCAL1 and BRCA2 are the two major breast cancer susceptibility genes, playing critical
roles for genomicstability through homologous recombinatipd4]. Germ ine mutation of one
copy of either gene results in hereditary breast and ovarian cancer syndrome which accounts for
5-7% of breast cancer casefterestingly, the breast cancers with BRCA1l mutation
predominantly show phenotypic features of bdikal breat cancer, but the reason is still
unknown [85]. The tumors with BRCA1 or BRCA2 mutation are shown to be intrinsically
sensitive to PARP inhibitorg36]. In recent clinical triad, the combination of PARP inhibitor
with chemotherapeutic drugs showed significant clinical response among triple negative breast

cancer patients with BRCA1 and/or BRCA2 mutatifi588].

1.3.4 Phosphoinositide 3kinase (PI3K)

PI3K is involved in mediating wth and survival sighaling from receptor tyrosine

kinases or RAS proteins to downstream effectors, such as Akt and mTOR casp8S}. In
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many cancersseveral conditions such gmersistent activation of upstream receptor tyrosine
kinases, the genetic mutation of PI3gss of P'EN, or amplification of key components in the
pathway leado the abnormal activation of PI3K/Akt signaling pathway whicbmotes cancer
cell growth and surviva[90]. Recent studes with a large nhumber of human breast cancer
specimengeported PI3Kmutationas one of the most frequently occurred mutations in human
breast canceslong with P53 and GATA®utations[6,91]. While the frequencyI3K mutation
varies among different subtypes of breast cancer, the alteration of geremd proteomic
signatures corresponding to PI3K/Akt signaling pathugaghown tooccurin all subtypes of
breast cancef92]. Moreover, the amplificationfoPI3K or its pathway components have been
demonstrated as a key mechanism for resistance to many receptor tyrosinetakigetee

therapies, including HER®Q].

1.35 Insulin-like growth factor-I receptor (IGF-IR)

IGF-IR is the primary receptor for IGFand IGF-Il which are potent paracrine and
autocrine mediators afell proliferation[93]. The abnormal activation of IGHR signaling has
been associated with malignant progression of cd8dgrWhile the amplification or ntation in
IGF-IR is rare, theabnormalexpression of IGFs has been shown in many cari®&96]. In
breast cancetthe elevated level of insulin and I@Rvas associated witthe risk of incidence
and recurrencg97,98]. In transgenic miceoverexpressn of IGF-I or IGFII increasedthe
development of mamary tumos, while these tuma requiredadditioral oncogenicalteration,
such as p53, to develop completely malignant phend8@&0Q. In addition, IGFIR signaling
pathway has been identified as key signaling pathway that confers endocrine-thsisiayce to
breast cancef101]. Cotargeting of IGHR with ER or HER2 significantly enhanced the anti

cancer activity of ER or HER2 inhibitors in preclinical studi®32103.
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1.3.6 Nuclear factor of@ BINF-a B )

NF-a B i s a-spedfigtamscriptien factor which plaggole inproliferation, ant
apoptosisinflammaiton and innate immuty of cells [104. The elevated or constitutivativity
of NF-a B Iheesfound in breast cancer celisxd primarybreast tumorg105106¢. In one
animal study the activation of NFe Boccurred before the malignant transformation of
carcinogerinducedmammary tumorsindicating the association between the activatedoNE-
and early stage of mammary tumorigend4id7]. In addition the inhibiton of NFe B act i vi ty
delayed the developent of mammary tumors in éhpolyoma middle T oncogene (PyV
transgenic mouse mod§l0§. Although the precise mechanism of dFB i n br east C i
progression is still unclear, afstpoptotic activity of NFe B hhybitinig p53 activityhas been
suggested as possible mechani$h®g. Moreover, recent studies demonstrated thaiNF-a B
pathway playe@ major role intumorigenesis ofhnflammatory breast cancer, exhibitipgrsistent

activation of NFa Bwith elevated expression of N&- Barget genef110,111].

1.3.7 Signal transducer and activator of transcription 3 STAT3)

STATS3 is a transcription factor that mediates the cellular response to various cytokines
and growth factors, including interleuké and EGF[112. Upon activation, STAT3s are
phosphorylated by intracellular kinases, including Jakisase 2 (JAK2) and Src and
translocated to nucleus to activatargetgeneq112113. While the activation of STAT3 occurs
transiently in normal cells, cotitsitive activation of STAT3 is frequeribh many cancer cells,
including breast canc¢lt14]. Moreover, the constitutive activation of STAT3 is often associated
with tumor progressiofil14,115. Studies demonstrated that the constitutive activation AfTST

wasa crucial contributor to the growth, survival and invasiorbiafastcancer cell§116117].
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Moreover, overexpression of B2lor survivinby the constitutive activation of TAT3 has been

found as one of the mechanisms for breast cancer cells to be resistant to chemotherapies
[117118. Recent stud reported that STAT3 is a key signalibg maintainthe breast cancer

stem cell population[119, and tumotinitiating breast cancer cellexhibited preferential
activation of JAK2/STATS3 signaling12(. On the other hand, inhibition of STAT3 signaling

with STAT3 small hairpin RNA (shRNA) or use of STAT3 phosphorylation inhibitors repressed
the formation and growth of xenograft tumors in mice as well as the invasive potential of breast

cancer cell$121,127], demonstratingg TAT3 as animportanttherapeutic target in breast cancer.

1.3.8 Vascular endothelial growth factor (VEGF)

VEGFis a potent inducer ofascular permeality as well as survival and proliferation of
endothelial cells, involving in physiological neovascularizatid@®?3. During the cancer
progression, cancer exhibits the constitutively activated angiogenesis whichifedeq sustain
neoplastic growth of tumofl24. As the key inducer of angiogenesise toverexpression of
VEGF is commonin various cancers, including breast cancer endssociated with disease
progression and decreased survival rates in cancer pafiddis25. Large number of preclinical
studies demonstrated the acdincer effects of VEGFargeting drugs, leading the clinical triab
of a humanizedmonoclonal antibody against VEGF (Bevacizumabj). the first trial
bevacizumab showed significant clinical benedit overall survival in combination with
chemotherapies, but the following trials failed to confirm the significaptovementof overall
survival with bevacizumalin metastatic breast cancer patigi®6127,128. However, all three
trials showed the significantly improved progresdia®e survivalby bevacizumab, supporting

the potentialof VEGF targeted therapies in advanced breasice{128129.
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1.4 Vitamin D

Vitamin D is derived from diet or synthesizedby converting the precursor-7
dehydrocholesteraio vitamin D in the skinn response to ultraviolet B (sunlight) expos[&8(.
In the liver, vitamin D is hydroxylated by 2Hwydroxylase (250Hase), producing 25
hydroxycholecalciferol (25(OH)E), and 25(0OH)D; i s t hen conver thgd i nto
(calcitriol) in the kidney by 25hydroxyvitamin D31 th y d r o x y-Diaseeyp78 [131].
1 U, 2 5[0,;and active form of vitamin Dis the major regulator of calcium and phosphorus
homeostasi$13(. In addition to the systemic production, the enzymatic machinecphoert
vitamin D intol U, 2 5; 8dd peen also found in many other tissues, including biEast.
|l ocal p r o @5@HLD; bas beenf dendofiktrated to induce varibisgogical functions

in a tissuespecific mannef130,137.

1.4.1 Biological actions of vitamin D

Many preclinical studies haveemonstratedhe important noitalcemic functions of
vitamin D in association with various diseases, including capt8f. The major molecula
mechanism o¥itamin D isto regulategeneexpressiorby activatingvitamin D receptor (VDR),
which is a member of the nuclear receptor transcription fa¢i@9. In additionto the genomic
actions, recent studies have shown that vitamin D eert rapid norgenomic action by

interacting with membrankound VDR[133.

Genomic actions of vitamin D: Binding of vitamin D to VDR induces dimerization of
VDR with retinoic X receptoralpha (RXRU) [134. The activated VDFRXR dimer binds to

vitamin D response elements (VDRE) in the promoter or enhaegeon of target genes to
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regulate the transcription of tlewnstreamarget genefl34). After bindingto DNA, the VDR

RXR complex recruits céactor proteins which determine the tissweor genespecific
transcriptionalregulations For the activatiorof target gengsVDR-RXR complexD recruits
steroid receptor coactivators (SRCs), nuclear coactivator 62-Skibénteracting protein
(NCoA62SKIP), CREB binding proteigCBP)p300, and polybromand SWi2-related gene 1
associatedactor (PABF) toinducechromatinremodeling[135. After chromatin unwindingthe
mediator compless (vitamin D receptor interacting protein coactivator complex, DRIP) are
recruited tothe region, which activate the basal transcriptimachinery[132135136]. For the
repression of target genesgtimated VDRRXR dimer recruits co-repressors such as NCoR
(nuclear receptor emepressor) 1 and NCoR2/SMRT (silencing mediator of retinoid and thyroid
receptors)[132137]. Histonedeacetylases and DNA methyhsferases are also recruited by

VDR-RXR complex, leadingp closed chromatin structufé35137).

Non-genomic actions of vitamin D:Several studies have shown thvé@amin D can
exert rapid cell respongavithin 1~ 45 min)that does not deperneh transcriptional regulation
[13813914(. VDR, which is involved in the rapid responswas found to be localized in
caveolaeenriched microdomain of plasma membrda88. The binding of vitamin D to the
membranébound VDRactivateghe PKC signaling pathway, leadirig rapid opening of voltage
gated C& channels and increase intracellular’Cievel [139140. The elevated C4 level
consequently activates the Raf/MAPK/ERK signaling pathyh3813914(. However, the
repors on rapid response to vitamin D v@abeenlimited in many noAmalignant cells, such as
normal colon cells and skeletal muscle cedisgd occurrence of rapid response to vitamin D in

malignant cells is still unknowji141].
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1.4.2 Vitamin D and breast cancer

Both normal and malignant breast epithelial cedpress VDR, andnanimal study with
knockdown of VDR showed the important role of VDR in physiological mammary gland
development[142. Moreover, VDR-knockdown mice showedncreased DMBAinduced
preneoplastic mammary lesions, compared to -tyiig mice[143. In arother study withthe
MMTYV -HER2/neutransgeit mouse modeglthe loss of one or both deg of VDR gene by
crossing with VDRknockdown mice also resulted in the increasemdence ofpreneoplastic
lesions and abnormal morphologic phenotgeduct [144], suggesting inhibitory function of
vitamin D cn mammary tumorigenesislany in vitro andin vivo studies demonstrated the potent
anti-cancer activity of1 U, 2 5; Quit) othervitamin D analogs[145146147,148149.
However, in clinical studies] U, 2 5@ @éuredhypercalcemic toxicityin the participants
before reaching the dosmmparable to the dewith anti-cancer activity in preclinical studies
[150151,157. Various types of vitamin D analogs have been develdpesbtain better anti

cancer activity with less toxicitthan1 U, 2 5@; 32)157.

1.4.3 In vitro and in vivo studies of vitamin Dand vitamin D analogsin breast cancer

Anti -proliferation : Vitamin D andvitamin D analogsshowed potent anpiroliferation
activity on both ERpositive and ERhegative breast cancer celtsvitro andin vivo [132). They
inhibit cell proliferation by transcriptionally regulating expressiemels of many cell cycle
regulabry genes, such as CDKN1A (encoding p21), CDKN1B (encoding p27), CCND1
(encoding cyclin D1), CCND3 (encoding cyclin D3), CCNA1 (encoding cyclin A1) and CCNE1
(cyclin E1)[153154,155. The expressiotevel of insulinlike growth factor bindig protein3
(IGFBP-3), which blocks the IG#stimulated cell proliferation by sequestering IGKas

increaseddy vitamin D and vitamin D analogs MCF-7 and T47D cell§156,157]. Functional
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vitamin D response elements were later identified in IGBBFPomoter regiofl5g, supporting

the transcriptionalregulation of IGFBP3 by vitamin D TheTGFb  si gnal i nganpat hwa
important role for the growth regulation oncer cells athe early stage of tumor progression

[159. In breast cancer cells, vitamin D avithmin D analogs modulated th&sFb s i gnal i ng |
inducing the mRNA expression level of T@MRI [15516(0. Bone morphogestic proteirs

(BMPs), another group of factorselongingto the TGFb s uper f ami | vy, are al
vitamin D andvitamin D analogsn breast cancer celld61162. Gemini vitamin D analogs

activatethe BMP signaling pathay by increasing mRNA level of BMP2 andvi®6, while
decreasingnRNA level of Smad6an inhibitor of TGFb / S nsayrhling[161]. Blocking of

BMP signalingwith chemical inhibitompartially repressedhe antiproliferation effect ofGemini

vitamin D analog$162], indicating the role of BMP signalinig the inhibitory effect of Gemini

vitamin D analogs on cell proliferation

Apoptosis: Vitamin D andvitamin D analogs have been reported to induce apoptosis in
breast cancer cells by regulating the expression level of key apoptosis mefdi8&rsThe
majority of apoptotic effects of vitamin D and its analogs have been demonstrategosiEiRe
breast cancer model, such as MZEells or NMUinduced rat mammartumor model[137.
Vitamin D and vitamin D analogs decreased Bel expression and increaseadstosterone
repressed prostate mege® (TRPM2)/clusterin expression in MGF cells, leadindo apoptosis
[163164165166. The increase release of intracellular frexlcium and activation of calpain by
vitamin D and vitamin D analogsavealsobeen shown to induce apoptosisMEF-7 cells[167].

In animal moded, induction of the apoptotic markersuch as cleavedARP and cleaved
caspase by vitamin D andvitamin D analogs in NMUinduced tumors and MCF xenograft

tumors have been reportgl68169170171].

Anti -invasion: Invasive growth isa critical property of malignant tumor progression for

local invasion and metastasj477. Numerousstudies have demonstrated that vitamin D
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repressesvasive potential obreast cancesells[132173174. Vitamin D andvitamin Danalog
decreased the secretion wifokinasetype plasminogen activatouRA) and activity oftissue
plasminogen activatotRA) while increased secretion pfasminogen activatanhibitor-1 (PAI-

1), resulting reduced total PA activity in highly invasive MBDAB-231 cells[173. The level of
MMP-9 in MDA-MB-231 cellswasdecreased by vitamin D amitamin D analog$173. cDNA
microarray identified additional MMB, MMP-7, MMP-10 and MMPR12, which are down
regulated by vitamin D in MDAMB-231 cells but not in nemvasive MCF7 cells[155. The
repression of cancer cell invasion by vitamin D a&idmin D analogsverealso shown in other
ER-negative and highly invasive SUVBIOPT cells[174. Moreover, ina mousemodel with
intracardiac injection of MDAVIB-231 cells, the average area of osteolytic lesions and tumor
burden within bone were significantly decreased by vitamin D analog, confirming the anti

invasion activity of vitamin Dn vivo[175.

Anti-inflammation: Inflammation has been associated with redusarvival and
increased recurrence among breast cancer pafiert177. Recent stuiés demonstrated that
vitamin D regulates the prostaglandin (PG) pathway in botip&siive (MCF7, ZR-75-1 and
T47-D cells) and ERhegative (MDAMB-231 cells) by decreasj mRNA expression levels of
COX-2 and increasing mRNA expression levels ofPIGDH [17817918(. Gemini vitamin D
analog significantly induced mRNA expression level of dual specificity phosphatase 10
(DUSP10, also known as MAP kinase phosple&swhich controls inflammatory responses by
dephosphorylating p38 MAPK and the strastivated protein kinase JMrterminal kinase

(IJNK), leading to their inactivatiof160,181].

Thein vitro andin vivo studies of vitamin Dand vitamin D analogs breast cancegre

summarized in @ble1.2 andTablel.3, respectively.
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1.4.4 Clinical studies of vitamin D in breast cancer

Two vitamin D analogs, EBB® and paricalcitol,were testedn clinical studiesfor
patients with solid tumors including breast cancer, colorectal cancer and prostate cancer
[182183184,185. However, the result®f phase | and phase Il trials with EBBB and
paricalcitol were less encouraging wibt significant anticancer effec{182183184,185. In
three clinical trials, #amin D was used fopatientswith breast cancerbutthe result of three
trials also did not show significant association between vitamin D treatment and reduction of
breast cancemncidence[186187,188. Many @secontrol studieshave shown the significant
inverse association between 25(0OH)D, whicthesscommonly measured vitamin D metabolite in
human, and risk of breast candd89190191,192193194195. However, in more defined
nested asecontrol studies (listed indble 1.5), most studies did not support the proteetifiets
of vitamin D on breast cancer ri$k96197,198199200201]. The clinical studies of vitamin D

and vitamin D analogs inrbast cancer are summarized able 1.4 to 5.

1.5 Synthetic oleananetriterpenoid s (SOs)

Triterpenoid, synthesized &m many plants by cyclization of sqeak, are the largest
group of gytochemicals with more than 20,000 tritenpids occurring in natur202. The
triterpenoids are further suthassified into cucurbitanes, cycloartanes, dammaranes, euphanes,
friedelanes, holostanes, hopanes, isomalabaticanes, lanostanes, limonoids, lupanes, oleananes,
protostanes squalenes tirucallanes and uases [203204. Among those diverse natural
triterpenoids, oleananes (also known as alkanacid, OA) has been shown to have anti
inflammaion and anticancer effectsn vivo [205. However the antiinflammaton and anti
cancer effects afiaturally occurringddA were weak, therefore maigOshave been developed to

improve the potencgn antiinflammation or antcancer activityf206,207]. With the screening of
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over 300 new SOfor the antiinflammation activity, 2Zcyane3,12dioxooleanal,9(11)dien28-
oic acid (CDDO) and its methyl ester (CDD®e) were found bemost active ones
[208209210211]]. Furthermodificationsof CDDO produced CDD&m (imidazolide), CDDO-
MA (methyl amide)and CDDO-EA (ethyl amide) exhibiting significantly increased bioactivity

than CDD(Q[211,217.

1.5.1 Biological actionsof SOs

Anti-inflammation: SOs effectively suppressed thée novosynthesis ofcytokine
inducible nitric oxide synthaséNOS) and cyclooxygenas® (COX-2) in primary culture of
macrophags stimulated by wide ranges of pnflammatory molecules, such &8t er f er on
(l FNbumor necr ®NPB if mtcd rolr épdgoysaccharide (laPS)dboih vivo
andin vitro [213214,215216]. The SOsalso inhibited the production of inflammatory cytoksne

including interleukinG, from immune or cancer ce[lg17,21821922(.

Cytoprotection;: CDDO has been shown to interact witklchlike ECH-associated
protein 1 Keap) which induces hiquitination and pro@somal degradation afiuclear factor
(erythroidderived}like 2 (Nrf2). The interaction between CDDO or its derivatives with Keapl
dissociates Nrf2 from Keapdnd activates thphase 2 respond@21,222. The Nrf2response
genes, as an intrinsic mechanism to remove electrophilic or oxidative stress, iggindee
r educt agluwamyllysteineosynthéase, hioredxin, glutathione Sransferase, UDP
glucuronosyltransferasepexide hydrolasesuperoxide dismuatse and &me oxygenase [223.
CDDO and its derivatives have been shown to be one of the most potent activiiieNdR
pathwayin vitro and in vivo [224. In addition, CDDO and its derivatives protected retinal

pigment epithelial cells against photooxidative cytotoxicity induced by UVA radif2@4.
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Anti -proliferation;: The SOs have been shown to inhibit the proliferation of various
malignant cells, such as breast cancer, colon cancer, melanoma, leukemia, and sarcomas
[202208. CDDO, CDDOMe and CDDQGIm modulated key regulatory molecules of cell
proliferation, such as cyclin D1, p21, p27, PCNA, alive 1 and c-Myc in cancer cells
[225226,227]. In addition,the multiple signaling pathways that stimulate proliferation of cancer
cells, including NFe B, JAK/ STATS3, PTEN/ PI 3K/ Akt , mTOR and

affected by CDDQCDDO-Me and CDDGIm [227,228229230231,232233.

Apoptosis: The SOsinduced apoptosis inhuman cancer cellsncluding breast cancer
[233. Depending on the type of SCand cells, the SOs induce apoptosis by different
mechanisms. Studies demonstrated that CDDO and Chi{Dduced apoptosis by activating
extrinsic deatireceptormediated pativay, whereas majority studies showed that CDRE®
induced apoptosis through intrinsic mitochondriadiated pathway
[234235236237,23823924(. Although there are some differences, overall studies
demonstrated thatcancer cells significantly increased ROS lewéth the treatment o€DDO
and CDDOIm but not of CDDGme, contributing the induction of apoptof&87,240,241,247.
Activation of JNK/p38, and inhibition of NBB and JAK/STAT signaling b$Osalso have been
shown to induce apoptosis wariouscane@r cells[131,228243244,245244. However, the first

protein target triggering apoptosis by Sts not been identifig@47).

Differentiation: The SOsinduced differentiation of humarmyeloid leukemia cells,
neuronal differetiation of PC12 cells, adipocytidifferentiation of 3T3L1 fibroblasts,
osteoblastic differentiation of Sa@sosteosarcoma cells, and megakaryocytic differentiation of
normal hematopoietic progenitor cell§208235239248249. In addition, the combination
studies ofsynthetic triterpenoids with wide ranges of other molecules, incluaiftigansretinoic

acid, the KR-specific ligand (LG100268)members of the transforming growth fackor f a mi | vy
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and vitamin D analogs demonstrated the additive or synergistic effects to induce terminal

differentiation of leukemia cellg23924925Q.

15.21In vitro and in vivo studies of synthetic triterpenoids in breast cancer

In the first screening for amtiancer activity, CDDO demonstrated potent inhibitory
effects on theproliferation of mth ERpositive (MCF7) and ERnegative (MDAMB-231,
MDA-MB-468, 21MT-1, 21:-MT-2, 21:NT and 21PT) breast cancer cel[20§. Induction of
p21 and repression of dyt D1 causinghe G1S and G2M cell cycle arreshave been identified
key molecular mechanism of CDDO for aptoliferation activity inMCF-7, MDA-MB-435 and
MDA-MB-231 breast cancer cell225. The derivatives of CDDO, CDD@®n and CDDGMe
were significantly more potent than CDDO for the inhibition of MCFcell proliferation
[21625]]. Moreover the synthetic triterpenoidslectively sensitized keast cancer cells (T47D
and MDA-MB-468 to TRAIL-induced apoptosis, whereas normal mammarghelml cells
(HMEC) were not sensitizeloy CDDO and CDD@m [2527. STAT3 was another key molecular
target of synthetic tritegmoids in breast cancer cells, and the direct interacbhetween CDDO
and STAT3was demonstrated to cause thieibition of STAT activation in MDAMB-468 cells
[228. The proliferation of HERverexpressing mouse and human mammary tumor cells were
repressedy CDDO-Me [253. The tumorigenesis of MMTMHER2/neu transgenic mice were
alsoinhibited by CDDGMe which showed synergistic inhibitory effects in combination with
rexindds, showing potent antiancer activity against HER®erexpressing breast can¢2b3.
CDDO-Me also delayed the mammary tumor development in the BRCA1 mutation mouse model
and ERnegaive PyMT mouse mode€]242254. The in vitro andin vivo studies ofsynthetic

triterpenoidsn breast cancer weseimmarized imablel.6 and Bble 1.7respectively.



24

1.5.3 Clinical studies of synthetic triterperoids

In the phase | dosescalation studyCDDO showed adverse thrombotic symptoms
without significant antcancer activity leadingto early termination of the stud®55. In recent
phase | studpf patients with solid tumors and lymphomas, 40%hefpatients achieved disease
stabilizationby CDDO-Me without significant adverse effect even in letegm treatmen{25¢.

In addition to anticancer activity,recent clinical trials have shown th&@DDO-Me also
significantly improved kidney functionsf patiens in the clinical trials suggesting CDD&@Me as
apromising agent to treat chronic kidney dis€l@,258. World-wide phase 3 study is ongoing

to evaluate the lonterm clinical benefit of CDD&@Me in chronic kidney disea$@47].
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Table 1.1Key featuresn different subtypes of breast can§gy6,12,45,259.

Luminal HER2-positive Basallike
(60-70%) (20-30%) (15%)
Luminal A Luminal B
ER Positive Positive Positive in about half  Mostly negative
HER2 Usually negative Positive Positive Mostly negative
Grade llI Usually not About half Mostly yes Mostly yes
Prognosis in Favorable Relatively favorable Generally adverse Generally adverse
5 year
Current Endocrine Endocrine/ HER2 HER?2 targeted/ Chemotherapy
therapies targeted/ chemotherap Chemotherapy
Potential PI3K-target drug, PI3K-target drug, PARP inhibitor,
therapies IGF-IR-targetdrug, IGF-IR-target drug EGFRtarget drug
FGFtargetdrug multi-target kinase platinum salt,
inhibitor, antirangiogenesidrug
HER3-target drug,
antiangiogenesidrug
Additional Good differentiation Poor differentiation BRCA1 mutation is
properties /Low Ki-67 /High Ki-67 prevalent

Human epidermal growth factor receptor 2 (HER2); Estrogen receptor (ER); Phosphoinekitidee3(P13K); Poly
(ADP-ribose) polymerase (PARP); Insulike growth factorl receptor (IGFIR); Epidermal growth factor receptor
(EGFR); Fibroblast growth factor (FGF); Human epidermal growth factor receptor 3 (HER3)
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References Compounds Effects Target molecules
Colston et al. 1 U, 2505C 1 Inhibit proliferation of MCF7 cells
(1992)[169 /EB1089
Simboli- 1 U, 250;C 1 Induced apoptosis in MGF cells T Prot ei n-2/clugtdriRfPdMat hepsi n
Campbell et al.
(1996)
James et al. 10, 2 50,,C Inducedapoptosis in MCH cells 1 Proteia,: #ZdBxd, 9§yp21
(1996)[166 /EB1089 T mR N ATRP§-2/clusterin
Simboli- 1U, 2 50,0 Induced cell cycle arrest in GO/G1 phase and apoptosis inf&Hs T Pr ot ei-2n,: ZBR |
Campbell et al. JEB1089
(1997)[164
Wuetal (1997) 1 U, 2 5B0;C Inhibited proliferation of MCF7E (early passage), BT20, T47Dand 1 ZCdk2 ki nases activity
[26Q /EB1089 ZR75, not of MCF7L (late passage) T Protein: §yp21, 9yp27
Verlinden et al. 10, 250,C Inhibited the proliferation of MCH cells 1 mRNA: ZCycD1l, 9§$p21, 9
(1998)[153
Colston et al. EB1089 Inhibited growth of MCF7 and Hs578T cells T Protein: 91 GFBP3
(1998)[156] /CB1093
Wuetal (1998) 1 U, 2 50,0 MCEF-7E (sensitive, express TAFRII) and MCF7L (insensitive,no f mMRNA: $-RIAFEMCF-7E,-TGFb-RIl in
[26]] /EB1089 TGFb-RII) MCF-7L
Mathiasenetal. 1 U, 2 5[0;C Induced apoptosis in MCH and T47D cells 1 Protei-: ZBcl
(1999)[169 /EB1089 1 Caspase 3 and pS8dependent apoptosis

/CB1093
Swami et al. 1U, 250B;,C Inhibited basal and Enduced growth of MCH cells 1 ZmRNA level of ER
(2000)[147
Campbell et al. 1U, 250B;,C Inhibited proliferation of MCF7 cells T ymRNA |l evel of BRCA1l
(2000)[262
Kolietal. (20000 1 U, 2 50;C Inhibited invasion of MDAMB-231 cells 1 Zsecretion of uPA and
(173 /Deltanoids inhibitor 1

1T ZMMP, y TdctMify 1
Narvaez et al. 10, 250B;,C Induced apoptosis in MGF cells 9 Disruption of mitochondrial function: Bax
(2001)[263 translocation to mitochondrind cytochrome ¢
release and production of ROS
1 Caspaséndependent event
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Table 1.2 Continued

Jensen et al. 1U, 250;C Inhibited proliferation of MCF7 cells 1 Zcycl i n-asBotidted Hinage activity
(2001)[154 1 ProteinMycyp21l, Zc
Mathiasenetal. 1 U, 2 50;C Induced apoptosis in MGF cells 1  Up-regulate intracellular free calcium release an
(2002)[167] /EB1089 activation of calpain
Flanagan et al. 10, 250B:C Inhibited growth and invasion of SU59PT cells 1 Protein: §gp21, 9p27,
(2003)[174 /EB1089 cytochrome ¢
Swami et al. 10, 250B:C Multiple gene regulation in MG and MDA-MB-231 cells f MCF7: 9ycell cycle and
(2003)[155] cyclin,PAK-1, p53 and | GFBF
factors, cytokines and kinases
1 MDA-MB-231: Zgenes for m
metalloproteinases
McGaffin et al. 10, 2 50; 0 Inhibited growth of MCF7, T47D and BT474 cells, while did not T mRNA: Z E GF R, T47D ankl BTB49 cells
(2004)[264 affect growth of BT54%ells JEGFR in BT474 cell s
Capiati et al. 1U, 250B;,C Inhibited serurinduced Erk1/2 in MCH cells 1 ZSr c tknaseactivitye
(2004)[265 1 ¥ V D-8rc association
Lee at el. (2006) Gemini Comparison of gene regulation in MCF10AT1 and MCF10CAlace 1 Regulate many gene involved in cell proliferatior
[160] vitamin D apoptosis, cell adhesion, invasion and angiogen
analogs aswellasBMPand TGB si gnal i ng
1  More significant geneegulation in MCF10AT1
cells than MCF10CAla cells
Lee et al. (2006) Gemini Activated BMP signaling in MCF10AT1 cells T Protein: §$pSmadl/ 5
(161 vitamin D f mMRNA: ¢BMP2, BMP6, ZS§
analogs
O6Kelly Gemini Inhibited proliferation of MCF7 cells 1 Protein: ZAkt, ZpFKHR,
(2006)[266] vitamin D
analogs
PendasFranco 10, 250B;,C Regulated phenotype of MDMB-453 and MDAMB-468 cells 1 ZMesenchymatadmekien) (3
et al. (2007)[267] myoepithelial markers @ a d h e fintegrin,b &
intergrin and SMA)
Lee et al. (2007) Gemini Inhibited proliferation of MCF10ATL1 cells in a BMP signaling T Protein: ¢§$gpSmadl/ 5
[162 vitamin D dependent manner T mMRNA: Yy BMP2, y BMP 6
analogs 1T 9PKCU activity
Hussain 1U, 250;C7 Decreased mMRNA |4d4cels of ERU irf mRNA: ZERU

Hakimjee et al.
(2009)[268
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Testosterone repressed prostate mes8dgRPM-2); Estrogen receptor (ER); Cycldependent kinase 2 (Cdk2); Cyclin D1 (CycD1); Insillike growth factor binding protein

3 (IGFBR3) ; Transf or mi -regeptay tl (TGRL-RII); furakinasetype Hasminogen activator (UPA); tissue Plasminogen activator (tPA); Plasminogen activator

(PA); Matrix metalloproteas® (MMP-9); Tissue inhibitor of metalloproteade(TIMP-1); Reactive oxygen species (ROS); Cyalependent kinase 4 (Cdk4); cleaved Poly
(ADP-ribose) polymerase (cPARP)sulin-like growth factor binding proteid (IGFBR5); Vitamin D receptor (VDR); Bone morphogsic protein (BMP); phosphorylated

Forkhead transcription factor (pFKHR); phosphorylated Mammalian target of rapamynii@R); St ot h muscl e actin ( SMA) ; Protein kinas
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Table 1.3In vivo studiesof vitamin D and vitamin D analogs in breast cancer

References Compounds Effects Target molecules
Colston et al. EB1089 1 Repressed growth of NMithduced mammary tumors
(1992)[168169  /MC903
Abe-Hashimoto  22-oxa 1  Suppressd the growth of MCH and MX1 xenograft tumors in
(1993)[269 calcitriol immunodeficient mice
Anzano et al. R0245531 1 Decreased incidence of NMldduced mammary tumors
(1994)[270 f  Enhanced tumor burden reduction in combination with tamoxifen
Mehta et al. 10U ( ©@H) | 1 Inhibited DMBA-induced preneoplastic lesions T 9VDR, -§TGF
(1997)[148
Koshizuka etal. EB1089 1 Showed additive effect with paclitaxel to inhibit growth of MCF
(1999)[271,272 xenograft tumors in immunodeficient mice
1 Showed additie effect with altransretinoic acid to inhibit growth of
MCF-7 xenograft tumors in immunofigent mice
Mehta et al. 10 ( ©H) | 1 Decreased NMunduced tumor incidence and multiplicity
(2000)[149
ElAbdaimi EB1089 1 Inhibited the development of osteolytic bone metastasis in intracardi
(2000)[179 injection model with MDAMB-231 cells and increased mice survival
Flanagan et al. 1 U, 250;0! 1 Repressed growth and induced apoptosis of SI39PT xenograft f I HC: ZPCNA
(2003)[174 /EB1089 tumors in immunodeficient mice
Sundarametal. EB1089 1  Showed significantly higher rate of decline of tumor volume with | HC:-67ZKi
(2003)[177]] ionizing radiation in MCF7 xenograft tumors in immunodeficient mice
Mehta et al. 10U ( ©@H) I 1 Showed selective inhibition of DMBAduced mammary tumors durin:
(2004)[273 promotion or progression tumorigenesis
Milliken et al. EB1089 I Suppressed the growth of mammary tumors in luteinizing hormone
(2005)[274 overexpressing transgenic mjgeBr d U
Lee etal. (2008) Gemini vitamin T Repressed tumorigenesis of NMiHuced rat mammary tumors 1T Protein: -caspBB8RPypg¢,
[279 D analogs 1 Inhibited growth of MCF10DCIS.com xenograft tumors in f Protein:yg2GFBPBSmMadl
immunodeficient mice ZApol i popbrotein A
Lee etal. (2010) Gemini vitamin 1  Suppressed the growth of mammary tumors in MMAER2/neumice § Protein: ZpHER2, ZpAKk
(276 D analog f I HC: ZpHER2, ZpAkt, 7
N-nitrosoN-methylurea (NMU); 7,12limethylbenz0ant hr acene ( DMBA) ; Vitamin D recept ébr);( MDRYu;n oThri assnt sofcchremii rsg

Proliferation cell nuclear antigen (PCNAjleaved Poly (ADRibose) polymerase (cCPARP); Insulike growth factor binding protei3 (IGFBR3);Human epidermal growth
factor receptor 2 (HER2); phosphorylated HER2 (pHEB2)modeoxyuridine (BrdU), Terminal deoxynucleotidyl transferase dUTP nick and labeling (TUNEL)
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Table 1.4 Clinical trials of vitamin D and vitamin D analog in breast cancer

References Participants Design Conclusion
Trivedi et al. 649 postmenopausal Vitamin D (100,000 IU), every 4 Randomized trial: no significant astancer effect
(2003)[186] women (6585 years) months for 5 years
Lappe et al. 1,179 postmenopausal Calcium (1,4001,500 mg)+Vitamin D Randomized trial: fewer total cancer in calcium plus vitamin D supplement grou
(2007)[187] women (>55 years) (1,100 1U), daily for 4 years (p<0.05)

Not enough power for breast cancer alone

Chlebowski et
al. (20()[199

36,282 postmenopausal
women (5079 years)

Calcium (1,000 mg) + Vitamin D (400

IU), daily for 7 years

Randomized trial: ngignificant anticancer effect

Amir et al. 40 breast cancer patients  Vitamin D (10,000 1U), daily for 4 Phase Il study: no significant changes in pain or bone turnover marker
(2010)[188 with bone metastases months Indicaion of clinical benefits: Lower the number of sites of pain, Alleviation of
hyperparathyroidism

Gulliford etal. 25 advanced breastcancet EB 1089 (0. Hidalyo Phase | dose escal ation Wayudy: wel |
(1998)[182] patient No clinical response, 4/2éhowed stabilization of disease for more than 3 months
Beer et al. 15 patients with refractory Vi t amin D (0.06 tPhase | dose escalation study: 0.48
(2001)[277] malignancies, including 3  week for 4 weeks orally level associated with anrtincer activity in preclinical studies.

breast cancer patients No anticancer activity was observed
Beer ¢ al. 37 patients with solid DN-101 (15 to 75 e€ Phase | pharmacokinetic study: (MTD
(2007)[278 tumors administration
Fakih et al. 32 patients with advanced VitaminD( 10 to 96 e€g Phase | dose escalation study: 74 ¢
(2007)[279 solid tumors, including 1 injection) + Gefitinib (250 mg/day) associated with antiancer activity in preclinical studies.

breast cancer patient No anticancer activity was observed
Muindi et al. 20 refractory solid tumor ~ VitaminD (57to 53 e€g wee Phase | dose escal ation st wdvigaminD vl
(2009)[28Q patients, including 1 breast injection) +Gditinib (250 mg associated with antiancer activity in preclinical studies

cancer patient

/day)+Dexamethasone (4 mg/day)

No anticancer activity was observed

International unit (IU); Maximum tolerated dose (MTD)
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Table 15 Case-control studies of vitamin Din breast cancer

References Cohort Case/ Control  Vitamin D cut-off P trend Conclusion

Lowe et al. UK Caucasian 179/179 Serum 25(OH)D level:  <0.001 Significant association between low level of 25(OH)D and increas
(2005)[189 population 50nM breast cancer risk in Caucasian women

Abbas et al. Germany 1,394/1,365 Serum 25(OH)D level <0.0001 Significant association between low level of 25(OH)D and increas
(2008)[190} 50nM breast cancer risk in postmenopausal women

Crew et al. Long Island Breast 1,026/1,075 Daily intake:40 ng/ml 0.0002 Significant association between low level of 25(OH)D and increas
(2009)[191] Cancer Study Project breast cancer risk in women

Rossi et al. Italy 2,569/2,588 Daily intake:3.57¢ gr o Sufficient vitamin D intake has a protective effect against breast
(2009)[192 143U cancer in women

Anderson et Ontari o Wo 3101/3.471 Daily intake:10e g / d Vitamin D intake is assodied with reduced breast cancer risk in

al. (2010)[193 and Health Study 401U women

Kawase etal.  Japan Aichi Cancer 1,803/3,606 Dai ly i ngt ak <0.001 Significant inverse association between vitamin D intake and brea
(2010)[194 Center Hospital cancer risk in premenopausal women

Lee et al. Taiwan Taipei 200/200 Daily intake:5¢ g 0.02 Significant inverse association between vitamin D intake and breg
(2011)[195 Hospital cancer risk in premenopausal wem

25-hydroxyvitamin D (25(OH)D)International unit (1U)
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References Cohort (n) Case / Control P trend Conclusion
Bertone-Johnson Nur seds W@B2a86) h s 701/724 0.06 High level of 25(OH)D may modestly associated with reduced risk of bre
et al. (2005)[196] cancer
Freedman et al. Prostate, Lung, Colorectal, and 1,005/1,005 0.81 No significant inverse association between 25(OH)D and breast cancer
(2008)[197 Ovarian Cancer Screening Trial in postmenopausal women

(35,660)
Chlebowskietal. Womendés Heal th | 895/898 0.20 No significant inverse association between 25(OH)D and breast cancer
(2008)[199 in postmenopausal women
McCullough etal.  Cancer Prevention Study Il Nutrition 515/515 0.60 No significant inverse association between 25(DHand breast cancer risk
(2009)[199 Cohort (21,965) in postmenopausal women
Almguist et al. Malmo Diet and Cancer Study 764/764 NS No significant inverse association between 25(OH)D and breast cancer
(2010)[20Q (53,000)
Engel et al. (2010) French E3NCohort (17,391) 636/1,272 0.02 Significant association between decreased breast cancer risk and high
[201 25(0OH)D level in young women (<53 years old)

25-hydroxyvitamin D (25(OH)D); Not significant (NS)
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Table 17 In vitro studiesof synthetic triterpenoidsin breast cancer

References Compounds Effects Target molecules
(Working Conc. Range)
Suh et al. (1999) CDDO (0.031 ¢ M) 1 Inhibit the proliferation of MCF7, MDA-MB-231, 2%
[209 MT-1, 2:MT-2, 2ENT and 22MT cells
Lapillonneetal. CDDO (0.52 ¢ M) 1 Inhibit growthof MCF-7, MDA-MB-231 and MDAMB- T $PPAROS activity
(2003)[225) 435 cells 1T mRNA: ZCycD1l, ZBcl 2;

1 ZS phade, YyaGdptosi s

Place et al. CDDO (16300nM) and 1 Inhibit growth of MCF7cells

(2003)[214] CDDO-Im (10-30nM)

Honda et al. CDDO QO . 16 amgel M) 1 Inhibit the proliferation of MCF7 cells

(2004)[251]] CDDOMe (0. 05 & M)

Hyer et al. (2005) CDDO (0.52 ¢ M) and § Sensitize T47D and MDMB-468 cells to TRAIL T Protein: YycPARP; Z,CBRS (
[252 CDDO-Im (0.251 ¢ M) 1 Induce apoptosis T Flow cytometry: §DR4,
Konoplevaetal. CDDO (15 & M) f  Inhibit growth of MCF7/Neo, MCF7/HER2, MDAMB- {1 Protein: ZpHer 2, ZHer
(2006)[227] 435/Neo, MDAMB-435/HER2

Ling et al. (2007) CDDO-Me (0. 5 & !  Inhibit the proliferation of 4T1 cells 1 Protein: ZpSTAT-Blyc ZpAK
[229 f ¢ GRBphaseZcell invasion

Ahmad et al. CDDO-Me (1 M) f  Inhibit the IL-6-iduced and constitutive JAK1 activationi § Pr ot ei n: ZpJAK1, ZpSTA
(2008)[22§ MDMB-231 cells 1 CDDO-Me forms adducts with STAT3

Liby et al. (2008) CDDO-Me (0.31 M) T Inhibit the IL-6 induced STAT3 activation in E1B4AG-27

[253 and SKBR-3 cells

 Increasedthe TNE)r epr essed | aBH®- p
BR-3 and MDAMB-468 cells

Kimet al. (2011) CDDO-Im and CDDGMe 1 Inhibit proliferation and induce apoptosis in BRGA1 1 Protein: §gpChKIdc2y pChK

[242 (0.2-1¢ M) mutated W780 and WO0069 cells

T DNA damage: gcomet assay,
Kimet al. (2012) CDDO-Me (0.1-1¢ M) 1 Inhibit the HER2 activation in BRCAfnutated W780 T Protein: ZpHER2, ZCycl
[28]] cells 1 CDDO directly interact with HER2

Peroxisome proliferatea ct i vat ed receptor o9 (PPARD2) ; -rikbge} polymerase \cPARR)y ReBdteptor (R); élemare epideRnallgrowth A D P
factor receptor 2 (HER2); Signal transducer and activator of transcription 3 (STAT3); phosphorylated STAT3 (p8TaMR)kin-6 (IL-6); Tumor necrosis factdd ( JUN F
TNF-related apoptosimducing ligand (TRAIL) Janus kinase 1(JAK1); BH3 interactidgmain death agonist (BID); FLICE inhibitory protein (FLIP)
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Table 18 In vivo studiesof synthetic triterpenoidsin breast cancer

References Compounds Effects Target molecules

Lapillonne etal.  CDDO (i.v., 40mg/kg/day, twice a 1  Repressed MDAVIB-435 xenograft tumor growth

(2003)[225 week, 3 weeks)

Konoplevaetal. CDDO (i.v., 20mg/kg/day, three times 1 Repressed the growth and burden of MZReo orMCF- T I HC: Z pHWdR2, Z
(2006)[227] a week, 3weeks) 7/HER2 xenograft tumors T Tunnel assay:
Hyer et al. (2005) CDDO-Im (i.p., 5mg/kg/day, 14 days) 1 Repressed the growth of MDMB-468 xenograft tumorin

[252 combination with TRAIL

Ling et al. (2007) CDDO-Me (i.v.,200e g/ mo u s e 1 Inhibit growth and lung metastasis of 4T1 xenografttumors § ¢ Mat ur e spl een
[229 at 2day intervals)

Liby et al. (2008) CDDO-Me (diet, 66100mg/kg, 445 1  Alone or combination with rexinoid delayed the developme

[253 weeks) of mammary tumors in MMTVHER2/neutransgenignouse

model
Kimetal. (2012) CDDO-Me (diet, 50mg/kg, 1228 I Delayed the mammary tumor development in Brdeficent f Pr ot ei n: ZpHER
[281] weeks) mouse ZgcD1l, ZoH2AX

Intravenous(i.v.); Intraperitoneal (i.p.); Immunohistochemistry (IHC); Human epidermal growth factor receptor 2 (HER2); phosphofgR#e(bHER?2); Cyclin D1 (cycD1);
TNF-related apoptosimducing ligand (TRAIL); Mouse mammary tumor virus (MMTV)
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CDDO (TP-151) R; =CN, R,=COOH
Oleanolic acid CDDO-ME (TP-155) R,= CN, R, = COOCH,

CDDO-IM (TP-235) R, =CN, R, = CO-Imidazole

CDDO-EA (TP-319) R,=CN, R, = CONHCH,CH,

Fig. 1.2Structures of Oleandic acid, CDDO and CDDO derivatives.
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Chapter 2: Differential expression of key gynaling proteins in MCF10

cell lines, a human breast canceprogression nodel

2.1 Introduction

Human breast cancer is a heterogeneous disease which evolves through a multistep
process of accumulating genetic changes such as gene mutations, rearrangements and copy
number amplifications, loss of heterozygosity, and epigenetic alterd282283284]. Breast
cancer originates as benign hyperplasia of mammary duct epithelial cells, and progresses
sequentially to atypical ductal hyperplasia (ADH), ductal carcinoma in situ (DCIS), and invasive
ductal carcinoma (IDC), which emntually metastasizes to distant orgd885. Various stages
commonly ceexist in a single tumeisuggesting that progression of breast cancer is not a linear

process.

DCIS, which is norinvasive disease with neoplastic epithelial cells growing within the
confined microenvironment of duct, has been demonstrated already equipped with invasive
potental and he biological diversit found in IDC [286. Although the precise initiating
processes of ammary tumorigenesis is still poorly understood, DCIS has been generally
recognized as the precursor of invasive breast cap2@r28¢. In the early progression from
hyperplasia to DBIS, multiple pathological events are occurred, for example loss of
heterozygosity has been observed in more than 70% ofgnégle DCIS as compatéo 3540%
in atypical hyperplasi§28929(Q. However, along the progression from DCIS to IDC, most of
geneic or molecular alterations are already present at DCIS E283297,. Moreover, the
diversity of genetic background in patieihtss been &imiting factorto identify DCIS with high

risk to progress into ID{297.
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Recent studiedemonstrated that the activation of autophagy is critical for DCIS cells to
avoid hypoxiainduced cell death and progress to I0fce the growing DCIS clsl are confined
within the duct withlimited blood supply{293294. In addition,otherstudies demonstrated that
both cancer cells and the turassociated microenvironment, such as extracellular matrix and
stromal cells, are critical contributors for the progression of DCIS to[E1295296. Many of
these features cannot be recapitulated in usugitro culture system with single breast cancer
cell. Therefore, betterin vitro and in vivo models should bedeveloped and utilized to

understandinghe transition fronDCISto IDC.

2.2The MCF10 human breast cancer progression model

The MCF10 model is a series of cell lines that originated from the human breast
epithelial cells MCF10A [297. The MCF10 model,including MCF10A, MCF10AT1,
MCF10DCIS.com and MCF10CAla celhares the same genetic background and offer a unique

model to study breast cancer progression in a cell culture system.

The MCF10A cells are spontamgsly immortalized, noimalignant cells obtained from a
patient with fibrocystic breast dised@97. The MCF10A cell line is consélled normal because
it does not show any characteristics of invasiveness and does not form tumors when transplanted
into immunodeficient mice[29§. MCF10AT1 B a premalignant cell line produced by
transfection of MCF10A with constitutively activ@RAS [297,299; it forms simple ducts and
lesions resembling human ADH and DCIS when transplantedmmunodeficient mic¢300.
Approximately 25% of the MCF10ATL1 cells transplanted into mice eventually produce IDC
which indicates tumorigenic potential of MCF10AT1 with slow progressi@97].
MCF10DCIS.com is a cell line cloned from cell culture of a MCF10AT1 xenograft lesion. The

MCF10DCIS.com cells reproducibly form DGIligBe comedo lesions that spontanegusiogress
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to IDC as xenografts in immunodeficient migg01. MCF10CAla is the most malignant and
aggressive cell line from the MCF10 series; it was derived from the MCF10AT1 cells by multiple
passages through immunodeficient mice. The MCF1@&Cédlls rapidly generate large tumors
without evidence of a precursor stage. In addition, intravenously injected MCF10CAla cells
readily produce tumors in the lungs of immunodeficient mice, indicating metastatic potential of

the MCF10CAla cellg307.

The MCF10 cell lines offer the opportunity to study genetic and molecular events during
cancer progression from normal mammary epithelium to metastaticwiitin same genetic
background[61,285303304,305306. Results from gene profiling studies of the MCF10 cell

series are summarized in TaBlé.

2.3 Materials andmethods

2.3.1Cell culture

MCF10A, MCF10AT1, MCF10DCIS.com and MCF10CAla breast cancer cell lines
were provided by Dr. Fred Miller at the Barbara Ann Karmanos Cancer Institute (Detroit, MI)
[301. MCF10A, MCF10AT1, MCF10DCIS.com and MCF10CAla cells were maintained in
DMEM/F12 medium supplemented with 5% horse serum, 1% penicillin/streptomycin, and 1%
HEPES solutiomat 37C, 5% CQ. For MCF10A and MCF10AT1 <cell s
ng/ mi EGF, 0.5 e g/ ml hydrocortisone, and 10

supplemented into culture medium.

2.3.2 Animal experimensin the xenograft model

MCF10AT1, MCF10DCIS.com and MCF10CAla cells were trypsinized and prepared in

Hanks® Balanced Sal't Solution (lnvitrogen, Ca
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secod teat in immnodeficient mice, 1X1Bcells were injected in the mammary fat pade
incision was closed by wound clips and the clips were removed after 4Tdaysr size was

measured twice a week.

2.3.3 Western blot analysis

The protein samples weseparated on-45% SDSPAGE gels (Biorad, Hercules, CA)
followed by transfer to a polyvinylidene fluoride membrane (PALL, Ann Arbor, MI). The
membranes were blocked with 5% milk in Tris buffer for 1 h and then incubated with the
appropriate primary antibgdsolutions overnight at°€. The membranes were washed with Tris
buffer, and incubated with horseradish peroxidase conjugated secondary antibody solutions for 1
h at room temperature. The protein bands were visualized using a chemiluminescence based kit
from Amersham Biosciences (Buckinghamshire, URhe primary antibodies CD44, which
recognizes all CD44 splicing variantsyclin D1, eMyc, Pak4 COX-2 were fromSanta Cruz
Biotechnology (Santa Cruz, GACD44 containing variant domain 3 (CD44v3) and CD44
containing variant domain 6 (CD44v6) was from R&D System (Minneapolis, MN); pErk, pAkt,
STAT3 and Smad4 were from Cell Signaling Technol¢Bgverly, MA); b-actin was from

Sigma(St. Louis, MO); and secondary antibodies weoen Santa Cruz Biotecatology.

2.4 Tumorigenicity of MCF10 cell linesin vivo

Tumorigenicity and tumor growth rate of the MCF10AT1, MCF10DCIS.com and
MCF10CAla cells were examinad vivo. One million cells from each cell line except the
MCF10A were injected into the mammary fat pad area of immunodeficient mice and the tumor

volumes were measured. The MCF10AT1 cells did not form palpable tumors uplay$after
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the injection(n=4) (Fig. 2.1). Compared to previous studies that reported sporadic incidence of
IDC [297], we used feweMCF10AT1 cells (1x1C cells per mousgand a shorter experimental
period which likely decreased the probability of producing IDC. In contrast, the
MCF10DCIS.com cells formed tumors in all injected mice (n=9). The average tumor volume
reached 1.03 +0.54 cirat 45 days after the irjéon (Fig.2.1). The MCF10CAla cedlalso
formed tumors in all mice (n=10), and the average tumor volume reached 1.79 +0.82 2n
days after the injection (Fig@.1) indicating a faster growth of the MCF10CAla tumors compared
to that of the MCF10DCI8om tumors. These data confirm the different tumorigenic potential of

MCF10 cell linesn vivo.

2.5 Key factors in the HRAS-driven initiation stage of breast @ncer

Transformation of MCF10A cells withIRAS produced the MCF10AT1 cell linehich
showedmarkedly increasegrotein levels ot-Myc, cyclin D1 and IGHR (Fig. 2.2A). The other
two cell lines derived from MCF10AT1 cells, MCF10DCIS.com and MCF10CAla cells, also
exhibit the increased protein levels foMyc, cyclin D1 and IGHR (Fig. 2.2A). c-Myc, a
transcription factor and key regulator of cell proliferation known to contribute to breast cancer
development and progression, has been found overexpressed in 45% of breagt3@hadrRas
enhances the level ofMyc by stabilizing the @viyc protein[30§. Furthermoe, a study which
crossed MMTV/vHaRas and MMTV/emyc transgenic mouse strains demonstrated a synergistic
action of these two oncoproteins in accelerating mammary tumor fornjd@8n Amplification
of c-Myc in the MCF10A cell line has been recently reporf@®331(, suggesting a
collaborative nature diIRAS and eMyc aberrant activity to initiate bast @ancer. Cyclin D1 is a
key regulator of cell cycle and one of the most frequently overexpressed oncoproteins in breast

cancer[31]]. The expression of cyclin Dias been shown to becessary for the transforming
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activity of HRAS [312313. Moreover, cyclin Dinull mice showed remarkable resistance to
mammary tumorigenesdriven by theNEU or RAS oncogend314]. IGFIR has critical roles in
breast cancer growth, survival and transformafi@ty. A systematic review of reks from
clinical studies revealed an association between high concentrations of circulatihg@ri@man
increased risk of breast cancer in-prtenopausal womef816. Our data suggest thatMyc,

cyclin D1 and IGHR contribute to HRASlIriven cancer initiation stage.

2.6 Key signaling proteins in malignant transformation of the MCF10 model by

spontaneous mutagenesis

pErk, pAkt, Stat3 and Pak4 were highly expressed only in cell lines that form tumors
quickly in immunodeficient midgeMCF10DCIS.com and MCF10CAl(&ig. 2.2B) Importantly,
their protein levels were markedly increased in the more aggressive MCF10DCIS.com and
MCF10CAla cells when compared with the MCF10AT1 cells (Ri@B). Erk and Akt are
central protein kinases that mediate cellular responses to a divegseofaextracellular stimuli,
including growth factors and cytokines, to regulate cell cycle progression and cell mgfility
Although both the Erk pathway and the fRIBase activity can be stimulated by transfection of
activated Ra$30€, the high level of activated forms of Erk and AkiErk and pAkt- is found
only in MCF10DCIS.can and MCF10CAla cell linegndicating that overactivation of Erk and
Akt might be critical for developing malignant breast cancer. Moreover, the most common
activating PIK3CA mutation in human cancers (H104T®)8319 has been detected in the
MCF10CAla cell line, but not iMCF10A and MCF10AT1 cell§30330€4, suggesting the
PIK3CA activating mutation as a critical genetic alteration of malignant phenotype in both human
breast cancer and the MCFhibdel. Activated Stat3 is found in approximately 70% of breast

tumors and is often aeciated with invasive and metastapibenotype ofcancers[32(.
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Moreover, recent studies demonstrated that Stat3 has a crucial role in inducing and maintaining
pro-carcinogenic inflammatory microenvironment during cancer progreqditf. Pak4, a
serine/threonine kinaseyas found to be highly expressed in human breast cancer and to be
associated with a signaling pathway leading to malignant transfornjid2@322323. A recent

study demonstrated that overeagsion of Pak4 in normal mammary epithelial cells disrupted the

cell polarity and led to the formation of mammary tumors in immunodeficient [3&S.

2.7 Key proteins contributing to breast cancer progression in the MCF10 model

CD44v, CD44v3, CD44v6, HER2COX-2 and Smad4 showed a gradual increase in
protein expression from MCF10A to MCF10CA1la cells (2@C). We hypothesized that this
group of proteinsmight be associated with breast cancer progression since their increased
expression corresponds to inased cellular malignancy in the MCF10 model. CD44, encoded by
a single gene, has multiple isoforms produced by alternative splicing of 10 variabld #24ns
CD44 is a celsurface glycoprotein involved in calell and cellextracellular matrix interactions
[325. CD44 functions as aeceptor for hyaluronan and other extracellular ligands such as
osteopontin, collagens, and matrix metalloproteinases (MMPs) to mediate responses from the
microenvironment, which lead to cancer cell survival and invd§i2H. Interestingly, CD44 has
been used as a key cancer stem cell surface marker in various malignancies including breast
cancer[325. Recent studies demonstrated that activation of CD44 by high molecular weight
hyaluronan stabilizes multidrugsistant proteins in the cell membraseggesting a role of
CD44 in drug resistancf326. CD44 also has a role as a-remeptor for multiple receptor
tyrosine kinases such a$ER2, IGFIR, epidermal graith factor receptor (EGFR) anilet
receptorin cancer cefi [327,328329. With the wide range of functionmany peclinical studies

targeting CD44with siRNA, antibodies, transcriptional inhibitors, and competitive antagonists
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have shown inhibition of cancer cell growth, tumorigenesis, and metastasis
[330,331,332333334. Our results indicate that decreased expression of CD44s (the standard 85
kDa isoform) and increased expression of CD44v (the varied to 25kDa isoform) correlate

with the increasing malignant potential of the MCF10 cell lines (EigC). A Western blot
analysis with antibodies which specifically recognize CD44v3 and CD44v6 confirmed the
increased expression of both of these isoformsnalignant MCF10 cells (Fig. 2.2COur
findings suggest that CD44v, but not CD44s, may be associdtedaggressive and invasive
breast cancer. The CD4¥aluronan interaction activates tH¢ER signaling, induces the
transcription of COX2 [335, and also activates IGIR [32§. CD44, paiitularly the CD44v6
isoform, acts as a emceptor for Metreceptorthrough HGF binding, which in turn activates
Stat3 and leads to tumor progression and invd&§i8§. The CD44 phosphorylated ERM (ezrin
radixinrmoesin) proteingnitiate the activation of TGB-RIl and downstream Smad signaling
[337]. HERZ is overexpressed approximately 26B0% of invasive breast cancer and is strongly
associated with poor patient survi@. A recent study demonstrated that overexpression of
HER2 in the MCF10A cell line induced epitheliasdesenchymal transition and celivasion
[338. Our results show gradually increased expressioHER2 proteins from MCF10ATL1 to
MCF10CAla cells (Fig2.20), suggesting critical role ofHER2 in breast cancer progression
and invasion. COX is one of the downstream targetsHER2 signaling pathway; a strong
correlation between COX and HER2 expression has been revealed in a large clinical
investigation[33934(. Moreover, upegulated COX2 expression has been associated with
aggressive DCIS phenotype in both-pésitive and ERhegative breast cancdi341,344. Our
results also show a corresponding pattern between-E@XdHER2 protein expression and its

correlation to malignant potential in the MCF10 cell model (Zig0.
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2.8 Breast cancer invasion and metastasis

Metastasized tumor growth at distant sites is the main cause of death from breast cancer
[343. Approximately 40% of earbgtage breast cancgatients relapse and ultimately die of
metastatic cancer, but accurate prediction of the risk of metastasis is still not p{sthle
Compehensive molecular profiling of the transition from DCIS and IDC to metastatic cancer has
not yet identified tumor staggpecific signaturef51]. Malignant precursor cells with metastatic
capacity may already develop at early stages of tumorigef338344]. In addition, stromal
cells in the environment surrounding the primary tumor are involved in facilitating metastasis
[345. Therefore, both tumor microenvironment and epithelial cells have to be considered in
tumor invasion and metastasis. Among the panel of MCF10 cell lines, the MCF10DCIS.com cells
are particularly interesting because they can form DS lesions which spontanasly
progress into IDC in immureficient mice[60]. MCF10DCIS.com xenogratumors showed
increased expression sfromal celderivedfactorl (SDF1) in stromal cells, which is known to
be highly induced by tumeassociated fibroblasts, and increased expression of CXCR4, the
receptor of SDH, in epithelial cancer cells during the DCIS to IDC transif@f}. Although the
MCF10DCIS.com xenograft model mimicked some aspects of the dynamic interaction between
epithelial cancer cells and stromal cells, the utility of such model might be limited because of
humanmouse differences in the epithel@tomal interation. In the present study, we did not
attempt to identify molecules associated with cancer cell invasion and metastasis because the
influence of microenvironment cannot be fully reproduced in the cell culture system we used for

our study.
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2.9 Conclusion

Results of this study have identified differences in the expression level of several key
signaling proteins among 4 cell lines of the MCF10 series, a model representing different stages
of breast cancer. By linking the observed changes to capabilite afell lines to form xenograft
tumors in immunodeficient micefrom immortalized but nomalignant to highly malignant and
invasive i the analyzed proteins were grouped based on their potential roles in tumor
development. We concluded thatvtyc, cyclin D1, and IGFIR may have a role during the
initiation stage of cancer development since their increased levels were foundHRASH
transformed cells including those that did fat tumors in the preserenograftexperiment. In
contrast, high expressi of pErk, pAkt, Stat3 and Pak4 was observed only in cell lines that form
tumors in immunodeficient mice which suggests that these proteins are activated later and may be
important for the maintenance of malignancy. CD44v, CD44v3, CD44#ER2, COX-2 and
Smad4, which showed protein expression gradually increasing froamalgnant to highly
malignant and invasive cells, may represent a group associated with breast cancer progression.
CD44 is a particularly interesting protein whose multiple isofoaneslikely involved in various
stages of cancer development; our results showing an association between the increasing
expression of CD44v and increasing malignant potential of the MCF10 cell lines suggest a benefit
of high levels of CD44v for the canceell malignant progression possibly by activating multiple
signaling pathways through receptor kinases. Mapping of the complex network of molecular
interactions leading to the selection of increasingly more aggressive cancer cells during
progression of bmest cancer requires experimental models that can be relatively easily studied,
such as the MCF10. Although development of malignancy is a continuous process of cellular
selection driven by an increasing capacity to proliferate and manage resourcesgarehsing

capacity to die and interact with the environment, it may be mediated by a relatively small
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number of factors. Identification of these critical elements will ultimately lead to the design of

more efficient therapeutics and better prognosis foceapatients.
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Table 21 Protein and gene profiling studies using the MCBieast cancer progression model

[349.
Reference Analysis Differential expression of genes or proteins in the MCF10
breast cancer progression
Worsham et Multiplex ligation- 1 MCF10A: Loss of one copy of CCND2 and IGR /
al. dependent probe Homozygous loss of ERBB2, CDKN2A and CDKN2B gene
(2006)[31Q amplification assay Gain of MYC
(MLPA) f MCF10AT1: Restoration of ERBB2 and CCND2 / Gain of IL1]
VEGF, HRAS, TRAF2
1 MCF10CAla: Gain of BCAS2, IL12A and MME / Restoration
IGF1R
Rhee Comparative 1 Downregulation of TNFSF7, S100A4, S100A7, S100A8 ai
et al. microarray analysis S100A9, and KLK5 and THBS1 wereassociated with
(2008)[304 transformation and progression of breast cancer in MCF10
model
1 Demonstrated that the dowagulation of genes in malignant cel
lines can be epigenetically reversed
Marella Spectral karyotyping, 1 Up-regulated genes in MCF10CAla: SEPP1, DCN, FBN
etal. Array comparative PTGER2, AOX1, MUC1, MMP2, FN1, RB1, CDKNB1,
(2009)[347 genomic hybridiation CCND3, IL7 and 1L18
(aCGH) and cDNA f Downregulated genes in MCF10CAla: CDH1, IL1B, S100A1
microarray BDKRB2, VEGF, BRAF, ERBB2, EGFR, HRAS, MYC, PTEN
ILLAand IL1B
Kadota Combination of high 1 MCF10A: CDKN2A deletion and MYC amplification
et al. density SNP analysis T MCF10AT1: HRAS activatin
(2010)[303 and mutation analysis  § MCF10CALh: activating PIK3CA mutation / LRP1B, FHIT an
by sequencing CDH13 deletion
1 MCF10CAla: activating PIK3CA mutation / LRP1B an
RUNX1 deletion
Kim et al. IHC and western blot 1 Increased Ras, RaR&ho and active forms of PDK1, elF4E an|
(2009)[304 analysis 4E-BP1 protein level in malignant cells of MCF10AT model
1 Western blot of cell lines and immunohistochemistry of xenogr
tumor demonstrated elevated expression of phositib and
phospheFOXO 1,3a and 4
Choong Proteomewide 1 The cancer progression of MCF10AT1 model is associated wit
etal. analysis mgor-reprogramming in metabolism
(2010)[305 1 MCF10CA cell lines: increased expression of AK1 and ATOX]
decreased expression of HIST1H2BM
Mbeunkui Analysis of 1 Differential expression of secreted proteins in MCF10AT mods
etal. conditioned medium 1 High secretion level oilphal-antichymotrypsin and galecti
(2007)[348 proteome using LE binding protein in MCF10DCIS.com and MCF10CA cell lines
MS/MS f Galectin3-binding protein has been associated wi
aggressiveness of other types of cancers
Chen et al. Combination of 1 TOLLIP, WBP2, NSFL1C, SLC4A7, CYFIP1 and RPS2 we
(2007)[349 phosphotyrosyl detected as novel proteins that underwent different
affinity enrichment, phosphorylation during breast cancer progression in MCF10
iTRAQ and LG model
MS/MS analysis
Wang Combination of 1 Differential expression of membrane glycoprotein in MCF10A
etal. membrane extraction model
(2008)[350 and lectin affinity f CD44, Gammaglutamyl hydrolase, Galecti&-binding protein

methods with L€
MS/MS analysis

and Syndecafi were associated with malignt breast cancer
cell lines

Singlenuclecotide polymorphism (SNP); Immunohistochemistry (IH@obaric tags for relative and absolute

quantitation (iTRAQ); Liquid chromatography (LC); Mass spectrometry (MS)
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Fig. 21 Comparison of xenograft tumor growth of MCF10 series of human breast cancer
cells MCF10AT1 (n=4), MCF10DCIS.com(n=9) or MCF10CAla(n=10) cells were injected
into mammary fat pad area of immunodeficient nu/nu rtlod @ cells per animaljs described

previously[279.
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is graduallyincreasedrom MCF10A to MCF10CAla cell lines, are categorized as markers of

breast cancer progression.
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Chapter 3: Repression of the expression of a stem cell marker CD44 by

a novel Gemini vitamin D analog in basalike breast cancer

3.1. Introduction

Conventional chemotherapies have been able to effectively shrink solid furaoris
some casedhe chemdierapieshave not produced loAgrm clinical remissions without
recurrence and metastagBbl]. Recently, it has been suggested that cancer stem cells, which
represent a subset of tumor cells, are responsible for the origin and maintenance of tumors.
Moreover, cancer stem cells are believed to be the main cause of metastasis anitescafre
cancer because of their strong tumor initiating abilities and resistance to conventional therapies
[351,352353.

A transmembrane glycoprotein, CD44, first known to be involved incedlllinteraction
and cell adhesion, has been identified as a keysudihce marker for cancer stem cells in
pancreas cancer, prostate cancer, head and neck squamous cell carcinoma and breast cancer
[354,355356357]. Induction of CD44 expression in human breast cancer cell lines has been
shown to enhance seknewal, mammosphere growth, and drug resistance, demonstrating
functional roles of CD44 in breast cancer stem d&858. CD44 is also known as an important
mediator for the response of cells to their cellular microenvironif&2H. Al-Hajj et al first
identified breast cancer stem cells from human breast cancer specimens, which are rich in
CD44'/CD24™" cells, and showed #h this distinct population of cells had exclusive ability to
form tumors in mice[357. A clinical study also indicated th@D44/CD24™" cells were
enriched in residual breast cancers after conventional the{8p@s

The MCF10DCIS.com cell line is one of the derivatives of the MCF10A series, which is

a unigue human model of breast tumor progression reflecting-lidesakreast caned 301,310 .
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Behbodet al showed that MCF10DCIS.com cells also contained CI@24"" subpopulations

that formed a large number of DCli8e lesions in xenografted mammary tumdi36Q.
Moreover, the bipotential progenitor properties of MCF10DCIS.com cells, which give rise to not
only epithelial cells but also myoepithelial cells in mouse xenografts, demtntie ability of
generating heterogeneous cell populatipgy, suggesting that the MCF10DCIS.com cell line
might be a useful model for studying the efficacy of preventive and therapeutic agents for
inhibiting breast cancer stem cells.

In our previous study, novel Gemini vitamin D analogs inhibited the growth of
MCF10DAdS.com ceB in vitro andin vivo. [279. Because of the importance of CD44 as a
cancer stem cell marker and its suggested functiona irolereast cacer, we hypothesized that
1U25(0OHYD; or Gemini vitamin D analogs might regulat¢he prolieration of
MCF10DCIS.com cells, which contains high proportion of CD#feast cancer stem cell
subpopulation, by targeting CD44. In this chapter, we examined the effects of Gemini vitamin D
analog BXL0124 on regulation of CD44 in culture MCF10DCIS.com dellyitro and in

MCF10DCIS.com xenograft tumons vivo.

3.2. Material and methods
3.2.1 Reagents and cell culture

1a,25(0OH}D; and Gemini vitamin D analogBXL0124 [la,25-dihydroxy20R-21(3
hydroxy-3-deuteromethy#,4,4trideuterobuty)23-yne-26,2-hexafluorecholecalciferol refer to
251 in referencg361], >95% purity)] (Fig 1A) wereprovided by BioXell, Inc. (Nutley, NJand
dissolved in dimethyl sulfoxide (DMSO). For vivo animal experiments, BXL0O124asdiluted
in cremophore/PBS (1:8, v/v) or in sesame oil (Sigma, MO) for i.p. injection or oral

administration, respectly. The human MCF10DCIS.com breast cancer cell line was provided
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by Dr. Fred Miller at the Barbara Ann Karmanos Cancer Institute (Detroit, [BDY].
MCF10DCIS.com and MCF10CAla cells were maintained in DMEM/F12 medium
supplemented with 5%orse serum, 1% penicillin/streptomycin, and 1% HEPES solaton

37°C, 5% CQ.

3.2.2 Quantitative real-time polymerase chain reaction PCR)
The procedures have been previously reporft6d. Labeled primers, inalling
glyceraldehyde3-phosphate dehydrogenase, osteopontin and CD44 were obtained from Applied

Biosystem (Carlsbad, CA).

3.2.3 Transient transfection of CD44 and promoter assay

The detailed procedures have been described previl@&#. pCMV-b-gal vector was
provided by Dr. David Mangelsdorf (University of Texas Southwestern Medical Center, Dallas,
TX). CD44 promoterand p53 binding sitenutated CD44 promotéduciferase reporter vectors
were provided by Dr. Robert A. Weinberg (Whitehead initfor Biomedical Research,
Massachusetts Institute of Technology, Cambridge, MA). For the transient transfection, vectors
were mixed with FuGene6 Transfection Reagent (Invitrogen, Carlsbad, CA), and
MCF10DCIS.com cells were incubated with the mixtures Goh in serum free DMEM/F12
medium. Then, cells were treated with compounds for 24 h in 0.1% bovine serum albumin (BSA)
containing DMEM/F12 medium. Luciferase activity was measured with a Veritas Microplate

Luminometer (Turner Biosystems, Sunnyvale, CAJ aormalized fob-galactosidase activity.

3.2.4. Western blot analysis

The procedure was described previoy8l§2 and he primary antibodieCD44, which

recognizes all CD44 splicing variants was fr@anta CruzBiotechnology (Santa Cruz, GA
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CD44 containing variant domain 3 (CD44v3) and CD44 containing variant domain 6 (CD44v6)
was from R&D System (Minrapolis, MN); vitamin D receptor (VDR) was fromihermo
Scientific (Lafayette, CQ; b-actin was fromSigma(St. Louis, MO); and secondary antibodies

werefrom Santa Cruz Biotectology.

3.2.5 Fluorescence microscopy

MCF10DCIS.com cells were incubated gtass bottom dishes (MatTek, Ashland, MA)
with or without BXL0124 (10 nM). Cells were fixed with 4% paraformaldehyde, blocked with
10% BSA, and then incubated sequentially with CD44 primary antibody (Santa Cruz, CA)
(1:100), fluorophore conjugated secondantibody (Alexa Fluagk 488, Invitrogen, Carlsbad,
CA) and 4,6diamidinc2-phenylindole (DAPI). The cells were irradiated with green laser at 488

nm for detection of CD44 and with UV light at 364 nm for nuclear staining by DAPI.

3.2.6 Animal experiments in the xenograft model

The detailed procedure for the injection of MCF10DCIS.com cells was described
previously[275. To determine mammary tumor growth, MCF10DCIS.com cells were injected
into the mammary fat pad areadavere combined immunodeficiel@GID) mice (4 per group),
and mice were sacrificed at 1, 2, 3, 4 and 5 weeks after injection. Tumors were collected for
further analysis. To test the awfncer activity of Gemini vitamin D analog BXL0124,
MCF10DCIS.com cells were xenografted into the mammairypéd area in nu/nu or SCID mice.
Then, vehicle control (0.1 ml) or Gemini vitamin D analog BXL0124 (0.03 om@/kg body
weight in 0.1 ml vehicle) was administered either intraperitoneally or orally 6 days a week from

day 4 until the end of experime®ody weight and tumor size were measured twice a week. Five
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weeks after the injection of MCF10DCIS.com cells, mammary tumors were weighed and
collected for further analysis. All animal studies were done in accordance with an institutionally

approved protool.

3.2.7 Analysis of serum calcium level

Calcium concentration in serum sampless determined with calcium reagent set
(POI NTE Scientific, I NC. Cant on, .Milbrjef,serym f ol | owv
(4 ¢€eL) was naipxperdo pwii tah et e di | ut e-dell plagea Aftern t (20
incubating for 1 min, the plate was read at 550 nm using a microplate reader (Tecan US, Inc.,
Morrisville, NC). The calcium concentration was calculated from calcium standards provided by

themanufacturer.

3.2.8 Immunohistochemistry and quantification

The procedure for immunohistochemistry was described previgd3®%. The slides
were incubated overnight ¢ with CD44 primary antibody (1:50; Santa Cruz, CA) or PCNA
primary antibody (1:1000BD PharmingenSan Diego, CA) The numbers of cells according to
CD44 membrane staining intensity or PCNA nuclear stainirengity were quantified by using a

Scan Scoperogram(Aperio, Vista, CA).

3.2.9 Flow cytometry

MCF10DCIS.com cells were incubated with DMST,25(0OH}D; or BXL0124 (10
nM) for 24 h. @lls were trypsinized into single cell suspension, counted, washeghadphate
buffered saline (PBS), and stained with antibodies against @b and CD24°E (BD
Pharmingen, San Jose, CA). The cells (500,000 cells/well) were incubated with antibodies for 20
min on ice. Unbound antibodies were washed off and cells welgzadaon a BD FACSArray'

bioanalyzer (BD bioscience, San Jose, CA).
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3.2.10 Knockdown of VDR by siRNA

The detailed procedure was previously descrif#g. MCF10DCIS.com cells were
incubated without siRNA or with M of negative control siRNA or each of two VDR siRNAs
targeting different sequences in the VDR gene (Thermo faentafayette, CO) for 72 h in
Accell siRNA delivery medium (Thermo Scientific). The cells were followed by incubation with

DMSO or BXL0124 (10 nM) for 24 h in cell culture medium.

3.2.11 Statistical analysis

Statistical significance was evaluated gsint he S$tesident 6 s

3.3 Results

3.3.1Inhibition of MCF10DCIS.com xenograft mammary tumor growth by Gemini vitamin

D analogin vivo.

We previously demonstrated that novel Gemini vitamin D analogs had better efficacy for
growth inhibition of MCF10DCIS.com cells thanal25(OH)}D; in vitro [275. In our present
study, we investigated the inhibitory effect of a pot8etnini vitamin D BXL0124 (Fig. 3.1, 3.2
and 3.3 on the growth of MCF10DCIS.com xenograft mmaary tumors irSCID as well asn
nu/nu miceln SCID mice,when BXL0124 was given intraperitoneally at the dose ofn@/kg
body weight, average tumor volume and weight were significantly reduced byp8P01) and
66% (<0.01), respectively (Fig. 3.1). In nu/nu mice, oral administration of BXL0124 at the dose
of 0.1 ng/kg body weight suppressed tumor size and tumor weight by $%@06) and 52%
(p<0.05), respectively (Fig. 3.2). When BXL0124 was administered orally afoeof 0.03 and

0.1 ny/kg bodyweight, tumor volume and weight were significantly reduced in MCF10DCIS.com
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xenografted SCID mice (Fig. 3.3). Tumor volume was reduced by BXL0124 treatment at the dose
of 0.03 and 0.1my/kg body weight by 36%p&0.05) and 4% (p<0.05), respectively. Tumor
weight was decreased by 37%<0.05) and 52%p<0.05) with 0.03 and 0.fg/kg body weight

of BXL0124 treatment, respectively (Fig. 3.8).all animal studies, both intraperitoneal injection

and oral administration of BXLOX2at the doses tested did not cause any significant changes in
body weights and serum calcium levels, indicating no hypercalcemic toxicity at the givematdoses

the time period of this experime(iig. 3.1, 3.2 and 3)3

3.3.2 The expression of CD44 inMCF10DCIS.com xenograft mammary tumors during

tumor growth.

MCF10DCIS.com cells form DCIS like lesions which spontaneously progress to invasive
tumors when they areerografted into immunodeficiemhice [301]. Hematoxyin and eosin
(H&E) stainingshowed that MCF10DCIS.com cells xenografted into the mammary fat pad of
SCID mice produced lesions which are histologically similar to DCIS of human breast cancers by
week 2. By week 3, comedo DCIiRe lesions with apoptotic centers were formed and ineas
tumor lesions were also detected. A majority of tumors became invasive by week 3.4R)g.
Throughout the growth of tum® and transition from the DCligke lesions to invasive tumors,
CD44 proteins were dominantly expressed in the membrane of elggdithcells in
MCF10DCIS.com xenograft tumors (Fig-4). Tumor growth from weeks 1 to 5 was measured,
and the average tumor volumes for weeks 1, 2, 3, 4 and 5 were 0.02, 0.03, 0.05, 0.14 and 0.41

cn?®, respectively (Fig. 3B).



58

3.3.3Repression CD44 byBXL0124 in MCF10DCIS.com xenograft tumorsin vivo.

BXL0124 was given orally at the dose of 0.1 g/kg body weight in nu/nu mice 3Eg.
All tumors (one tumor for each mouse) were pooled for each group (n=5) and analyzed for CD44
protein expression levdly Western blot analysis. The protein expression levels for both the
standard form of CD44 (CD44s, the most widely expressed standard isoform of CD44, 85 kDa)
and variant forms of CD44 (CD44v, 100 ~ 250 kDa) were markedly degulated by
BXL0124. The reression of CD44v3 and CD44v6 variants expression by BXL0124 treatment
was also shown by using antibodies that specifically recognized individual variant forms (Fig.
3.5A). The expression of proliferating cell nuclear antigen (PCNA), a marker for cell
proliferation, was also significantly repressed by BXL0124 treatment (FBA)3In the
histological evaluation using&E staining of mammary tumors, we confirmed that all mammary
tumors from the control and BXL0124 treatment groups were determined to meaémomas
(Fig. 35B). However, both CD44 and PCNA expression levels of MCF10DCIS.com xenograft
tumors in nu/nu mice were significantly decreased in BXL6tt2dted group when compared to
the control (Fig. 3C). Three mammary tumors from each group eveelected and three
representative areas from each tumor were analyzed to quantify the staining intensity by using
Scan Scope. The staining intensities of CD44 and PCNA were scored from 3+ (the strongest
staining) to 0+ (negative staining) in each indiad epithelial cell automatically. In both the
control and BXL0124reated groups, CD44 protein was localized exclusively on the plasma
membrane of epithelial cells in mammary tumors. The distribution of cell fraction by CD44
staining intensity in the coml group was 48% (3+), 32% (2+) and 20% (1+), whereas
BXL0124-treated group showed 15% (3+), 62% (2+) and 23% (1+) of CD44 staining intensity
(Fig. 35C). For PCNA staining, 82% of cells were PCigAsitive in control group whereas 62%

of cells were PCNApositive in BXL0O124treated group (Fig..3C). Eighteen% of cells were
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PCNA-negative in the control group, while 38% of cells were Pai¢gative in the BXL0124

treated groupp<0.01) (Fig. 35C).

3.3.4 Reduction of the level of CD44 proteinby BXL0124 in MCF10DCIS.com cells in a

VDR-dependent manner.

Next, we tested the effect o, 25(OH)D; or BXL0124 on the protein expression level
of CD44 in MCF10DCIS.com cellm vitro. We found that 4,25(OH)Ds; or BXL0124 downr
regulated the protein expression ob4s (85 kDa) and CD44v (100 ~ 250 kDa) in a dose
dependent manner. However, BXL0124 was more effective thaR5@H)D; in
MCF10DCIS.com cells (Fig. 3. We have also tested the effect of BXL0124 on the CD44
marker in a different cell line, MCF10CAlahich is known to be a highly aggressive cell line
with metastatic capability among the MCF10 cell line series. BXL0124 also-ckyutated the
protein expression level of both CD44s and CD44v in MCF10CA1la cells 3fGg). DAPI
staining was used tecognize the nuclear morphology of cells. We found that the CD44 protein
was localized specifically in the plasma membrane and the expression level was reduced by
BXL0124 treatment without changes of anyubgellular localization (Fig. 3B).
MCF10DCIS.con cells were cetained with CD44 and CD24 for flow cytometrifhe
significant reduction of CD44onjugated fluorescent intensityas observed when only CD44
was detected with flow cytometry (p<0.01) (Fig. 3.7Ahe fraction of CD44"/CD24™ cells,
the sub population in which breast cancer stem cells are enriched, was significantly decreased by
BXL0124 treatment §<0.01), while the fraction of CD4%4/CD24™ cells were increased by
BXL0124 treatment<0.01) (Fig. 3.7B. Because the active form otamin D;, 1a,25(OH)D3,
exerts the majority of its biological functions such as transcriptional activation or repression

through binding to vitamin D receptor (VDR), we further tested whether the repression of CD44
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is dependent on VDR. Knoakown of VDR ty using two different VDR siRNAs blocked the
repression of CD44 protein expression by BXL0124 in MCF10DCIS.com cells, indicating that

the downregulation of CD44 by BXL0124 is a VDBependent event (Fi§.8).

3.3.5 Suppression of CD44 mRNA with inductionof osteopontin mMRNA by BXL0124 in

MCF10DCIS.com breast cancer cells.

The transcriptional regulation of CD44 and osteopontin expression was investigated in
MCF10DCIS.com cells. The dowegulation of CD44 mRNA by d,25(0OH}D; (10 nM) or
BXL0124 (10 nM) in MCF10DCIS.com cells was determined at different time points, and it
showed maximum inhibition & h with both compounds (Fig. 3.9AWhen MCF10DCIS.com
cells were treated withal25(OH)}D3; or BXL0124 for 4 h, CD44 mRNA expssion was down
regulated in a dosgependent manner, and BXL0124 showed stronger repressive effect than
1a,25(0OH)}D; at the same doses (Fi§.9B). Because osteopontin, which is one of the target
genes regulated by vitamin D, is known to interact with GDvtalso investigated the regulation
of osteopontin mMRNA by BXL0124. Bothal25(OH}D; (10 nM) and BXL0124 (10 nM)
induced the expression of osteopontin mRNA starting at 4 h, and the induction of osteopontin
mRNA by BXL0124 was stronger than bya,25(OH}D; at 24 h (Fig.3.10A). When
MCF10DCIS.com cells were treated witla,25(OHYD; or BXL0124 for 4 h, osteopontin

MRNA expression was induced in a daspendent manner (Fi§.10B)
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3.3.6 Repression ofthe transactivation of CD44 promoterby BXL0124 in MCF10DCIS.com

cells in a p53 dependent manner.

The transcriptional repression of CD44 by,45(0OH)}D; or BXL0124 was shown by a
CD44 promoter assay. Although both,25(0OH)D; and BXL0124 repressed transactivation of
the CD44 promoter in a dosiependenmmanner, BXL0124 showed a more potent inhibitory
effect than &,25(0OH)}D; (Fig. 3.11A). Recently, p53 was reported to inhibit CD44 expression
via binding to a p5&inding sequence on the CD44 promdt&84. Therefore, we determined
the involvement of p53 for the repression of CD44 by BXL0124. The repression of CD44
promoter transactivation by BXL0124 wabolished when the pH3nding site of the CD44
promoter was mutated, indicating p53 is necessary for the CD44 repression by BXL0124 (Fig.

3.11B).

3.4 Discussion

Accumulating evidence indicates that cancer stem cells are responsible for tumor
initiation, recurrence, metastasis, and the resistance to conventional chemoth@&2peEs.
Therefore, these cancer stem cells are becoming a critical target for cancer therapeutics. CD44 is
a key cellsurface marker for cancer stem cells in panteairostate and breast cancer
[355356357. Recently, Godaet al demonstrated that CD44 suppression by CBddcific
shRNA infection not only inhibited tumor growth but also reduced the timittating ability of
a human breast cancer cell xenogfa4]. Also, CD44 targeting by specific antibody treatment
inhibited tumor recurrence after chemotherapy induced remission of tumors in human breast
cancerxenograftg33(. These findings indicate that CD44 has a direct role in tumor initiation

and recurrence in addition to serving as a useful marker for breast cancer stem cells.
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CD44, a tranmembrane glycoprotein encoded by a single gene with at least 19 exons,
has multiple variants produced by alternative splidi8dg5. In breast cancer, CD44 variants
(CD44v, 100 ~ 250 kDa) rather than a standard CD44 (CD44s, 85 kDa) have been strongly
associated with cancer metastasis and poor dideseseate]324. Among many different CD44
variants, CD44v3, which is typically modified by hepasiphate side chains, is known to
recruit matrix metalloproteinases (MMPs) and induce cell invasion and survival signaling
[32536€. In several cell lines, CD44v6 forms complex with Met receptor and actsrasejutor
to promote cell growth[325329. In addition, CD44v6 has been shown to interact with
osteopontin, one of target genes known to be regulated by vitamin D and its analogs
[160325367]. The overexpression of endogenous osteopontin enhanced expression of CD44v6
protein, which may be essential for mediating osteopéntinced tumor cell metastagi36g.
Because of the biological importance of CD44 variants, we investigated whether BXL0124
regulates the protein expression ©D44 variants, CD44v3 and CD44v6. MCF10DCIS.com
xenograft mammary tumors expressed high level of CD44v3 and CD44v6, and the expression of
these variants was markedly reduced by BXL0124 treatment, suggesting that repression of CD44

variants may contribut the growth inhibitory effect of BXL0124.

In theprevious study, we reported that a Gemini vitamin D analog significantly inhibited
the growth of MCF10DCIS.com xenografted tumors in immunodeficient yicg. However,
mechanistic studies including the upstream mediator regulated by the Gemini vitamin D analogs
have not been determined in this model. Since CD44 is a main receptor for several key
extracellular matrix proteins such as osteopontin and hyalur@#4h, the repression of CD44
by 1a,25(0OH}D; and its analogs may coritite to their antCancer activities. A recent colon
cancer study demonstrated that,25(OHLD; or its analogs increased the expression of
osteopontin, but they suppressed the expression of CD44 and enhanced the expression of E

cadherin which may contrilbe to their inhibitory effect on adenoma formation in At mice
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[369. In the present study, BXL0124 decreased the expression of CD44 mRNA and protein (Fig.
3.6A, 3.9A and 3.9B) while inducing the expression of osteopontin mRNA (RdLOA and

3.10B) in cultured MCF10DCIS.com cells. Although BXL0124 induced the expression of
osteopontin mRNA, the repression of its receptor, CD44, may be the primary contributor to the

growth inhibitory effect of BXL0124 on MCF10DCIS.com cells.

Godaret alfound that the p53 tumor suppressor inhibits expression of CD44 via binding
to a p53binding sequence in the CD44 promoter in transformed human mammary epithelial cells,
suggesting that CD44 repression by p53 is critical for the tumor suppressive &q&8]864.

In the present study, repression of CD44 promoter transactivation by BXL0124 treatment was
abolished when the p83dnding site in CD44 promoter was mutated. This observation indicates
that p53 iscrucially involved in the repression of CD44 by BXL0124, although exact molecular
mechanisms of action involving p53 need to be further investigated. To determine how vitamin D
and a Gemini vitamin D analog regulate the expression of CD44, we also gavedtithe
involvement of the VDR. It is well known that the majority of the biological functions of vitamin

D are exerted through binding to VOR3Z. We demonstrated that knedewn of VDR using

siRNA resulted in reversing the inhibitory effect of BXL0124 6B44 repression (Fig3.8).
Furthermore, we found that putative VDRE sequences are present in the CD44 promoter region
(personal communication with Dr. Fang Liguggesting that the VDR liganded by vitamin D or

its analog may directly bind to CD44 prorapbtegion to repress its expression.

3.5 Conclusion

MCF10DCIS.com cells highly expressed CD44, predominantly CD4Mvijvo andin
vitro. In this chapterwe demonstrated the repression of CD44 expression by the Gemini vitamin

D analog BXL0124in vivo and in vitro, which is likely via VDR and p53dependent
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mechanisms. Our study suggests novel Gemini vitamin D analogs as potentially useful agents for

repressing CD44 expressing cancer stem cells in breast cancer.
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Fig. 3.1 Repression of the growthof MCF10DCIS.com xenograft tumors byintraperitoneal
injection of BXL0124 in SCID mice. BXL0124 (0.1 ng/kg body weight) was given
intraperitoneally in MCF10DCIS.com xenografted SCID mice 6 times a \eek). Tumor
volume was measured twice a weEknal tumor weightwas measured at necropser@mwas
collected at necropsy and analyzed to determine sealtium level. The data are presented as

the mean xstandard errortésistical analysist* p<0.01).
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Fig. 3.2 Repression of the growth of MCF10DCS.com xenograft tumors by oral
administration of BXL0124 in nu/nu mice. BXL0124 (0.1 ny/kg body weight) was
administered orally in MCF10DCIS.com xenografted nu/nu mice once a day 6 times a week
(n=5). Tumor volume was measured twice a wdekal tumorweight was measured aecropsy.
Serum wagcollected at necropsy and analyzed to determine serum calcium Teeetata are

presented as the mean +standard error (statistical analys§).65).
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Fig. 3.3 Repression of growth of MCF10DCIS.com xenograft tumors by oral administration

of BXL0124 in SCID mice.BXL0124 (0.03 or 0.1rg/kg body weight) was administered orally

in MCF10DCIS.com xenografted SCID mice 6 times per w@ek’). Final umor weight was

measured at necropsy. Serum was collected at necropsy and analyzed to determine serum calcium

level. The data are presented as the mean +standard error (statistical anagly6i€)5).
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Fig 3.4 Expression of CD44protein during the growth of MCF10DCIS.com xenograft
tumors. (A) At day 0, MCF10DCIS.com cells (1x36ells) were injected into the mammary fat

pad area of SCID mice and divided into five groups. Mice (n=4) were sacrificed at 1, 2, 3, 4 and 5
weeks after injection. All tumors were mited and analyzed for H&E and
immunohistochemical analysis, and a represére tumor staining for BIE and CD44 is shown

for each week (200X)B) Tumor volume was measured every week. The data are presented as

the mean xstandard deviation (n=4).
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Fig. 3.5 Effects of BXL0124 on CD44 protein expression level in MCF10DCIS.com
xenograft tumors in vivo. (A) MCF10DCIS.com xenografted nu/nu mice were treated with
DMSO or BXL0124 (0.1ng/kg body weight) orally, and mammary tumors were collected at
necropsy. Mammary tumors (n=5) were pooled into either the control group or BXxti@h2dd

group for Western blot analysis against CD44, CD44v3, CD44v6, PCNApautn. (B) A
representativeH&E staining in mammary tumors from MCF10DCIS.com xenografted nu/nu
mice is shown (400X)(C) A representative immunostaining against CD44 and PCNA in
mammary tumors from MCF10DCIS.com xenografted nu/nu mice is shown (400X). Three
mammary tumors from eaaroup were selected and three representative areas from each tumor
were analyzed for the expression of CD44 and PCNA. The mammary tumors immunostained
against CD44 and PCNA were scored by four different levels of staining intensity and quantified
by using Aperio® Scan Scope. The data are presented as the mean + standard deviation

(statistical analysis, p<0.05, ** p<0.01).
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Fig 3.6 Effects of BXL0124 on CD44 protein level in MCF10DCIS.conand MCF10CAla

cells. (A) MCF10DCIS.com cells were treated withcreasing doses ofal25(OH)}Ds; or
BXL0124 (0.01, 0.1, 1.0, and 10 nM) for 24 h and analyzed for CD44 and PCNA protein
expression levels by Western blot analysis. MCF10DCIS.com and MCF10CAla cells were
treated with BXL0124 (10 nM) for 24 h and analyzed @D44 and PCNA protein expression
levels by Western blot analysis. All splicing isoforms of CD44 were recognized by a CD44
antibody which recognizes both CD44 standard and varigBjsMCF10DCIS.com cells were
treated with DMSO or BXL0124 (10 nM) for 24 and analyzed for CD44 expression level by

confocal microscopy.
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Fig. 3.7 Effects of BXL0124 on the cell surfae expression level of CD44 and proportion of

subpopulation in MCF10DCIS.com cells. MCF10DCIS.com cells were treated with DMSO

control or BXL0124 (10 nM) for 24 {A) CD44 cell surface expression level was determined by

flow cytometry and shown as one parameter histograms. The average of CD44 expression level

for sample was calculated Asmean.(B) The percentage of cells, which were categorized by the

combination of CD44 and CD2#ll surfaceexpression, was determined by flow cytometry. The

experiment was repeated three times, and the data are presented as thetaretard deviatian
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Fig.3.8 VDR-dependent repression of CD44 by BXL0124 in MCF10DCl8om cells.
MCF10DCIS.com cells were incubated without siRNA or with negative control siRNArgiot
each of two VDR siRNAs targeting different sequences in the VDR gene in Accell siRNA
delivery medium for 72 h and followed by treatment with DMSO or BXL0124 (10 nM) for 24 h.

The levels of CD44 and VDR protein were determined by Western blot analysis.
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Fig. 3.9 Repression of mRNA level of CD44 byla,25(OH),D; and BXL0124 in
MCF10DCIS.com cells (A) MCF10DCIS.com cells were treated witha,25(OH}D; or
BXL0124 (10 nM) for 1 h, 4 h, 12 h, and B4and analyzed for CD44 mRNA expression level by
guantitative PCR (qPCR)B) MCF10DCIS.com cells were treated with increasing doses of
1a,25(0OH)}D; or BXL0124 (0.01, 0.1, 1.0, and 10 nM) for 4 h and analyipedCD44 mRNA
expression level by gPCR. The data are presented as the°nstamdard deviation (statistical

analysis, *p<0.05, ** p<0.01).
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Fig. 3.10 Induction of mRNA level of osteopontin by h,25(0OH),D; and BXL0124 in
MCF10DCIS.com cells (A) MCF10DCIS.com cells were treated witha,25(0OH}D; or
BXL0124 (10 nM) for 1 h, 4 h, 12 h, and B4and analyzed for osteopontin mRNA expression
level by quantitative PCR (qPCRB) MCF10DCIS.com cells were treated with increasing doses
of 1a,25(OH}D; or BXL0124 (0.01, 0.1, 1.0, and 10 nM) for 4 h and analyzed for osteopontin

MRNA expression level by qPCR. The data are presented as the°nstandard deviation

statistical analysis, p<0.05, ** p<0.01).
y p
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Fig. 3.11Repression of transactivation of CD44 promoter byla,25(OH),D; and BXL0124 in

a p53 dependent mannerin MCF10DCIS.com cells (A) MCF10DCIS.com cells were
transfected with full leng€D44-Luc DNA vector (CD44) for 6 h and were treated with
increasing dosesf 1a,25(OH}D; or BXL0124 (0.1, 1.0, and 10 nM) for an additional 24B).
MCF10DCIS.com cells were transfected with full len@b44-Luc DNA vector (CD44) or p53
binding site mutate€D44-Luc DNA vector (CD44p53Mut) for 6 h and followed by treatment
with BXL0124 (10 nM) for 24 h. Luciferase activity was measured with a luminometer and

normalized byb-galactosidase activity. The experiments were repeated at least twice, with each
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experiment done in duplicate. The data are presented as th€ rsiandard deviation (statistical

analysis, *p<0.05, ** p<0.01).
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Chapter 4: Inhibition of cell invasion with targeting CD44STAT3

signaling bya Gemini vitamin D analogin basallike breast cancer

4.1. Introduction

Invasive growth is a physiological property of embryonic cells during development and
epithelial cells during wound healinf370371]. However, under pathological conditions,
invasive growth of cancer cells is one of the hallmarks of malignancy progression evidenced by
local invasion and distant metastgdigZ. In breast cancer, ductal carcinoma in situ (DCIS) has
been recognized as a precursor of invasive ductal carcinoma [B7€) The acquisition of an
invasive phengtpe has been suggested to be a critical step in the transition from DCIS to IDC
[61,372373. However, many studies failed to elucidate the complex nature of the DCIS to IDC
transition [372. Recent studies demonstrated that both cancer cells and theassoorated
microenvironment, such as extracellular matrix and stromal cells, are critic@ibotors to
cancer invasioni61,172295. These findings highlight the importance of molecules involved in

microenviroimentepithelial interactions as potential therapeutic targets.

CD44 is one of the key molecules that regulate microenvirongptitelial interactions
by serving as a major receptor for several extracellular matrix proteins such as hyaluronan and
osteopatin [325. CD44 overexpression correlates with invasive and metastatic phenotype in
breast cancer, and thus, is an indicator of poor progfd2t374. Recently, CD44 has been
recognized as one of the key cell surface markers for timi@ting cells in breast cancer
[357,364]. Since CD44 does not have intrinsic kinase activity, it modulates intracellular signaling
by interacting with other components of signaling transduction such as receptor tyrosine kinases

or intracellular kinase325379. The recruitment of signaling partners and resulting signaling by
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CD44 depends on the types of microenvironment and tufB8@&. Therefore, identification of
interacting molecules in a cdifpe specific manner is important to understand the biological role

of CD44 in human breast cancer.

Previously, it has been shown tteahovel Gemini vitamin D analpd®XL0124, down
regulated CD44 expression in MCF10D@@&n cells and inhibited tumor growth in a
MCF10DCIScom xenograft [334. However, the biological role of CD44 repression by
BXL0124 in breast cancer has not been fully exploredhik chapterwe investigated the effect
of BXL0124 on key molecules in various signaling pathways and invasion of MCF10f2@GIS
cells. We demonstrate that the repression of CD44 by BXL0124 contributes to the inhibition of

STATS3 signaling and tumor invasion MCF10DCIScomcells.

4.2. Materials andmethods

4.2.1.Reagents and cell culture

1a,25(0OH}D; and Gemini vitamin D analogal25-dihydroxy-20R-21(3-hydroxy-3-
deuteromethy#l,4,4trideuterobutyl23-yne-26,2 hexaflurecholecalciferol (BXL0124,[361])
were provided byBioXell, Inc. (Nutley, NJ) and dissolved in dimethyl sulfoxide. The
MCF10DCIS.com and MCF10CAla human breast cancer cell lines were provided by Dr. Fred
Miller at the Barbara Ann Karmanos Cancer Institute (Detroit, NBP1307. The
MCF10DCIS.com cell line was authenticated by short tandem repeat profiling at American Type
Culture Collection (Manassas, VAMCF10DCISshLuc and MCF10DCIShCD44 cells were
generated by infecting the MCF10DCIS.com cells with lentivirus encoding shRNA to luciferase
(shLuc) or shRNA to CD44 (shCD4#364. The infected cells wereged by FACS through the
green fluorescence protein (GFP) to obtain &kieled DCISshLuc cells or GFabeled DCIS

shCD44 cells. Cells were maintained in DMEMIE medium supplemented with 5% horse
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serum, 1% penicillin/streptomycin, and 1% HEPES satuib37C and 5% CQ MDA-MB-468
human breast cancer cells were cultured in DMEMZFmedium supplemented with 10% fetal

bovine serum and 1% penicillin/streptomycin at 37€ and 5%.CO

4.2.2. PH] thymidine incorporation assay

The procedure was described previoddgq. In brief, MCF10DCIScom cells (8,000
cells) were seeded onto each well ofvi2gdll plate, and on the next day the cells were treated with
given doses of d,25(OH)D; or BXL0124 for 72 h. DCIShLuc or DCISshCD44 cells (2,000

cells) were seeded and incubated for 48 h for the thymidine incorporation assay.

4.2.3. MTT assay

MCF10DCIScomcells were seeded into each well of\®éll plate (1,000 cells/well), on
thenext day the cells were treated with 0,01, 0,1, 1, 10 or 100 nM,86(OH)}D; or BXL0124
for given incubation times. At each time point, t® of MTT-I solution (thiazolyl blue
tetrazolium bromide, M2128, Sigr#sdrich, St. Louis, MO) were added into éaevell and
incubated for 5 h, followed by addition of 1@® of MTT-Il solution (distilled water withL0%
SDS and 0.01 M HCI). The plate was then incubated overnight, and the absorbance was measured

with a spectrophotometer (Tecan US, Durham NC) at 560 nm.

4.2.3.Cancer cell invasion assays

Three different cell invasion assays were used: 3D culture assay with Matrigel (BD

Bioscience, Spark, MD), Cultré24 well basement membrane extract (BME) cell invasion assay
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(Trevigen, Gaithersburg, MD), and Fluoroblok Biocoat cell invasion assay (BD Bioscience,
Sparks, MD). For 3D culture,-well culture slides, coated with Matrigel, were prepared as
previously described376. MCF10DCIScom cells were seeded as single cells in M171
mammary epithelial medium (Invitrogen, Carlsbad, CA) supplemented with mammary epithelial
growth supplement (Invitrogen, Carlsbad, CAheTcells were incubated for 10 days, and
medium was replenished every 2 days. Cuftedxwell BME cell invasion assay and Fluoroblok

Bi ocoat <cell i nvasion assay were performed as
Cultrex®24 well BME cell irvasion assay, the cells that penetrated matrigel were dissociated from

the bottom of chamber and stained with CalekiM as descri bed i n the man
The intensity of CalceiAM fluorescence was measured by a fluorescent plate reader (I&3an

and compared to a preeasured standard curve to determine the number of cells per well. For
guantitative evaluation of Fluoroblok Biocoat cell invasion assay, the green pixel counts per total
pixel counts from 4 representative pictures per well veateulated using the Image J program

(NIH, Bethesda, MD) (http://rsbweb.nih.gov/ij).

4.2.4.Quantitative real-time PCR

The procedure was described previoudg(; the labeled primers for CD44, matrix
metalloproteinase (MMPF2, MMP-9, MMP-13, MMP-14, MMP-15, MMP-16, tissue inhibitor of
metalloproteinase (TIMP), TIMP-2, uPA, and lyceraldehyde hosphate dehydrogenasere

obtained from Applied Biosystenfsoster City, CA).
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4.2.5.Western blot analysis

The detailed procedure was described previo{@BZ]. The primary antibody against
CD44 (se7298), which recognizes both CD44v and CD44s, was from Santa Cruz Biotechnology
(Santa Cruz, CA). Primary antibodies recognizing pSTAT3 (9235), STAT3 (9139), pAkt (9271),
Akt (2966), pErk (9101) and Erl0109) were from Cell Signaling Technology (Beverly, MA);
pNFkB (s¢101749) and NKB (sc¢372) were from Santa Cruz Biotechnology; MMP
(ab38898) was from Abcam (Cambridge, MA); vitamin D receptor (VDR) (GR37) was from
Millipore (Billerica, MA); b-actin (A1978) was from Sigm&ldrich (St. Louis, MO). Secondary

antibodies were from Santa Cruz Biotechnology.

4.2.6.Knockdown of VDR by siRNA

The detailed procedure was described previo{884. MCF10DCIScom cells were
incubated with 1nM of nontargeting siRNA (B001910602-20, Thermo Fisher Scientific,
Waltham, MA) or VDR siRNA (A00344813-0010, Thermo Fisher Scientific) for 72 h in Accell

SiRNA delivery medium (Thermo Fisher Scientific).

4.2.7.STAT3 DNA binding assay

Transfactor STAT3pecific chemiluminescent kit from Clontech (Mountain View, CA)
was utilized according to the manufacturerés
MCF10DCIScom cells (40ng) were incubated for 1 h in the Transfactor assay plates, which
contained oligonucleotides with STAT3 binding sequences. STAT3 primary and secondary
antibodies (provided with the kit) were incubated for 60 and 30 minutes, respectively. The

mixture of cheriluminescent substrate A and B (1:1) was added, and chemiluminescent intensity
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was measured by luminometer (Turner Biosystems, Sunnyvale, CA). The chemiluminescent
intensity values of samples treated with BXL0124 were divided by the chemiluminescent

intensty value of a control sample, and the fold changes were calculated.

4.2.8.Fluorescence microscopy

Forin vitro samples, cells were fixed as previously descril3&d]. Forin vivo samples,
the tumors were embedded in paraffin (Electron Microscopy Sciences, Hatfield, PA) and then
sectioned at 4m thickness. Both cell and tumor samples were incubated with PBS containing
10% goat serum to block napecific binding. Fixed cells weiacubated overnight at 4C with
a primary antibody to pSTAT3 (Cell Signaling Technology, 1:500). Similarly, tumor samples
were incubated with a combination of primary antibodies to pSTAT3 (Cell Signaling
Technology, 1:100) and CD44 (Santa Cruz Biotechngldy100). Fluorophoreonjugated
secondary antibody (Alexa Fluor 488 or 546; Invitrogen, 1:200) andPRO-3 iodide nuclear
antibody (Invitrogen, 1mM) were incubated at room temperature for 60 and 15 minutes,
respectively. The images were taken usingf@ced microscope with laser at 488 nm (pSTAT3),

546 nm (CD44), and 633 nm (TRRO-3).

4.2.9.Immunoprecipitation

After 24 h incubation with or without BXL0124, MCF10DCt®m cells were washed
once with PBS and lysed in immunoprecipitation lysis buif€hermo Fisher Scientific).
Antibodies to STAT3 or JAK2 (Cell Signaling Technology) were immobilized to protein G
conjugated Dynabeads (Invitrogen). The antibodgjugated beads were washed by magnetic

separation, and same amounts of protein samples agefed. After a Tfhinute incubation, the
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Dynabeaeantibodyprotein complex was isolated by magnetic separation and washed three

times. Immunoprecipitated proteins were then detected by Western blot analysis.

4.2.10.Xenograft tumor study

MCF10DCISshLuc or MCF10DCIShCD44 cells were injected into the mammary fat
pad of immunodeficient nu/nu mice as described previolBsig. Tumor size was measured
twice weekly. Five weeks aft¢he cell injection, mice were sacrificed and xenograft tumors were
weighed. The tumor samples were fixed in 10% formalin and transferred to 70% ethanol for
immunofluorescent staining or flash frozen and store8MT for Western blot analysis or RNA
aralysis. All animal studies were conducted in accordance with an institutionally approved
protocol. The protocol was approved by the Institutional Animal Care and Use Committee at
Rutgers, the State University of New Jersey (Protocol NumbefO@}# All sugery was

performed under ketamine anesthesia, and all efforts were made to minimize suffering.

4.2.11.Statistical analysis

Statistical significancetesvas evaluated wusin

4.3.Results

4.3.1 Inhibition of cell proliferation, metabolic activity and invasion by 1a,25(OH),D; and

Gemini vitamin D analog BXL0124in MCF10DCIS.comcells

We investigated the potential inhibitory effects od,25(OH)D; or BXL0124 on

proliferation, metabolic activity and invasion of MCF10D@i&n cells. MCF10DCISomcell
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proliferation was significantly inhibited byal25(OH)D; and BXL0124 (Fig.4.1A). The
metabolic activity of MCF10DCl8omcells was also significantlyepressed by d,25(0OH)}D3

and BXL0124 (Fig.4.1B). For both proliferation and metabolic activity in MCF10DCt8n
cells, BXL0124 was more potent tham,25(OH}D; (Fig. 4.1A and 4.1B). The number of
MCF10DCIScom cells that penetrated BME&pated layers wa significantly decreased by
1a,25(0OH}D; or BXL0124 treatment. However, BXL0124 was more effective than
1a,25(0OH)}D; to repress MCF10DClI8om cell invasion (Fig.4.2A). In the 3D -culture,
MCF10DCIScomcells showed invasive outgrowth at Day 10 (RBig.B, arrows), which was not
detected in MCF10DCl8omcells treated with BXL0124 (1 and 10 nM) a&,25(OH}D; (10

and 100 nM) (Fig4.2B).

4.3.2. Repression of the level of invasion markers and STAT3 signaling by in

MCF10DCIS.comcells.

The mRNA expressn levels of CD44, MMR2, MMP-9, MMP-13, MMP-14, MMP-15,
MMP-16, TIMP-1, TIMP-2 and uPA were investigated to identify the invasion markers regulated
by BXL0124 in MCF10DClSomcells. The mRNA expression levels of CD44, MMPMMP-

9, and uPA were significaly decreased by BXL0124 treatment at 24 h and 48 h @8y,
MMP-14 (Fig. 4.3) and other invasion markers (data not shown) did not show significant
changes. To identify downstream signaling pathways that may be affected by BXL0124, the
protein levelsof CD44, as well as potential downstream signaling molecules (pAkt, pErk,
pPSTAT3 and NFkB), were measured. The BXL0124 treatment decreased the protein levels of
variant isoforms of CD44 (CD44v, 100~250 kDa), standard isoform of CD44 (CD44s, 85 kDa)
and pSAT3 in a dosedependent manner, whereas the protein levels of pErk, pAkt andPBNF

were not changed (Figt.4A). Total protein levels of STAT3, Akt, Erk and NB were not
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affected by BXL0124 treatment (Figt.4A). In a timedependent study, the treatrhenith
BXL0124 decreased the protein levels of CD44s and CD44v as well as pSTAT3 at 12 h and 24 h,
while there was no change in the levetatll STAT3 (Fig.4.4B). The repression of CD44 and
pSTAT3 protein levels shown by the treatment with BXL0124 wadished by knockdown of

VDR using VDR siRNA, indicating that the repression of CEBAT3 signaling by BXL0124

is a VDRdependent event (Fig.5).

4.3.3. Inhibition of STAT3 signaling by reducing the complex formation of CD44, STAT3

and JAK2 with BXLO 124

To determine STAT3 activity affected by BXL0124, nuclear localization and DNA
binding activity of STAT3 were analyzed. Strong nuclear staining of pSTAT3 was evident in the
control; it was reduced by treatment with BXL0124 (FgGA). DNA binding of STAT3 was
also significantly decreased in a dalpendent manner by BXL0124 treatment for 24 h (Fig.
4.6B). Since BXL0124 decreased the protein levels of CD44 and inhibited activation of STAT3
signaling, we investigated whether CD44 activates STAT3 signaly direct interaction. When
MCF10DCIScom cell lysates were immunoprecipitated with STAT3 antibody, the
immunocomplex contained CD44s, CD44v and JAK2, and BXL0124 decreased the amounts of
CD44v and CD44s proteins interacting with STAT3 (Hd/A). In addition, the protein level of
pSTATS3, but not STATS, in the complex was decreased by the treatment with BXL0124 (Fig.
4.7B). Since CD44 does not have kinase activity, JAK2 and Src were examined as the possible
intracellular kinases required for tiplosphorylation of STAT3 in the CD&ITAT3 complex.

JAK2 was recruited by STAT3, and the amount of JAK2 proteins interacting with STAT3 was
decreased with the BXL0124 treatment (RgZ/A). Src was pulled down with STATS3, but the

interaction was not chanddy BXL0124 (Fig.4.7A). When MCF10DCISomcell lysates were
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immunoprecipitated with JAK2 antibody, significant amounts of CD44 and STAT3 were pulled
down in the complex. This suggests that JAK2 forms a complex with CD44 and STAT3. The
BXL0124 treatmentlecreased the amount of CD44v, CD44s, and pSTAT3 proteins interacting

with JAK2 while the JAK2 level remained constant (HdB).

4.3.4. Suppression of MMP9, MMP-14 and uPA mRNA as well as invasion of

MCF10DCIS.com cellsby CD44 knockdown

To invesigate the role of CD44 on DCIS invasion, we used Ckddckdown
MCF10DCIScomcells transduced with shRNA for CD44 (DG$8CD44) or Luciferase (DCIS
shLuc) as a control. The decreased protein levels of CD44 and pSTAT3 insBCLBH4 cells
were detected wit Western blot analysis (Fig..8R). Knockdown of CD44 significantly
decreased the proliferation of MCF10DGQi&n cells (Fig. 48B). As shown in Fig. 4C, the
invasive potential of MCF10DClI8om cells without lentivirus infection (DCIS) or DCishLuc
cells was not significantly different. However, the invasive potential of BXBISD44 cells was
significantly decreased, as shown by using the Bi&ted chamber assay (Fig8@). To
confirm the firding, we used Fluoroblok Biocoat cell invasion assay chambers with a
fluorescence blocking bottom membrane that allows only cells that migrate through matrigel to
be detected. Because DEBLuc and DCIShCD44 cells were transduced with shRNA
constructs entaining green fluorescent protein (GFP), the green fluorescent cells that penetrated
through matrigel were detected at the bottom of chamber and were quantified by counting green
pixels (Fig. 48D). The knockdown of CD44 significantly inhibited invasiymtential of
MCF10DCIScomcells (Fig. 48D). CD44 mRNA expression was significantly decreased in the
DCIS-shCD44 cells at both 24 h and 48 h, confirming the knockdown of CD44 by shRNA (Fig.

4.9). We further determined the invasion markers that are chdmgéte knockdown of CD44.
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The mRNA expression levels of MME MMP-9 MMP-13, MMP-14, MMP-15, MMP-16, and
uPA at 24 h and 48 h in DGI$hCD44 cells were compared to those in D€&uc cells. The
MRNA expression of MMP, MMP-14 and uPA was significanthpWwer in the DCISshCD44
cells than in the DCIShLuwc control cells at 48 h (Fig. 4, 9MMP-2 (Fig. 49) and other invasion

markers (data not shown) did not show significant changes.

4.3.5. Inhibition of tumor growth and burden as well as invasion markels in

MCF10DCIS.comxenograft tumors by CD44 knockdown

To determine the role of CD4# vivo, DCISsshLuc and DCIShCD44 cells were
injected into nu/nu mice, and tumor growth was compared. The growth rate ofsDC[34
xenograft tumors was significantlyosver than that of DCIShLuc control xenograft tumors
(Fig. 4.10A). The average tumor weight from DC$8CD44 xenograft (560 + 93 mg) was
significantly lower than that from DC#shLuc xenograft (870 £150 mg) (p<0.05) (Fi$10B).

The levels of mMRNA and protein of CD44 were significantly lower in the xenograft tumors from
DCIS-shCD44 cells after 5 weeks of cell injection, indicating stable knockdown of CD44 (Fig.
4.11A and 4.11B. In addition, the mRNA expression levels of MMPand uPA were
significantly lower in DCISshCD44 xenograft tumors compared to those in $sTiLuc
xenograft tumors (Fig. 4.1)AThe protein levels of CD44v, CD44s, pSTAT3 and MMRere
markedly low in the DCIShCD44 xenograft tumors (Fig.11B). Immunofuorescence staining
confirmed the decreased levels of CD44 and pSTAT3 in BBIED44 xenograft tumors

compared to DCIShLuc xenograft tumors (Fig.11Q.
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4.3.6. Repression of CD44 and pSTAT3 in MCF10CAla and MDAMB-468 basallike

breast cancer cells

To confirm the inhibitory effect of BXL0124 on CD&ITATS3 signaling in other basal
like breast cancer cells, MCF10CAla and MIMB-468 cells were tested. Both MCF10CAla
and MDA-MB-468 cells showed markedly higher expression level of CD44v than CD44d) whi
is similar to CD44 expression pattern of MCF10DE€tBncells (Fig.4.12. The protein level of
VDR was increased by BXL0124 treatment (Fidl2. BXL0124 treatment decreased the protein

levels of CD44v, CD44s and pSTATS3, whereas the protein levetaf$d AT3 was not affected

(Fig. 4.12).

4.4, Discussion

MCF10DCIScomcells form DCISlike lesions which spontaneously progress to invasive
ductal carcinoma (IDC) in immunodeficient mi¢g801]. The genetic alteration as well as
expression gtterns of molecular markers in the MCF10D€t8n cellshas been shown to highly
resemble human DCI$61]. In addition, with the unique bipotential progenitor property,
MCF10DCIScomcells give rise to not only epithelial cells but also myoepithelial cells which is
critical component of DCIS to IDC transitid61,377]. Therefore, MCF10DCIl8om cells can
serve as a unigue tool to investigate preventive theriapetat block or delay the progression
from DCIS to IDC. Recently, Jedeszkbal. showedthat the invasion biMCF10DCIScomcells
was significantly increased by recombinant hepatocyte growth factor (HGF), and identified
increased expression of uPA and uPaRcritical cellular responses to HGF for the increased
invasion[378. Moreower, the coinjection of HGBecreting fibroblastincreased the invasiveness
of MCF10DCIScom xenograft tumors, promoting the transition of DCIS to IDC in

immunodeficient micg37§. In the present study, BXL0124 treatment significantly decreased
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proliferation and invasion markers in MCF10DQI&n cells, suggesting BXL0124 as an

important preventive agent to delay the transition of DCIS to IDC.

CD44 is overexpressed in many cancers and is involved in malignant tumor progression

as well as metastadi825. A recent study by Montgomemt al. demonstrated that knockdown

of CD44 repressed both basal and hyalurandoced invasion of baséke breastcancer cé

[379. In the present study, we found that repression of CD44 by BXL0124 #Figd.ard B) or
CD44shRNA (Figs. 4.8 C and D) significantly decreased the invasive potential of
MCF10DCIScomcells. Furthermore, we identified STAT3 as a downstream target of CD44 in
MCF10DCIScom cellinvasion (Figs4.4 AandB). In mouse mammary tumor cells, knockdown

of STATS3 strongly inhibits tumor invasion thiout affecting cell proliferatiorj121], supporting

the notion of a specific role of CDHITAT3 signaling in cancer cell invasio

Hyaluronan stimulates the interaction between CD44 and Nanog, an embryonic stem cell
transcription factor, leading to activation of STAT3, and knockdown of STAT3 by siRNA blocks
hyaluronarinduced breast cancer cell growB8(. In colon cancer cells, CD44 translocates into
nucleus and directly interacts with STAT3 in response to osteopf#if). Moreover, ectopic
expression of CD44 markedly increas8@AT3 activation, indicating a direct regulation of
STATS3 signaling by CD44[381]. In our study, MCF10DCISom cells showed high CD44
protein level and constitutively activated STAT3 sigffEg. 4.4A). In MCF10DCIScom ccells,

CD44 interacts with STAT3 in the absence of exogenous ligands, suggesting that a constitutively
high level of CD44 might be sufficient to activate STAT3 signaling for cell invasion. In addition,
STAT3 and JAK2 interaion was decreased when protein level of CD44 was repressed by
BXL0124 (Figs. 4.7 A and B, indicating that CD44 might function as a scaffold protein for the
CD44-STAT3-JAK2 complex. The JAK2/STATS3 signaling pathway is preferentially activated in
CD44" breast cancer stem cell population over other cell populations, and hyaluronic acid

synthase 1 (HAS1) is a STAT3 signakreglated molecule in bashke breast cancef12(q. In
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addition, recent studies reported that STAT3 is one of the key signaling molecules that maintain
breast cancer stem cell populatifiti9, and that knockdown of STAT3 with shRNA markedly
repressed mammary tumorigenesis in mjé@1]. As summarized in Fig4.13 the direct
interaction between CD44, STAT3 and JAK2 may be critical for activation of STAT3 in

MCF10DCIScomcells, and CD44 might function as a scaffold of the STARK2 complex.

Gene regulation b$pTAT3 was mediated by binding of STAT3 onto the STaifmding
element with the consensus sequeri888]. STAT3 has been showan tegulate a wide range of
genes, which are associated with cancer cell invasion and metastasis, and MMPs were one family
of the critical STAT3 target gend883384. MMP-2, which has biologically active STAT
binding sites with consensus sequences at the promoter region, has been identified as one of the
key STAT3regulated genes to promote tumor invasion and meta$g88s Potential STAT
binding sites with consensus sequences was also found in®Memoter, and transduction of
constiutively activated STAT3 significantly increased mRNA level of Mi9Pand induced
transformation of human epithelial cell88§. In the present stly, we demonstrated that
BXL0124 treatment repressed mRNA expression levels of MMMAMP-9 and MMR14 as well
as the binding of STAT3 onto the oligonucleotides which contain consensus sequence for STAT3
binding, suggesting possible STAT&pendent MMPs geilation by BXL0124. In addition,
MRNA levels of MMR9 and MMR14 as well as activation of STAT3 were significantly
decreased by knockdown of CD44 in MCF10DEt#n cells, indicating that MMPs might be

downstream targets of CD44/STAT3 signaling in MCF10DE&i8hcells.

The expression level of MMPB has been correlated with the level of activated STAT3 in
human breast cancg38g. MMP-9 inducescancer cell invasion by degrading collagen type 1V,
the most abundant component of the basement mem[38ie In breast cancer, high expression
levels of MMPR9 have been associated with node metastasis and advanced tum¢B&&ge

addition, uPA is a critical enzyme for cancer cell invasion converting plasminogen istoirpla
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which degrades extracellular matrix and activates multiple MMPs, including SINIBBY.

Breast cancer patients with high levels of uPA activity showed a significantly shorter dieease
period[389. In recent studies, expression of UPA was significantly elevated in a CD44 dependent
manner in highly invasive baskite breast cancdi379, and the protein microarray of primary
breast cancer tissue found significant correlation between expression levels of uPA and STAT3
[390. In addition, uPA was identified as a key molecule to be regulated by STAT3 in wound
healing and cancdi391]. These reports support our resuhat MMP-9 and uPA via CD44
STATS3 signaling play a critical role in breast cancer invasion inhibited by BXL0124 inlbasal

breast cancer.

4.5 Conclusion

CD44 plays an essential role in the modulation of STAT3 signaling by forming a
complex with STAB and JAK2. Consequently, high expression levels of CD44 may lead to a
constitutive activation of STAT3 signaling in basgbe breast cancer. The novel Gemini vitamin
D analog BXL0124 represses the expression of CD44, which results in a decreased &theunt o
CD44-STAT3-JAK2 complex. Our study suggests that repression of STAT3 signaling by
targeting CD44 may be a key molecular mechanism of BXLOd@dced inhibition of breast

cancer invasion, a critical step in cancer progression.
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Fig. 4.1 Inhibition of proliferation and metabolic activity of MCF10DCIS.com cells by
1a,25(0OH),D; and BXL0124. MCF10DCIScom cells were incubated with 0.01, 0.1, 1, 10 or
100 nM of 1,25(0OH}D; or the Gemini vitamin D analog BXL0124 for 72 () The cell
proliferation of MCF10DCISom cells was measured by thymidine incorporation rate. Two
separate experiments with trigies were conducted*p < 0.01). (B) The metabolic activity of
MCF10DCIScom cells was determined by MTT assay. Two separagperiments with

quadruplicates were conducted (**p < 0.01).
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Fig. 4.2 Repression of invasion of MCF10DCIS.com cells bya,25(0OH),D; and BXL0124.

(A) MCF10DCIScom cells were incubated in the basement membrane extract (BbiEed
invasion chambers in the presence or absenca,@6(0OH)}D; (1, 10 or 100 nM) or BXL0124
treatment (1 or 10 nM) for 48 h. The cells that penetrated through BME layer were detected from
the bottom of chamber, and counted using Calédihstaining. Two separate experiments with
triplicates were conducted (*p < 0.05, **p < 0.0B) MCF10DCIScomcells were incubated in

3D culture with or without 4,25(OH)D; (1, 10 or 100 nM) or BXL0124 (br 10 nM) for 10

days, with replenishing medium every 2 days. Representative images are shown, and the cells

with invasive outgrowth are indicated with arrows.
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Fig. 4.3 Down-regulation of invasion markers by BXL0124 in MCF10DCIS.com cells
MCF10DCIScom cells were treated with BXL0124 (10 nM) for 24 h and 48 h. The mRNA
expression levels of CD44 (20, the approximate gPCR cycle number of 24 h caifl{21),
MMP-2 (24), MMR9 (29)andMMP-14 (23) were determined. Three separate experiments with

duplicates were conducted (**p < 0.01).
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Fig. 4.4 Repression of protein levels of CD44 and pSTAT3 byBXL0124 in
MCF10DCIS.com cells (A) MCF10DCIScom cells were treated with BX0124 (0.1, 1 or 10
nM) for 24 h.(B) MCF10DCIScomcells were treated with BX0124 (10 nM) for 6 h, 12 h and

24 h. The protein levels of indicated molecules were examined by Western blot analybis, and

actin was used as a loading control.




















































































































































































