ROLE OF GAP JUNCTIONS IN BREAST CANCER

by

GUNJAN GAKHAR

B.V.Sc & A.H., Punjab Agricultural University, Punjab, 1agd2002
M.V.Sc., Veterinary Clinical Medicine, Punjab Agriaudal University, Punjab, India, 2004

AN ABSTRACT OF A DISSERTATION

submitted in partial fulfillment of the requirements fbe degree

DOCTOR OF PHILOSOPHY

Department of Diagnostic Medicine/Pathobiology
College of Veterinary Medicine

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2009



Abstract

Gap junctional intercellular channels allow the cal£ommunicate with each other. A
breach in gap junctional intercellular communicationJI@ affects cell growth and
proliferation. In addition, many neoplastic cells exh#idecrease in GJIC. Many factors that
decrease GJIC have been shown to potentiate canceation. 2,3,7,8 tetrachlorodibenzo-p-
dioxin (TCDD), an environmental pollutant, is a carcinogbowever, its mechanism of
carcinogenicity is unclear. Therefore, we examinedettiect of TCDD on GJIC in MCF-7, a
human breast cell line and normal mammary epithediid (HMEC). TCDD showed a decrease
in GJIC in MCF-7 cells caused by increased phosphorylatiayap junctional protein, Cx43.
PKC -mediated phosphorylation of Cx43 was confirmed by inbrtstudies using calphostin C.
Interestingly, TCDD affected GJIC in HMEC through a @opathway involving redistribution
of Cx43 to the perinuclear membrane. Our studies suggasT @DD causes decrease in GJIC
which could potentially lead to cancer. This also ingisathat if GJIC is restored it could
decrease cell growth and proliferation. Therefore, weestigated the role of substituted
quinolines (PQ1), shown to bind with gap junctional pratddy computational docking. The
results showed that indeed PQ1 significantly increas#€ Gnd exerts anti-tumor effect in
human breast cancer cells compared to control withkeatment or HMEC. We found an
increase in GJIC, growth attenutation and increased apoptoB&D human breast cancer cell
line. Our studies suggest that PQ1 is a novel gap junt@etigator causing a decrease in tumor
growth. Since PQ1 alone is effective in decreasing tugnowth in breast tumors, we proposed
to test its efficacy with the current drug of choicer foreast cancer, tamoxifen. The
combinational treatment of tamoxifen and PQ1 showed ra@fisignt decrease in cell viability,
increase in BAX (Bcl2-associated X), and, increase ispase 3 activation compared to
individual treatments. Hence, combinational treatmenP@fL and tamoxifen can potentiate
decrease in tumor growth. In conclusion, downregulatiogap junctions can potentiate tumor
growth while restoration of GJIC can induce apoptosistadease tumor growth.
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Chapter 1 - Review of Literature

1.1.1Introduction

Human body is a complex network of cells formingsumss/organs and performing
specific functions desired at a specific time. The coatéid movements in the body are a
balancing act to achieve homeostasis. In a multi-ellubrganism, homeostasis is
mechanistically governed by three major communication gases — extracellular-
communication via hormones, growth factors, neurotramsraiand cytokines which trigger
intracellular-communication via alterations in secondssages (e.g., €a diacylgycerol, pH,
ceramides, nitric oxide, c-AMP, reactive oxygen spec#&®) activated signal transduction
systems to modulate intercellular-communication goveflmedyap junction channels (Figure
1.1). Cell adhesion and cell-matrix interactions are idened a subclass of intercellular

communication molecules (Trosko and Ruch, 1998).

Endogenous regulators
eg. Hormones, growth
regulators, neurotrans mitter

©)

Extracellularcommunication
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Figure 1.1 Scheme of the postulated link between extrditdar communication and gap
junctional intercellular communication via various intracellular signal transducing
mechanisms (second message) mechanisms.

Diagram illustrates how exogenous nongenotoxic agentseither interfere with, or mimic,
endogenous extracellular signals. TPA= 12-O-tetradecafmybol-13-acetate, DG=
Diacylglycerol, DDT= Dichlorodiphenyltrichloroethane, P3hosphate, c-AMP= Cyclic-
adenosine monophosphate.

All of these communication processes in a multicellubganism are intimately
interconnected to maintain its normal development aealtin In effect, these communication
processes must control a cell’s ability to proliferadifferentiate, apoptose and respond
adaptively. Disruption of any one of these three forfroomunication could lead to increased
or decreased proliferation, abnormal differentiatiomsreased or decreased apoptosis and
abnormal adaptive responses of differentiated cells.

1.2 Intercellular communication

Intercellular communication is governed by linking celtsgether via intercellular
junctions (tight, desmosomes, adherens and gap jusktibhese junctions are mostly present in
epithelial cells. Desmosomes and adherens both b&domige class of junctions called anchoring

junctions.

1.2.1Tight Junctions

Cells such as epithelial adhere tightly to each otherjunctions present on the cell

membranes forming a tight seal to provide compartmeatadiz in the body. Tight junctions are
one type of specialized intercellular junctional coaxplvhich provides a selectively permeable
barrier to diffusion through intercellular space (Figur2).1These junctions tightly regulate the
diffusion of proteins and macromolecules between thieahand the basolateral surface of the
cell. Therefore, tight junctions regulate cell polarityoliferation, and differentiation. The

junctions consist of transmembrane proteins that aediirect contact between cells, peripheral

2



membrane proteins that anchor transmembrane proteins tyttasmic proteins (Shiet al,
2006). The three major transmembrane proteins are occludinslins and junctional adhesion
molecules. Transmembrane proteins associate with geabimembrane proteins such as zonula
occludens which anchor to the cytoplasmic proteins sudcts. Tight junctions are mostly
impermeable to macromolecules but allowing the passagmalt molecules such as inorganic
ions, C&", Na". However, the permeability to various small molecwases greatly in different
tissues. Tight junctions in the epithelium lining theairmtestine, for example, are 10,000 times
more permeable to inorganic ions, such a$ Man the tight junctions in the epithelium lining
the urinary bladder. These differences reflect diffegsna tight junction proteins that form the
junctions (Alberts, 2002).

A. B.

Plasmamembrane

Intercellular space

Tight Junctions

Figure 1.2 Tight junctions.
A) Tight junctions do not have space in between themlilieabowing selective permeability.
B) An electron micrograph of tight junctions in T47D hambreast cancer cells.

1.2.2Desmosomes

Desmosomes are buttonlike junctional complexes whichgell adhesion proteins such
as cadherins with the intracellular intermediatenfiénts. Inside the cell, they serve as anchoring
sites for ropelike intermediate filaments, which fornstauctural framework of great tensile

3



strength. The particular type of intermediate filarseattached to the desmosomes depends on
the cell type such as keratin filaments in most epiheells and desmin filaments in heart
muscle cells. The junction has a dense cytoplasmic plagueposed of a complex of
intracellular anchor proteins (plakoglobin and desmoplatkiaj are responsible for connecting
the cytoskeleton to the transmembrane adhesion psdi@@smoglein and desmocollin) (Alberts,
2002). Figure 1.3A is a diagram showing the different proteimslved in desmosomes and
Figure 1.3B shows an electron micrograph of desmosonibe imeart tissue of a mouse.
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Figure 1.3 Desmosomes.
A) Diagram showing different proteins involved in forming anmdesome.B) An electron
micrograph of desmosomes in the heart tissue of a mdhsemain function of desmosomes is

to hold the plasma membrane of two cells together.

1.2.3Adherens Junctions

Adherens junctions a type of anchoring junctions which anchor celigether through
their cytoplasmic actin filament#. occurs in various forms such as small punctate orkstilea
attachments. But the prototypical examples of adherentignsooccur in epithelia, where they
often form a continuous adhesion belt (or zonula ai®rjust below the tight junctions,
encircling each of the interacting cells in the shegure 1.4A shows a diagrammatic view of
adherens junctions while Figure 1.4B is an electron microgsépldherens junctions in a heart
muscle of a mouse. The transmembrane proteins are campbdsadherins, E-cadherins, N-
cadherins, and integrins. Cadherins, E-cadherins, andihedas are proteins that anchor to
other cells while integrins function as anchor to exthalee matrix. It plays an important role in
the morphogenesis of organs, mediating the folding &gl cell sheets into tubes and other

related structures.
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Figure 1.4 Adherens junctions.
A) Diagram showing the proteins involved in forming adherenstipms. B) An electron

micrograph showing adherens junctions in the heartdie$ a mouse.

1.2.4Gap junctions

A gap junction is the only intercellular communicatiovhich provides a direct
connection between the cytoplasmic spaces of the n&ighboring cells. It forms a bridge
between the cells allowing the passage of molecules dnoe cell to another. Gap junctions play
an important role in cell growth, differentiation anintaining homeostasis. My dissertation

will focus on gap junctions and their significance im bady.

1.3Gap junctions
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Gap junctions are transmembrane hydrophilic channels allowheg passage of
molecules less than 1200 Daltons (Da) between thethetlagh the intracytoplasmic space.

Gap Junction Channel
Plasma membrane

Cytoplasmic side

RARTAARTAATAL

Connexins

Cytoplasmic side “ ’

Connexon

Figure 1.5 Structure of a gap junction.
The figure shows that two connexons (in blue and red) iffereht plasma cell membrane
appose together to form a channel of 1.5 nm diameter. Eachexon is composed of six

connexin proteins.

Gap junctions are formed when one connexon (a hemieha@onsisting of hexameric
subunits of connexins) of one cell docks with a connexandaddjacent cell as shown in Figure
1.5 (Steel, 1998). The passage of small molecules throughugagons suggests that the
maximal functional pore size for the channel is abaGtrm in diameter in mammalian cells
(Oyamada, 1998). Small molecules such as cAMP, inosifldsphate, glucose, and calcium
ions can pass while large molecules such as proteinsngulex sugars cannot pass through the
gap junctions (Figure 1.6) (Alexander and Goldberg, 2003). Gapiguscare the only
specialization of the cell membranes which allowsdemunication between the adjacent cells
(Dagli and Hernandez-Blazquez, 2007).

Several hundreds of gap junction channels in the contgadns of the adjacent cells
forms an aggregation known as gap junctional plagues (Wet86B8a). Each gap junctional
plaque consists of a large number of connexons. Bukaeaskdsshowed that the formation of
gap junctional plaques is a prerequisite for the functigap junctions (Bukauskaet al, 2000).
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They found that coupling was absent in small plaques butntreséarger plagues. Extensive

analysis of the exchange of a range of small fluordgsdges injected into cells has become a
popular technique to establish whether cells are functiorcallpled by gap junctions. These

studies have uncovered charge and size discriminatidheothannel within a 0.2 £ 1.0 KDa

envelope, mainly in HelLa cells expressing recombinant gagtipn channels constructed of

various connexin isoforms (Elfgarg al, 1995; Cacet al, 1998; Nicholsoret al, 2000).

1.3.1Structure of connexin

Intercellular junctions between the cells have beetrgdifferent names as nexus,
macula communicans, and gap junction. But the term gapgusdiy Revel and Karnovsky got
the scientific acceptance despite the contradictiowds the function and the morphological
characteristics it denotes (Revel and Karnovsky, 1967¢. Mfdme could be justified by the
revelation of the gap observed between the adjacent @lasmbranes by electron microscopy
(Ogawa, 1993).
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Figure 1.6 Schematic diagram illustrating the selective tranginctional properties of gap
junctions in intercellular communication.

Gap junction channels can be permeable {@&)-small moleculegB) small molecules with
elongated shapes ¢€) combinations of both molecular shapes. It is also naob to note that
the charge of the trans-junctional molecule alsoegmy permeability characteristics. Gap
junctions are typically not permeable to moleculeseging 1 KDa (purple) (Laird, 2006).

In 1967, Revel and Karnovsky identified that the crossies®a profile of gap junctions
is displayed as two plasma membranes separated by eselhtlar gap, observed by infiltration
of lanthanum or horseradish peroxidase between the gael(Bed Karnovsky, 1967). Freeze-
fracture replication and negative staining further showatl gap junctions are patchy arrays of
closely packed membrane channels in a hexagonal or palygatrix forms. An exact analysis
of the structure of gap junction channels was identiffedughin vitro isolation from the liver
by sucrose gradient centrifugation and subsequent detergatthént (Dermietzedt al, 1990).
X-ray diffraction experiments performed on the isaag@p junctions suggest that the portion of
gap junction channel contributed by each connexon is compdsedsubunits, connexins (Cx),
together possessing a hexameric structure (Goodenough, 197&miree acids derived from
the cloned cDNAs helped in predicting the structure of connefktestzberg, 2000). Each
connexin consists of four hydrophobic transmembranes amd extracellular and three
cytoplasmic loops (Figure 1.7). The N and C termini faaeedytoplasmic side of the cell while
the extracellular side contains two extracelluar lo@pssinsky, 1996). The most conserved
regions in the connexin are localized to the extracellataps followed by less conserved region
of four membrane-spanning domains and carboxy-terminus, aermonus and cytoplasmic
loops exhibit variable region. Connexins differ markeddnireach other in sequence and length
mainly based on their carboxy termini and the cytoplesoap (Hertzberg, 2000).



Connexin Molecule

f E1 T { E2 § Extracellular membrane

Figure 1.7 Connexin structure.

The cylinders represent transmembrane domains (M1-M4).|ddwes between the first and
second, as well as the third and fourth, transmembramaide are predicted to be extracellular
(E1 and EZ2, respectively). The carboxy-terminus has maogghorylation sites (Korkiamaki,
2002).

1.3.2Nomenclature of connexins

The diverse and ubiquitous distribution of gap junctiongassible due to the fact that
the connexin family consists of 20 members in the moude2dnmembers in humans (Laird,
2006). However, connexins are highly related (50-80%) to eacér,othffering in the
cytoplasmic portion sequences (Goodenoeal, 1996). They have molecular masses between
25 and 62 KDa; thus the size of each connexin is used fonalmenclature of the proteins
(Evanset al, 2006). In some instances, a prefix including the specie® naradded while
describing the protein. For example, the most abundahpeminent connexin in rat heart is a
43,036 Da protein, hence called rat Cx43. The finding thatotwaore connexins have the same
molecular mass has lead to a decimal point to distihgiliem, for example mouse Cx30.3 or
mouse Cx31.1 (Saex al, 2003). Another nomenclature is also used to describe colsnaiso;
however, less commonly used. This nomenclature is basetheo degree of relatedness of
different connexins. The analysis for the sequence iorlahnd phylogeny of connexin
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polypeptide sequences categorize connexins into two grougsd, . The group includes
Cx33, Cx37, Cx38, Cx40, Cx43, Cx45, Cx46, Cx50, and Cx56 whidemprises Cx26, Cx30,
Cx30.3, Cx31.1, and Cx32 (Kumar and Gilula, 1992; Hertzberg, 2000).

W1
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Figure 1.8 (A) Immunofluorescence of Cx46 in a mouse headissue. (B) DAB staining of
Cx43 in a mouse heart tissue (C) Electron Microscopic viewf gap junctions in a mouse
heart tissue. (D) Immunogold labeling of Cx43 in a mouse heatissue (70,000 X).

The function of gap junctions in cell is of utmost imjamce because of their presence in
nearly every mammalian cell type. Gap junctions appeglaagues of varying size, as these unit
channels accrete laterally in the plasma membrane amdbegn studied by electron microscopy
of immunogold labelled freeze-fracture replicas (Rashd aYasumura, 1999), by
immunocytochemistry (Dupordt al, 2001) and by fluorescently tagged connexins (Bukauskas
et al, 2000; Falk, 2000; Rutz and Hulser, 2001). Figure 1.8 shows the sxpres Cx46 and
Cx43 in mouse heart tissue by different methods.

1.3.3Tissue specific expression of connexins

Gap junctions are found in very primitive invertebrat&es lnydra, jellyfish and similar
structures known as plasmodesmata are found in plantsk@ end Ruch, 1998). In vertebrates,
gap junctions are found in all cell types except red blodid, gelatelets, spermatozoa, and
skeletal muscle fibres. Nevertheless, gap junctioaspaesent in the progenitors of these cell
types (Rosendaddt al, 1994; Constantiret al, 1997; Proulxet al, 1997; Moket al, 1999).
Moreover, it has been observed that different connexingprasent in different tissues. Most
cells express two or more connexins (Saezal, 2003). Presence of different connexins in
different tissues suggests specific roles of differembnexins. For example, keratinocytes
express at least Cx26, Cx30, Cx30.3, Cx31, Cx31.1, and Cx430@gatiytes express Cx43,
Cx40, and Cx45 and hepatocytes express Cx26 and Cx32 (Table 1rd) 2086). Collectively,
co-expression of multiple connexin family members withim same cell type allows for possible
compensatory mechanisms to overcome the loss or mutatione connexin family member
(Laird, 2006). Different connexins do show selective perniealltx26 has been shown to form
smaller pore size gap junction channels than Cx32. Cx43ugapons were shown to readily
pass lucifer yellow dye than Cx45 gap junctions (Stempkérl, 1994). Cx43 appears to be the

most predominant connexin in terms of the number of tsseMpressing it and the concentration
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present in tissues (Hertzberg, 2000). Cx43 mRNA is partigugundant in heart, relatively
lower in mammary gland, ovary, lens epithelium, keignand uterus (Hertzberg, 2000).

1.3.4Factors regulating gap junctions

Gap junctional intercellular communication (GJICyegulated at many levels, ranging
from gene regulation, gap junction assembly formatyaing at the plasma membrane and gap
junction degradation. Two major kinetic courses of Gdtdtrol have been discussed fast

control (millisecond range) and the long term confinolur range).
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Mouse connexins Representative tissue/organ Representative cell type

Liver, skin

Herizontal cells

Table 1.1 Representative tissues and cell types where meusnnexin family members are found.
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The half life of connexins is very short ranging frdnd-2 hours. The fast control is
referred to as gating which is affected by many facikesH, C&*, pH, and phosphorylation.
Among these actions, phosphorylation at the carboxyité has been widely studied.
Phosphorylation of the N-terminal region of connexingt tis cytoplasmically located is not
reported (Lampe and Lau, 2000). Most connexin family memberglasphoproteins, except
Cx26. Several kinases are known to target connexin protmiokiding MAPK (Mitogen-
activated protein kinase), PKC (Protein kinase C), PKt@n kinase A), and CK1 (Casein
kinase 1). Connexin phosphorylation has been implicatechenrégulation of intercellular
communication through a number of mechanisms, includingecamrbiosynthesis, trafficking,
assembly, membrane insertion, channel gating, internalizand degradation. Cx43 has been
the most studied connexin in terms of modification by miangses (Saeet al, 2003). The
different phosphorylation sites identified on the camd terminus are: Ser-368 and Ser-372
phosphorylated by PKC; and Ser-255, Ser-279, and Ser-282 phospeédyly MAPK (Figure
1.9). Many studies describe the changes in the state appboylation of Cx43 by PKC-
dependent pathways. Ser-368 of Cx43 appears to be an impotgasince mutation of Ser-368
partially prevents the cellular uncoupling induced by phospéiion caused by PKC in the
presence of phorbol ester (TPA) (Liu and Johnson, 1999; Latrgde 2000). The closure of gap
junctions is either induced by cell trauma (sudden drop iniptrease in Ca level or decrease
in the voltage) or physiological regulators like phosptation (Werner, 1998b).
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Figure 1.9 Cx43 binding proteins.

Protein kinases known to phosphorylate Cx43 are showg e top of a schematic diagram of
gap junction plague. A number of scaffolding proteins andeprstof unknown function that
have been shown to bind directly or indirectly to Cx48 sinown along the bottom of the gap
junction plaque. It is important to note that it is netessarily expected that all proteins shown
here bind to Cx43 while it is a resident of the gap juncptague. MAPK; CIP85, Cx43-
interacting protein of 85 KDa (Laird, 2006).
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1.3.5Functional assays to measure gap junctions

Studies to assess the functionality of gap junctionseathvided into two groups:
A) Measurement of dye transfer
B) Measurement of metabolic cooperation and electricadectance

A) Measurement of dye transfer
Dye transfer involves measuring the movement of noatdyes from one cell to another.
Molecules should be small enough in the range of < 1 KDerdss through the gap junctions.

The techniques to measure dye transfer are:

Microinjection : Microinjection of non-permeable, nontoxic tracers basn the first technique

used to identify cell-cell communication (Abbaatial, 2008). Individual cells are injected with
a fluorescent dye in a micropipette having a diamet@ {1, using appropriate pressure. Since
the onset and duration of the tracer is well conttiplienetic studies can be performed showing
the rate of transfer of the tracer from one cekmother (Bruzzone, 1999). Lucifer yellow is the
most widely used fluorescent dye for this techniquer aételacing fluoroscein as it was shown
to cross nonjunctional membranes.

Advantages: It allows selective loading of tracer molecule whichnpigs correlation of
the morphological and functional data from an individeell. The onset and the duration of the
tracer injection can be accurately controlled, allovtimg measurement of dye transfer from one
cell to another.

Limitations: It requires a special instrument to inject the traceannindividual cell
without damaging the cell. Also, this technique is not uskthe tracer is going to be injected in
many cells at one time. Results obtained by this methog with the investigator's experience
in impaling cells without causing too much damage and discrimgatained from unstained

(autofluorescent) cells.

Scrape Load/Dye Transfer (SL/DT) Scrape load dye transfer is a very simple technique in

which monolayers of adherent cells are scraped iptbégence of a membrane-permeable dye,
which becomes incorporated into the cells at the lineubfby mechanical perturbation of the
17



cell membrane. The distance at which the fluoresdgatdiffuses during a certain period away
from the scrape line is indicative of GJIC. Lucifeflyer (MW=443 Da), diameter of 0.5-0.7 nm
is the most commonly used dye for SL/DT. Rhodamine dextnéim a molecular weight of
10,000 Da is used as a control.

Advantages: This technique does not require any special equipmentllolvsathe
measurement of GJIC in a large number of cells. Itfesaand a simple technique, relatively
short period from the time of preparation to obtainirgrésults.

Limitations: The technique is hardly adequate to investigate smédl@etell assemblies
(such as pairs), as well as low density cultures. &ls® complicated when the extent of
junctional coupling is small or when selected cells havee individually screened for coupling.
This technique is not well suited to three-dimensionaksys because this invasive method may
introduce uncertainities in quantifying dye transfer rates duevariations in cell-staining
intensity after scrape loading (Dalehal, 2005).

Electroporation: This technique was introduced by Ragetisal. proposing the introduction of a

non-permeable dye into the adherent cells on a partighuctive slide (Raptist al, 1994). Cells
are grown on a glass slide, half of which is coated welectrically conductive, optically
transparent, indium-tin oxide. An electric current whigpens the pores is applied on the
conductive side of the slide in the presence of Luciédiow. The transfer of the dye to the cells
on the non-conductive side is measured.

Advantages: The gap junctional permeable dye, Lucifer yellow, careremto large
number of cells with minimal disturbance to the daliumetabolism. It is a satisfactory method
for loading a narrow longitudinal strip of cells for safaent studies on the temporal and spatial
spread of fluorescent dyes via gap junctions.

Limitations: This technique cannot be used for non-adherent cellsli$fa® grown to
high confluency, chances of cells getting detached frenslidle when electrode is removed are
higher.

Gap-FRAP (Fluorescence recovery after photobleachingluorescent molecules in a small

region of the cell are irreversibly photobleached usamghigh-powered laser beam, and
subsequent movement of surrounding nonbleached fluorescesttuies into the photobleached
18



area is recorded at low power laser over time (LippirSctiwartzet al, 2001). FRAP data
requires that the bleach event is much shorter tharettwarery time and preferably as short as
possible (Lippincott-Schwartzt al, 2003).

Advantages: It is a non-invasive technique compared to microinjectiod &L/DT.
Therefore, the risk of cell injury is minimal to nighle. It enables to quantify and compare
GJIC capacity between characterized cell types. Kirmtiges can be established to precisely
measure the functionality of GJIC (Abbatial, 2008).

Limitations: The gap-FRAP technique requires a laser beam coupled with a
epifluorescence microscope or, commonly, a confocardasanning microscope, all of which
are sophisticated and expensive instruments. To avoid gtestecal and/or thermal cell injury,

a highly sensitive light detector should be used; the nmaition of illumination thereby reduces

the amount of energy absorbed by the specimen (Alebatj 2008).

Preload assay or Parachute assayThis method consists of preloading cells with a gap

junctional-permeable dye, such as calcein-AM (greer),ded then letting suspended loaded
and unloaded cells form a confluent monolayer togethesus8pended loaded cells are added to
the monolayer, the parachute assay requires formafticgyap junction channels in order to
measure subsequent intercellular communication. Dependitige cells and the technique used,
the loaded cells/donor cells form gap junctions in 15 min-&itir the recipient cells (Goldberg
et al, 1995; Ziambarast al, 1998). To distinguish recipient cells from the donolscadter the
passage of calcein-AM, the recipient cells can beléb with other non-gap junctional dye
(Vybrant-DiD, red dye). Therefore, the recipientis&lill be having both green and red dye.

Advantages: The parachute technique is a non-invasive method sinaatéggity of the
cells is maintained. Flow cytometry enables simultaseanalysis of a large number of cells (at
least 10 cells) (Jongert al, 1991). It ensures objectivity and statistically reliataéa.

Limitations: This method is not applicable to the vast majority dfemdnt cell types in
culture (Meda, 2001). By flow cytometry, nonspecific dyansfer of calcein has been observed
in many studies (Kovatt al, 1995; Fonsecat al, 2004). The preloading assay is also a time-
consuming method that is influenced by the section stydels in different areas of the dish
can behave differently), the resolution, and sensjtivitthe microscope equipment (Czgtzal,
2000).
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B) Measurement of metabolic cooperation and electrical conductaec

Many molecules, exchanginigp vivo by coupled cells, have various dimensions and
charges and hence may be restricted or facilitatduein passage through gap junction channels,
depending on the type of connexins (Koealal, 1995; Meda, 2001). Some investigators have
examined the transfer of endogenous compounds by metabaligeration (Larson and
Sheridan, 1985; Sae# al, 1989; Charlegt al, 1992).

Metabolic cooperation by radiolabel nucleotidesA population of donor cells is incubated in

the presence of an excess of a radiolabeled precurgacafty uridine) and then co-cultured
with unlabeled recipient cells. Under such conditions,ntjtative autoradiography enables
evaluation of the transfer of the resulting metabslirom loaded to unloaded cells as a function
of time. In this type of experiment, coupling is demaatstd by the autoradiographic labeling of
the cytoplasm of recipient cells due to the incorporain their ribonucleic acid of radiolabeled
nucleotide synthesized within donor cells and transfeazdss gap junction channels (Meda,
2001).

Advantages Direct transfer of radioactive nucleotides allow® tévaluation of the
permeability of gap junction channels in a highly sensitag. Contrary to the synthetic dyes,
radioactive nucleotides can better represent the traotfeiological molecules across the cell
membrane.

Limitations: The measurement of labeled nucleotides and nucleic &oisa damaged
donor cell to the recipient cell could be possiblee&amust be rigorously practiced especially
dealing with aerosol particles produced during cell sortingguhores, incubation and metabolic
labeling.

Measuring electrical conductance by dual patch clamp techque: The dual patch clamp

technique is a powerful method for quantitative determinatibjunctional conductance (Van

Rijen, 2001). A freshly made glass pipette with a tip @genof only a few um is pressed gently

on the cell membrane to form a gigaseal. The membbaeaks when the suction is applied

leading to the mixing of the cytoplasm and pipette smfutiCurrently, the most widely used
20



dual-voltage clamp method is the double whole-cell volidgmp with one suction pipette on
each cell of a cell pair (Wilders and Jongsma, 1992). ifle¢hod consists of separately
controlling the membrane potential of each cell and mr@agthe corresponding currents.

Advantages: This method is the most sensitive technique to detecttifunad gap
junctions: a single gap junction channel can be rechrdecontrast to dye transfer. This is the
most common method to assay the electrical propertigamjunctions. The technique has been
used to study ionic permeability and selectivity of gap jomctthannels. Measurements of
electrical conductance between cells can be used tonudetethe number of gap junction
channels that are open within a given period of timex@ieer and Goldberg, 2003).

Limitations: Analysis of electrical conductance is a slow, lainbensive, and expensive
technique. Obtaining reliable and reproducible measurementmctignal ionic permeability
can be difficult since the integrity of coupled celésde disrupted due to the change of internal

ionic environment.

1.4 Breast Cancer

1.4.1Breast cancer and factors affecting breast cancer

More than 80-95% cases of breast cancer are ductal shé¥eaases are lobular. Both
these types of breast cancers are invasive. Invasivefilbrating breast cancer also includes
another type of breast cancer — inflammatory bremster. For 2007, the estimates by American
Cancer Society are that 178,480 women in the United Statdsevdiagnosed of invasive breast
cancer while an additional 62,030 women will be diagnoseati duictal carcinoman situ
(DCIS). For 2008, the estimated US breast cancer caseSmgyican Cancer Society was
179,920 while deaths caused by breast cancer was 40,729.

The three most significant risk factors for breasteamre — being a woman (male breast
cancer occurs at 1% the rate of female breast cancays),and hereditary susceptibility.
Hormonal stimulation (estrogen and progesterone) ofbtkast tissue co-relates with being a
woman, long exposure to exogenous carcinogens co-relatiediving, and mutations in the

genes corresponds to the hereditary susceptibility.eTtiese risk factors are integrated in life
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process that cannot be controlled. The other risk factoclude — early menarche, late
menopause, nulliparity, postmenopausal obesity, environingaHutants and hormone
replacement therapy. Protective factors are the faethich help in reducing the risk of getting
breast cancer. These include — decreasing the lifetipesare to estrogen (prolonged lactation,
ovariectomy, and exercise), maintaining a healthy lifedty avoiding intake of alcohol, eating
a low-fat diet. Hereditary factors include mutationshia two breast cancer genes — BRCAL and
BRCAZ2, accounting for less than 10% of the breast carasrs (Gray, 2009). Women with an
inherited mutation in BRCA1 and BRCA2 have 60-82% chance ifmgdbteast cancer in the
lifetime (King et al, 2003). This suggests that even beyond the identified mutativere are
other factors like lifestyle and environment which afféet tevelopment of breast cancer. For
example, female BRCAL carriers born after 1940 have ywéaite as much breast cancer by
ages 40 and 50 as those born earlier (Kemgal, 2003). In a large twin study conducted,
inherited genes were found to contribute 27%, shared envirdgahfactors 6%, and non-shared
environmental factors 67% of the breast cancer riskh{ersteiret al, 2000).

Hormonal factors accounts for a quarter of breast caceses (Seidmaet al, 1982).
Clearly, being a woman as one of the risk factors ptantke steroid hormones circulating in a
female body. Estrogen and progesterone are the twor mggooid hormones in a female
endocrine system. These hormones are required forotimeal development of the female body;
however, the action of estrogen in breast tissueite garied. The most studied mode of action
is mediated through the interaction with the estrogeeptor (ER ). ER is a nuclear receptor
localized inside the nucleus of certain type of cellsd(enetrial, breast). Upon binding of
estradiol or estradiol-like molecules, there is a changée structure of ERleading to either
homo or hetero- dimerization of the receptor. The BRydex binds to estrogen-responsive
elements in the regions of DNA which regulate the exgwesof a range of proteins that
collectively promote the growth of mammary epithelivtimong the downstream mediators of
estrogen action are epidermal growth factor (EGF)igigsxd amphiregulin, transforming growth
factor and (TGF- and ), platelet derived growth factor (PDGF), and the imslike growth
factors (IGF-I and IGF-II).
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1.4.2Role of environmental pollutants in breast cancer

One of the risk factors for breast cancer is exposwurenzironmental chemicals with
endocrine property. An estimated 80,000 synthetic cheracalased today in the United States,
and another 1,000 or more are added each year (Seigmnah, 1982). Yet complete
toxicological screening data are available for just #these chemicals and more than 90%
have never been tested for their effects on humalthhgevesaet al, 1995). Mammary gland
is largely composed of adipose tissue; therefore, lipapledimpounds are under frequent
investigation as these can get accumulated in the bresst for years (Warshawsky, 2006). A
list of chemicals has been registered by the InternatiAgency for Research on Cancer (IARC)
as carcinogens and has also received ratings by regulag@ncies regarding induction of
human breast and animal mammary tumors. Some of tbmichls included in the list are
bisphenol A, polyaromatic hydrocarbons, tobacco smokexirdi, alkylphenols, metals,
phthalates, parabens, pesticides such as dieldrin, addragine, benzene, polyvinyl chloride,
1,3-butadiene, ethylene oxide and aromatic amines (Gray, 28068)e of these chemicals are
found in maternal blood, placental tissue, breast milkpéas from pregnant women, and
mothers who have recently given birth, indicating thatemmal burdens of environmental
contaminants are being passed on to their young during pregaadchreastfeeding (Van der
Venet al, 1992; Anderson and Wolff, 2000; Chenal, 2006; Shert al, 2007).

A wide variety of chemicals including plastic additivasjustrial solvents, pesticides,
herbicides, and chemical byproducts of combustion or industaaufacturing processes, can
mimic or alter the activities of the natural hormoresgecially the estrogens. The xenoestrogens
are members of a larger class of synthetic chemicadsvk as endocrine disruptors. Endocrine
disruptors mimic or disturb the activity of a much widgpup of hormones, including the
androgens, adrenal hormones, and thyroid hormones. firthé'dadocrine disruptor” is used to
reflect compounds that affect the endocrine systemy(@@09). Few examples of endocrine
disruptors are dioxin and dioxin like compounds, organochlocovapounds such as DDT,
diethylstilbesterol (DES), polychlorinated biphenyl (PCB®)d some other pesticides. Some
chemicals, particularly pesticides and plasticizersh siscBisphenol A are suspected endocrine

disruptors based on animal studies (Sciences, 2007).
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1.4.3TCDD and cancer

2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD, also known asxid) is an aryl

hydrocarbon receptor agonist. TCDD was first listed ie 8econd Annual Report on
Carcinogensas reasonably anticipated to be a human carcinog&®81 which later on in 2001
was supported by both epidemiological and mechanistic studgcating causal relationship
between TCDD and human cancer. TCDD is very persistetite environment, but it can be
slowly degraded by sunlight (ATSDR, 1998; HSDB, 2003). It haalflife of 5.8 to 11.3 years
in humans (Olson, 1994); therefore, TCDD accumulates imahnutissue at a higher rate when
compared to most experimental animals following chroowe-dlose exposure. Polychlorinated
dibenzop-dioxins (CDDs), including TCDD, are inadvertently produced bpepaand pulp
bleaching, by incineration of municipal, toxic, and hospitaistes, in PCB-filled electrical
transformer fires, in smelters, and during production ldérophenoxy herbicides (Silkworth,
1996; Schecter, 1997; Schectdral, 1997). The greatest unintentional production of CDDs
occurs from waste incineration, metal production, andsilfotilel and wood combustion
(ATSDR, 1998). World Health Organization (WHO), Nationadtitute for Occupational Safety
and Health (NIOSH), and the U.S. Environmental Praiacgency (EPA) concluded that
dioxin increases the risk for all cancers (ATSDR, 1998)weéieer, the mechanism by which

TCDD can promote cancer is unclear.

1.4.4TCDD and gap junctions

The abilities to stimulate cellular proliferation amdhibit GJIC and apoptosis are thought

to be essential properties of promoters (Koblyakov, 1998¢ dhility of the initial non-
metabolized polyaromatic hydrocarbon molecule to stameuktell proliferation and to inhibit
GJIC provides evidence to consider that polyaromatic hyibonn mediate the promotion stage
in the initial form during carcinogenesis induced by this grougpaipounds (Sharovskagd al,
2004). In the present study, we examined the effect of TCDDap junctions in human breast
cancer cells (MCF-7) and human mammary epithelial ¢elMEC). Our research sheds light on

the mechanism of action of TCDD on GJIC in humamasiréissue via cell model system.
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1.5Cancer and Gap Junctions

1.5.1Gap junction in human mammary gland

Gap junctions are present in all cell types of veetds, except few dynamic cells
(spermatozoa, red blood cells, platelets) and maturetakeiascle fibers (Abramet al, 2003).
Out of the various organs, heart and mammary glane begn studied in greater depth for gap
junctions. Cx43 has been shown to be widely present int lz@l mammary gland. The
mammary gland undergoes growth, development and diffatemtiat many stages of life.
Therefore, it requires a precise intercellular commation for its proper development and
differentiation. One such communication is gap junctea far, the human mammary gland has
been shown to express only Cx43 and Cx26. The basal miyekgditcells are consisted of Cx43
while luminal epithelial cells express Cx26 and Cx43 (Md¢llac et al, 2007). Studies have
speculated that in the resting human mammary gland G#&juired to maintain myoepithelial
differentiation and more variable Cx26 presence coulde levdynamic role in luminal cell
proliferation (Leeet al, 1992).

1.5.2Aberrant gap junctions and cancer

Pioneering studies by Lowenstein and Kanno in 1966 suggestedatiedr cells have
decreased cellular communication than normal cell coefi by junctional membrane resistance
(Loewenstein, 1966). The lack of gap junctional interéalaommunication in cancer could be
due to two main reasons — the lack of expression of congexies or the aberrant localization
of connexin proteins. The lack of expression of genes coulduleeto lack of transcription
caused by hypermethylation of the CpG islands. The downtegutaf Cx32 gene expression by
hypermethylation of the CpG island of the Cx32 gene has bbsarved in human renal
carcinoma cell line and human renal carcinomas (Yarad, 2004).

1.5.3Gap junctions in breast tumors

Cancer is a complex and evolving disease with the fesmaif defects at multiple

genetic steps in a cell. Cancer was the first patlyolagsociated with the defects in gap
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junctions. In 1966, Lowenstein and Kanno associated GJIth well growth control
(Loewenstein, 1966). They observed a decrease in eleaoigpling in rat hepatomas compared
to normal liver cells. A series of molecular mechanshowed that cancer phenotype is related
to loss of coupling (Cronieet al, 2009). Since the most obvious observation in tumor cells
phenotype is deregulated growth, the assumption of alktiries is that gap junctions are
involved in cell growth control (Mesnil, 2002). Recently, gamction deficiency has been
defined from either lack of gap junctional plaques observgdultrastructure approaches
(electron microscopy and freeze-fracture) or by decreasg]IC (Mesnilet al, 2005). It is a
debatable question that how far connexins are from tieapyiinsult and whether they play a
key role in carcinogenesis or simply is it a seconddfisct to cancer (McLachlagt al, 2007).

Deficiency of Cx43 gap junction can be used as an independeker for breast tumors
(Laird et al, 1999). Early studies showed downregulation of Cx26 and @x#8 primary cells
derived from human breast tumor (Leeal, 1992), rat mammary tumors (Laied al, 1999),
and breast cancer cell lines ((Lagtal, 1999; Singakt al, 2000). Since, the promoter of Cx26
is located within a CpG island, it is speculated thatrtiethylation of these sites could lead to
the repression of the gene (McLachétral, 2007). Investigational studies by Singahl found
hypermethylation of Cx26; however, inhibition of a DNA mgtransferase did not induce the
expression of the gene (Singgtlal, 2000). On the contrary, Taat al found that only one in
eight breast cancer cell lines tested was hypermethyitated Cx26 promoter region but that, in
this case, it correlated with a complete loss of mRN# was recovered after treatment with a
DNA methyltransferase inhibitor (Taat al, 2002). Furthermore, the Cx26 promoter was found
to be methylated in >50% of patient tissue samples testbdit deterogeneously. These
conflicting results suggest that Cx26 may indeed be a tsonopressor that is inactivated by
methylation, but this is likely not the only mechanisndéavnregulate expression (McLachlan
al., 2007). Upregulation of phosphorylated forms of Cx43 waenied in both myoepithelial
cells and transformed luminal cells of situ carcinomas and all cells of invasive breast
carcinomas (Goulét al, 2005). Connexins are mostly present on the cell memimzria some
tumors despite an increase in connexins, they are typicathined in the intracellular
compartments. Kanczuga-Kodd al. report that the level of Cx43 expression, which was
cytoplasmic in 90% of the tumors, was positively coteglavith advanced histological grade of
the tumor (Kanczuga-Kodet al, 2005).
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1.5.4Effect of restoration of gap junctions on cancer

Connexins were described as class Il tumor suppressor betteugenes encoding
connexin protein is not mutated but the protein expressioaffected (Leeet al, 1992).
Specifically, Cx26 was first deemed as a tumor suppressiddl. Mehtaet al. showed that the
transfection of a gene for Cx43 protein in mouse transd 10T1/2 cells having low GJIC
leads to a decrease in the cell growth, reduced saturatensity and focus formation
suppression (Mehtat al, 1991). Transformed dog kidney epithelial cells aftendfection with
Cx43 showed restored GJIC, became flatter in cell nuwogjical appearance, decreased
expression of cell cycle-regulatory genes such asrcygliD1, D2, and cyclin D kinase 5 and 6
(Chenet al, 1995). Transfection of C6 glioma cells with Cx43 (&tuwal, 1991) and of human
hepatoma cell line SKHepl with Cx32 (Eghbeatlial, 1991) provides preliminary evidence that
the growth of transfectants and tumors in nude miceedses. HUVEC endothelial cells were
transfected with Cx37 showed increased GJIC and increaspoiptosis measured by caspase
assay and DNA fragmentation. Many studies have aldarsla decrease in cell or tumor growth
in the presence of Cx43 despite forming GJIC (Koffegr al, 2000; Qinet al, 2002).
Transfection of Cx26 and not Cx32 in HepG2 cells causadaease in dye transfer, decrease
in the saturation density and tumor growth. HepG2 cells alsowed a change in the
morphological appearance of the cells from multilagermonolayer formation (Yanet al,
2001). In another study, transfection of MDA-435C cell imgh either hCx43 or hCx26 gene
caused a restoration in GJIC, decrease cell growth @adles size tumor formation in mice
(Hirschi et al, 1996). All these studies suggest a potential role of connexiasgas tumor

suppressors.

1.5.5Design and synthesis of quinolines

In search of new activators that enhance GJIC, allaliorated with Dr. Duy H. Hua in
the Department of Chemistry at Kansas State Univengity examined the potential interactions
of a number of substituted quinolines (code nd?@@s) with the partial crystal structure of

connexon (Makowsket al, 1977; Footeet al, 1998; Fleishmaret al, 2006) using Autodock
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computational docking software (Goodsell and Olson, 1990;iMetral, 1996; Morris, 1998).
Scientists in Dr. Hua’'s lab observed binding of P@sthe inert pore of the hexameric
hemichannel of gap junctions. The connexon structure wastrcted by using electron
cryomicroscopy to derive a three dimensional density ateb.7 A in plane and 19.8 A vertical
resolution, and analysis of evolutionary conservatioth @@ompensatory mutations in connexin
evolution to identify the packing interfaces betweenttbkces (Fleishmaet al, 2006). In one
of the minimum energy (-0.7 kcal/mol) bound structureteractions (closed contact) between
CF3 group of PQ&and NH of Leul44 of connexin (2.5 A), OCH3 group of PQ1 and CH2 of
Phe81 of connexin (2.0 A), and NH3 + of P@fd —O2CGlul46 of connexin are found.
Consequently, they synthesized this class of quinolmek studied their GJIC and anticancer
activities (Gakhar, 2008). Since PQ1 (one of the subdlitgtenolines) is predicted to have a
high binding affinity for connexin via computational docking (Fegir10), we tested PCihd

its synthetic precursors effect on the GJIC in T47x&reancer cells.
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Figure 1.10 Docking of PQ1 with connexin.
Six connexins form a connexon. The figure illustrates awchkif PQ1 (pink) with the connexin
protein. The computational docking software docks the PQ@&dban the lowest energy levels.

The diagram hypothetically depicts one PQ1 molecule thgnth the connexin protein; however,

28



it is not feasible to know how many PQ1 molecules cad bo the connexin protein based on

the docking software.

1.6 Treatment

1.6.1Tamoxifen treatment studies for breast cancer

Tamoxifen is a nonsteroidal triphenylethylene derivative tvlsicmpetitively blocks the
binding of estrogen to the estrogen receptor, thus conditierge an antiestrogen. Studies were
conducted to test the efficacy of tamoxifen againstdtreancer. A small randomized clinical
trial of 3 years of tamoxifen versus no treatment detnatesl a survival advantage for ER
patients who received tamoxifen (Delozetral, 1986). In 1977, a pilot study was conducted to
determine whether patients could tolerate 5 years ofvadfutherapy and whether metabolic
tolerance would occur during long-term use of tamoxifemuNusual side effects were observed
and blood levels of tamoxifen and its metabolites rendastable (Tormey, 1984; Tormey,
1987). In 1987, a Scottish trial showed an increase in surat@bff recurrent patients for breast
cancer receiving tamoxifen treatment compared to cantidl 10-year study conducted by
Nolvadex Adujvant Trial Organization (NATO) found a sigeaint effect of 2 years of
tamoxifen treatment on the disease free survival rapatients with early breast cancer (Jordan,
1994). From 1992-1997, the National Breast and Bowel Proje¢8ABR) randomized 13,388
women into the Breast Cancer Prevention Trial (NSARFPT; P-1) who were at increased risk
of breast cancer to either tamoxifen or placebo. Stbedy showed a 49% reduction in overall
invasive breast cancer risk and a 50% reduction in non-invas®ast cancer risk in women who
received tamoxifen (Rashid, 2006). In 1998, tamoxifen was appesvactchemoprevention drug
for breast cancer by the Food and Drug AdministratiddA( after NCI released the results of
the Breast Cancer Prevention Trial (BCPT), a 6-yaatysof the drug. In BCPT, tamoxifen was
found to reduce the incidence of breast cancer by 49meased on that study, FDA approved
the drug for women at high risk of developing invasive ltireascer. High risk was defined as
women of age 35 and older who have a 5-year risk oaat le67% (NCI, 2003).

Tamoxifen was introduced as an antiestrogen and hemnas itised against breast cancer

as estrogen potentiates breast cancer. But later stweies conducted to find if tamoxifen
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affects pathways other than mediated through preventicestoogen binding with estrogen-
responsive elements. Clinical response in breast caatents receiving tamoxifen daily for at
least 3 months showed increased apoptosis and decrgadiéeration using surrogate markers
of apoptosis (Bcl-2) and mitosis (Ki-S1) (Keehal, 1997; Cameromt al, 2000) Zhang and

Shapiro found that tamoxifen induces apoptosis in MCF-%& da}l regulating p38 mitogen

activated protein kinase (MAPK) (Zhang and Shapiro, 200Bese studies suggest that
tamoxifen might be exerting effect on many proapoptotichways besides being an

antiestrogen.

1.6.2Side effects of Tamoxifen

In the breast, the antitumor effects of tamoxifen due to ER antagonist activity,
competitively blocking the binding of estrogen to ERs. &gtn deprivation due to tamoxifen
can also lead to unwanted side effects (Perez, 2007). Etdidroancer risk was associated with
tamoxifen therapyor breast cancefodds ratio = 1.52; 95% confidence interi@l] = 1.07-
2.17). Women with more than 5 years of exposareamoxifen had 4.06-fold greater odds of
developing endometriatancer than nonusers (95% CI = 1.74-9.47). Risk assoocmitad
tamoxifenuse was stronger among heavier women than amamger women, although trends
did not differ statisticallfP = .10) (Bernsteinet al, 1999). A case-control study done at
Netherlands found that the median time between thgndises of breast cancer and endometrial
cancer was 34 (5-201) months and the relative risk of endiaimedncer for women who had
ever been treated with tamoxifen compared with thosehvald not was 1.3 (Van Leeuwenal,
1994). Patients treated with tamoxifen experience hoteffgshight sweats, vaginal discharge,
vaginal bleeding, gall stone formation (Day R, 1999; Day, 20@iy,et al, 2001; Vogelet al,
2006). In premenopausal women, tamoxifen may result in lasse In a British study of
tamoxifen on bone mineral density (BMD), it was foundttBMD of premenopausal women
decreased progressively in lumbar spine (p< .001) and in hip (p$for0%pmen on tamoxifen
compared to the placebo group (O'Regtal, 2002). These more severe side effects contribute
to the adverse risk: benefit profile associated withgésrterm tamoxifen use, which limits
adjuvant tamoxifen to 5 years (Fisletral, 1996).
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1.6.3Combinational studies of tamoxifen for breast cancer

Tamoxifen acts by inhibiting the binding of estrogen witheék&ogen receptor, whereas
aromatase inhibitors block the conversion of androgensstmgen by aromatase enzyme,
thereby causing estrogen deprivation. The third-generat@madase inhibitors (Als), letrozole,
anastrozole and exemestane, have demonstrated supermacyeftio tamoxifen in large,
randomized clinical trials in postmenopausal women WY (hormone receptor positive) early
breast cancer (Coombesal, 2004; Boccardet al, 2005; Howell A, 2005; Jakest al, 2005;
Thurlimannet al, 2005). Analysis of the ATAC trial at a median follays-time of 47 months
demonstrated that after an additional follow-up periodst@oaole continued to exhibit superior
efficacy than tamoxifen alone and in combination withasirozole. This demonstrated by
disease free survival (DFS), time to recurrence (TT&)] reduction in the incidence of
contralateral breast cancer (CLBC) (Baemal, 2003). The 5 year disease-free survival was
significantly greater in the letrozotgoup (77.9%) than in the tamoxifen group (71.4%, hazard
ratio for the primargnd point, 0.81; 95% confidence interval), especially redureicurrence at
distant sites (hazard ratio, 0.73; 9%#nfidence interval)The 5-year estimates of disease-free
survival were 84.0%n the letrozole group and 81.4% in the tamoxifen group (Thurlinedah,
2005). In another study the outcome showed that switchingnp@to adjuvant treatment with
exemestane after 2 to 3 years of tamoxifen therapyassociated with a statistically and
clinically significant improvemenin disease-free survival, which included a reduction in the
incidence of metastatic disease. DFS after 3 yeat@nabmization was 91.5% (95% confidence
interval, 90.0 to 92.7) in the exemestane group and 8@8% confidence interval, 85.1 to
88.3) in the tamoxifergroup (Coombeset al, 2004). Overall, many studies indicate that
aromatase inhibitors might gradually displace tamoxifentlee gold standard for adjuvant
endocrine therapy (Perez, 2007).

Raloxifene hydrochloride is a selective estrogeseptor modulator like tamoxifen that
has antiestrogenic effects on breastl endometrial tissue and estrogenic effects on bipm, |
metabolism, and blood clotting (Cummingtal, 1999). Trials of tamoxifen and raloxifen were
done separately and a 33% and 59% reduction, respectivethe nelative risk of breast cancer
was found; however, both the treatments cannot beyamed because the participants in the
tamoxifen and raloxifen study were pre-menopausal women pasttmenopausal women,
respectively (Cummingst al, 2009). A study of tamoxifene and raloxifene (STAR) program
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was conducted to estimate the efficacy of raloxifeneparyed to tamoxifen. The study showed
that both the drugs reduced the risk of developing invasivestboaacer by about 50% and
women who took raloxifene and followed for 4 years sho®@t fewer uterine cancers and
29% fewer blood clots (NCI, 2007).

All these studies suggest that tamoxifen, despite beinggadrchoice for the treatment
of endocrine-responsive breast cancers, has some saideiseffects. The treatment of
tamoxifen depends on the risk:benefit ratio in an individdalvever, combination of tamoxifen
with another drug causing an increase in apoptosis of theercaetls could be a potential
therapy for the breast cancer. The combinational plyeiuld either decrease the 5-year
treatment with tamoxifen or could help in negating theotdfef tamoxifen. In the present study,
we combined PQ1, a gap junctional activator with tamoxi#&ndies conducted with PQ1 alone
showed an increase in GJIC, decrease in cell prolberatnd colony growth assay in breast
cancer cells. Furthermore, PQ1 also showed a 70% dedre&gmor growth in nude mice.
Therefore, we investigated the effect of combinatiomedtment of tamoxifen and PQL1.

32



1.7 References

Abbaci, M., Barberi-Heyob, M., Blondel, W., GuillemiF., and Didelon, J. (2008). Advantages
and limitations of commonly used methods to assay thecunalepermeability of gap
junctional intercellular communicatioBiotechniquesgl5, 33-52, 56-62.

Abrams, C. K., Freidin, M., Bukauskas, F., Dobrenis, Kaydiello, T. A., Verselis, V. K.,
Bennett, M. V., Chen, L., and Sahenk, Z. (2003). PathogewnésxX-linked Charcot-
Marie-Tooth disease: differential effects of two miatag in connexin 32 Neurosci23,
10548-10558.

Alberts, B. J., Alexander; Lewis, Julian; Raff, MartiRoberts, Keith; Walter, Peter (2002).
Molecular Biology of the cell. IiMolecular Biology of the CellGarland science, New
York and London.

Alexander, D. B., and Goldberg, G. S. (2003). Transfebiologically important molecules
between cells through gap junction chann€lsir Med Cheni0, 2045-2058.

Altieri, D. C. (2003). Survivin in apoptosis control and @sitle regulation in canceProg Cell
Cycle Re%, 447-452.

Anderson, H. A., and Wolff, M. S. (2000). Environmentahtezoninants in human milkl Expo
Anal Environ Epidemicl0, 755-760.

ATSDR (1998). Toxicological profile for chlorinated dibenzo-psdins. Update. (Final Report),
pp. 729. Agency for Toxic Substances and Disease Regitayta, GA.

Baum, M., Buzdar, A., Cuzick, J., Forbes, J., Houghiagrilowell, A., and Sahmoud, T. (2003).
Anastrozole alone or in combination with tamoxifen vertsusoxifen alone for adjuvant
treatment of postmenopausal women with early-stagetlbranser: results of the ATAC
(Arimidex, Tamoxifen Alone or in Combination) trial efficy and safety update
analysesCancer98, 1802-1810.

Bernstein, L., Deapen, D., Cerhan, J. R., SchwartzM$ Liff, J., McGann-Maloney, E.,
Perlman, J. A., and Ford, L. (1999). Tamoxifen therapyifeast cancer and endometrial
cancer riskJ Natl Cancer Ins91, 1654-1662.

Berstein, L. M., Zheng, H., Yue, W., Wang, J. P., Lyk&let, A. E., Naftolin, F., Harada, H.,
Shanabrough, M., and Santen, R. J. (2003). New approachés tanderstanding of
tamoxifen action and resistanémdocr Relat Cancel0, 267-277.

Boccardo, F., Rubagotti, A., Puntoni, M., Guglielmini, Rmoroso, D., Fini, A., Paladini, G.,
Mesiti, M., Romeo, D., Rinaldini, M., Scali, S., palia, M., Benedetto, C., Restuccia,
N., Buzzi, F., Franchi, R., Massidda, B., Distante, Mnadori, D., and Sismondi, P.
(2005). Switching to anastrozole versus continued tamoxreatment of early breast
cancer: preliminary results of the Italian Tamoxifen gtnazole Trial.J Clin Oncol23,
5138-5147.

Broker, L. E., Kruyt, F. A., and Giaccone, G. (2005).|@e&lath independent of caspases: a
review.Clin Cancer Red1, 3155-3162.

Bruzzone, R., Giaume, C. (1999). Methods in Molecular dggl Connexin Methods and
Protocols. InConnexin Methods and Protocols: Methods in Molecular BiolggyMeda,
Ed.), pp. 204-206. Humana Press, Totowa, NJ.

33



Bukauskas, F. F., Jordan, K., Bukauskiene, A., Bennett, M_.ampe, P. D., Laird, D. W., and
Verselis, V. K. (2000). Clustering of connexin 43-enhanced glaerescent protein gap
junction channels and functional coupling in living celsoc Natl Acad Sci U S A7,
2556-2561.

Cameron, D. A., Keen, J. C., Dixon, J. M., Bellar@y, Hanby, A., Anderson, T. J., and Miller,
W. R. (2000). Effective tamoxifen therapy of breast eamevolves both antiproliferative
and pro-apoptotic changdsur J Cancei36, 845-851.

Cao, F., Eckert, R., Elfgang, C., Nitsche, J. M., Sny&rA., DF, H. u., Willecke, K., and
Nicholson, B. J. (1998). A quantitative analysis of connexircifipe permeability
differences of gap junctions expressed in HelLa tratesféx and Xenopus oocytesCell
Scilll (Pt1) 31-43.

Charles, A. C., Naus, C. C., Zhu, D., Kidder, G. M. kBan, E. R., and Sanderson, M. J. (1992).
Intercellular calcium signaling via gap junctions in gl@mells.J Cell Biol 118 195-
201.

Chen, J. W., Wang, S. L., Yu, H. Y., Liao, P. C., am@ LC. C. (2006). Body burden of dioxins
and dioxin-like polychlorinated biphenyls in pregnant womeidi®g in a contaminated
area.Chemospheré5, 1667-1677.

Chen, S. C., Pelletier, D. B., Ao, P., and Boynton,LA.(1995). Connexin43 reverses the
phenotype of transformed cells and alters their exmessf cyclin/cyclin-dependent
kinasesCell Growth Differ6, 681-690.

Clarke, R., Leonessa, F., Welch, J. N., and SkaarC.T(2001). Cellular and molecular
pharmacology of antiestrogen action and resistaPlcarmacol Re%3, 25-71.

Clarke, R. B., Laidlaw, 1. J., Jones, L. J., Howél, and Anderson, E. (199 3). Effect of
tamoxifen on Ki67 labelling index in human breast tumourd &s relationship to
oestrogen and progesterone receptor stBiu$.Cancer67, 606-611.

Constantin, B., Cronier, L., and Raymond, G. (1997). Teahsnvolvement of gap junctional
communication before fusion of newborn rat myoblaStR Acad Sci 11B20 35-40.

Coombes, R. C., Hall, E., Gibson, L. J., ParidaensJ&sem, J., Delozier, T., Jones, S. E.,
Alvarez, I., Bertelli, G., Ortmann, O., Coates, A, Bajetta, E., Dodwell, D., Coleman,
R. E., Fallowfield, L. J., Mickiewicz, E., Andersed, Lonning, P. E., Cocconi, G.,
Stewart, A., Stuart, N., Snowdon, C. F., CarpentMrj,Massimini, G., Bliss, J. M., and
van de Velde, C. (2004). A randomized trial of exemestdtee @vo to three years of
tamoxifen therapy in postmenopausal women with primargdbreancerN Engl J Med
350 1081-1092.

Cronier, L., Crespin, S., Strale, P. O., Defamie, ahd Mesnil, M. (2009). Gap junctions and
cancer: new functions for an old stoAntioxid Redox Signdll, 323-338.

Cummings, S. R., Eckert, S., Krueger, K. A., Grady,Hdwles, T. J., Cauley, J. A., Norton, L.,
Nickelsen, T., Bjarnason, N. H., Morrow, M., Lippma, E., Black, D., Glusman, J. E.,
Costa, A., and Jordan, V. C. (1999). The effect of raloeifen risk of breast cancer in
postmenopausal women: results from the MORE randomisddMultiple Outcomes of
Raloxifene EvaluationJAMA 281, 2189-2197.

Cummings, S. R., Tice, J. A., Bauer, S., Browner, W. Guzick, J., Ziv, E., Vogel, V.,
Shepherd, J., Vachon, C., Smith-Bindman, R., andiktevkke, K. (2009). Prevention of
breast cancer in postmenopausal women: approachesnatésyi and reducing riskl
Natl Cancer InstLl01, 384-398.

34



Czyz, J., Irmer, U., Schulz, G., Mindermann, A., andlsdr, D. F. (2000). Gap-junctional
coupling measured by flow cytometigxp Cell Re255 40-46.

Dagli, M. L., and Hernandez-Blazquez, F. J. (2007). Rotegap junctions and connexins in
non-neoplastic pathological processes in which cellferalion is involvedThe Journal
of membrane biolog218 79-91.

Dakin, K., Zhao, Y., and Li, W. H. (2005). LAMP, a newaging assay of gap junctional
communication unveils that Ca2+ influx inhibits cell congliNat Method<, 55-62.

Day, R. (2001). Quality of life and tamoxifen in a breamstaer prevention trial: a summary of
findings from the NSABP P-1 study. National Surgical Adjotv Breast and Bowel
Project.Ann N 'Y Acad S&49, 143-150.

Day, R., Ganz, P. A., and Costantino, J. P. (2001).okden and depression: more evidence
from the National Surgical Adjuvant Breast and BowRoject's Breast Cancer
Prevention (P-1) Randomized StudyNatl Cancer Ins®3, 1615-1623.

Day R, G. P., Costantino JP, Cronin WM, Wickerham [PBisher B. (1999). Health-related
quality of life and tamoxifen in breast cancer preventiamreport from the National
Surgical Adjuvant Breast and Bowel Project P-1 Stddwrnal of Clinical Oncology7,
2659-26609.

Delozier, T., Julien, J. P., Juret, P., Veyret, @uyette, J. E., Graic, Y., Ollivier, J. M., and de
Ranieri, E. (1986). Adjuvant tamoxifen in postmenopausahdtreancer: preliminary
results of a randomized trildreast Cancer Res Tredt 105-109.

Dermietzel, R., Hwang, T. K., and Spray, D. S. (1990) @hap junction family: structure,
function and chemistryAnat Embryol (Berl182 517-528.

Devesa, S. S., Blot, W. J., Stone, B. J., Miller,AB, Tarone, R. E., and Fraumeni, J. F., Jr.
(1995). Recent cancer trends in the United StatBtl Cancer Ins87, 175-182.

Dupont, E., Matsushita, T., Kaba, R. A., Vozzi, C., CopfnR., Khan, N., Kaprielian, R.,
Yacoub, M. H., and Severs, N. J. (2001). Altered connexiression in human
congestive heart failurd. Mol Cell Cardiol33, 359-371.

Eghbali, B., Kessler, J. A., Reid, L. M., Roy, C., é&pray, D. C. (1991). Involvement of gap
junctions in tumorigenesis: transfection of tumor @lith connexin 32 cDNA retards
growth in vivo.Proc Natl Acad Sci U S 83 10701-10705.

Elfgang, C., Eckert, R., Lichtenberg-Frate, H., Buttetyet, Traub, O., Klein, R. A., Hulser,
D. F., and Willecke, K. (1995). Specific permeability andesee formation of gap
junction channels in connexin-transfected HelLa c&lSell Biol129 805-817.

Ellis, P. A., Saccani-Jotti, G., Clarke, R., Johnst®nR., Anderson, E., Howell, A., A'Hern, R.,
Salter, J., Detre, S., Nicholson, R., RobertsonStith, I. E., and Dowsett, M. (1997).
Induction of apoptosis by tamoxifen and ICl 182780 in primamgast cancerint J
Cancer72, 608-613.

Encarnacion, C. A., Ciocca, D. R., McGuire, W. Clark, G. M., Fuqua, S. A., and Osborne, C.
K. (1993). Measurement of steroid hormone receptors iasbreancer patients on
tamoxifen.Breast Cancer Res Trea6, 237-246.

Enomoto, T., Sasaki, Y., Shiba, Y., Kanno, Y., and Ysakg H. (1981). Tumor promoters
cause a rapid and reversible inhibition of the fornmaiad maintenance of electrical cell
coupling in culture.Proceedings of the National Academy of Sciences of the United
States of Americ@8, 5628-5632.

Evans, W. H., De Vuyst, E., and Leybaert, L. (2006). Bap junction cellular internet:
connexin hemichannels enter the signalling limelignchem B97, 1-14.

35



Falk, M. M. (2000). Connexin-specific distribution within gamgtions revealed in living cells.
J Cell Sci113 ( Pt 22) 4109-4120.

Fisher, B., Dignam, J., Bryant, J., DeCillis, A.jokerham, D. L., Wolmark, N., Costantino, J.,
Redmond, C., Fisher, E. R., Bowman, D. M., Deschdne®imitrov, N. V., Margolese,
R. G., Robidoux, A., Shibata, H., Terz, J., PatersondA.Feldman, M. I., Farrar, W.,
Evans, J., and Lickley, H. L. (1996). Five versus more tfize years of tamoxifen
therapy for breast cancer patients with negative lympties and estrogen receptor-
positive tumorsJ Natl Cancer Ins88, 1529-1542.

Fisher, B., Redmond, C., Legault-Poisson, S., DimjthW., Brown, A. M., Wickerham, D. L.,
Wolmark, N., Margolese, R. G., Bowman, D., Glass, @, and et al. (1990).
Postoperative chemotherapy and tamoxifen compared withoxifen alone in the
treatment of positive-node breast cancer patients agee&@ ynd older with tumors
responsive to tamoxifen: results from the National atgAdjuvant Breast and Bowel
Project B-16J Clin Oncol8, 1005-1018.

Fitzgerald, D. J., Mesnil, M., Oyamada, M., Tsuda, Hb, ., and Yamasaki, H. (1989).
Changes in gap junction protein (connexin 32) gene expressiongduat liver
carcinogenesisl Cell Biochem#1, 97-102.

Fleishman, S. J., Unger, V. M., and Ben-Tal, N. (2006an¥membrane protein structures
without X-rays.Trends Biochem S&i1, 106-113.

Fonseca, P. C., Nihei, O. K., Urban-Maldonado, M.reth S., de Carvalho, A. C., Spray, D. C.,
Savino, W., and Alves, L. A. (2004). Characterization ohrexin 30.3 and 43 in
thymocytesimmunol Lett94, 65-75.

Foote, C. I., Zhou, L., Zhu, X., and Nicholson, B.1P98). The pattern of disulfide linkages in
the extracellular loop regions of connexin 32 suggests alnfardéhe docking interface
of gap junctionsJ Cell Biol140 1187-1197.

Gakhar, G., Ohira, Takahiro, Shi, Aibin, Hua, D.H., NguyT.A. (2008). Antitumor effect of
substituted quinolines in breast cancer céllslg Development ResearéB, 526-534.

Game, X., Allard, J., Escourrou, G., Gourdy, P., TdckRischmann, P., Arnal, J. F., and
Malavaud, B. (2008). Estradiol increases urethral tone throligHocal inhibition of
neuronal nitric oxide synthase expressidm J Physiol Regul Integr Comp Phys8i4,
R851-857.

Gazzaniga, P., Gradilone, A., Giuliani, L., Gandini, Silvestri, I., Nofroni, I., Saccani, G.,
Frati, L., and Agliano, A. M. (2003). Expression and progjnosignificance of livin,
survivin and other apoptosis-related genes in the progresdimuperficial bladder
cancer Ann Oncoll4, 85-90.

Gelmann, E. P. (1996). Tamoxifen induction of apoptosisirogen receptor-negative cancers:
new tricks for an old dog? Natl Cancer Ins88, 224-226.

Gibbs, L. K., Hickman, D. L., Lewis, A. D., and CaigiL. M. (2007). Staphylococcus-induced
urolithiasis in estrogen-treated ovariectomized nude rdiden Assoc Lab Anim Séb,
61-65.

Goldberg, G. S., Bechberger, J. F., and Naus, C. C. (189%e-loading method of evaluating
gap junctional communication by fluorescent dye tran&mtechniqued8, 490-497.

Goldhirsch A, G. R. (1989). IAdjuvant therapy of primary breast canc@. A. Senn H-J,
Gelber RD, Osterwalder B, Ed.), pp. 153-162. Springer-gerla

Goodall, H., and Maro, B. (1986). Major loss of junctiocalpling during mitosis in early
mouse embryosl Cell Biol102 568-575.

36



Goodenough, D. A. (1976). In vitro formation of gap junctiesicles.J Cell Biol 68, 220-231.

Goodenough, D. A., Goliger, J. A., and Paul, D. L. (1996)nr@xins, connexons, and
intercellular communicatiorAnnu Rev Bioche®b, 475-502.

Goodsell, D. S., and Olson, A. J. (1990). Automated dockingudbtrates to proteins by
simulated annealindg?roteins8, 195-202.

Gould, V. E., Mosquera, J. M., Leykauf, K., Gattuso,lRitst, M., and Alonso, A. (2005). The
phosphorylated form of connexin43 is up-regulated in breast pigséas and carcinomas
and in their neoformed capillariddum Pathol36, 536-545.

Gray, J. (2008). State of the evidence 2008 Executive Summary.

Gray, J., Evans, Nancy, Taylor Brynn, Rizzo Jeanne k&/aMarissa (2009). State of the
evidence: the connection between breast cancer ancrvieonment.International
Journal of Occupational Environmental Health, 43-78.

group, T. I. B. C. S. (1997). Effectiveness of adjuvanemotherapy in combination with
tamoxifen for node-positive postmenopausal breast cantenisaJournal of Clinical
Oncologyl5, 1385-1394.

Gunjan Gakhar, T. O., Aibin Shi, Duy H Hua, Thu Annelise Ygu Antitumor effect of
substituted quinolines in breast cancer céllslg Development ResearéB, 526-534.

Hertzberg, E. L. (2000Gap junctionsJai Press, Stanford, CT.

HH, H. (1988). Hereditary hydronephrosis.Unnary System¢M. U. Jones TC, Hunt RD, Ed.),
pp. 273-275. Springer-Verlag, Berlin.

Hirschi, K. K., Xu, C. E., Tsukamoto, T., and Sager, R. (19&&) junction genes Cx26 and
Cx43 individually suppress the cancer phenotype of human mantaecinoma cells
and restore differentiation potenti@ell Growth Differ7, 861-870.

Horton, C. E., Jr., Davisson, M. T., Jacobs, JBRrnstein, G. T., Retik, A. B., and Mandell, J.
(1988). Congenital progressive hydronephrosis in mice: a nesgsve mutation] Urol
140, 1310-1315.

Howell A, C. J., Baum M, Buzdar A, Dowsett M, Forb&s Bloctin-Boes G, Houghton |, Locker
GY, Tobias JS, ATAC Trialists' Group (2005). Results bé tATAC (Arimidex,
Tamoxifen, Alone or in Combination) trial after comp@ of 5 years adjuvant tretment
for breast cancet.ancet365 60-62.

HSDB (2003). Hazardous Substances Database. National rbLib@f Medicine.
http://tox.net.nim.nih.gov/cgi-bin/sis/htmlgen?HSDB.

Hull, D. F., 3rd, Clark, G. M., Osborne, C. K., Chang)e&. C., Knight, W. A., 3rd, and
McGuire, W. L. (1983). Multiple estrogen receptor assmyshuman breast cancer.
Cancer Red3, 413-416.

Jakesz, R., Jonat, W., Gnant, M., Mittlboeck, M., iR, Tausch, C., Hilfrich, J., Kwasny, W.,
Menzel, C., Samonigg, H., Seifert, M., Gademann, G., idanh, M., and Wolfgang, J.
(2005). Switching of postmenopausal women with endocrine-resgoesarly breast
cancer to anastrozole after 2 years' adjuvant tammoxaf@mbined results of ABCSG trial
8 and ARNO 95 trialLancet366, 455-462.

Jensen, R., and Glazer, P. M. (2004). Cell-interdependssptatin killing by Ku/DNA-
dependent protein kinase signaling transduced through gap jun&moesedings of the
National Academy of Sciences of the United States of Ani€ric&134-61309.

Jongen, W. M., Fitzgerald, D. J., Asamoto, M., PicdBl, Slaga, T. J., Gros, D., Takeichi, M.,
and Yamasaki, H. (1991). Regulation of connexin 43-mediatgol jgactional

37



intercellular communication by Ca2+ in mouse epidermdlk ds controlled by E-
cadherinJ Cell Biol114, 545-555.

Jordan, V. C. (1994)Long-Term tamoxifen treatment for breast cancBne University of
Wisconsin Press, Madison, Wisconsin.

Kanczuga-Koda, L., Sulkowski, S., Tomaszewski, J., Kdtla Sulkowska, M., Przystupa, W.,
Golaszewska, J., and Baltaziak, M. (2005). Connexins 26 andrdsate with Bak, but
not with Bcl-2 protein in breast canc@ncol Repl4, 325-329.

Keen, J. C., Dixon, J. M., Miller, E. P., Camern,A., Chetty, U., Hanby, A., Bellamy, C., and
Miller, W. R. (1997). The expression of Ki-S1 and BCL-2 &nel response to primary
tamoxifen therapy in elderly patients with breast canBegast Cancer Res Tredd,
123-133.

Kerr, J. F., Wyllie, A. H., and Currie, A. R. (1972). Atosis: a basic biological phenomenon
with wide-ranging implications in tissue kineti&:. J Cancer26, 239-257.

King, M. C., Marks, J. H., and Mandell, J. B. (2003). Bremsdl ovarian cancer risks due to
inherited mutations in BRCA1 and BRCA3cience302, 643-646.

Koblyakov, V. A. (1998). Inducers of the cytochrome P-450 supw®lfaas promoters of
carcinogenesiBBiochemistry (Mosc)3, 885-898.

Koffler, L., Roshong, S., Kyu Park, I., Cesen-Cummirgs,Thompson, D. C., Dwyer-Nield, L.
D., Rice, P., Mamay, C., Malkinson, A. M., and RuRhJ. (2000). Growth inhibition in
G(1) and altered expression of cyclin D1 and p27(kip-1 )adteetl connexin expression
in lung and liver carcinoma cell3.Cell Biochenv9, 347-354.

Korkiamaki, T. (2002). Intercellular calcium-mediatedl ggnaling in keratinocytes cultured
from patients with NF1 or psoriasis. Bmnatomy and Cell Biology, Dermatology and
VenereologyOulu, Finland.

Koval, M., Geist, S. T., Westphale, E. M., Kemendy, E., Civitelli, R., Beyer, E. C., and
Steinberg, T. H. (1995). Transfected connexin45 alters gapgur¢rmeability in cells
expressing endogenous connexindt&ell Biol130, 987-995.

Kumar, N. M., and Gilula, N. B. (1992). Molecular biologyyd genetics of gap junction
channelsSemin Cell BioB, 3-16.

Kuroda, H., Kohrogi, T., Uchida, N., Imai, I., Terada, Matsumoto, K., and Kitamura, Y.
(1985). Urinary retention induced by estrogen injections in naineanalytical modell
Urol 134, 1268-1270.

Laird, D. W. (2006). Life cycle of connexins in health amskdseBiochem B394, 527-543.

Laird, D. W., Fistouris, P., Batist, G., Alpert, IHuynh, H. T., Carystinos, G. D., and Alaoui-
Jamali, M. A. (1999). Deficiency of connexin43 gap junctionansndependent marker
for breast tumorLCancer Re$9, 4104-4110.

Lampe, P. D., and Lau, A. F. (2000). Regulation of gap janstiby phosphorylation of
connexinsArch Biochem Biophy384, 205-215.

Lampe, P. D., TenBroek, E. M., Burt, J. M., Kurata, &/, Johnson, R. G., and Lau, A. F.
(2000). Phosphorylation of connexin43 on serine368 by protein kibasgulates gap
junctional communication] Cell Biol149, 1503-1512.

Langan Fahey SM, J. V., Fritz NF, Robinson SP, Wdbgr§ormey DC (1994). Ih.ong term
tamoxifen treatment for breast cancer

(V. C. Jordan, Ed.), pp. 27-56. University of WiscongiesB, Madison.

Larson, D. M., and Sheridan, J. D. (1985). Junctionaktex in cultured vascular endothelium:
II. Dye and nucleotide transfer.Membr Biol83, 157-167.

38



Lee, S. W., Tomasetto, C., Paul, D., Keyomarsi, &gd Sager, R. (1992). Transcriptional
downregulation of gap-junction proteins blocks junctionammunication in human
mammary tumor cell lineg. Cell Biol118 1213-1221.

Levin-Allerhand, J. A., Sokol, K., and Smith, J. D. (2003afe and effective method for chronic
17beta-estradiol administration to mi€ontemp Top Lab Anim $&2, 33-35.

Li, F., Ambrosini, G., Chu, E. Y., Plescia, J., Togrth, Marchisio, P. C., and Altieri, D. C.
(1998). Control of apoptosis and mitotic spindle checkpoinsinyivin. Nature 396
580-584.

Lichtenstein, P., Holm, N. V., Verkasalo, P. K.atlou, A., Kaprio, J., Koskenvuo, M., Pukkala,
E., Skytthe, A., and Hemminki, K. (2000). Environmental deditable factors in the
causation of cancer--analyses of cohorts of twiomfSweden, Denmark, and Finlai.
Engl J Med343 78-85.

Lippincott-Schwartz, J., Altan-Bonnet, N., and Patteys@. H. (2003). Photobleaching and
photoactivation: following protein dynamics in living celNat Cell BiolSuppl, S7-14.

Lippincott-Schwartz, J., Snapp, E., and Kenworthy, A. (20&t)dying protein dynamics in
living cells.Nat Rev Mol Cell BioR, 444-456.

Liu, T. F., and Johnson, R. G. (1999). Effects of TPA om thansfer and dye leakage in
fibroblasts transfected with a connexin 43 mutation at sef@@8hods Find Exp Clin
Pharmacol21, 387-390.

Loewenstein, W. R., Kanno, Y (1966). Intercellular cammmation and the control of tissue
growth: Lack of communication between cancer célisture209 1248-1249.

Makowski, L., Caspar, D. L., Phillips, W. C., and Goodeglg D. A. (1977). Gap junction
structures. Il. Analysis of the x-ray diffraction daleCell Biol 74, 629-645.

Mandlekar, S., and Kong, A. N. (2001). Mechanisms of tamoxifduced apoptosigipoptosis
6, 469-477.

Mandlekar, S., Yu, R., Tan, T. H., and Kong, A. N. (20@@tivation of caspase-3 and c-Jun
NH2-terminal kinase-1 signaling pathways in tamoxifen-inducedotases of human
breast cancer cell€ancer Re$0, 5995-6000.

Mannen, H., Tsuiji, S., and Goto, N. (1993). Influence obwiaroestrogen treatment on severity
of hydronephrosis in inbred DDD mideab Anim27, 124-130.

Margulis, V., Lotan, Y., and Shariat, S. F. (2008). Survigipromising biomarker for detection
and prognosis of bladder canc@rorld J Urol 26, 59-65.

Martin, G., Melito, G., Rivera, E., Levin, E., DaviG,, Cricco, G., Andrade, N., Caro, R., and
Bergoc, R. (1996). Effect of tamoxifen on intraperiton@&&nitroso-N-methylurea
induced tumorsCancer Lettl0Q, 227-234.

McLachlan, E., Shao, Q., and Laird, D. W. (2007). Connexntsgap junctions in mammary
gland development and breast cancer progres$idiembr Biol218 107-121.

Meda, P. (2001). Assaying the molecular permeability of cannghannelsMethods Mol Biol
154, 201-224.

Mehta, P. P., Hotz-Wagenblatt, A., Rose, B., Shalloviay,and Loewenstein, W. R. (1991).
Incorporation of the gene for a cell-cell channel proiato transformed cells leads to
normalization of growth] Membr Biol124, 207-225.

Mesnil, M. (2002). Connexins and candgiol Cell 94, 493-500.

Mesnil, M., Crespin, S., Avanzo, J. L., and Zaidan-Dadl L. (2005). Defective gap junctional
intercellular communication in the carcinogenic proc&schim Biophys Actd 719
125-145.

39



Mesnil, M., Fitzgerald, D. J., and Yamasaki, H. (1988)erdbarbital specifically reduces gap
junction protein mRNA level in rat liveMol Carcinogl, 79-81.

Mok, B. W., Yeung, W. S., and Luk, J. M. (1999). Differeh&&pression of gap-junction gene
connexin 31 in seminiferous epithelium of rat tesk&BS Letd53 243-248.

Morris, G. M., Goodsell, D. S., Huey, R., and Olson, JA.(1996). Distributed automated
docking of flexible ligands to proteins: parallel applioad of AutoDock 2.4J Comput
Aided Mol Dedl0, 293-304.

Morris, G. M., Goodsell, D.S., Halliday R.S., Huey, Rart, W.E., Belew, R.K., Olson, A.J.
(1998). Automated docking using Lamarckian genetic algorithm ancerapirical
binding free energy functiodournal of Computational Chemistiy, 1639-1662.

Mouridsen, H. T., Rose, C., Overgaard, M., Dombernowsky Panduro, J., Thorpe, S.,
Rasmussen, B. B., Blichert-Toft, M., and Anderseny\K.(1988). Adjuvant treatment of
postmenopausal patients with high risk primary breast caRasults from the Danish
adjuvant trials DBCG 77 C and DBCG 82 Axta Oncol27, 699-705.

Murray, A. W., and Fitzgerald, D. J. (1979). Tumor promotehsbit metabolic cooperation in
cocultures of epidermal and 3T3 ceBsochem Biophys Res Comnfi) 395-401.

NCI (2003). NCI Study Estimates More Than 2 Million Wont&ould Benefit from Tamoxifen,
Bethesda, M.D.

NCI (2007). Study of tamoxifen and raloxifene (STAR) trial.

Nenci, I., Marchetti, E., and Querzoli, P. (1988). Comtagnon human mammary preneoplasia.
The estrogen receptor-promotion hypothesiSteroid Biocher80, 105-106.

Neveu MJ, H. J., Paul DL and Pitot HC (1989). Regulabibtihe expression of proto-oncogenes
and the gene of the 27-KD gap junction protein during multishegatocarcinogenesis
in the rat.Proceedings of American Association Cancer Resez0cB07.

Nicholson, B. J., Weber, P. A., Cao, F., Chang,ldmpe, P., and Goldberg, G. (2000). The
molecular basis of selective permeability of connexirsimplex and includes both size
and chargeBraz J Med Biol Re83, 369-378.

O'Day, D. (2005). From cells to tissues: Cell Junctitumy of Toronto at Mississauga.

O'Regan, R. M., Gajdos, C., Dardes, R. C., De Los Réye®ark, W., Rademaker, A. W., and
Jordan, V. C. (2002). Effects of raloxifene after tamoxiéenbreast and endometrial
tumor growth in athymic micel Natl Cancer Ins94, 274-283.

Ogawa, K. a. B., Tibor (1993Electron Microscopic Cytochemistry and Immunocytochemistry
in Biomedicine CRC Press, Boca Raton, Florida.

Olson, J. R. (1994). Pharmacokinetics of dioxins and ktlabemicals. IrDioxins and Health
(A. Schecter, Gasiewicz, Thomas A, Ed.), pp. 163-167. Ydiley and Sons Inc., New
York, NY.

Osborne, C., Elledge RM, Fuqua SAW (1996). Estrogen recejtdoseast cancer therapy.
Science Medicing, 32-41.

Osborne, C. K. (1998). Tamoxifen in the treatment of breascer.N Engl J Med339, 1609-
1618.

Otter, 1., Conus, S., Ravn, U., Rager, M., Olivier, Ronney, L., Fabbro, D., and Borner, C.
(1998). The binding properties and biological activities of Balhd Bax in cells exposed
to apoptotic stimuliJ Biol Chen273 6110-6120.

Oyamada, M., Oyamada, Yumiko and Takamatsu, Tetsuro (1G@).unctions in health and
diseaseMedical Electron Microscop$1, 115-120.

40



Perez, E. A. (2007). Safety profiles of tamoxifen andatieenatase inhibitors in adjuvant therapy
of hormone-responsive early breast candenals of Oncolog{8, 26-35.

Perry, R. R., Kang, Y., and Greaves, B. (1995). Effettarmoxifen on growth and apoptosis of
estrogen-dependent and -independent human breast catiseinn Surg Onco2, 238-
245.

PO Lague, H. D., H Rubin, C Tobias (1970). Electrical coupliogw resistance Junctions
between mitotic and interphase fibroblasts in tissuiiilSciencel 70, 464-466.

Pritchard, K. I., Paterson, A. H., Fine, S., PaulAN.Zee, B., Shepherd, L. E., Abu-Zahra, H.,
Ragaz, J., Knowling, M., Levine, M. N., Verma, S., PaltteD., Walde, P. L., Bramwell,
V. H., Poljicak, M., Boyd, N., Warr, D., Norris, B..DBowman, D., Armitage, G. R.,
Weizel, H., and Buckman, R. A. (1997). Randomized trialcgtlophosphamide,
methotrexate, and fluorouracil chemotherapy added toxi#em as adjuvant therapy in
postmenopausal women with node-positive estrogen and/aye§teyone receptor-
positive breast cancer: a report of the National €ahustitute of Canada Clinical Trials
Group. Breast Cancer Site GroJpClin Oncol15, 2302-2311.

Proulx, A., Merrifield, P. A., and Naus, C. C. (1997). &mg gap junctional intercellular
communication in myoblasts inhibits myogenin and MRF4 egwasDev Genet20,
133-144.

Qin, H., Shao, Q., Curtis, H., Galipeau, J., Bellivdau)., Wang, T., Alaoui-Jamali, M. A., and
Laird, D. W. (2002). Retroviral delivery of connexin genefitionan breast tumor cells
inhibits in vivo tumor growth by a mechanism that is indepanaed significant gap
junctional intercellular communicatiod.Biol Chen77, 29132-29138.

Raptis, L. H., Brownell, H. L., Firth, K. L., and Mieenzie, L. W. (1994). A novel technique for
the study of intercellular, junctional communicati@tectroporation of adherent cells on
a partly conductive slidéONA Cell Biol13, 963-975.

Rash, J. E., and Yasumura, T. (1999). Direct immunogolditgbef connexins and aquaporin-4
in freeze-fracture replicas of liver, brain, and spioatd: factors limiting quantitative
analysisCell Tissue Re296 307-321.

Rashid, A., Elledge, R.M., and Chang, J.C. (2006Néw Breast Cancer Resear@h. P. Yao,
Ed.), pp. 1-25. Nova Science Publishers, New York.

Revel, J. P., and Karnovsky, M. J. (1967). Hexagonalasf subunits in intercellular junctions
of the mouse heart and liver Cell Biol 33, C7-C12.

Riggins, R. B., Lan, J. P., Zhu, Y., Klimach, U., Ztygk., Cavalli, L. R., Haddad, B. R., Chen,
L., Gong, T., Xuan, J., Ethier, S. P., and Clarke, R. (20B®Rgamma mediates
tamoxifen resistance in novel models of invasive lobbtaast canceiCancer Re$8,
8908-8917.

Riggins, R. B., Schrecengost, R. S., Guerrero, M. 181, Bouton, A. H. (2007). Pathways to
tamoxifen resistanc&€ancer Let256, 1-24.

Rivkin, S. E., Green, S., Metch, B., Cruz, A. B., &g M. D., Jewell, W. R., Costanzi, J. J.,
Farrar, W. B., Minton, J. P., and Osborne, C. K. (19%¢juvant CMFVP versus
tamoxifen versus concurrent CMFVP and tamoxifen for postpausal, node-positive,
and estrogen receptor-positive breast cancer patien&oughwest Oncology Group
study.J Clin Oncol12, 2078-2085.

Robinson, D., and Cardozo, L. D. (2003). The role of estoge female lower urinary tract
dysfunction.Urology 62, 45-51.

41



Rosendaal, M., Green, C. R., Rahman, A., and Morgan(1894). Up-regulation of the
connexin43+ gap junction network in haemopoietic tissue bdfoFegrowth of stem
cells.J Cell Sci107 ( Pt 1) 29-37.

Rozenberg, S., Pastijn, A., Gevers, R., and Murillo(ZD04). Estrogen therapy in older patients
with recurrent urinary tract infections: a revidwt J Fertil Womens Med9, 71-74.

Rutz, M. L., and Hulser, D. F. (2001). Supramolecular dynamf gap junctionsEur J Cell
Biol 80, 20-30.

Saez, J. C., Berthoud, V. M., Branes, M. C., MartinfezD., and Beyer, E. C. (2003). Plasma
membrane channels formed by connexins: their regulatiofuaictions.Physiol Re\83,
1359-1400.

Saez, J. C., Connor, J. A., Spray, D. C., and Benvet¥,. (1989). Hepatocyte gap junctions are
permeable to the second messenger, inositol 1,4,5-tspphte, and to calcium ions.
Proc Natl Acad Sci U S 86, 2708-2712.

Schecter, A., Cramer, P., Boggess, K., Stanley, d.,.Glson, J. R. (1997). Levels of dioxins,
dibenzofurans, PCB and DDE congeners in pooled food sangolllected in 1995 at
supermarkets across the United Statdsemospher84, 1437-1447.

Schecter, A., Papke, O., Isaac, J., Hrimat, H.rdu&h, F., Saf, J., El-Nahhal, Y. (1997). 2, 3,
7, 8-Chlorine substituted dioxin and dibenzofuran congenerg,4-D, 2,4,5-T and
pentachlorophenol in Organohalogen compoundShiort papers from Dioxi{R. Hites,
Ed.), pp. 51-55, Indianapolis, IN.

Sciences, N. I. 0. E. H. (2007). Endocrine Disruptors, NC.

Seidman, H., Stellman, S. D., and Mushinski, M. H. (1982}lifferent perspective on breast
cancer risk factors: some implications of the nonattaiblet risk. CA Cancer J Clirn32,
301-313.

Sharovskaja, J. J., Vaiman, A. V., Solomatina, N.ahd Kobliakov, V. A. (2004). Inhibition of
gap junction intercellular communications in cell culture pglycyclic aromatic
hydrocarbons (PAH) in the absence of PAH metabolBimchemistry (Mosch9, 413-
419.

Shen, H., Main, K. M., Virtanen, H. E., Damggard, |, Naavisto, A. M., Kaleva, M., Boisen,
K. A., Schmidt, I. M., Chellakooty, M., Skakkebaek, N. Eoppatri, J., and Schramm, K.
W. (2007). From mother to child: investigation of prenatal podtnatal exposure to
persistent bioaccumulating toxicants using breast milk aladepta biomonitoring.
Chemospheré7, S256-262.

Shin, K., Fogg, V. C., and Margolis, B. (2006). Tight junctiand cell polarityAnnu Rev Cell
Dev Biol22, 207-235.

Shirai, T., Tsuda, H., Ogiso, T., Hirose, M., and Ito, (11987). Organ specific modifying
potential of ethinyl estradiol on carcinogenesis irgdhtwith different carcinogens.
Carcinogenesis$, 115-1109.

Silkworth, J. B., Brown, J.F. Jr. (1996). Evaluating thg@awct of exposure to environmental
contaminants on human heal@linical Chemistry42, 1345-1349.

Simpson JE, M. J., and Franklin CL (2002). Effect of beddiegiligation and type on the
incidence of urogenital disease in the estrogenized nude mQusgemp Topics
(abstract)41, 72.

Singal, R., Tu, Z. J., Vanwert, J. M., Ginder, G, &d Kiang, D. T. (2000). Modulation of the
connexin26 tumor suppressor gene expression through methykatmman mammary
epithelial cell linesAnticancer Re20, 59-64.

42



Sosinsky, G. E. (1996). Molecular organization of gap junctieembrane channeld.Bioenerg
Biomembr28, 297-309.

Steel, K. P. (1998). One connexin, two diseaa$.Gene0, 319-320.

Stein, L. S., Boonstra, J., and Burghardt, R. C. (1992juéadl cell-cell communication between
mitotic and nonmitotic coupled cellExp Cell Re498, 1-7.

Steinberg, T. H., Civitelli, R., Geist, S. T., RobertsA. J., Hick, E., Veenstra, R. D., Wang, H.
Z., Warlow, P. M., Westphale, E. M., Laing, J. G.daat al. (1994). Connexin43 and
connexin45 form gap junctions with different molecular pexbiléies in osteoblastic
cells. EMBO J13, 744-750.

Sugie, S., Mori, H., and Takahashi, M. (1987). Effect of wouexposure to the liver tumor
promoters phenobarbital or DDT on the gap junctionsabhepatocytes: a quantitative
freeze-fracture analysi€arcinogenesis$, 45-51.

Tan, L. W., Bianco, T., and Dobrovic, A. (2002). Varialgeomoter region CpG island
methylation of the putative tumor suppressor gene Connexin 2relast cancer.
Carcinogenesi®3, 231-236.

Thurlimann, B., Keshaviah, A., Coates, A. S., MouridsEn, Mauriac, L., Forbes, J. F.,
Paridaens, R., Castiglione-Gertsch, M., Gelber, RRabaglio, M., Smith, I., Wardley,
A., Price, K. N., and Goldhirsch, A. (2005). A comparisdretrozole and tamoxifen in
postmenopausal women with early breast cam¢&ingl J Med353 2747-2757.

Tormey, D. C., Rasmussen, P, and Jordan, V.C. (1987). lesngddjuvant tamoxifen study:
clinical update (Letter)Breast Cancer Research Treatm@nfi57-158.

Tormey, D. C. a. J., V.C. (1984). Long-term tamoxifen ealfi therapy in node-positive breast
cancer: A metabolic and pilot clinical studreast Cancer Research and Treatmént
297-302.

Trosko, J. E., and Ruch, R. J. (1998). Cell-cell commuwigah carcinogenesigront Biosci3,
d208-236.

Trosko, J. E. a. C., C.C. (1983). Potential role of imtkuwtar communication in the rate-limiting
step in carcinogenesidournal of American College of Toxicology5-22.

Van der Ven, K., van der Ven, H., Thibold, A., Bauer, Kaisi, M., Mbura, J., Mgaya, H. N.,
Weber, N., Diedrich, K., and Krebs, D. (1992). Chlorinated hyaitaon content of fetal
and maternal body tissues and fluids in full term pragm@men: a comparison of
Germany versus Tanzanldum Reprod? Suppl 1, 95-100.

Van Leeuwen, F. E., Benraadt, J., Coebergh, J. Wmémey, L. A., Gimbrere, C. H., Otter, R.,
Schouten, L. J., Damhuis, R. A., Bontenbal, M., Diepesih F. W., and et al. (1994).
Risk of endometrial cancer after tamoxifen treatmérireast cancel.ancet343 448-
452.

Van Rijen, H. V., R. Wilders, M.B. Rook, and H.J. dema (2001). Dual Patch Clamp. In
Methods in Molecular Biology: Connexin Methods and Proto@IsBruzzone, Giaume,
Christian, Ed.), pp. 269. Humana Press, Totowa, Newylerse

Vinken, M., Vanhaecke, T., Papeleu, P., Snykers, S., henKe., and Rogiers, V. (2006).
Connexins and their channels in cell growth and cell d€h.Signall8, 592-600.

Vogel, V. G., Costantino, J. P., Wickerham, D. L.p@n, W. M., Cecchini, R. S., Atkins, J. N.,
Bevers, T. B., Fehrenbacher, L., Pajon, E. R., \0fade, J. L., 3rd, Robidoux, A.,
Margolese, R. G., James, J., Lippman, S. M., Runowic®)., Ganz, P. A,, Reis, S. E.,
McCaskill-Stevens, W., Ford, L. G., Jordan, V. Cd &olmark, N. (2006). Effects of
tamoxifen vs raloxifene on the risk of developing invasreabt cancer and other disease

43



outcomes: the NSABP Study of Tamoxifen and RaloxifeféAf P-2 trial. JAMA 295
2727-2741.

Warshawsky, D. a. L. J. R. J. (2008)olecular carcinogenesis and the molecular biology of
human cancerCRC Press, Boca Raton, Florida.

Werner, R. (1998a). Iap JunctiongG. A. Perkins, Goodenough, D.A., Sosinsky, G.E., Ed.),
pp. 13. IOS Press, Amsterdam, Netherlands.

Werner, R. (1998b)Gap junctionslOS Press, Inc, Amsterdam, Netherlands.

Wilders, R., and Jongsma, H. J. (1992). Limitations of dib@l voltage clamp method in
assaying conductance and kinetics of gap junction charBiefshys J63, 942-953.

Yamamoto, H., Ngan, C. Y., and Monden, M. (2008). Canelis survive with survivinCancer
Sci99, 1709-1714.

Yano, T., Hernandez-Blazquez, F. J., Omori, Y., and &saki, H. (2001). Reduction of
malignant phenotype of HEPG2 cell is associated welettpression of connexin 26 but
not connexin 32Carcinogenesig2, 1593-1600.

Yano, T., Ito, F., Kobayashi, K., Yonezawa, Y., Suz#kj,Asano, R., Hagiwara, K., Nakazawa,
H., Toma, H., and Yamasaki, H. (2004). HypermethylatiothefCpG island of connexin
32, a candiate tumor suppressor gene in renal cell caramfrom hemodialysis patients.
Cancer Let208, 137-142.

Yotti, L. P., Chang, C. C., and Trosko, J. E. (1979). Hation of metabolic cooperation in
Chinese hamster cells by a tumor promdserence206, 1089-1091.

Zhang A, W. Y., Lai HWL, Yew DT (2004). Apoptosis- A birieeview. Neuroembryolog, 47-
59.

Zhang, C. C., and Shapiro, D. J. (2000). Activationhef p38 mitogen-activated protein kinase
pathway by estrogen or by 4-hydroxytamoxifen is coupled togstr receptor-induced
apoptosisJ Biol Chenm275, 479-486.

Zhang, G. J., Kimijima, I., Onda, M., Kanno, M., Sdtb, Watanabe, T., Tsuchiya, A., Abe, R.,
and Takenoshita, S. (1999). Tamoxifen-induced apoptosis int lmaaser cells relates to
down-regulation of bcl-2, but not bax and bcl-X(L), withaalteration of p53 protein
levels.Clin Cancer Re$, 2971-2977.

Zhu, D., Caveney, S., Kidder, G. M., and Naus, C. C. (19pBnsfection of C6 glioma cells
with connexin 43 cDNA: analysis of expression, interdatlucoupling, and cell
proliferation.Proc Natl Acad Sci U S 88, 1883-1887.

Ziambaras, K., Lecanda, F., Steinberg, T. H., and Cliyitel (1998). Cyclic stretch enhances
gap junctional communication between osteoblastic.ceBone Miner Re$3, 218-228.

44



Chapter 2 - Hypothesis and Objectives

2.1 Hypothesis

1. A decrease or loss in gap junctional intercellular comigation can potentiate cancer
formation

2. Restoration of gap junctional intercellular communaatcan decrease tumor growth

2.2 Objectives

1. To determine the effect of an environmental pollutant, TC&Dgap junctional

intercellular communication in human mammary epitheells (HMEC) and MCF-7
cells

2. To screen for gap junctional activators

3. To investigate the role of substituted quinolines, PQ1,uonam breast cancer cell lines
(in vitro) and nude micerg vivo)

4. To evaluate the combinational effect of PQ1 and tamoxifen
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Figure 2.1 Schematic representation of the rationale and trguestions being asked.
Dark green boxes represent rationale and the thrdesciepresent objectives.
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Chapter 3 - Regulation of gap junctional intercellular
communication by TCDD in HMEC and MCF-7 breast

cancer cells

3.1 Abstract

Previous studies suggest that many neoplastic tissues extdstease in gap junctional
intercellular communication (GJIC). Many hydrocarbomsl arganochlorine compounds are
environmental pollutants known to be carcinogenic. The effean organochlorine compound,
TCDD, on GJIC in human breast cell lines has not lestablished. In the present study, we
showed that TCDD causes an inhibition in the gap junatiantivity in MCF-7 (breast cancer
cells). In MCF-7 cells, an increase in the phosphorgladtem of gap junctional protein,
connexin 43 (Cx43), and PKC was seen in the presence of TCDD. Gap junctional plague
formation was significantly decreased in MCF-7 cells ihe tpresence of TCDD.
Immunoprecipitation studies of PKCshowed that TCDD caused a significant 40% increase in
the phosphorylated Cx43 in MCF-7 cells. TCDD also modulabedtranslocation of PKC
from the cytosol to the membrane and caused a 24icléase in the PKC activity at 50 nM
TCDD in MCF-7 cells. Calphostin C, an inhibitor of PKCshowed a significant inhibition of
PKC activity in the presence of TCDD. Furthermore, TCD8bataused a decrease in the gap
junctional activity and Cx43 protein in human mammaryhepiél cells (HMEC). However, we
observed a shift in the Cx43 plaques towards the perinutiearbrane in the presence of TCDD
by confocal microscopy and Western blot. Overall, thesealts conclude that TCDD decreases
GJIC by phosphorylating Cx43 via PKCsignaling pathway in MCF- 7 cells; however, TCDD
decreases the GJIC by affecting the localization @f3dr HMEC. These new findings elucidate
the differential mode of effect of TCDD in the dowguéation of GJIC in HMEC and MCF-7

cells.
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3.2 Introduction

Polycyclic aromatic hydrocarbons are ubiquitous environnhemd food contaminants
formed mainly during the incomplete combustion of organatemials (Blahaet al, 2002).
Among these, 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDDy, a highly persistent
environmental pollutant and a known human carcinogen (%889, 1995). More than 2-fold
increase in the incidence of breast cancer was found inldewwkers working in TCDD-
exposed chemical plant (Mart al, 1991). TCDD was shown to alter mammary gland
differentiation and increased susceptibility for mammeaycer in a carcinogen induced rat
mammary cancer model (Jenkmtsal, 2006). Many studies indicate the potential role of TCDD
in regulating the activity of GJIC (Baket al, 1995; Chipmaret al, 2003; Sharovskajat al
2004). But the effect of TCDD on the GJIC in human &irealls has not been studied.

Gap junctional intercellular communication (GJIC)feemed by gap junctions (GJ),
dynamic intercellular plasma membrane channels allowhegpassage of small molecules (<1
kD) between adjacent cells (Mesnil, 2002; Carystetosl., 2002; Vine and Bertram, 2002). Gap
junctions are formed by the interaction of two heraiafels (connexon) in the adjacent cells,
which, in turn are made of six subunits of connexin (Cx) metéCarystinos et al., 2002). The
structure of connexins includes four hydrophobic membrane-spanningndotma extracellular
loops, one cytoplasmic loop, and an amino and carboxyirtes in the cytoplasm (Goodenough
et al, 1988; Hertzbergt al, 1988; Yeager and Gilula, 1992; Knudsen and Wheelock, 1992). In
a cell, GJIC is mainly regulated by the phosphorylatibthe C-terminus of connexin proteins
(Carystinoset al, 2002). The ability of TPA to inhibit GJIC has been amsged with the
activation of PKC (Lampe, 1994; Rivedal and Opsahl, 2001; #gmpt al, 2005). Evidence
demonstrated that PKC may inhibit gap junction channelshipiting gap junction assembly
and channel gating (Tomase®o al, 1993). PKC overexpression has been shown to cause
tumor growth, and tumor resistance to cytotoxic chenmmafhe In a study conducted on breast
cancer patients, PKC activity was found significantlyhieigin breast tumor tissue compared to
normal tissue from the same patient (O'Bretnal, 1989). Studies have shown that many
neoplastic cells show fewer or dysfunctional gap fioms and have reduced GJIC (Trosko and
Ruch, 1998). Many studies also suggest that the alteratioonimexin expression is important,
as their forced expression, following cDNA transfectioan promote cell density inhibition and

reverse the tumor phenotype (Mesnil, 2002). Tumor growttoafmunication-deficient human
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tumor cells, SKHep1, was significantly higher than cebssfected with cDNA encoding Cx32
in athymic nude mice (Eghbadit al, 1991). Re-expression of hCx26 and hCx43 exhibited a
classical tumor-suppressive behavior restoring growth-aegyl properties to metastatic
mammary carcinoma cells and inducing differentiationg¢hiet al, 1996). Consistently, these
studies strongly suggest that the altered expressionnoegms leads to loss of growth control
and restoration of GJIC causes inhibition of cell peo&fion thereby exhibiting tumor
suppressive effect. Given the importance of GJIC in gamee used breast cancer as the model
to test the effect of TCDD on GJIC. Cx43 is the npysedominant form in breast epithelium and
detected mostly in myoepithelial cells. Therefore, um present study we observed the effect of
TCDD on GJIC by measuring Cx43 expression. The strateghéoprevention and treatment of
cancers is based on understanding the underlying mechamfisiacinogenesis. Environmental
pollutants have been shown to affect the GJIC butritdehanism still remains elusive. The aim
of our study was to investigate how TCDD can affectattevity of GJIC in human breast cells.
We directly examined the effect of TCDD on human sreancer cells, MCF-7, and primary
mammary epithelial cells, HMEC. Our study provides evidesttowing that TCDD inhibits the
GJIC through traditional and non-traditional pathwaysamcerous and non-cancerous breast
cells respectively.

3.3 Material and Methods

3.3.1Cell lines and cell culture

MCF-7 human breast cancer cell line was purchased froneridan Type Culture
Collection (Manassas, VA) and HMEC from Cambrex (Rawcd, MA). MCF-7 cells were
grown in Minimal Essential Media (MEM) supplemented wihrl's salts, glutamine, 1 mM
sodium pyruvate, 0.01 mM nonessential amino acids, atitikantimycotic, and 1.5 g/L sodium
bicarbonate. MCF-7 cells were enriched with 10% fetalii® serum (Atlanta biologicals,
Lawrenceville, GA). HMEC were grown in mammary epiiddegrowth medium supplemented
with bovine pituitary extract from Cambrex (RocklandAMCalphostin C, an inhibitor of PKC

, was purchased from Calbiochem (NJ, USA) and dissatvddnethyl sulfoxide (DMSO).

49



3.3.2Gap junctional activity - scrape load/dye transfer (SL/DT) assay

Cells were grown to 90% confluency on coverslips, doseld Wt 50, 100 and 200 nM
of TCDD and DMSO for an hour. Similarly, MCF-7 cellem dosed with calphostin C (100
nM) for 30 min and media were aspirated and cells wedd with varying concentrations of
TCDD for an hour. TPA was used as a positive contnotife phosphorylation of PKC. Cells
were washed three times with PBS. The 4.Bnixture of 1% (w/v) Lucifer yellow and 0.75%
(w/v) of Rhodamine-dextran was added in the center otolerslip. Two cuts crossing each
other in the center of the coverslip were made. Thisabows the transfer of the Lucifer yellow
dye as well as rhodamine-dextran in the cells atitieedf cut. However, the passage of the
Lucifer yellow dye from the injured cells to the memimantact cells is through gap junctions.
After 3 min, cells were washed three times with PB8 mcubated at 37°C in tissue culture
media for 20 min. The cells were then washed with PBSiaad in 2.5% paraformaldehyde for
10 min. Cells were mounted on a slide, sealed and visdalizger a fluorescence microscope at
10 objective.

3.3.3Western blot analysis
After reaching 90% confluency, MCF-7 cells and HMEC weredsted from a 75 c¢cm
flask and 25 ciflask respectively. Cells were grown in a phenol meg-fDMEM with 5%

charcoal dextran stripped serum, overnight. Cells wesedlwith 0, 10, 50, 100, and 200 nM of
TCDD and DMSO for an hour. DMSO was used as a soheemlissolve TCDD. Cells were
harvested in lysis buffer containing appropriate proteaséiiols. 30 g of whole cell extract
was resolved by 10% SDS-polyacrylamide gel electrophor@®AsGE) and transferred to
nitrocellulose membrane (Midwest Scientific, Sainuulsy) MO). Nitrocellulose membrane was
blocked in 5% milk for an hour at room temperature and iheubated with monoclonal mouse
anti-PKC  antibody at 1:500 dilution (Santa Cruz Biotechnologiesnt&aCruz, CA),
monoclonal mouse anti-Cx43 at 1:500 dilution (Fred Hutchinseaitls, WA), anti-phospho-
Ser 368 Cx43 antibody at 1:500 dilution (Cell signaling tecrmglMA, USA ) and rabbit anti-
actin antibody at 1:1000 dilution (Sigma-Aldrich, Saint IS9UMO). The signal was detected by
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enhanced chemiluminescence system (Pierce, RockfordSA). Lamin B1 antibody was used
(ZL-5, Abcam, MA, USA) at 1:500 dilution to confirm the puegtraction of nuclear and

cytoplasmic fraction.

3.3.4Immunoprecipitation and translocation studies
MCEFE-7 cells were dosed with 10, 50, 100, and 200 nM TCDD and®f% an hour.
Cells were harvested and 1 mg of whole cell extract pvasleared with protein A/G-agarose

beads (Santa Cruz Biotechnology, CA, USA) for 30 riiihen, samples were centrifuged at
2000 rpm for 5 min. Supernatant was collected and incubatédtivd anti-PKC antibody at
1:2000 dilution overnight at 4°C. Samples were centrifug&®@® rpm for 5 min and pellet was
washed three times with lysis buffer. Samples wenean 10% SDS-PAGE and immunoblotted
with anti-Cx43 (Chemicon International Inc., Temec¢ulad), anti-phospho-Ser 368 Cx43 and
anti-PKC antibodies. For translocation studies, MCF-7 cellsevewsed with 10, 50, 100, and
200 nM TCDD. Cells were lysed with MgCand centrifuged at 35,000 rpm for 60 min at 4°C.
Pellet was separated from the supernatant and resuspémdgsis buffer. Samples were
sonicated and whole cell extracts were subjected toteedlot analysis. Nitrocellulose
membranes were immunoblotted with anti-Cx43 and antraetntibodies. In HMEC,
cytoplasmic and nuclear fractions were separated by usin@BHE kit (Cat # 78833, Pierce,
Rockford, IL, USA).

3.3.5Measuring kinase activity

The whole cell extract was obtained as describedMestern blotting. PKC activity
was measured using Promega kinase activity assay kiné@ay Madison, WI). The procedure
was followed as recommended by the manufacturer. Regeresvisualized under UV light.

3.3.6lmmunofluorescent labeling and confocal microscopy

Cells were grown on coverslips in 6-well plates iemp#l red-free DMEM media plus 5%
charcoal dextran stripped serum overnight. Cells weratéd with 10, 50, 100, 200 nM of

TCDD and DMSO for 1 hr. Cells were first fixed with 2.5%raformaldehyde for 10 min and
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then neutralized with 50 mM glycine for 5 min. The cellsre lysed with 0.15% Triton X-100
for additional 20 min. After washing with PBS, cells wbtecked with 3% BSA in PBS for 2 hr
and then incubated with primary antibodies, mouse an@i-Pland rabbit anti-Cx43 antibodies
(Chemicon International Inc, Temecula, CA), for 15ahi4°C. Following this step, cells were
incubated with anti-mouse and anti-rabbit Alexa fluor 488 %6®l (Molecular probes, Eugene,
OR, USA) for 2 hr at room temperature respectively. Sasnwere sealed and analyzed by a
confocal microscope (Carl Zeiss LSM 510 META, Narashigi) M

3.4 Results

3.4.1Effect of TCDD on gap junctional activity

We examined the effect of TCDD on the GJIC in MCF-Tsc@y using scrape load/dye
transfer (SL/DT) assay, the transfer of Lucifer y&lldye from one cell to another indicates
GJIC and rhodamine-dextran is often used as a corgrblGannot pass through intact plasma
membrane. We observed a dose-dependent decrease in (ai&Sance of TCDD (Figure 3.1).
10 and 100 nM TCDD can inhibit Lucifer yellow dye transfer €7 cells (Figure 3.1A).
MCF-7 cells treated with calphostin C and TCDD showestaration of gap junctional activity
at 10, 50, 100 nM of TCDD. At 200 nM TCDD, inhibition in GJIC smabserved even in the
presence of calphostin C (Figure 3.1B).
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Figure 3.1 Scrape load/dye transfer assay (SL/DT)

A) MCF-7 breast cancer cells were seeded on coverslip$iwell plate until 90% con uency.
Cells were then dosed with TCDD at various concewtnatifor an hour, loaded with dye,
scraped, xed in paraformaldehyde and viewed under uorescencesoope. The cuts were
made with a sharp blade in an X- fashion on the coverip the addition of the dye. Green
uorescence indicates Lucifer yellow, transferringrfracell to cell only through gap junctions.
Arrows indicate the line of cut. At 100 nM TCDD, therasra decrease in the transfer of Lucifer
yellow dye away from the line of cut. Note: the diffece in the Lucifer yellow dye transfer
between the control and 100 nM TCDD. DMSO is a solveatl s dissolve TCDDB) MCF-7
cells were treated with calphostin C, PKGnhibitor, for 30 min and later with TCDD for 1 hr.
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MCF-7 cells were prepared for the SL/DT assay as descrlb®ve. Note: the increase in
Lucifer dye transfer in 10, 50, and 100 nM TCDD pre-treatetl eaiphostin C as compared to
10 and 100 nM TCDD alone without calphostin C. Howevef0&t nM TCDD Lucifer yellow

dye transfer is inhibited.

Furthermore, we examined the structural GJIC formatiagure 3.2A shows the effect
of TCDD on the Cx43 plaque formation in MCF-7 cells. 10-200 Ti®DD inhibited Cx43
plaque formation compared to control without TCDD or M treatment in MCF-7 cells. On
the other hand, in the presence of calphostin C, Cx4fieléormation was seen at 10, 50, 100
nM TCDD but not at 200 nM TCDD (Figure 3.2B).
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Figure 3.2 Confocal microscopy showing the effect of TCDD othe Cx43 plaque
formation.

A) MCF-7 cells were dosed with 0, 10, 50, 100 and 200 nM TCDDrfdmoar.B) MCF-7 cells
were treated with calphostin C (100 nM) for 30 min priothe dosing of TCDD for an hour.
Note: the presence of Cx43 plaques in 50 and 100 nM TCDD. Howav200 nM TCDD

Cx43 plaque formation was completely inhibited.
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3.4.2Effect of TCDD on the expression of Cx43 and PKC

Cx43 is phosphorylated at multiple serine residues. @tleeserine residues, serine 368,
of Cx43 has been shown to be phosphorylated by PKC (Lampé&an 2000). Therefore, the
expression of both phospho-Ser 368 Cx43 and PKC proteineiprdsence of TCDD was
examined. We found that 10-200 nM TCDD caused an increaseoispiphrSer 368 Cx43
(Figure 3.3A). Similarly, a signi cant 40% increase in PKGCexpression at 200 nM TCDD

treatment compared to control or DMSO was seen (Figd®B). However, 10 nM TCDD for 1

hr was not signi cant to cause an increase in PK&pression.
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Figure 3.3 Expression pro le of phospho-Ser 368 Cx43 and PKCin presence of TCDD in
MCF-7 cells.

A) Western analysis of phospho-Ser 368 Cx43 in MCF-7 cellsedlowith different
concentrations of TCDD. Actin is used as a loading rodbnA histogram representing three
independent experiments is provided showing the increaséasppo-Ser 368 as a relative
percentage of control, *p < 0.01. pCx43 is phosphorylatedes@®@ Cx43B) The effect of
TCDD on the PKC expression in MCF-7 cells. Graphical presentation afehndependent
experiments with the standard deviation is shown. DMsSSthe vehicle used to dissolve TCDD.
C = Control, DM = DMSO, *p < 0.05.

3.4.3Translocation studies of PKC in MCE-7 cells

Activation of PKC isoforms results in changes initrsibcellular location. We found

that TCDD increases the translocation of PKGrom the cytosol to the membrane. 10 nM
TCDD was sufficient to translocate PKCfirom the cytosol to the membrane (Figure 3.4A, lane
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3), and 100 nM TCDD completely translocates PK@ the membrane (Figure 3.4A, lane 5).
This means that TCDD is involved in the activatiorP&fC . The results were also con rmed
by immuno uorescence studies (Figure 3.4B). Immuno uores€40C was localized around
the plasma membrane in TCDD treatment compared tead@mtDMSO. In HMEC, PKC was

not observed. Other classical PKCs (PK@nd PKC ) were not affected by TCDD in both cell
types (Appendix A, Figure S1).
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Figure 3.4 Localization of PKC and the interaction of PKC and Cx43.
A) Western blots showing the effect of TCDD on trarsimn of PKC from the cytosol to the
membrane in MCF-7 cells. Separation of cytosolic and lmane fractions was performed as
described in Materials and Methods. 100 nM TCDD-treateds cetlused a signicant
translocation of PKC from the cytosolic fraction to the membrane fractidgdraphical
representation of three independent experiments with, ¥8 < 0.05.B) Immuno uorescence
showing the localization of PKC in the presence of TCDD in MCF-7 cells. Cells weretaéa
with 10, 50, 100 and 200 nM TCDD for 1 hr. Immuno uorescetelang was performed as
described in Materials and Methods. PK@as labeled with Alexa uor 488 for 2 hr and then
the cells were washed, sealed and observed under 40Xjedtive confocal microscope, pin
hole = 0.65 m. Green uorescence was seen around the cell membsatie &oncentration of
TCDD was increasedC) Interaction of PKC and Cx43 in MCF-7 cells. Immunoprecipitated
PKC was subjected to Western blot analysis. The nitrocskumembrane was immunoblotted
against Cx43. PO and P2 forms of Cx43 are shown separ@ghical presentation of three
experiments with standard deviation and statistical sgamce, *p < 0.09D) Interaction of PKC
and pCx43 in MCF-7 cells. Immunoprecipitated PKGwvas transferred to nitrocellulose
membrane and immunoblotted with pCx43. A histogram reptiegerthree independent
experiments, *p < 0.01.

3.4.4lmmunoprecipitation studies showing interaction of phosphorylaterdG with
PKC

PKC was immunoprecipitated from MCF-7 cells using Protein-Affarose beads and

anti-PKC antibodies (Figures 3.4C, D). The nitrocellulose membraae probed with anti-
Cx43 antibodies. The results showed a signi cant 40%eame in P2 form of Cx43 upon
activation by 10 and 50 nM of TCDD in MCF-7 cells (Figure 3.4@wever, treatments of 100
and 200 nM TCDD only have a slight interaction of PK@nd Cx43 (Figure 3.4C lane 5, 6).
This experiment was repeated using anti-phospho-Ser 368 @mdlBody (Figure 3.4D).
Similarly, we found an increase in phospho-Ser 368 Cx48 aind 50 nM TCDD. This suggests
that in the presence of TCDD, PK(hosphorylates Cx43 in MCF-7 cells.
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3.4.5Effect of TCDD on the PKC enzyme activity

PKC enzyme activity assay was performed with sampésgdd with calphostin C in the

presence of TCDD and, TCDD alone. Promega PKC peptideratéstystem was used to
measure the PKC activity (Figure 3.5A). Fluorescence pepelearate according to charges.
Phosphorylated peptides migrate towards anode. The resuftsnstrated that treatment of 50
nM TCDD signi cantly increased PKC enzyme activity by 2dfan TCDD alone treated MCF-7
cells (Figure 3.5B). In the presence of calphostin C, RKtity was signi cantly reduced at
10, 50, 100 nM TCDD compared to the control. However, at 200T@®WD, PKC enzyme
activity was 20% more than the control.
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Figure 3.5 The effect of TCDD on PKC enzyme activity in ME-7 cells.
A) Cells were dosed with 10, 50, 100 and 200 nM of TCDD. Wholeeg&lact was used. PKC
enzyme activity was performed according to the manufatdurecommendation. Reaction
mixtures were separated on agarose gel according tthvaéinges of the substrate. Excision of the
phosphorylated bands was measured using photospectrometé&70atnm. Graphical
representation of three experiments with £SD and statlissigni cance, *p < 0.05B) Cells
were dosed with calphostin C for 30 min prior to 10, 50, 1002&0dnM TCDD treatment for 1
hr. PKC enzyme activity was performed. Note: the siggmtdecrease in the PKC activity in the
presence of calphostin C treated with 10, 50 and 100 nM TCGwever, at 200 nM TCDD,
the PKC activity restored back indicating that the eflgc00 nM TCDD on PKC activity
cannot be inhibited with 100 nM calphostin C. TPA was used @ositive control for PKC
activity. Positive indicates the positive control proddey the manufacturer, which includes
using puried PKC enzyme. Negative control includes the tieacmixture excluding any
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sample/PKC enzyme. Graphical representation of thrperements with +SD and statistical
signi cance, *p < 0.01.

3.4.6Effect of TCDD on primary mammary epithelial cells

Previous studies have indicated that the expression 48 Gx gap junctional activity of
normal cells is higher than neoplastic cells (Hirssthal 1996; Trosko and Ruch 1998). Since
breast cancer cells have a lower level of Cx43 and gagigmal activity, we examined the
effect of TCDD on normal breast cells, HMEC. Insthegly, higher concentration of TCDD is
required to inhibit dye transfer. 200 nM TCDD caused a sanit decrease in GJIC compared
to control in HMEC (Figure 3.6A). Furthermore, 200 nM TCD&hcause a decrease in Cx43
(Figure 3.6B). Surprisingly, confocal microscopy showedptiesence of Cx43 aggregates in the
perinuclear area in the presence of 10-200 nM of TCDD (Figui&) Zompared to the Cx43
plagues on the membrane in the controls. Further evideasg@rovided by nuclear extraction of
HMEC. 10 nM TCDD can cause an increase of Cx43 expressiotihe nuclear fraction
compared to control (Figure 3.7B). However, at 200 nM TCB43 expression was
completely reduced in both cytoplasmic and nuclear frastiBlots were stripped and Lamin B1
expression was observed only in the nuclear fractidnnan in the cytoplasmic fraction (Figure
3.7B). Thus, these ndings show for the rst time tAEEDD affects gap junctional activity in
HMEC through different mechanism than MCF-7 cells.

63



- /
N )
’

50 nM TCDD 100 nM TCDD 200 nM1 TCDD

TCDD (nM)

C DM 10 50 100 200

e B _E BN R

Actin
TEs e EP oW @O o
Effect of TCDD on the expression of Cx 43 in MEC
nix4
120 a¥
£ 100
1
S .
-]
& B0
2
2 40
L
z
5N
«
0
C il 10 1] 100 200
TCDD treatment (M)

64



Figure 3.6 Scrape load dye transfer assay (SL/DT) and expressiof Cx43 in HMEC.

A) HMEC were seeded in a 6-well plate and dosed withréiffteconcentrations of TCDD for an
hour. SL/DT assay was performed as described in Figure 3idilrés depict three independent
experimentsB) Effect of TCDD on Cx43 expression. Cells were treat#éd DMSO and 10, 50,
100, 200 nM TCDD for 1 hr. A signi cant decrease in Cx43 at 200TICDD compared to the

control was observed, *p < 0.05.
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Figure 3.7 Confocal microscopy showing the effect of TCDD onx@3 plague formation
and the localization of Cx43 in HMEC.
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A) Cx43 plague formation in the presence of 0, 10, 50, 100 and 200GDDTCells were

stained with DAPI (blue nuclear stain) and anti-Cx43 maus&ody (red). Images were seen
under 40X oil objective lens, pin hole = 0.76h and arrows indicate the plaque formation.
Pictures represent three different experimeB)sCx43 expression in nuclear and cytoplasmic
fraction dosed with different concentrations of TCDHll.the Western blots are a representative
of three individual experiments. Lamin B1 was used as a&auacharker showing the separation
of the nuclear and cytoplasmic fraction. Graphicalespntation of three experiments with £SD

and statistical signi cance, *p < 0.01 is shown.

3.5Discussion

TCDD is a human carcinogen. It has been implicatesl r@productive toxin in humans,
including its potential for breast cancer (Adaabial, 1995). Studies have been conducted to
understand the risk of cancer in the presence of TCDIDD S not a genotoxic, therefore, its
exposure can affect many downstream pathways. We shawéaef rst time that TCDD has a
differential effect on GJIC in primary mammary epithlecells, HMEC and breast cancer cells,
MCF-7. Bakeret al (1995) demonstrated that TCDD inhibits GJIC in the irouiarget of its
tumor promoting effect and this effect may, in partdivected through Ah receptor in primary
culture of rat hepatocytes. In the present study, SL/B3 used to measure the activity of GJIC.
Lucifer yellow dye (MW 457.2) passes from one cell to heothrough gap junctions whereas
rhodamine-dextran (MW 10,000) passes only through injured plasenagbrane. We found a
decrease in the Lucifer dye transfer between the eedls in the presence of 10 and 100 nM of
TCDD in MCF-7 cells (Figure 3.1A). This suggests that the jgaptional activity between the
MCF-7 cells is decreased in the presence of TCDD. Plaapgethe functional aggregations of
many gap junctions on the plasma membrane. Clusteriggpojunction channels into plaques is
required for functional cell coupling. Since Cx43 is thestmaredominant form of connexin in
breast epithelium, the effect of TCDD on Cx43 plaquenttion was observed. Cx43 plaques
were decreased in the presence of 10-200 nM TCDD in MCHs/(Egure 3.2A). A complete
loss in the Cx43 plaque formation was seen from 50-200 nM T@DBDICF-7 cells. This
suggests that TCDD affects the GJIC by affecting tihendtion or degradation of Cx43 plaques
in MCF-7 cells.
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Various tumor-promoting agents (Ruehal, 2001) decrease GJIC, either by suppressing
Cx expression or by inducing post-translational modi catistsh as phosphorylation, a process
that is closely related to cellular processes sudhnafsking, assembly/disassembly, gating of
gap junction channels, and altered susceptibility to degrad@étemmpe and Lau, 2000). The
carboxy-terminus of Cx43 contains several serine andity@ghosphorylation sites, suggesting
that this region of the molecule contains a compleayaof potential regulatory sites (Lampe
and Lau, 2000). Therefore, to understand the decrease gaphginction activity by TCDD in
MCF-7 cells, we investigated the phosphorylation of Cx4®spho-Ser 368 Cx43 antibody was
speci cally used to detect the phosphorylation of Cx43. Ft&S been shown to phosphorylate
Cx43 at serine 368 carboxyl terminal in vitro (Langteal, 2000; Saeet al, 1997; Shalet al,
2002). We found an increase in phospho-Ser 368 Cx43 in the peeseh0-200 nM TCDD in
MCF-7 cells (Figure 3.3A). Since an increase was seehneiphosphorylated form of Cx43 in
MCF-7 cells, we examined the expression of kinases anptiesence of TCDD. PKC was
found to be signi cantly increased in the presence oDDGn MCF-7 cells (Figure 3.3B). It
could be due to the effect on the transcriptional, pasistriptional, or translational level. Early
observations that PKC isozymes are activated by tumorginognphorbol esters (Castagaa
al., 1982) suggested a key role for PKC in tumor promotion andrgssion (Mackay and
Twelves, 2003). Increased levels of PKC have been assdeiath malignant transformation in
a number of cell lines including breast (O'Briainal, 1989), lung (Takenaga and Takahashi,
1996) and gastric carcinomas (Schwaetz al, 1993). In vitro studies suggest a positive
correlation between elevated PKC levels and both rikkasive and chemotactic potential of
human breast cancer cell lines (Bladieal, 1994).

To con rm the phosphorylation of Cx43 by PKC we examined the effect of TCDD on
the activation and interaction of PKCwith Cx43. Among others, diacylglycerol and*Care
known to activate PKC by translocating it from theopfasm to the membrane and this report
showed that TCDD is an activator of PKCin MCF-7 cells. We found an increase in the
translocation of PKC from the cytosol to the membrane under the efd¢XCDD in MCF-7
cells (Figure 3.4A). The translocation of PK@romotes the interaction of PKCand Cx43 and
subsequently the phosphorylation of Cx43. Translocatiadiet were further conrmed by
confocal microscopy showing the localization of PK@n the membrane in the presence of
TCDD (Figure 3.4B). Immunoprecipitation studies showedranease in the phosphorylated
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form of Cx43 with an equal amount of PKCbeing pulled out (Figures 3.4C, D). Interaction
between PKC and the phosphorylated form of Cx43 was increased signilg at 10 and 50
nM TCDD; however, interaction was decreased at 100 and 200@ID. Our study supports
previous studies that other potential PKCs sites mighnbelved in regulating assembly or
degradation of gap junctions and channel behavior (Lampe amnd2004). PKC has received
considerable attention because PKC activators, whicimge tumorigenesis, both increase
Cx43 phosphorylation and decrease GJIC in a number fefelit cell types (Berthouet al.,
1992; Brissettet al, 1991; Lampe, 1994; Reynhcettal, 1992).

To conrm the functionality of PKC , an enzyme activity assay was performed. We
observed an increase in the enzymatic activity of PHCthe presence of TCDD (Figure 3.5A).
Cells treated with 100 nM TCDD did not show further insegh PKC enzyme activity. This
suggests that TCDD may activate other GJIC-mediated pgshthat are also involved in the
inhibition of GJIC. Calphostin C, an inhibitor of PKC was used to provide further evidence
that TCDD mediated inhibition of gap junctional activityatves PKC pathway. SL/DT assay
showed the restoration of Lucifer dye transfer in MCgells in the presence of calphostin (100
nM) followed by TCDD (Figure 3.1B). Confocal microscopycathowed the presence of Cx43
plaques in the presence of TCDD in MCF-7 cells pre-treaittd100 nM calphostin C (Figure
3.2B). A signicant decrease in the PKC enzyme activitysvedserved in the presence of
calphostin C (100 nM) in TCDD-treated MCF-7 cells (Figure 3.5BIl the experiments
performed with calphostin C showed the restoratiothefeffect of TCDD at 200 nM in MCF-7
cells. It can be concluded that when TCDD is double theaaration of calphostin C, the
inhibitory effect of calphostin C on TCDD-mediated ®K pathway is lost. However,
calphostin C (100 nM) was suf cient enough to block theeetffof 10, 50 and 100 nM TCDD
con rming that the TCDD-mediated inhibition of GJIC invek PKC pathway.

To determine the effect of TCDD on non-cancerous hubmaast cells, primary human
mammary epithelial cells were used. The dye transtes tkemendously reduced at 200 nM
TCDD in HMEC (Figure 3.6A). Higher dose of TCDD caused arelgse in GJIC in HMEC
compared to MCF-7 cells could be due to the fact thatrabiHMEC exhibited more GJIC than
control MCF-7 cells. This conrms the earlier studies swfigg a decrease in GJIC in
cancerous cells compared to normal primary cells of #mestissue (Hirschet al, 1996).
Exposure of TCDD inhibits GJIC in both cell types, canasrand non-cancerous cells. 200 nM
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TCDD caused a decrease in the Cx43 expression (Figure J&iB)exhibits two different ways
of regulation of GJIC by TCDD by phosphorylation of Cxd3VICF-7 cells and by decrease in
the expression of Cx43 in HMEC. Interestingly, PKCs egpions are not upregulated in control
HMEC as in MCF-7 cells. In HMEC, a different effeddt TCDD compared to MCF-7 cells was
observed on the Cx43 plague localization. In the preseh&8-200 nM TCDD, Cx43 plaques
were redistributed from the plasma membrane to thewpdear area in HMEC (Figure 3.7A).
This effect could be due to the effect on the traf ckingGx43 in HMEC. This suggests that
TCDD causes the movement of Cx43 from the membraneetpérinuclear region or prevents
the movement of Cx43 to the membrane. The pathwaysdvewon the traf cking of Cx43 are
not fully understood. Even though Cx43 plaques shifted tpe¢h@uclear area supported by the
appearance of Cx43 in the nuclear fraction at 10 nM TCD® st observed GJIC activity in
HMEC by SL/DT. This could be explained by the presencelaraconnexin proteins, Cx26 and
Cx32 in HMEC which can form homomeric or heteromeris.3d further provide evidence for
the redistribution of Cx43 to the perinuclear area, sadated nuclear and cytoplasmic fractions.
Interestingly, Cx43 appears in the nuclear fraction andrashes completely in the cytoplasmic
fraction in the presence of 100 and 200 nM TCDD (Figure 3.7B@. 8xpression of a nuclear
protein, Lamin B1, was measured in the nuclear and thelegioic fraction. Lamin B1 was
detected only in the nuclear fraction con rming that éhesas no leakage of the nuclear proteins
in the cytoplasmic fraction during the extraction procedkigure 3.7B). The differences in the
level of Cx43 expression (Figure 3.6B) and nuclear and @agopc fraction could be explained
in part by HMEC are slow growing cells, being the primagifs¢c which can be grown to four
passages without change in morphology. Therefore, rminmmmber of cells was used for
nuclear extraction and the level of protein for bothlemicand cytoplasmic fractions was low,
and another explanation is that the process of exiraatight have led to the further loss of
proteins.

In conclusion, TCDD is an environmental pollutant whicteets GJIC in human breast
cells. This report adds to the previous information thdCGalays a vital role in breast cancer.
The results provide evidence that TCDD inhibits GJIC througtitional and non-traditional
pathways. The summary of the results observed in MCH¥ lies been shown in Figure 3.8. In
cancer cells, PKC is upregulated and thus TCDD inhibits GJ through PK@anslocation and
phosphorylation of Cx43. However, in non-cancerous celth as primary mammary epithelial
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cells, TCDD also inhibits GJ through a novel pathway,steitbution of Cx43 to the perinuclear
fraction. In the absence of the changes in protein &8)aBCDD mediates the localization of
Cx43 in normal mammary cells. This study provides the mdeanechanism showing how
TCDD affects gap junctions. The ndings reveal the po&misk of exposure to environmental
pollutants like TCDD on the normal breast epitheliumd @ancerous breast tissue using breast

cells.
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Figure 3.8 Proposed pathway showing the effect of TCDD on GJI@ MCF-7 cells.
TCDD increases the expression and activates PK€ausing its translocation from cytosol to
the membrane. Activation of PKC causes phosphorylation of Cx43 on the plasma membrane,

thereby decreasing the gap junctional activity.
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Chapter 4 - Antitumor effect of substituted quinolines in

breast cancer cells

4.1 Abstract

Cancer in part is caused by the disruption in cell horassstaffecting the ability to
respond to extracellular signals, triggering some datilalar events which affect the gap
junctional intercellular communication (GJIC). Canamells have reduced or altered GJIC
capacity. One feasible approach to reduce growth of caedleris to enhance/alter GJIC. The
capability of cells to communicate through gap junctiomagatively related to their growth
activity. A computational docking study showed that a nesscof substituted quinolines (code
name: PQs) has a relatively high binding to gap junctioteproconnexin 43. Thus, PQs were
used in this study to find their effect on human breaster cells. Scrape load/dye transfer and
colony growth assay were performed to measure GJtCdatermine the effect of the PQ
compounds on the colony formation in human normal mamrepithelial cells (HMEC) and
breast cancer cells, respectively. The results sholadP Qs have a significant antitumor effect
in human breast cancer cells compared to control withceatment or normal mammary
epithelial cells. 200 nM PQ1 showed a 30% increase in thé BJT47D cells; however, there
is no effect of PQ treatment on GJIC in normal manynepithelial cells. In addition to an
increase in GJIC, 80-95% growth attenuation was observedyi® colony growth assay.
Moreover, an increase in caspase 3 with PQ-treated el observed, suggesting possible
involvement in apoptosis. The results show that PQlpoomd have a promising role in
exerting antitumor activity in human breast cancelscdlhe treatment with PQ1 in T47D cells
causes an increase in GJIC activity and active caspasel 3 decrease in colony growth and
cell viability. Substituted quinolines have demonstrated tivate gap junction activity and
subsequently decrease colony and tumor growth.
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4.2 Introduction

Breast cancer is the most common cancer in womerdwide and mortality from
breast cancer is consistently due to tumor metasi@emal et al 2007). Progress in
understanding the etiology of this disease and developingpiee has been slow due to multiple
deregulations of various genes. The additive effects stganlammary tumor cells might be
achieved by combining anti-tumor agents directed against oneoe altered mechanisms in
cancer.

Cancer cells exhibit many defects in cell communicatimat contribute to the loss of
tissue homeostasis (excess cell proliferation, invasand metastasis) (Loewenstein 1979;
Loewenstein and Kanno 1966; Troskbal 1990; Wilgenbust al. 1992; Yamasaki and Naus
1996). Intercellular communication in many organs is maiathvia intercellular gap junction
channels (GJIC). Gap junctions are the only communicgiimgtions found in animal tissues, in
all species, which are responsible for the direcffitraff ions and molecules with molecular
weights less than 1,200 Da (Martin and Evans 2004; Maisil 2000). These traffic ways are
formed by the interaction between two hemichannelstlm surface of opposing cells.
Hemichannels are formed by the association of six ptelme connexins. Because of the
importance of intercellular junctions in the maintenamdethe cellular homeostasis, the
modulation of intercellular junctions and expressioncofinexin seems to be involved in
carcinogenesis (Dubiret al. 2002; Holdert al 1993; Ruch 1994).

Electrophysiological measurement and dye-transfer efush vivo have shown that
signal transmission through GJIC can be altered by aeumf molecules (Bruzzonet al
1996). Electron crystallography studies demonstrate thatdimension of the pore of gap
junction channel varies from 40 A in the cytoplasm toA1&t the membrane boundary with the
extracellular gap (Footet al 1998). The reported low density structure (Makoveskal 1977)
only provides a general shape of the channel proteins. A b@gant gap junction was
constructed, (Ungeet al 1999) which allows the computational docking studies efctiiannel
proteins with small molecules.

Several small organic molecules, such as caffeic doihgthyl ester (CAPE) (Net al
2000), sodium 4-phenylbutyrate (Ammerpatl al 2004), Liarozole (Acevedo and Bertram
1995), lycopene (Livnet al 2002), and lovastatin (Ruet al. 1993), have been reported for up-

regulation or restoration of GJIC. CAPE is an activgredient in honeybee propolis and has
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antiviral, anti-inflammatory and anticancer properti&hifhani et al 1993). The effective
concentration of CAPE is 17 uM in restoring GJIC andsphorylation of Cx43 in WB-ras2
cells (Naet al. 2000). 4-Phenylbutyrate enhances GJIC in glioblastoma cell€@nsequently
increases the efficiency of the bystander killing dffe€ HSV-tk suicide gene/ganciclovir
technology (Ammerpohtt al. 2004). Phase I/Il dose-escalating trial of lycopene ach@mical
relapsed prostate cancer patients did not result in isogrdible response in serum PSA (Clark
et al 2006). A phase Il study of liarozole in advanced nonlistedl lung cancer showed that it
is ineffective as single agent therapy (O'Byateal. 1998). Lovastatin, an inhibitor of cellular
cholesterol synthesis, has and@alue of ~8 uM over 72 hours against MCF-7 mammary cancer
cells (Weiet al 2007). Hence, new GJIC enhancers are needed, and the sthdyreechanism
of restoring GJIC would provide information for the desmf selective GJIC enhancers. The
restoration of GJIC mechanism may provide potential tarigetanticancer therapy.

In search of new activators that enhance GJIC, potent@dactions of a number of
substituted quinolines (code name PQs) with the partiadtarystructure of gap junction
(Fleishmanet al 2006; Makowskiet al. 1977; Veenstra 2003) using Autodock computational
docking software (Goodsell and Olson 1990; Moetisal 1996; Morris 1998), was examined.
Dr. Duy H. Hua’s lab observed bindings of PQs to thetioere of the hexameric hemichannel
of gap junctions. In one of the minimum energy (-0.7l/keal) bound structures, interactions
(closed contact) between CF3 group of PQ1 and H-N of Leulddrofexin (2.5 A), and OCH3
group of PQ1l and CH2 of Phe81 of connexin (2.0 A) are found. égaestly, Dr. Hua
synthesized this class of quinolines and studied their @dtCanticancer activities. PQ analogs
were synthesized via a modification of the reported oot (LaMontagneet al. 1982a;
LaMontagneet al 1982b; Lauer 1946) starting from 4-acetaminoanisole (compourah®)he
synthetic sequence is depicted in Scheme 1.

Tumor cells have reduced or altered GJIC capacity (Eglebal 1991). It has been
shown that the drug sensitivity was enhanced in Cx 43 xwegssing tumor cells (Huareg al
2001). Cancer cells are characterized by the lack of groarttrol, by the inability to terminally
differentiate and by resistance to apoptosis. Variouogenes (e.g. ras, raf, neu, src, mos)
down-regulate GJIC while several tumor suppressor genegpeceagulate GJIC (Nat al 2000;
Ruchet al 1993; Zhanget al 1994). Transfection of gap junction genes, connexins,Ge-
deficient tumor cells can restore GJIC, growth con&modl reduce tumorigenicity (Net al

78



2000). Previous studies from Trosko and Chang clearly sudgesdietary factors can modulate
GJIC by inducing various signal transducing systems (Tros#dC&iang 2001). The modulation
can either down-regulate GJIC leading to tumor promotiahaan up-regulate GJIC and lead to
suppression of the initiated cells. Hence, increasing gagtipn activity or enhancing GJIC in
tumor cells provides the means to enhance anti-neopihstipies. The goal of our studies is to
examine PQs that specifically activate GJIC activitgt arhibit cancer cell growth. The results
demonstrated that these small molecules may be the ipbtammnbinational therapeutic drugs

for breast cancer.

4.3 Materials and Methods

4.3.1Cell line and cell culture

T47D human breast cancer cell line was purchased from i¢amerType Culture
Collection (Manassas, VA). Cells were grown in RPMeédwm supplemented with 10% fetal
bovine serum (Atlanta Biologicals, Lawrenceville, GA% antibiotic-actinomycotic at 37°C
with 5% CQ in 75cnf flasks.

4.3.2Western Blot Analysis

Cells were grown in serum supplemented RPMI media tinety were 90% confluent in

75 cnf flasks. Cells were kept in starving media containing phesifree DMEM with 5%
charcoal dextran stripped serum, overnight. Cells wesedlwith 0, 10, 100, 200 and 500 nM of
PQL1 for 24 hr. Cells were washed three times with cBI Bnd then were harvested using lysis
buffer (20 mM Tris pH 7.5, 0.5 mM EDTA, 0.5 mM EGTA, 0.5% onitX-100) with 1:1000
dilution of protease inhibitors (Sigma-Aldrich, Saint iuMO). Cell lysate was sonicated and
centrifuged at 13,000 rpm for 30 min at 4°C. Twenty-figeof whole cell extract was resolved
by 10% SDS-polyacrylamide gel electrophoresis (PAGE) andsfeered to nitrocellulose
membrane (Midwest Scientific, Saint Louis, MO). Ndelulose membrane was blocked in 5%
milk for 1 hr at room temperature and then incubated witmanlonal mouse PKC, 1:500

(Santa Cruz Biotechnologies, Santa Cruz, CA), mouse C%80 (Fred Hutchinson, Seattle,
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Washington), rabbit actin, 1:1,000 (Sigma-Aldrich, Saint EptMO). Western blots were
detected by enhanced chemiluminescence detection reagemte( Rockford, lllinois, USA).

4.3.3Gap Junction Activity

For scrape load/ dye transfer (SL/DT) assay, aedisee grown to 90% confluency on
cover slips, dosed with 10, 100, 200 and 500 nM of PQ 1 for 40 nfiar kat cells were
washed three times with PBS. The 25of 1% (w/v) Lucifer yellow and 0.75% (w/v) of
Rhodamine dextran was mixed and added in the center obtleestip. Two cuts crossing each
other in the center of the coverslip were made. A3tenin, cells were washed three times with
PBS and incubated at 37 in tissue culture media for additional 20 min. The ce#se then
washed with PBS three times and fixed in 2.5% paraforrhgttée for 10 min. Cells were
mounted on a slide, sealed and visualized under a fluoEsogioroscope at 10X objective.

4.3.4Measurement of transepithelial electrical resistance

Cells were grown to 100% confluency on a 12-well trafigiB® Biosciences, San Jose,
CA) and treated with 0, 100, 200, and 500 nM PQ1 for 48 hr. Trithekpl electrical resistance
(TEER) of the T47D monolayers was measured by a highgweciResulting voltages were
recorded with the aid of a differential amplifier wahhigh input resistance. Data were corrected
for well area (given in * cnf).

4.3.5Colony Growth Using Soft Agar
Cells were treated with 0, 10, 100, 200 and 500 nM PQ1 for 7 Bage agar plates
were prepared containing 0.8% agar and 0.4% agar in Ham's Fii2 (€& 1d cells/33 mm

well) were suspended in 100 pl of Ham’s F12 with 0.4% agar aatédol These plates were
maintained at 3C for 7 days and examined for the presence of colomdszidiual colonies of

50 um or greater were examined.
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4.3.6MTT assay

MTT (3-(4, 5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazatiu bromide) assay was
performed with adherent cell cultures in a 96-well plateedowith 0, 10, 100, 200, and 500 nM
PQ 1 for 24 hr. Solution containing MTT was metabolizedHgydells (incubation period 1 %
hr). MTT is a tetrazolium salt (yellowish) cleaved formazan crystals by succinate
dehydrogenase enzyme, active in viable cells. The more \aalidein a well, the more formazan
dye will be produced. After solubilization of the MTT stagls with the 0.35 N HCI
solubilization solution, the amount of dye will be reeged spectrophotometrically at 540 nm.

4.3.7General Methods for Organic Synthesis- Dr Hua’s Lab
NMR spectra were obtained at 400 MHz et and 100 MHz for**C in CDCE, and
reported in ppm. High-resolution mass spectra were obtdnoed ESI spectrometers. ESI

spectra were acquired on a LCT Premier (Waters CMipford, MA) time of flight mass
spectrometer. SatisfactolH and *C NMR spectra and high-resolution mass spectra of
compounds PQ1, PQ2, PQ3, PQ4, PQ5, and 10 were obtained. Cap2-PQ5 have been
reported in the literature (LaMontageeal 1982a; LaMontagnet al 1982b; Lauer 1946).
Compound PQ3 (LaMontagnet al 1982b) was treated with 1 equivalent of 3-
iodopropylphthalimide (compound 9) and 1 equivalent of sodigarbonate in DMF at 8C
for 48 hr. After aqueous work-up and silica gel column clatographic separation, a 72% yield
(based on reacted PQ3) of compound 10 was obtained along7wthrecovery of PQ3.
Compound 10 was heated under refluxX’@bwith an excess of hydrazine (65%) in ethanol for 3
hours. After aqueous work-up (dilution with 10% aqueous KOltmwl and extraction with
dichloromethane) and silica gel column chromatographicragpa, an 80% yield of PQ1 was

obtained.

4 .3.8Statistical analysis

The level of significance (see * in figure legends) was clemed at p < 0.05 using
Student's t-test analysis. All data are presented as meaD. of at least three independent

experiments from different batches of cultures.
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4.4 Results

4.4.1Synthesis of POQ1

Intercellular communication in many organs is maintdinga GJIC. Several GJIC
enhancers have been reported; however, an effectiveatlahiug targeting gap junction is not
available at this time. Our goal was to collaboratéhvidt. Hua to synthesize small molecules
that specifically activate GJIC activity and inhibitncar cell growth. Dr. Hua’s lab designed
novel substituted quinolines using computational docking studied demonstrated their
enhancement of GJs activities and growth inhibitory eftecthuman breast cancer cells. The
structures of substituted quinolines are shown in Figure 4dltlae syntheses of PQs are
described in Materials and Methods. PQ1 is predicted t@ laawnigh binding affinity for

connexin via computational docking.

Substituted Quinolines

[ Scheme 1
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Figure 4.1 Syntheses of PQ analogs.
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PQs were synthesized via a modified procedure from 4+ageanisole (compound 6). Results
of the isolation of PQ1 are described in Materials ldethods.

4.4 2Effect of PO1 on GJIC

We tested the efficacy of compounds PQ1-PQ5 on GJIC bylp#rassay in different
cell lines — MDA-453, MCF-7, ZR75, MDA-231, and T47D cells (Appendi2, Figures S2-
S7). We found a significant increase in GJIC by PQ1 in Td&l3. Therefore, we chose to study
the efficacy of PQ1 in T47D cells. We further testeddffect of PQ1 on the GJIC activity by
another dye transfer method, SL/DT in T47D breast carelés. The results demonstrated that
100, 200 and 500 nM of PQ1 show a significant increase in gapigaractivity in T47D cells
compared to controls, without PQ1 treatment and suceiiat, using scrape load/dye transfer
assay (Figure 4.2A, top panel). Conversely, PQ1 has mmtedin GJIC activity of human
primary epithelial cells (HMEC, normal cells) compdre its controls (Figure 4.2A, bottom
panel). The distance of dye transfer from sectiortatite farthest cells with dye was measured.
A graphical representation of three experiments indg&cghat 200 nM PQ1 causes an 8.5-fold
increase in distance of dye transfer compared to @ofigure 4.2B). HMECs have uniform
uptake of Lucifer yellow. This is due to the existing higeleof gap junction activity in these

normal cells.
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Figure 4.2 Gap Junction Activity.

A) T47D (Top panel), and) HMEC cells (Bottom panel) were treated with 0, 100, 20@, an
500 nM PQ1 for 1 hr. Controls are media alone and sucaaiit Scrape load/dye transfer assay
was performed as described in Materials and Methods. Wtste lohees indicate a cross section
cut of initial dye. Lucifer yellow was used as a gap jiomal dye and rhodamine-dextran was
used to mark the cutting site. Fluorescence green indit&gsassages of dye from the cutting
site, showing increase of GJI®) Graphical presentation of three experiments shows the

distance of dye transfer of T47D cells.

4.4.3Effect of PQ1 on tight junctions, colony growth assay and cédibility
Furthermore, 100, 200, or 500 nM of PQ1 has no significaattefin tight junction ion

permeability by using transepithelial electric resistaiCEER) compared to control (Figure
4.3). This suggests that PQ1 enhances only affected gap palctictivity without having an
effect on tight junction. These results demonstréhatl PQ1 is sufficient to cause an increase in

GJIC activity in SL/DT assay.
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Figure 4.3 Effect of PQ1 on transepithelial electrical rastance (TEER).
T47D cells were treated with 0, 100, 200, and 500 nM PQ1 for 4§HER assay was
performed as described in Materials and Methods. TEER walfieach treatment in Kcnt

were converted to relative percent of control.

Various oncogenes (e.g. ras, raf, neu, src, mos) downateg@lIC while several tumor
suppressor genes can up-regulate GJIC. Thus, we examineffetteof PQ1-upregulated gap
junction activity in T47D colony growth formation. Cellgere grown in soft agar to assess their
capacity for anchorage-independent growth, which is a keure of cell transformation. HMEC
and T47D cells were treated with 10, 100, 1000, and 10,000 nM PQl1dfys7 A graphical
presentation of three experiment results is presemtddgi scale of PQ1 concentration. The
effect of PQ1 on T47D cells showed a significant inhibitiof T47D cell colony growth
compared to control (Figure 4.4). A 100 nM PQ1 inhibits 66% adroogrowth compared to
controls, without PQ1 treatment or 100 nM succinic aciterestingly, the same concentration
(100 nM PQ1) has no effect on HMECs (data not shown). Suggiests that 100 nM PQ1 can

cause an increase in GJIC activity and subsequently casade colony growth of T47D cells.
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Figure 4.4 Effect of Substituted Quinolines on T47D Cells.

Base agar plates were prepared containing 0.8% agar and 0.4 ldgar's F12. Cells (5 x 0
cells/33 mrf well) were suspended in 100 pl of Ham’s F12 with 0.4% agdrpéated. These
plates were maintained at €7 for 7 days and examined for the presence of colonidwidnal
colonies of 50 um or greater were examined. T47D cells weated with 1, 10 and 100 nM
PQ1 and SA (succinic acid) as a solvent control. Indilido®onies of 50 um or greater were

examined. Statistical significance, *p<0.05, of at leasdtexperiments.

We also determined the cytotoxicity of PQ1 in HMEC and T4@és using MTT assay.
Cells were treated with 10, 100, 200, 500, 1000 nM PQ1 for 24 hr. M3ay agas performed
according to the manufacturer's recommendations. A 200R®A has 67% cell viability
compared to controls (Figure 4.5). 1 uM PQ1 can further dsereell viability to 50% in T47D
cells. However, treatments of 100 and 200 nM PQ1 have 9&Pd@3% HMEC cell viability
compared to control (data not shown). Thus, PQ1 hagtotogic effect to HMECs.
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Figure 4.5 Effect of PQ1 on Cell Viability.

T47D breast cancer cells were treated with variousargrations of PQ1 for 24 hr. MTT assay
was performed with adherent cell cultures using a ailtnedium free of phenol red and of
serum. Solution containing MTT was metabolized by thés d@cubation period 3 hr). After
solubilization of the MTT crystals with the solubdizon solution MTT, the amount of dye was

measured spectrophotometrically at 570 nm.

4.4.4Effect of PO1 on the expression of different connexins

Furthermore, whole cell extract of PQ1 treatment wemelyzed for the changes in gap
junctional proteins, connexins. Cells were treated W@h100, 200, and 500 nM PQ1 for 24 hr.
Western blot analysis was performed against Cx26, Cx32, a#d igure 4.6). The results
show that PQ1 has no effect on Cx26, Cx32, and Cx43 expmessterestingly, a decrease in
phosphorylated Cx43 was observed in 500 nM PQ1 treatment of ¢dliD Anti-tubulin was
used as a loading control. These results suggest that 8€xl ndt affect the expression of

connexins but directly causes a decrease in phosphorytticonnexin.
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Figure 4.6 Effect of PQ1 on the expression of different coexins in T47D cells.
T47D cells were dosed with PQ1 for 24 hr. The Western éfatlysis was performed as
described in Materials and Methods. Whole cell extractamasysed for Cx43, Cx32, and Cx26.
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Experiment was performed at least three times.

4.4.5PQ1 causing apo

ptosis

Mitochondrial damage in treatment of PQ1 was observied) @sectron microscopy (data

not shown), suggesting

examined the effect of PQ1 on apoptosis by detectingdtineedorm of caspase 3. T47D cells
were treated with 100, 500, and 1000 nM PQ1 for 24 hr. Westerraiddysis was performed
using active form of caspase 3 antibodies. A 200 nM PQ@%esal.5-fold increase of active
caspase 3 compared to control (Figure 4.7). However, aasecod caspase is observed at higher
concentrations, a common effect in apoptotic protein asgya. This is due to the cytotoxic
response of the cells. A small pilot study was condutdestudy the effect of PQ1 on T47D
xenograft tumor growth in nude mice. However, stassignificance was not achieved as only
(control, PQ1-treated, and tametxdated) were included in the study.

three animals per group
(A2, S 8-12)
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Figure 4.7 Effect of PQ1 on Active Caspase 3.

T47D cells were treated with 0, 200 nM, 500 nM and 1 pM PQ1 for 24 reatment with
succinic acid was used as control. Western blot analsis performed. Nitrocellulose
membrane was blotted with the active form of caspasatiBaglies (16 KDa). Actin acts as

loading control. Graphical presentation of three expemis are presented with statistical
significance, p<0.05.

4.5 Conclusions

Since an effective clinical drug targeting gap junctionas available presently, Dr. Hua
used computational docking method to search for chemicats dind to connexon. After
screening several classes of molecules, substituted mesolere focused on based on their
relative binding constants and bioactivities. Quinolines known for their anti-malarial
[Wiesner 2003], antibacterial (Veyssier 2005) and anticanceyl€¢B2006; Cnubben 2005;
Kawase 2003; Levitt 1999) activities. Recently, quinolines wexamined in ATP-binding
cassette drug transporter inhibition (Cnubben 2005), targatimgpr hypoxia (Boyle 2006),
modulation of multidrug resistance (Kawase 2003), and itygdgnase inhibition (Levitt 1999).
Beside activation of GJIC, quinolines may provide addilibeaeficial effects.

Over forty years, the loss of GJIC has been destribecancer cells and led to a

hypothesis that defects in GJIC is involved in the carcinegis process (Loewenstein and
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Kanno 1966). Numerous reports have been confirmed that gappusetie frequently decreased
or absent in cancer cells. Co-culture of tumor celith normal cells, or with connexin-
overexpressing cells, results in growth retardation oplastic component by the establishment
of functional communication as observed with dye tran@hauet al 1992). This retardation of
tumor growth could be prevented by co-culturing transformdld wath junctional competent
normal cells transfected with a connexin-specific anssaeagent (Goldbers al 1994). Thus,
these results indicate that signals from adjacennabcells can reverse a malignant phenotype
and that their failure to accomplish this is due to k& &EHdGJIC.

The relationship between cell communication and celgidhas been established that
the capability of cells to communicate through gap juncisonegatively related to their growth
activity. We have demonstrated that increased GJI@itgcim T47D cells can cause a decrease
in cell growth (Figures 4.2 and 4.3). These results wecedddserved by Sae# al (Saezet al
2003) that an increase in GJIC is directly related toathitetumor effect in human mammary
cancer cell line. Interestingly, PQ1 only affects T47[@dst cancer cells and not normal
mammary epithelial cells. In normal tissues, gap junst@re active and well-regulated between
the cytoplasm of contacting cells (Loewenstein 1979; levstein 1981; Yamasaki and Naus
1996). Through the passage of signaling molecules, GJICilmates to the regulation of cell
proliferation, differentiation, cell death, and honmtatis maintenance. Numerous studies clearly
show that altered GJIC is involved in cell cycle progmssin most cell types, GJIC is reduced
in the late G1, S and M phases (Ruch 1994). The specificyadd state in which GJIC and/or
connexin expression are modified, however, depends onttttell type and the nature of the
connexin species being investigated. We found that PQ1 halexb @ connexin expression;
however, it causes a decrease in phosphorylation oegon(Figure 4.6). Upregulation of GJIC
activity is dependent on the unphosphorylated conneximss The observation is consistent with
the increase of GJIC activity (Figure 4.2) and a decreagdhasphorylation of Cx43 (Figure
4.6).

In summary, PQ1 specifically enhances GJIC activityd atoes not affect the
transepithelial electrical resistance of T47D cells. iAcrease of PQl-induced GJIC activity
causes a significant decrease of colony cell growth; hexvd?Q1 has no effect on primary
mammary epithelial cells. Since normal epitheliallscdtave well-regulated gap junction
channels, the change of GJIC activity in these cells medsobserved. The decrease of cell
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viability and colony cell growth is subsequently of P@dticed apoptosis as the result of
upregulation of active caspase 3. Thus, PQ1 is the firsvkkrmpmpound to enhance GJIC
activity in T47D breast cancer cells.
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Chapter 5 - Combinational treatment of PQ1 and tamoxifen

induces increased apoptosis in T47D breast canceglis

5.1 Abstract

Tamoxifen is a drug of choice for endocrine-responsieadirtumor patients. However,
tamoxifen resistance has become a major concern fer tibatment of breast cancer.
Combinational therapies of tamoxifen and different drugskeing frequently studied. In the
current study, we tested the efficacy of PQ1 (code nam@mbination with tamoxifen in T47D
cells. Colony growth assay was performed using soft egareasure the colony growth while
cell proliferation was measured by MTT assay in T47D c€ltnfocal microscopy was used to
measure Ki67, survivin and BAX expression along with westdot. APO-BrdU labeling
indicated the apoptosis induced by the treatment in T47B. &k observed a 55% decrease in
the colony growth in the presence of combination of PQiLtamoxifen; while tamoxifen alone
has little effects. Combination of 10 uM tamoxifen andLFXQ0 nM or 500 nM resulted in only
16% cell viability compared to controls at 48 hr in T47D ce§ysMTT assay. We found a
significant increase in BAX protein at 1 hr in the presen¢ 500 nM PQ1 alone, 10 pM
tamoxifen alone and combination of PQ1 and tamoxifen. Al@-increase was observed in
active caspase 3 in the presence of combinational treaoh&@ pM tamoxifen and 200 or 500
nM PQ1. Also, flow cytometric analysis showed a 50%eaase in the number of apoptotic cells
in the presence of combination of tamoxifen and PQ1 comgarthe control. Furthermore, the
results show that the expression of survivin is not tdtedy PQ1 (200 or 500 nM) whereas
tamoxifen alone or in combination with PQ1 significaniguces survival of T47D cells. We
observed a significant increase in BAX expression, cespaactivation and DNA fragmentation
in combinational treatment of tamoxifen and PQ1 as coedp&y their individual treatments.
Tamoxifen alone and combination with PQ1 showed a deziiaabe survivin expression while
PQ1 alone shows to be independent of survivin-mediated patfilua combinational treatment
of tamoxifen and PQ1 showed a significant decrease Inviaddility compared to tamoxifen

treatment alone. The present study demonstrates féirgh8me that combinational treatment of
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tamoxifen and PQ1 (gap junctional activator) can be usedtémiate apoptosis of T47D human
breast cancer cells. This could alter either the lengtdose of tamoxifen clinically used for
breast cancer patients.

5.2 Introduction

Tamoxifen is one of the most commonly and successtisdgd chemotherapeutic agent
for the treatment of endocrine responsive breast car(€arkeet al, 2001). Tamoxifen is
better known as a selective estrogen receptor modul&®BRN) because of its multiple
activities (Osborne, 1998). Clinical experience wiis drug likely now exceeds 10 million
patient years. Unfortunatelyn most patients, cancers that initially respond to tafeaxi
gradually acquire resistance to the treatment and reglidenative systemic therapies (Berstein
et al, 2003). Despite extensiwexperience with this drug, the precise mechanisms thaerconf
resistance remain unknown. A number of mechanisms haen Iproposed to control
antiestrogen resistance in ERreast cancer (Rigginst al, 2007), but many details of these
mechanisms continue to be unclear (Riggtsal, 2008). These include changes in the host
immunity, host endocrinology, or antiestrogen pharrkexaics (Clarkeet al, 2001). Under
host endocrinology, some tumospontaneously become hormone-independent despite the
presencef estrogen receptors; in others, tumors that araligitER * become ERover time
(Hull et al, 1983; Encarnacioet al, 1993). Numerous trials have been conducted using the
combinational treatment of chemotherapy plus tamobigrthe results have been controversial
(Mouridsenet al, 1988; Goldhirsch A, 1989; Fishet al, 1990; Rivkinet al, 1994; group,
1997; Pritcharcet al, 1997).

Gap junctions are the intercellular plasma membraaamels which allow the passage of
small molecules from one cell to other. The fluxyadlecules through the channels is called the
gap junctional intercellular communication (GJIC) (k&met al, 2006). GJIC exists in most of
the mammalian cells and is involved in cell growth, eféhtiation, and homeostasis. Since
decades it has been shown that the mitotic cells ancéll cycle show decreased GJIC (PO
Lague, 1970; Goodall and Maro, 1986; Steiral, 1992). Therefore, it leads to a state that the
cell-cell communication is negatively related to theatality of the cell to grow. Due to its

effect on the cell growth, many studies were conductedhtbd co-relation between the GJIC
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and cancer. Manyn vitro studies showed that tumor-promoting agents lead to aakeern
GJIC (Murray and Fitzgerald, 1979; Yo#t al, 1979; Enomotcet al, 1981; Trosko, 1983)
while in vivo studies supported the vitro data (Sugiest al, 1987; Mesnikt al, 1988). Protein
and mRNA analysis showed a decrease in connexin exprasgoeneoplastic lesions as well as
hepatocellular carcinomas (Fitzgeraidal, 1989; Neveu MJ, 1989).

In our previous study we found a gap junctional activaobstituted quinolines (PQ1).
We showed that PQ1 (200 nM) showed a 30% increase in ti@ i@JI47D cells; however,
there was no effect of PQ1 treatment on GJIC in nbmmaanmary epithelial cells. In addition to
an increase in GJIC, 80-95% growth attenuation was observe@Qlhyin colony growth assay.
Moreover, an increase in caspase 3 with PQ-treatedwalisobserved, suggesting a possible
involvement in apoptosis ( Gakhetral, 2008).

The antitumor effects of tamoxifen are thought to be tues antiestrogenic activity,
mediated by competitive inhibitioof estrogen binding to estrogen receptors (Osborne, 1996).
The inhibition of expression of estrogen-regulated genesesatiscrease in cell growth and
proliferation (Langan Fahey SM, 1994). Tamoxifen may dlsectly affect the programmed-cell
death (Elliset al, 1997). Our previous studies conducted on PQ1 have also shancrease in
caspase-3 and a decrease in breast tumor growth. Thereferexamined the effect of
combinational treatment of tamoxifen and the gap junefi@ctivator, PQ1 on breast cancer
cells. In the present study, we found an increase in T4uah breast cancer cell death
observed by different mechanisms in the presence oficatonal therapy of PQ1 and
tamoxifen. A significant increase in BAX and caspasel®ved by an increased apoptosis by
APO-BrdU incorporation at different dosing time in gresence of both tamoxifen and PQ1 was
observed. Furthermore, a decrease in the colony growlil; &say and an increased DNA

fragmentation were observed in the combinational treatof PQ1 and tamoxifen.

5.3 Materials and Methods
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5.3.1Cell Lines and Culture

The T47D human breast cancer cell line was purchased Aomerican Type Cell

Culture (ATCC, Manassas, VA). Cells were grown in RPMidiom supplemented with 10%
fetal bovine serum (Atlanta Biologicals, LawrencevilB), 10% antibiotic-antimycotic at 37°C
with 5% CQ in 75 cnf flasks. Tamoxifen citrate was purchased from Sigma{$%auis, MO).

5.3.2Cell Morphology
Cells (5,000 cells/ml) were seeded in a 6-well plate asédiavith 200 nM PQ1 alone,
10 M tamoxifen alone, combination of tamoxifen and PQ1, awsnation of tamoxifen and

estrogen (10 nM) for 24, 48 and 72 hr. Cells were observed and&roscope at 40X objective.

5.3.3Colony Growth Using Soft Agar Assay

Cells were treated with ethanol, 200 nM PQ1, 10 uM tamoxdad combination of 200
nM PQ1 and 10 uM tamoxifen for 7 days. Base agar platespvepared containing 0.8% agar
and 0.4% agar in RPMI. Cells (5 x*1€ells/33 mrA well) were suspended in 100 of RPMI
with 0.4% agar and plated. These plates were maintain@d°@t for 7 days and examined for

the presence of colonies. Individual colonies of BDor greater were examined.

5.3.4MTT Assay

The MTT [3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyltetrazoliubromide] assay was
performed with cell cultures in a 96-well plate inculdatath 200 and 500 nM PQ1, 10 uM
tamoxifen alone, and combination of 10 uM tamoxifen and 2@DOmMM PQ1 for 1, 48 and 72
hr. The MTT solution was metabolized by the celleimation period 1 hr) at 37°C. MTT is a
tetrazolium salt (yellowish) cleaved to formazagstals by succinate dehydrogenase. In viable
cells, more formazan dye will be produced. After soladilon of MTT crystals with the 0.35 N
HCI solubilization solution, dye was measured spectraphetrically at 570 nm with the

background subtraction at 650 nm.
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5.3.5Western Blot Analysis

Cells were grown in serum-supplemented RPMI media they were 90% confluent in

25-cnf flasks. Cells were incubated with PQ1 alone, 10 uM sdfiew alone, and combination
of tamoxifen and PQ1 for 1, 48 and 72 hr. Cells were whshéimes with cold PBS and
harvested using cell lysis buffer (20 mM Tris pH 7.5, 0.5 BBITA, 0.5 mM EGTA, 0.5%
Triton X-100) with 1:1,000 dilution of protease inhibitors (&arAldrich, St. Louis, MO) for 10
min followed by rotation on a shaker for 30 min at 4°C.I<ekre vortexed and centrifuged at
13,000 rpm for 30 min at 4°C. Forty ug of whole cell extraeis wesolved by 10% SDS-
polyacrylamide gel electrophoresis (PAGE) and transfert@dnitrocellulose membrane
(Midwest Scientific, St. Louis, MO). Nitrocelluloseemmbrane was blocked in 5% milk for 1 hr
at room temperature and incubated with polyclonal rabbi2,Bd:200), mouse BAX (1:200,
Santa Cruz Biotechnologies, Santa Cruz, CA), polyclorddbit caspase 3 (1:500, BD
Pharmingen, San Diego, CA), polyclonal rabbit survivin (1:1,0@uN Biologicals, CO, USA)
and polyclonal rabbit actin (1:1,000, Sigma-Aldrich, Saiouis, MO). Western blots were

detected by enhanced chemiluminescence (ECL) detectioaréam, Pittsburg, PA).

5.3.6lmmunofluorescence and Confocal Microscopy

Cells were grown on coverslips in 6-well plates in RAMHdia. Cells were treated with
PQL1 alone, tamoxifen alone, and combination of tamoxifehRQ1 for 1, 48 and 72 hr. Cells
were fixed with 2% paraformaldehyde for 20 min and then nezgdalvith 50 mM glycine for 5
min. The cells were lysed with 0.1% Triton X-100 for amahil 10 min. After washing with
PBS, cells were blocked with 2.5% BSA in PBS for 2 hr #meh incubated with primary
antibodies, rabbit Ki67 (1:250, Santa Cruz Biotechnolo@esta Cruz, CA) and mouse BAX
(1: 50, Santa Cruz, CA), rabbit survivin (1:250, Novus Biologic&lO, USA) for 15 hr at 4°C.
Following this step, cells were incubated in DAPI for mute and then incubated with anti-
mouse and anti-rabbit Alexa fluor 488 and 568 (Molecular prabaegene, OR, USA) for 4 hr at
4°C, respectively. Cells were analyzed for nuclear mdggyoby staining with DAPI. Samples
were sealed and analyzed by a confocal microscope (€a$ ZSM 510 META, Narashige,
MN).
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5.3.7Apoptosis Assay by Flow Cytometry

Cells were grown in a 35 nfrdish and then dosed with PQ1 alone, tamoxifen alone, and
combination of tamoxifen and PQ1 for 1, 48 and 72 hr. Cadlewrypsinized and stained with
APO-BrdU TUNEL Assay kit (Molecular Probes # A23210, Caats CA) according to the
manufacturer’'s protocol. APO-BrdU binding was analyzed lyv fcytometry using a BD
FACSCalibur system and the data obtained was analyzed tsifZetiQuest software.

5.4 Results and Discussion

5.4.1Current treatment with tamoxifen

Breast cancer is the second leading cause of cancer dedtlosth American women.
Tamoxifen has been the single agent of choice in tredwimgione responsive breast cancer
cases since 1971. Even though tamoxifen has been shown to bads@%ffective than placebo
in preventing the occurrence of breast cancer in hglhjpopulation, the risk of developing
uterine cancer has increased by more than 40% (Mand&idirkKong, 2001). The line of
treatment with tamoxifen includes the usage of the drugafdeast 5 years in most of the
patients. Long-term treatment with tamoxifen induces tdi®@o resistance; however, the
mechanism of which is still being elucidated (Osborne, 19%98grefore, it is necessary to
develop effective modalities to enhance the efficatyamoxifen. In our present study we
propose to observe the combinational effect of PQ1 amdxifen. PQ1 has been shown to be a
gap junctional activator and induced cell death in loothtro andin vivo treatments ( Gakhaat
al., 2008). Tamoxifen has also shown to induce apoptotic cethdszhin vitro andin vivo
(Perry et al, 1995; Gelmann, 1996; Martiet al, 1996). This effect was concentration-
dependent. At nanomolar (nM) concentrations of tamaxifaly growth arrest occurs whereas
at micromolar (M) concentrations induction of cell death was observedelh aultures. We
observed the effect of both PQ1 and 10 uM tamoxifen on TéHADan breast cancer cell line.
Our previous study suggested a tremendous increase in GJIC pneence of PQ1 in T47D
cells compared to other breast cancer cell lines (MEEYA231, MDA453 and ZR75) ( Gakhar
et al, 2008).
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5.4.2PQ1 and tamoxifen affects cell morphology, proliferation and colony grouvt

T47D cells
Cell morphology was tremendously affected in the presef@00 nM PQ1 for 24, 48

and 72 hr in which cells were being detached from the ptatee presence of 10M tamoxifen
for 24, 48, and 72 hr, cells showed a marked change in the nmgghacluding shrinkage,
irregular shape and some cells were floating in thelar@dgure 5.1 A, B, C). The combination
of PQ1 and tamoxifen showed the complete loss of steiaificells as well. Cells partially
regained back their structure in the presence of 10 uhx#em and 10 nM 17-estradiol.
These results suggest that the combinational treatni¢amoxifen and PQ1 can potentiate the
effect of tamoxifen.
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Figure 5.1 Effect of PQ1 and tamoxifen on cell morphology in T47Dells.
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A) T47D cells were seeded in a 6-well plate for 24 hr inpilessence of 200 nM PQ1, 10 uM
tamoxifen, combination of tamoxifen and PQ1, and the combmatf tamoxifen and 10 nM
17 -estradiol (an antagonist for tamoxifen actidd).Cells were dosed for 48 hrs with the same
treatment as above&€) T47D cells were treated with the same treatment ga)infor 72 hr.
Ethanol was used as a solvent control for tamoxifedfigrent time intervals. In the presence of
PQ1 and tamoxifen alone and in combination, the cell streiatvas seen to be lost significantly
at 48 and 72 hrs. At 10 nM 1stradiol and tamoxifen, a partial restoration indék structure

was observed at 48 and 72 hr compared to full restoratida hr. Tam=tamoxifen

Colony growth assay measures the colony formation finag@ar. Soft agar is used to
measure the anchorage-independence (feature of cancefishotéhe cells. We observed a
55% decrease in the colony growth in the presence of catidm of PQ1 and tamoxifen (Figure
5.2). This suggests that the combinational treatment ofiéencand PQL1 is sufficient to cause a
significant decrease of colony growth at 7-day incubationpewed to tamoxifen or PQ1
treatment alone. Ethanol treatment, a solvent obrghows no effect in colony growth of T47D

cells.

Figure 5.2 Combination of 200 nM PQ1 and tamoxifen decreases tlwelony growth in

T47D cells.

Cells were dosed with 200 nM PQ1, 10 uM tamoxifen and combmafidoth for 7 days in a

soft agar. After 7 days, colonies > 50 um were counted.b@w@tion of PQ1l and tamoxifen
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resulted in a 55% decrease in the colony growth compar@®% and 10% decrease in the
presence of 200 nM PQ1 and tamoxifen alone, respectivegphi@al representation of three
experiments with £ SD and statistical significance *P.85. Note that the significance *p< 0.05

was found in all the treatments compared to control @nd872 hr.

In MTT assay, 200 and 500 nM PQ1 showed a 60% and 50% cell yiaddild8 hr,
respectively (Figure 5.3). Tamoxifen (10 pM) showed 30% celllibtia whereas combination of
tamoxifen and PQ1 resulted in only 16% cell viability at 4&dmpared to controls at 48 hr in
T47D cells. Both tamoxifen (10 uM) and PQ1 (200 and 500 nM) resuilt@ decrease in cell
growth by 50% compared to tamoxifen treatment alone atrd48th72 hr, combinational
treatment of tamoxifen and PQ1 (200 and 500 nM) resulted in 2@9418% cell viability,
respectively. Thus, 48 hr is sufficient to cause a sicamiti decrease with combinational
treatment of tamoxifen and PQ1. Interestingly, cell vigbwas not affected by either 200 or
500 nM PQ1 at 1 hr; however, tamoxifen treatment alosealtexl in 28% decrease in cell
growth. The cell viability was greatly affected by MTT agsit 48 hr compared to 72 hr in the

presence of PQ1 alone or tamoxifen alone or their coribnsa

Figure 5.3 MTT assay to measure the T47D cell proliferatiom the presence of tamoxifen
and PQL1.
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Cells were treated with 200 and 500 nM PQ1 and 10 pM tamoxifiencambination of
tamoxifen and either 200 or 500 nM PQ1 for 1, 48 and 72 hr. At BChép decrease in cell
growth was observed in the presence of tamoxifen and 500 MV A@8 hr, PQ1 200 and 500
nM alone, tamoxifen alone, combination of tamoxifen 260 nM PQ1, and combination of
tamoxifen and 500 nM PQ1 showed a cell viability of 60, 50, 30, 6160, respectively. At
72 hr the combination of both tamoxifen and either PQ1 2@00 nM resulted in 20% and 13%
cell viability, showing no further decrease compared to r4&haphical representation of three
experiments with £ SD and statistical significance *.805 for 48 hr and **p < 0.05 for 72 hr .
Note the *p values indicate the significance betweendhwxifen treatment alone or with PQ1

combination.

5.4.3Tamoxifen and PQ1 affecting Ki67 expression

The expression of proteins in some instances is measusgthptomatic breast cancer to
identify the prognostic factors which are associated wighbiological behavior of individual
tumors. Ki67 is a nuclear protein widely used as a madkecdll proliferation. Tamoxifen has
been shown to decrease the expression of Ki67 in braaser patients and in breast cancer cell
lines (Clarkeet al. 1993). Therefore, the effect of combinational treatnoétdmoxifen and PQ1
on Ki67 staining in T47D cells was measured. Ki67 staining wasedsed in the presence of
200 nM PQ1 at 24, 48 and 72 hr (Figure 5.4). In the presence okitam alone, no Ki67
staining was observed at 24, 48, and 72 hr. Combinational geatrhtamoxifen and PQ1 also
showed no Ki67 staining whereas combinational treatmeestodgen and tamoxifen showed an
expression of Ki67 suggesting that estrogen can partialgganize the effect of tamoxifen.
These results suggest that PQ1 has an effect on Kig¥ingtaand it does not antagonize the
effect of tamoxifen when used in combination while estnoggn reverse the effect of tamoxifen.
Furthermore, PQL1 clearly has an effect on proliferatif T47D cells.
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Figure 5.4 Confocal Microscopy showing the effect of PQ1 and tamiéen on Ki67
expression.

Cells were treated with 200 nM PQ1, 10 pM tamoxifen, comisinadf 200nM PQ1 and
tamoxifen, and combination of 10 nM Xéstradiol for 24, 48 and 72 hr. Ethanol was used as a
solvent control for tamoxifen. Cells treated with 200 nkQ1P tamoxifen or combination of
tamoxifen and PQ1l showed a tremendous decrease in Ki67 s®pred? -estradiol and

tamoxifen partially restored the expression of Ki67.

5.4 4Effect of PO1 and tamoxifen on apoptotic proteins

Programmed cell death, or apoptosis occurs either Iyatioh of the death receptors or
by a breach in the mitochondrial membrane integritgyo€lyyome C, a key player in induction of
apoptosis cascade, is released from the inside of tieehmondria into the cytosol of the cell by
the interaction of two important proteins involved in pjosis, BAX and Bcl2. Upon apoptotic
signals, proapoptotic protein, BAX gets activated whilaagafptotic proteins like Bcl2 prevent
apoptosis by heterodimerization with BAX (Otegtral, 1998; Brokeret al, 2005). Overall, the
ratio of BAX and Bcl2 determines the integrity of thetaohondrial membrane. In the present
study, we conducted a time-dependent study by treating céls RQ1 and tamoxifen in
combination and alone for 1, 48 and 72 hr. We found a signifioarease in BAX protein at 1
hr in the presence of 500 nM PQ1 alone, tamoxifen alonecantbination of PQ1l and
tamoxifen (Figure 5.5A). We also observed a decrease I iBcthe presence of tamoxifen
alone and in combination of tamoxifen and PQ1 at 1 hr. Atr48 significant decrease was seen
in Bcl2 expression at 500 nM PQ1 and combination of tamoxafehPQ1. Also, there was a
significant increase in BAX in combinational treatmend@ hr. Zhanget al. showed a decrease
in Bcl2 but no effect on BAX in MCF-7 cells in the preserof 10 uM tamoxifen at 72 hr
(Zhanget al, 1999). We found that at 72 hr, BAX and Bcl2 were signitilyaimcreased and
decreased in the presence of tamoxifen and combinatiamoixifen and either PQ1 200 or 500
nM, respectively. These results implicate that thelmoational treatment not only significantly
increases BAX but also decreases Bcl2. The ratio ¢f Botl BAX is decreased significantly at
1 hr in the presence of PQ1 alone and tamoxifen alone @ymbination. Therefore, it indicates
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that PQ1 has a rapid action on BAX activation. Theafbn reduction of Bcl2 expression is
relatively slow, staying constant at 48 hr before iasigg again at 72 hr.
A. B.

Figure 5.5 Expression of proteins involved in apoptosis pathwafAX, caspase 3, Bcl2 and
survivin.

A) Bcl2 and BAX levels were measured in cells were ée@avith 200 and 500 nM PQ1 and
10uM tamoxifen and combination of tamoxifen with 200 or 500 nM R®1, 48 and 72 hr. A
significant increase in BAX was observed at all tteatments compared to control. Survivin

measured for the same treatments at 1, 48 and 72 hr. Aicsighidecrease in survivin was
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observed in the presence of tamoxifen alone and in cotidnnaith both 200 and 500 nM PQ1
at 48 hr. However, no effect on survivin was seen in theepiee of 200 and 500 nM PQ1 alone.
B) Caspase 3 expression was measured for the same tresatindn 48 and 72 hr. Histogram
showing the changes observed in active caspase 3 at Ad 42 dar with different treatments. A
2-fold increase was seen at 48 and 72 hr in the presencenbir@tion of tamoxifen with 200
and 500 nM PQ1. A histogram of three experiments with + &Dsgatistical significance *p<
0.05 for 48 hr and **p< 0.05 for 72 hr. Actin was used as athgacontrol for all the proteins.

After BAX activation, a cascade of events driven prilyaby the activation of
proteolytic caspases results in the processing of illuéarestructural proteins and regulatory
enzymes that culminates in apoptotic cell death (Zhang A, 2@EYpase 3 activation, an
executioner caspase, is considered to be one of thstdgest involved in the apoptosis cascade
pathway (Mandlekaret al, 2000). Therefore, we examined the effect of combination of
tamoxifen and PQ1 on caspase 3 activation. Interegtimgl did not find activation of caspase 3
at 1 hr (Figure 5.5B). However, there was a significaotease in caspase 3 at 48 and 72 hr in
the presence of PQ1 alone, tamoxifen alone and in condnnattamoxifen and PQ1 indicating
caspase 3 activation takes time and stays at leasigtinié®2 hr. A 50% increase in active caspase
3 was observed at 200 and 500 nM PQ1 at 72 hr. A 2-fold increaseobserved in active
caspase 3 both in the presence of combinational tretimhéamoxifen and 200 nM PQ1 and
tamoxifen and 500 nM PQ1. This suggests that combination ofR@thand tamoxifen results
in increased T47D cell death.

In the present study, we also observed the effect af &@ tamoxifen on the inhibition
of apoptosis (IAP) protein, survivin (a group of proteins imedl in inhibition of caspase 3, 7,
and 9) (Altieri, 2003; Gazzanigat al, 2003). Increase in expression of surviving is believed to
protect cells against a possible default induction of apigpio the case of aberrant mitosis ét.i
al., 1998). Many studies on clinical specimen have shown thigivgr expression is invariably
upregulated in human cancers and is associated withargssto chemotherapy linked to poor
prognosis, suggesting that surviving modulates the survival @ecarlls (Yamamotet al,
2008). Gazzanigat al. found that survivin cannot be used as a prognostic fastahé relapse
of superficial bladder cancer (Gazzanegfaal, 2003). However, in pre-clinical bladder tumor
models, inhibition of survivin expression and/or functi@s tbeen shown to impede tumor cell
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proliferation, and markedly induce spontaneous or chenagfienduced apoptosis (Margubs
al., 2008). We found no effect on survivin at 1 hr (Figure 5.5Awéweer, at 48 and 72 hr we
found a tremendous decrease in survivin expression in thengetaof tamoxifen alone and
combinational treatment of tamoxifen and PQ1 (200 or 500 filis suggests that tamoxifen
decreases the survivin expression whereas PQ1 alone heféeabon survivin expression in
T47D cells up to 72 hrs.

We also observed survivin and BAX in T47D cells at 1, 48 anch7By confocal
microscopy. We found a nuclear localization of survivin agtbplasmic as well as nuclear
localization of BAX (Figure 5.6A, B). The confocal misampy results showed the absence of
survivin in tamoxifen treated cells at 48 and 72 hr.

5.4.5Measurement of Apoptosis by Nuclear Morphology and Flow Cytometry

The effect of tamoxifen and PQ1 on the nuclear staining img U3API was measured.
Apoptosis is characterized by morphologic changes susihraskage of the cell, condensation
of chromatin, and disintegration of the cell into #nfragments, apoptotic bodies (Keet al,
1972). In the present study, we found more cells undergoegrticess of apoptosis exhibited
by blebbing, and fragmentation in the presence of PQ1 andkif@m@lone and in combination
(data not shown). APO-BrdU TUNEL assay kit was used teatiehe DNA fragmentation of
apoptotic cells. In apoptosis, DNA fragmentation expossOH groups at which
deoxynucleotidyl transferase (TdT) can add deoxyribonudieat 5-bromo-2’-deoxyuridine 5'-
triphosphate (BrdUTP) is an analog of deoxythymidine whicls getorporated at the 3'-OH
group. We found an increase in the BrdUTP incorporatidhampresence of PQ1 and tamoxifen
alone and in combination at 48 and 72 hr (Figure 5.7). A 50% seneaapoptotic cells was
observed at 48 and 72 hr in the presence of combinaticgathtent of tamoxifen and PQL.
There was no effect on the apoptosis in the presehne®t or tamoxifen at 1 hr. Even though
the apoptosis cascade starts in an hour shown by aagein BAX and a decrease in Bcl2, it

requires > 1 hr for the activation of caspases and DNAade.
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Figure 5.6 Confocal microscopy showing the expression of survivand BAX proteins.
A) Cells were treated with 200 and 500 nM PQ1 and 10 puM tamoaiiencombination of
tamoxifen and either 200 or 500 nM PQL1 for 1, 48 and 72 hr. Xiéanotreatment resulted in a

decrease in survivin expression. Cells were stained withabbit Alexa fluor 568.B) Cells
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were treated the same way aqgA); however; expression of BAX protein was observed using
mouse secondary Alexa fluor 488 antibody. Cells were vmedlby a confocal microscope
(Carl Zeiss LSM 510 META). An increase in BAX was obser in the presence of tamoxifen.

The results imply that the combination of PQ1 (200 and 300amd tamoxifen (10 pM)

results in an increase in apoptosis compared to thedinidivtreatments.

Figure 5.7 Flow cytometric analysis of apoptotic cells by APO+8U labeling.

Cells were treated with 200 and 500 nM PQ1 and 10uM tamoxifencantbination of
tamoxifen and 200 or 500 nM PQ1 for 48 and 72 hr. A 50% increaspaptotic cell number
was seen at both 48 and 72 hr in the presence of botkifamand 200 nM or 500 nM PQL1.

5.5Conclusion

Tamoxifen has been the drug of choice for the treatrmeahdocrine responsive breast
tumors, but tamoxifen resistance has been an issweifgriong time. We demonstrate for the
first time that the combinational effect of PQ1, a gapcjion activator, with tamoxifen has a
potential use for treatment against breast cancer.0Medfa decrease in cell proliferation by
MTT assay and significant decrease in the colony growtaya We observed a significant
increase in BAX, caspase 3 activation and DNA fragniemtan the presence of combinational
treatment of PQ1 and tamoxifen as compared to theirichéil treatment. We also found that
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survivin is significantly decreased in the presence of x#e alone and combination of
tamoxifen with either 200 or 500 nM PQ1. However, PQ1 alone doésaffect survivin
expression in T47D cells as observed at 1, 48 and 72 hipdswbility of PQ1 affecting other
caspases in inducing apoptosis has not been covered by téet @iudy; therefore, we cannot
rule out the involvement of other caspases. We propasd>tP1l might allow tamoxifen (MW=
371.51) to pass through gap junctions between the cells, causipgd action of tamoxifen. In
support of our data, Jensen and Glazer showed that fexpedssion of Cx43 in MCF-7 cells
resulted in increased cell sensitivity to cisplatin ightdensity (Jensen and Glazer, 2004). Our
work is based on the same concept as Jensen and @Gamenstrating that the combinational
therapy of tamoxifen and PQ1 shows more promising irol@ducing apoptosis by caspase 3
activation. But in our studies we did not overexpregsdbnnexins, we used a gap junctional
activator which can be easily administered with tafesxiHowever, more studies needs to be
done to observe the combinational effect of PQ1 and taemirifvivo.

5.6 Significance

Our study suggests that the combinational treatment mawy alldecrease in tamoxifen
concentration (lower than 10uM) in clinical use. Thidl vimaave a strong implication that
combinational treatment with gap junctional activatorsn dawer the concentration of
chemotherapeutic agent and thus may reduce side effgoés® drugs. In future we would be
conducting combinational studies of PQ1 and tamoxifen (dateced from pM to nM) and
observe its effect on cell-based systems. Also, naiche work presented has focused in breast
cancer cells; however, the role of gap junctional atbirs (PQ1) in drug sensitivity need not be
limited to breast cancer. A variety of other cancersy make advantage of very similar
mechanism and as a result other diseases may benefig&p junction modulating pathway.

Abbreviations: Substituted quinolines (code name PQ), Tamoxifen (TAM), TM3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
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Chapter 6 - Hydronephrosis and Urine retention in Estrogen-

Implanted Athymic Nude Mice

6.1 Abstract

Subcutaneous estrogen pellet implantation is commonlytipgdcto induce tumor
promotion in nude (Nu-FOXM4) mice for xenograft tumor modeling. Twelve out of twent
three, 18-week old nude mice, developed dysuria after estqogllt implantation. Physical
examination revealed variably distended abdomen with papaistended bladder. All mice
were euthanized and necropsied. Blood samples of the neiee amllected and serum estrogen
concentration was measured. Necropsy revealed vardhlbligon of the urinary bladder and
unilateral or bilateral dilations of ureters and kidneylcroscopically, 12/23 mice and 13/23
mice showed dilated urinary bladder and hydronephrosis, atagg. In conclusion,

hydronephrosis and urine retention were observed ingestrimplanted nude mice.

6.2 Background

Estrogens have been associated with tumor developmemany experimental animals
and humans. Estrogen acts as a tumor promoter liveatcarcinogenesis (Shirait al, 1987),
spontaneous human endometrial and mammary carcinonexi(Bt al, 1988). Therefore,
estrogen pellets are frequently used as a tumor prommoégrimal models of human neoplasia.
Besides being a tumor promoter, estrogen has been slwwacréase urethral tone in mice
(Gameet al, 2008).

Urogenital infections have been shown to flare up in 8ldeomen. In post-menopausal
women, estrogen therapy reduces vaginal atrophy (Rozgeberl, 2004), which normalizes
vaginal flora thereby effective in reducing urinary tractections (Robinson and Cardozo,
2003). On the contrary, hydronephrotic effect of high doseogsin was observed in DDD
(deutsche Maus at Denken) strain male mice (Mamtext, 1993). In another study conducted
by Buhlet al, estrogen-treated adult male CF1 (Carworth Farms ¥ ghiowed an increase in
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urine volume. In both male and female gonadectomized8ation disorganization) strain
mice exposed to 17estradiol, significant urine retention and 100% hydronepsiregre
observed (Kurodaet al, 1985). An additional study found that Z&stradiol treatment
administered via subcutaneous pellets caused hydroneplams$isirine retention in female
C57BL/6J mice (Levin-Allerhanet al, 2003). The results observed in lab animals seem to be
contradictory to the studies conducted in humans. It coalldue to different dose regimen of
estrogen in lab animals and also post-menopausal womeatepred of estrogen for a very
long time which could trigger many pathways.

Estrogen implantation is commonly practiced to promote tugnowth in nude (Nu-
FOXn1™) mice. After 1 week of estrogen implantation, 1T@7D human breast cancer cells
were injected at the right inguinal region. Multiplecenideveloped dermatitis and/or bloated
abdomens after four weeks of estrogen implantation. tih®r growth study was terminated
and mice received supportive care prior to euthanasia.

This case report describes similar clinical and patholaginditions in estrogen-
implanted nude mice as observed in the above mice stinde®ver, it reports for the first time

that estrogen implantation is linked to urine retentiash laydronephrosis in nude mice.

6.3 History, Gross findings and laboratory results

Twenty-five 4 week old female Nu-FOXP1 were obtained from Charles River
Laboratories (Wilmington, MA, USA). A 1.7 mg 1+#stradiol pellet (Innovative Research of
America, Sarasota, Florida), was subcutaneously irgdawith a trochar in the subscapular
region at 43 days of age. No inflammation/redness arowndhtplantation area was observed
after 2-3 days. Three weeks after estrogen implantghiamitus and ulcerative dermatitis were
observed in the perineum in some mice. The lesionssihresad to the hindlegs, over the dorsum
of the tail head, and in one mouse to the forelegs. Afteeeks of estrogen implantation, mice
looked bloated but otherwise healthy. On physical examinatiotiving mice, the urinary
bladder appeared distended and was easily palpable.

The mice were euthanized by €@sphyxiation and necropsy was performed. Necropsy
revealed a variably enlarged urinary bladder filled with clggdlow urine, mild to moderate

hydroureter and unilateral or bilateral hydronephrosis (Eigut). The majority of the mice had
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variable dilation of the uterus. After euthanasia, ble@d collected via cardiocentesis from 14
mice and tested for serum estrogen level (A.3, Figure 81 #8)e rest of the mice, blood was not
collected. 2/14 mice had no estrogen pellet, and were faube thealthy (Figure 6.2) having

normal (3-9 pg/ml) serum estrogen level. 6/14 mice hadasexkestrogen level (36-260 pg/ml).
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Figure 6.1 Urogenital tract of an affected nude mouse.

Bilateral hydronephrosis and enlarged bladder filled with unreenude mouse.

Figure 6.2 Urogenital tract of an unaffected nude mouse.

Grossly, kidneys and bladder look normal.

Figure 6.3 HE stain of kidney of an affected nude mouse.

There is a dilation of the renal pelvis. The uretendglerately dilated. Note: flattened renal papillae.

Figure 6.4 HE stain of the urinary bladder.

The urinary bladder is dilated with flattened mucosalhgtiim and muscular layers. The lumen is free ofamfhatory cells or

hemorrhage. The inset reveals multifocal infiltratéth wow to moderate numbers of plasma cells withinrthescular layer.
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6.4 Differential Diagnosis

Differential diagnosis for hydronephrosis in animalsludes anything that obstructs the
urinary tract at the level of the urethra, urinary bladoleureters. Urinary calculi and severe
cystitis are two of the common causes of urinary toéstruction in domestic animals. Masses in
the caudal abdomen or pelvis such as abscesses may xgarsalg@ressure to the urinary tract
and cause a functional obstruction. In addition, disphece of the bladder through perineal
hernias and acquired urethral or ureteral strictures cek bthe flow of urine.

Perineal ulcerative dermatitis preceded the clinicpalss therefore, an acquired stricture
due to scarring around the perineum as sequelae to desroatt blockage due to cystitis could
not be ruled out with initial clinical presentationhéfe was no evidence of blockage due to
scarring, cystitis, urinary calculi or pressure fromaadnt masses in any of the mice. Therefore,
the most likely cause for the clinical findings wasnariretention associated with estrogen

administration.

6.5 Microscopic Findings

Microscopically, the distended urinary bladders had flattespthelium and decreased
thickness of the muscular layer (Figure 6.4). All mice (3t had distended abdomens had
microscopically variable degrees of dilation of the uyraladder, unilateral or bilateral dilation
of the kidneys, and mild to moderate hydroureters. Sithefhistologically affected mice had
multifocal infiltrates with low to moderate numberplasma cells within the tunica muscularis
(Figure 6.4, inset). There was no evidence of hemorrhagaflammatory cells within the
bladder lumen in any of the mice examined. The mice wiérative dermatitis of the perineum
had no histologic evidence of bacterial infection, howdsgons were not cultured.

Microscopically, 10/23 mice having gross lesions of kidr&yswed hydronephrosis. In
addition, three mice with no gross lesions had siniatologic lesions. Five histologically
affected mice that had hydronephrosis also had unilatald to marked dilation of the renal
pelvis with flattening of the renal papillae (Figure 6.3)eTremaining (eight) mice had mild to
marked bilateral renal pelvis dilation. The proximal ureteere moderately to markedly dilated

in all mice that had histologic evidence of hydronepistosi
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Two mice had unilateral suppurative nephritis. One ofahesl multifocal infiltration of
large numbers of neutrophils within the tubules. The otheuse had multifocal randomly
distributed infiltrates of neutrophils within the cortexdamedulla with intralesional colonies of

Gram-positive cocci, which was confirmed by Gram’s stain

6.6 Discussion

The current report demonstrates that the subcutaneqguianitation of 1.7 mg 17
estradiol pellet resulted in severe urine retention Ha bladder with uni- or bi-lateral
hydronephrosis in Nu-FOXfA1 Hydronephrosis is distention of the kidney with uriceused by
the increased pressure in the renal pelvis when the flawiree is obstructed. It can be due to
any type of urinary obstruction that occurs at any leveéhe urinary tract, from the urethra to
the renal pelvis. This obstruction may be complete aiighaand can be acquired, inherited or
congenital. Certain inbred strains of mice, such a€Cid, C57L, and DDD mice, have been
described to have an higher incidence of hydronephrosis, vehelpresumed to be inherited
(HH, 1988). An autosomal recessive, progressive hydronephrasislbo been described in
C57BL/6J mice (Hortonet al, 1988). Also, various transgenic mouse strains develop
hydronephrosis due to their genetic alterations. Instusty, we could not determine the cause
of urine retention. However, bacterial infection weg evident in all histological examinations
of kidney and bladder except in one kidney of a mouse wihath intralesional colonies of
Gram-positive cocci. Struvite uroliathiasis in estrogeatted ovariectomized female nude mice
with Staphylococcus intermedius-induced cystitis was robse(Gibbset al, 2007). However,
in our study we did not observe any significant bactenéction which could have been
associated with urine retention. Ascending infectiohshe urinary tract was documented in
female nude mice housed on nonautoclaved corncob beddingmgainted with 0.36 mg
estrogen pellets for 9 wk (Simpson JE, 2002). In the prestedly, there was no effect on
changing the corn cob bedding to autoclaved paper beddingnifiaé study was to generate
tumor growth in Nu-FOXn%'; however, due to the adverse side effects of estringgantation,
the study had to be terminated for the physical well beitigeomice.

In all, twenty-three mice were assessed grossly orascopically for urine retention and

hydronephrosis. Two mice were not assessed due to uptdeath. In 14/23 mice, blood was
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collected and serum estrogen level was measured. Neanah estrogen level is 2-5 pg/ml in
mice. 2/14 mice had no estrogen pellet, and were found torfawmal serum estrogen level (3-9
pg/ml) and healthy until euthanasia with no gross orasmopic lesions in the kidney or bladder
(Figure 6.2). This suggests that estrogen implantationtrhigbe caused the urogenital effects
observed in estrogen-implanted nude mice. 6/14 mice hadasedteestrogen level (36-260
pg/ml) and increased bladder volume either grossly or ndopsally (Figure 6.5) and 4 mice

also had hydronephrosis.

Figure 6.5 Pie chart showing hydronephrosis, urine retentionn mice in which estrogen
level was measured.

Urine retention was seen in 6 mice, out of which 4 alhibited hydronephrosis. Six mice were
unaffected but high serum estrogen level was observed. domtrol animals with normal
estrogen level were also found unaffected. Blood seram ¥4 mice was sent for the estrogen
level measurement. The parenthesis depicts the nurhlmeice in each group followed by the

serum estrogen levels. The unit for the serum estrieyels is pg/ml. Total mice in the group =
14.

Out of these 6 mice, only one had 36 pg/ml; whereas, othdrd2&260 pg/ml serum
estrogen levels. None of the mice with elevated estréeyeels developed hydronephrosis alone

without urine retention in the bladder. This suggests thahe retention preceded
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hydronephrosis. 6/14 mice were unaffected with high estrégesl ranging from 43-220 pg/ml,
however, only one animal had 220 pg/ml whereas others had 4B¢l6® serum estrogen
levels. A table showing the estrogen levels in eachsmas provided in Appendix A.3 (Table
S12). It should be noted that the estrogen pellet wasdap@elease pellet. According to the
manufacturer, estrogen levels should not be high afteda§®. But the estrogen levels were
found high in the serum even after 105 days of the estroglantation. Out of total 23 mice,
12 were grossly found to have increased urine retention aneEgrossly found to have either
uni- or bi-lateral hydronephrosis (Figure 6.6). Microscopycall2/23 and 13/23 mice showed
dilated bladder and hydronephrosis, respectively. In soe, imydronephrosis was observed on

microscopic examination.

Figure 6.6 Pie chart showing hydronephrosis and urine retdion in all 23 mice.
The pie chart is based on the gross examination. Webe@ation was observed in 12 mice, out of
which 10 mice also showed hydronephrosis. Eleven mice wegffected and were healthy. The
parenthesis depict the number of mice in each groupl mita in the group = 23.

In conclusion, estrogen implantation can cause umention with uni- or bi-lateral

hydronephrosis in nude mice. Further studies need to betdduky understand the relationship

127



of estrogen implantation to urine retention. An effecsafer dose regimen of estrogen needs to
be established in nude mice.
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Chapter 7 - General Discussion

In all normal cells, DNA repair mechanisms to someeixtan repair the DNA damage
caused by carcinogens. If the damage is substantialeipowers the cell's repair mechanism
capability leading to tumor growth. Therefore, an indiaalong with one or multiple promoters
facilitates the tumor progression. Promoters, fomgda, phorbol esters have been shown to
exert many cellular effects including cell membrane changé#sration of growth factor
responses and even mutations. Interestingly, an ettie¢ll despite having mutations in growth
regulatory genes still require promoters to cause tuarondtion indicating that cellular controls
are vital in the body. Therefore, during the cascade ehglypic changes occurring at the
promoter stage, alteration in cellular controls mighkt rendering an initiated cell towards
forming a tumor. Cell-cell (intercellular) and cell-ma interactions are the key players in
achieving cellular control. Considerable evidence suggests thigatinhibition of cell-cell
communication is one of the critical actions performegimymoters. The inhibition or blockage
of transmission between the cells could allow prddifien and emergence of neoplastic cells.

A positive correlation has been found between the regioraf cell-cell communication
and decrease in cell proliferation and growth. This suggdeatsintercellular communication
could be transmitting regulatory molecules from onétoehnother. Despite having considerable
evidence that cell-cell communication affects cell gigvepecific growth regulatory molecules
passing through gap junction channels have not been elséablist. However, small molecules
such as ATP, AMP, ADP, €§ inositol triphosphate, and glucose have been showpass
through gap junctions. The scientific evidence showing dserén gap junctions and cell-cell
communication in tumor cells and tissues led to restoraiudies of gap junctions vitro and
in vivo. So far, studies include transfection of connexin genemany tumor cell lines and
rodent studies. These approaches are informative; howeetirfeasible to apply in a clinical
setting. Currently very few compounds have shown to asgegap junctional activity such as
retinoids, lycopene and carotenoids. Thus, there is at greed of gap junctional activators
which can open up the gap junction channels and increiseteommunication. In my study,

| found PQ1, a novel gap junctional activator which alstrekeses tumor growth.
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In the current study, | first examined the gap junctiangdrcellular communication
(GJIC) in breast cancer. Breast cancer is the setsauting cause of cancer deaths in North
American women. The risk of developing breast cancer lifetime of women is one in seven.
Breast cancer is caused by many factors: some of therikarhereditary, age, diet, lifestyle,
and environment. Hereditary constitutes only about 5-10%heftotal breast cancer cases.
Therefore, other factors play a critical role in fhemation of breast cancer. The effect of 2, 3, 7,
8-tetrachlorodibenzo-p-dioxin (TCDD) on the GJIC in Istezancer cells and normal mammary
epithelial cells (HMEC) was observed. HMEC exhibitemgive GJIC and the most predominant
Cx present in HMEC is Cx43. A significant amount of Cxd3HMEC compared to different
human breast cancer cells- MCF-7, T47D, ZR-75, MDA-MB-28d BIDA-MB-453 cells was
found. Phosphorylation of Cx proteins have been shown teease the GJIC. Interestingly, |
found an increase in the phosphorylated form of Cx43 @FM cells while only one
unphosphorylated form of Cx43 was seen in the wholeegélact of HMEC.

MCF-7 cells were chosen to conduct the experiments Wb because MCF-7 is a
well-established human breast cancer cell line usedggw@sentative of breast cancer. GJIC can
be measured by using scrape load/dye transfer (SL/DTY.dsseifer yellow is a dye which
passes through gap junctions; therefore, more the ¢éraosthe green dye from the line of cut,
the more is the GJIC. HMEC showed a significant iaseein the dye transfer compared to
MCF-7 cells. In the presence of 10 and 100 nM TCDD, lugdlow dye transfer in MCF-7
cells was decreased while 200 nM caused a tremendous decredye transfer in HMEC.
Confocal microscopy showed a decrease in Cx43 plague formati MCF-7 cells in the
presence of TCDD. Interestingly, confocal microscopywad a redistribution of Cx43 plaques
in HMEC from the membrane to the perinuclear regiomépresence of TCDD, also confirmed
by protein measurement of nuclear and cytoplasmic extfaCk43. In the presence of TCDD,
MCF-7 cells showed an increase in the phosphorylataea &b Cx43. Many kinases are involved
in the phosphorylation of Cx43 proteins. Expression dedbht classical forms of PKC-,
and, was observed but no effect of TCDD on PK@nd was observed. However, an increase
and activation in PKC in the presence of TCDD in MCF-7 cells was seen. Eurth
immunoprecipitation studies showed a strong interadietween phosphorylated form of Cx43
and PKC . Calphostin C, an inhibitor of PKC showed to ameliettiie TCDD caused effects on
GJIC in a dose-dependent manner.
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Restoration of gap junctions has been shown to dextaasor growth botim vitro and
in vivo. In the present study, we collaborated with Dr. DuyHda, a distinguished chemist at
Kansas State University. Dr. Hua's lab synthesizedvaalass of substituted quinolines (PQs).
A computational docking study showed that PQs has aveiathigh binding to gap junction
protein, Cx43. Thus, PQs were used in this study to fina #feact on human breast cancer
cells. Screening of PQ1-PQ5 was performed at differeseslto observe their effect on GJIC by
flow cytometry in different human breast cancer tiekks. The data suggested that compound
PQ1 (200 and 500 nM) is a strong candidate to increase BJIA7D cells. Furthermore,
SL/DT and colony growth assay were performed to measdl€ @&nd determine the effect of
the PQ1 on the colony formation in HMEC and breasteawells, respectively. The results
showed that PQ1 have a significant antitumor effediiman breast cancer cells compared to
control without treatment or HMEC. 200 nM PQ1 showed a 3@@ease in the GJIC in T47D
cells; however, there was no effect of PQ1 treatnmeniGJIC in HMEC. In addition to an
increase in GJIC, 80-95% growth attenuation was observedyi® colony growth assay.
Since an increase in GJIC has been shown to incoedisgeath, | investigated the effect of PQ1
on active caspase 3. Indeed, a significant increase pasas in the presence of PQ1 was seen.
The in vitro effect was simulatedh vivo in nude mice. The PQ1-treated animals showed a
significant decrease in xenogratft tumor growth of T47D aelisu/nu mice compared to control
or tamoxifen-treated animals. The results showed t@dt €ompound have a promising role in
exerting antitumor activity in human breast cancéls.ce

Combinational effect of PQ1 and tamoxifen was testeddirDrhuman breast cancer cell
line. The outcome of my previous work led to a hypothesas BQ1, a novel gap junctional
activator, might reduce the side effects of tamoxifen ployentiating apoptotic signal and
increasing cell communication in breast cancer cells.

A significant increase in BAX expression, caspase ®atain and DNA fragmentation
in combinational treatment of tamoxifen and PQ1 as cordgaréheir individual treatments was
observed. Tamoxifen alone and combination with PQ1 showel@ceease in the survivin
expression while PQ1 alone shows to be independent ofveumediated pathway. The
combinational treatment of tamoxifen and PQ1 showed rmfisignt decrease in cell viability

compared to tamoxifen treatment alone.
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Besides the three objectives, an interesting observatias made while conducting
experiments on nude mice. Nude mice were implanted withe¥#tadiol in the subscapular
region. After a month of implantation, bloating in soof the animals was seen. At euthanasia,
in one of the mice we detected hydronephrosis and urieati@i. Further investigation was
conducted to establish the source of the enlarged kidneysladder by measuring plasma
estrogen levels in the nude mice. | reported thatelsiradiol might be the initiating factor for
hydronephrosis and urine retention in nude mice. Thistheadéirst study to relate estrogen with
hydronephrosis and urine retention in nude mice.

Overall, 1 have established that an environmental polluta@DD decreases gap
junctional intercellular communication (GJIC) in bse@ancer cells and also affects GJIC in
normal mammary epithelial cells. Further, | found g ganctional activator, PQ1 and tested its
efficacy in breast cancer cells and nude mice. Thetsesbtained in PQ1 study supported the
hypothesis that restoration of gap junctions decreasesrtcell growth. In addition, | found an
increase in active caspase 3 suggesting the induction pticsg® Currently, tamoxifen is a drug
of choice for endocrine-responsive breast cancermati®atients over time have been shown to
develop resistance to tamoxifen. Also, tamoxifen has nsahy effects, including the risk of
endometrial cancer. Tamoxifen is an antiestrogen shdoavninhibit estrogen-mediated
upregulation of various gene products and induces apoptosisefditegr if we combine
tamoxifen and PQ1, does it increase the cell death leadinggreased apoptosis? The present
study demonstrates for the first time that combinatiaredtment of tamoxifen and PQ1 (gap
junctional activator) can be used to potentiate apaptfsT47D human breast cancer cells. This
could either lead to a decrease in the dose or decreadenith of time patients are given
tamoxifen, thereby, might reduce the side effects caogeamoxifen.

Therefore, my dissertation has provided informatiomn G#C plays an important role in
breast carcinogenesis.
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Appendix A - Supplemental data

A.1l. Supplemental Data for Chapter 3

Figure S 1 Effect of TCDD on PKC isoforms.
The figure shows no significant effect of TCDD on PK@nd in MCF-7 cells.
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A.2. Supplemental data for Chapter 4
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Figure S 2 Effect of PQ1-PQ5 on GJIC in MDA-453 human breastancer cells.

Materials and Methods for parachute assaySeed the cells in a six-well plate on the first day.
Simultaneously, seed another population of same typelisfin a 25 crflask. Allow the cells

in the six-well plate to reach 85% confluency. Add 4 pibfant-DiD stain in 1 ml DMEM F-
12 media in a conical tube. Add the prepared media into ealtliow@0 min. After 20 min,
aspirate out the media and rinse the cells 3X in DME¥2 media. Incubate the cells in the
media overnight at 3C. Next day, add 2 pl of calcein-AM (acetoxy-methyl ester] ml of
DMEM-F12 in 25 crf flasks containing the same type of cells as in thevsik plates. Incubate
for 30 min at 37C. Rinse the flasks 3X with PBS. After rinsing, trypsaithe cells and
centrifuge at 2,000 rpm for 5 min. Resuspend the cells in DMEMN Bnd add on the top of
cells labeled with vibrant DiD (recipient cells) ixsvell plate. Dose the cells with appropriate
PQ compound and allow the cells labeled with calcein-@dnor cells) to adhere onto the
recipient cells. After 2 hr, trypsinize the cells arfteracentrifugation rinse the cells in PBS.
Aspirate the media and resuspend the cells in PB®eatfast wash. Prepare control cells:
unstained, calcein-labeled, vybrant DiD-labeled cells baoth calcein-AM and vybrant DD
labeled cells. Measure the cells by flow cytometrglc€in-AM is measured at 488 nm and
vibrant DD at 568 nm.
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Figure S 3 Effect of PQ1-PQ5 on GJIC in MCF-7 cells.
Parachute assay was performed as described in Figure S2d Wa dee any increase in GJIC in MCF-7 cells with comgsirQ1-
PQ5.
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Figure S 4 Effect of PQ1-PQ on GJIC in ZR75 cells.
Parachute assay was performed as described in Figure S2. wae no significant increase found in GJIC in ZR75scillthe
presence of PQ1-PQ5.
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Figure S 5 Effect of PQ1-PQ5 on GJIC in MDA 231 cells.
Parachute assay was performed as described in Figure &grdfh shows no significant increase in GJIC in MDA @dls.
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Figure S 6 Effect of PQ1 on GJIC in T47D cells.

A) T47D cells were incubated with PQ1 and gap junctionaliactivas measured by flow
cytometry. Succinic acid (SA) was used as a control.fMad a 35-40% increase in GJIC by
parachute assafd) Histogram showing a significant increase in GJIC byl RQT47D cells by

parachute assay.

140



Figure S 7 Chart showing effect of PQ1-PQ5 in different hman breast cancer cell lines.
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Figure S 8 Xenograft tumor formation in nude mice.
The picture depicts the formation of xenograft T47D tsno the inguinal region of nude mice.

A) Shows the tumor formation in a control nude mdBs&hows the tumor formation in a PQ-

treated nude mouse.

Figure S 9 Xenograft Tumor Growth of T47D Cells in Nu/Nu Mce.

Mice were implanted with 17-estradiol pellets (1.7 mg/pellet) subcutaneously intartgeinal
region before the injection of 1 x 1W47D cells. Animals received treatment at 1 pM PQ1 or 10
UM tamoxifen. The results after 6 days of injectionvgta decrease in tumor growth of PQ1-

treated animals compared to control or tamoxifen.
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Figure S 10 Effect of PQ1 on Ki67 expression in Xenograft47D tumor formation in nude
mice.

Tumors were harvested from the inguinal region of nude miter euthanasia at the end of the
study. Harvested tumors were fixed in 10% neutral buffereddtin for minimum 24 hr. After
fixation, immunohistochemistry (IHC) was performed. \did not find any difference in Ki67
expression in control versus PQ1-treated tumor tissugedtad from nude mice. This could be
due to increased tumor growth. The tumor size became sobefme the first injection of PQ1
(1 pM). We believe that the increased tumor sizehenlieginning did not allow PQ1 to either
reach effectively to all the cells or the dose oflRas not sufficient enough for such a big size
tumor. Ear notching was performed to distinguish betweemtimals. R= Right notch, L= Left
notch, N= No notch. The numbering denotes the cage nurAb@enotes the tumor, as | was
interested in collecting brain also; therefore, | usedumor, B= brain. Three mice were housed
per cage. R1A, R2A, L2A= tamoxifen-treated animals. LRBA, N3A= PQ1l-treated animals.
N1A, L3A, R4A, L4A= control animals. L4A was euthanizatl an early stage of the study
because of humane reasons. N2A, N4A did not show angrtéormation. Tamoxifen (1 pM)
was used as a positive control for tumor attenuatMaterials and Methods for IHC:
Formalin fixed tumor tissue was cut into 5 p size beforaffip-embedding them onto the
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slides. Slides were baked for 25 min atG5Slides were put in the xylene wash three times for
5 min each followed by graded alcohol baths- in 100% ethariohes for 5 min each, 95%
ethanol one time for 5 min, 80% ethanol one time fanib, distilled water for 5 min. Slides
were pretreated with sodium citrate, pH 6.0 for thegamtiretrieval method in a steamer for 20
min followed by cooling of the slides for 15 min. Blockimgis done for one hr in 3% BSA in
PBS at room temperature. Slides were incubated with Ki@aaly (Santa Cruz, CA) for two hr
at room temperature. Slides were washed in 0.1% PBS/I5fonin. Secondary biotin labeled
anti-rabbit antibody (1:200) was used for 15 min at room tespes. Slides were again washed
in 0.1% PBS/T for 15 min. ABC elite enzyme reagent (Vettlr) was applied for 15 min at
room temperature. Slides were washed for 15 min in 0.1% PBides were immersed in
distilled water for 5 min prior to the addition of substrahromogen (3, 3 diaminobenzidine-
DAB). Slides were observed under the microscope and whlen development was observed,
slides were immediately transferred to distilled wéder5 min. Counter-staining was done with
hematoxylin. Slides were rehydrated again in xylene and dtbafare mounting them with the

mounting media.
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Figure S 11 Effect of PQ1 on Cx43 in xenograft T47D tumors haested from nude mice.

We did not find any significant differences in the essien of Cx43 in the control versus PQ1-
treated nude mice. Ear notching was performed to distindegsween the animals. R= Right
notch, L= Left notch, N= No notch. The numbering dendbes cage number. A denotes the
tumor, as | was interested in collecting brain alserdfore, | used A= tumor, B= brain. Three
mice were housed per cage. R1A, R2A, L2A= tamoxifertéck@animals. L1A, R3A, N3A=
PQ1-treated animals. N1A, L3A, R4A, L4A= control animdl4A was euthanized at an early
stage of the study because of humane reasons. N2A, M4#otd show any tumor formation.
Tamoxifen (1 pM) was used as a positive control for tuattenuationMaterials and Methods
for confocal microscopy: Formalin fixed human breast tissue was cut into 5 (p@a before
paraffin-embedding them onto the slides. Slides were bakezbfarin at 558C. Slides were put
in the xylene wash three times for 5 min each followedragled alcohol baths- in 100% ethanol
2 times for 5 min each, 95% ethanol one time for 5 min, &Pk&nol one time for 5 min,
distilled water for 5 min. Slides were pretreated wstidium citrate, ph 6.0 for the antigen

retrieval method in a steamer for 20 min followed by wwpbf the slides for 15 min. Blocking
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was done for one hour in 3% BSA in PBS at room temperagilides were incubated with anti-
mouse Cx43 (1:300) overnight &tGl After washing three times in PBS, slides were inaat
with Alexa Fluor 568 nm for 3 hr af@. Slides were stained with DAPI (nuclear stain) fonit

and washed 3X with PBS. Slides were coversliped and olusemvder confocal microscope
(Carl Zeiss LSM 510 META, Narashige, MN).
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Figure S 12 Effect of PQ1 on gap junctions observed by Elecin Microscopy.

T47D cells were dosed with PQL1 for 1 hr and ultrastructiualy was performed to examine the

effect of PQ1 on gap junctions. We found an increase nmbeu of gap junctions in PQ1-treated

cells compared to control celllaterials and Methods for Electron microscopy:T47D cells

were grown in a monlolayer in a trans-well plate, irated with 10, 100, 200, and 500 nM PQL1.

Cells were fixed in Karnosvsky's-cacodylate fixative @0/50 solution of 2.0%
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paraformaldehyde and 2.5% gluteraldehyde in 0.1M cacodyldfierpat £C for approximately

2 hr. Fixative was replaced with fresh cold modified Kewsky’'s-cacodylate fixative, for
approximately 2 hr. The cells were rinsed three timehilled 0.1M cacodylate buffer and post-
fixed in cold 1% osmium tetroxide-0.1Mcacodylate bufferngdtive solution for 30 and 60 min,
respectively. After three 5 min washes in cold doubled kdtivater, the samples were then
dehydrated in a series of increasing strength ethyl als@iotions (50%, 70%/ uranyl-acetate,
70%, 70%, 95%, 100%, 100%). The cells were stained for 60 minunatiyl acetate added to
the first 70% alcohol solution. Dehydration was completéth two 20-minute rinses in 100%
acetone. The specimens were then infiltrated withetlinereasing concentrations of resin in
acetone ending in 100% resin for periods of 2-12, 2-12, 8-12 hospecatevely. All samples
were then embedded in Epon LX112 embedding medium then polychexiz5C for 24 hr
then 60C for another 24 hr. Embedded tissues were trimmed amdrsst on an Ultracut E-
Reichert-Jung ultramicrotome (C. Reichert Optische R&/eXG, 219, A-1171 Wien, Austria).
Thick sections (0.5 microns) were cut initially from blocksained with Toluidine Blue, and
examined with light microscopy. Silver and gold thin gett (approx 90 nm thickness) were
taken from each specimen, retrieved to copper grids, edldes dry, and then stained with uranyl
acetate and lead citrate. The sections were then eadnaind viewed with a Hitachi H-300
electron microscope utilizing Kodak 4489 electron microscime. Standard dark room
procedures were used to print all micrograph film.
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A.3. Supplemental data for Chapter 6
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Table S13  Gross and microscopic findings in individual miceassociated with
hydronephrosis and urine retention.

Mice were housed five per cage. Ear notching was perforongdtinguish between the animals.
C5= Cage and number of the cage. RTN= Right top notch=LO&{t top notch, RLN= Right
low notch, LLN= Left low notch, NN= No notch, Hentraemorrhage, Mod= moderate, PM=
post-mortem. Gross findings were observed at the tineithianasia and were mostly described
based on the appearance of kidney and bladder. Cardisisentes performed immediately after
animal was euthanized. Estrogen levels were measured in. ggionbscopic findings were

investigated by a pathologist.

Figure S 14 Cardiocentesis in a nude mouse.
In mice, cardiocentesis should be performed immedgiatghin 1 min after euthanasia.
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