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ABSTRACT

Cell polarity is an important regulator of cellular processes and is vital in helping to
prevent metaplasia and tumorigenedibere are three many polarity complexes thgutate
and maintain epithelial cellular polaritfhe Par and Crumbs complexes locate to the apical
membrane of the cell, while the Scribble complex is located basolaterally. Of the Scribble
complexcomponents he polarity proteirHugll, also known as Mg in mice,is especially
important in helping to maintain apical basolateral and planar polaritys éost in multiple
types of cancer. When Hugll expression is lost in epithelial celesutts in a mesenchymal
phenotype. We now show that the la$$1ugll fundamentally shifts the cellular phenotype and
specificallyaltersEGFR trafficking and signaling.

Loss of Hugl1 results ithe nuclear translocatiorf ®az and Slugincreased migration,
and the mislocalization of EGFR (Epidermal Growth Factor Receptor), driving cellular growth.
Hugll regulates the expression of multiple cell identity mar&ackits loss results in stem cell
characteristics, including the increased expression of CD44 dadrease of CD49f and CD24
expression. Thess of Hugll also results in increased growth in-agéir and prolonged
survivalwhen transplanted into NGBCID mice; its loss also results iEGFdependent
migrationwhich aidsin increasing mammosphesarvival. Furthermore, isolateEGFR
mislocalizationvia apoint mutation (P667A3lsodrives these same phenotypes, including
activation of Aktand Taz nuclear translocationgdicating the importanaef Hugl1 in the

regulation of EGFR localization andg isignaling.
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In mice, the loss of total Mgl1 is lethal within days of birth due to hydrocephaly and
results in the formation of rosette like structures in the brain that are reminiscent of
neuroectodermal tumors. We designed a targeted Mgl1l knockoat mammary epithelial cells
using the Cre/Lox system to evaluate the effects of Mgll loss in murine mammary gland
development and tumorigenesis. The loksBlgl1l expression in micanhibits ductal outgrowth
increases side branching and epithelial layerd,results in the mislocalization of EGPRhile
overt mammary tumors did not develop, some individuals did develop hyperplastic nodules that
could progress into cancer.

The knockdown of Hugl1 in vitro and Mgl1 in vivo reveal how the loss of polarity and
presence of Hugll results in cancer stem cell characteristics, increased migration, and abnormal
signaling due to the mislocalization of EGFR. While these changes result in metaplasia and a
potential precancerous state, the loss of Hugll alone is notgintudrive the cancer
progression, indicating that other mutations or factors are necessary for the development of
breast cancer. Because of the key role polarity plays in the prevention of breast cancer
development wenvestigatedf the addition of Hugl back into breast cancer cells could revert
the cancerous cells to a normal epithelial phenotyiest of the breast cancer cells transfected
with Hugl1 expression did not survive, indicating that thexpression of polarity regulators
forces cancer clslto die. The small percentage of cells that did survivexpression of Hugll
had retarded growth in soft agar and a decrease in EGFR expression.

Together, these data indieghatHugl1l expression and EGFR activity are closely related
and that Hugl1d required for the proper localization and signaling of EGFR. When Hugl1 is

lost, EGFR is mislocalized and fails to be degraded progadynoting preneoplastic changes.
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Cellular Polarity and Tumorigenesis

Types of ell polarity

Cellular polarityis the organization of spatial differences within the cell, and a key
characteristic that allows cells to perform specialized functibagfects and determines
multiple processes and fates including asymmetric cell divisia|lTecific functions,
neuronal regulation of axon specifications and dendritic spine formation, cell migration, and
maintenance of apicdilasal polarity of epithelial cel[4-4]. Cells achieve differergolarized
states by segregating specific proteins, organelles, and molecules to distinct areas of the cell.
There are multiple types of dallar polarity, including apicdasal polarity (also referred to as
apical basolateral polarity), in whi@pithelial cells organize themselves with their apical side
exposed to a hollow lumen and their basal side to other cells or a basement membrane, planar
cell polarity in which groups of cells polarize in a single cell sheet, and anpesterior
polarityin which individual cells polarize distinct regions for functions like migration, division,

and aon specification (Figure 1.1).



A Apical-basal polarity B Anterior-posterior polarity

T cell

Immunological

synapse

c Planar cell polarity Asymmetric cell division

Migration polarity
m Axon specification

Dow et al. International Review of Cytology, 2007

Figure 1.1 Different forms of cell polarity

Representation of differemgpes of polarity formed in multicellular organism:
(A) Apicali basal polarity of monolayered epithelial cells. (B) Antérpmsteriol
polarity (examples shown from left to right are asymmetric cell division, T
synapse formation, migration polarityycaneuronal axon specification). (C)
Planar cell polarity or tissue polarity (the example shown represents the
arrangement of hair cells in the developing mouse cochlea)Zjaemn color
changes indicate segregation of cellular constituents to distgioneein
different cell types; the specific proteins and their localization in each situe

vary depending on cell type.
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Whencell polarity is disrupted it can result in events like hyperproliferation, evasion of
apoptosis, and even tumorigenesis.d.o6polarity has been indited in many types of cancer.
Specifically there is a strong correlation between epithelial cancers and the loss ebagatal
cell polarity, snce the majority ofolid cances arise from epithelial cel[§]. When cell polarity
is lost, many functions are effected, and delicately balanced processes like cell signaling can
become erroneowue tomislocalization of the signaling proteimsberrant cell polarity
signaling contributes to many aspects of tumorigenesis, including proliferation through the loss

of contactinhibited growth, asymmetric cellular division, and metastatic invasion.

Major polarity protein omplexes

There are three main polarity complexes in a cell. The Par complex locates to the apical
surface of the cell and consists of the scaffold proteins Par3 and Par6, as well as atypical protein
kinase C (aPKC). In epitheliaklis it associates with the tight junctions found on the apical
membranes. The Par complex is responsible for the organization of the other polarity complexes
through phosphorylation by aPKEigure 1.2) It regulates cytoskeleton actions as well by
binding to proteins and molecules like the small GTPases, Rac, and Gali¢h activate the
aPKC signaling complexRac and Cdc42 control the assembly and disassembly of the actin
cytoskeleton in response to extracellular sigf@é{lsand their regulation of polarity proteins
through the activation of aPKéntributes to the overall establishment and maintenance of
cellular polarity[7]. This regulatiorand connection tthe cytoskeleton is important because
changes in th cytoskeleton not only affect cell morphology and movement, but alsoetiell

communication, localization of proteins and the regulatiosigifaling pathwayas well.The
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regulation of cellular polarity does not only influence the individual cell but its interactions with

other cells and the general tissue architecture.



Aplcal =
\. ~ Junctions
® o

= =

Scribble

complex .

Basolateral

h o

Figure 1.2 Polarity complexes in epithdal cells

The three main polarity complexes within epithelial cells, the Crumbs comple
Par complex, anthe Scribble complex. Both Lgl (opaque yellow hexagon)
Crumbs are phosphgated by aPKC, which allows for separation of the polari
complexes and membrane domains, whickital for the maintenance of apieal

basal polarity.
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The Par complex locates apically along with the Crumbs complex, which is composed of
Crumbs13, Protein associated with Lin seven 1 (Palsl), and Ralsdciated tigtjunction
protein (PATJ). The Crumbs complex is especial important in the apical domain specification of
the cellular plasma membrane. Crumbs is phosphorylate®KZwhich ensures itproper
localization and function, without this phosphorylation, apisal cell polarity is lo48]. The
Par and Crumbsomplexes worklosely togetheto maintain proper formation and protein
localization of the apical membrane and its characteri@]cd he Par and Crumbs complexes
also play important roles in regulating and maintainingoell contact junctions found
throughout the apical plasma membrane.

The third main polarity complex is the Scribblemg@ex which is located on the
basolateral side of the cell and consists of Scribble, Discs large (Dlg), and Lethal giant larvae
(Lgl). Lgl is regulated to the basolateral side of the cell by aPKC. Lgl can compete with Par3 for
its binding spot in the aPKE&mplex;however,L gl is phosphorylated by aPKC. This causes Lgl
to be released from the Par6/aPKC dimerlamdegraded docate to the basolateral side of the
cell where it can associatettvithe Scribble compleXPar3 is then free to associate with the
Par6/aPKC dimer forming the Par compl&kese competitive interactiobgtween the polarity
complexeselp maintain the correct polarity and separation of the membrane dd&haio$ If
Scribble expession is lost, it leads to an increase in luminal epithelial cells and hyperplasia that
can progress into mammary tumors. This tumorigenesis is dependent upon increased oncogenic
growth signalind11]. However, the mislocalizatioaf Scrbblealoneis enough to drive growth.
When Scribble is mislocalized it causes the mislocalization of PTEN, a tumor suppressor that

negatively regulates the Akt/PKB signaling pathway which promotes survival and giidwth.
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mislocalization of PTEN allows fahe activation of Akt, driving celjrowth[12]. These
examples highlight how the loss of a polarity protein and the mislocalization of the same protein

can result in different pathway activation and disruption of cellular polarity.

Polarity andgrowth control

Thetight regulation between polarity complexasd cellular junctionplays a large role
in cell-cell contact inhibition of growth. Polarized epithelial cells have an apical junctional
complex which is composed of both tight junctions adliteaens junctions in close proximity
[13]. Adherens junctian(AJs) are key to cetlell adhesion while tight junctions (TJs) are
located more apically and regulate the passage of ions and fluids between the cells while
preventing large molecules from passing through. In addition to acting as a barrier, tigbhjunct
proteins also have roles in polarity, proliferation, dedifferentiation, and migration. Their
complexity is underlined by the fact that they are composed of hundreds of different proteins
[14]. Both adherens junctions aridtit junctions are the site of many polarity signaling events
and regulations.

Two proteins found in the Crumbs complex, Pals1RAdJ, are both found at tight
junctions in a complex withytoskeletal scaffolding protein®ne of these scaffolds, Merlin, is a
known tumor suppressor that regulai®8PK and Racimediated cell proliferatiofii5]. The
loss of either of thes@rumbs compleyroteins could therefore result in the loss of Merlin
regulation on cell proliferation. Merlin also physically linksatenin in adherens jutiens to
Par3 in the Par complex. When this link is disrupted cells doolatipe or develop functional

tight junctiors. Thisresults in multiple errors, including impropesymmetric division and
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flawed epidermal barridormations that end in deafh6]. The connection of Par3 to adherens
junctions via Merlin is vitbfor polarity and correct junction formation as well as cell adhesion.
The Par compl exds association with tight junc
stimulate cell proliferation after apoptosis of a neighboring[t&]l. If cell-cell contact is lost,
aPKC is needed in order to signal the cell to proliferate. Once contact is made, proliferation is
turned off and junctions are reestablished. However, if aPKC becomes mutated or incorrectly
regulated this could resuh & continued signaling for proliferation and the cells would begin to
overlap and form a mass of cells, thereby losing their correct planar epithelial organization.
Crumbs3, a proteifound in the Crumbs polarity complex, is vital in maintaining
epithelal junction formation and apicobasal polarity as well as comtadbition of growth. The
loss of Crumbs3 results in many invasion and metastasis characteristics. When Crumbs3 is
present, cells that are undergoing wound healing divide rapidly; but aceltt are confluent,
tight junctions reform and proliferation stops via contact inhibition. When Crumbs3 expression is
repressed there is a disruption of the tight junctions, loss of apicobasal polarity and contact
inhibited growth. Without Crumbs3 thelts continue to proliferate, mimicking tumor like
growths, and even continue to migrfi8]. The lossof Crumbs3 also results in distinct
hallmarks of epitheliamesenchymal transition (EMT), like increased expression of vimentin
and reduced expression ofcBdherin18]. This highlights how multiple polarity complexes are
key regulators foadherens antight junctions and contaabhibited growth. When such proteins
are lost or mutated, multiple functi®of cell adhesion are disrupted as well as proliferation can
continue to progress, overriding contact inhibition. This results in behaviors like EMT and

tumorigenesis.
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Polarity andcell division

As discovered irC. elegangmbryosthe Par compleplays akeyrole in determining
symmetrical division of the ce]l9]. Epithelial cells form monolayers and division has to occur
in the planar directioto ensure correct orientation of the cells and the continuation of the
monolayerThe basal localization of ceate determinants and orientation of the mitotic spindle
is regulated by competition between Par3, aPKC Rarther of Inscuteabl®ins)[20-22].
When Par3 is losit causes aPKC to dissociate away from the apical surface of the cell. aPKC
normallyphosphorylatePins therebysegregating Pins to the basal aspect of the cell and
keeping it out othe apical sidelf aPKC is no longer located in the apical aspec¢hefcel| then
it cannot prevent Pins from entering. Incorrect localization of Pins results in incorrect spindle
orientation, which leads to division not within the epithelial plane. When the spindle is
mislocalized multiple lumens are formed, and cormectphology is losf23]. These same
proteins also help regulate asymmetric cell division in neuroblasts. Par3 and Pins are necessary
in order to ensure that one daughter cell retains the EdPiar proteins and the other daughter
cell receives all the cefhte determinants. Par3 recruits Pins to the apical cortex where Pins
helps attach microtubules to the cortex, thereby ensuring correct spindle orientation for the
separation of proteifg, 24]. Such overlap of function shows how the polarity proteins and
complexes have many dynamic roles, and that correct function depends heavily on signaling

from other proteins.
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Polarity and nigration

The Par complex is required for the correonht-backpolarization of migrating cells
because of its binding sites for the Rho GTPases RhoA, Racl, and[@8f4lhese proteins
interact in multiple ways with the cytoskeleton of the cell, and therefore can influence many
functions like motiliy, adhesion, differentiation and gene transcription that rely upon
cytoskeleton changes. Cdc42, Racl and RhoA help control these cytoskeleton changes in the cell
by switching between an active GBBund state and an inactive GIDBund stat¢26]. Cdc42
helps control the actin cytoskeleton in the outreaching filapodia, while Racl promotes the
formation of the large, ruffled lamellipodia protrusi¢@g, 28] The interactions between the Par
complex and these Rho GTPases help initiate and maintain the polarity needed for cells during
migration.The Rheassociated protein kinaseQCK) is responsible for the formation of stress
fibers and focal adhesions that increase contractiliphdsphorylatePar3, disrupting thPar
complex and leading to microtubule instability. This instability results in microtubules
rearranging at a neleading edge and continuing the migration in another dire{2i@n If
ROCK is overexpressed or Par3 is lost, migration continues despite contact with another cell.
Typically, Par3 helps to regulate migration in one direction and ensures that contact with another
cell then disrupts and stops the migratiblowever, if Par3 is phosphorylated and can no longer
act correctly the cell can continue migrating in another direction. Such continued migration is
necessary for invasion and metastasis to occur, otherwise if Par3 was functional the cell would

not coninueto progress and migrate once it contaetedther cell.
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Polarity and poliferation

Epithelial cells need to correctly respond to cell density signals in order to determine
when to proliferate and when to stdjne SalvadoWarts/Hippo pathway ia highly complex
signaling pathwayesponsible for sensing cell density and regulating tissue gavatiorgan
size through proliferatioand apoptosiddippo (MST1/2) activates Warts (LATS1/2) through
phosphorylation, which in turn phosphorylates Yap arg €ausing them to be retained in the
cytoplasm and degrad¢Bigure 1.3)[30]. Yap and &z are two transcriptional coactivators that
translocate to the nucleus when actinet phosphorylated)nducing the expression of cell
proliferation, survival, and migration gen@i]. In addition to the growth and inhibitory signals
the cells receive, polarity complexes also play a key role in the regulation of Hippo signaling.
Assembly of the Crumbs polarity complex isaVfor the correct localization of Yap and Taz so
they can be ptsphorylated32]. The loss of Crumbs results in improper activation of Yap and
Taz, driving proliferationThe Scribble complex also plays aignificantrole in the Hippo
pathway. Recently it was shown thatri®ble actsdlownstream of the Hippo pathwegceptos
and helps to regulate the Warts (LATS1&/els and stabilitypy acting as a scaffold to bring
multiple proteinsn the Hippo pathway togethaWithout Sribble, Hippo becomes mislocalized
and cannot phosphoryla#®ARTS, leading tan accumulation of Warend the tissues
experience neoplastic overgrowths indicative of tumorigeri@3]s

Scribble is not the only polarity protein that regetaHippo pathway signaling. Lgl also
regulatedHippo localization. When Lgl is lost, Hippo does not locate to the correct area,
resulting in YAP ot being phosphorylatef AP can then enter the nucleus and act as a

transcription factor for cyclinE and E2Fthereby driving cellular proliferatidi34]. The
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establishment and maintenance of adherens jundiiptise Par and Crumbs complexaso
regul at es Hi pp ocateringwhialbequasters i APramnd prgventslt from
entering the nucley85]. The complexity and overlappg regulation of growth signaling
through cellular polarity highlights the importance of cell fate decisions like growth and
illustrates how the loss of polarity is a catastrophic event in the regulation of many of these

pathways.
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Figure 1.3 Hippo pathway signaling regulates proliferation

When growth signals are received, the Hippo pathway kinase cascade is inactivated, lee
the nuclear translocation of Yap and Taz which leads to the transecrbtproliferation and
survival genes. When growth inhibition signals are received MST1/2 phosphorylates LA
leading to the phosphorylation and inactivation of Yap and Taz. Yap and Taz are then re

in the cytoplasm and eventually degraded.
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Multiple pathways regulate cell proliferation and cellular polarity affects many of these
pathwaysScribble regulates the Hippo pathway by acting as a scaffold and itelustzes
epithelial tissue to transformation by oncogeviiBPK/ERK signaling, diving tumor
overgrowth[36]. The MAPK/ERK pathway is initiated by Epidermal Growth Factor Receptor
(EGFR) ativation and results in the expression of cell cycle genes, driving proliferitioalls
that have oncogenimutation in the MAPK/ERK pathwaghe additional loss of scribble is
enaugh to drive tumorigenesis and metast§®i§. Polarity proteins have an enormous influence
on cellular proliferation and the signaling pathways that regulate it. Importantly, while some
mutations otoss of polarity proteins results in immediate {m@gulation of growth signaling, in

other instances an oncogematation is also required to drive proliferation and tumorigenesis.

Overlapping regulatory functions of polarity

The polarity complexes lavork together to maintain and regulate many different
functions by acting on the same pathwayéien Scribble is lost, Hippo pathway proteins are not
maintained in the same location, preventing Yap and Taz from being phosphorylated and driving
the transdption of proliferation genes. Similarly, the loss of Lgl also results in the
mislocalization of Hippo, which allows it to bind to a repressor, preventing it from activating the
kinase cascad@8]. The same study found ththe overexpression of aPK€sultedn the same
mislocalization of Hipp, driving proliferation. A double mutation with the loss of both aPKC
and Lgl, rescues the phenotype and reduces prolifefi@@nindicatingthat Lgl and aPKC
work in an antagonistic way to regul&i@po localizationand maitain the correct level of

signaling.The cooperation and antagonist regulation between the paaritplexes and
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proteins serves to create finely tuned signaling pathwelyieh can be significantly altered
when polarity is lost

All three polarity complexes have important roles in the localization of proteins and
maintenance of signaling pathways. Jlentrol functions related to multiple aspects of
tumorigenesis, including proliferation, cekll adhesion, celtell contact inhibition of growth
and migration, invasion and asymmetric division. It is especially important to appreciate that
these compmxes work together to finely regulate multiple cell fates. By changing the ratio
between certain complexes, the cell is able to manipulate and tightly control many pathways.
However, this delicatbalance can be disruptedahich results in abnormal behawind the
development of diseases like canddre relationship between all the polarity proteins is vital for
mai ntaining a cell ds correct morphol ogy and f
pathways and as a tumor suppressor, we decidedus bn L§and its role in cancer

progression.
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Lethal Giant Larvae

Lgl: theoriginal tumor sippressor

Maintaining cell polarity is a vital step in preventing tumorigenesis and all three complexes work
together to maintain this balanceowever, of allthe polarity proteins and complexes, only a
threecomponents ofite Scribble complex, Scribble, DIg, and Lgl, aummor suppressoig0].
Thelethal giant larvaggene [gl) was originally discovered ih933 where its loss ilbrosophila

lead to excessive growth, failure to pupate, and tumor formbé&tne deatt{41]. Mutantigl

larvae grow to abnormally large sizand failto pupate (Figure 1.4 A and)BIn addition, they

form large imaginal disc and brain tum@Fsgure 1.4 C and B which ca spread throughout the
mutant larvae, and can continue to form tumors upon transplantation into wildtype gainals

43]. As tumor suppressors, Lgl and the other Scribble complex proteins work together in a

common pathwayo regulateand maintaircell polarity[40, 44]
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Figure |.4 Loss of Lgl in drosophila indicate its tumor suppressor capabilities

When Lgl is knocked out in drosophila the larvae fail to pupate and continue to grc

an abnormally large size before lethality. Imaginal discs itelitee loss of Lgl results |

excessive and abnormal growth.
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Lgl orthologs

Thereis onelgl gene inDrosophila locatedat position 21Aon the second chromosome
[45]. Lgl is a cytoskeletal protein that contains multiple VWO motifs for proteirprotein
interactions and conserved serine residues that camolsplpbrylated46]. In mice there are two
Lgl orthologs MGL1 andMGL2, both of which are located on Chromosomd4l7]. Humans
also have twdgl orthologs,Huglland Hugl2or Ligll and Ligl2.Hugl1 is locatedn
Chromosome 17p11.2, a location that is frequently deleted in patients withi8ag#nis
syndromg48]. Patients with this developmental disorder have intellectual disabilities,
behavioral problems, and abnormal facial feat{#8% This chromosomal area has also been
found to be deled or mutated icolorectal cancers, osteosarcomas, medulloblastomas, and

childhoodneuroectodermal tumofS0-53]. Hugl2 islocated on Chromosome 17 at g25.1.



36

Hugll regulation of apical lasolateralpolarity and protein localization

Hugll associates with the Scribble complex on the basolateral membrane of epithelial
cells(Figure 1.5. Hugll can bind to aPKC which phosphorylates Hugl1, leading to its
degradation and exclusion from the apical membramaddition, Hugl1l can directly interact
with nonmuscle myosin lla and th& NARE, Syntaxin 4 complefo4-59]. SNARESs medite
membrane fusion, indicating tharough these interactions Hugll maintdims basolateral
membranedentity by helping tdraffic targetedoroteins to the basolateral membraniee G
terminal domain of Hugl1 binds teSNARE, a vital step that is nessary for Hugl1 function
[60], as well azoordinating the spatial and temporal nature of exocytic vesicle tethering and
fusion with the plasma membrafs, 57, 61]

Our labhas previously showthatwhen Hugll is lostapical basolateral polarity can be
disrupted, resulting in disorganizatiohthe tissue architectuend mislochzation of proteins
(Figure 1.9 [62]. Protein localization to the proper membrane domain is rtapbfor multiple
processes. Growth factors and growth factor receptors in both the EGFR/MAPK and Hippo
pathwayseed to be correctly localized for appropriate signgdlédg 36, 38, 63%65] and
asymmetric cell division relies on the proper positioning of cell fate determijé&jt&Vithout
apical basolateral cell polarity to define and regulate the localization of proteins multiple growth,

division, and migration pathways would be ineffective.
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Figure 1.5 Hugll in Epithelial Polarity

Hugll associates with the Scribble complex to define and maintain the basolat
membrane identity. It also helps correctly traffic proteins with basolateral targe
sequences. lts localization to the apical membranesigepted by aPKC which car

bind and phosphorylate Hugll1, leading to its degradation.
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Figure 1.6 Hugll regulates membrane domain formation in HMECs

Wild type, control shRNA, and Hugll shRNA HMECs-t# were cultured in Matrigel
for 61 10 days, fixed in 2% PFA, permeabilized, and incubated with primary antibo
apical (aniMUC1, green), basolateral (afitint e gr i n U6, p damnin
V, red) domains followed by fluorescently labeled selary antibodies (FITC, Alexa
488, 594, 647). Slides were mounted with antifade mounting media containing DA
Acini were imaged with a Leica confocal microscope to obtain equatorialeectsnal
images of their morphology at 630X. Arrows in |, J, Kig indicate MUC 1
localization. Arrowheads in K, L, M, N, O, and P indicate Laminin V localization. S

bars indicate size in microns.
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Hugll and cancer stem cells

Cancer stem cells are a hotly debated field within cancer research. There is edence
support the idea that cells become more dtkenduring cancer initiation, and that these stem
cell qualities allow the cancer cell to multiple and divide into the heterogeneous tumors that are
observed (Figure 1.8). These heterogeneous tumors ara¢laged and mostly disappear,
however a small percentage of resistant cells remain and these cells eventually metastasis and
result in the reoccurrence of the cancer years later. These relapses are often more difficult to treat

because they arise from tbancerous cells initially resistant to treatment.
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Figure 1.7 Cancer stem cell theory of tumor growth

Initial cancerous mutation in cells lead to cancer stem cells, which due to their undifferenti:

state, could proliferate into the different cell types found within tumors. Current cancer ther

are usually unable to kill all of the tumor cells, leading to eventual relapse and a recurring 1

that is typically harder to treat.
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Hugll is a potetnal regulator of cell differentiation, and its loss may be a contributing
factor in the development of stem cell characteristMisen Lgl is lost in drosophila, neuroblasts
fail to differentiate properly, resulting in an increase of neuronal stem dalié g eventually
lethal [66]. Lgl is continuously requiretb maintain differentiated neuronal subtypest just at
the time of cell fate determinati¢@7]. Without Lgl present, the neuronal cells revert to a
neuronal stem cell like state, highlighting the importance of cell ipptam maintaining proper
cell fate and function. In additionuplab has previously shown that when Hugl1 is lost there is
an increase in cancer stem cell markers (Figure 1.9).

In MCF10A cells, an immortalized normal breast cell line, the loss of Heglilts in an
increase of ABCG2 expression (Figure .9ABCG2 can function as an indicator of stem cell
activity [68-70] and isamembraneassociated protein that transports various molecules across
extracellular and intracellulamnembranes. It is also known as the Breast Cancer Resistance
Protein because it confers mdiiug resistanct® chemotherapidd1-73]. The loss of Huglin
HMEC cells, primarjhuman breast epithelial k€ results ina strong increase of Snail2 mRNA
and protein expressn (Figure 1.9 B and C). Snail2, also known as SLi$@epressed during
the differentiation of stem cells into epithelial cells, and its increased expression indicates cancer

stem cellsaas well as the epithelib-mesenchymal transitidii4-78].
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Figure 1.8 Loss of Hugll induces cancer stem cell markers

(A) mRNA from control and Hugll knockdown MCF10As were compared for
differences in expression levels of multiple proteins. Along with other praotiusated
by Let-7 (a miRNA downregulated in Lgl knockousBCG2 was significantly
upregulated in Hugll knockdown cel[®) mMRNA from control and Hugll knockdowr
HMECswas compared and showed a significant increases Snexgression. (C)
Increase of Bail2 protein expressiomhen Hugll is lostvas confirmed usingrotein
lysates of control and Hugll knockdown HMECS. Immunoblot asgieHugll, anti-

Snail2,antrtUt u h and antib a c antibodies
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By determining how these cells acquire stem cellratteristics, treatments for cancer
could bestrengthened, resulting in fewer metastases and relapses. Patients often survive the
initial cancer diagnosis and treatment, only to relapse years later with a more resistant cancer that
does not respond to &iement. Targeted treatments and therapies towards these cancer stem cells

could lead to fewer relapses and increased survival rates.

Hugl and timorigenesis

Hugllis down regulatear lostin many cancers, including colorectal, endometrial,
hepatocellular carcinoma, malignant melanomas, and breast €28:&3]. In addition,loss of
Hugl1 correlates with lymph node metastases, advanced stage, and poor pi{d@®és]sin
drosophila, when Lgl is losheuroblast overgrowth results in death, the tissue can then be
injectedinto wildtype flies where it continues to grow into tumors and metastasize to other
locations[43, 84] indicating true tumorigenesis when Lgl is ldstss of Hugll is associated
with increased metastagi&9, 80, 82, 85]Conversely, the expression of Hugll has been shown
to be a favorable prognostic indicator in multiple forms of caj8&r Hugll expressiogan
inhibit glioblastomd87-89], and induce apoptosis in esophageal cancer[8@lswhen Hugl1l
is expressedumorigenesis is strongly inhibited, emphasizing the importance of retaining its
expression and how its loss can significantly enhance cancer progression.

While loss ofHugll is moe commonly associated with tumorigenesis amtegit has
been discovered thalugl2 mayalsohave a role in the progression of can¥®henHugl2 is
overexpressed it can compensate for high Snail expression, preventing the nuclear localization of

Snail and reversing phenotypic changes in morphology, motilityprgrowth, and expression
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of epithelial marker§91]. Hugl2 is also lost or aberrantly regulated inltiple cancers, and its
losscorrelates with increased cancer progression and unfavorable patient o@29els
These indicate that both Hugl1 and Hugl2 may have important roles in regulating cell behavior.
However, the vagnajority of epithelial cancsrarise from the luminal epithelium, where only
Hugll is highly expressed, indicating that Hugl1 is the more important regulator against the loss
of polarity and the growth of cancer.

Together, these data indicate that HugHyrhave a role in preventing the development
of metaplasia and the formation of tumors. However, the correlation between loss of Hugl1l
expression in tumors does not prove that losing Hugll is a necessary step in the progression of
cancer. Instead it is psible that cells that become cancerous have no need for Hugl1l and
therefore do not express it. Therefarg research aimed to examine if the loss of Hugl1 is

sufficient to drive tumorigenesis
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Tissue Culture
MCF10A and MCF12A cells were obtained from ATCC and maintained in DMEM/F12
media, 1% Pen/Strep, 20ng/mL Recombinant Human Epidermal Growth Factor (Corning), 5%
Donor Horse Serum (Omega Scientific), O0.5egg/ m
Toxin (Sgma), 10ng/mL Bovine Insulin (Fisher). MDCK Il cells were obtained from ATCC and
were grown in MEM media, 10% FBS (Corning), and 1% Pen/Strep. Stably transfected MDCKs
were grown in complete MEM media as listed previously with 0.5mg/mL G418, 2ug/mL
puromycin, and 10ng/mL dox. Before imaging cells were treated with 2mM sodium butyrate for
16 hours. All cells were incubated in 5% CO2 at 37°C. Cells grown on plastic were imaged using
a Leica DMIL microscope on the 10x objective with a Nikon CoolPix 4500 @oren 1x €

mount.

Llgll Silencing and Expression

MCF10A cells were transduced at 12 MOI and MCF12A cells were transduced at 2.5
MOI with MISSION Lentiviral transduction shRNA particles to knockdown Llgll expression
(Sigma SHCLNV NM_004140 clone TRCNQO@D17138) or with nomammalian shRNA
control transduction (Sigma SHC002V). Selection of transduced cells was established and

mai ntained by addition of 1eg/ mL Puromycin (F

EGFR Construct Transfections

MDCK Il cells were double transfected using @lech LentiX Tet-On 3G Inducible

Expression System. A pLV-Xet3G (Cat# 631187) plasmid were transfected into parental
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MDCK Il cells by combining pLVXTet3G plasmid with Lipofectamine 2000 in transfection
media (MEM +10% FBS +1% P/S). Selection was esthbtl and maintained with 0.5mg/mL
G418. Once a stable stock was generated the second plasmidTpe8®& (either an empty
vector (EV), EGFRGFP"T, or EGFRGFP %" was introduced using the same method.
Selection of double transfected cells was establighedmnaintained with 3ug/mL puro in
addition to 0.5mg/mL G418. MCF12A cells were transiently transfected using a MR
GFP"T or CMV-EGFRGFP**"*plasmid with Lipofectamine 2000 and fixed within 48 hours

for imaging.

Western Blotting and Antibodies

Cultured cells were lysed in igmld lysis buffer containing 20mM TRIS pH7.5, 150mM
NaCl, 1% NP40, 5mM EDTA pH 8.0, 1% NaF, 1% Nay0.1% NH4 Molybate and 8%
Complete phosphatase and protease inhibitor (Roche). The lysates were centrifuged and
supernatant as collected for Western blot analysis and store8fC. Protein lysate was
separated by SDBAGE and transferred to PVDF membrane (Millipore). The membrane was
blocked in 5% milk in PBS/0.1% Tween solution for LIgl1 antibody, 5% BSA in 10x TBS
solutonf or I ntegrin U6 antibody, or 3% BSA in TBS
antibodies and then used for immunoblotting. Proteins on the membrane were treated with
SuperSignal West Pico Chemiluminescent Substrate (Pierce), visualized on Blue
Autoradiogrphy film (GeneMate) and developed with a Konica SE3.C. Antibodies
included Llgl1 (Abnova HO000399K101), E-cadherin (H108; Santa Cruz s£870), dpERK

1&2 (Sigma M8159), ERK 1&2 (Cell Signaling Technologies 4370), pStat3 (Tyr705; Cell
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Signaling Technolgies 9145), Stat3 (124H6; Cell Signaling Technologies 9139), pAkt (Se73;
rCell Signaling 4060), Akt (Cell Signaling 9272), Taz (V386; Cell Signaling 4883), Slug
(C19G7; Cell Signaling 9585), EGFR 1005 (SantaCre28&) , and bactin (Si gm:

A5441).ht egrin U6, was a kind gift from Dr. Anne

Fluorescence Activated Cell Sorting and Analysis and Antibodies

Cells were detached with a 0.025% Trypsin/2.21 mM EDTA solution in PBS, centrifuged
and resuspended in cold PBS, and labeled with GBZ& (eBioscience 10247), CD44APC
(eBioscience 1-D441), and CD49PE (eBioscience 10495). After labeling, cells wer
resuspended in 2% PFA for analysis or cold PBS for sorting. Idolee flow cytometric
analysis was performed using a FACScanto Il flow cytometer (BD Biosciences, San Jose, CA)
equipped with an aicooled 15mW argon ion laser tuned to 488nm. The emigkiorescence
of CD24 FITC was detected and recorded through a 530/30 bandpass filter in the FL1 channel.
CD49f PE was detected in the FL2 channel through a 585/42 bandpass filter. CD44 APC was
detected in the FL3 channel through a 660/20 bandpassliitemode data files consisting of
10,000 events gated on FSC (forward scatter) vs SSC (side scatter) were acquired and analyzed
using CellQuest PRO software (BD Biosciences, San Jose, CA). Appropriate electronic
compensation was adjusted by acquiring pepulations stained with each dye/fluorophore
individually, as well as an unstained control. Cell sorting was performed with the FACSaria from
BD Sciences. Gates were established based on unlabeled and single labeled cell samples. Both
analysis and sortg were performed through the Cytometry Core Shared Resource at the

University of Arizona Cancer Center.
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Immunofluorescence and Antibodies

Cells were fixed with 4% PFA (Santa Cruz), permeabilized with 0.5% Trita00K
0.05% Sodium Azide in PBS for 15mutes on ice, and then blocked with 20% Fetal Bovine
Serum (Corning). Primary antibody incubation was overnight in a humidity chamber at 4°C,
while secondary antibody incubation was 1 hour in a humidity chamber at room temperature.
Slides were mounted viatProlong Diamond Antifade Mountant (Life Technologies P36961) or
Prolong Diamond Antifade Mountant with DAPI (Life Technologies P36962). Images were
acquired using a Leica DMLB microscope and Leica DFC 310 FX camera mounted on a 1x C
mount using the LAS ¥.5 software or using the Leica SRbconfocal microscope, courtesy of
the Imaging Shared Resource at the Arizona Cancer Center. Antibodies included EGFR (clone
225; Millipore MABF120), GFP (Abcam ab13970), TAZ-{#; Santa Cruz), Slug (B8; Santa

Cruz), YAP (H-125; Santa Cruz), Alexa Fluor 488 and 594 (Invitrogen).

Mammosphere Assays

Mammaosphere media was prepared using Mammocult Basal Medium (Stemcell
Technologies), Proliferation Supplement (Stemcell Technologies), 0.5ug/mL Hydrocortisone
(Sigma), (2% Heparin (Stemcell Technologies) and 0.1% Pen/Strep (Corning). All cells were
grown at 37°C in 5% C® Cells were initially harvested from 2D plastic tissue culture after
trypsinizing cells and suspending in normal growth media. Cells were pipettetetdpeaad
passed through a 25G needle in order to attain a single cell solution. The solution was then gently

spun down at 350g and suspended in ImL Mammosphere media. Cells were platedeihto 6
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ultraslow attachment plates (Corning) at 40,000cellshveMammosphere media. Each well

was continually fed with mammosphere media evedydays. Cells were kept in 37°C

incubation for 9 days. Primary mammospheres were spun down, trypsinized and separated to
single cell suspension. Cells were plated back nat 6well ultra-low-attachment plates at the
same previous density. Secondary spheres were grown and fed under the same conditions for
another 9 days and quantified. The process was repeated for all future passages. At end of each
passage, mammospheresevphotographed and measured using ImageJ to quantify the number
of spheres >60uM in diameter. Mammosphere formation efficiency (MFE) was calculated as
(#of spheres >60uM / number of cells plated)*100. Alternatively, MCF12A shLlIgl1
CD44,/CD491, and CD44/CD49%,; mammospheres were counted by dispersing into a single
cell suspension and counted with Trypan Blue. N=3 for each experimental group. Graphical
representation used the mean as the center value with error bars representing one standard
deviation ineach direction. Each experiment was repeated with at least two biological replicates

using different transductions.

Mammosphere Staining

For lineage tracing assay, primary mammospheres were allowed to grow following the
normal protocol. After 9 days tammospheres were collected, trypsinized, centrifuged and
resuspended, and incubated in eithe@DDi-I, or Di-D, followed by washes (Invitrogen
Molecular Probes). Cells with each stain were then mixed equally and plated for secondary

mammosphere growtiellowing normal protocol.
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Actin was visualized by fixing mammospheres in 4%PFA, followed by incubation in 0.1%
Triton X-100/1% BSA in PBS. Fixed mammospheres were incubated with Alexa Fluor 488
Phalloidin (Life Technologies A12379) and mounted with DARfe Technologies P36962).
Mammospheres were imaged using Leica-8P&nfocal microscope, courtesy of the Imaging

Shared Resource at the Arizona Cancer Center.

MTT Assays

Cells were plated in 96 well plates and grown for 3 days. Cell survivalaladated in

terms of Fold Change in OD from the corrected values at Day 0 to Day 3. The corrected value is

determined by subtracting the OD value of a well with no cells that was incubated with the same

media/MTT as was added to cell containing well. Foldhnge was calculated as (Day3

Day0)/Day0. For MCF10A, n=16 for each experimental group. For MCF12A, n=6 for no ligand

treatment and n=3 for EGF treatment for each cell type. Graphical representation used the mean

as the center value with error bars reprging one standard deviation in each direction. Each

experiment was repeated with at least two biological replicates using different transductions.

Soft Agar Colony Assay

A 1.2% agar solution was mixed with 2x MCF12A media (2x DMEM/F12 media, 10%
DonorHorse Serum (Omega Scientific), 2% Pen/Strep and 40ng/mL Recombinant Human
Epi der mal Growth Factor (Corning), leg/ mL
(Sigma), 20ng/mL Bovine Insulin (Fisher), plated intoadl plate. A 0.3% agar solutionas

combined with trypsinized cells in 2x media and plated into each well on top of the hardened

Hy d
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agar layer and incubated at 37°C, 5% CO2 for 13 days. Wells were fed every 3 days and imaged
before staining. Cells were imaged using a Leica M2FLIII disseaticroscope with 0.63x

objective at 0.8x zoom with a 0.5x C mount attached to a Leica DCF310 FX camera and
acquired with LAS V4.5 software. Images were processed using ImageJ to quantify the number

and size of colonies (Threshold: Regular, 5. Radius: mmaX 50 (auto max).

Migration Assays

Cells were plated to 95% confluency, washed with PBS, scratched with a p200 pipette
tip, rinsed with PBS, and then serum free media with or without EGF (20ng/mL) was added back
onto the cells. Images were acquired iediately and every 4 hours thereafter. Images were
quantified using ImageJ to measure the area of the scratch at each time point and the area of
migration was determined by subtracting from the time O area. N=4 for each experimental group.
Graphical repremntation used the mean as the center value with error bars representing one
standard deviation in each direction. Each experiment was repeated with at least two biological

replicates using different transductions.

Immunofluoresence of Cells on Transwdltéts

MCF12A shControl, shLlgll, CD44CD49f,, and CD44/CD49i, cells were grown on
0.4pum pore size polyester membrane transwell filters (Corning) in normal growth media then
fixed, permeabilized, and incubated overnight with-&#130 (BD Bioscience 610823) and
Alexa Fluor antmouse 594 (Invitrogen). Filters were mounted with DAPI (Life Technologies

P36962). Images were acquired using a Leical8R5Bnfocal microscope.
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MouseXenograftExperiments

Immunocompromised (NOISCID) mice (Taconic, Roaklle, MD) were tested for the
presence of serum I gG and found to be <20 egg/
were injected with cells embedded in Matrigel (BD Biosciences) into the mammary fat pad and
palpated. Size of masses were determineédan the formula® x b/, wherea is the smaller
diameter and is the larger diameter. MCF12A shControl, shLlgl1l, CR&DA491,,

CD44,/CDA49%,; cells were grown on plastic then trypsinized, spun down, and resuspended in
matrigel. 500,000 cells were @gted into the mammary fat pad of NEHTID mice (shControl

n=3, shLlgll and others n=4). Tumor size was measured using palpation €vday8 until
undetectable by the Experimental Mouse Shared Resource. This experiment was not blinded but
cells were ingcted into mice chosen at random and masses were palpated and recorded by
individual mouse number without indication of cell type except on a master sheet. A biological
replicate was performed using a different transduction. For sample size estimatésardiea
estimated an 80% power to detect proportion of survival of at least 21% between any of groups;
this is based on a lagnk test statistic (p=0.05).

The Animal Care and Use Program is centralized under the Office of the Vice President
for Research (VPR). Oversight for the program is vested in the Department of University Animal
Care (UAC) and with the Institutional Animal Care and Use Committee (IACUG Director
of UAC reports to the VPR. UAC is responsible for overseeing all animal care and husbandry
functions for the University. All conventional laboratory animal facilities are under the direct

control of UAC. UAC provides veterinary and husbanolvgrsight and has the authority to
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make changes in management of these facilities. The IACUC provides oversight for the total
animal care and use program. The committee is appointed by the University President, who is the
Chief Executive Officer. The VicBresident for Research is the Institutional Official, and the

IACUC provides reports to the VPR as mandated by PHS Policy and regulations of the Animal
Welfare Act. The Committee maintains a membership ef@#nembers, including

veterinarians, scientistand several community members. The Animal Welfare Act (USDA
Research Facility Registration-8j including reviewing all studies, classes, and experiments

which require the use of any animal species, living or dead. The Committee makes semiannual
inspectons of all facilities and laboratories where animals are housed or used for 12 hours or
more and performs semiannual programmatic reviews. Committee members, or designees,
inspect research laboratories to observe procedures to assure animals are apaédtaefpand

are receiving humane treatment. Through the expertise of the UAC staff and other specialists, the
Committee provides training for all who use or care for animals. Access to animal facilities is
limited to those who have received IACUC cecifiion. The entire animal care and use program

and its associated facilities are AAALAC accredited. The animals for these studies will be

housed in the Arizona Health Sciences Central Facility (AHSC).

Patient Survival Probability
A breast tumor gene ex@®on dataset (GSE3494) with associated clinical variables was

downloaded from GEOxfww.ncbi.nlm.nih.gep Patient expression data was divided into two

types of cohorts based on high vs. low expression of LIgl1 and elston histological gr&jles (1

Analysis of survival time was performed using R statistical software.-temmg overall survival


http://www.cbi.nlm.nih.geo/
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was analyzedypKaplanMeier method. The survival curves were compdredveen groups

using the logrank test procedures.

A breast tumor gene expression dataset (GSE3494) with associated clinical variables was
downloaded from GEO (www.ncbi.nlm.nih.geo). Patient exjpoessata was divided into two

types of cohorts based on high vs. low expression of Hugll and elston histological girades (1
Analysis of survival time was performed using R statistical software and survival package. Long
term overall survival was analyddy KaplanMeier method. We performed a logrank test using
function survdiff to investigate if any, differences between ligll expression groups and elston

grades groups on survival time. Thegue was calculated from a etguare test.

Endocytosis Asss/

MCF12A cells were transfected peviously describes, plated, and grown to 80%
confluency Cells were serum starved overnight and treated with EGF ligand for 10 minutes on
ice. EGF and media were removed, cells were washed with PBS, and then incubsttiech
free media for 5 minute, 30 minute, or 60 mintit@e points in tle incubator at 37°C. Protein
lysateswere collected of serum starved cells and aftemmtgbation time points. Western

blotting was then performed using the previously descrdvetbcol.

Significance Calculation in all Figures

Variance was similar between all groups that were statistically compared. The values for

each group were compared statistically using attiled student testwith 95% confidence as
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the cutoff for stasitical significancel ncr easing | evels of confidenc

** - pPO0.01, *** = PO0.001, **** = PO0.0001.

Animal Maintenance and Breeding

All animal experiments were conducted in accordance with the guidelines approved by
the Univergy of Arizona Animal Facility. Animals were housed in groups of 4 or less in
autoclaved sterile plastic cages with stainless steel lined tops. Breeding animals were fed Global
chow while weanlings and nesreeding animals were fed NIH31 chow. All food veasoclaved
and water was provided in sterile hydropacs. Lighting was controlled for 12 hours of light and 12
hours of dark. The room was kept at a constant temperature of 22°C.

Breeding males were crossed with one or two females in one cage. After featalgs
were separated into individual cages. Long term breeding females were kept with one male for
the duration of their life span. Pups were weaned at 3 weeks of age, tail tipped (approximately

0.25 cm) for geotyping, and separated by sex.

DNA Extradgion and PCR Analysis

Genomic DNA was isolated from tail tips with DNA lysis buffer containing 10mg/mL of
fresh Proteinase K. Tails in the Lysis buffer were incubated at 60°C overnight with agitation
until the tissue was dissolved completely. 6M NaCl a@dded to each tube to precipitate lipids
and proteins. Tubes were centrifuged and supernatant containing the DNA was removed. 100%

EtOH was added to precipitate the DNA and centrifuged. DNA pellet was washed in 70% EtOH
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and dried before being rehydratedsterile d50. Genotyping PCR reactions were done using

MyTaq Red mix (Bioline), dkD, and the primers listed in Table IV.1.

Whole Mount Staining

Theinguinal mammary glands were collected and the whole mounts were prepared by
stretching the glands ongoglass slide and atlried for 2 to 3 burs The glands were fixed in
1:3 solution of glacial acetic acid/100% ethanol fololitat room temperature and subsequently
washed in 95% ethanol for 15 min and in 100% ethanol for another 15 min. Defattieg of t
mammary glands was done by using acetone and incubating for 4 days with changes of acetone
every day. The glands were rehydrated by washing in 100% ethanol, then in 95% ethanol, and
finally followed by 70% ethanol. The slides with whole mounts werednis distilled water and
stained in 0.2% carmine/0.5% aluminum potassium sulfate solution overnight. Destaining was
done by washing the glands for 15 min in 70% ethanol, 95% ethanol, 100% ethanol, again in
95% ethanol, and followed by 70% ethanol. Imagfehe whole mounts were captured using a

Leica MZFLIII dissection scope (Wetzlar, Germaayd acquired with LAS V4.5 software

Gland Fixation and Staining

Inguinal mammary glandsere dissected and fixed in 10% aréd formalin or
methacarrfor 2 hours changed to 70% ethanol, embeddeparaffin, and sectioned by the
Tissue Acquisition and Cellular/Molecular Analysis Shared Service (TACMASS) of the Arizona
Cancer Centeor AML Laboratories, Inc (Saint Augstine, Florida) The slides wes rehydrated

ard stainedAntibodies used werantrEGFR 1005Santa Cruz Technologies) and aBMWMA
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(Sigma). Secondary antibodies used waexa Fluor 488 antrabbit IgGand Alexa Fluor 594
antrmouse IgQInvitrogen).Images were acquired using a Leica DMLB microgcapd Leica

DFC 310 FX camera mounted on a 1xrount using the LAS V4.5 software.
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Abstract

We havepreviously demonstrated that glt loss results in a gain of mesenchymal
phenotypes and a lossabicobasal and planar polarity. We now demonstrate that these changes
represent a fundamenift in cellular phenotype. Hjll regulates the expression of multiple
cell identity markers, including CD44, CD49f, and CD24, and the nuclear translocalian o
and Slug. Cells lacking Hyl form mammospheres, where survival and transplantability is
dependent upon the Epidermal Growth Factecdptor (EGFR). Additionally, Hiil loss allows
cells to grow in sofagar and maintain prolonged survival as orthad@nsplants in NOD
SCID mice. Lineage tracing and wound healing experiments demonstrate that mammosphere
survival is due to enhanced E@Ependent migration. The loss of gld drives EGFR
mislocalization and an EGFR mislocalization point mutation (P6@riAgs these same
phenotypes, including activation of Akt and Taz nuclear translocation. Together, afteese d
indicate that the loss of il results in EGFR mislocalization, promoting{mesoplastic

changes.
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Introduction

Epithelial cells are regulatdsy apicobasal polarity complexes that provide an
asymmetric cell structure, regulate growth and survival, migration and invasion, and
differentiation[96]. Polarity is established first by the Crumbs complex creating the apical
membrane, fébwed by the Par complex establishment of the aje¢atal border, and the
Scribble complex defining the basolateral domain. The Scribble complex consists of Scribble,
Discs large (DIg), and Lethal giant lasvaHumans have two orthologsgll and LIgI®2, also
known as Hugll and Hugl83]. Hugl1 is down regulated in many cancers, including colorectal,
endometrial, hepatocellular carcinoma, malignant melanomas, and breas{ ¢8s&33r Hugl1
loss correlates with lymph node metastases, advanced stage, and poor pfog&igidn
addition, deletion mutants dMgll (the mouse homolog éfugll) encoding truncated proteins
correlate with advanced disease and tumorigenicity in 8t Advanced metastatic disease is
frequently associated with stem cgllaracteristics, in that both stem cells and highly metastatic
cancers exhibit drug resistance, migratory capacityreedwal, and the ability to survive and
differentiate into new tissug¢97]. A number of molecular features associated with polarity loss
are similarly found in both stem cells and metastatic cancer.

Genetic interaction studies demonstrate that Lgl can regulate the transcription factor
Yorkie [Transcription ceActivator with a PD2binding domain (Taz) and the Y@ssociated
Protein (Yap) in mammal$B8]. This transcription factor family is a known modulator of
epithelial differentiatiorj98-101] and their activity may drive stecell like phenotypefl02-

104]. Nuclear translocation of Yap and Taz can also promote breast cancer stem cell properties

including selfrenewal, migration, and tumdnmitiating abilities[105-107]. In addition, Yap and
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Taz expression is elevated in advanced breast cancer and inversely correlates with metastasis
free survival[105]. Nuclear translocation of Yap and Taz can be driven by the Epidermal
Growth Factor Receptor family member EFdBand/or EGFRlependent activation of the MAP
Kinase pathway106, 108, 109]In fact, autocrine loops between the EGFR pathway and YAP
activation have been identified in ovarian cancer and breast epitHéllidm111]

While the EGFR family of receptors and ligands have been shown to activate the
Yap/Taz transcription factors in some studies, they aceesitablished drivers of survival,
migration and growth via the Ras/MAP Kinase and AKT pathways. One facet of pathway
activation is intracellular localization of the receptors, as changes to intracellular localization of
EGFR has been shown to play kelemoin the activation of signal transduction cascades. In fact,
EGFR preferentially activates both the Ras/MAP Kinase and Akt survival pathways when in
endosomes compared to the plasma memidard. These studies indicate that changes to
EGFR localization may be a key event in EG#ifRren events such as neoplasid ametastasis.

The cell of origin of heterogeneic metastases has been linked to tissue stem cells, cancer
stem cells, or transdifferentiating c€l@¥, 113] Characteristics thatefine these cells include
serial transplantation in vitro and in vivo, and the expression of a variety of surface markers,
including CD44,/CD24,, CD44,, and CD49§, among otherfL14-118]. Of note, Taz nuclear
translocation is known to potentiate EGFR signaliathways, which in turn can increase CD44
transcription and stem cell characterisfits9, 120] Due to the conection between receptor
localization within a cell and its ability to activate these pathways, an epithelial population may
possess a plasticity depending upon their state ofifyol@o determine the role of Hjdl in

these evenisve evaluated the effes of Hgll loss in normal (immortalized) breast epithelium.
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We discovered that Hjll regulates multiple cellular phenotypes resembling a highly migratory
state capable of surviving transplantation as mammospheres and in the mammary gland of
immunocompronsed mice. These effects are dependent upon the mislocalization of EGFR and

its corresponding effects on EGFR driven activation of AKT and Taz.



65

Results

Hugll regulates cell morphology

Loss of Hgll in MCF10A and HMEC cells has been shown previouslydolten a
mesenchymal phenotyp&2]. To further evaluate this biology, lgll expression was knocked
down in both MCF12A and MCF10A cells, two different spontaneously immortabiasst
epithelial cell lines. Cells were transduced with either a control shRNA (shControlhaa wit
shRNA designed to silence Hugll expression (giHuthat was optimized previously using 5
different shRNA targetf62] (Figure 11l.1A and D, Figure 111.2). In MCF10A cells, shigli
resulted in an increase mesenchymal morphology (Figure 1ll.1 E and F). Alternatively, in
MCF12A shHuwl1 cells, two distinct cell morphologies can be observed, including cobblestone
and mesenchymal (Figeitll. B and Carrow vs arrowhead respectively). Considering tméxed
phenotype observed upon Hugll knockdown (Figurédl), we next set out to determine the

identity of these two cell populations.
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MCF12A
MCF12A shHugl1 shControl

IB: Hugl1
115 kDa

IB: Bactin
42 kDa

MCF10A
MCF10A shHugl1 shControl

I1B: Hugl1
115 kDa

IB: Bactin
42 kDa

Figure I11.1 Hugll expression regulates cell morphology, E cadherin expression, and M#

Kinase activity

Stable knockdown was established in MCF10A and MCF12A cells with transduction of F

or control sShRNA lentiviral particles. (A and D) Protein lysatese analyzed by immunoblot

using the antibodies: aAtlugll andantb act i n.

Brigl

comparing shControl to shHugl1. (E and F) Brightfield images of MCF10A cells comparit

shControl to shHugl1. The arrow indicates delbone and the arrowhead indicates

mesenchymal morphologies.
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Figure [l .2 Optimization of Hugll knockdown usingmultiple shRNAs targeting Hugl1
MCF10A cells were transduced wihdifferent shRNAs targeting Hll. (A) Protein lysates
were analyzed by immmoblot using antibodies: artlugll andantb act i n. ( B)

grown on plastic and observed for a mesenchymal phenotype
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Hugll regulates expression of cell lineage masker
To investigate the difrences caused by the loss ofgHuand the different populations
that are observed, we evaluated the cells using breast cancer stem cell markers CD44, CD49f,
and CD24114-118]. Analysis of the parental MCF12A and shControl transduced esk#sled
a consistent CD44CD491,/CD24,; phenotype (data not shown affigure IlI.1A and C).
However, the shHyl1 transduced cells showed two populations, a (BE2R494,; population
and a CD44/CDA49f, populaton (Figure 111.38). In addition, shHgl1 cells also displayed a
decrease in CD24 compared to the shContrigufe 111.3D). To evaluate if the shHjll-induced
populations were indicative of the different phenotypic morphetogbserved, we sorted the
shHuwl1 transduced MCF12A cells based on CRIEDA9i, expression. The shigll cells that
expressed CD44CDA49{, were morphologically msenchymal (Figure 111B), while shHgl1
cells that expressed CD4€D49%,; resembled the norrhaobblestone morphology (Figure
l1I.3F). Loss of Hgl1l expressin was confirmed in these sorted populations, aswd nt egr i n U
expression (Figure I11G-H). While the full length protein (150 kDa) is lacking in the CQASf
popul ation as expected, we al s oDajekessionvireel a | o
Hugl1l knockdown MCF12A lines (Figure IlIEB.
Analysis of the MCF10A shHill transduced cells compared to the parental and shControl cells
also showed a reduction in CD24 and an increa§bi (data not shown and Figure 111-3)
but no separation io two distinct populations, echoing the single phenotypic morphology seen
in tissue culture. While MCF12A and MCF10A cells are both immortalized breast epithelial

cells, these differences in lineage expression may represent the fact that each line was



69

independently derived from reduction mammoplasty, and likely contain different stem cell

populationg121].
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Figure I1l .3 Hugll regulates expession of cell lineage markers

(A-D, I-L) Cells were incubated with the indicated cell lineage marker and sorted by. FAC
D) MCF12A shControl vs shHjil (under normal growth conditions) were incubated with-a
CD49tPE, antiCD44-APC, and/or aniCD24-FITC. (E and F) MCF12A shHyll were sorted
based on CD44/CD49f expression, CD@2D49i, (E) and CD44/CD49%%,; (F). (G) Protein
lysates were isolated and aymdd by immunoblot using artiugll and antb-actin antibodies.
(H) Proteinlysates were analyzed by immunoblot using-antit e g r i n-b@&. {ld4)md
MCF10A shControl vs shHyil (under normal growth conditions) were incubated with-anti

CD49%PE, antiCD44-APC, and/or antCD24-FITC.
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Hugll loss drives EGFRIependent mammphere formation

As alterations in CD44, CD49f, and CD24 are markers of stem cells, we next evaluated
the ability of these cells to form mammospheres over a primary, segpadd tertiary passage
(Figure I111.4). MCF12 and MCF1@ shControl versus shHll cells were evaluated and a
significant increase in the ability of cells to form mammospheres and to grow through secondary
and tertiary passages was obsenrdure 111.4A and Figure lll.h To further evaluate the role
of stem cell marker expressionnmmmosphere formation, M 2A shHyl1 cells were FACS
sorted based on the CO#€DA491, and CD44,/CDA494,; profiles, and revealed that sh¢ili
CD44,/CD49f,, but not CD44/CD494,; cells were able to form mammospheres and continue to
form them oerthree serial passages (Figure IB)4

Mammospheres can form from either a single digencell or from multiple cells with
enhanced survival capacity migrating together, phenotypes that can be verified by lineage tracing
[122]. After primary mammosphere foation was complete, MCF12A shgltt CD44,/CD49ij,
cells were dissociated, divided into three groups, stained wi@, Dii-1, or Di-D, and imaged.
This analysis revealed that all mammospheres contagibdof multiple colors (Figure 111@).
These data indicate that the mammospheres did not formafiongle cell, as a stem cell would
generate, but from cells migrating together. Although the mammospheres are not forming from a
single stem cellike precursor, they are able to survive and grow sigmiflgaetter in the
absence of Hgil as compared tilve controls.n addition, invasive cell protrusiomgere seen in
the CD44,/CDA49i, but not the CD4g/CD49f, population, which is highlighted by the wtture

of cortical acti nEq Fargnowhddd) 4 DO6 arrow vVvs
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As EGF treatment can induce miggom and mammosphere formation, we next set out to
determine if mammosphere formation was EGF dependent. Evaluation of MCF12A sh@sntrol
shHugl1 cells revealed thatammosphere formation was significantly inhibited in the presence
of either EGFR kinasenhibitor (AG1478) or EGFR dimerization inhibitor (EJ123] (Figure
[1l.4F). Inhibition of EGFR dimerization or kinase activity, while actually inducing cell growth
in the primary passage, reduced mammopshere formattbe secondary andrtiary passages
(compare Figure lll.4 to F). These datandicate that both a loss of gl and EGFR activation
are required for mammosphere survival. Note that the dimerization inhibitor impacts a number of
kinase independent funohs for EGFR including Calmodulin activation and ROS generation
[123]. These additional activities may account for the activity observed with the dimerization

inhibitor veisus the kinase inhibitor (Figure 11F3
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Figure 1l .4 Loss of Hwll induces EGFdependent mammosphere formation

(A-F) Mammosphere assays were performed using cells generated as described Ifl.Rigu
and Figurdll. 2. (A) Mammosphere formatiomith EGF treatment (20ng/mL) was quantified
counting mammospheres greater than 60um (3 replicates per treatment group, each exp
was performed 3 times). (B) Due to coalegamammospheres in shglt CD44,/CD49f,
mammopshere formation was detered by counting viable cells at each time point (3 repli
per treatment group, each experiment watopeied 3 times). (C) MCF12A shigil
CD44,/CD49, cells from primary mammospheres were labeled with the lipophilic tracer
Di-O, Di-l, or Di-D. (D-E) Mammospheres from shigil CD44,/CD49%, and CD444i/CD49f,
populations were incubated with Alexa Fluor 488 phalloidin (green) and DAPI (blue). The
indicates smooth cortical actin (DO6) &
Mammaospheres were treated with either 2uM EJ1 or 1um AG1478. All primary passages
shown in black, secondary passages in dark gray, and tertiary passages in light gray. En

show * standard deviation. * P<0.05, ** P<0.01, **** P<0.0001.
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Hugll loss drives EGFR mislocalization and novel signal transduction

EGFR activity is known to drive multiple signal transduction pathways as well aeinduc
a transient loss of epithelial cell junctigd4]. Therefore, we evaluated MAP kinase activity
(p42/44 ERK; designated dpERK), Akt activation, and localization of drivers of migratory
phenotypes, including loss of¢adherin, and gain of Slug and T@gpressionin the absence of
Hugll, we observed a significant increase in both dpERK andbAktnot Stat3 activity (Figure
[11.6 A andB). A loss of Ecadherin, as well as increase in Slug and Taz, was alsovelsat
the protein level in Hgil knockdown cellsln an effort to determine how EGFR pathways were
being ativated in the absence of the ¢ili polarity program, we next evaluated EGFR
localization. While MCF12A shControl cells displayembrandocalized EGFR (Figure 111.4 C
and CO a mli cels dsplaysdivd wistinct EGFR localizations. While EGFR was
membrane bound in cuboidal epithelium, it was diffuse throughout the tef mesenchymal
population (Figurellll®® and DO6) . EGFR activity is known t
translocatiorand activation under conditions leading to migration and stenfb@3s125] We
found that loss of Hyl1 resultsn nuclear translocation of Taz and Slug, but not Yap (Figl 4E
arrowheals). These data indicate thatgl+rdependent phenotypes differentially impact Taz and

Yap localization.
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Figure [l .6 Hugll loss drives EGFR mislocalization and novel signal transduction

(A and B) Protein lysates were collected from M@RJparental, shControl, and shgll cells
and analyzed by immunoblot using the antibodies:Bati, antiSlug, antipAkt, antiAkt, antk
EGFR,anti-E-cadherin, antdpERK1/2, antERK/2, antipStat3, antiStat3, antiHugl1, and
antthact i n. I mmu n ebbalcottisn aagraei nsshto wann(G-0p MCFE2A c
shControl and shHjll cells were grown on plastic and-[ serum starved oweight or (EJ)
in normal growth conditions then evaluated for localization of the indicated proteins. Cell
incubated with either anEGFR 1005, atTAZ, anti-SLUG, or antiYAP antibodies and
mounted (GD) with DAPI or (EJ) without DAPI. Arrows inttate membrane localization anc
arrowheads indicate nuclear | ocalizatio

increased magnifications of C, D, E, F, G, H, I, and J panel insets.
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Hugll loss promotes a migratory phenotype

To investigate tb effects of Hgll expression on cellular migration we grew both
MCF12A and MCF10A shControl and shHugl1 cells and sorted MCF12A glithopulations
to confluence and created a scratch in the epithelial sheet to stimulate lvealind (Figure
[11.7). Absence of Hgll increased migration over conti®lls at all time points (Figure I1I.&
and C compare shControl and sigHy). In addition, all cells responded to EGRwinduced
migration, but the Hgll knockdown cells had a significapthigher responsetEGF (Figure
[1l.7 A and C compare shControEGF and shHgll +EGF). Of note, shControl cells from both
MCF10A and MCF12A tended to migrate en massesasge epithelial sheet (Figure I1IF
ard F arrows); alternatively, shigll cells tended to migrates either single cellor
disorganized groups (Figure IlIE and F arrowheads). These differences in cell migration were
further emanced in the sorted MCF12A shili populations, as the CD4410/CD49fhi cells
migrated as a disorganized mass while the GD@&D49flo cellsmigrated as single cells (Figure
[11.7 D). The CD44hi/CD49flo cells initially closed the wound faster but due to their lack of
directionality, failed to close the wound completelig(fe 111.7C). To further demonstrate the
EGFR dependena# this phenotype, similar experiments were performed with additional EGFR
' igands, including Transforming Growth Factor
were observed, with TGF displaying the strongestrpigratory effect of théwo ligands(Figure
[11.8). Evaluation of cell growth between shControl ahHugl1 cells found no significant
change in the absence of EGF and either no significant change (MCF10As) or a decrease in cell
growth (MCF12As) with EGF, indicating changes in migrationreredue to increasezell

number (Figure 111.9
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Figure 11 .7 Hugll losspromotes a migratory phenotype

(A-F) MCF12A and MCEOA control and Hgll knockdown cells and MCF12A shigi
CD44,/CD49,; and shHgl1l CD44,/CD49f, cells weregenerated as described in Figure IlI.
and Figure 1112 and analyzed. Cells were grown to confluence, scratched, and then obsel
wound healing migration in serum free media with either the absence of EGFgAd €) or in
the presence of EGF (20ng/mL) (A, C, and E +EGF, B, D, and F). Migrating epithelial she
indicated by arrow, disorganized cellular groups and single cells are indicated by arrowh

Error bars show * standard deviation. * P<0.05, £0@1, *** P<0.001, **** P<0.0001.
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Figure Il .8 Loss of Hugll induces migration in the presence of multiple EGFR ligands
(A-F) MCF12A and MCF10A cdrmol and Hgll knockdown cells wergenerated as dedoed
in Figure 1ll.1, grown to confluence, scratched, and then observed for wound healing mig
in serum free media with either the abs
(20ng/mL) (A, B, E, and F) or the presence of Amphireg@ding/mL) (C and D). Migrating
epithelial sheets are indicated by arrow, disorganized cellular groups and single cells are
indicated by arrowheads. Error bars show + standard deviation. * P<0.05, ** P<0.01, ***

P<0.001, **** P<0.0001.
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Figure [11.9 Loss of Huyll does notincrease cell growth with EGF

(A) MCF12A shContol and shHgl1 cells were grown for 3 days and analyzed by MTT to
determine cell growth in the absence or presence of EGF (20ndB)IMCF10A shControl
and shHgl1 cells were grown for 3 days and analyzed by MTT to determine cell growth i

presence of EGF (20ng/mL).
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Mislocalization of EGFR drives prmigratory and survival pathways

We have determined that gld regulates mammphkere formation and migration, and
that these events are EGFR dependenthByrHwgll loss induces AKT and MAP Kinase
activation, downstream rdetors of EGFR activity. As Hill induces EGFR intracellular
localization, and intracellular EGFR localizatits reported to be tied to activation of these
signaling cascades, we next set out to determine if mislocalization of EGFR itself could drive
these same effects. To test this hypothesis, we expressed an EGFR basolateral targeting domain
point mutation (B67A) that redirects EGFR throughout the plasma membrane and intracellular
localizations, including vesiclg426]. MDCK and MCF12A cells were transfected withheit
wild type EGFRGFP (EGFRGFP') or mutant P667A EGH&FP (EGFRGFP %™ and
evaluated for EGFR localization and activation of signal transduction pathways. We found that
this mutation does in fact result in EGFR mislocalization, and this is assowitiedcreased
Taz nuclear translocation as compared to E&H®"T (Fig. 6C). Under sintar levels of
expression (Figure I11.18) we found that Akt activation and Taz expression were both
significantly increased in the EGFBFP *®"*over the EGFRGFP"" (Slug is not expressed in
parental MDCK cells). To determine if mislocalization of EGFR also drives an increase
migration, we performed migration assays as described in Rigufend Figure 111.8 We
observed a similar, EGependent increase in migrati;m EGFRGFP °®"*compared to
EGFRGFP"". Overall, these data indicate that EGFR mislocalization can drive a set of pro

migratory survival pativays.
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Figure 111 .10 Mislocalization of EGFR drives pro-migratory and survival pathways

(A) Protein lysates were collected from MDCK cells transfected with an Empty Vector, ar
EGFRGFP **"vector, or an EGFREFP"" vector, and analyzed by immunoblot using the
antibodies: antlfaz, antipAkt, anttAkt, anttEGFR,andanttb act i n. -AQFR blot E G
indicates the GFP tagged EGFR induced via vector transfection while the EGFR blot indi
all EGFR present. (B) EGFRFP'T and EGFRGFP ®*"*transfected MDCK cells were grow
to confluence, scratched, and then obsefeedound healing migration in serum free media
either the absence of EGF or in the presence of EGF (20ng/mL). Error bars show + stanc
deviation. * indicates P<0.05. (C) MCF12A cells were transfected with EGFR'" or EGFR
GFP**"Ayector, grown ormplastic, serum starved overnight, mounted with DAPI and evalu:

for localization of EGFRGFP and Taz using an ai@GiFP and antTaz antibody, respectively.
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Hugll loss promotes cell piling and increased survival in soft agar and mammary fat pads

To further evaluate the effects of Bl loss on survival and preeoplastigpathways,
MCF12A shControl, shHyl1, shHugll CD44,/CD49f,, and shHgll CD44,/CDA49%, were
grown on filters to allow cells to polarize and form epithelial sheets. While control cells
displayed apicobasal polarity (Figure Il Altop panel), the remaing three cell types lacking
Hugll formed multiple layers and grew into polygeng the vertical axis (Figure I1I.AL
bottom 3 panels, arrows). Additionally, when grown in soft agarpstr@l cells hd very low
colony growth (Figure 111.1B and C, left colummand image), while the loss of gid
expression induced a significant increase imeplformation and growth (Figure Ill.18 and C,
second colmn and image). Furthermore, shgfilicells sorted for CD44CD49f, expression
exhibited an even greatability to form colonies (Figure 11l.1B and C, forth column and
image).

To investigate the effect of Hjlll expression on tumor forming cajdales in vivo,
shControl, shHugll, shiHjld CD44,/CD49f,, and shHgll CD44,/CD49%, cells were injected
in the mammary fat pads of NGBCID mice. Cells from the four genotypes were injected with
matrigel into the mammary fat pads of NGETID mice ad evaluated for survival (Figure
[11.11D). While all cell types were able to grow initially, by two weeks no shControl cells
survived and by three weeks shghlCD44,/CD49i,; cells no longer survivedilternatively,
shHugl1 and shHgyl1l CD44,/CD49, cells both survive@n additional two weeks (Figure
[11.11D). This enhancegersistence in the absence ofgHufurther demonstrates the impact of
Hugl1 on the ability of a cell to survive in three dimensions and corresponds with increased

activation of Akt.
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Figure 111 .11 Hugl1 loss promotes cell piling andncreased survival in soft agarand
mammary fat pads and its expression correlates with increased survival in rtastatic
breast cancer patients

MCF12A shControl, shHugl1, shidli 44,/49f,, and shHgl1 44,/49f; cells were grown (A)
on filters, (B and C) in soft agar, or (D) in the mammary fat pads of {SCID mice. (A) Cells
were grown on transwell filters in normal growth media and probed withfGin1i30 antibody
and DAPI. Cells were then imaged on the confouiaroscope in the Z plane, arrows indicate
polyp formation. (B and C) Cells were plated in soft agar, allowed to grow for 13 days,
visualized and enumerated with ImageJ. Representative images (C) are shown beneath
quantifications (B). 3 replicates pee#@tment group, experiment repeated twicg.5@0,000
MCF12A shControl, shHugl1, shigli CD44,/CD49i,, and shHgl1 CD44,/CD49%,; cells wer:
suspended in matrigel and injected into the mammary fat pad ofSICID mice. Cell masses
were palpated and measd evey 3-5 days, shControl n=3, shigll n=4, n=4 for all other
groups. KaplarMeier analysis of GSE3494 dataset, (E) N=236 @&)dN=234, were analyzed
for Hugll expression and divided into two groufzg) 25% expression levels of gld and the
remainirg 75% of lower expression. (E) Swal curves show that loss of gl1 in breast cance
tumors correlates with lower survival probability. (F) Tumor samples were further groupe:
elston grades (G1l=grade 1 tumor, G3=grade 3 tumor) and survival curtdesseishgroups
are shown (Bottom 75% il expression in Grade 3 tumarslotted green line, top 25% Hid

expression in Grade 3 tumors = solid pink line).
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Hugll expression correlates with prolonged survival in metastatic cancer patients

As loss of Hgll enhanced survival and migration of immortalized epéheells, we
next evaluated Hyll expression in patient samples. First, 11 PaeErtved XenograftRDX)
lines were evaluated for tgll and EGFRexpression (Figure II1.)2 The eleven lines tested
were both triple negative and Her2 positive breast cancers of gradegher, and we observed
that Hwgl1 loss was associated with increased EGFR expression. EGFR expression, high CD44
expression, and migration have all been linked to decreased aitientl[127-132]. We
therefore analyzed a publicly available GEO data set (GSE3494) 3dthr2ast cancer patients
for Hugll expressin and long term survival (Figure 1ll.E). Patients with highest KgilL
(LIgl1l) expression trended towards tnghest @erall survival (Figure I111.1E red line)
compared with patients who had lower lev@fl$1ugll expression (Figure Ill.Elblack line).
This effect was significantly enhanced by stratification of patients into grade 1 and grade 3
tumors, which separatg@atients basednometastatic progression (Figure 111H)1Oveall, these
data indicate that Hyll expression may significantly affect tumor progression in breast cancer

patients.
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Discussion

In the current reprt we have demonstrated thatgiililoss alters the expression of CD44,
CDA49f, and CD24 and allows for growth in soft agar, survival in mammary fat pads, and EGFR
dependent survivah mammospheres. In addition, Bla loss drives the mislocalization of
EGFR and activation of Akt, MAP Kinase and Taz. Further analysis demonstrated that it is the
mislocalization of EGFR itself that results in these events and promotes-&8€peRdent
cellular migration. Analysis of patient survival data indicates that these charayesem

important indicatorsof Hl 16 s t umor suppressor capability.

( Apical \

Loss of Hugl1
—

Figure Il .13 Loss of Hugl affects multiple processes

Thepresence of Hugll maintains apibasolateral polarity, correct EGFR localization and
degradation, exclusion of Taz from the nucleus, and normal expression of integrins. The
Hugll1 results in migratory cells with nuclear localization of Taz, inereh€ancer stem cell

markers, and loss of EGFR degradation.
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Maintenance of cell polarity and tissue architecture are essential in preventing neoplasia.
Mammary stem cells are found sporadically throughout the ductal epithelium and help contribute
to replenishing lost or dead epithelial cells. These stem cells asymmetrically divide to continue
the stem cell line and propagate epithelial cells which @iffeste to function as luminal
epithelial cells. While exact methods of identifying of these mammary stem cells is still debated,
many agree that high CD44 expression, low CD24 expression, low CD49f expression, and the
ability to form mammospheres are ebeet indicators of individual mammary stem cdllS3,
134]and potentially breast cancer stem cglis4]. A knockout of Hgll expression in MCF12A
cells results in the development of high CD44 expression, low CD49f expression, aadescr
mammosphere formation. While these changes do
mammospheres were not formed from a single cell, they do appear to induce a type of
metaplasia. Metaplasia is associated with changes in polarity, such as awreakdeltcell
junctions, which is a phenotype observed when polarity proteins afé3st37].

Polarity proteins play an important role in regulating the protein complexes that form
tight, adherence and gap junctioiie apical localization of Par3 initiates eedlll junctions and
it localizes to tight junctions where it, along with the other Par and Crumbs complexes, helps the
maturation, formation, and remodeling of these junctj@83]. MCF10A cells do not form tight
junctions because they lack Crump$38] and this loss could account for the differenses
observed between MCF10A and MCF12A cells wheaditional polarity protein (Hyll) is
lost. In addition to their role in junction formation and stabilization, polarity proteins also impact
cellular proliferation and their loss can block apoptosis,ntheonjunction with oncogenes,

can significantly increase tumor growth and invagi®6]. Of note, increased Taz hiasen
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shown to activate the EGFR pathway, which can then result in a lossaafrierin expression at
adherence junctions, drive migration, increase CD44 expression, and promote growth in soft agar
and mammospherg¢$19, 120, 124]lt is interesting to note that loss of gl results in a
downregulation of Ecadherin, as well as cell migratory behavior indicative of a losslbtell
junctions. Loss of Hgll drives these phenotypes in an EGF dependent manner, and alters
intracellular EGFR localization and function. Future work will focus on the mechanism by which
intracellular EGFR preferentially activates Akt, MAP Kinase and Taz.

In addition to regulating cell junctions and apoptosis, polarity proteins also control the
Hippo pathway. Correct Hippo pathway signaling is important for the proper formation of tissues
and organs, including mammary glands. Scribble works within the Hippwagto help
regulate the signaling and activation of Hippo by binding with Fat and regulating Warts level and
stability, and acts as a scaffold to assemble Mst1/2, Lats1/2 arf@3[d05, 139]In our study,
the loss of Hgll increases nuclear Taz but not Yaulistinction that inaiates Hgl1l may
selectively impact the Hippo pathway, something future experiments will examine.
We have showrhiat the loss of Hgil also promotes stewell like qualities in breast epithelial
cells as indicated by the CDAE€D491,/CD24, expression itMCF12A cells. The
CD44,/CD24, lineage specifically correlates with increased migrafiei®] and distant
metastasefd41]. In an &empt to address the role of §lli in tumor pogression, we transfesz
an Hwl1-GFP construct into breast canceil lines with little to no Hgll expression, including
MDA-MB-453, MDA-MB-231, and T47D. In each case, these cell lines died withimours of
transfection with Hgll (in contrast to contrébFP transfectedells which continued to survive,

data not shown), which prevented us from performing any long term cell growth or transplant
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experiments. Increased breast cancer metastases decrease patient survival, a correlaion that

also observed with loss of Hugtkpression.Hggl 1 6s r ol e as a polarity r
complex is important, and as we have shown, its loss results in an increase of cancell stem

like qualities, migration, and transplant survival in an Ef@pendenmanner. Our data shows

that Hwll is a necessary regulator in the prevention of metaplasia and that its loss results in

multiple aberrant characteristics, all of which can decrease patient survivantvayrfurther

exploration of Hgll as a tumor suppressor and potentialapeutic target.
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Abstract

The loss of Mgl1 is lethal within days of birth due to hydrocephaly and results in the
formation of rosette like structures in the brain that are indicative of neuroectodermal tumors.
Early lethality prevents analysis of how the loss @fiMaffects mammary gland development
and tumorigenesis. Thereformee designed a Mgll knockout in the mammary epithelial cells
using the Cre/Lox system to evaluate the effects of Mgll loss in murine mammary gland
development and tumorigenesis. Overt tugrawth was not observed, however, Mgll knockout
mice show a reduction in mammary ductal outgrowth and an increase in ductal braashing
well as an increase in ductal nodulesaddition, gland staining revealed that loss of Mgl1
results in the mislocalation of EGFRThese results indicate that loss of Mgl1 causes
mislocalization of EGFR, resulting in mammary branch defects and increased hyperplastic

nodules.
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Introduction

As first described in C. elegans and Drosophilare are three main polariépmplexes
in a cell, the Par complex, the Crumbs complex and the Scribble complex. The Scribble complex
is located on the basolateral membrane and consists of Scribble, Discs large (Dlg), and Lethal
giant larvae (Lgl). The loss of Lgl promotes massiveugsgrowth and cellular migration in
Drosophila as well as altered cellular polarity. Lgl is highly conserved between yeast,
Drosophila, mice and humans. Mice have two homologs Mgl1 and Mgl2, as do humans (Hugl1
and Hugl2 or LIgl1l and Ligl2)¥Expression oklgll is down regulated, lost, or mutated in many
cancers, including colorectal, endometrial, hepatocellular carcinoma, malignant melanomas, and
breast cancdi79-83].

Mammary glads are composed of multiple ductattbranch into a highly organized
structure. In mature glands, lobules composed of multiple alveoli are connected via ducts to the
nipple.The alveoliare lined withcuboidalmilk-producing cellsurrounded by myoepithal
cells. The ducts also have cuboidal luminal epithelial cells, which do not produce milk,
surrounded by myoepithelial celldugll and Mgl1l are expressed throughout both layers of the
epithelium, while Hugl2 and Mgl2 are expressed mainly in the myedfat cells (Figure IV.1)

[62]. This organization is important for the function of the mammary glamgedsas helping to
prevent ovegrowth of the cellsOur lab hagpreviouslyshownthatHugll is important for the
maintenance of humaductal epithelium, and that whetugll is lost there is a disruption of
both apicobasal polarity and tissue architecture, resulting in-raytred mammarguctlike

structureg62].
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Figure IV .1 Expression of Hugl in the mammary duct

(A) The breast duct is formed with two layers of epithelial cells. The luminal cells ¢
polarized with their apical membranes facing the lumen. The myoepithelial cells
surround the Iminal cells and maintain contact with the basement membrane. (B)
is expressed throughout the | uminal
Secondary only control with DAPI. (C) Hugl2 is expressed in the myoepithelial cel

not in the luminatells, which express Keratin 18.
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Previous studies of i knockout mice have shown that the loss of Mgl1 is fatal within
days of birth due to sexe hydrocephaly andeuroepitheliatosette structure®iat mimic
neuroectodermabumor formation(Figure 1V.2A-C). Neural progenitor cells fail to differentiate
and incorrectly localize cell fate determingte$2]. On the other hand, Mgl2 knockout mice
show a branching defect in the placenta that results in an initial growth defect but this is
eventually negate¢Figure IV.2D and E) and the mice show no abnormalities throughout the
duration of their lifg143]. Because of thearly lethalityof an Mgll knockout, its role in breast
ductal development remains unknown. Our lab created a tissue specific knockout of Mgl1 to
evaluate the role of Mgll1 in ductal development and further elucidate its role in cancer

progression.
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6 week-old

Klezovitch et al. Genes and Development, 2004. Sripathy et al. Molecular Cellular
Biology, 2011.

Figure IV.2 Mgll and Mgl2 knockout phenotypes

(A, B) Photos of wildtype and Mgl1l knockout mice embryos at E12.5 and newborn
(C) Fixed, sectioned, and H&E stained brain tissue from Mglthkma mice. Arrow
indicates rosette structure. (D) Photos of wildtype and Mgl2 knockout newborn pu

Photos of wildtype and Mgl1l knockout mice at 6 weeks of age.
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Results
Generation of Mgll Knockdown

To overcome the obstacle of neonatal death in Mgtickout micewe generated a Gre
loxP tissue specific knockout dfigll in the mammary glandin cooperation with the
Genetically Engineered Mouse Modeling Core Facility (GEMM)oastruct was designechd
engineeredvith multiple loxP sites and two FRSites inserted into the Mgll loc{Sigure 1V.3.
The first two loxP sites flank a neomycin resistance cassette that was inserted imdirsind
were oriented in the same direction, allowing for its excision tiAercset of antiparallel loxP
sites fank exon 2 of the Mgll geneesulting in the inversion of the DNAntiparallel FRT sites
are located outside of these loxP sites. This allows for inversion of exon 2 and lack of Mgl1
expression in the presence of Cre but potentiakpression of Mglby subsequent expression
of FlippaseTherefore, only cells expressing Cre result in the inversion of Exon 2 and the

inactivation of Mgl1, but the gene remains active in all other tigdi4et.
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FRTLE FRTRE
Ta rgeted mutant mutant
lOCUS LoxP66 LoxP71 .I .

l Cre Recombination
FRTLE FRTRE
KnOCkOUT mutant mutant
a i s s ———
locus
LoxP LoxP66/71

B> _Loxp (Cre) site
< _FRT (FIp) site

Figure IV .3 Mgl1 targeting construct

LoxP sites flank exon 2 of the Mgl1 gene which allows for inversion of this exon with Cre

recombinase expression, making the protein nonfunctional. The mutation is potentially re

by Flippase expression due to FRT sites within the LoxP sites around exon 2.
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The Mgl1 targetedonstruct was transfected using electroporation into the S6 mouse
embryonic stem cell linélo ensure integration and proper localization of the construct,
neomycin ad gangcyclovir resistarstem cellcolonies were selectedequenced with primers
designed to amplify from the construct into the arms of homology, and expdinse.
embryonic stem cells were injected into harvested C57BL/6NHsd donor mice blastocysts and
implanted into the uteri of pseudopregnant surrogate dams. Any chimeric mice born, as indicated
by Agouti coat color, were bred against C57BL/6 mice to test for germline integration of the
construct.

Embryonic stem cells (+) were evaluated for the ingertif both the left (2.3 kB) and
right (5.2 kB) arms of the targeting vector, which was subsequently transmitted to progeny of the
chimeric founder (#56 shown). Ndgargeted controlare indicated by-{ (Figure IV.4A). DNA
was isolated from tail tipsf the experimental mice ambaluated for Mgll and Cre expression
using the primers listed in Table IV.The floxed Mgl1 allele is indicated by the larger band
(551 bp) while the wildtype Mgl1 allele is indicated by gmaaller (255 bp) band (Figure
IV.4B). Thepresence of at least o@e alleleis indicated by 400bpband (Figure 1B). A
single Cre allele has been shown to be sufficient to induce loxP site recombjhd&ipso we
did not distinguish between homozygous aatelozygous Cre/+ genotypes.

The CreloxP system requires two mouse lines, one expressing the targeted construct, and
one expressing Cre recombinase under a specific promoter. A number of transgenic mouse lines
have been already engineered to drive theesgion of Cre using the mouse mammary tumor
virus-long terminal repeat (MMTV|145]. We used line D, Tg(MMT\re)4Mam/J, which

shows direct expression of Cre in the mammary gland and secretory epithelium of adult mice. In
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this line, high expression of Cre was seen by day 22 of growth in both the myoepithelial and
luminal epithelial cells of the mammary gland but little or no expression was seen in the stroma,
fibroblasts, or adipocytes. Cre expression was also noted ind¢keafuhe salivary glands,

epidermal secretory cells, B and T cells, megakaryocytes, and erythroifd46]ls
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Figure IV .4 Confirmation of Mgl1 targeting vector integration and expression

(A) DNA from transfected embryonic stem cells (+), the chimeric founder (56), a
nontarget controls-j wereamplified using PCR to evaluate insertion of both the le
(2.3 kB) and right (5.2 kB) arms of the targeting vector. (B) DNA from mice was
amplified using PCR to evaluate for the presence of the targeted Mgl1l gen&tMg

and Cre gene.



Table IV .1 Mouse Genotyping Primers
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Primer name

Sequence (560

Mgll_wildtype X (forward)

CTAAGTGTAAGCAGGCTGGATGG

Mgll_wildtype Y (reverse)

TACCTTCATGAGGTGTCAAATATGG

Mgll _neomycin Z (reverse)

TGCCCAGTCATAGCCGAATAG

Cre (forward)

GCGGTCTGGCAGTAAAAACTATC

Cre (reverse)

GTGAAACAGCATTGCTGTCACTT
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Mice with homozygously floxedigll alleles were crossed with mice expressing homozygous
alleles with Cre recombinase under the MMTLVR promoter(Figure 1V5). Heterozygotes (F1
generation) were in turn bred to one another to generate three genotypes for phenotypic analysis:
Mgllﬂox/ﬂox, MMT/ Cre/Cre or Cre/;Jng|1+/+’ MMT/ Cre/Cre or Cre/-;+ andMgIl*’*, MMTV ™. Cre

expression was regulated by the MMTV promathich has been shown to induce high Cre
expression in the secretory epithelium of adult mice within 22 days since birth, including in the
luminal and myoepithelial cells of the mammary gland, but not in the stroma, fibroblasts, or
surrounding cell§146]. Thereforein mice homozygous for Mgit* with at least one allele of

MMTV " theluminal andmyoepithelial mammary cells will not express Mgl1.
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X
Mg|1f|ox/ﬂox l . MMT\/Cre/Cre

F1 3
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1
2 %
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Figure IV .5 Breeding Schematic

Mice homozygous for the Mgl1 floxed allele were bred with
homozygous MMTV' mice, resulting in progeny (F1) heterozygor
for both genes. The F1 generation was then bred to produce mic

experimental genotypes.
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Loss of Mgllreduces ductal growth

To investigate the role dfigl1l in mammary gland developmentjce were sacrified at
developmental timepoints: weels old, day 2 of lactation, day 8 of lactation, day 8 of involution
(the process in which the mammary gland returns to normal after weaamdgglso allowed to
carry out their lifespan either as breeding females airgins Mammary glands were excised
and processed for RNA extraction, tissue sectioning, or into whole mounts. Evaluation of the
whole mount mammary glands reveal a distinct lack of ductal outgrowth in the 5 week Mgl1

foxiflox mice had

knockout mice as copared to the Mdltype (Figure IV6). 4 out of 10 Mgl
significant retardation in ductal growth while only 1 wildtype mouse had less ductal growth.
Lactation and involution timepoints revealed no obvious phenotypic differences, however in the
Mgl1l knockaut long time virgin mice there were 2 individuals with small lobes throughout their
mammary glands that coutdpresent yperplastic nodules (Figure IY).

Further magnification of the whole mount glands illuminates the increase of side
branching preserfts indicated by arrowsgnd the decrease in overall ductal len@igure
IV.8A) when Mgl1 is knocked down. The differences are cleats3tweeks of ageere the
ductal structure is néully complete and individual ducts are easily distinguishatigher
resolution of the long term virgin mice reveallltiple nodulegpresent in some individuals with
loss of Mgllas wellas smaller alveoldrke circular structuregFigure IV 8B arrow and
arrowheads respectivglyThesdargenodules are not presentany of the wildtype mice and

may represent hyperplastic growth or ductal carcinonsitinthat have not progressed into full

mammary tumaors.
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Mgl1 Knockdown
el

Lactation Day 2 5 week

Lactation Day 8

[

Figure IV .6 Loss of Mgll reduces mammary ductal growth

Mammay glands from 5 week old, Lactation day 2, and Lactation day 8 were whole mou
on slides and stained with Carmine to evaluate ductal epithelial growth. Time points with
multiple phenotypes are represented by multiple photos with the ratio of theygeemothe

lower corner. All phenotypes may not be represented.
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~Mgl1 Knockdown

Involution Day 8

Long Term Virgin

Term Breeder

b s

Figure IV.7 Loss of Mgl1 potentially induces hyperplasia

Mammary glands from 5 week old, Lactation day 2, and Lactation day 8 were whabéeaho
on slides and stained with Carmine to evaluate ductal epithelial growth. Time points with
multiple phenotypes are represented by multiple photos with the ratio of the phenotype i

lower corner. All phenotypes may not be represented.
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Figure IV .8 Loss of Mgl1 results in abnormal ductal morphogenesis

Inguinal mammary glands were whole mounted and carmine stained. Images were take
magnification ofLeica MZFLIII dissection scopemmediatelydistal of the lymph node. (A)
Mammary glands at 8 weeks of age. Arrows indicate side branching. (B) Mammary glan
Long Term Virgin mice. No hyperplastic nodules were present in wildtype mammary gla
while multiple nodules (arrow) could be seen in edvigll knockdown individuals as well a:

smaller alveolatike circular structures (arrowheads).
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Angiotool analysis of whole mount glands

Mammary ductal branching is a higlcomplicated and organized structure that even at
high magnifications can be @lcult to distinguish and objectively quantify into phenotypes.
provide greater analysis and quantificationghef ductal structures of the glands, there
processed in two blind studiasingthe computer software Angiotool, which is provided by the
National Cancer Institute. Photos of the whole mounted glands were inversed, cropped, and
procesed using Angiotool (Figure 19). The entire evaluation process from taking the photos to
analysis with Angtiotool was completed twice by different individurala blinded fashion
Angiotool analysis provides measurements on multiple aspects, including ductal branch length

and the amount of branching (measured by the number of branching junctions).



117

Figure 1V .9 Representation of Angtiotool processing
(A) Whole mounted mammary glands were photographed, (B) inverted and cropp:

using Photoshop, and (C) analyzed using the computer software Angiotool.
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Loss of Mglldecreases mammary ddength
Evaluation of thevhole mounted glands using AngiotooVveal that in the 5 week,
lactation, and involution time pointse Mgl1 knockout nde show de@ased ductal length
(Figure IV10). The ductal length of each mammary gland was averaged between the individual
analyzesand plotted. The average of each genotype is represented by a bladketlack of
ductal growth when Mgl1 is knocked down indicates thatcells may nibeableto elongate

the ducts in the correct direction.
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Figure IV .10 Loss of Mgl1 decreases mammary duct length

Evaluation of mammary glands via Angiotool show that on average Mgl1 knockdown mic

decreased duct length compared to wildtype at multiple time points including 5 week virg

(A), Lactation Day 2 (B), Lactation Day 8 (C), and Involution (D). The long term virgins (E

long term breeders (F) did not have a difference in average ductal length.
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Loss of Mgl1 results in increased ductal branching

Angiotool analysis of the glas revealed that loss of Mgl1 results in an increase of
ductal branching, as indieat by the number of junctionseated within the ductal structus.5
week and lactation timgoints (Figue 1V.11). The amount of ductal junctiord each mammary
glandwas averaged between the individAalgiotool analyzes and plotted. The average of each
genotype is represented by a black bar. Mgl1l knockdown in the mammary ducts results in a
decrease in duct length but an increasguctal branching. Thisdicates tha without the
correct cellular polarity in the epithelial cells of the develoglngt the cells incorrectly continue
to form new ductibranches instead of elongating the ducts already fariirtesllack of
differences between the wildtype and Mgl1l knockdowice at the long term time points

indicates that this difference may be negated over time.
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Figure IV .11 Loss of Mgl1 increases mammary duct branching

Evaluation of mammary glands via Angiotool shitnat on average Mgll knockdown mice h

increased ductal branching compared to wildtype at multiple time points including 5 weel

virgins (A), Lactation Day 2 (B), and Lactation Day 8 (C). The Involution (D), long term vi

(E) and long term breeding ) Eme points did not have a difference in average ductal lengt
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Loss of Mgl1 results in mislocalization of EGFR

When Hugl1 is knocked down mormal human mammary epithelial cell lines it results
in the mislocalization and aberrant signaling of EGF&Rd&termine if this same error was
occurring in vivo, wildtype and Mgl1l knockout mammary glands were analyzed for the
localization of EGFRandfor SMA to determine if loss of Hugll increases myoepithelial cells
(Figure IV.12). There is potentially an incase of SMA in the Mgl1l knockdown glands at 5
weeks that will need further investigation to confiffixation with both 10% buffered formalin
and methacarn reveal that EGFR is mislocalized in Mgl1 knockout epithelial cells. In 10%
buffered formalin there ian increase of EGFR in the epithelial celfsl in the cytoplasm at 5
weeks old However, at the Lactation day 2 time point there is a distinct circular, punctate pattern
of EGFR in the cytoplasm, possibly indicating the presence of EGFR in the penirapaea.
Interestingly, Lactation day 2 glands fixed with methacarn indicate the presence of EGFR in the
nucleus when Mgll is knocked dowigure 1V.13). The differences in the location of the
EGFR mislocalization may be a result of the differing fixappoocesses and their effect on the
staining. Both fixation processes reveal a difference in EGFR mislocalization when Mgl1 is

knocked down that correlates with our previous findings about the loss of Hugll in human cells.
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Figure IV .12 Loss of Mgl1 results in EGFR mislocalization

Mammary glands from wildtype and Mgll knockdown mice were fixed with 10%
buffered formalin, sectioned, and stained usingB&FR and altEMA primary
antibodies and Alexal&or 594 antirabbit secondary. Slides were mounted without

DAPI and imaged.
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Figure IV .13 Loss of Mgl1 results in increased EGFR nuclear localization

Mammary glands from wildtype and Mgll knockdown matelay 2 of lactation were fixed w
methacarn, sectioned, and stained usinglB8#R and artBEMA primary antibodies, Alexa
Fluor 594 antrabbit and Alexa Fluor 488 antiouse secondaries respectively. Slides were

mounted without DAPI and imaged.





























































































